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a b s t r a c t

The capacity of biochar to take up heavy metals from contaminated soil and water is influenced by the
pyrolysis temperature. We have prepared three biochar samples from Jerusalem artichoke stalks (JAS)
by pyrolysis at 300, 500 and 700 �C, denoted as JAS300, JAS500, and JAS700, respectively. A variety of
synchrotron-based techniques were used to assess the effect of pyrolysis temperature on the molecular
properties and copper (Cu) sorption capacity of the samples. The content of oxygen-containing func-
tional groups in the biochar samples decreased, while that of aromatic structures and alkaline mineral
components increased, with a rise in pyrolysis temperature. Scanning transmission X-ray microscopy
indicated that sorbed Cu(II) was partially reduced to Cu(I), but this process was more evident with
JAS300 and JAS700 than with JAS500. Carbon K-edge X-ray absorption near edge structure spectros-
copy indicated that Cu(II) cations were sorbed to biochar via complexation and Cu-p bonding. With
rising pyrolysis temperature, Cu(II)-complexation weakened while Cu-p bonding was enhanced. In
addition, the relatively high ash content and pH of JAS500 and JAS700 facilitated Cu precipitation and
the formation of langite on the surface of biochar. The results of this investigation will aid the con-
version of halophyte waste to useable biochar for the effective remediation of Cu-contaminated soil
and water.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Biochar is a porous carbon-rich material produced by pyrolysis
of biomass in a broad temperature range (150e900 �C) under
limited oxygen conditions (Beesley et al., 2011; Godlewska et al.,
2017). Besides being rich in aromatic structures and oxygen-
containing functional groups, biochar also contains inorganic
compounds such as carbonate and aluminosilicate minerals (Xu
et al., 2017). As such, biochar has been widely used as a soil
amendment to reduce greenhouse gas emission, improve soil
fertility, and immobilize metal contaminants (Beesley et al., 2011;
e by Dr. Yong Sik Ok.

n).
Godlewska et al., 2017; Rajapaksha et al., 2016). The physico-
chemical properties of biochar are closely linked to its pyrolysis
temperature. For example, the porosity, pH, andmineral contents of
biochar increased with pyrolysis temperature (Ahmad et al., 2014;
Li et al., 2017). Pyrolysis at high temperatures is conducive to
feedstock (i.e. cellulose, hemicellulose, and lignin) conversion (Xu
et al., 2017), decreasing oxygenated and unsaturated alkyl func-
tional groups, and increasing aromatic structures (Awad et al.,
2018), in the resultant biochar.

The above-mentioned changes in molecular properties affect
the heavy metal sorption capacity of biochar but the data are not
always self-consistent. Lead uptake by biochar derived from peanut
shell and Chinese medicine residue by pyrolysis at 300e600 �C,
primarily occurred by precipitation, while Pb2þ complexation was
reduced with a rise in pyrolysis temperature (Wang et al., 2015). On
the other hand, Gao et al. (2019) found that feedstock type (rice
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straw, sewage sludge) was more important than pyrolysis tem-
perature (300, 500, and 700 �C) in controlling the capacity and
mechanism of Cd2þ sorption by biochar.

The choice of analytical techniques is equally important in
elucidating the surface properties and heavy metal sorption
mechanisms of biochar at themolecular level. In this regard, carbon
K-edge X-ray absorption near edge structure spectroscopy (XANES)
is a powerful technique for identifying and fingerprinting the fine
structures of organic C in complex natural organic matter, such as
wood- and grass-derived biochar (Keiluweit et al., 2010), fresh and
aged biochar (Singh et al., 2014), and biochar added to typic udic
ferrisols (Lin et al., 2018). Scanning transmission X-ray microscopy
(STXM), with a spatial precision of 50 nm, has been used to good
effect in probing the composition and valence state of transition
metals on the surface of intact particles of, and characterizing the
Cr(III) and Cr(VI) distribution on, a carbon-coated montmorillonite
nanocomposite (Wei et al., 2019). However, the simultaneous
application of advanced spectroscopy techniques (XANES, STXM)
and classic instrumental analysis (FTIR, XRD, and SEM-EDS) to
analyzing biochar properties andmetal sorption mechanisms is not
well documented.

Jerusalem artichoke is widely cultivated in saline and desertified
regions of Northern China. The tubers of this pioneer halophyte are
used for the industrial production of fructose, inulin, and ethanol
(Chi et al., 2011; Li and Chan-Halbrendt, 2009). As a result, disposal
of its lignin-rich stalk residues becomes problematic. At the same
time, copper (Cu) is a fungicide-linked contaminant of widespread
occurrence in the agricultural soils and aquacultural wastewater of
Northern China (Cao et al., 2016; Tu et al., 2018). Thus, converting
Jerusalem artichoke stalks (JAS) to biochar and using the product as
a soil amendment could provide a means of resolving both of these
environmental issues.

In this study, we used JAS as a feedstock to produce biochar, and
applied advanced spectroscopic techniques to assess the effect of
pyrolysis temperature on the molecular properties, and Cu(II)
sorption capacity, of the biochar. The outcome of this investigation
would serve as a sound basis for using halophyte-derived biochar to
remediate Cu-contaminated soils and wastewater.

2. Materials and methods

2.1. Biomass source and biochar preparation

Jerusalem artichoke stalks, collected from an experimental field
near Yantai city, Shandong province, China were washed with tap
water in order to remove adhering soil and dust. After air-drying for
2 d, the stalks were dried in an electric oven at 80 �C for 48 h,
ground, and passed through a 0.25mm sieve. The powdered
feedstock was packed into a ceramic crucible, and pyrolyzed at 300,
500 and 700 �C for 6 h in an electric quartz tube furnace under a
flow of purified nitrogen (99.99%). The biochar samples so pro-
duced, denoted as JAS300, JAS500 and JAS700, were ground, passed
through a 0.25mm sieve, and stored in a desiccator before use.

2.2. Sorption experiments

The Cu sorption experiments were performed by adding 20mL
working solution to 10.0mg biochar in 50mL polypropylene
centrifuge tubes. A stock solution of Cu(II) was prepared by dis-
solving 5.00 g of AR grade CuSO4$5H2O in 1 L of deionized water,
and storing at 4 �C. Working solutions of Cu(II) were made up by
diluting the stock solution with 0.01M NaNO3 serving as back-
ground electrolyte. The effect of pH was assessed by measuring
sorption at an initial pH of 2.0, 3.0, 4.0, 5.0, and 6.0. As shown in
Fig. S1a in Supplementary Information (SI), all three biochars had a
relatively high adsorption capacity for Cu(II) at pH 5. Therefore, the
kinetic and sorption isotherms experiments were performed at a
pre-adjusted pH of 5.0± 0.1. HNO3 or NaOH solutions (0.01 and
0.1M) were used to adjust solution pH. Sorption kinetics were
determined by placing a solution with an initial Cu(II) concentra-
tion of 25.0mg L�1, and shaking at 150 rpm and 25 �C in a ther-
mostat shaker. Samples of the Cu(II) solution were taken at set
intervals from 0.25 to 60 h to determine the time required to reach
equilibrium. Sorption isotherms were determined using an initial
Cu(II) concentration of 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, 75.0, 100.0,
125.0mg L�1, and shaking at 25± 1 �C for 24 h. All sorption exper-
iments were done in triplicate. The tubes were then centrifuged,
and the equilibrium solutions were passed through 0.45 mm poly-
tetrafluoroethylene filters. The Cu concentration in the filtrate was
analyzed using an inductively coupled plasma source mass spec-
trometer (ICP-MS, ELAN DRC II, PerkinElmer, USA), while the bio-
char residues were freeze-dried. According to the Cu sorption
isotherms, the three biochars approximately reached their
maximum sorption capacities when the initial concentration was
50.0mg L�1 (SI Fig. S2). Hence the biochar residues from these
points were chosen for further characterization.

The pseudo-first order, pseudo-second order, and Elovich
models were tested to describe the kinetics of Cu(II) sorption
(Wang et al., 2015; Zhang and Stanforth, 2005), while the Langmuir
and Freundlich models were used to fit the isotherms for the
sorption of Cu(II) to biochar. Details of the mathematical models
used are listed in SI. Results are expressed as averages of replicate
analyses with the corresponding standard deviations. OriginPro 8.0
was used to fit the sorption data and produce the figures.

2.3. Characterization of biochar

The concentration of bulk elements (C, H, N, S) in the biochar
samples was determined using an MicroCube elemental analyzer
(Elementar, Germany), while that of K, Na, Ca and Mg was
measured using ICP-MS after hot acid digestion (Luo et al., 2014).
Ash contents were measured by heating the biochar samples in a
muffle furnace at 800 �C for 8 h. The pH of biochar was determined
at a solid:water ratio of 1:100 (w/v) using a pH meter (FE20 plus,
Mettler Toledo, Switzerland) after shaking the suspension for
24 h at 150 rpm. The specific surface area (SBET) was determined by
sorption of N2 at 77 K, using a Micromeritics ASAP 2020M þ C
analyzer, and applying the Brunauer-Emmett-Teller equation. The
content of acidic functional groups (carboxyl and phenolic hy-
droxyl) was determined using the International Humic Substances
Society titration method (IHSS, 2016).

FTIR analysis was carried out by mixing individual biochar with
KBr to give amass ratio of 1%, pressing themixture into awafer, and
recording the spectra in an FT/IR-4100 spectrometer (Jasco, Japan)
with a resolution of 2 cm�1 over the 400� 4000 cm�1 wavenumber
region. The surface micromorphology and elemental content of the
samples were analyzed using SEM (S-4800, Hitachi, Japan) and EDS
(EX-350, HORIBA, Japan).

2.4. STXM and XANES analysis

X-ray imaging and spectromicroscopy, together with the Cu (L3-
edge) and C (K-edge) XANES data collection were performed using
the STXM beamline (BL08U1A) at the Shanghai Synchrotron Radi-
ation Facility, China. The spectra of Cu references were used to
identify the oxidation state of Cu on the biochar surface (SI Fig. S3).
Samples for analysis were prepared in an anaerobic glove box in
order to prevent oxidation. CuO and Cu2O were chosen as Cu ref-
erences. The XANES and STXM measurements were carried out at
the end station of an ultra-high vacuum chamber operating at the
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10�5 Torr range. For Cu and C XANES spectra measurement, ground
biochar samples and Cu references powders were dispersed in
boiled deionized water and deposited onto gold-sprayed silicon
wafers. Spectra were recorded from 925 to 950 eV for Cu (L3-edge)
and from 280 to 310 eV for C (K-edge) in steps of 0.2 eV. In addition,
three spectra were recorded at spots outside the sample area for
background correction. All the spectra were collected in the total
electron yield mode, and the average of three scans or more was
taken. A semiquantitative analysis of C XANES spectra was carried
out by peak deconvolution using the PeakFit (V4.12) program (Wei
et al., 2019). STXM analysis was performed on ground biochar
samples attached to Si3N4 windows. Two-dimensional distribu-
tions of Cu(II)/Cu(I) in the selected areas on biochar were obtained
by a dual energy contrast imaging method using IDL 7.0.6 software
(Wei et al., 2019).
3. Results and discussion

3.1. Biochar characterization

The physical and chemical properties of the biochar samples are
summarized in Table 1 and SI Table S1. Biochar yields declined with
a rise in pyrolysis temperature, but the ash content and pH of the
biochar increased with temperature (Table 1). Moreover, the C
content of the biochar samples increased from 300 to 700 �C but
the H and O contents decreased as did the H/C and O/C atomic
ratios. The polarity index ((OþN)/C ratio) also decreased, reflecting
a reduction in the concentration of polar functional groups with a
rise in pyrolysis temperature (Qian and Chen, 2013). At the same
time, the titration results showed a parallel decrease in the content
of acidic functional groups (Table 1). These observations suggest
that biochar formation involves dehydration and dehydrogenation
of the lignocellulosic feedstock accompanied by carbonaceous
condensation (Keiluweit et al., 2010; Qian and Chen, 2013).
Fig. 1. FTIR spectra of (a) JAS 300, (b) JAS500, (c) JAS700 before and after Cu sorption.
3.1.1. Organic C structures of JAS biochar
Fig. 1 shows the FTIR spectra of the biochar samples, while Fig. 2

displays the corresponding C K-edge XANES spectra. The various
peaks and their respective assignments are summarized in Table 2.

FTIR has been widely used to assess the evolution of organic C
structures in biochar as a function of pyrolysis temperature
(Keiluweit et al., 2010; Park et al., 2015; Qian and Chen, 2013). In the
present instance, the intensity of the OeH band
(3200� 3600 cm�1) decreased with an increase in pyrolysis tem-
perature. At the same time, the carboxylate (COO�) band was
shifted to lower wavenumbers from 1604 cm�1 (for JAS300)
through 1587 cm�1 (for JAS500) to 1566 cm�1 (for JAS700). These
findings are indicative of a progressive weakening of H-bonding as
the pyrolysis temperature increases. The FTIR spectrum of JAS300
showed a band at 1510 cm�1 assigned to aromatic C]C vibration of
cellulose. The absence of this band in the spectra of JAS500 and
JAS700 could be attributed to the decomposition of cellulose at
315e400 �C (Yang et al., 2007). There was also a narrowing of the
aliphatic CeH bands (at 2920 and 2850 cm�1) in the spectra of
Table 1
Physical and chemical properties of the JAS biochars.

Biochar Yielda (%) Ash (%) pH SBET m2 g�1 Elemental content (%)

C H O

JAS300 45.21 5.38 6.92 7.04 57.99 5.04 30.2
JAS500 32.67 10.40 9.67 8.51 70.37 3.08 25.1
JAS700 30.15 12.23 10.09 7.07 73.67 1.82 12.6

a Denotes the dry mass of biochars divided by the dry mass of the precursor loaded in
JAS500 and JAS700 relative to that of JAS300, indicating a reduction
in aliphatic alkyl concentration with rising temperature. Also
noteworthy was the appearance in the spectra of JAS500 and
Atomic ratio �COOH PhenoliceOH

N S H/C O/C (O þ N)/C mol kg�1

3 0.73 0.63 1.04 0.39 0.40 3.21 1.63
6 0.96 0.43 0.52 0.27 0.28 1.95 0.78
9 0.88 0.53 0.30 0.13 0.14 0.93 0.41

to the crucible.



Fig. 2. Carbon XANES spectra of (a) JAS 300, (b) JAS500, (c) JAS700 before and after Cu sorption, and (d) water dissolved components released from JAS biochars. Assignments of
spectral features, identified by broken lines, are summarized in Table 2. A broadening and splitting p* feature, resulting from transition metal (TM) hybridization, is also shown in
(a), (b), and (c). The two peaks at 297.2 and 299.8 eV are attributed to potassium (K) L3 and L2 edges, respectively. After Cu sorption, the absorption peaks of K disappear, and a large
amount of K was found in the dissolved components from JAS biochar.

Table 2
Peak assignmentsa for C species obtained from FTIR and C K-egde XANES spectroscopy.

Energy level Assignments

FTIR (cm�1)
3600e3200 OeH stretching of hydrogen bonded OeH
2930e2850 CeH stretching of aliphatic CHx, x¼ 1, 2, 3
1700± 10 C]O stretching of carboxylic acid, aldehydes, ketones and esters
1600± 40 �COO� asymmetric stretching of carboxylic acid
1570e1540 C]O stretching of conjugated systems like ketones and quinones
1510± 10; 1440± 20 vibration of C]C in aromatic ring, cellulose
1380± 10 �COO� symmetric stretching of carboxylic acid
1260± 10 CeO stretching of phenolic
1165± 10 CeO stretching of CeOeC ester groups
1100e1000 SieOeSi asymmetric stretching of silica compounds
800± 20 SieOeSi symmetric stretching of silica compounds
860± 20; 810± 20; 760± 20 CeH bending of aromatic compounds associated with furan and pyridine
610± 10 asymmetric triply degenerate (OePeO) bending for the PO4

3-

470± 20 SieOeSi bending of silica compounds
C K-egde XANES (eV)
283.5e284.3 (A peak) 1s-p*C]O transitions of aromatic quinones
284.7e285.3 (B peak) 1s-p*C]C/CeH transitions of aromatic hydrocarbons
285.5e286.2 (C peak) 1s-p*C]O transitions of carbonyl substituted aromatic structures of quinones and ketones
286.6e287.1 (D peak) 1s-p*C]C transitions of aromatic CeOH in phenols
287.5e287.9 (E peak) 1s-s*/3pC�H transitions of aliphatic hydrocarbons; 1s-p*

C]O transitions of carbonyl functionalities from aromatic ketones
288.2e288.6 (F peak) 1s-p*C]O transitions of carboxyl
288.9e289.5 (G peak) 1s-3p/s* CeO transitions of O-alkyl of alcohols, hemicellulose and cellulose, propyl side chains and methoxyl carbons of lignin
290.0e290.5 (H peak) 1s-p*C]O transitions of carbonyl; carbonate
291.0e295.0 1s-s*CeC transitions of aromatics, extensive conjugated aromatic sheets

a FTIR peak assignments were adapted from Keiluweit et al. (2010); Park et al. (2015); Wei et al. (2019); C K-egde XANES peak assignments were adapted from Keiluweit
et al. (2010); Solomon et al. (2012); Singh et al. (2014); Wei et al. (2019).
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JAS700 of a g�CH band near 860 cm�1 due to furan. The presence in
the spectrum of JAS700 of a C]O band between 1570 and
1540 cm�1, due to conjugated ketones and quinones, suggests that
a high pyrolysis temperature is conducive to aromatization and
condensation (Keiluweit et al., 2010). Thus, JAS500 and JAS700 are
poorer in organic functional groups than the biochar produced by
pyrolysis at 300 �C.

Based on previous data for biochar, black carbon (Keiluweit



Fig. 3. X-ray diffraction patterns of the JAS biochars produced at 300, 500, and 700 �C
before and after Cu sorption. A¼ anorthite; C¼ calcite; L¼ langite; Q¼ quartz.
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et al., 2010; Lin et al., 2018; Singh et al., 2014; Solomon et al., 2012),
and soil organic substances (Luo et al., 2017; Sedlmair et al., 2012),
the peaks in the C K-edge XANES spectra of JAS biochars could be
assigned to eight types of organic carbon species, namely, quinonic-
C, aromatic-C, ketonic-C, phenolic-C, aliphatic-C/carbonyl-C,
carboxyl-C, O-alkyl-C, and carbonyl-C/carbonate (Table 2, Fig. 2).
All three JAS biochar samples showed a prominent peak for
aromatic-C (Fig. 2, peak A at 284.8 eV) and carboxyl-C (Fig. 2, peak F
at 288.5 eV. Spectral deconvolution indicated that the former ac-
counts for 20.25%e24.25% and the latter for 20.09%e22.78% of total
organic C (Table 3, SI Fig. S4).

C K-edge XANES analysis can further delineate changes in the
relative abundance of C functional groups in the biochar samples.
With an increase in pyrolysis temperature, the proportion of
quinonic-C and aromatic-C increased, while that of carboxyl-C and
phenolic-C declined (Table 3). This finding was consistent with an
increase in biochar aromaticity. The spectrum of JAS700 showed a
peak of 1s-p*

C]C/CeH transition centered at 284.8 eV, a sharp peak
of 1s-s*

CeC transition at 291.5 eV, and a second, broader 1s-s*
CeC

transition at 292.5 eV (Brandes et al., 2008). This observation is
strongly indicative of extensive aromatization, condensation, and
the formation of graphene-like structures (Fig. 2c). In a previous
study (Wei et al., 2018), we also found that biochar produced at a
high temperature contained much less water-soluble carbon than
the material formed at a low temperature. Further, the water-
soluble carbon was highly aromatic but poor in carboxyl groups
(Fig. 2d). In accordance with the titration results, the C XANES
spectra of the biochar samples confirmed that high-temperature
pyrolysis led to an appreciable reduction in the concentration of
acidic functional groups (Fig. 2, Table 1).
3.1.2. Mineral components of JAS biochar
The Jerusalem artichoke feedstock came from plants grown on

coastal saline soils from which the plants tend to take much cal-
cium to improve their salt stress tolerance (Saijo et al., 2001).
Supplementary Table S1 indeed shows that the JAS-derived bio-
chars were highly enriched in calcium. Furthermore, the peaks of K
L3 and L2 edges in the C XANES spectra of the biochar (Fig. 2)
became more prominent with an increase in pyrolysis temperature
from 300 to 700 �C, indicative of a marked increase in K content.
The content of other mineral elements such as Na and Mg also
increased with pyrolysis temperature (Table S1). This accumulation
of mineral elements in biochar with a rise in pyrolysis temperature
was conducive to mineral formation.

XRD analysis showed the presence of calcite in JAS300 and
JAS500 but not in JAS700 where anorthite is the predominant Ca-
rich mineral (Fig. 3). SEM and element EDS analyses further indi-
cated the presence in the biochar samples of nano-size (~50 nm)
particles, containing Ca, Mg, K, P and Si, forming scattered aggre-
gates (SI Fig. S5). Following previous studies (Qian and Chen, 2013;
Thyrel et al., 2016; Xu et al., 2017), these particles could be identi-
fied with such mineral crystalloids as K2CaCO3, Ca5(PO4)3(OH),
Ca2Mg(PO4)2$2H2O, and CaMgSi2O6.
Table 3
C species proportions and aromaticity of JAS biochars.

Biochar C species proportions (%)

Quinonic-C Aromatic-C Ketonic-C Phenolic-C Aliphatic-C/Carbonyl-C

JAS300 6.43 13.82 12.10 10.29 14.62
JAS500 6.49 15.31 12.86 5.50 19.73
JAS700 9.08 15.17 13.46 6.21 18.24

a Aromaticity ¼ total aromatic-C/carboxyl-C; total aromatic-C ¼ quinonic-C þ aromat
3.2. Cu sorption

The sorption isotherms of Cu are presented in SI Fig. S2, and the
fitting parameters of the Freundlich and Langmuir models are
summarized in SI Table S2. The Cu sorption isotherm of JAS300
conformed well to the Langmuir model (R2¼ 0.963), while the
isotherms of JAS500 and JAS700 fitted better into the Freundlich
model (R2¼ 0.933, 0.956). These results suggest that Cu sorption
took place at homogeneous sites in low temperature biochar, but at
heterogeneous sites (such as mineral constituents) in high tem-
perature biochar. (Ho et al., 2002; Xu et al., 2017). The maximum
sorption capacity (Qm) of the three biochars decreased in the order
of JAS300 (17.0mg g�1)> JAS700 (15.2mg g�1)> JAS500
(11.1mg g�1). The Cu Qm of all JAS biochars was superior to that of
biochars produced at ~400 �C from such feedstocks as canola straw
(0.59mg g�1), soybean straw (0.83mg g�1), and hardwood
(6.79mg g�1) under similar sorption conditions (pH 5.0, 25 �C) (Tan
et al., 2015). Among the three JAS biochars, JAS300 exhibited the
best sorption performance. Uchimiya et al. (2011) have reported
similarly for biochars obtained from cottonseed hull (CH) in
lowering Cu concentration in soil solutions in the order of
CH350 > CH500z CH650> CH800. On the other hand, Li et al.
(2015) reported that the Cu sorption capacity of biochar, derived
fromwater hyacinth and saltmarsh cordgrass, increased with a rise
in pyrolysis temperature from 200 to 700 �C. It would therefore
appear that Cu sorption is influenced not only by the pyrolysis
temperature but also by the nature of the biomass feedstock.

Fig. 4 shows the kinetics of Cu sorption to the JAS-derived bio-
chars. Cu sorption to JAS300 increased rapidly during the first 6 h,
and then slowly until equilibrium was attained. In the case of
JAS500 and JAS700, Cu sorption increased rapidly up to 12 h, and
Total aromatic Aromaticity a

Carboxyl-C O-alkyl-C Carbonyl-C/carbonate

22.78 11.60 8.36 20.25 0.89
20.09 11.91 8.10 21.81 1.09
21.15 8.43 8.26 24.25 1.15

ic-C.



Fig. 4. Kinetics curves for the sorption of Cu to JAS biochars produced at 300, 500, and
700 �C.

J. Wei et al. / Environmental Pollution 251 (2019) 56e65 61
then slowed down during the next 48 h. The fitting parameters of
the PF order model, PS order model, and Elovich equation for the
kinetics of Cu sorption are listed in SI Table S3.

On the basis of the corresponding R2 values, the PS order model
gave the best fit for JAS300 (R2¼ 0.908), while the Elovich equation
well described the Cu sorption kinetics for both JAS500 (R2¼ 0.986)
and JAS700 (R2¼ 0.974). The PF order model describes the kinetics
of diffusion-controlled adsorption, while the PS order model as-
sumes that the rate-limiting step is due to chemical reaction
between sorbent and sorbate (Ho, 2006), and the Elovich equation
rests on the assumption that the kinetics is controlled by a het-
erogeneous surface reaction (Zhang and Stanforth, 2005).

The isotherms and kinetics fitting results would indicate the
involvement of various chemical reactions in the Cu(II)-biochar
interaction. Cu sorption is also favored by the porous structure,
and heterogeneous surface properties, of the biochars. The appli-
cation of FTIR, C K-edge XANES, STXM, and XRD to analyzing the
biochar samples before and after sorption of Cu(II) provided further
insight into the underlying mechanisms.

3.3. Sorption mechanisms

3.3.1. Reduction of Cu(II) to Cu(I)
Biochar contains constituents capable of accepting and donating

electrons in the form of quinones, phenolic compounds, and pol-
ycondensed aromatic structures with a conjugated p-electron
system (Pr�evoteau et al., 2016; Sumaraj and Padhye, 2017). The
ability of biochar to reduce variable-valence metals has previously
been linked to the high electron-donating capacity of the sorbent
(Yuan et al., 2017). Bogusz et al. (2015) carried out Cu(II) sorption
experiment using industrially and lab-prepared biochars produced
from wheat straw at 700 �C. XPS indicated the presence of mixed
species of Cu(II) and Cu(I) on the surfaces of both biochars. In the
present study, the co-existence of Cu(II) and Cu(I) on the surface of
all three biochars was further imaged by STXM (Fig. 5), and the
reduction of Cu(II) to Cu(I) was more evident with JAS300 and
JAS700 than with JAS500.

Pyrolysis temperature could affect the organic carbon structure
of biochar and its metal reductive capacity (Klüpfel et al., 2014;
Yuan et al., 2017). To the best of our knowledge, however, direct
studies about the effects of organic carbon structure on Cu reduc-
tion are few in number. Using coconut coir biochar produced by
pyrolysis over the temperature range of 250e600 �C, Shen et al.
(2012) observed that the Cr(VI) sorption capacity of the samples
declined with an increase in pyrolysis temperature. They suggested
that biochar produced at low temperature was more enriched in
oxygen-containing (carboxyl, lactonic, phenolic) functional groups
capable of promoting the reduction of Cr(VI) and subsequent
adsorption of the reduced species. Similarly, Xu et al. (2019) found
that biochar derived from peanut shell at 350 �C could effectively
reduce Cr(VI) to Cr(III). And the CeO and C]O groups of biochar
served as the electron donors for the Cr(VI) reduction.

In keeping with the findings by Shen et al. (2012) and Xu et al.
(2019), the JAS300 sample had the highest content of surface-
bound Cu(I) (Fig. 5b). FTIR and C K-edge XANES analysis further
indicated that JAS300 was highly enriched in various oxygen-
containing functional groups, capable of serving as electron do-
nors. Although JAS700 was depleted in oxygen-containing groups
(Fig. 1), the increased presence of polycondensed aromatic and
graphene-like structures could facilitate electron transfer (Klüpfel
et al., 2014) and the reduction of some Cu(II) to Cu(I). On the
other hand, JAS500 was relatively inactive in this regard because of
its low content of oxygen-containing groups and polycondensed
aromatic structures.

3.3.2. Surface complexation
It is widely accepted that the carboxyl groups in biochar can

serve as complexing agents for metal cations such as Cu(II) and
Cu(I). The FTIR analysis showed that the asymmetric and sym-
metric COO� stretching frequencies were separated by 227 cm�1

for JAS300, 199 cm�1 for JAS500, and 239 cm�1 for JAS700 (Fig. 1).
Following Cu sorption, the extent of separation amounted to 230,
204, and 243 cm�1, respectively. These observations are indicative
of Cu chelation or bridging to carboxyl groups (Hay and Myneni,



Fig. 5. 2D distribution maps of Cu(II) (930.4 eV/925.0 eV) (a, c and e) and Cu(I) (933.4 eV/925.0 eV) (b, d and f) of the JAS300 (a and b), JAS500 (c and d), and JAS700 (e and f) after Cu
sorption determined by STXM. The color bar means the maximum and minimum surface normalized densities of Cu (II)/Cu(I) on each mapping. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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2007). Furthermore, the marked appearance of peaks near
1380 cm�1 in the spectra of biochar samples after Cu sorption was
consistent with the formation of surface carboxylates (Dong et al.,
2011).

Carbon K-edge XANES spectra collected for JAS biochars, loaded
with Cu, were clearly dissimilar to those observed for the original
JAS biochars (Fig. 2). For the three JAS biochars, Cu association
resulted in a pronounced decrease in carboxyl-C peak (1s-p*

C]O
transitions centered at 288.4 eV). Concomitantly, the feature at a
lower energy region (gray areas at 286.8e287.8 eV in Fig. 2 a, b, and
c) was enhanced and broadened. These feature changes are
strongly indicative of Cu cations interacting with carboxyl groups in
the biochars. Complexation of polyvalent metal cations to the
natural organic matter, i.e. dissolved organic matter and humic
acid, similarly led to a reduction in carboxyl resonance intensity
with a shoulder appearing approximately 1 eV below the carboxyl
peak (Armbruster et al., 2009; Sowers et al., 2018). For organome-
tallic compounds containing d-electron metals such as Fe, Co, and
Ni, a sharp decrease of C 1s-p*C]O oscillator strengths was
observed in the inner-shell electron energy loss spectra of carbonyl
carbon as compared to those of metal-free compounds due to dp-
pp back-bonding (Hitchcock et al., 1990). Considering the various
arrangements of carboxyl coordination (Deacon and Phillips, 1980),
it is reasonable to hypothesize that the reduction of carboxyl 1s-
p*

C]O resonances, in the presence of Cu, partly resulted from dp-
pp interactions due to Cu-p bonding. However, the reason for the
emergence of the accompanying feature is unclear.

Phenolic groups are also known to form complexes with Cu in
carbonaceous materials (Li et al., 2015). Due to overlap by the
feature at 286.8e287.8 eV, after loading with Cu, it is hard to
discern the changes in phenolic-C 1s-p*

C]C resonances in the C
XANES spectra. However, the FTIR spectra showed that the peak
attributed to phenolic�OH group stretching at 1264, 1265, and
1267 cm�1 for JAS300, JAS500, and JAS700, respectively, shifted to
1266, 1268, and 1270 cm�1 after Cu sorption. This observation
suggests that phenolic groups also participate in Cu complexation.
Compared to the high participation of carboxyl-C
(20.09%� 22.78%), the phenolic-C accounted for only
5.50%� 10.29% of the total organic C (Table 3). It would therefore
appear that the carboxyl groups in JAS biochar play a dominant role
in complexing Cu. The observed decrease in the contents of both
carboxyl and phenolic hydroxyl groups (Table 1) suggests that



Fig. 6. Scanning electron micrographs and EDS spectra of Cu-loaded JAS biochars produced at 300 (a, b), 500 (c, d), and 700 �C (e, f).
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complexation declines in importance with a rise in pyrolysis
temperature.
3.3.3. Cu cation-p bonding
Cation-p bonding between polyvalent cations and aromatic

moieties in biochar (Gao et al., 2019; Wang et al., 2015) can be
conceptualized as a non-covalent interaction of a positively charged
ion with the planar surface of an aromatic p electron donor system
(Mecozzi et al., 1996). In black carbon, the common p electron
donors are polycondensed aromatic structures, the electron-
donating ability of which becomes stronger as the number of
associated rings increases (Keiluweit and Kleber, 2009).

The FTIR spectra of the JAS biochars showed peaks attributable
to CeH bending of aromatic compounds in furan and pyridine near
760, 810, and 860 cm�1 after loading with Cu (Fig. 1). These peaks
shifted to a higher wavenumber with a rise in pyrolysis tempera-
ture, suggestive of Cu cation-p bonding.
The C K-edge XANES spectra provide unique information on the
electronic structures of aromatic moieties in the JAS-derived bio-
chars. As already remarked on, high charring temperatures
(�500 �C) are conducive to aromatic-C formation. Indeed, extensive
conjugated graphene-like aromatic structures were detectable in
the JAS700 sample (Table 3, Fig. 2c). Furthermore, the C XANES
spectra of all Cu-loaded biochar samples showed a broadening of
the total aromatic-C (1s-p* transitions) feature, extending toward
284 and 286 eV, with a lower-energy shoulder adjacent to the 1s-p*

feature. These observations are strongly indicative of hybridization
involving the p cloud of aromatic rings and Cu d-orbitals (Schultz
et al., 2013). The spectra of JAS500 and JAS700 showed a more
pronounced broadening and splitting of the 1s-p* feature as
compared with JAS300. This finding would suggest that Cu2þ/Cuþ-
p bonding increases in strength with a rise in pyrolysis
temperature.
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3.3.4. Precipitation and other mechanisms
SEM-EDS analysis of the samples after Cu sorption confirmed

the co-existence of Cu with inorganic components in the JAS bio-
char (Fig. 6). Anions such as OH�, CO3

2�, SO4
2�, and PO4

3�, released
from the biochar at an equilibrium pH of 5.58e5.71 (SI Fig. S1b),
would combine with Cu2þ/Cuþ to yield a co-precipitate. Indeed, the
PO4

3� bending band near 610 cm�1 in the FTIR spectra of all three
biochar samples broadened and intensified after reaction with Cu.
This observation suggests the involvement of PO4

3� (dissolved or
mineral-bound) in Cu precipitation. Moreover, the increase in
biochar pH with rising pyrolysis temperature (Table 1) is conducive
to Cu precipitation. The XRD patterns indicated the formation of
langite (Cu4(SO4) (OH)6$2H2O) at the surface of biochar produced
at� 500 �C. A Cu(II)-rich hot spot, observed in the STXM image of
JAS700, is also indicative of surface Cu precipitation.

In addition to the above-mentioned processes, cation exchange
between Cu and metal cations (i.e. Ca2þ, Mg2þ), associated with
surface functional groups in biochar, may contribute to Cu sorption.
Uchimiya et al. (2010) have suggested that in carbonaceous biochar,
produced at high pyrolysis temperatures, cation exchange is less
important than p bonding and precipitation in immobilizing Cu(II).
Because of the porous nature of biochar, physical sorption such as
intraparticle diffusionmay also come into play (Ding et al., 2014). In
view of the small specific surface area of JAS biochar, however,
intraparticle diffusion is probably not an important mechanism.

4. Conclusions

The molecular properties and Cu sorption capacity of biochar,
derived from Jerusalem artichoke stalks, are closely related to the
temperature of pyrolysis. Cu sorption is controlled by a variety of
mechanisms, ranging from complexation through precipitation to
Cu-p bonding. Physical sorption may also play a role, albeit a minor
one, in Cu immobilization. As far as we know, this is the first
attempt at using a suite of state-of-the-art analytical techniques to
probe Cu sorption by biochar. The information gained from this
investigation is valuable to developing methods for the remedia-
tion of heavy metal-contaminated soil and wastewater by
halophyte-derived biochar.
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