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• Different artificial aging techniques
have different effects on SSA of biochar.
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• Aging increases oxygen-containing
functional groups, enhancing Pb adsorp-
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tion, van der Waals force and metal
precipitation.
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Biochar is beneficial for soil amendment, but further research is still required on changes in its physicochemical
properties during aging, especially in oxygen-containing functional groups and associated adsorption behaviors.
Here, we used two different biochars, apple tree branch biochar andmaize stalk biochar, and simulated the aging
process by using freeze-thaw cycles, dry-wet cycles, and chemical oxidation methods. We investigated the
changes in the physicochemical properties and Pb adsorption behavior of the biochars before and after aging
treatments. The characterization results showed that the biochar surface structure changed after aging treat-
ments. In general, the specific surface areas (SSAs) of the two biochars increased after chemical oxidation treat-
ment but decreased after the other two treatments. The elemental content analyses indicated a decrease in the C
content and increase in O content after artificial aging. In addition, the content of oxygen-containing functional
groups in most biochars is increasing after treatment. The increase or decrease in SSA resulted in an increase
or decrease in adsorption sites, respectively, thereby enhancing or reducing the adsorption capacity of the bio-
char. Furthermore, oxygen-containing functional groups enhanced the Pb adsorption capacity of biochar by com-
plexation of free carboxyl and hydroxyl functional groups with Pb. Our research indicated that aging can lead to
changes in the Pb adsorption capacity of biochar and that these changes vary depending on the type of aging and
biochar. Our results will help to provide a better understanding of the changes in physicochemical properties and
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Pb adsorption capacity of biochar during the aging process in soil toward making full use of biochar for soil
amendment.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, biochar has emerged as an environmentally func-
tional material with great potential for application to various fields
such as soil improvement, soil carbon sequestration, greenhouse effect,
and pollution remediation (Guo et al., 2006; Lehmann et al., 2008; Trigo
et al., 2014). Biochar refers to C-rich materials produced by heating of
biomass with a limited or zero oxygen supply (Demirbas, 2004;
Lehmann et al., 2006). It is not only an organic matter but also a high-
quality adsorption material with abundant pores and large specific sur-
face areas (SSAs), which have led to its wide use for increasing soil fer-
tility and adsorption performance (Herath et al., 2013; Ahmad et al.,
2014; Liu et al., 2014; Wang et al., 2018). More importantly, biochar
can also reactwith heavymetal ions to convert heavymetals from anef-
fective state to a residual state. Many studies have shown that biochar
can not only reduce the concentration of heavy metals but also reduce
their bioavailability by adsorbing them in soil and water (Uchimiya
et al., 2010; Park et al., 2011; Zhang et al., 2013; Mohan et al., 2015).
However, the raw materials and process parameters employed during
carbonization have a great impact on the sorption capacity of biochar.
Furthermore, when biochar is applied to soil, its affinity for heavy
metals is also affected by environmental factors such as temperature
and humidity (Chen and Yuan, 2011; Singh and Cowie, 2014;
Heitkötter and Marschner, 2015). Xu and Zhao (2013) previously stud-
ied the adsorption properties of different crop straw biochars on Cu(II),
Pb(II), and Cd (II) in three soils in southern China. The results showed
that peanut straw biochar had better adsorption capacities than canola
straw biochar. Beesley and Marmiroli (2011) found that biochar pre-
pared by hardwood can effectively adsorb Cd and Pb in soil but cannot
effectively immobilize Cu or As, which indicates that different types of
biochar have specific adsorption properties for different heavy metals.

In addition, more and more studies have suggested that biochar
properties may undergo long-term changes during aging due to various
environmental factors (Li et al., 2016; Ren et al., 2016a; Ren et al.,
2016b). The aging process will cause changes in the SSA, elemental
composition, functional group content, etc. of biochar, which will affect
its functionality for various applications to soil amendment, such as its
ability to adsorb heavy metals. For example, Guo et al. (2014) reported
that the adsorption capacity of rice husk biochar on Cu(II) decreased
after aging treatment, andMia et al. (2017b) found that the ammonium
adsorption capacity of eucalyptus wood biochar increased upon chemi-
cal oxidation. Moreover, an important indicator for determining
whether biochar can be successfully application in the remediation of
contaminated soils is whether its strong adsorption capacity for pollut-
ants can be maintained, especially when exposed to changing environ-
mental conditions (Ren et al., 2018a).

At present, most studies on aging changes to the properties of bio-
char have been performed by using artificial methods because the
aging process is very slow under natural conditions. Fan et al. (2018b)
used HNO3/H2SO4 and NaOH/H2O2 mixtures to oxidized wheat straw
biochar and studied its adsorption behavior. Mia et al. (2017b) used dif-
ferent concentrations of H2O2 to oxidized eucalyptus wood biochar and
studied its adsorption behavior for phosphate and ammonium. Liu et al.
(2013) used the method of maintaining 50% water holding capacity to
study the effects of aging on the properties of three biochars. Further-
more, studies have shown that these artificial methods can provide the-
oretical guidance for studies on biochar field aging over long periods
(Mia et al., 2017a; Fan et al., 2018a). However, a single artificial aging
method can only provide limited insight for the changes in the proper-
ties of biochar. Therefore, we must compare the effects of various
artificial aging techniques on biochar properties to provide better theo-
retical guidance regarding the long-term aging process of biochar under
natural conditions. In addition, biochars produced owing to different pa-
rameter (e.g., rawmaterial, pyrolysis temperature) have different prop-
erties after the same aging treatment. Thus, the properties of different
types of biochars after aging treatment, including changes in adsorption
properties, also require further study.

Here, we conducted a study on apple tree branch biochar (AB) pro-
duced at 550 °C and maize stalk biochar (MB) produced at 400 °C using
the three artificial aging methods of freeze-thaw cycles, dry-wet cycles,
and chemical oxidation to accelerate and simulate the aging process.
Among these three methods, the freeze-thaw cycles simulate the alter-
nating recurrence process of freezing and melting of soil in the natural
world due to external temperature, the dry-wet cycles simulate the pro-
cess of increasing soil water content due to rainfall under natural condi-
tions, and the chemical oxidation simulates the process that biochar
undergoes changes due to biochemical oxidation reactions in the soil.
We measured the physicochemical properties of the biochar samples
before and after aging and performed isothermal Pb adsorption experi-
ments on the biochar before and after aging. Our study (1) compared
the effects of various artificial aging techniques on the physicochemical
properties of biochars and (2) related the physicochemical properties of
biochar to adsorption parameters in order to explain the change in its Pb
adsorption capacity.

2. Materials and methods

2.1. Biochars

AB was provided by Shanxi Yi-xin Bioenergy company (Shanxi,
China) and was produced using apple tree branches as raw materials
with a high-temperature (550 °C) pyrolysis method. MB was provided
by the Institute of Soil Science, Chinese Academy of Sciences (Nanjing,
China) and was produced from maize stalks at 400 °C using a special
carbonization furnace (China patent No. ZL200920232191.9). All the
biochars were passed through a 2 mm sieve and stored in opaque
sacks for further use. Soils for experiments were collected in Guyuan
City, Ningxia, China. Soil's basic properties have been provided in
Table S1. Stones and other impurities were removed from the soil sam-
ples before use.

2.2. Freeze-thaw cycles

The bottom2 cmof a 7 cmdiameter, 23 cmhigh PVC cylindrical tube
was filled with quartz sand, 2–10 cm was filled with fresh soil, and
10–20 cm was filled with the biochar sample. The quartz sand and soil
were separated by a glass gauze, and the soil and biochar were sepa-
rated by a 0.075 mm nylon net (Fig. S1). A total of 500 mL deionized
water was added to attain a moist environment, which was repeated
three times. Then, the filled tube was incubated in an artificial climate
box and refrigerator for cycles at 40 °C/7 d and−20 °C/7 d for 5 total cy-
cles. After the experiment, the biochar was removed, dried, and stored
in Ziplock bags for further use. AB treated by freeze-thaw cycles (FAB)
and MB treated by freeze-thaw cycles (FMB) were labeled for further
discussion.

2.3. Dry-wet cycles

A 30 cm long, 20 cmwide, and 12 cmhigh plastic boxwas filledwith
10 cm of fresh soil. The biochar sample was fixed by a 0.075 mm nylon
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net in themiddle of soil. Then, the filled plastic box was incubated in an
artificial climate box for five weeks, and deionized water was added
once a week to achieve a 40% water holding capacity. After the experi-
ment, the biochar was removed, dried, and stored in Ziplock bags for
further use. AB treated by dry-wet cycles (DAB) and MB treated by
dry-wet cycles (DMB) were labeled for further discussion.

2.4. Chemical oxidation

The biochar samples were oxidized with 15% H2O2 at a ratio of 1:20
(w: v) at 80 °C for 6 h in a water bath. After oxidation, the biochar slur-
ries were dried at 105 °C in an oven to evaporate excess H2O2 and H2O,
then stored in Ziplock bags for further use. AB treated by chemical oxi-
dation (CAB) andMB treated by chemical oxidation (CMB)were labeled
for further discussion.

2.5. Fresh and aged biochar characterization

2.5.1. Potential of hydrogen (pH)
The pH values of the biochar samples were determined by mixing

1.00 g of each biochar sample with 20.0 mL of deionized water for 1 h
in a rotary shaker. Then, the mixture was allowed to stand for 1 h at
room temperature, after which the pH was measured by a PHS-3C pH
meter (Rex, CHN).

2.5.2. Scanning electron microscopy (SEM)
The surfacemorphologies of the biochar sampleswere observed by a

JSM-6510LV scanning electronmicroscope (JEOL, JPN)with a 20kV scan
voltage. All biochar sampleswere sputter-coatedwith gold before imag-
ing to improve their conductivity and enhance the image quality.

2.5.3. Specific surface area (SSA)
Approximately 0.5 g of each biochar sample was degassed for 3 h at

125 °C, and then the SSA was determined using N2 as the adsorbate at
77 K at a relative pressure of 0.05–0.20 with a V-Sorb 2800P SSA and
pore size analyzer (GAPP, CHN). The SSAs of the biochar samples were
analyzed by the Brunauer–Emmett–Teller method (Brunauer et al.,
1938).

2.5.4. Fourier transform infrared (FTIR) spectroscopy
FTIR spectraweremeasuredwith the KBr pellet method. The surface

functional groups of fresh and aged biochar samples were identified
using a Vertex 70 Fourier transform infrared spectrometer (Bruker,
USA) using 16 scans over a range of 400–4000 cm−1 with a resolution
of 2 cm−1. Method of the functional group identification were in Sup-
plementary information.

2.5.5. X-ray diffraction (XRD) spectroscopy
The mineral species of the biochars were identified using a D/

max2400 X-ray powder diffractometer (RIGAKU, USA). The biochar
samples were ground as thin as possible, and the sample powder was
spread evenly over the sample window. Test pieces were made by
compressing the sample vertically with non-rotatable glass. The sample
test pieces were prepared with flat surfaces and were placed parallel to
the reference plane of the sample holder. XRD patterns were measured
at a 0.02° scan step size, 2°·min−1 scan speed, 0.15 mm receiving slit
width, 30–40 kV accelerating voltage, and 30–40 mA of power.

2.5.6. Elemental analysis
The C, H, O, and N contents of the fresh and aged biochar weremea-

sured using a Vario EL cube elemental analyzer (German Element, GRE)
with argon as the carrier gas.

2.5.7. X-ray photoelectron spectroscopy (XPS) analysis
Fresh and aged biochar samples were scannedwith an ESCALAB 250

Xi X-ray photoelectron spectrometer (Thermo Scientific, USA) with a
monochromatized Al Kα (1486.6 eV) source to investigate the chemical
states of the main surface elements and functional groups. The experi-
mentally obtained elemental electron binding energies were corrected
to C1s (284.8 eV). In theXPS spectra, the x-axis indicates the binding en-
ergy, and the y-axis indicates the electronic counts. Method of the
chemical bonds identification were in Supplementary information.

2.6. Batch sorption experiments

2.6.1. Isothermal adsorption experiments
A total of 0.10 g of each biochar sample wasmixed with 50 mL of Pb

(NO3)2 (initial pH 5–5.5) containing concentrations of Pb ions ranging
from 50 to 500 mg/L and a background electrolyte of 0.01 mol/L
NaNO3. The solution was shaken in a THZ-98A thermostatic reciprocat-
ing shaker (Nanbei, CHN) at 25 °C for 1440 min. The suspension was
then filtered with a 0.45 um microfiltration membrane, and the total
concentration of Pb in the filtrate, which was considered as the equilib-
rium concentration in the solution, was determined using an ICE3500
inductively coupled plasma-atomic emission spectrometer (THERMO,
USA) based on Method 6010C of USEPA SW-846. All experiments
were performed in triplicate with appropriate blanks (biochar and
H2O), and statistical methods were used to analyze the mean values.

2.6.2. Kinetic adsorption experiments
A total of 0.10 g of each biochar sample wasmixed with 50 mL of Pb

(NO3)2 (initial pH 5–5.5) containing concentrations of Pb ions of
200 mg/L and a background electrolyte of 0.01 mol/L NaNO3. The solu-
tion was shaken in a THZ-98A thermostatic reciprocating shaker
(Nanbei, CHN) at 25 °C for a setting period. Other conditions were the
same as those used in isothermal adsorption experiments. Samples
were then separated and measured.

2.7. Model fitting

2.7.1. Isothermal adsorption models
Two different models were used in this work to fit the adsorption

isotherms. The equations are described as follows:

Langmuir model : Qe ¼
aQmCe

1þ aCe
ð1Þ

Freundlich model : Qe ¼ K FC
1=n
e ð2Þ

where Qe (mg·g−1) is the adsorption amount at equilibrium, Qm

(mg·g−1) is themaximumadsorption capacity, Ce (mg·L−1) is the solu-
tion concentration at adsorption equilibrium, a is the Langmuir adsorp-
tion equilibrium parameter, and KF and n are the Freundlich adsorption
parameters.

2.7.2. Kinetic adsorption models
Two different models were used in this work to fit the adsorption ki-

netic. The equations are described as follows:

Pseudo−first−order kinetic model : Qt

¼ Qe 1− exp −
k1

2:303
t

� �� �
ð3Þ

Pseudo−second−order kinetic model :
t
Qt

¼ 1

k2Q
2
e

þ 1
Qe

t ð4Þ

where Qe (mg·g−1) is the adsorption amount at equilibrium, Qt

(mg·g−1) is the adsorption capacities at time (t/min), k1 (min−1) is the
rate constant of pseudo-first-order adsorption, and k2 (g·mg−1·min−1)
is the rate constant of pseudo-second-order adsorption.



Fig. 1. Scanning electronmicrographs of AB andMBbefore and after three different artificial aging techniques: A) AB; B–C) FAB;D–E) DAB; F–G) CAB;H)MB; I–J) FMB; K–L) DMB, andM–
N) CMB.
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2.8. Data analysis

The data were analyzed using SPSS v.23, and significant differences
between means were determined according to t-test. Origin 2016 was
used to fit the Langmuir and Freundlich models. In addition, XRD pat-
terns were analyzed using Jade 6.5 to determine the mineral composi-
tions of the fresh and aged biochars. Thermo Avantage v5.979 was
used to analyze the wide XPS scans to determine the surface elemental
contents and to fit the narrow C1s scans to analyze and quantify the
existing C states.
3. Results

3.1. Scanning electron microscopy (SEM)

The SEM images of the two biochars are shown in Fig. 1. After freeze-
thaw cycling treatment of both AB andMB, many structural pores were
Table 1
pH of AB and MB before and after three different artificial aging techniques.

Treatment Unaged Freeze-thaw cycles

AB 9.79 ± 0.01 9.67 ± 0.02a

MB 10.19 ± 0.02 10.12 ± 0.01a

a Mean the difference from the fresh biochar is significant (p b 0.05).
b Mean the difference from the fresh biochar is significant (p b 0.01).
blocked, and the amounts of pores on the biochar surfaces showed a de-
creasing trend. As for the dry-wet cycled DAB and DMB, both showed
rupturing of the pore structures. In addition, the rupturing of pore struc-
tures became more serious after chemical oxidation aging of MB, but a
large number of small pores appeared. For AB after chemical oxidation,
themicropores remained, and the pore structure became smoother and
clearer.
3.2. Potential of hydrogen (pH)

The original pHs of both AB and MB showed that the biochars were
alkaline substances (Table 1). After freeze-thaw aging and dry-wet
aging, the pHs of both AB and MB were alkaline, and the pHs of DAB
and DMB were lower than those of FAB and FMB. The pH of AB de-
creased from 9.79 ± 0.01 to 9.67 ± 0.02 and 9.42 ± 0.09 after freeze-
thaw aging and dry-wet aging respectively, and the pH ofMB decreased
from 10.19 ± 0.02 to 10.12 ± 0.01 and 8.40 ± 0.19 after freeze-thaw
Dry-wet cycles Chemical oxidation aging

9.42 ± 0.09a 5.93 ± 0.32b

8.40 ± 0.19b 4.40 ± 0.32b



Table 2
Element content (%) and SSA (m2 g−1) of AB and MB before and after three different artificial aging techniques.

Type Treatment C O H N O/C (O + N) / C SSA

AB Unaged 72.53 ± 2.24 14.85 ± 1.31 2.49 ± 0.13 1.49 ± 0.23 0.20 ± 0.02 0.23 ± 0.02 6.67 ± 0.56
Freeze-thaw cycles 66.52 ± 1.06a 18.18 ± 1.20a 2.57 ± 0.23 1.80 ± 0.12 0.27 ± 0.02a 0.30 ± 0.02b 4.68 ± 0.60a

Dry-wet cycles 67.32 ± 1.70a 17.84 ± 1.08a 2.22 ± 1.08 1.44 ± 0.11 0.27 ± 0.02a 0.29 ± 0.02a 5.58 ± 0.23a

Chemical oxidation 62.69 ± 0.67b 21.58 ± 1.13b 2.86 ± 0.05a 1.42 ± 0.08 0.34 ± 0.02b 0.37 ± 0.02b 7.95 ± 0.48a

MB Unaged 62.69 ± 3.20 14.72 ± 0.17 2.68 ± 0.15 2.27 ± 0.29 0.24 ± 0.01 0.27 ± 0.02 4.06 ± 0.22
Freeze-thaw cycles 56.36 ± 2.08a 16.30 ± 0.65a 2.87 ± 0.10 2.12 ± 0.10 0.29 ± 0.02a 0.33 ± 0.02a 3.18 ± 0.32a

Dry-wet cycles 54.81 ± 2.72a 16.27 ± 0.77a 2.92 ± 0.09 2.52 ± 0.11 0.30 ± 0.02a 0.34 ± 0.03a 3.49 ± 0.25a

Chemical oxidation 55.70 ± 2.41a 22.83 ± 1.94b 2.85 ± 0.08 2.25 ± 0.19 0.41 ± 0.02c 0.45 ± 0.02c 4.76 ± 0.19a

a Mean the difference from the fresh biochar is significant (p b 0.05).
b Mean the difference from the fresh biochar is significant (p b 0.01).
c Mean the difference from the fresh biochar is significant (p b 0.001).
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aging and dry-wet aging respectively. In contrast, the acidity/basicity of
the two biochars changed markedly after chemical oxidation aging,
where the pHs of AB and MB decreased from 9.79 ± 0.01 to 5.93 ±
0.32 and from 10.19 ± 0.02 to 4.40 ± 0.32, respectively.

3.3. Elemental analysis and SSA

The elemental contents and SSAs of the biochar samples are shown
in Table 2. The C content of AB and MB decreased after the three differ-
ent treatments, whereas the O content increased after all three treat-
ments in both AB and MB. It is worth noting that the O content
increase was significant after chemical oxidation aging for both AB
andMB and was increased by 45.32% and 55.10% in AB andMB, respec-
tively. In addition, in both AB andMB, the O:C and (O+N):C atomic ra-
tios after the three treatments increased. The SSAs of both AB and MB
decreased after freeze-thaw aging and dry-wet aging, but increased
after chemical oxidation aging. For AB, the SSA decreased from 6.67 ±
0.56 m2·g−1 to 4.68 ± 0.60 m2·g−1 after freeze-thaw aging, decreased
from 6.67 ± 0.56 m2·g−1 to 5.58 ± 0.23 m2·g−1 after dry-wet aging,
and increased from 6.67 ± 0.56 m2·g−1 to 7.95 ± 0.48 m2·g−1 after
Fig. 2. FTIR spectroscopy of AB and MB before and a

Fig. 3. XRD patterns of AB and MB before and aft
chemical oxidation aging. Similarly, for MB, the SSA decreased by
21.67% after freeze-thaw aging, decreased by 14.04% after dry-wet
aging, and increased by 17.24% after chemical oxidation aging.

3.4. FTIR

The AB, FAB, DAB, and CAB samples all contained the following FTIR
peaks (Fig. 2): 3435 cm−1 (stretching of hydroxyl O\\H), 1437 cm−1

(aromatic C_C stretching, indicative of lignin), and 874 cm−1 (out-of-
plane bending of aromatic C\\H). Additionally, the peaks at
1121 cm−1, which represents the C\\O\\C stretching vibrations in cel-
lulose and hemicellulose, and at 619 cm−1, which represents the out-of-
plane bending of carbonate or alkyl groups, in AB disappeared after each
of the three different aging treatments.

The FTIR data showed that the peak positions and intensities in the
MB, FMB, DMB, and CMB spectra were roughly similar. The spectra of
the four samples contained the following peaks (Fig. 2): 3421 cm−1

(stretching of hydroxyl O\\H), 2921 cm−1 (stretching of aliphatic
C\\H), 1384 cm−1 (aromatic C\\C stretching), 874 cm−1 (out-of-
plane bending of aromatic ring), and 471 cm−1 (Si-O-Si vibrations). It
fter three different artificial aging techniques.

er three different artificial aging techniques.



Table 3
Surface element composition and its relative percentage (%) on biochar samples as determined by XPS.

Type Treatment C O N Si Ca O/C (O + N) / C

AB Unaged 86.50 10.59 1.80 1.00 0.11 0.12 0.14
Freeze-thaw cycles 73.03 13.58 3.56 1.65 1.34 0.19 0.23
Dry-wet cycles 77.89 17.33 3.38 1.19 0.21 0.22 0.27
Chemical oxidation 71.26 23.32 1.21 1.27 2.94 0.33 0.34

MB Unaged 78.67 16.86 1.22 3.25 – 0.21 0.23
Freeze-thaw cycles 73.84 18.51 4.47 3.18 – 0.25 0.31
Dry-wet cycles 74.49 18.04 4.33 3.14 – 0.24 0.30
Chemical oxidation 70.84 23.60 2.03 3.53 – 0.33 0.36

“–” cannot be detected.
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is worth noting that the MB peak at 1598 cm−1 (aromatic C_C
stretching) shifted to 1617 cm−1 (C_O anti-symmetric stretching)
after chemical oxidation treatment, and the peak at 1121 cm−1

(C\\O\\C stretching vibrations in cellulose and hemicellulose) shifted
to 1096 cm−1 (stretching of aliphatic ether R-O-R) after all three treat-
ments. Additionally, the MB peak at 797 cm−1 (aromatic ring C\\H
wagging) had a much higher transmittance compared to three
treatments.
Fig. 4.X-ray photoelectron spectra (XPS) for typical survey scan of AB (a), FAB (b), DAB (c), CAB
and background, respectively. (For interpretation of the references to color in this figure legen

Fig. 5. XPS analysis of the C1s binding energy of AB (a), FAB (
3.5. XRD

The XRD patterns of both AB and MB groups showed several peaks
(Fig. 3), indicating the presence of mineral crystals according to related
literature (Zama et al., 2018) and JADE 6.5 PDF cards. In the XRD pat-
terns of the AB group, all four samples showed two strong peaks at
26.6° and 29.5°, suggesting that SiO2 and CaCO3, respectively,were pres-
ent in AB, FAB, DAB, andCAB. TheXRDpattern ofMB also showed strong
(d),MB (e), FMB (f), DMB (g), CMB (h). The black and red lines represent biochar samples
d, the reader is referred to the web version of this article.)

b), DAB (c), CAB (d), MB (e), FMB (f), DMB (g), CMB (h).



Table 4
The C1s bonding state and its relative percentage (%) on the biochar samples as deter-
mined by XPS.

Type Treatment C\\Si C\\C C\\O C_O C\\OOR CO3
2−

AB Unaged – 48.86 28.24 16.67 – 4.76
Freeze-thaw cycles – 55.05 32.04 8.23 – –
Dry-wet cycles – 38.96 31.39 20.58 – 5.89
Chemical oxidation – 13.04 45.77 23.80 – 14.03

MB Unaged 32.19 63.63 4.18 – – –
Freeze-thaw cycles – 62.37 28.25 1.53 – –
Dry-wet cycles – 80.98 14.26 4.76 – –
Chemical oxidation – 45.63 28.10 17.22 9.05 –

“–” cannot be detected.
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peaks that suggested the presence of SiO2, KCl, and LiH on the MB sur-
face. However, after all three treatments, the KCl peaks disappeared,
and after chemical oxidation, LiH disappeared. Thus, LiH and SiO2

remained in FMB and DMB, and only SiO2 remained in CMB.

3.6. XPS

The XPS results indicated that there were five main elements (C, O,
N, Si, and Ca) on the surfaces of AB, FAB, DAB, and CAB (Table 3,
Fig. 4) and only four main elements (C, O, N, and Si) on the surfaces of
MB, FMB, DMB, and CMB. In addition, the C content in AB was 86.50%,
which was reduced to 73.03%, 77.89%, and 71.26% in FAB, DAB, and
CAB, respectively. The C content in MB also showed the same change
after the three treatments, where the contentwas 78.67% inMB and de-
creased to 73.84%, 74.49%, and 70.84 in FMB, DMB, and CMB, respec-
tively. However, the O content and O:C and (O + N):C atomic ratios of
all biochar samples increased upon treatment. Furthermore, Si was de-
tected in all biochar samples, but the original and three treated MB
Fig. 6. Sorption isotherms of Pb on AB and MB before and after three different artificial aging t
d) represents the Freundlich model fitting curve.
samples had higher Si contents than the original and three treated AB
samples.

The XPS C1s core level spectra with envelope peak fitting of the bio-
char samples are presented in Fig. 5, and the relative concentrations of
chemical bonds are shown in Table 4. The results showed that the
C\\C content decreased from 48.86% to 38.96% and 13.04% in AB after
dry-wet cycles and chemical oxidation, respectively, and increased
from 48.86% to 55.05% after freeze-thaw cycles. In addition, the C\\C
content decreased from 63.63% to 62.37% and 45.63% in MB after
freeze-thaw cycles and chemical oxidation, respectively, and increased
from 63.63% to 80.98% after dry-wet cycles. We also detected C\\Si
bonds in MB at a content a 32.19%, which was relatively high compared
with the contents of the various other detected chemical bonds. Inter-
estingly, we could not detect the C\\Si bonds after all three different
treatments of MB. In terms of the O-containing functional groups
C\\O, C_O, and C\\OOR in AB, their contents increased after dry-wet
cycles and chemical oxidation and decreased slightly after freeze-thaw
cycles. Moreover, the content of C\\O in MB increased from 4.18% to
28.25%, 14.26%, and 28.10% after freeze-thaw cycles, dry-wet cycles,
and chemical oxidation, respectively. Furthermore, we detected C_O
after all three treatments of MB, which was not detected in the original
MB, and C\\OOR was only detected in CMB with a content of 9.05%.

3.7. Batch sorption experiments

3.7.1. Isothermal adsorption experiments
The Pb adsorption isotherms on AB and MB before and after the

three different artificial aging treatments are shown in Fig. 6. In the ini-
tial stage of adsorption, the adsorption capacity of all biochar samples
increased quicklywith an increase in Pb concentration until a saturation
point was reached, after which the adsorption capacities tended to sta-
bilize or rise slowly. Data fitting was performed using the Freundlich
echniques. Solid line (a, c) represents the Langmuir model fitting curve and dash line (b,



Table 5
Fitting parameters of Langmuir and Freundlich isotherms for Pb adsorption by AB and MB before and after three different artificial aging techniques.

Type Treatment Langmuir model Freundlich model

Qm

(mg·g−1)
a R2 Kf n R2

AB Unaged 53.903 0.996 0.9688 32.622 10.231 0.8122
Freeze-thaw cycles 49.850 1.085 0.7613 25.909 7.622 0.9947
Dry-wet cycles 53.353 0.842 0.7270 25.474 6.722 0.9919
Chemical oxidation 71.071 0.063 0.9738 20.746 7.680 0.8496

MB Unaged 62.857 0.786 0.9615 36.572 9.715 0.7610
Freeze-thaw cycles 58.068 0.483 0.9775 32.400 9.161 0.7753
Dry-wet cycles 50.659 1.058 0.6660 24.136 6.682 0.9853
Chemical oxidation 113.034 0.013 0.9656 8.243 2.350 0.9056
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and Langmuir isothermal adsorption models, and the fitting curves and
related parameters are shown in Fig. 6 and Table 5. Among the biochar
samples, only the data from FAB, DAB, and DMB had higher R2 fits with
the Freundlich model, where the other biochar samples had higher R2

fits with the Langmuir model. For AB, the Qm in the Langmuir model,
which represents themaximum adsorption capacity, trended increased
from 53.903 mg·g−1 to 71.071 mg·g−1 in CAB. In addition, trend of Qm

inMB showed decreased from62.857mg·g−1 to 58.068mg·g−1 in FMB
and increased to 113.034 mg·g−1 in CMB.We further calculated the di-
mensionless constant separation factor RL of the adsorption reactions by
the Langmuir model, which is defined as RL = 1/(1 + a × C0), where C0
is the initial concentration of the solution (Mohan et al., 2007), and in-
dicates the affinity of the adsorbent for the adsorbate. When 0 b RL
b 1, adsorption is favorable; when RL N 1, it is unfavorable; when RL
= 1, adsorption is linear; and when RL b 0, adsorption is irreversible
(Langmuir, 1916; Zhao et al., 2010). Calculated from the a values in
Table 5 and C0 values in the range of 50–500 mg/L, the RL of AB is
0.002–0.020, CAB is 0.031–0.241, MB is 0.003–0.025, FMB is
0.004–0.040, and CMB is 0.133–0.606. All values of RL were between 0
Fig. 7. Sorption kinetics of Pb onABandMBbefore and after three different artificial aging techni
d) represents the Pseudo-second-order model fitting curve.
and 1, indicating favorable Pb adsorption. In the Freundlich model, ad-
sorption is considered to be favorable when the n value is between 2
and 10, and KF is related to the adsorption capacity of the adsorbent,
where a larger KF indicates a higher adsorption capacity (Freundlich,
1906; Zhao et al., 2010). As can be seen from Table 5, the n values of
FAB, DAB, and DMB were between 2 and 10, indicating favorable ad-
sorption, and the KF values between FAB, DAB, and DMB were not
very different.

3.7.2. Kinetic adsorption experiments
The Pb adsorption isotherms on AB and MB before and after the

three different artificial aging treatments are shown in Fig. 7. Datafitting
was performed using the pseudo-second-order and pseudo-second-
order models, and the fitting curves and related parameters are shown
in Fig. 7 and Table 6. Among them, the adsorption quantity of CAB in-
creased rapidly at the beginning of the sorption experiment and about
60% of the saturated adsorption quantity was reached in 30 min. Ad-
sorption of FAB and DAB were relatively slow, and the amount of ad-
sorption increased gradually with adsorption time for 360 min, and
ques. Solid line (a, c) represents the Pseudo-first-ordermodelfitting curve anddash line (b,



Table 6
Fitting parameters of Pseudo-first-order and Pseudo-second-order kinetics for Pb adsorption by AB and MB before and after three different artificial aging techniques.

Type Treatment Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Qe (mg·g−1) k1 R2 Qe (mg·g−1) k2 R2

AB Unaged 49.380 0.011 0.8826 53.473 0.0002 0.9939
Freeze-thaw cycles 47.268 0.013 0.9626 55.09 0.0001 0.9927
Dry-wet cycles 50.198 0.013 0.9578 55.126 0.0002 0.9887
Chemical oxidation 55.873 0.063 0.8419 59.714 0.0007 0.9998

MB Unaged 54.541 0.023 0.7515 61.955 0.0002 0.9959
Freeze-thaw cycles 55.018 0.038 0.8632 56.937 0.0007 0.9985
Dry-wet cycles 41.989 0.026 0.6925 49.542 0.0002 0.9958
Chemical oxidation 50.794 0.126 0.3027 63.062 0.0002 0.9883
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reached adsorption equilibrium at 720 min. In terms of the adsorption
curve model fitting, from the perspective of R2, AB and its three treated
biochars were better fitted with the pseudo-second-order kinetic
model. The adsorption quantity of CMB increased rapidly at the begin-
ning of the sorption experiment and about 70% of the saturated adsorp-
tion quantity was reached in 30min. Adsorption of FMB and DMBwere
relatively slow, and the amount of adsorption increased gradually for
360 min, at which point it reached adsorption equilibrium. From the
correlation coefficient (R2),MB and its three treated biocharwere better
fitted using the pseudo-second-order kinetic model.

4. Discussions

4.1. Changes in biochar properties with aging

Biochar is generally considered to have a large SSA and a rich porous
structure. In our study, the SSA of AB increased by 19.19% after chemical
oxidation,whereas it decreased by 29.84% and 16.34% after freeze-thaw
cycles and dry-wet cycles, respectively. The SSAs of MB also showed the
same trend, increasing by 17.24% after chemical oxidation and decreas-
ing by 21.67% and 14.04% after freeze-thaw cycles and dry-wet cycles,
respectively. The changes in the SSAs of AB and MB were supported
by the SEM results. The main reason for the reduction in biochar SSA
was the destruction and blockage of pore structures. When biochar is
applied to soil, solid particles or plant roots in the soil can destroy its
pore structure (Mia et al., 2017a), and the pore spaces can also be filled
with soil organicmatter (Martin et al., 2012). In addition, during freeze-
thaw cycles, the dissolution and reprecipitation of inorganic minerals
has been shown to often be an important cause of pore blockage (Hale
et al., 2011). On the other hand, the causes of increases in biochar SSA
were as follows: 1) the reduction of impurities led the pore structures
became smoother and 2) formation of new pore structures. For the
chemical oxidation treatment of AB, we suggest that the water bath
heating process washed away the particulate impurities in the pore
structures of the biochar surface and retains the microporous structure
(Qian et al., 2015). For the chemical oxidation treatment of MB, even if
the surface structures were severely deformed, the pore structures
formed by the aggregation of aged biochar and biochar-derived organic
matter still raised the SSA (Mia et al., 2017b). The same conclusion was
reported by Mia et al. (2017a), who found that the SSA of biochar in-
creased after H2O2 oxidation. However, Ghaffar et al. (2015) reported
that the SSA decreased due to pore destruction after oxidation with an
HNO3/H2SO4mixture (1:3, v/v). Thismay be due to the different oxidiz-
ing properties of the oxidants. Excessive oxidizing properties can cause
more severe pore destruction and lead to a decrease in SSA. As there
have been limited studies on SSA changes with different oxidants, the
reasons for the observed SSA changes require further research.

Biochar will have different surface crystal structures based on the
raw materials used in the production process. Biochar will also leach
out as dissolved organic matter in the process of aging, thus affecting
the biochar adsorption performance (Ren et al., 2018b). In our study,
CaCO3 and SiO2 were detected on the surface of AB, and SiO2, KCl, and
LiH were detected on the surface of MB. Due to the different properties
of these crystalline compounds, KCl, which is highly soluble in water,
disappeared after all three treatments. As for the disappearance of LiH
after chemical oxidation, we speculated that the aqueous solution envi-
ronment of the treatment caused full contact and reaction of LiH with
water and thus the formation of corrosive LiOH and hydrogen. Apart
from this, CaCO3 and SiO2 remained in AB and MB after all three differ-
ent treatments. It is worth noting that both CaCO3 and SiO2 are insoluble
or poorly soluble in water and do not react with the H2O2 used in the
chemical oxidation treatment. Therefore, we suggested that the proper-
ties of the surface crystal structures of the biochar mainly determined
whether the species remained after the aging process, and changes in
physical factors did not have a significant impact on their presence.

The elemental content of biochar will change under aging treat-
ment due to oxidation and other reasons. In this study, for both AB
and MB, the biochar C content decreased after the three kinds of
aging treatment and the O content increased. The changes in C and
O contents were due to the fact that biochar can be oxidized to
form a humic substance, and O adsorbed to the biochar surface by
forming functional groups (Cheng et al., 2006; Mia et al., 2017a). Ad-
ditionally, the O:C atomic ratios, which were used as an index for ox-
idation state (Mia et al., 2017a), showed an increasing trend after the
three aging treatments. This indicated that the aged biochar had a
greater level of oxidation. Our results agree with those of previous
studies, which showed that after natural and artificial aging, the C
content decreased and O content and O:C atomic ratios increased
in biochar (Cheng et al., 2006; Cheng and Lehmann, 2009; Sorrenti
et al., 2016; Fan et al., 2018b). Furthermore, some studies have indi-
cated that oxidation is a surface process (Sorrenti et al., 2016; Wang
et al., 2017), and Cheng et al. (2006) suggested that oxidation begins
at the biochar surface. Our XPS analyses of surface elemental compo-
sitions showed that on both the AB and MB surfaces, the C content
decreased and O content and O:C atomic ratios increased after each
of the three treatments, indicating that oxidation occurred on the
biochar surfaces. These results were consistent with those reported
by Ren et al. (2018a), who found that the biochar surface C content
decreased and O content increased after two years in soil. It is
worth noting that, after chemical oxidation of both AB and MB, the
decrease in biochar C content and increase in O content were greater
than those caused by the other two treatments. This indicates that
the addition of an oxidant greatly accelerates the biochar oxidation
process, promotes the formation of oxygen-containing functional
groups, and has a greater impact on the biochar adsorption capacity.

The pH data in our study indicated that the two original biochars
were alkaline. After the three aging treatments, the pH values showed
a downward trend, and after chemical oxidation treatment, the two bio-
chars became acidic.We suggested that themain cause of this change in
biochar pHwas the oxidation reaction on the biochar surface, which led
to the non-biochemical adsorption of O and moisture in the environ-
mental medium on the biochar surface increased. This increased the
acidity of the surface and led to a decrease in the pH of the biochar.
Changes in the O:C atomic ratios determined by the elemental analysis
and XPS surface elemental compositions also confirmed this, and the
same pH changes have been reported in other studies (Fang et al.,
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2014; Mukherjee et al., 2014; Zhao et al., 2015). Regarding changes in
the acidity and alkalinity of the biochar after chemical oxidation, Huff
and Lee (2016) used H2O2 to oxidize biochar and considered that the
decrease in biocharwas due to the increase in the content of acidic func-
tional groups such as hydroxyl groups and carboxyl groups after oxida-
tion. Our XPS data show that the content of hydroxyl and carboxyl
functional groups increased after chemical oxidation, and the degree
of increasewasmuchhigher than the other two treated biochars. There-
fore, we suggest that the change of the two biochars from alkaline to
acidic after chemical oxidation was due to the increase in the content
of acidic oxygen-containing functional groups.

The biochar aging process can also lead to changes in functional
groups, thereby affecting the biochar adsorption capacity (Cheng and
Lehmann, 2009; Keiluweit et al., 2010). In our study, we used FTIR to
study the changes in functional groups of the biochar samples and XPS
to study the development of surface functional groups. To summarize:
1) The content of O-containing functional groups in the two biochars in-
creased after all three treatments, except for FAB, as indicated by the
XPS data. 2) The FTIR spectra showed that the transmittance of the hy-
droxyl peaks in the two biochars increased after aging treatment
excepted FAB. However, 3) the transmittance of aromatic C\\C, C_C,
and C\\H bond peaks decreased after aging treatments. Our results
were consistent with those reported in previous studies (Yao et al.,
2010; Lin et al., 2012; Pereira et al., 2014; Ghaffar et al., 2015), and the
changes in functional groupswere considered to be caused by oxidation
(Mia et al., 2017a).

4.2. Changes in Pb adsorption properties of biochars before and after aging

Research on the biochar adsorptionmechanism of heavymetals is of
great significance for the promotion and application of biochar. In our
isothermal adsorption experiments, as the initial Pb concentration of
the solution increased, the amount of Pb adsorbed on all biochar sam-
ples tended to stabilize or grow slowly. This can be explained by the
fact that when the initial concentration of the solution was low, the ad-
sorbent could provide sufficient adsorption sites and active groups.
However, as the initial concentration of the solution increased, the ad-
sorption sites gradually became saturated, reactive groups would grad-
ually decrease to an extent due to the effect of adsorption, and finally
the adsorbent reached saturation adsorption. The Langmuir model is
an ideal monolayer adsorption model that assumes all points have the
same affinity for the adsorbate and adsorption occurs at one adsorption
point. On the other hand, the Freundlich model is suitable for multi-
layer adsorption on non-uniform surfaces. Interestingly, the adsorption
of Pb by AB and MBwere better fitted by the Langmuir model, whereas
those of FAB, DAB, and DMBwere better fitted by the Freundlichmodel.
This indicated that the adsorption behaviors of AB and MB after chemi-
cal oxidation and ofMB after freeze-thaw cycles did not change, and the
adsorption process was approximately monolayer adsorption. In con-
trast, the adsorption behaviors of AB and MB after dry-wet cycles and
AB after freeze-thaw cycles changed to multi-layer adsorption. In addi-
tion, our kinetic adsorption experiments showed that the adsorption of
Pb with all biochar samples was better fitted by the pseudo-second-
order kinetic model, showing that the Pb adsorption properties of the
two biochars did not change after aging, which was a complex process
containing both physical and chemical reactions (Ho and McKay,
1999; Fan et al., 2018b).

From our experimental results, the amount of O-containing func-
tional groups in both biochars increased after chemical oxidation, and
carboxyl groups were detected in CMB. This may be one of the reasons
for the increase in maximum adsorption capacity in the Langmuir
model, as an increase in O-containing functional groups can provide
more adsorption sites for Pb adsorption, thereby increasing the Pb ad-
sorption capacity by the complexation of surface free carboxyl and hy-
droxyl functional groups with Pb (Lu et al., 2012; Yang et al., 2014). In
addition, metal precipitation cannot be ignored during the sorption
process (Cao et al., 2009; Lu et al., 2012). Kołodyńska et al. (2012) re-
ported that in the pH range 1.0 to 5.5, almost 100% of Pb is present in
the Pb(II) form. When the pH exceeds this range, Pb will precipitate as
Pb(OH)2 in the solution. To study whether Pb precipitated in our re-
search, we monitored the change in pH during kinetic adsorption. As
shown in Fig. S2, in AB and its three treated biochars, except for CAB,
the pH was maintained between 4.7 and 4.8 after 60 min, and the pH
of AB, FAB, and GAB during adsorption was between 5.2 and 5.8. Simi-
larly, in MB and its three treated biochars, except for CMB, the pH was
maintained between 3.25 and 3.5 during adsorption, and the pH of AB,
FAB, and GAB during adsorption was between 5.25 and 6.0. For the ad-
sorption of Pb, both Zhang et al. (2018) and Liu et al. (2019) used pH
conditions of 6.0. Therefore, we considered that the adsorption of Pb
in our experiments also contained a small amount of precipitation.

In addition, increased SSAwill increase themaximumadsorption ca-
pacity by enhancing the contact area. The SSAs of AB and MB increased
by 19.19% and 17.24% after chemical oxidation, respectively. Further-
more, after MB was treated with freeze-thaw cycles, its SSAs showed
downward trends. Thus, although O-containing functional group con-
tents of FMB increased, the maximum adsorption capacities decreased.
Therefore, we suggested that the adsorption of Pb by FMB was mainly
physical adsorption arising from van der Waals forces between the ad-
sorbate and adsorbent. Here, the decrease in SSAhad a greater influence
on the maximum adsorption capacity, as a smaller SSA provides fewer
binding sites. Moreover, changes in the isothermal adsorption behavior
of AB after freeze-thaw cycles, dry-wet cycles, andMB after dry-wet cy-
cles indicate that the adsorption process changed from monolayer ad-
sorption to multi-layer adsorption. Chemical adsorption is monolayer
adsorption and physical adsorption can be either monolayer or multi-
layer adsorption. Our adsorption kinetic experiments show that adsorp-
tion is a complex process containing both physical and chemical reac-
tions. Therefore, we suggested that the effect of physical adsorption
lead to changes in adsorption behavior. Our SSA data also support this,
which show decreases in the SSA of FAB, DAB, and DMB.

5. Conclusion

The aging of biochar changes its physicochemical properties and af-
fects its Pb adsorption behavior, and these changes differ for different
types of biochar. The SSAs of the two different biochars increase after
chemical oxidation and decrease after freeze-thaw cycles and dry-wet
cycles. Changes in SSA affect the number of binding sites, thereby affect-
ing the Pb adsorption capacity of biochar arising from van der Waals
forces between the adsorbent and adsorbate. The content of O-
containing functional groups on the surfaces of the two different bio-
chars increases after treatment, except for FAB. An increase in O-
containing functional group content enhances the Pb adsorption capac-
ity of biochar via complexation of carboxyl and hydroxyl functional
groups with Pb, and other mechanisms. In our study, the Pb adsorption
capacity of all the biochar samples was due to the complexation of sur-
face free carboxyl and hydroxyl functional groups with Pb and van der
Waals forces between the adsorbate and adsorbent greatly. Limited
metal precipitation also occurred during the adsorption process. Our re-
search in this area will offer insights regarding the implications of bio-
char aging on contaminant behavior.
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