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a b s t r a c t
The study aimed at firstly preparing two eco-friendly biomaterials of PFeS&PEB and PFeS&WAB 
from peanut shells biochar (PEB) and walnut shells biochar (WAB) by loading with ferrous sulfide 
powder (Powder-FeS) to evaluate the ability to remove Pb(II) from sewage. FeS was immobilized 
to the surfaces biochar through functional groups such as –OH, –COOH and C–O. The results of 
batch experiments showed that PFeS&PEB had the maximum adsorption capacity (98.039 mg·g–1) 
when pH = 5 and the dosage was 0.75 g·L–1. The adsorption data were adequately simulated with 
adsorption kinetics and isothermal thermodynamic analysis, suggesting that the adsorption of 
Pb(II) by PFeS&PEB and PFeS&WAB was mainly monolayer chemisorption, and the adsorption 
process was spontaneous endothermic. The removal of Pb(II) was achieved by the association of 
complexation, redox, ion exchange, electrostatic attraction and physical adsorption. Reusability 
studies showed that PFeS&PEB and PFeS&WAB had good stability over four consecutive cycles. 
Hence, the cost-effective materials of PFeS&PEB and PFeS&WAB can be used as effective bio- 
adsorbent for the removal Pb(II) from wastewater.
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1. Introduction

Due to the rapid progress of industrialization and 
urbanization, a great amount of sewage containing Pb(II) 
from industries of mining and smelting as well as the fields 
of gasoline, electroplating, batteries and lead bombs was 
inevitably produced and discharged into natural environ-
ment, which consequently brought tremendous pressure 
and severe crises to the environment [1–3]. In addition, 
upon entering human body through food chain and water 

[4], Pb(II) might pose significant threats to human health, 
such as poisoning, anemia, neurological disorders, cancer, 
as well as bone, kidney and immune system damage, and 
even death [5,6]. Moreover, even trace amounts of Pb(II) was 
continuously discharged into nature will lead to Pb(II) accu-
mulation/pollution, which subsequently would cause great 
harm to the health of human beings and ecological environ-
ment [7]. Therefore, Pb(II) wastewater should be properly 
treated before being released into the environment.
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The existing strategies for treating Pb(II)-containing 
wastewater include chemical precipitation [8], ion exchange 
[9,10], electrochemical method [11,12], and adsorption 
[13,14]. However, the first three processes cannot be widely 
applied in wastewater treatment because of complex manip-
ulation, the second pollution and high investment [15–17]. 
Nevertheless, adsorptions have attracted extensive attention 
on account of its advantages of environmental friendliness, 
low prices and high efficiency together with facile operation 
[18–20]. As a common adsorbent, biochar was derived from 
waste biomass under anaerobic conditions at high tempera-
ture, which has been extensively applied in the elimination 
of heavy metals from sewage due to its superiorities of low 
price, facile preparation, numerous functional groups and 
easy availability of precursor sources [21,22]. However, the 
poor adsorption performance and difficult separation from 
solid-liquid mixtures limited its application in sewage treat-
ment [23,24]. Hence, various composites have been prepared 
from biochar and other materials to improve the efficiency 
of biochar to absorb heavy metals, such as magnetic biochar 
[25,26], graphene@biochar [27], nano-Fe0@biochar [28,29] 
and Fe–Mn modified biochar [30]. The study found that 
Fe–Mn modified biochar improved Pb(II) removal in water 
and soil by enhancing ion exchange and electrostatic attrac-
tion [30]. Cheng et al. [31] prepared new biochar using crof-
ton weed and 1,3-diaminoguanidine monohydrochloride, 
enhanced its ability to adsorb Pb(II) in solution.

A large amount of Fe(II) ions and S(-II) ions provided by 
FeS can effectively stabilize divalent metals (Co(II), Cu(II), 

Ni(II), Mg(II), etc.) because of their surface chemistry and 
unique molecular structure. In addition, Fe(II) ions and 
S(-II) ions can produce good reducibility to facilitate heavy 
metal reduction because they can work as effective electron 
donors. Furthermore, FeS was an efficient scavenger that 
has been gradually used in the removal of heavy metals 
in soil and water, such as natural FeS minerals have been 
applied for the elimination of Cr(VI) ions in solution and the 
results demonstrated that natural FeS minerals displayed 
greater removal ability [32]. Moreover, FeS had the merits 
of low price, easy preparation and without secondary pol-
lution. As a result, they can be used in the amendment of 
contaminated water bodies and soil [33–35], but they have 
the disadvantage of poor stability and easy deactivation 
due to its easy agglomeration. Therefore, stabilization mea-
sures should be taken to reduce its agglomeration so as to 
increase its removal efficiency.

In addition, the type of feedstock and combined compos-
ites of biochar had a great effect on its structure and adsorp-
tion efficiency [13]. Herein, peanut shells biochar (PEB) and 
walnut shells biochar (WAB) prepared at 450°C were selected 
as primitive biochar, two new bio-materials (PFeS&WAB 
and PFeS&PEB) were firstly prepared and their effective-
ness for the elimination of Pb(II) were tested (Fig. 1). The 
main objectives were to: (1) prepare two new bio-materials 
(PFeS&WAB and PFeS&PEB); (2) study the performance 
and construction of PFeS&WAB and PFeS&PEB through 
microscopic technologies; (3) test the adsorption capac-
ity of PFeS&WAB and PFeS&PEB for Pb(II) in simulated 

Fig. 1. Preparation of PEB, WAB, Powder-FeS, PFeS&PEB and PFeS&WAB, and removal Pb(II) in sewage.
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sewage and (4) study the possible adsorption mechanism. 
This research provided a new idea for the ecological uti-
lization of agricultural waste and offered a green, effective 
and economic environmental pollution clean-up for Pb(II)  
wastewater.

2. Materials and methods

2.1. Chemicals

All chemicals employed in the study were analytical 
grade (Powder-FeS, Sinopharm Chemical Reagent Co., Ltd., 
NaOH & HCl, Shanghai Aladdin Biochemical Technology 
Co., Ltd.). Peanut shells and walnut shells were purchased 
from the agricultural market of Zhumadian (Henan, China.). 
The anaerobic deionized water was produced by charging 
N2 into deionized water for more than 30 min under stirring.

2.2. Preparation of adsorbents

Peanut shells and walnut shells were washed three times 
with deionized water and then heated in an oven at 120°C 
for 24 h. Subsequently, the resulting dried peanut shells and 
walnut shells were crushed into 1–2 cm pieces and carbon-
ized in a muffle furnace at 450°C for 2 h. After that, the bio-
char was pulverized and sieved through a 60-mesh sieve at 
room temperature. Thus, the original peanut shell biochar 
(PSB) and walnut shell biochar (WAB) were successfully 
prepared.

In the study, the biochar (10 g) carbonized at 450°C was 
firstly dispersed in deionized water to make a suspension 
(10 g biochar/100 mL deionized water), and then Powder-
FeS (10 g) was added with a 1:1 ratio to the above mixture 
and stirred at room temperature for 2 h, and then stood 
for 24 h. After centrifuged at 8,000 rpm, dried at 65°C, pea-
nut shells biochar & Powder-FeS (PFeS&PEB) and walnut 
shells biochar & Powder-FeS (PFeS&WAB) were obtained 
for the study.

2.3. Characterization of adsorbents

The surface morphology and elemental distribution 
of PEB, WAB, Powder-FeS, PFeS&PEB and PFeS&WAB 
were observed with scanning electron microscopy-Ener-
gy-dispersive X-ray spectroscopy (SEM-EDS; JEOL 6500F, 
Japan). Surface functional groups were investigated by 
Fourier-transform infrared spectroscopy (FTIR; Nexus 
670, Thermo Nicolet, Madison) in the wave number range 
of 4,000–400 cm–1. The crystalline structures of the adsor-
bents were identified by X-ray diffraction (XRD; D/Max-
IIIA X-ray Diffractometer, Rigaku Corp., Japan) at a rate of 
about 5°min–1 (2θ = 5°–70°). The specific surface area and 
particle size distributions of PEB, WAB, PFeS&PEB and 
PFeS&WAB were tested by Brunauer–Emmett–Teller (BET, 
ASAP2460, USA). The surface composition of PFeS&PEB and 
PFeS&WAB was determined by X-ray photoelectron spec-
troscopy (XPS, Kratos AXIS Ultra DLD, Japan).

2.4. Adsorption experiments

The removal performance of PEB, WAB, Powder-FeS, 
PFeS&PEB and PFeS&WAB was investigated by a series of 

adsorption experiments. The effects of initial concentra-
tion of Pb(II) (20–100 mg·L–1), pH values (2–7), adsorbent 
dosage (0.25–1.25 g·L–1) and reaction time (0–270 min) on 
the removal performance of Pb(II) ions were investigated, 
respectively. Other variables used the following criteria: the 
adsorbent (0.075 g) was added to 100 mL of Pb(II) (60 mg·L–1) 
in a 250 mL Erlenmeyer flask. The flask was then sealed and 
shaken at 200 rpm under 25°C. Then the initial pH values 
of the solution were adjusted to 5 using 0.1 mol·L–1 NaOH 
or HCl. When equilibrium was achieved in the adsorp-
tion process, the adsorbent samples were centrifuged at 
4,000 rpm for 15 min. The supernatant was collected through 
filtrations. Afterwards, the concentrations of Pb(II) in the 
residual solution were analyzed using UV-Vis spectropho-
tometry (Detailed methods were in supporting informa-
tion). The removal rate (R) and the removal capacity (qe) was 
calculated using Eqs. (1) and (2). The detailed of equations 
was in the supporting information. Meanwhile, blank con-
trol (no adsorbent) was used to refrain from the effect of 
precipitation in the process of adsorption in the experiment.

2.5. Reusability experiments

Adsorbent regeneration was an important way to 
reduce treatment cost, so the regeneration performance 
was one significant index to assess the pollution control 
ability of adsorbents. Since protonation of PFeS&WAB and 
PFeS&PEB surface functional groups was easy to occur 
in strongly acidic solutions, Pb(II) was released into the 
solution by H+ substitution. Therefore, HNO3 (0.1 M) was 
chosen as the eluent for Pb(II) desorption. PFeS&WAB 
(0.075 g) and PFeS&PEB (0.075 g) were added into a con-
ical flask containing Pb(II) (100 mL, 60 mg·L–1), respec-
tively, and the adsorption properties were determined 
after shaking at 200 rpm at 25°C for 240 min. Then, the 
adsorbed PFeS&WAB and PFeS&PEB were placed in a con-
ical flask containing HNO3 (100 mL 0.1 M), respectively, 
and oscillated at 200 rpm at 25°C for 240 min. After each 
desorption, washed with distilled water and dried in an 
oven at 65°C for the next cycle. The process was repeated 
four times to determine the repeatability and stability 
of PFeS&WAB and PFeS&PEB to remove Pb(II).

2.6. Regression analysis

According to the report of Hamdy et al. [36], a pure 
quadratic model was used to determine the influence of 
experimental factors on Pb(II) removal efficiency. The least 
square method was used to estimate the model param-
eters. The coefficient of determination (R2) and adjusted 
R2 (adjust-R2) were used to estimate the accuracy of the 
model. Meanwhile, t-test was used to test the statistical 
significance of the model. All calculations were done using 
Matlab R2017b software.

3. Results and discussion

3.1. Characterization of adsorbents

SEM images (Fig. 2a) shows that PEB had lamellar struc-
tures and smooth surface. The main elements of EDS anal-
ysis (Fig. 2A) were C and O, which contained little K and 



R.R. Liu et al. / Desalination and Water Treatment 277 (2022) 251–265254

element wt% 

C 77.20 

O 21.23 

Mg 0.57 

K 1.01 

element wt% 

C 77.33 

O 21.49 

K 0.77 

Ca 0.41 

element wt% 

O 17.59 

S 29.82 

Fe 52.60 

element wt% 

C 69.96 

O 28.93 

S 0.24 

Fe 0.88 

element wt% element wt% 

C 68.80 K 0.22 

O 29.64 Ca 0.34 

Mg 0.23 Fe 0.51 

S 0.26   

Fig. 2. SEM images and EDS spectrum of PEB (a, A), WAB (b, B), Powder-FeS (c, C), PFeS&PEB (d, D) and PFeS&WAB (e, E).
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Mg. The WAB had rough surface with small bumps and 
pores (Fig. 2b). EDS analysis (Fig. 2B) showed that the main 
elements were similar to PEB except that Mg was replaced 
by Ca. The Powder-FeS was irregular clumps. The presence 
of oxygen indicated partial oxidation of Powder-FeS. After 
modification with Powder-FeS, small particles appeared 
on the surface of PFeS&PEB and PFeS&WAB (Fig. 2c and 
d). PFeS&PEB still showed obvious lamellar structure. 
However, the roughness of PFeS&WAB surface decreased 
obviously and showed a large distribution. Fig. 2D and E 
showed the presence of Fe and S on both PFeS&PEB and 
PFeS&WAB surfaces, indicating that FeS was successfully 
loaded onto the PEB and WAB surfaces. The lamellar struc-
ture of PEB and the rough surface structure of WAB were 
conducive to the adhesion of Powder-FeS.

The specific surface area and particle size distributions 
of PEB, WAB, PFeS&PEB and PFeS&WAB are listed in 
Table S1. As shown in Table S1, the specific surface area (SBET) 
of PFeS&PEB and PFeS&WAB were 51.14 and 46.49 m2·g–1, 
respectively, which was higher than that of original bio-
char (PEB = 8.07 m2·g–1, WAB = 7.19 m2·g–1). The pore size 
and pore volume of PFeS&PEB and PFeS&WAB were 
8.57 nm, 0.082 cm3·g–1, and 10.86 nm, 0.099 cm3·g–1, respec-
tively. The results demonstrated that after modification with 
Powder-FeS, PFeS&PEB and PFeS&WAB had large sur-
face areas and reduction in pore size, resulting in a higher  
porosity.

The XRD patterns of PEB, WAB, Powder-FeS, PFeS&PEB 
and PFeS&WAB are displayed in Fig. 3a. (101), (004), 
(200), (110), (204), (205), (303) and (222) corresponded to 
27.28°, 32.21°, 34.03°, 35,58°, 48.97°, 54.09°, 59° and 64.09°, 
respectively [37]. They are characteristic peaks of FeS, 
and also they are appeared in the XRD of PFeS&PEB and 
PFeS&WAB, which indicated that FeS was successfully 
loaded on PFeS&PEB and PFeS&WAB surfaces. PEB and 
WAB showed characteristic diffraction peaks at 22° and large 
layer-to-layer distance (d-spacing). The large d-spacing was 
ascribed to C−O, O=C−O and –OH [38,39]. The character-
istic peaks of PFeS&PEB and PFeS&WAB were observed, 
respectively, indicating PFeS&PEB and PFeS&WAB were 
modified by PEB and WAB.

The FTIR spectra of PEB and WAB before and after FeS 
modification are presented in Fig. 3b. The characteristic peak 
at 3,420 cm–1 represented –OH [40]. Compared with WAB and 
PEB, PFeS&PEB and PFeS&WAB had smaller –OH peaks, 
probably due to reactions with FeS. The band at 2,108 cm–1 
was attributed to C=C–N [41], 1,650–1,600 cm–1 represented 
C=O and COOH [42], the bands at 1,537 cm–1 attributed to 
C=C on the benzene ring [43]. The peaks at 1,380 cm–1 for 
C–O–C and 876 cm–1 for C–H [44]. The band at 453 cm–1 
was related to Fe–S [45]. The absorption peak appeared at 
693 cm–1, indicating the presence of Fe–O [41]. The charac-
teristic peaks of –OH, C=C–N, C=O, COOH and C–O–C 
decreased significantly after loading FeS, and PFeS&PEB 
were more distinct than PFeS&WAB. It may be that there 
were more sites in PEB to react with FeS. The presence of 
peaks Fe–S and Fe–O suggested that FeS was loaded onto 
WAB and PEB by Fe–O, Fe–S and intermolecular forces.

The chemical composition and bonds of PFeS&PEB 
and PFeS&WAB were analyzed by XPS technique. Fe and 
S elements were detected in PFeS&PEB and PFeS&WAB, 
indicating that the material was successfully prepared. 
Fig. 4a shows the spectra of C1s orbital for PFeS&PEB. 
283.56, 284.77 and 287.7 eV represented C–C, C–O, and 
C=O [46,47], respectively. Fig. 4b shows the O1s orbital 
spectra of PFeS&PEB, where 528.90, 530.29 and 531.61 eV 
corresponded to peaks of –OH, Fe–O and C=O [48–50], 
respectively. Fig. 4c shows the spectra of Fe 2p orbital of 
PFeS&PEB, 710.96, 718.28 and 724.91 eV corresponded to 
Fe(II), and Fe(III) [51,52], respectively. Moreover, Fe(II) had 
a higher peak area (66.36%), and the appearance of Fe(III) 
indicated that part of Fe(II) was oxidized. Fig. 4d shows 
the spectra of S 2p orbitals of PFeS&PEB,163.07 and 168 eV 
corresponded to Sn2– (63.28%) and SO4

2–(36.72%) [53,54], 
respectively. PFeS&WAB had the same C and O peaks 
(Fig. 4e and f) as PFeS&PEB, but the peaks were slightly 
offset (C–C: 283.52 eV, C–O: 284.82 eV, C=O: 287.59 eV, –
OH: 529.01 eV, Fe–O: 530.15 eV, and C=O: 531.35 eV). The Fe 
2p (Fig. 4g) and S 2p (Fig. 4h) orbitals of PFeS&WAB were 
significantly different from of PFeS&PEB. New peaks at 
709.97, 711.92, 717.04 and 724.87 eV in Fe 2p corresponded 
to FeO, Fe(III), Fe(II) and Fe(III) [55–57], respectively. 

Fig. 3. XRD patterns (a) and FTIR spectra (b) of PEB, WAB, Powder-FeS, PFeS&PEB and PFeS&WAB.
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The peak area of Fe(II) (59.69%) was smaller than that of 
PFeS&PEB. New peaks at 162.9, 167.53, 163.5 and 168.88 eV 
appear in S2p corresponding to S–O, FeS2, S0 and SO4

2– 
[53,55,58,59], respectively. Compared with PFeS&PEB 
and PFeS&WAB, PFeS&PEB contains higher Fe(II)  
and Sn2–, so PFeS&PEB had higher stability.

3.2. Adsorption experiments

In order to assess the adsorption performance, the 
effects of various experimental parameters (contact time 
(0–270 min), pH (2–7), dosage of adsorbent (0.25–1.25 g·L–

1), initial concentration of Pb(II) (20–100 mg·L–1)) on the 
removal efficiency of Pb(II) were investigated.

As shown in Fig. 5a, the five materials showed the same 
trend. Removal increased rapidly at first, then decreased 
gradually, and finally reached adsorption equilibrium. 
The adsorption process can be roughly divided into three 
stages: 0–30 min rapid adsorption, 30–210 min slow adsorp-
tion, 210 min after the equilibrium stage. At the begin-
ning of the reaction, many active sites were available on 
the surface of the adsorbent, and Pb(II) rapidly bound to 
the adsorbent. With the increase of time, the surface active 
sites of adsorbent were occupied gradually, the adsorption 
efficiency decreased gradually, and the change of removal 
efficiency decreased. At 210 min, the surface active sites of 
the adsorbent were completely occupied and the adsorp-
tion equilibrium was reached [60]. As can be seen from 
Fig. 5a, when equilibrium was reached, the removal effi-
ciency PFeS&PEB (37.982%) > PFeS&WAB (31.321%) > WAB 
(26.590%) > PEB (21.805%) > Powder-FeS (12.289%).

The pH is an important parameter affecting the removal 
efficiency of adsorbent. It can change the surface charge dis-
tribution and functional group dissociation of adsorbent. 
In Fig. 5b, the removal rates (R) of the five materials displayed 
the same trend that increased first and then decreased. The 
removal efficiencies of PEB, WAB, Powder-FeS, PFeS&PEB 

and PFeS&WAB increased from 9.509%, 12.207%, 2.250%, 
16.557% and 12.207% to 25.802%, 30.288%, 11.258%, 45.241% 
and 37.085%, respectively. At pH = 5, all five materials had 
the maximum removal efficiencies. PFeS&PEB had the 
highest removal efficiency (45.24%). It was demonstrated 
that the state of oxygen-containing groups (such as –OH 
and –COOH) on the surface of biochar materials was easily 
affected by solution pH [61]. Superficial –OH and –COOH 
of the five adsorbents were proved by XRD, XPS and FTIR. 
Wherefore, the large number of H+ in the acidic aqueous 
solution prevented the deprotonation of the oxygen-con-
taining group (–OH and –COOH), leading to a weakened 
electrostatic attraction to Pb(II) [62]. At the same time, a 
large amount of H+ in solution had a strong competitive 
effect with Pb(II), which made the adsorptive property of 
the materials to Pb(II) decreased [63]. With the increased 
of pH, the concentration of H+ in the solution gradually 
decreased, and the competition for Pb(II) was weakened. 
At the same time, the oxygen-containing functional groups 
on the surface of the adsorbent dissociated, the number of 
negative charges on the surface of the adsorbent increased, 
and the electrostatic attraction increased. When pH = 5, 
it had the maximum value, which might be caused by the 
maximum dissociation of functional groups on the surface  
of the adsorbent [13].

The zero charge point of pH (PZC) was an import-
ant indicator of the surface charge state of adsorbent. 
The detailed description of determination of PZC was in 
the supporting information. The PZC of PEB, WAB, and 
Powder-FeS were all greater than 5, while PFeS&PEB and 
PFeS&WAB were all less than 5 in Fig. 6. The surface of the 
adsorbent was negatively charged when ΔpH < 0 [64]. The 
electrostatic attraction immobilized the positively charged 
Pb(II) in the solution to the surface of the adsorbent [65]. 
Therefore, PFeS&PEB and PFeS&WAB had high removal 
rates. In addition, at a low pH value, many H+ competed 
with Pb(II) for active sites on the adsorbent surface. With 
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the increase of pH value, the concentration of H+ in the 
solution gradually was decreased, the competitive effect 
was gradually weakened, and the removal efficiency was 
increased [66]. When ΔpH > 0, the surface of the adsorbent 

had positive charges, which generated electrostatic repul-
sion with Pb(II). However, it was calculated from the pre-
vious literatures that Pb(II) will form Pb(OH)2 precipita-
tion when pH = 5.8 [67]. As a result, the removal efficiency 
decreased with the decrease of Pb(II) concentration in the  
solution.

The dosage of adsorbent was a significant index affect-
ing the removal rate. The optimal dosage can remove pol-
lutants economically and efficiently. The influence of the 
dosage of five materials on the removal efficiency of Pb(II) 
are shown in Fig. 5c. The amount of adsorbent was posi-
tively correlated with the removal rate. PFeS&PEB had the 
highest removal rate (67.754%), followed by PFeS&WAB 
(46.394%) > WAB (28.450%) > PEB (20.293%) > Powder-FeS 
(7.243%). The optimal dosage was 0.75 g·L–1 because the 
rate of dosage change between 0.25 and 0.75 g·L–1 was sig-
nificantly higher than 0.75–1.25 g·L–1. With the increase of 
dosage, the removal rate increased, because high dosage 
increased the number of active sites [68]. However, the 
change of removal rate gradually decreased, which may 
be due to the stacking of the active sites caused by the 
high dose of adsorbent, and the utilization efficiency of the 
active sites decreased. The result of this experiment was 
consistent with those of previous studies [69].

Fig. 5. Effect of contact time (a), pH (b), dosage of adsorbents and initial concentration of Pb(II) (d).

Fig. 6. Measurement of the pH of point of zero charge (PZC) 
of the materials (PEB, WAB, Powder-FeS, PFeS&PEB, and 
PFeS&WAB).
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Fig. 5d shows the changes in the removal rate of the 
five sorbents under different initial Pb(II) concentrations. 
PFeS&PEB had the highest removal rate (52.202%), followed 
by PFeS&WAB (48.124%), WAB (35.889%), PEB (29.364%), 
and Powder-FeS (26.811%). As can be seen from Fig. 5d, 
the removal rate declined gradually with the increase of 
the initial concentration of Pb(II). The high concentration 
of Pb(II) raised the contact opportunity between the adsor-
bent and Pb(II), and improved the utilization rate of the 
surface active sites of the adsorbent. However, the adsorp-
tion sites on the surface of the adsorbent are limited. The 
adsorbent cannot fix free Pb(II) when all the adsorption 
sites were occupied. Therefore, the higher concentration of 
Pb(II), the more residual Pb(II) in the final solution, and the 
lower removal efficiency. The change of adsorption prop-
erty of adsorbent before 60 mg·L–1 was more significant 
than that of after. Therefore, the initial Pb(II) concentration 
was selected as 60 mg·L–1 in further study.

3.3. Adsorption kinetics, adsorption isotherm and thermodynamics

To further explore adsorption performance and removal 
mechanism of the adsorbent, further study of kinetics 
(kinetic models of pseudo-first and pseudo-second), iso-
thermal model (Langmuir and Freundlich) and thermody-
namics were performed.

Two kinetic models were used for further analysis. 
Pseudo-first kinetic model and pseudo-second kinetic mod-
els are in Eqs. (3) and (4) of the supporting information.

Langmuir model (L-model) assumed that the biomaterial 
surface was uniform and the adsorption process was mono-
layer and directional. There was no interaction between the 
adsorbed particles. Freundlich model (F-model) assumed 
that the process was inhomogeneous multilayer physi-
cal adsorption. The adsorption equations of L-model and 
F-model are in Eqs. (5) and (6). The detailed of equations 
were in the supporting information.

To further investigate the influence of temperature on 
Pb(II) removal efficiency of biomaterial, Gibbs free energy, 
enthalpy change and entropy change were calculated by 
Eqs (7)–(9) of the supporting information.

Fitting figures of pseudo-first and second kinetic model 
are shown in Fig. 7a and b. The kinetics models parame-
ters of pseudo-first and second kinetic model of Pb(II) on 
five sorbents are shown in Table 1. It can be observed from 
Fig. 7a and b and Table 1 that the correlation coefficient R2 
(PEB: 0.999, WAB: 0.999, Powder-FeS: 0.998, PFeS&PEB: 
0.998, PFeS&WAB: 0.999) of the pseudo-second model 
were higher than that of pseudo-first model (R2: PEB: 
0.959, WAB: 0.905, Powder-FeS: 0.949, PFeS&PEB: 0.979, 
PFeS&WAB: 0.963). And the pseudo-second order qe cal-
culated value was closer to the real adsorption value qe,exp.  

Fig. 7. Pseudo-first kinetic model (a), pseudo-second kinetic model (b), L-model (c) and F-model (d) study of Pb(II) adsorption by PEB, 
WAB, Powder-FeS, PFeS&PEB and PFeS&WAB.
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The results demonstrated that chemisorption was dominant 
in the process of Pb(II) adsorption of the five materials, and 
the adsorption efficiency was related to the active sites on 
the surface of the adsorbent.

Fig. 7c and d are the fitting diagrams of L-model 
and F-model, respectively. Table 1 shows the relevant 
parameters of L-model and F-model. It is observed from 
Fig. 7c and d that the fitting effect of L-model was better. 
The correlation coefficient R2 of L-model (R2: PEB = 0.998, 
WAB = 0.998, Powder-FeS = 0.995, PFeS&PEB = 0.996, 
PFeS&WAB = 0.999) in Table 1 is greater than that of 
F-model (R2: PEB = 0.988, WAB = 0.982, Powder-FeS = 0.972, 
PFeS&PEB = 0.995, PFeS&WAB = 0.969). The L-model can 
well describe the adsorption process of Pb(II) by adsor-
bent. The adsorption of Pb(II) by five adsorbents were 
monolayer. The RL values of the five materials were all 
between 0 and 1, indicating that the adsorption of Pb(II) 
had a good adsorption process [70]. F-model parameter 1/n 
also ranged from 0 to 1, indicating that chemical reactions 
occurred during the adsorption process [71].

Therefore, the addition of Powder-FeS enhanced the 
adsorption properties of PEB and WAB, which may be due 
to its strong reducibility. The lower adsorption efficiency 
of PFeS&WAB compared with PFeS&PEB may be since FeS 
powder blocked the micropores on the WAB surface, result-
ing in a reduced surface area, which was not conducive to 
the physical adsorption of Pb(II). Although the micropo-
rous structure on the surface of PEB was not obvious, the 
rich lamellar structure was enough to load enough FeS, 
which not only avoided the excessive loss of surface area, 
but also was more favourable to the adsorption of Pb(II).

The relevant thermodynamic parameters of the five 
materials are presented in Table 2. ΔG < 0 indicated that 
the adsorption process of Pb(II) can proceed sponta-
neously [72]. The change of ΔG was not obvious when the 
temperature increased, which indicated that the influence 
of temperature change on the process was not obvious.  
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Table 2
Thermodynamics parameters of PEB, WAB, Powder-FeS, 
PFeS&PEB and PFeS&WAB

Adsorbent Temperature 
(°C)

ΔG 
(kJ·mol–1)

ΔH 
(kJ·mol–1)

ΔS 
(J·mol–1)

PEB
25 –0.145

12.948 3.71335 –0.276
45 –0.404

WAB
25 –0.988

12.877 2.85135 –1.110
45 –1.246

Powder-FeS
25 –4.086

31.485 5.30435 –4.379
35 –4.717

PFeS&PEB
25 –2.607

12.152 1.01635 –2.724
45 –2.851

PFeS&WAB
25 –2.647

12.773 1.15735 –2.782
45 –2.903
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The enthalpy change (ΔH) > 0 demonstrated that the 
adsorption process was endothermic. Previous studies 
reported that when ΔH value was close to 2.1~20.9 kJ·mol–1, 
the reaction belonged to physical adsorption, while, when 
the value was between 80 and 200 kJ·mol–1, the reaction 
type was chemisorption [73]. Therefore, the ΔH values 
of PEB, WAB, PFeS&PEB and PFeS&WAB were all in the 
range of 2.1~20.9 kJ·mol–1, while the value of Powder-FeS 
was closer to 20.9 kJ·mol–1, indicating that the reaction pro-
cess was more inclined to physical adsorption. Entropy 
change (ΔS) represented the degree of solid-liquid level 
disorder. Positive ΔS indicated an affinity between the 
adsorbent and Pb(II). During the adsorption process, 
the adsorption interface became more random and dis-
order increased. Studies showed that ΔS > 0 and ΔH > 0, 
the hydrophobic effect was the dominant force in the 
adsorption process [74]. Therefore, electrostatic attraction 
played an important role in the adsorption of Pb(II).

3.4. Reusability of PFeS&WAB and PFeS&PEB

Reusability was one of the important indexes to eval-
uate the economy and efficiency of materials in practical 
application [75,76]. Therefore, the recovery and regenera-
tion performance of the adsorbent were particularly import-
ant. Reusability studies of PFeS&WAB and PFeS&PEB 
were eluting 0.1 M HNO3. After four elutions, the removal 
efficiencies of PFeS&WAB and PFeS&PEB ranged from 
36.367%, 31.153% to 35.963%, 30.653%, respectively (Fig. 8a). 
Meanwhile, no obvious variation of XRD patterns of the  
original biochar and the recycled biochar was observed 
(Fig. S1, the detailed of XRD comparison was in the sup-
porting information). The results showed that PFeS&WAB 
and PFeS&PEB had good stability with the potential to 
remove Pb(II) in wastewater in practical application.

3.5. Adsorption mechanism

Based on the characterization results (SEM, EDS, 
BET, FTIR, XRD and XPS) and adsorption experiments 

(Figs. 5 and 7), the possible adsorption mechanism of 
Pb(II) removal from the solution by PFeS&WAB and 
PFeS&PEB is shown in Fig. 8b. BET data (Table S1) show 
that PFeS&WAB and PFeS&PEB had large specific sur-
face areas and abundant pore structures, which pro-
vided sufficient physical adsorption sites for effective 
Pb adsorption (Fig. 8b, physical adsorption) [77]. FeS in 
PFeS&WAB and PFeS&PEB were excellent electron sup-
pliers, which reduced Pb(II) in solution to Pb precipita-
tion. At the same time, S(-II) and SO4

2– (oxidation of S(-II)) 
formed precipitation (PbS and PbSO4) with Pb(II) and 
separated from the solution (Fig. 8b), Oxidation–reduc-
tion reactions) [13]. EDS spectrum (Fig. 2) shows that 
there were other metal cations (such as K, Mg and Ca) on 
PFeS&WAB and PFeS&PEB surfaces that dissociated in 
solution, and Pb(II) occupied this position and adsorbed 
to the adsorbent surface, resulting in ion exchange (Fig. 8b, 
ion exchange) [78,79]. Both XRD, FTIR and XPS (Figs. 3 
and 4) confirmed the existence of oxygen-containing func-
tional groups (such as –COOH and –OH) in PFeS&WAB 
and PFeS&PEB. These oxygen-containing functional 
groups dissociated so that adsorbents surfaces became 
negatively charged and attracted the positively charged 
Pb(II) in solution electrostatically (Fig. 8b, electrostatic 
attraction) [13]. In addition, the complex reaction between 
oxygen-containing functional groups and Pb(II) formed 
hydrogen bonds to immobilize Pb(II) (Fig. 8b, complex-
ation) [57]. Therefore, the removal of Pb(II) by PFeS&WAB 
and PFeS&PEB was the result of physical adsorption, oxi-
dation-reduction reactions, ion exchange, complexation  
and electrostatic attraction.

3.6. Regression model analysis

As shown in Table 3, there were significant differences 
in pH, initial concentration and contact time (p < 0.05); 
Both pH and contact time had positive linear effect and 
negative squared terms, indicating that the change curves 
of Pb(II) with time and pH were quadratic-linear upward 
concave curves. That means they had a peak and then they 

Fig. 8. Reusability of PFeS&WAB and PFeS&PEB for removing Pb(II) in solution (a) and the proposed reaction mechanism for 
the capture of Pb(II) (b).
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went down [18]. In addition, the initial concentration had 
negative linear effect and positive squared terms, show-
ing a quadratic convex type [36,78]. Meanwhile, the deter-
mination coefficient of pure quadratic equation (R2) was 
0.89, indicating that this model can well explain the vari-
ability of Pb(II) removal rate. After adjustment, the adjust-
ed-R2 was close to R2, indicating that the model variables 
greatly affected the dependent variable, and the measured 
variables of the model were meaningful.

3.7. Cost analysis

The treatment of heavy metal polluted wastewater with 
low-cost adsorbents has been pursued by many research-
ers. The cost analysis study has also become a crucial indi-
cator for evaluating and estimating the price of PFeS&WAB 
and PFeS&PEB, which makes it possible to compare the 
adsorption study with other wastewater treatment meth-
ods lead-containing wastewater. Therefore, the costs of 
PFeS&WAB and PFeS&PEB materials were calculated 
according to the methods already reported in the study 
[72,80,81]. Table 4 showed that the cost of prepared 1 kg of 
PFeS&WAB and PFeS&PEB was $1.658 and $1.598, respec-
tively. It had a lower cost input than other adsorption mate-
rials (graphene oxide: $3.31 g, activated carbons: $ 2.6 kg, 

silica gels: $4.4~5.3 kg) [72]. Therefore, PFeS&WAB and 
PFeS&PEB have low preparation cost, environmentally 
benign characteristics and great potential to treat heavy  
metal polluted wastewater.

4. Conclusions

Two new biochars (PFeS&WAB and PFeS&PEB) were 
firstly synthesized from peanut shells biochar and walnut 
shells biochar, respectively. Their surface characteristics were 
improved by Powder-FeS modification to evaluate their 
batch adsorption potential for Pb(II) removal from waste-
water. PFeS&PEB had the maximum adsorption capacity 
(98.039 mg·g–1). The adsorption process was mainly con-
trolled by chemical reaction and monolayer absorption. The 
main adsorption mechanisms of Pb(II) were electrostatic 
attraction, ion exchange and REDOX reaction. In addition, 
PFeS&WAB and PFeS&PEB had the advantages of low 
preparation costs, high reusability and stability. Therefore, 
the novel biochars of PFeS&WAB and PFeS&PEB could be 
used as the biomaterials for effectively removing Pb(II) 
from wastewater in practical application.
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Supporting information

S1. Adsorption experiments

All adsorption experiments were carried out in a 
250 mL conical flask with a solution volume of 100 mL and 
agitated at 200 rpm for 270 min at a constant temperature 
of 25°C ± 1°C. Except for the pH test, the initial pH of the 
solution is adjusted to 5 ± 0.1 with 1 M NaOH and 1 M 
HCl. The concentration of Pb(II) was 60 mg·L–1 except for 
the experiment of isothermal initial concentration. The dos-
age of adsorbent was 0.75 g·L–1 (except the dosage exper-
iment). After the adsorption experiment, the supernatant 
containing Pb(II) was filtered through 0.45 um membrane. 
Then the concentration of Pb(II) was determined by UV-Vis  
spectrophotometry.

In order to explore the influence of initial pH on the 
adsorption performance of Pb(II), 1 M of NaOH or HCl was 
used to adjust pH to 2, 3, 4, 5, 6 and 7. To study the influ-
ence of different initial concentration of Pb(II) on adsorp-
tion performance, the concentration of Pb(II) was adjusted 
to 20, 40, 60, 80 and 100 mg·L–1, respectively. To determine 
the equilibrium time of adsorbents, samples were taken 
at 5, 10, 15, 30, 60, 90, 150, 210 and 270 min. The dos-
age of adsorbent was set as 0.25, 0.5, 0.75, 1 and 1.25 g·L–1, 
to explore the effect of dosage on adsorption performance.

The removal rate (R) and the removal capacity (qe) was 
calculated using Eqs. (S1) and (S2).

R
C C
C

e�
�� �

�0

0

100  (S1)

q
C C V

me
e�

�� ��0  (S2)

where C0 (mg·L–1) and Ce (mg·L–1) were the initial concen-
tration and equilibrium concentration, respectively. V (L) 
was the solution volume, and m (g) was the weight of the 
adsorbent.

S2. Determination of point of the zero charge

The determination of the pH of point of zero charge 
(PZC) of the biochars (PEB, WAB, Powder-FeS, PFeS&PEB, 
and PFeS&WAB) was carried out as follows: a series of 
150 mL 0.1 M NaCl solution in a conical flask with a stop-
per. All the solutions were added N2 for 5 min to remove 
CO2. The initial pH (pHinitial) of the solution was adjusted 
to 2–10 with 0.1 M HCl or 0.1 M NaOH. Then, 0.6 g bio-
char was added to the glass tube. The final pH (pHfinal) was 
measured after 24 h oscillation at 200 rpm, at 25°C. pHPZC 
was determined by the initial pH and final pH. ΔpH was 
the pHinitial minus the pHfinal. ΔpH > 0 indicated that the 
adsorbent surface had a positive charge, ΔpH < 0 with a 
negative charge, ΔpH = 0 was the point of zero charge (PZC).

S3. Adsorption kinetics, adsorption isotherm and 
thermodynamics

Pseudo-first kinetic model and pseudo-second kinetic 
model were as follows:

q q et e
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e

�
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21
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where qt (mg·g–1) was the adsorbed amount of Pb(II) at 
a certain time; qe (mg·g–1) was the adsorption capacityof 
equilibrium; k1 (min–1) was the adsorption rate constant 
of pseudo-first kinetic model; k2 (g(mg·min)–1) was the 
adsorption rate constant of pseudo-second kinetic model.

The adsorption equations of L-model (S5) and F-model 
(S6) were as follows:

1 1 1
q q q K Ce L e

� �
max max

 (S5)

Table S1
Structural parameters of the PEB, WAB, PFeS&PEB and 
PFeS&WAB

Samples SBET Pore size Pore volume

m2·g–1 nm cm3·g–1

PEB 8.07 12.96 0.104
WAB 7.19 19.43 0.191
PFeS&PEB 51.14 8.57 0.082
PFeS&WAB 46.49 10.86 0.099

Specific surface area (SBET).
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1  (S6)

where qmax (mg·g–1) was maximum adsorption calculated by 
L-model; KL (L·mg–1) was equilibrium constant for L-model; 
Ce (mg·L–1) was the concentration of Pb(II) at equilibrium. 
KF was the F-model constant; n was dimensionless con-
stant to reflect the adsorption strength.

To further investigate the influence of temperature on 
Pb(II) removal efficiency of adsorbent, Gibbs free energy 
(ΔG), enthalpy change (ΔH) and entropy change (ΔS) in 
Pb(II) adsorption process were calculated by the following 
equations:
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where R (8.314 J·mol–1·K–1) was the molar gas constant; 
T (K) was the reaction temperature.

S4. X-ray diffraction comparison before and after 
adsorption

After adsorption, the biochar was washed with 0.1 M 
HNO3 for several times to obtain the recycled biochar. The 
X-ray diffraction (XRD) patterns of the original biochar 
(before) and the recycled biochar (after) were shown in 
Fig. S1. No significant changes were found in XRD spec-
tra before and after adsorption (Fig. S1). It indicated that 
stability and reusability of PFeS&PEB and PFeS&WAB  
was good.

Fig. S1. XRD patterns of the original biochar (before) and the 
recycled biochar (after) of Pb(II).
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