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ABSTRACT: Swine manures generally contain high levels of
copper (Cu) resulting from its use as a growth promoter in
feedstuff. Pyrolysis can further concentrate Cu whereas decrease its
available fraction in swine manures. Here we investigated the
speciation transformation of Cu and associated elements in swine
manures induced by pyrolysis using multiple X-ray absorption
spectroscopies. Results showed that over 82% of Cu existed as
Cu(I)−S and Cu(I)−thiolate complexes in swine manures, which
were transformed into stable Cu(I)2S during pyrolysis at a low
temperature of 300 °C and partially oxidized and desulfurized into
Cu(II) compounds at a high temperature of 500 °C. The
speciation evolution of Cu in swine manures was consistent with
the speciation distribution of sulfur in feedstuff and its following
changes in swine manures during pyrolysis. About 58% of phosphorus existed as CaHPO4 and struvite in swine manures, which were
gradually transformed into stable Ca-bound species such as hydroxyapatite during pyrolysis. The formation of stable phosphate,
together with concentrated carbonates, significantly decreased the available Cu in pyrolyzed manures. These findings suggested that
the high levels of S and P in feedstuff profoundly affected the speciation of Cu in the swine manures and derived biochars. This study
has important implications to our understanding of the behaviors of heavy metals in manure-derived biochars once entering soil
environments.

■ INTRODUCTION

Application of livestock manures to agricultural soils can pose
risks to human and ecosystem health because of a vast variety
of hazardous materials commonly present in the manures.1−5

Particularly, the abuse of copper (Cu) as a feedstuff additive
has caused over 61% swine manure samples exceeding the
threshold value for Cu (85 mg/kg) in China, in reference to
the current limits of manure compost,6 based on our
investigation.3 Conversion of livestock manures into biochar
via pyrolysis is proposed as a promising biowaste treatment
alternative because of multiple benefits such as pathogen and
organic contaminant decomposition, waste volume reduction,
carbon sequestration, and heavy metal immobilization.7−11

However, heavy metals in livestock manures are generally
enriched after pyrolysis,1,2,12 which may exacerbate potential
health and environmental risks following land application of
the treated products. With rapid growth in livestock
production and global interests in the application of biochars
in soil environments, understanding the behaviors of heavy
metals in swine manures induced by pyrolysis is necessary for
guiding proper manure treatments and applications.
Toxicity of heavy metals largely depends on their chemical

nature rather than their concentration.6 Therefore, speciation
of heavy metals in swine manures, i.e., their oxidation state,
mineralogy, complexation environment, and chemical extract-
ability, is useful for predicting their mobility, bioavailability,

and fate in the environment.4,13 Multiple species of Cu with
different valence states may exist, such as in forms of sulfur-
and/or organic carbon-complexed compounds, in swine
manures and derived biochars.4,13 For instance, Cu mainly
exists in the form of sulfide compounds (Cu2S) with a Cu(I)
oxidation state in fresh swine manures, which can facilitate the
accumulation of Cu in soil when applied to soil environments
since sulfide compounds of Cu are very insoluble.14 Cu can
also exist as organic carbon-bound complexes in swine
manures which are more bioavailable compared to sulfide
compounds.14−16 Many studies1,2,8,12 have demonstrated that
pyrolysis can decrease the environmental risks of Cu by
significantly decreasing available Cu content in swine manures
based on chemical extraction methods. A few studies have
indicated that Cu(II) in swine manures can be reduced into
Cu(I) and form Cu(I)−S complexes during pyrolysis.4,17

However, chemical extraction cannot reflect the speciation
distribution of Cu in the pyrolyzed manures at molecular
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levels, and the precise mechanism behind the speciation
transformation remains to be further studied.2,6

Swine manures are abundant with organic carbon (C),
reduced sulfur (S),14 and phosphorus (P).18 Pyrolysis can
significantly alter the species of C, S, and P in biomass
materials through a series of reactions such as dehydration,
decarboxylation, redox, and phase transition,10,19,20 which may
affect profoundly the speciation evolution of Cu in swine
manures during pyrolysis. For instance, Cu(I) can form strong
complexes with reduced organic S even in oxic environments
due to its high thiophilicity.16,21,22 During pyrolysis, sulfide
compounds are gradually desulfurized, which transform Cu
sulfides into Cu−organic complexes.23 Organic P tends to
transform into inorganic phosphates during pyrolysis,24

whereas the presence of abundant phosphates is believed to
be responsible for the decreased available Cu in pyrolyzed
swine manures.2 Although there are studies which have
investigated elemental transformation during manure or
sewage sludge pyrolysis using synchrotron-based X-ray
absorption spectroscopy (XAS),4,10,23 those studies mostly
examine the elements separately and fail to gain systematic
understanding of their coupling transformation during
pyrolysis. To date, simultaneously characterizing the speciation
of Cu, S, and P in animal manures and derived biochars is
lacking.
The goal of this study was to explore the speciation

transformation and immobilization mechanisms of Cu in swine
manures induced by pyrolysis. We hypothesized that the
speciation transformation of S in manures would profoundly
affect the formation of Cu(I) compounds during pyrolysis and
that speciation transformation of elements like C and P
contributed to the immobilization of Cu in the pyrolyzed
manures. To this end, we investigated simultaneously the
speciation evolution of Cu, C, P, and S in swine manures
during pyrolysis using multiple spectroscopic techniques
including Cu K-edge X-ray absorption near-edge structure
(XANES) spectroscopy and extended X-ray absorption fine
structure (EXAFS) spectroscopy, P and S K-edge XANES
spectroscopy and infrared spectroscopy. These spectroscopies
are the best available techniques for in situ determination of
elemental speciation in complex environmental matrices such
as swine manures.25 Results from this work are expected to be
capable of providing clues for understanding the speciation
transformation of Cu in swine manures induced by pyrolysis
and thus address the gap between speciation transformation
and immobilization of Cu in the pyrolyzed biochars.

■ MATERIALS AND METHODS
Sample Preparation. Two swine manures, collected from

swine farms in Dancheng, Henan Province, and the Beijing
suburbs, respectively, were used as feedstocks for biochar
production. All the feedstocks were air-dried and pulverized to
less than 2 mm particles. The feedstocks were then pyrolyzed
at 300 and 500 °C, respectively, for 1 h under N2 atmosphere
in a muffle furnace as per Luo et al.19 These two temperatures
represent the low and high temperature range of pyrolysis, and
a phase transition from layered C to amorphous char occurs at
around 400 °C.19 In addition, swine manure oven-dried at 100
°C under air atmosphere was also included to examine the
speciation evolution of Cu during the process. Previous
studies4,17 suggested that monovalent Cu formed in swine
manures during pyrolysis using XAS analysis. To explore the
speciation evolution mechanisms of Cu in the swine manure-

derived biochars, a feedstuff sample from the same swine farm
in Henan Province was included as the feedstock for biochar
production under the same conditions as stated above.

Chemical Characterization. Total Cu content in the raw
and pyrolyzed swine manure and feedstuff samples was
determined after digesting with concentrated HF-HNO3-
H2O2,

8 and available Cu was extracted with a DTPA
complexing solution.26 More details on the digestion and
extraction are provided in the Supporting Information. Total P
was determined after digestion using H2SO4−HClO4, and
available P was extracted with 0.5 mol/L NaHCO3 (pH 8.5) as
per Luo et al.27 Water-soluble Cu and P in the samples were
extracted with water for 6 h. All these digestion solutions and
extracts were analyzed using ICP-OES (Optima 2000DV,
PerkinElmer). Total C and S were determined using a CHN
elemental analyzer (Vario EL III, Elementar), and carbonates
in the samples were determined using a titrimetric method as
per Wang et al.28 Fourier transform infrared (FTIR)
spectroscopy was performed on a Bruker Vector 22 FTIR
spectrometer. Surface element distribution of the pyrolyzed
swine manures was examined using scanning electron micro-
scope (SEM, SU-8020, Hitachi) at 15 keV equipped with
energy dispersive X-ray spectroscopy (EDS). Diffraction
patterns were recorded on an X-ray diffractometer (X’Pert
Pro, PANalytical) with Cu Kα radiation.

X-ray Absorption Spectroscopy. Cu K-edge XAS data of
raw and pyrolyzed swine manure and feedstuff samples were
recorded at beamline 14W1 of Shanghai Synchrotron
Radiation Facility and beamline 1W1B of Beijing Synchrotron
Radiation Facility. The measurements were carried out in the
energy ranges 8780−9650 eV in fluorescence mode with a 32-
element Ge solid-state detector. P and S K-edge XANES
spectra of the raw and pyrolyzed swine manure samples were
collected at beamline 4B7A of Beijing Synchrotron Radiation
Facility. The XANES data were recorded in the energy ranges
2129−2220 eV and 2450−2520 eV in fluorescence mode by a
silicon drift detector (e2v, Chelmsford, UK), respectively.
Spectra of concentrated reference compounds were measured
in transmission mode. Spectra of some diluted standards were
collected periodically during the sample measurements to
correct energy drift of the monochromator.
The XAS data (average of 3−6 scans) were normalized and

deconvoluted using the Athena software29 following the
protocol as recommended by Werner and Prietzel.30 The
normalized Cu and P K-edge XANES and Cu K-edge k3-
weighted EXAFS spectra of the samples were analyzed by
linear combination fitting (LCF),23,24 whereas S K-edge
XANES spectra were deconvoluted by Gaussian curve fitting
(GCF).31 More details of the XANES and EXAFS spectra
collection and analyses are given in the Supporting
Information.

■ RESULTS AND DISCUSSION
Chemical Analysis of Cu Content and Speciation in

Swine Manures and Derived Biochars. Cu concentrations
in the swine manure samples from Beijing and Henan farms
were 153.2 and 1118.4 mg/kg, respectively, which fall into the
concentration ranges reported by our previous investigation.3

The high Cu concentration in the Henan swine manure could
be attributed to the use of feedstuff additives. The Cu
concentration in the feedstuff collected from the same swine
farm amounted to 448.9 mg/kg. Both total and available Cu
were obviously increased after being digested by swine (Tables
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1 and S1). Total Cu in the swine manure and feedstuff samples
was further significantly increased after pyrolysis, which could
be explained by a concentration phenomenon, due to the
decomposition and loss of organic carbon in the samples
during pyrolysis.1 Consistent with previous observation,2,6

some Cu was emitted into the atmosphere during pyrolysis
based on the mass balance calculation, and total Cu recovery,
ranging from 82.6% to 91.2%, tended to decrease with
increasing pyrolysis temperature. The contents of available
Cu in the derived biochars were significantly decreased
compared to that in raw swine manures (Tables 1 and S1).
Particularly, the available Cu was as low as 7.74 mg/kg in the
Henan swine manure-derived biochar at 300 °C and slightly
increased in the biochar at 500 °C. No water-soluble Cu was
detected in the biochars.
Cu Speciation in Swine Manures and Derived

Biochars by XAS. Cu K-edge XANES spectra of raw swine
manure and pyrolyzed samples from the Henan and Beijing
farms are presented in Figures 1 and S1. Although with
different Cu contents, manures from the two farms exhibited
similar spectral features. For instance, an obvious shoulder at
around 8982 eV (Figures 1A) corresponding to the 1s → 4p
transition for Cu(I)14,16 was observed in all the samples,
indicating the presence of reduced Cu(I) species in these
samples. After pyrolysis, the shoulder tended to increase at the
low pyrolysis temperature (300 °C) and to attenuate at the
high temperature (500 °C), indicating that the speciation
distribution of Cu changed in these swine manures with
pyrolysis temperatures. The change can be more clearly
discerned at 8983 eV in the first derivatives of the Cu XANES
spectra (Figures 1B). Concomitantly, slight differences in the
oscillation peak positions in the Cu EXAFS spectra between
the samples were also observed. Because of the similarity
between the two manures, quantitative analysis on the
distribution of Cu speciation was conducted only on the
samples from the Henan swine farm. LCF was performed on
both XANES and EXAFS data of each sample, which produced
consistent results on the speciation distribution of Cu for the
samples with very low R-factor values (Tables 2 and S2). Slight
difference in the LCF results between XANES and EXAFS
spectra from the same samples might be caused by their
different sensitivities to the coordination structure and
parameters of Cu species.16 Discussions on the speciation
transformation were therefore based only on the XANES data
hereafter to avoid redundancy.
Based on the LCF results, reduced Cu(I) sulfides (fitted as

the Cu(I)−cysteine complex and Cu2S) were the dominant
(over 82% of total Cu) species in the swine manure, and the
rest were minor organic complexes (fitted as Cu(CH3COO)2)
and/or inorganic CuSO4 (Tables 2 and S2). The reduced
Cu(I) was relatively stable in swine manures, and about 66% of
Cu still existed as Cu(I) after being oven-dried at 100 °C
under air atmosphere. At the low pyrolysis temperature (300
°C), the proportion of Cu(I)−cysteine complex(es) was

significantly decreased, whereas the proportion of Cu2S tended
to increase. At the high pyrolysis temperature (500 °C), Cu2S
was significantly decreased (below 30% of total Cu), the
Cu(I)−cysteine complex was completely decomposed, and
Cu(II) compounds became dominant in the biochar.
To explore possible factors affecting the speciation trans-

formation of Cu in swine manures during pyrolysis, feedstuff
samples were also analyzed for Cu speciation in parallel with
swine manures. The XANES spectra (Figure S2) confirmed
that Cu existed as inorganic Cu(II) compounds (i.e., mainly in
the form of CuSO4 as additives) in the feedstuff. After
pyrolysis, Cu speciation experienced changes in the feedstuff
similar to those in swine manures. Specifically, over 21% of Cu

Table 1. Contents of Cu, S, P, and C in Swine Manure (SM) from a Henan Swine Farm and Derived Biochars

sample
total Cu
(mg/kg)

soluble Cu
(mg/kg)

available Cu
(mg/kg)

total S
(g/kg)

total P
(g/kg)

soluble P
(mg/kg)

available P
(mg/kg) TOC (%)

carbonate
(mol/kg)

SM raw 1118.4(14.8)a 12.5(0.66) 352.7(10.2) 9.2(0.7) 14.4(0.3) 1324.2(31.7) 2335.5(63.1) 36.7(1.2) 0.18(0.02)
SM300 1532.7(17.6) -b 7.9(0.2) 8.0(0.3) 19.3(0.3) 196.3(6.6) 1957.2(51.8) 37.5(2.3) 0.21(0.02)
SM500 1946.2(21.7) - 57.6(2.9) 8.7(0.6) 23.3(0.2) 217.9 (17.0) 2861.8(42.9) 41.6(1.7) 0.75(0.09)
aValues in brackets show standard error. b- denotes below detection limit.

Figure 1. (A) Cu K-edge XANES spectra, (B) corresponding first
derivative functions, and (C) k3-weighted EXAFS spectra of swine
manure (SM raw) from a Henan swine farm and derived biochar
(SM300 and SM500) samples (solid lines) and selected reference
compounds. Dotted lines show the best linear combination fit of
reference spectra as documented in Tables 2 and S2.
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was reduced into Cu(I) sulfides in the pyrolyzed feedstuff, and
some reduced Cu(I) was gradually transformed into Cu(II) at
the high pyrolysis temperature (500 °C) again. The presence
of Cu sulfides in both pyrolyzed feedstuff and manures implied
that S might play an important role in the speciation
transformation of Cu in the swine feedstuff and manures
during digestive and pyrolysis processes. Therefore, S
speciation in these samples was discussed in the following
section.
Speciation Evolution of Sulfur and Its Effect on Cu

Speciation in Swine Manures and Derived Biochars. S
K-edge XANES spectra for the swine manure from a Henan
farm and derived biochars are presented in Figure 2. GCF

results indicated that S in raw swine manure was mainly
composed of reduced S (including inorganic and organic
reduced S), followed by intermediate and oxidized S (Figure
S3). The results were well consistent with S speciation in raw
swine feedstuff. Based on feedstuff formulations, high levels of
sulfur amino acids (e.g., methionine and cysteine) and sulfate
salts (e.g., CuSO4 and FeSO4) were added in feedstuffs besides
corn and soybean meal.32 The high content of Cu(I)
compounds in the raw swine manures, we inferred, might be
related to the presence of sulfur amino acids in the feedstuff.
To test the hypothesis, we examined the speciation changes of
CuSO4 after incubation with cysteine using X-ray photo-
electron spectroscopy and confirmed that almost all CuSO4
was quickly reduced into Cu(I) within 1 h after being mixed
with cysteine (Figure S4). This observation suggested that
Cu(II) was prone to be reduced into Cu(I) by sulfur amino
acids.14,33 Meanwhile, the S-containing compounds in feed-
stuffs were rapidly transformed into reductive compounds such

as H2S and methanethiol in the anaerobic swine digestive
systems.32 Based on the total S content (Table 1) and the
percentage of reduced S estimated from the GCF results of S
XANES spectra (Figure S3), the molecular ratio of reduced S
(including inorganic H2S and sulfur amino acids) to Cu in the
swine manure exceeded over 12:1. The overwhelming reduced
S could facilitate the formation of Cu(I) sulfide or Cu(I)−thiol
compounds with Cu(I) due to the strong chalcophile nature of
Cu(I).34,35 Due to the larger relative kinetic stability of Cu
sulfides,36,37 the Cu(I)−S species could persist in the swine
manures even after air-dried and oven-dried treatments.
During pyrolysis, some labile reduced S such as sulfur amino

acids tended to be decomposed and formed into more stable
sulfide compounds with cations (e.g., Cu(I)2S) under N2
atmosphere. The speciation transformation of S was evidenced
by the gradually obvious peak at around 2470 eV in the
XANES spectra of pyrolyzed swine manure and feedstuff
samples (Figures 2 and S3), which corresponds to the white
line of inorganic reduced S2−.38 The S-containing compounds
were further decomposed/oxidized and transformed into the
species with high valence accompanying the decomposition of
O-containing organic carbon moieties at the high pyrolysis
temperature (500 °C) (Figures 2 and S3). In addition, some
reduced S could be volatilized39 by transforming into SO2,

12

evidenced by the significantly decreased molecular ratios of S/
Cu in the derived biochars (Table 1). As a result, the
proportions of sulfate in the pyrolyzed swine feedstuff and
manure samples were significantly increased with pyrolysis
temperatures. The desulfurization of Cu(I) sulfides into Cu(II)
compounds (fitted as organic complexes and CuSO4) could
explain the slight increase in the availability of Cu in the
pyrolyzed manures at 500 °C compared to that in the
pyrolyzed manures at 300 °C to a certain extent. However, the
dramatic decrease in the water-soluble and available Cu in the
pyrolyzed manures at 300 °C compared to those in the raw
swine manure cannot be explained by S speciation evolution
alone.

Effects of Phosphate and Carbonate on Cu Speci-
ation in Swine Manures and Derived Biochars. SEM-
EDS analysis (Figure S5) indicated that the swine manure-
derived biochar samples contained high levels of C, Ca, and P
besides Cu. It is therefore expected that the dramatically
decreased available Cu in the biochars may be related to the
presence of these elements/compounds. P K-edge XANES
analysis (Figures 3 and S6, Table S3) indicated that soluble
phosphates and organic P as well as struvite in swine manures
were gradually decomposed and transformed into stable Ca-
associated P compounds (fitted as hydroxyapatite) during
pyrolysis.7,24 Meanwhile, FTIR spectra (Figure 4) revealed the
presence of carbonates in the swine manures and derived

Table 2. Copper Speciation Distribution (%) in Swine Manure (SM) from a Henan Swine Farm and Derived Biochars Based
on LCF of Cu K-Edge XANES Spectra

sample Cu2S Cu(I)−Cysa CuS Cu(CH3COO)2 CuSO4 R-factor

SM raw 48.1(8.7)b 39.8(6.3) 12.1(1.2) 0.0033
SM100 39.8(4.3) 26.4(3.5) 23.0(2.5) 10.8(2.7) 0.0019
SM300 68.8(8.2) 16.3(1.4) 14.9(1.3) 0.0027

+ water 44.6(3.2) 19.6(3.3) 8.2(1.4) 27.6(1.6) 0.0025
SM500 29.9(3.8) 26.1(0.2) 16.6(1.1) 27.4(5.6) 0.0044

+ water 25.1(1.7) 32.0(4.1) 9.6(2.3) 33.3(2.4) 0.0018
aCu(I)−Cys: Cu(I)−cysteine complex. bValues in brackets show the percentage variation in the calculated values. Goodness of fit is indicated by
the R-factor.

Figure 2. S K-edge XANES spectra of swine manure (SM) and
derived biochar (SM300 and SM500) samples.
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biochars, characterized by their specific peaks at around 1435
and 875 cm−1.40 The carbonates might originate from the
feedstuff formula and the interactions between CO2 released
from degradation of some organic functional groups (e.g.,
carboxylic C at around 1720 cm−1 and aliphatic C at around
2920 cm−1, Figure 4) and silicate minerals in the swine
manures during pyrolysis.41 DTPA, as a recommended agent
for extracting available heavy metals from geo-samples, can
remove effectively organic ligand-complexed heavy metals,2,42

which excluded the possibility of the decreased available Cu
caused by organic complexation in the biochars. It was
therefore presumed that the emergence of high levels of Ca-
containing phosphates and carbonates provided sorption sites
for cations7,9 including Cu2+ and thus significantly decreased
available Cu in the biochars.43−45 This hypothesis was well
confirmed with our previous observation2 that the swine
manure-derived biochars showed significant decreases in their
sorption capability (equal to about 10% of the raw biochar) for
Cu after removing inorganic components by washing the
biochars with 1.0 mol/L HCl.
It is worth noting that pyrolysis is a dry thermochemical

process, during which Cu and associated elements are spatially
constrained and cannot freely interact with each other. As
expected, adding water to the biochars (to simulate processes

in real environments) facilitated the formation of Ca-
containing phosphates (Figure 3), which together with
carbonates immobilized or encapsulated46 the water-soluble
and available Cu through sorption in the biochars. Interest-
ingly, water could also directly be involved in and intensify the
speciation transformation of Cu in the biochars. As shown in
Figure 5, some Cu(I) compounds tended to transform into

Cu(II) compounds whereas organic complexed Cu was
significantly decreased in the presence of water (Table 2).
The observation might be ascribed to the unstability of some
Cu(I) species in solutions16 and the competitive sorption of
phosphates and carbonates for Cu(II) with organic ligands in
the biochars. However, the presence of organic ligands such as
carboxylic C (1720 cm−1) and phenolic C (3665 and 1375
cm−1)47 in the biochars maintained a certain concentration of
available Cu.48 No crystalline Cu3(PO4)2 or Ca3(PO4)2 was
detected in the pyrolyzed manures with either XANES or XRD
analysis (Figure S7), which further implied that the newly
formed phosphates and carbonates decreased the available Cu
mainly through sorption reactions other than precipitation
reactions.

Environmental Implications. The present study showed
that pyrolysis significantly altered the speciation distribution of
C, P, and S, thereby profoundly altering the speciation
transformation and availability of Cu in the pyrolyzed swine
manures. Specifically, during the speciation evolution, reduced
S played a significant and previously unrecognized role in
stabilizing Cu(I) in the swine manures and derived biochars.
The emerged inorganic phosphates and carbonates during
pyrolysis immobilized or encapsulated the availability of Cu in
the pyrolyzed biochars. The combined spectroscopic analyses
provided important insights into the speciation evolution of
the elements in the complex samples and enabled cross
validation. This study can improve our understanding of the
speciation evolution of other trace metals in the swine manures
since the underlying mechanisms are probably universal.
Previous studies2,49 have confirmed that swine manure-

derived biochars have strong sorption affinity for Cu, although
the biochars contain high levels of endogenous Cu.
Considering the abundant (reduced) S- and P-containing
moieties produced in swine manures during pyrolysis, it is
expected that pyrolysis can reduce the risks associated with
trace metals including Cu and that swine manure-derived
biochars can be used as a potential immobilizing agent for

Figure 3. P K-edge XANES spectra of swine manure (SM raw) and
derived biochar (SM300 and SM500) samples and effect of adding
water on P speciation in the biochars.

Figure 4. FTIR spectra of swine manure (SM raw) and derived
biochar (SM300 and SM500) samples.

Figure 5. Effect of adding water on Cu speciation in swine manure
(SM raw)-derived biochars (SM300 and SM500).
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heavy metals in soil environments. However, stable P (Ca-
bound phosphate) availability may increase with time,
carbonates tend to decompose after biochar is applied in
soil7,41 and Cu sulfides are also metastable in the long term
since S-containing moieties in Cu sulfides can be replaced by
organic ligands and mineral binding sites over time.36 The
long-term bioavailability and environmental risks of the
immobilized heavy metals including Cu in swine manure-
derived biochars and the feasibility of applying the pyrolyzed
manures to immobilize heavy metals in contaminated soils are
unclear so far and therefore need further investigation at
multiple scales.
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