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• Vermicompost (CV) and its biochar
have higher pH, ash content and min-
eral content.

• Vermicompost-derived biochar was
more effective to remove Pb2+ ions
from solution.

• High pH and minerals contribute to CV
derived biochar's Pb2+ removal effi-
ciency.

• Existing aromatic alcohol/acid also help
CV-derived biochar to remove Pb2+

ions.
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Biochar
Waste emissions have increased the amount of water and soil contaminated with heavy metals such as Pb. To
broaden the methods for the recycling and environmental usage of cow manure (CM) and its vermicompost
(CV), CM, CV, and their derived biochars produced by the pyrolysis of CM or CV at 350 and 700 °C were used
as adsorbents for Pb2+ removal in this batch adsorption experiment to reveal their different Pb2+ removal effi-
ciencies and the underlying mechanisms. The batch experiment results revealed that all adsorbents rapidly re-
moved Pb2+ within 30 min. A pH between 2.0 and 6.0 positively affected Pb2+ removal by CM and its biochar,
whereas that by CV and its biochar was only positively affected by pH between 2.0 and 3.0. CV-derived biochar
was more effective in the removal of Pb2+ than the other absorbents, with the maximum adsorption capacities
(Qm) fitted from the Langmuir model reaching approximately 230.0 mg·g−1 and the desorption rate (DR)
being approximately 0.00–0.02%. Material physiochemical characterization, including X-ray diffraction analysis,
showed that high pH, high ash content, rich mineral content, and high mineral contents might have been the
main reasons for more effective removal of Pb2+ from aqueous solutions by CV-derived biochar. Fourier-
transform infrared analysis indicated that surface functional groups such as –OH, C_O, –COO–, and C–O; original
and newly produced carbonate; and phosphate in CV also led to more effective Pb2+ removal efficiency from
aqueous solution via surface functional group binding. Thus, pyrolyzing CVs may be used to produce biochar as
a cost-effective adsorbent for heavy metal remediation in soil and water in the future.

© 2020 Elsevier B.V. All rights reserved.
RD, X-ray diffraction; FTIR, Fourier transform infrared; AR, adsorption rate; DR, desorption rate; %yp, yield percentage.
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1. Introduction
Waste emissions from mining, agricultural practices, and other in-
dustrial activities have increased the amount of water and soil contam-
inated with heavy metals such as lead (Pb) (Houben et al., 2013). The
issue of heavy metals in the environment poses a risk to public health
due to their toxicity and non-biodegradability (Inyang et al., 2012).
Many conventional methods, including adsorption (Wu et al., 2019;
Xue et al., 2019), chemical precipitation (Yang et al., 2019; L. Yang
et al., 2019), and electrolysis (Yu et al., 2016), are applied in the field
of heavy metal remediation. Adsorption is widely used for heavy
metal removal due to the large surface area, microporous nature, low
acid-base reactivity, and high availability of adsorbents, such as acti-
vated carbon (Yao et al., 2014). Various raw agricultural materials, in-
cluding crop residues and animal wastes, are commonly used to
produce adsorbents for heavy metal removal (H.Y. Wang et al., 2015;
Z.Y. Wang et al., 2015; Wnetrzak et al., 2014). In particular, animal
waste is used to produce adsorbents due to its high availability and
low cost (Zhang and Wu, 2010). Large amounts of compost and
vermicompost (CV) are produced by the composting and
vermicomposting processes during manure waste disposal and are
available to be utilized (Suthar, 2009) and recycled. Our previous re-
ports have shown that both pigmanure and its CV can be used as adsor-
bents for heavy metal removal, with the CV possessing a greater
adsorption capacity than the raw material for removing Cu2+, Zn2+,
Cd2+, and Pb2+ in solution; however, pigmanure possesses a high back-
ground heavy metal content (Zhu et al., 2008, 2009). The content of Zn,
Cu, Cd, and Pb in pig manure has been reported to be as high as
1501 mg·kg−1, 980 mg·kg−1, 2.4 mg·kg−1 and 19.3 mg·kg−1, respec-
tively (Peng et al., 2010), while that in CM is only 152 mg·kg−1,
46.5 mg·kg−1, 1.4 mg·kg−1 and 17.8 mg·kg−1, respectively (Wang
and Li, 2014). In addition, Zhang et al. (2012) reported that the emission
of CMwas approximately 28.8 t·year−1, which is four to nine times that
of pig manure (Guo et al., 2013). Moreover, the amount of composts
produced from livestock manure far exceeds the need for agricultural
usage, and thus, these composts need to be consumed in other ways
(Zhang, 2016). Therefore, the exploration of CM and its CV as effective
adsorbents for heavy metal removal from soil and water is needed.

Biochar has a large surface area, high stability, and high alkalinity
(Chen et al., 2019), and can strongly interact with trace metals (Yin
et al., 2016; Ippolito et al., 2017; Alam et al., 2018a, 2018b). Animal
waste-derived biochar can help remove heavy metals fromwastewater
(Cao andHarris, 2010) and iswidely used to immobilize heavymetals in
contaminated soils (Li et al., 2015). Furthermore, biochars derived from
both digested dairy waste and whole sugar beet have been reported to
be effective in the removal of Pb2+, Cu2+, Ni2+, and Cd2+ (Inyang
et al., 2012). Xu et al. (2013a, 2013b) demonstrated that dairy manure
biochar is more effective in the removal of Pb2+, Cu2+, Zn2+, and Cd2
+ from aqueous solutions than rice husk biochar. The raw materials
can determine the properties of a biochar (Zhao et al., 2018). As CV is al-
ways produced by an earthworm bioreactor with high value-added
earthworm products using organic wastes as raw materials, the
vermicomposting process can decompose raw organic matter into dif-
ferent forms of humic matter (Zhu et al., 2018); thus, there may be dif-
ferent remediation effects of biochar derived from CM and its CV on
heavy metals. However, few studies have compared CM, its CV, and
their biochars in terms of heavymetal removal. Thus, this study investi-
gated CM, its CV, and their derived biochars to remove Pb2+ from aque-
ous solutions, aiming specifically (1) to study the adsorption isotherms
and adsorption kinetics of these adsorbents and the effect of pH; (2) to
investigate the main controlling factors and underlying mechanisms of
these adsorbents in the removal of Pb2+ions; and (3) to explore a new
method for producing a new cost-effective adsorbent for Pb2+ removal
with a low background heavy metal content. The novelty of this re-
search is its aim to explore new adsorbents with both easily available
raw materials and low heavy metal contents for the remediation of
water and soil polluted with heavy metals, as well as to broaden the
recycling method of CM or its CV and augment the high value-added
products from earthworms during the CV production process.

2. Materials and methods

2.1. Preparation of the adsorbents

CM and its CV were collected from a company in Hangzhou, China.
After being air-dried and sieved through a 2 mm mesh, the raw mate-
rials were pyrolysed in a laboratory-scale pyrolysis reactor (TNX1100-
30 pyrolysis reactor, China) at 350 °C for CMC350 and CVC350 or
700 °C for CMC700 and CVC700 at a heating rate of 10 °C·min−1 and ni-
trogen flow rate of 0.3 L·min−1. The produced biochars were then
ground and sieved through a 0.15 mm mesh, and the biochar samples
from CM were labelled ‘CMC350’ and ‘CMC700’, whereas those from
CVwere labelled ‘CVC350’ and ‘CVC700’. SomeCMand CV rawmaterials
were also sieved through a 0.15 mmmesh for experimental adsorption
studies.

2.2. Characterization of adsorbents

Sample pHwas determined at a 1:20 (w/w) ratio of adsorbentmate-
rials to water extract with a pH meter (Mettler Toledo Delta 320,
Switzerland). The ash content was analysed according to ASTM specifi-
cations (ASTM, 2001). The specific surface area (SBET) was determined
using an automatic adsorption instrument (AUTOSORB-1-C,
Quantachrome, United States) by adsorbing and desorbing nitrogen at
77 K. The mineral composition was analysed using X-ray diffraction
(XRD) (D8 Advance, Bruker, Germany). Fourier transform infrared
(FTIR) spectroscopy (Thermo Scientific Nicolet-iS10, United States)
was used to characterize the surface functional groups of the adsorption
materials. FTIR spectrawithwavenumbers from4000 to 400 cm−1were
recorded at 32 scans per point with a resolution of 0.1 cm−1. All
chemicals used were of analytical grade, and distilled water was used
to prepare all solutions and reagents. All data were obtained from the
analysis of three replicates.

2.3. Batch adsorption experiments

The adsorption isothermstudywas performed at an initial Pb2+ con-
centration of 100–1000 mg·L−1 and a pH of 5.0, and then desorption
studies were carried out using 0.01 mol·L−1 NaNO3 to desorb the Pb2
+ ions adsorbed by CM, CV, and their biochars in a shaking orbital incu-
bator (HY-2(A) Vertical Multi-Purpose Vibrator, China) for 24 h. For the
pH studies, the initial pH was adjusted to 2.0–6.0 using 0.01 mol·L−1

HNO3 or NaOH, and the initial concentration of Pb2+ was set at
700 mg·L−1. The adsorption kinetics were studied by varying the time
from 1 to 1440 min with an initial Pb2+ concentration of 180 mg·L−1

and initial pH of 5.0. All batch adsorption experiments were performed
at 25 °C in triplicate, and the solid-liquid ratio was set at 4 g·L−1 based
on a previous report and the practical agricultural application dosage of
biochar (Liu et al., 2017). Stock solutions of Pb2+ were obtained by dis-
solving Pb(NO3)2 in Milli-Q water, and the concentration of Pb2+ was
determined by flame atomic absorption spectrometry (Shimadzu AA-
6800, Japan).

2.4. Calculation method

The yield percentage (yp%) was calculated as the percentage weight
of biochar from 100 g CMor CVpyrolysed in a laboratory-scale pyrolysis
reactor at 350 °C or 700 °C.

The amount of Pb2+ adsorbed (Qe) was calculated (Lee et al., 2013)
as

Qe ¼ V � C0−Ceð Þ=m; ð1Þ



Table 1
Physical and chemical properties of CV, CVC350, and CVC700 and CM, CMC350, and
CMC700.

Property CV CVC350 CVC700 CM CMC350 CMC700

yp (%) – 64.86 57.2 – 35.3 29.94
pH 7.25 8.79 10.35 6.66 8.89 9.76
Ash (%) 44.75 59.28 67.32 19.57 34.68 53.51
K (mg/g) 9.00 15.63 21.10 6.46 16.43 17.23
Na (mg/g) 10.21 13.23 14.91 10.23 11.55 11.53
Ca (mg/g) 31.72 42.84 42.34 8.38 17.09 19.17
Mg (mg/g) 10.44 13.91 15.01 4.07 9.38 9.87
SBET (m2/g) 4.921 15.80 50.34 6.005 65.38 86.95
Pore size (nm) 56.11 48.39 27.01 67.64 24.27 24.92

Note: yp (%) is the yield percentage of the biochar from their rawmaterials, SBET is Specific
surface area.
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and the adsorption rate (AR) was calculated according to

AR ¼ C0−Ceð Þ=C0 � 100%; ð2Þ

where C0 and Ce are the concentrations of Pb2+ (mg·L−1) in the initial
and equilibrium solutions, respectively. V is the volume of the solution
(L), and m is the dry weight of the added adsorption materials (g).

The amount of Pb2+ desorbed (Y) was calculated as

Y ¼ V � Ce=m; ð3Þ

and the desorption rate (DR) was calculated as

DR ¼ Y=Qe � 100%; ð4Þ

where Ce is the concentration of Pb2+ in the aqueous phase (mg·L−1), V
is the volume of the solution (L), and m is the dry weight of the added
adsorbents (g).

2.5. Adsorption isotherm model and kinetic model fitting

The data from the adsorption isotherm study were fitted with the
Henry, Freundlich, and Langmuir models, expressed mathematically in
Eqs. (5), (6), and (7), respectively.

Qe ¼ Aþ KhCe; ð5Þ

Qe ¼ KfCe
b; ð6Þ

and

Ce=Qe ¼ Ce=Qm þ 1= KL � Qmð Þ; ð7Þ

where Qe is the amount of adsorbed Pb2+(mg·g−1), Ce is the equilib-
rium concentration (mg·L−1) of Pb2+, Qm is the maximum adsorption
capacity (mg·g−1) of Pb2+according to the Langmuir model, and A,
Kh, Kf, KL, and b are constants.

The data from the adsorption kinetics study were fitted with three
kinetic models, which are expressed mathematically in the following
equations:

Qt ¼ aþ b � Int; ð8Þ

Qt ¼ Qe � 1−e−K
1
t

� �
; ð9Þ

and

1=Qt ¼ 1= K2Qe
2 � t

� �
þ 1=Qe ð10Þ

These models are the Elovich, pseudo-first-order, and pseudo-
second- order models, respectively, where Qt is the adsorption amount
(mg·g−1) of Pb2+ at time t (min), Qe is the adsorption amount
(mg·g−1) of Pb2+ at equilibrium, Ce is the concentration (mg·L−1) of
Pb2+ at time t, and K1, K2, a, and b are constants.

All parameters were calculated by nonlinear regression analysis
using Origin 8.0 (Origin Lab Corporation, Northampton, United States).

3. Results

3.1. Material characterization

3.1.1. Basic physiochemical properties
As shown in Table 1, as the temperature increased from 350 °C to

700 °C, the yp% of biochars derived from CV (CVC350 and CVC700) de-
creased from 64.86% to 57.2%, and that of biochars derived from CM
(CMC350 and CMC700) decreased from 35.3% to 29.94%. The results re-
vealed that a greater yield of biochar could be achieved from CV than
from CM at a considerably lower pyrolysis temperature. Similarly, it
has been reported that the yield percentage decreased for discarded
mushroom-stick biochar with increasing temperature (Wang et al.,
2019). However, increased pyrolysis temperature resulted in increased
pH in the biochars; the pHwas 7.25, 8.79, and 10.35 for CV, CVC350, and
CVC700 and was 6.66, 8.89, and 9.76 for CM, CMC350, and CMC700, re-
spectively, demonstrating that CV and its biochar had considerably
higher pH values than did CM and its biochar. The ash content, denoted
the inorganic matter content of the adsorbents, was 44.75, 59.28, and
67.32% for CV, CVC350, and was CVC700 and 19.57, 34.68, and 53.51%
for CM, CMC350, and CMC700, respectively. Thus, there was a consider-
ably higher inorganic matter content in CV than in CM, whichmay have
been caused by the mixed soil and the organic matter being
decomposed into inorganicmatter during the vermicomposting process
since CM is always put in soil for earthworm feeding (Liu, 2004). In ad-
dition, increasing the pyrolysis temperature increased the ash content
in the biochars derived from both CM and CV. A recent report also
showed that the ash content in cow manure biochar increased from
16.49% to 32.84% with increasing temperature (Qin et al., 2019), and
Cao and Harris (2010) ascribed the high ash content in manure biochar
to the highmineral content in the feedstock. The pyrolysis process, irre-
spective of pyrolysis temperature, increased the total K, Na, Ca, and Mg
content in biochars compared to those in CM and CV. In particular,
higher Ca and Mg contents were observed in CV and its biochars than
in CM and its biochars, which was consistent with the changes in ash
content above because a high ash contentmay be indicative of minerals
such as K, Na, Ca and Mg (Yang et al., 2017). In summary, a higher pH,
ash content, and total Ca and Mg content were found in CV and its bio-
chars than in CM and its biochars, whichmay contribute to the different
Pb2+ removal efficiencies from solution.

3.1.2. Surface area and pore size
The SBETs and pore sizes of all adsorbents are shown in Table 1. The

SBETs of CM and CVwere 6.005m2·g−1 and 4.921m2·g−1, respectively.
The SBET of CVC350 and CVC700 was increased by 3 and 10 times with
respect to that of CV, whereas those of CMC350 and CMC700 were in-
creased by 10 and 14 timeswith respect to that of CM, respectively. Sim-
ilar reports have also shown that the specific surface area of biochars
increased as the pyrolysis temperature increased (Zhang et al., 2019),
which can be explained by the fact that the increased temperature
helped the decomposition and escape of volatiles, tars and other prod-
ucts, leading to moremicroporous structures and larger specific surface
areas in the biochar (Chen et al., 2019). However, although the average
pore diameters were 56.11, 48.39, and 27.01 nm for CV, CVC350, and
CVC700 and were 67.64, 24.27, and 24.92 nm for CM, CMC350 and
CMC700, respectively, the SBET of CV, CVC350, and CVC700was consis-
tently lower than that of CM, CM350, and CM700. These results suggest
that increasing the pyrolytic temperature can decrease the average pore
diameter of biochar derived from CV and may contribute to increased
surface area. However, a high pyrolytic temperature primarily led to
an increased surface area of biochar from CM but had no contribution
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CMC700 material minerals, with peaks labelled: K, kalicinite (KHCO3); C, quartz (SiO2);
H, halite (NaCl); P, CaCO3.
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to the development of its micropores, and smaller micropores did not
contribute to the increased surface area of CV comparedwith that of CM.

3.1.3. XRD analysis
As shown in Fig. 1, based on the characteristic peaks of inorganic

components contained in the samples (Kostas et al., 2015; Yuan et al.,
2011), sharp peaks in all samples indicated the presence of miscella-
neous inorganic components in CM, CV, and their derived biochars. Sim-
ilar mineral compositions with sharper peaks and higher intensities
were observed in CV, CVC350, and CVC700 than in CM, CMC350, and
CMC700, including kalicinite (KHCO3, PeakK), quartz (SiO2, Peak C), ha-
lite (NaCl, Peak H), and calcium carbonate (CaCO3, Peak P). With in-
creasing temperature, an increased intensity of peaks H, K, and P and
decreased intensity of Peak C were observed in CVC350 and CVC700
compared to those in CV. This result was consistent with the report
that increasing the pyrolysis temperature could increase the intensity
of some sharp peaks in biochars from dairy manure-derived CV (Yang
et al., 2015), suggesting that overall, the considerably higher pyrolysis
temperature increased the mineral content, especially the content of
kalicinite, halite and calcium carbonate, in the biochars derived from
Q
e/

m
g

g
-1

Ce/mg L-1

-1

Fig. 2. Adsorption isotherm curve of Pb2+ onto CV, CVC
CV. In contrast, only one sharp peak was observed in the spectrum of
CM, indicating that halite (NaCl, Peak H) crystalline minerals primarily
existed in cow manure. However, similar increasing peak numbers
and intensities were observed with increasing pyrolysis temperature,
with quartz (SiO2, Peak C) being observed in both CMC350 and
CMC700 and Peak K (kalicinite) being observed in CMC700.Thus, richer
minerals and a higher mineral content, especially that of kalicinite, ha-
lite and calcium carbonate, occurred in CV and its derived biochar
than in CM and its derived biochar. This finding is consistent with the
above analysis of the total Ca, Mg and ash contents (Table 1), which
may contribute to the difference in the Pb2+ removal efficiencies by
CM, CV and their biochars.

3.2. Adsorption isotherms

As shown in Fig. 2, the adsorption capacity of Pb2+ by all adsorbents
increased with an increasing initial Pb2+ concentration in solution, and
all adsorbents achieved equilibrium except for CVC350 and CVC700, re-
vealing that CVC350 and CVC700 may not have removed the largest
amount of Pb2+ from solution. As shown in Table 2, the coefficients of
determination (R2) from the Langmuir model for all the adsorbents,
ranging from 0.9635 to 0.9991, were far greater than those from both
the Henry and Freundlich models, indicating that Pb2+ adsorption on
all the adsorbents fit the Langmuir model extremelywell; similar fitting
results have been reported for the adsorption of Pb2+ onto sesame
straw biochar (Park et al., 2016). As calculated by the Langmuir
model, the Qm values of Pb2+for CVC350 and CVC700 were close,
227.27 and 230.95 mg·g−1, respectively, but both were considerably
higher than that of CV, as well as those of other biochars from rice
straw, wheat straw and lychee branches reported in recent literatures
(Lin et al., 2016). Similarly, the Qm values of Pb2+ adsorption on CM
were much lower than those of its derived biochars (CMC350 and
CMC700). Additionally, the Qm of Pb2+ adsorption by CV and its bio-
chars was considerably higher than that of CM and its derived biochars.
Yao et al. (2014) reported that KL from the Freundlich model was re-
lated to the affinity between the adsorbate and adsorbent, with a
greater KL signifying greater affinity. As shown in Table 2, the KL value
for the Pb2+ adsorption of CVC350 was considerably higher than that
of the other materials. Suggesting that CVC350 had a greater affinity
for Pb2+ in solution. In sum, the Langmuir isotherm model can be
used to express Pb2+ adsorption on CV, CM and their derived biochars,
and biochars from both CV and CM can improve the removal efficiency
of Pb2+ in solution,with CVderived biochar being the best adsorbent for
Pb2+ removal.
Q
e/

m
g

g

Ce/mg L-1

350, and CVC700 and CM, CMC350, and CMC700.



Table 2
Some constants of the isotherm equation for Pb2+ adsorption on all adsorbents.

Adsorption materials Henry
Qe = A+ KhCe

Freundlich
Qe = Kf*Ceb

Langmuir
Ce/Qe = Ce/Qm + 1/(KL*Qm)

A Kh R2 Kf b R2 Qm KL R2

CV 68.49 0.427 0.6320 62.71 0.176 0.7657 170.65 0.167 0.9928
CVC350 65.52 8.323 0.8458 101.44 0.254 0.9116 227.27 1.117 0.9635
CVC700 76.16 2.642 0.6304 90.99 0.222 0.8790 230.95 0.543 0.9864
CM 57.11 0.100 0.4881 39.45 0.161 0.9063 102.77 0.120 0.9991
CMC350 68.62 0.209 0.4872 70.43 0.122 0.8380 141.25 0.333 0.9981
CMC700 67.70 0.195 0.4979 72.23 0.111 0.8266 139.47 0.256 0.9968
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3.3. Effect of pH on Pb2+ adsorption

pH affects not only the surface charge of the adsorbent but also the
ionization and speciation of metal ions in solution. OzCimen and
Ersoy-Meriboyu (2010) reported that soluble Pb2+, PbNO3

+, Pb(NO3) 2

and PbOH+ could exist in solution with 0.01 mol·L−1 NaNO3 and
pH b 7.01; thus, the initial pH was set to values ranging from 2.0 to 6.0
in this experiment. As shown in Fig. 3, pH significantly affected Pb2+ ad-
sorption in all adsorbents, and the adsorption capacity of Pb2+ by CV
and its biochars significantly exceeded that of CM and its biochars
throughout the entire pH range. At an initial pH between 2.0 and 3.0,
the adsorption capacity of Pb2+ by all adsorbent materials dramatically
increased.When the initial pHwas above 3.0, no increase was observed
for Pb2+ adsorption by CV, CVC350, and CVC700, whereas a gradual in-
crease was observed for Pb2+ adsorption by CM, CMC350, and CMC700,
which indicates that pH played a more important role in Pb2+ removal
by CM and its biochar compared with that by CV and its biochar.
3.4. Adsorption kinetics

As shown in Fig. 4, the adsorption capacity of Pb2+ by CM, CV, and
their biochars increased rapidly within 30 min before reaching equilib-
rium. As shown in Table 3, the pseudo-second-ordermodel consistently
provided the largest coefficient of determination (R2) value and best fit
to the kinetic adsorption data (R2 N 0.9007) of all biochars. However, the
kinetic adsorption of Pb2+ by both CV and CM fit the Elovichmodel bet-
ter, with considerably higher R2 values of 0.9134 and 0.8257 for the
Elovich model, respectively. It has been reported that pseudo-second-
order kinetics can beused to describe the adsorption process dominated
Q
e/

m
g

g
-1

pH

Fig. 3. Effect of initial solution pH on Pb2+ adsorption.
by chemical adsorption (Kim et al., 2013). Chang et al. (2016) reported
that the Elovich model is based on the assumption that the surface ad-
sorption energy is uniformly distributed during the adsorption process
and that the adsorption process is chiefly controlled by surface adsorp-
tion. Thus, the kinetic adsorption of Pb2+ on CV and CM followed the
Elovich kinetic model, controlled by surface adsorption, whereas that
on their derived biochars was dominated by chemical adsorption and
fit the pseudo-second-order model well.

3.5. Desorption studies

Desorption studies are important in investigating the binding
strength of adsorbates onto an adsorbent and whether heavy metal ad-
sorption is reversible (Camila et al., 2012). As shown in Table 4, with in-
creasing initial Pb2+ concentration from 100 to 1000 mg·L−1, the
adsorption rate (AR) of Pb2+ by CV ranged from 99.91% to 69.43%,
which was followed by a desorption rate (DR) ranging from 0.09% to
0.30%, whereas the AR of Pb2+ by CVC350 and CVC700 ranged from
99.97% to 93.19%, followed by a DR ranging from 0.00% to 0.02%. Simi-
larly, with increasing initial Pb2+ concentration from 100 to
1000 mg·L−1, the AR of Pb2+ by CM ranged from 99.22% to 39.57%
and was followed by a DR from 0.30% to 6.59%, whereas the AR of Pb2
+ by CMC350 and CMC700 ranged from 99.97% to 52.70% and was
followed by a DR from 0.005% to 0.37%. Thus, CM and CV exhibited con-
siderably lower adsorption rates but much higher desorption rates than
their derived biochars, and in particular, CV and its biochars had much
higher adsorption rates than CM and its biochars. These findings are of
great importance, as they suggest that biochars, particularly
vermicompost derived biochars, are considerably more effective in re-
moving and retaining Pb2+ at concentrations ranging
from100–1000 mg·L−1 in aqueous solutions.

3.6. FTIR analysis

As shown in Fig. 5(A) and (B), similar FTIR spectrawere observed for
CV, CM, and their derived biochars. Based on the results of other studies
(Hossain et al., 2011; Wang et al., 2013; Yao et al., 2014; Kostas et al.,
2015), broad bands between wavenumbers of 3600 and 3200 cm−1

were assigned to hydroxyl (–OH) groups from organic matter, and
these peaks decreased rapidly in CVC350, CVC700, CMC350, and
CMC700. Wavenumbers from 2920 to 2850 cm−1, indicating the pres-
ence of C\\H groups in CV and CM, decreased or disappeared abruptly
in their derived biochars, suggesting a decrease in nonpolar aliphatic
fractions in the biochars from CV and CM (Wang et al., 2013). Aromatic
C_O stretching associated with carbonate impurities at wavenumbers
ranging from 1620 to 1660 cm−1 occurred in CV, CVC350, CM, and
CMC350 but disappeared in CVC700 and CMC700. Additionally, the
peaks at approximately 1427 cm−1 were due to C\\O stretching from
carbonates (Xu et al., 2013a, 2013b) or primary alcohols and secondary
alcohols in CV (Zhu et al., 2012), whereas peaks ranging from
1030 cm−1 to 1100 cm−1 were assigned to the P\\O of PO4

3− or Si\\O
structures of silicate (Zhu et al., 2012; Xu et al., 2013a, 2013b).
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Table 3
Parameters of kinetics models for Pb2+ adsorption on all adsorbents.

Elovich
Qt = a + bInt

Pseudo-first order
kinetics
Qt = Qe(1- e−k1t)

Pseudo-second order
kinetics
1/Qt = 1/(K2Qe

2*t)
+ 1/Qe

a b R2 Qe K1 R2 Qe K2 R2

CV 44.74 0.011 0.9134 44.79 6.774 0.2195 44.80 1.571 0.4182
CVC350 40.65 0.654 0.8255 44.11 2.265 0.7391 44.37 0.177 0.9173
CVC700 38.14 1.043 0.5891 43.93 1.570 0.9261 44.40 0.081 0.9994
CM 42.77 0.287 0.8257 44.23 3.333 0.3786 44.33 0.503 0.6131
CMC350 35.72 1.425 0.8547 43.23 1.492 0.7087 43.73 0.073 0.9068
CMC700 41.71 0.449 0.7082 44.11 2.590 0.7199 44.29 0.251 0.9007

Note: The bigger is R2, the better is the model.
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Fig. 5(A) shows the FTIR spectra of CV, CVC350, and CVC700, which
freely and completely adsorbed Pb2+. The wavenumbers increased
from 3337 cm−1 and 3368 cm−1 to 3306 cm−1 and 3419 cm−1 after
the adsorption of Pb2+ by CV and CVC350, respectively, and peaked at
3457 cm−1 in CVC700-Pb, indicating the possibility of surface adsorp-
tion through complexation with –OH. The bond energies of C_O, –
COO–, and C\\O were affected by the chemical action generated in the
adsorption process, resulting in shifts in the characteristic peak loca-
tions from 1636 and 1614 cm−1 in CV and CVC350, respectively, to
1662 and 1616 cm−1 in CV-Pb and CVC350-Pb, respectively, and an in-
crease in the weak peak at 1633 cm−1 in CMC700-Pb. Additionally, the
peak at 1427 cm−1 in CM shifted to 1424 cm−1 in CM-Pb, the peak at
1431 cm−1 in CVC350 split into peaks at 1429 and 1384 cm−1 in
CVC350, and the peak at 1428 cm−1 in CVC700 became a sharp peak
at 1384 cm−1 in CMC700-Pb. These results demonstrate that C_O
and C\\O from carboxylic acid or their original or newly produced car-
bonates played an important role in the adsorption of Pb2+ by CV and its
derived biochar. However, no notable shift was observed for the peak at
2918 cm−1 in CV after Pb2+ adsorption. Moreover, the peak at
1080 cm−1 in CV and CVC350, which disappeared in both CVC700 and
CVC700-Pb, corresponding to PO4

3− (Xu et al., 2013a, 2013b), shifted
to 1077 cm−1 in CV-Pb, whereas no obvious shift was observed in
CVC350-Pb, suggesting that the formation of a Pb2+ precipitate with
phosphate occurred in CV but not in CVC350 and CVC700. Similarly,
no shift was observed for the band at approximately 1034 cm−1

assigned to Si\\O structures in silicate (Zhu et al., 2012) after Pb2+ ad-
sorption, revealing that silicate in CV and its derived biochars did not af-
fect the process of Pb2+ removal. Therefore, the adsorption of Pb2+ on
CV and its derived biochar relied on similar functional groups, such as
–OH,C=O, –COO– and C\\O from aromatic alcohols, aromatic acids
and their original or newly produced carbonates, while P\\O groups
from phosphate may only contribute to the adsorption of Pb2+on CV.

Fig. 5(B) shows the FTIR spectra of CM, CMC350, and CMC700,which
freely and completely adsorbed Pb2+. The peak at 3337 cm−1 in CM
shifted to 3309 cm−1 in CM-Pb. Additionally, peaks at 3427 and
Table 4
The ratio of adsorption and desorption for Pb2+ on CV, CVC350, and CVC700 and CM, CMC350

CV CVC350 CVC700

AR(%) DR(%) AR(%) DR(%) AR(%) DR(%)

1 99.13 0.30 99.94 0 99.81 0.02
2 99.44 0.18 99.95 0 99.92 0.002
3 99.48 0.13 99.96 0 99.96 0.01
4 99.78 0.24 99.95 0 99.96 0.005
5 99.88 0.22 99.97 0 99.96 0.008
6 99.91 0.11 99.97 0 99.97 0.008
7 93.71 0.09 99.39 0 99.04 0.006
8 87.14 0.09 99.05 0 98.04 0.011
9 80.71 0.17 97.91 0.007 97.84 0.012
10 69.43 0.24 97.81 0.01 93.19 0.012

Note: From row 1 to row 10, the Pb2+ concentration was 100, 150, 200, 250, 300, 400, 500, 60
3459 cm−1 were observed in CMC350-Pb and CMC700-Pb but not in
CMC350 and CMC700, indicating the possible complexation of Pb2+

with –OH on the surface of CM, CMC350, and CMC700. The peak at
2920 cm−1 was observed only in CM and shifted to 2919 cm−1 in CM-
Pb, revealing that aliphatic fractions could have participated in Pb2+ ad-
sorption by CM but not in Pb2+ adsorption by CMC350 and CMC700.
The shifts of the bands at 1652, 1589, and 1539 cm−1 in CM, CMC350,
and CMC700 to 1635, 1616, and 1558 cm−1 in CM-Pb, CMC350-Pb,
and CMC700-Pb, respectively, signified that functional groups from aro-
matic compounds facilitated the adsorption of Pb2+. Additionally, the
emerging peak at 1384 cm−1in only CM-Pb, CMC350-Pb, and
CMC700-Pb illustrated a change in the vibration of –COO– from carbon-
ates, suggesting that carbonates played an important role in the adsorp-
tion of Pb2+; however, these carbonate groups may not come from the
CM or its derived biochar itself, but from the dissolution of CO2 in the air
during the adsorption process. In addition, no shift was observed for the
peak at 1100 cm−1 in CM and CM-Pb, whereas the peaks at 1100 cm−1

in CMC350 and 1104 cm−1 in CMC700 shifted to 1104 and 1097 cm−1,
respectively, in the FTIR spectra of CMC350-Pb and CMC700-Pb, signify-
ing the participation of Si\\O from inorganic compounds in Pb2+ ad-
sorption by CMC350 and CMC700. Thus, the adsorption of Pb2+ on CM
mainly depends on aliphatic alcohols and aromatic alcohols/acids in
CM, whereas aromatic alcohols/acids and inorganic silicates may con-
tribute to Pb2+ adsorption on CMC350 and CMC700. In addition, car-
bonate produced during the adsorption process may help improve the
Pb2+ removal efficiency from aqueous solution.

4. Discussion

4.1. Differences in the physiochemical properties of all adsorbents

Pyrolysis temperature and the raw material are the main factors
influencing the biochar yield percentage (Smith et al., 2009; Alam
et al., 2018a, 2018b). Our research demonstrated that the yield percent-
age of biochar fromboth CMand CVdecreasedwith increasing pyrolysis
temperature from 350 to 700 °C, which is consistentwith the decreased
yield percentage of biochars produced from pecan shell, poultry litter,
and switchgrass with increasing pyrolysis temperature (Kostas et al.,
2015; Zhang et al., 2019). Thus, a considerably lower pyrolysis temper-
ature should be chosen for biochar production from CM and CV. In addi-
tion, the yp% of biochar derived from CV (CVC350 and CVC700) ranged
from 64.86% to 57.2%, which is much higher than the 26% yield of maize
cob residue biochar (Faloye et al., 2020) and the 51% yield of biochar de-
rived from rice husk (Oladele et al., 2019). Moreover, our study demon-
strated that increasing the pyrolysis temperature resulted in an
increased pH of biochar from both CM and CV. Shinogi and Kanri
(2003) reported that an increased pH of biochar is likely caused by the
release of alkali salts from the feedstock during pyrolysis; this process
was further demonstrated by the high ash, total Ca, and total Mg con-
tents in the biochars from CM and CV (in Table 1) because the ash
, and CMC700.

CM CMC350 CMC700

AR(%) DR(%) AR(%) DR(%) AR(%) DR(%)

99.22 0.49 99.86 0.08 99.96 0.02
99.22 0.31 99.93 0.02 99.92 0.003
96.79 0.30 99.94 0.01 99.93 0.02
95.23 1.06 99.94 0.04 99.97 0.01
96 0.84 99.94 0.03 99.97 0.02
79.72 1.34 99.73 0.03 99.80 0.02
75.14 2.68 92.45 0.13 92.18 0.005
61.67 4.19 80.85 0.20 79.02 0.02
50.89 4.78 71.18 0.27 68.43 0.02
39.57 6.59 57.66 0.37 52.70 0.01

0, 800, 1000 mg·L−1 respectively; AR is the adsorption rate and DR is the desorption rate.
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Fig. 5. Stacked FTIR spectra of the adsorbents before and after Pb2+ adsorption.
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content likely increased the pH. Similarly, XRD analysis showed that CV
and its biochars had a higher mineral content, especially kalicinite, ha-
lite, and calcium carbonate, than did CM and its derived biochars,
which is supported by the report that more abundant mineral species
and greater mineral crystallization exist in biochar prepared at higher
temperatures (Wei et al., 2019). Zhu et al. (2019) reported that biochar
characteristics such as cation exchange capacity (CEC), pH, and ash con-
tent account for 53.8% of its adsorption efficiency and that the CEC and
pH of biochars are the most important influencing factors among bio-
char characteristics. High pH may lead to precipitation of heavy metal
ions (Sun et al., 2019). Thus, the different pH values of the biochars de-
rived fromboth CMand CVmaybe attributed to the increased ash, alkali
salts, and mineral contents, especially the increased contents of
kalicinite, halite, and calcium carbonate, which may contribute to the
removal efficiency of heavy metals from solution.

Our study showed that the pyrolysis process and high temperature
increased the surface area of biochars from both CV and CM, which
was confirmed by the report that surface area increased at high pyro-
lytic temperatures (Ahmad et al., 2012). It has also been reported that
the development of micropores during carbonization is important for
the adsorption of heavy metals because it increases the adsorption sur-
face area (Batool et al., 2019). However, our results suggested that mi-
cropores were only observed in the biochars derived from CV, not in
the biochars from CM, and a decrease in average pore diameter contrib-
uted to an increase in surface area. Thus, differences in pH,mineral con-
tent, ash content, and alkali salts, not pore size distribution, may lead to
the different removal efficiencies of heavymetals fromaqueous solution
by CM, CV, and their biochars.

4.2. Different mechanisms for Pb2+ removal by all adsorbents

4.2.1. Surface adsorption of Pb2+

Although a high pyrolytic temperature increased the surface area of
biochar fromboth CVand CM, a higher adsorption capacitywas only ob-
served for the biochars compared to their rawmaterials, whereas simi-
lar Qm values for Pb2+ adsorption were observed between CVC350 and
CVC700 and between CMC350 and CMC700; in addition, the Qm value
of Pb2+ adsorption by CVC350 was nearly twice that of CMC350 irre-
spective of the obviously lower surface area of CVC350 than that of
CMC350, which was in contrast with reports that a higher surface area
of biochar enhanced metal sorption (Nigam et al., 2019) and that the
improved surface area of modified reed biochar led to enhanced Pb
max sorption capacity (Cui et al., 2019). In addition, Agrafioti et al.
(2014) reported that sewage sludge biochar has a low surface area but
a moderate immobilization capacity for heavy metals. Thus, a surface
area-dependent adsorptionmechanismmay not explain the differences
in Pb2+ removal among CM, CV, and their biochars.

4.2.2. Co-precipitation of Pb2+ with mineral components
Therewere noobvious changes in the adsorption capacity of Pb2+by

CV, CVC350, and CVC700 corresponding to an increase in pH from
3.0–6.0; however, pH still played a role in Pb2+ removal by CM and its
biochars when the initial pH was above 3.0, which may be correlated
with the lower mineral content and pH in CM and its derived biochars
than those in CV and its derived biochars (Table 1) because the pH of so-
lution can be affected by alkali ions and minerals released from biochar
(Li et al., 2015). Furthermore, considerably richer mineral elements, es-
pecially increased contents of kalicinite, halite, and calcium carbonate,
were observed in CV, CVC350, and CVC700 in comparison with CM,
CMC350, and CMC700, and the adsorption capacity of Pb2+ by CV and
its biochars was consistently higher than that of CM and its derived bio-
chars. The biochars from both CV and CM increased the removal effi-
ciency of Pb2+ in aqueous solution more than their raw materials did
(Fig. 2). It has been reported that mineral elements in adsorbents can
serve as additional adsorption sites (Gu et al., 2019), and the precipita-
tion reaction between Pb2+ and these minerals could be identified as
the leading mechanism for Pb2+ adsorption on biochars (H.Y. Wang
et al., 2015; Z.Y. Wang et al., 2015. Tsai et al. (2019) also indicated that
mineral components present in dairymanure-derived biocharmay con-
tribute to its high adsorption capacity. Thus, co-precipitation of Pb2+

with mineral components in the adsorbent may be one of the major
mechanisms controlling the adsorption process. However, there was
no notable difference in Qm between CVC350 and CVC700 or between
CMC350 and CMC700, signifying that there may be other components
controlling Pb2+ adsorption by biochars aside from themineral content.

4.2.3. The binding of Pb2+ with surface functional groups
As shown in Fig. 4, the adsorption capacity of Pb2+ by CM, CV, and

their derived biochars was lower at an initial pH value of 2.0 than at
other pH values, signifying that oxygen-containing functional groups
may also participate in the adsorption of Pb2+ on the surface of CM,
CV, and their derived biochars. It has previously been reported that
the pH of the solution can be affected by aromatic compounds and
other compounds with functional groups released from biochar (Li
et al., 2015) and that oxygen-containing groupsmay hinder the adsorp-
tion of positively charged metal ions on biochar at low pH values (H.Y.
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Wang et al., 2015; Z.Y. Wang et al., 2015). Our FTIR analysis demon-
strated that functional groups, mainly–OH, C_O, –COO–, and C\\O
from aromatic compounds, may contribute to Pb2+ adsorption by CV
and its derived biochars and that adsorption by CM mainly depended
on aliphatic alcohols and aromatic compounds. Aromatic alcohols or
acids and inorganic silicates may contribute to Pb2+ adsorption by
CMC350 and CMC700, which is similar to the report that phenolic –
OH and aromatic C_O are involved in the adsorption of Cu2+, Zn2+,
and Cd2+ by dairy manure-derived biochar (Xu et al., 2013a, 2013b).
These effects are also supported by reports that surface functional
groups, including hydroxyl and carboxylate groups, may interact with
heavy metal ions and form surface complexes on adsorbents (Yang
et al., 2019; L. Yang et al., 2019; Yu et al., 2018). Chen et al. (2019) re-
ported that increasing the pyrolysis temperature decreased the number
of oxygen-containing functional groups, such as hydroxyl and carboxyl
groups, which may also help explain why similar Qm values for Pb2+

adsorption were observed between CVC350 and CVC700 or between
CMC350 and CMC700. However, P\\O groups in phosphate, which dis-
appeared in CVC350 and CVC700, may only contribute to Pb2+ adsorp-
tion by CV, and the original or newly produced carbonate in CV during
adsorption may help explain the different removal efficiencies of Pb2+

from aqueous solution by CVC350 and CVC700, as well as by CM and
its biochars.

5. Conclusion

CM, CV, and their derived biochars rapidly removed Pb2+ ions
within 30 min. A pH between 2.0 and 6.0 positively affected Pb2+ re-
moval by CM and its biochars, whereas that by CV and its biochars
was only positively affected by a pH between 2.0 and 3.0. Both CM
and CV had considerably lower adsorption rates and higher desorption
rates than their corresponding biochars, and Pb2+ adsorption by CM,
CV, and their derived biochars fit the Langmuir isotherm model well.
The biochars, particularly the vermicompost-derived biochars, ap-
peared to be more effective than their raw material in removing and
retaining Pb2+ from aqueous solutions, with the maximum adsorption
capacities of Pb2+ reaching approximately 230 mg·g−1. Additionally, a
greater pH, ash content, and total Ca and Mg contents; richer minerals;
and higher mineral contents existed in CV and its biochars than in CM
and its biochars. These may be the main underlying factors that in-
creased the removal efficiency of Pb2+ from aqueous solution by CV de-
rived biochars via co-precipitation. FTIR analysis showed that surface
functional groups such as –OH,C=O, –COO–, and C\\O, mainly from ar-
omatic alcohols, aromatic acids, original or newly produced carbonate,
and phosphate, led to more effective Pb2+ removal efficiency from
aqueous solution by CV and its derived biochars. Therefore, using
pyrolysed CVs to produce biochars may broaden the options for
recycling cowmanure and its derived fertilizers. This process can be uti-
lized to produce new cost effective adsorbents for heavy metal remedi-
ation in soil and water.
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