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� Adsorption of Sb (III) and Cd (II) by
hydrochars and pyrochars was
investigated.

� Neutral form of Sb(OH)3 explained
the lower Qmax for Sb (III).

� Sb (III) mainly interacted with CAO,
C@O and OH groups within biochars.

� Hydrochars had lower sorption
capacities for Sb (III) and Cd (II) than
pyrochars.

� Less negative surface charge and
surface polar C led to the low Qmax of
hydrochars.
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In this study, hydrochars and pyrochars prepared from animal manures were characterized and were
used to remove Sb (III) and Cd (II) from aqueous solution. Fourier transform infrared spectroscopy
(FTIR) analysis revealed the interaction between Cd (II) and CAO and C@O groups within biochars and
between Sb (III) and CAO, C@O and OH groups, respectively. Additionally, the lower absolute value of
zeta potential of biochar after loading Sb (III) and Cd (II) suggested the occurrence of surface complexa-
tion. Existing primarily in the form of Sb (OH)3, the maximum adsorption capacities (Qmax) for Sb (III)
were lower than those for Cd (II). Due to the lower contents of surface polar functional groups and less
negative surface charge, hydrochars exhibited lower Qmax for Sb (III) and Cd (II) than pyrochars. However,
hydrochars in this study had higher sorption capacities for Cd (II) than most of plant-based pyrochars
reported by other literature.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The contamination of heavy metals in aquatic and soil environ-
ments has elicited significant attention due to its vast sources,
inherent toxicity and non-degradability (Audry et al., 2004;
Järup, 2003; Xu et al., 2014). Elements such as cadmium (Cd), anti-
mony (Sb), chromium (Cr) and nickel (Ni) are classified as heavy
metals. Cd and Sb are two of the most toxic heavy metals to
human, and Sb (III) is more toxic than Sb (V) (Filella et al.,
2002a). It has been reported that once chronically exposed to Cd,
human might suffer from diseases such as lung cancer, prostatic
proliferative lesions, bone fractures, kidney dysfunction and hyper-
tension (Waalkes, 2000). Sb exposure may result in respiratory

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biortech.2017.02.130&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2017.02.130
mailto:sunke@bnu.edu.cn
http://dx.doi.org/10.1016/j.biortech.2017.02.130
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


78 L. Han et al. / Bioresource Technology 234 (2017) 77–85
irritation, pneumoconiosis, antimony spots on the skin and gas-
trointestinal symptoms (Sundar and Chakravarty, 2010). Such
health risks make studies on the remediation of Cd and Sb contam-
ination high priority.

In recent years, biochars have received considerable interest as
effective and environmentally friendly adsorbents for the advanced
treatment of heavy metals (Uchimiya et al., 2011; Xu et al., 2013).
However, very few sorption studies of Sb on biochars have been
reported to date (Filella et al., 2002b; Vithanage et al., 2015)
although several investigations have been conducted on the
adsorption of Sb onto pure mineral phases (Leuz et al., 2006) and
humic substances (Buschmann and Sigg, 2004). Additionally, cur-
rent research on metal adsorption by the biochars has mostly
focused on biochars produced via conventional dry pyrolysis from
biomass with low water content (hereafter named as pyrochars)
(Audry et al., 2004; Tong et al., 2011; Uchimiya et al., 2010; Xu
et al., 2013). For instance, Uchimiya et al. (2010) reported the
immobilization of four heavy metal ions (Cu (II), Cd (II), Ni (II)
and Pb (II)) by broiler litter-derived pyrochars in water and soil.
Tong et al. (2011) investigated the adsorption of Cu (II) by pyro-
chars generated from three crop straws. By comparison, limited
information is available to show the potential environmental
applications of biochars produced by alternative thermal conver-
sion technologies such as hydrothermal carbonization (HTC)
(Libra et al., 2011). The HTC process usually requires comparatively
low temperatures (150–350 �C) and can be applied directly to wet
feedstocks such as wet animal manures and algae (Berge et al.,
2011; Mumme et al., 2011). It is universally acknowledged that
HTC is more energetically favorable than dry pyrolysis processes
(Berge et al., 2011; Titirici et al., 2012). HTC occurs by a set of reac-
tions categorized as dehydration, decarboxylation, and reconden-
sation and produces gases (predominantly CO2), water-soluble
organic substances, and carbon (C)-rich solid residues (hencefor-
ward referred to as hydrochars) (Titirici et al., 2012). Owing to
the dissimilar production process, the structures of hydrochars
have been found to differ from those of pyrochars (Cao et al.,
2013; Titirici et al., 2012), which would result in their different
sorption capacities for organic and inorganic pollutants. One recent
study (Han et al., 2016) has found that animal manure-derived
250 �C hydrochars showed higher sorption capacities than pyro-
chars at 300, 450 and 600 �C for organic pollutants with a wide
range of hydrophobicity, suggesting that hydrochar could be uti-
lized as a valuable sorbent for organic pollutants. Yet, very few
studies to date have been carried out to directly compare the sorp-
tion of heavy metals between hydrochar and pyrochar. It is thus
urgent to fill this knowledge gap before designing biochar sorbents
to remove both organic and inorganic pollutants from the soils or
wastewater.

The objectives of this study were therefore to investigate the
effectiveness of hydrochar as sorbents in removing Cd (II) and Sb
(III) from wastewater by comparing the differences in sorption
capacity between hydrochars and pyrochars. The mechanisms
responsible for pollutant removal were elucidated at different pH
and using batch sorption isotherms.
2. Materials and methods

2.1. Chemicals

All chemical regents were AR analytical reagent grade. All pro-
cedures used the distilled, de-ionized water (DDW) with a resistiv-
ity of 18 MX�cm (Millipore Corp., Milford, MA). Stock solutions of
1000 mg Cd/L Cd(NO3)2�4H2O and 1000 mg Sb/L KSbC4H4O7 were
prepared with DDW.
2.2. Sorbents

The preparation methods of hydrochars and pyrochars from
swine solids and poultry litter were described in detail elsewhere
(Spokas et al., 2011). Briefly, hydrochars were prepared by
hydrothermally carbonizing swine solids or poultry litter at
250 �C. Dried and ground (less than 2 mm) swine solids and poul-
try litter were added along with DDW to obtain a slurry of 20% (w/
w) solids. This slurry was placed into a 1-L non-stirred T316 stain-
less steel reactor with an external heater (Parr Instruments,
Moline, IL). The operating pressure of the system ranged from 3.4
to 9.0 MPa, representing subcritical conditions. Afterwards, the
reactor was cooled to room temperature before the reaction prod-
ucts were filtered and dried at 105 �C. For pyrochars, swine solids
and poultry litter with a prior drying treatment were carbonized
at 250, 450, 600 �C for 4 h under N2 condition in a Lindburg electric
box furnace equipped with a gas tight retort (Model 51662; Lind-
burg/MPH, Riverside, MI). The temperature control of the retort
system was based on input temperatures allowing for accurate
control of pyrolytic exposure temperature. The heating treatment
temperatures (HTTs) were raised to the desired values (250, 450
and 600 �C) at a ramp rate of about 8 �C/min. The obtained hydro-
chars and pyrochars were then washed with 0.1 mg/L HCl followed
by DDW until they became neutral, subsequently oven-dried at
105 �C. Then, hydrochars and pyrochars were gently ground, and
homogenized to pass through a 0.25 mm sieve. The swine solid-
and poultry litter-derived hydrochars were hereafter denoted as
HSS250 and HPL250, respectively, and pyrochars were abbreviated
and referred as to their individual initial capitals of feedstock
source and HTTs (i.e., PSS250, PSS450, PSS600, PPL250, PPL450
and PPL600).
2.3. Sorbent characterization

The bulk C, hydrogen (H), nitrogen (N), and oxygen (O) content
of all the biochars were measured by an Elementar Vario ELIII ele-
mental analyzer via complete combustion. The bulk C content is
also referred to as the organic carbon (OC) content. Ash content
of the biochars was measured by heating samples at 750 �C for
4 h according to the American Society for Testing and Materials
(ASTM) D1762-84 (D1762-84, 2007). To get information on surface
elemental composition and C-based functionalities, X-ray photo-
electron spectra (XPS) of sorbents were recorded with a Kratos Axis
Ultra electron spectrometer using monochromated Al Ka source
operated at 225W. Processing of the spectra was accomplished
with the Xpspeak41 software. Four components were identified
and quantified in the C1s spectra: 284.8 eV (representing CAC
and CAH bonds), 286.3 eV (CAO bonds), 287.5 eV (C@O bonds)
and 289.0 eV (COOH bonds). The solid-state cross-polarization
magic-angle-spinning 13C nuclear magnetic resonance (13C CP-
MAS NMR) was done. The NMR running parameters and chemical
shift assignments were depicted elsewhere (Ran et al., 2007). The
fourier transform infrared (FTIR) spectra of biochars before and
after metal sorption were also conducted, and the references for
the band assignments were described elsewhere (Qiu et al.,
2014). Pore and surface characteristics were examined by gas
adsorption using an Autosorb-1 gas analyzer (Quantachrome
Instrument Corp., Boynton Beach, FL). The surface topography of
hydrochars and pyrochars were investigated using SEM imaging
with a Hitachi S4800 scanning microscope (Japan). Surface area
(SA-CO2) and pore size using CO2 isotherm at 273 K were calcu-
lated using nonlocal density functional theory (NLDFT). The surface
area using N2 (SA-N2) was determined by the Brunauer-Emmett-
Teller (BET) equation with multipoint adsorption isotherms of N2

at 77 K.
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2.4. The determination of carbon stability index and stable organic
matter yield index (SOMYI)

All studied biochars were oxidized by the hydrogen peroxide
(H2O2) method (Crombie et al., 2013). Carbon stability is defined
as the ratios of OC contents of the biochars after and before the oxi-
dation. Stable organic matter yield index (SOMYI) was determined
according to the following equation modified from the study by
Masto et al. (2013):
SOMYI ¼ Yield=100� 1:724� OCox ð1Þ
where 1.724 is the factor to convert OC to organic matter, yield
(solid yield) is the weight percentage of biochar recovered relative
to the total amount of feedstock, and OCox refers to the OC concen-
trations of biochars after H2O2 oxidation.
2.5. Zeta potential measurements

Zeta potential of each sample at different pH values was mea-
sured with Zetasizer 3000 (Malvern Instrument Ltd.). NaNO3 solu-
tion (2 � 10�4 M) was used as background electrolyte and NaOH or
HNO3 was used to adjust pH of samples.
2.6. Sorption experiments

A batch equilibration technique was used to obtain the adsorp-
tion isotherm of Cd (II) and Sb (III) by sorbents. The test solutions
of different concentrations were 0.3–150 mg/L and 0.1–100 mg/L
for Cd (II) and Sb (III), respectively. The background solution con-
tained 0.01 M NaNO3 in DDW to maintain a constant ionic
strength. The pH of the Cd (II) and Sb (III) solutions was adjusted
to 4.5 with either HNO3 or NaOH to prevent Cd (II) and Sb (III) from
being precipitated after addition to the samples. All the sorbents
were weighed into 8 mL polypropylene centrifuge tubes, and then
the Cd (II) and Sb (III) solutions were added into these tubes and
horizontally shaken at 120 rpm for 24 h at room temperature. Pre-
liminary experiments showed that the adsorption equilibrium
reached within 24 h. The blanks consisted of sorbate solution with-
out sorbents and sorbents without sorbate. After 24 h, all tubes
were centrifuged. The supernatant was withdrawn from each tube
and was passed through 0.45 lm filter for the analysis of the
inductively coupled plasma optical emissions spectrometer (ICP-
AES; SPECTRO Company, Germany). All adsorption experiments
were performed in duplicate. The analysis of blank experiments
showed that the sorption of each sorbate by the vials was insignif-
icant, and the concentrations of metals which released from hydro-
chars and pyrochars were all below the detection limits.

The effect of pH on adsorption of Cd (II) and Sb (III) by hydro-
chars and pyrochars was investigated: 10 mg/L Cd (II) and Sb (III)
were placed in empty 8 mL polypropylene centrifuge tubes and a
given amount of sorbent was then added to each tube. Suspension
pH was adjusted to different values within the range 3.0–6.0 (3.0,
3.5, 4.0, 4.5, 5.0, 5.5 and 6.0). The selection of acidic pH mainly
based on the fact that Cd(OH)2 has relatively low solubility, with
Ksp of 5.27 � 10�15. At high pH, the metal removal takes place by
both adsorption and precipitation when OHA ions formed com-
plexes with Cd (II), which would result in the overestimation of
sorption capacity of the studied sorbents. Afterwards, a similar
procedure was adopted as described above to obtain the amount
of Cd (II) and Sb (III) adsorbed by biochar at different pHs. The solu-
tion pH values before and after adsorption equilibrium are listed in
Tables S1 and S2.
2.7. Data analysis

The sorption data were fitted to the logarithmic form of Fre-
undlich isotherm model (Eq. (1)), Langmuir (Eq. (2)) and
Langmuir-Langmuir (L-L) (Eq. (3)):

log qe ¼ log KF þ n log Ce ð2Þ

qe ¼ Qmax � KL � Ce=ð1þ KL � CeÞ ð3Þ

qe ¼ qe;1 þ qe;2 ¼ Qmax;1 � KL;1 � Ce=ð1þ KL;1 � CeÞ
þ Qmax;2 � KL;2 � Ce=ð1þ KL;2 � CeÞ ð4Þ

where qe [mg/g] is the equilibrium sorbed concentration; Ce [mg/L] is
the equilibrium aqueous concentration; KF [(mg/g)/(mg/L)n] is the
Freundlich affinity coefficient; and n is the Freundlich exponential
coefficient; Qmax (mg/g) is the maximum adsorption capacity of
the sorbents; KL (L/mg) is a constant related to binding strength.

The investigated correlations among properties of sorbents as
well as their sorption coefficients of all sorbates (Pearson correla-
tion coefficients: p and r values) were obtained from the Pearson
correlation analysis by SPSS 16.0 software (SPSS Inc., USA).

3. Results and discussion

3.1. Hydrochars and pyrochars production

The yields of biochar solids from the animal manures in the two
thermal processes varied considerably, depending on process con-
ditions (Table 1). While the yields (wt%) for both hydrochars were
similar, 55.2% for HSS250, 47.6% for HPL250, the pyrochar yields
decreased with HTT: 79.1% for PSS250, 39.9% for PSS450, 36.7%
for PSS600, 77.3% for PPL250, 51.0% for PPL450 and 49.7% for
PPL600, respectively (Table 1). Obviously, 250 �C pyrochars had
higher yields than hydrochars and 450 and 600 �C pyrochars. How-
ever, they showed the lower carbon stability indexes (Table 1),
indicating that 250 �C pyrochars had a lower proportion of stable
OC. Recently, the study by Masto et al. (2013) highlighted that
the yields of biochars should be considered when predicting the
stable OC fraction of biochars, and they have accordingly proposed
the SOMYI index. Further, SOMYI of hydrochars and pyrochars
were calculated in this study (Table 1). It was found that the SOMYI
values of 450 and 600 �C pyrochars were similar but higher than
those of other samples (Table 1), which was different with the
results by Masto et al. (2013) where pyrochars at 400 and 500 �C
had lower SOMYI than those at 200, 250 and 300 �C.

3.2. Characterization of hydrochars and pyrochars

Adsorption is adsorbent-specific and depends strongly on the
physicochemical properties of the adsorbent (Elaigwu et al.,
2013; Uchimiya et al., 2010). In this study, the structural character-
istics of adsorbents were examined by evaluating their SA and pore
size through N2 and CO2 sorption isotherms, surface morphology,
zeta potential, organic elemental and structural composition.

Both hydrochars (HSS250 and HPL250) presented weakly devel-
oped surface area (Table 1), which is common for the other
hydrothermally treated materials (Alatalo et al., 2013). For the
same feedstock, the pyrochars produced under three HTTs (250,
450 and 600 �C) generally showed higher SA-N2, SA-CO2 and smal-
ler pore sizes than hydrochars produced at 250 �C. However,
hydrochars or same HTT-produced pyrochars from different feed-
stocks (swine solids and poultry litter) had the similar SA. Also,
SEM images indicated that there were no significant differences
in surface morphology between swine solids and poultry litter-
derived biochar (Fig. S1). By comparison, surface morphology



Table 1
Yield, bulk and surface elemental compositions and surface area analysis of hydrochars and pyrochars.

Samples Yield (%) C (%) H (%) N (%) O (%) H/C (O + N)/C Ash (%) SA-N2 (m2/g) SA-CO2 (m2/g) Pore size (nm) Carbon stability
index

SOMYI

Bulk elemental composition (elemental analysis)
HSS250 55.20 54.02 5.69 2.67 12.51 1.26 0.22 25.11 1.87 22.38 0.82 0.40 20.45
PSS250 79.10 50.92 5.55 3.30 20.22 1.31 0.35 20.01 1.20 29.13 0.57 0.29 19.79
PSS450 39.90 42.29 2.38 3.25 10.58 0.68 0.25 41.50 14.25 138.99 0.48 0.74 21.39
PSS600 36.70 44.62 1.37 2.82 7.92 0.37 0.19 43.29 5.51 205.56 0.50 0.79 22.24
HPL250 47.60 39.13 3.06 3.09 8.95 0.94 0.24 45.77 2.77 24.23 0.82 0.52 16.62
PPL250 77.30 40.81 3.93 3.40 25.60 1.15 0.54 26.26 2.99 35.11 0.60 0.33 17.93
PPL450 51.00 37.44 1.79 2.86 10.44 0.58 0.27 47.46 4.76 135.74 0.48 0.77 25.25
PPL600 49.70 38.80 1.10 2.26 8.36 0.34 0.21 49.49 4.20 150.01 0.48 0.82 27.37

Total C (%) CAC (%) CAO (%) C@O (%) COOH (%) O (%) N (%) Si (%) Ca (%) P (%) Surface
O/C

Surface
(O + N)/C

Surface element composition
HSS250 79.08 87.77 7.42 2.18 2.62 17.04 3.11 0.78 0.33 0.56 0.16 0.20
PSS250 77.74 83.78 10.81 1.80 3.60 19.08 2.69 0.49 0.88 0.93 0.18 0.21
PSS450 64.47 87.57 4.52 4.52 3.39 30.74 3.37 1.42 3.00 3.29 0.36 0.40
PSS600 71.66 83.10 10.33 2.82 3.76 24.46 3.40 0.48 10.02 13.24 0.26 0.30
HPL250 57.26 88.57 5.24 4.29 1.90 30.08 4.77 7.88 4.69 4.73 0.39 0.47
PPL250 54.01 76.70 9.66 11.93 1.70 36.36 7.84 1.80 1.98 2.29 0.50 0.63
PPL450 64.56 85.96 8.77 5.26 4.09 28.99 3.68 2.77 4.33 4.62 0.34 0.39
PPL600 62.42 79.14 9.82 6.13 4.91 31.01 2.27 4.30 8.93 10.12 0.37 0.40

The polarity index ((O + N)/C) of individual samples was calculated from the atomic ratio of (O + N) and C; pore size was obtain via CO2 adsorption isotherm. Note that SOMYI
means the stable organic matter yield index; the capital ‘‘H and P” represent hydrochars and pyrochars, respectively; SS and PL mean the biochars obtained from swine solid
and poultry litter, respectively; 250, 450 and 600 refer to the heating treatment temperature (�C) of pyrochars.
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containing functional groups of hydrochars and pyrochars (a); relationship between
the bulk (O + N)/C and total functional groups (%) of hydrochars and pyrochars and
their maximum adsorption capacity (Qmax) of Sb (III) (b).
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was HTT-dependent, to some extents. With the increase of HTTs,
the surfaces of pyrochars generally became ‘‘cleaner”, flatter and
more inerratic. These data suggested that biochar pyrolysis condi-
tion, rather than the feedstock source, played a major role in the SA
and surface morphology of biochar.

Table 1 lists the bulk and surface elemental compositions of
hydrochars and pyrochars. Similar bulk OC contents of hydrochar
and pyrochars from the same feedstock were detected. According
to the classification of biochars based on their C content
(Lehmann and Joseph, 2015), all the biochar samples belonged to
low-C biochars (< 60%). In contrast, the ash contents of all the bio-
chars varied relatively greatly, ranging from 20.01% to 49.49%. The
bulk O content of swine solid- and poultry litter-derived biochars
followed the sequence: PSS250 (20.22%) > HSS250 (12.51%)
> PSS450 (10.58%) > PSS600 (7.92%) and PPL250 (25.60%)
> PPL450 (10.44%) > HPL250 (8.95%) > PPL600 (8.36%), respectively.
By comparison, the surface O contents changed in a comparatively
different pattern. In general, the pyrochars at three HTTs showed
more abundant surface O than the corresponding hydrochars
(Table 1). Additionally, the abundance of surface oxygen-
containing functional group was of interest considering that it
plays an important role in the adsorption capacity and the removal
mechanism of heavy metals (Alatalo et al., 2013). The bar graph
(Fig. 1a) neatly illustrated the generally higher percentage of sur-
face oxygen-containing functional groups (CAO, C@O and COOH)
of pyrochars than hydrochars, consistent with the lower zeta
potential (due to more negative surface charge) of pyrochars than
hydrochars (Fig. 2a and b).

The NMR spectra are illustrated in Fig. S2. Clearly, two hydro-
chars were dominated by alkyl C (0–45 ppm) although aromatic
C (108–148 ppm) also contributed. In contrast, the NMR spectra
for pyrochars, especially for pyrochars produced at 450 �C and
600 �C, showed a large contribution from aromatic C (108–
148 ppm), and a negligible contribution from paraffinic C (0–
45 ppm) and other structural groups (Fig. S2) (Sun et al., 2011).
Specific to the polar functional groups, it was noticed that the per-
centage of methoxyl, carbohydrate, carboxyl and carbonyl C almost
reached peak in the 250 �C pyrochars (Table S3), mainly due to the
lower decarboxylation and decarbonylation of feedstocks at 250 �C.
It has been demonstrated that decarboxylation and decarbonyla-
tion extent of biochars generally increased with increasing HTTs
(Lehmann and Joseph, 2015).
3.3. Effect of pH on Cd (II) and Sb (III) adsorption

The effects of pH on the adsorption of Cd (II) and Sb (III) by the
pyrochars and hydrochars were examined (Fig. 2c and d). All
experiments were conducted at pH values (3–6) below the onset
of metal hydrolysis and precipitation, estimated as pH > 7.8 for
Cd(OH)2. The results indicated that the adsorption of Cd (II) by
all the hydrochars and pyrochars generally rose with the increase
of pH from 3.0 to 6.0 (Fig. 2c), which was in line with the observa-
tion by Elaigwu et al. (2013). Over the studied pH range, the
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PSS250 showed the highest adsorption capacity for Cd (II), and
HPL250 had the lowest adsorption capacity. The following two
possible mechanisms could be used to explain the sorption effi-
ciency of hydrochars and pyrochars for Cd (II) as a function of
pH. Firstly, the zeta potentials of biochars were all negative and
became more negative with the increase of suspension pH
(Fig. 2a and b), indicating that the hydrochars and pyrochars pos-
sessed variable negative charges on their surface, and the surface
charges became more negative with increasing pH. These negative
charges of biochars could interact with Cd (II) through electrostatic
attraction, and moreover, the electrostatic adsorption increased
with the increase of pH. Furthermore, as discussed in the foregoing
section, biochars carried the surface functional groups such as
ACOOH and AOH. These functional groups could interact with Cd
(II) to form surface complexes on biochars. With the rise of solution
pH, the dissociation of these organic functional groups increased,
and thus the ability to form complexes with Cd (II) rose (Tong
et al., 2011). This gave another explanation for the increased
uptake of Cd (II) by biochars at higher pH.

Different fromCd (II), Sb (III) has been reported to exist primarily
as neutral molecule (Sb(OH)3) over a wide pH range
(Thanabalasingam and Pickering, 1990). However, similar to Cd
(II), Sb (III) adsorptionenhanced slightlywithpHuntil themaximum
values of 0.78 and 1.67 mg/g on hydrochars and pyrochars, respec-
tively, were obtained at pH 6 (Fig. 2d). The similar results were also
reported for Sb (III)-humic acid (Buschmann and Sigg, 2004) and Sb
(III)-hydrous oxidize sorption system (Thanabalasingam and
Pickering, 1990). The influence of pH on the sorption of Sb (III) onto
biochars may be explained by the complexation mechanism. With
the increaseof pH from3.0 to 6.0, a substantial part of thepolar func-
tional groups (e.g., ACOOH) is deprotonated (Alatalo et al., 2013;
Kambo and Dutta, 2015; Özkaya, 2006). Two following complexa-
tion mechanisms are proposed to occur: (i) ligand exchange at the
Sb center and release of hydroxides (Eq. (4)) and (ii) formation of a
negatively charged complex (Eq. (5)) (Buschmann and Sigg, 2004).
R mainly represents the benzene ring.
3.4. Effect of Cd (II) and Sb (III) adsorption on the zeta potential of
hydrochars and pyrochars

Previously, it has been documented that electrostatic adsorp-
tion of ions by the solid charged-surfaces will not affect the surface
charge of particles, since the absorbed ions exist in the diffuse layer
of electric double layers on the particles (Xu et al., 2005). By con-
trast, specific adsorption of ions will be able to change the surface
charge and surface potential of solid particles, because these ions
can enter the stern layer of electric double layers and form chem-
ical bonds with the solid particle surfaces (Yu, 1997). Considering
this, the zeta potential measurements of biochar samples after
metal adsorption would give some indication of the contribution
of electrostatic adsorption and surface complexation. The results
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in Fig. 2a and b clearly illustrated that the presence of Cd (II) and Sb
(III) enhanced the zeta potential of biochar particles, demonstrat-
ing the occurrence of surface complexation. Additionally, relative
to Sb (III), the Cd (II) adsorption induced the higher increase of zeta
potential, further suggesting that the surface complexation
between biochar and Cd (II) was possibly stronger than that of bio-
char + Sb (III).

3.5. Effect of Cd (II) and Sb (III) sorption on the FTIR of hydrochars and
pyrochars

As aforementioned, Cd (II) and Sb (III) had tendencies to form
complexes with functional groups within bicohars. On biochar sur-
faces, there were various active functional groups (e.g., ACOOH,
C@O and AOH), which could react with Cd (II) and Sb (III) to form
surface complexes, i.e., specific adsorption of Cd (II) and Sb (III) by
biochar surfaces. The complexation reactions may result in the
variation of chemical environment of some functional groups of
biochars (Tong et al., 2011), and thus may lead to a change of their
vibrational band in FTIR spectra. Correspondingly, the comparison
of FTIR spectra of hydrochars and pyrochars before and after load-
ing Cd (II) and Sb (III) may be conductive to further identifying the
functional groups which specially interact with Cd (II) and Sb (III).
Figure 3 presents that after adsorption of both Cd (II) and Sb (III),
the corresponding peaks of aromatic C@O stretching
(�1600 cm�1), and CAO and C@O stretching (�1058 and
1065 cm�1) changed, to some extents. For instance, the peaks of
aromatic C@O, and CAO and C@O stretching reduced after loading
Cd (II), and moreover, the variation was more significant for swine
solid-derived biochars, implying their relatively stronger surface
complexation. Additionally, the weaker AOH peak (�3400 cm�1)
was observed for poultry litter-based biochars after the treatment
with Sb (III). Similar result was reported for a system of pyrochars
from soybean stover, in which the interaction of AOH with Sb (III)
changed the pyrochars FTIR spectra (Vithanage et al., 2015). These
spectra analysis provided the evidence for the formation of surface
complexes between Cd (II) and aromatic C@O, CAO and C@O
groups within the biochars, and between Sb (III) and aromatic
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Fig. 3. The FTIR spectra for the hydrochars and pyroch
C@O, CAO, C@O and OH groups present on the biochars,
respectively.

3.6. Adsorption isotherms of Sb (III) and Cd (II) by pyrochars and
hydrochars

3.6.1. Effect of metallic species
The adsorption isotherms of Sb (III) and Cd (II) by all sorbents

are shown in Fig. S3. Freundlich, Langmuir and Langmuir-
Langmuir equations are classical models for adsorption isotherms
of metals. These equations were used to fit adsorption data for
the hydrochar and pyrochar systems. A summary of the theoretical
parameters and the corresponding R2 values are listed in Table 2.
The R2 values for the adsorption of Cd (II) and Sb (III) onto the bio-
chars were generally the highest for Langmuir-Langmuir model,
demonstrating that Langmuir-Langmuir equation gave the best
fit. For all the studied sorbents, the following order was observed
for metal ions adsorption: Cd (II)� Sb (III) (Fig. 4a and Table 2).
The Qmax of hydrochars and pyrochars were 19.80–27.18 and
33.48–81.32 mg/g for Cd (II), and 2.24–3.98 and 4.44–16.28 mg/g
for Sb (III), respectively. The higher Qmax for Cd (II) than Sb (III)
may result from the different metal ion species in aqueous solu-
tion. Over the investigated pH range, the Cd (II) was present in
the free cationic forms, while Sb (III) was in neutral molecules
(Thanabalasingam and Pickering, 1990). Firstly, the neutral Sb
(OH)3 less strongly interacted specifically with biochars than pos-
itively charged Cd ions, which was confirmed by the less significant
rise of zeta potential of biochars after loading Sb (III) than Cd (II) as
mentioned in Section 3.3. Additionally, electrostatic adsorption
could happen between positively charged Cd and negatively
charged biochars, but was negligible between neutral Sb(OH)3
and biochars (Kumar et al., 2011). As a result, compared to Sb
(III), relatively more Cd (II) ion could sorb onto the surface of
biochars.

3.6.2. Effect of pyrolysis temperature and condition
For a given metal, differences in Qmax also existed among hydro-

chars andpyrochars fromdifferent temperatures. ForCd (II) ions, the
ber (cm-1)
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Table 2
The sorption parameter for the sorption of Cd (II) and Sb (III).

Samples F-modela L-modelb L-L modelc

KF n R2 Qmax KL R2 Qmax,1 KL Qmax,2 KL Qmax,total R2

Cd (II)
HSS250 8.20 0.33 0.960 30.25 0.36 0.980 17.81 0.89 9.38 0.00 27.18 1.000
PSS250 15.01 0.43 0.970 81.12 0.18 0.980 45.61 0.34 35.71 0.02 81.32 0.985
PSS450 3.79 0.62 0.990 79.89 0.05 1.000 37.57 0.06 38.62 0.06 76.18 0.992
PSS600 1.98 0.54 0.990 31.94 0.04 1.000 15.96 0.06 17.48 0.04 33.44 0.993
HPL250 0.90 0.41 0.997 5.43 0.17 0.980 1.56 1.33 18.24 0.00 19.80 0.995
PPL250 4.42 0.52 0.970 55.94 0.06 0.980 27.78 0.07 29.91 0.07 57.69 0.992
PPL450 1.89 0.60 0.980 24.53 0.07 0.970 10.80 0.15 24.35 0.05 35.15 0.971
PPL600 1.01 0.64 0.990 31.16 0.02 0.990 1.79 0.14 31.69 0.01 33.48 0.993

Sb (III)
HSS250 0.65 0.15 0.997 3.62 0.02 0.999 0.08 1.25 3.90 0.02 3.98 0.999
PSS250 0.60 0.59 1.000 17.12 0.05 0.996 1.89 1.03 11.20 0.02 13.09 1.000
PSS450 0.30 0.74 0.996 11.20 0.02 0.997 12.49 0.01 0.17 0.83 12.66 0.997
PSS600 0.08 0.69 0.995 5.44 0.02 0.999 3.12 0.02 1.33 0.02 4.44 0.999
HPL250 0.13 0.51 0.989 1.41 0.04 0.970 0.19 1.95 2.05 0.01 2.24 0.989
PPL250 0.94 0.50 0.998 8.72 0.10 0.993 7.92 2.89 8.36 0.03 16.28 0.999
PPL450 0.19 0.70 0.998 6.56 0.02 0.998 0.17 2.06 8.11 0.01 8.27 0.999
PPL600 0.05 0.78 0.995 3.57 0.01 0.996 2.73 0.01 3.90 0.08 6.63 0.996

a Freundlich model.
b Langmuir model.
c Langmuir-Langmuir model. Note that the capital ‘‘H and P” represent hydrochars and pyrochars, respectively; SS and PL mean the biochars obtained from swine solid and

poultry litter, respectively; 250, 450 and 600 refer to the heating treatment temperature (�C) of pyrochars.
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Qmax of hydrochars and pyrochars derived from swine solids and
poultry litter decreased in an order of PSS250 (81.32 mg/g) >
PSS450 (76.18 mg/g) > PSS600 (33.44 mg/g) > HSS250 (27.18 mg/g)
and PPL250 (57.69 mg/g) > PPL450 (35.15 mg/g) > PPL600
(33.48 mg/g) > HPL250 (19.80 mg/g) (Table 2). The Qmax for Sb (III)
declined in the same order. Obviously, relative to pyrochars, hydro-
chars had the lower efficiency in sorbing both Cd (II) and Sb (III),
which was in sharp contrast with the high sorption capacity of
hydrochars for organic pollutants with a wide range of hydropho-
bicity (Han et al., 2016; Sun et al., 2011) (Fig. 4b). The lower sorp-
tion capacity of hydrochars for Cd (II) and Sb (III) than pyrochars
possibly resulted from their low contents of surface functional
groups (Fig. 1a) and less negative charges (Fig. 2a and b) (Özkaya,
2006), which was further supported by the positive relationships
between the Qmax for Sb (III) and bulk polarity and total functional
group of all the biochars (Fig. 1b). However, Elaigwu et al. (2013)
used microwave-assisted HTC and plant biomass to prepare hydro-
char and observed that hydrochar exhibited higher sorption ability
for Cd (II) than 350 �C pyrochars. The dissimilar results may be
because of the different preparation process of hydrochar. Specific
to pyrochars, the Qmax for two metals consistently dropped with
the increase of HTTs, in line with the change of bulk polarity with
HTTs. This phenomenon was also recorded for pyrochars from
pecan shell by Uchimiya et al. (2011) and from rice straw by Xu
et al. (2014). Additionally, under the same HTT, swine solid-based
pyrochars generally showed higher sorption capacity relative to
pyrochars from poultry litter. These data pointed out that PSS250
seemed to be good sorbents for the removal of Cd (II) and Sb (III)
from aqueous solutions. However, as above-mentioned, PSS250
showed low C stability indexes and SOMYI, indicating that it would
not reside in soils for a long period of time. Lehmann and Joseph
(2015) underscored that ‘‘if biochars could be decomposed rapidly,
their valuable benefits would be affected in extent and duration”.
Thus, PSS250 was not a satisfactory material for sorbing and retain-
ing Cd (II) and Sb (III). Recently, Guo and Chen (2014) reported that
OC stability of 500 �C rice straw-based biochar was influenced not
only by their aromaticity but also through possible protection by
silicon encapsulation, resulting in that OC stability of 500 �C pyro-
char was not necessarily lower than that of 700 �C one. Further-
more, on the basis of results by Singh et al. (2012), it could be
estimated that OC of 450 �C biochars was comparatively stable,
with the mean residence time varying between 90 and 1600 years.
Moreover, the data in Table 1 directly illustrated that OC of 450 �C
pyrochars were relatively stable, with comparatively high values of
OC stability indexes and SOMYI. These, along with the fact that
PSS450 had almost similar Qmax for Cd (II) and Sb (III) with
PSS250, indicated that PSS450was the better sorbent to immobilize
Cd (II) and Sb (III). According to the obtained Qmax values for Cd (II)
(76.18 mg/g) and Sb (III) (12.66 mg/g) at pH of 4.5, the possible
weight ratios of PSS450 to Cd (II) and Sb (III) in practical wastewater
treatment could be 13.13 and 78.99, respectively. However, the
actual percentage must be determined in the consideration of prac-



Table 3
Adsorption capacities of different biochars for Cd (II) and Sb (III).

Adsorbents Sorption capacity (mg/g) References

Cd (II) Sb (III)

Hydrochars
200 �C hydrochar from Prosopis africana shell 38.30 – Elaigwu et al. (2013)
200 �C hydrochar from sawdust 40.78 Sun et al. (2015)
200 �C hydrochar from wheat straw 38.75 Sun et al. (2015)
200 �C hydrochar from corn stalk 30.40 Sun et al. (2015)
250 �C hydrochar from swine solids 27.18 3.98 This study
250 �C hydrochar from poultry litter 19.80 2.24 This study

Pyrochars
Plant-derived pyrochars
350 �C pyrochar from Prosopis africana shell 29.90 – Elaigwu et al. (2013)
200 �C pyrochar from Ceiba pentandra hull 19.60 Rao et al. (2006)
450 �C pyrochar from rice straw 3.03 Xu et al. (2014)
600 �C pyrochar from rice straw 3.83 Xu et al. (2014)
450 �C pyrochar from wheat straw 5.00 Xu et al. (2014)
600 �C pyrochar from wheat straw 1.96 Xu et al. (2014)
450 �C pyrochar from oak wood 0.37 Mohan et al. (2013)
450 �C pyrochar from pine bark 0.34 Mohan et al. (2013)
450 �C pyrochar from oak bark 5.40 Mohan et al. (2013)
700 �C pyrochar from buffalo weed 11.33 Titirici et al. (2012)
400 �C pyrochar from rice straw 34.13 Mohan et al. (2013)
300 �C pyrochar from soybean stover 4.63 Vithanage et al. (2015)

Animal manure-derived pyrochars
300 �C pyrochar from swine solid 42.44 Xu et al. (2014)
450 �C pyrochar from swine solid 52.45 Xu et al. (2014)
600 �C pyrochar from swine solid 22.68 Xu et al. (2014)
200 �C pyrochar from dairy manure 32.02 Sun et al. (2013)
350 �C pyrochar from dairy manure 54.63 Sun et al. (2013)
400 �C pyrochar from pig manure 107.08 Filella et al. (2002a)
600 �C pyrochar from pig manure 117.01 Filella et al. (2002a)
400 �C pyrochar from cow manure 114.75 Filella et al. (2002a)
400 �C pyrochar from cow manure 118.40 Filella et al. (2002a)
400 �C pyrochar from cow manure 78.19 Filella et al. (2002a)
600 �C pyrochar from cow manure 82.30 Filella et al. (2002a)
250 �C pyrochar from swine solid 81.32 13.09 This study
450 �C pyrochar from swine solid 76.18 12.66 This study
600 �C pyrochar from swine solid 33.44 4.44 This study
250 �C pyrochar from poultry litter 57.69 16.28 This study
450 �C pyrochar from poultry litter 35.15 8.27 This study
600 �C pyrochar from poultry litter 33.48 6.63 This study
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tical solution conditions (e.g., pH, salinity and temperature) of
wastewaters.

The sorption capacities of other biochars for Cd (II) and Sb (III)
in the literature were also cited in this study (Table 3). It was
noticed that the adsorption capacities of pyrochars for Cd (II) in
this study (33.44–81.32 mg/g) were comparable with manure-
derived pyrochars (22.68–118.40 mg/g) in previous studies
(Filella et al., 2002a; Sun et al., 2013; Tong et al., 2011), but signif-
icantly higher than plant-derived hydrochars (30.40–40.78 mg/g)
and pyrochars (0.34–34.13 mg/g) (Audry et al., 2004; Buschmann
and Sigg, 2004; Mohan et al., 2013; Sundar and Chakravarty,
2010; Titirici et al., 2012) (Table 3). The higher ash content of
manure-derived pyrochar than plant-derived one may account
for its higher sorption affinity for metals (Mohan et al., 2014).
Exchange between cations the ash of manure-derived pyrochars
and Cd (II) was possibly the main potential mechanism. It could
be seen that besides C, N, and O, calcium (Ca), silicon (Si) and phos-
phorus (P) were also detected on the surface of the studied
manure-derived biochars (Table 1). Ca on the surface of biochars
may be mainly the calcium carbonate or calcium phosphates.
Because the Cd (II) adsorption was conducted under the acidic
environment, these complexes or/and precipitates on biochars
might be dissociated or dissolved, and then the new adsorption
sites could be provided via the exchange of Ca (II) with Cd (II)
(Xu et al., 2014). Moreover, it was noted that although hydrochars
exhibited the lower effectiveness in removing Cd (II) than manure-
pyrochars, they had higher sorption capacities for Cd (II) than most
of plant-based pyrochars. Moreover, Table 3 clearly and directly
illustrated that Sb sorption onto biochars was not widely studied,
making the comparison of sorption potential for Sb (III) challeng-
ing. One research group has studied the Sb (III) removal by
300 �C pyrochars from soybean stover (Vithanage et al., 2015).
Removal efficiency towards Sb (III) was 4.63 mg/g, similar to that
of hydrochars (2.24–3.98 mg/g) but lower than that of pyrochars
(4.44–16.28 mg/g) in this work. In view of the limited studies on
the Sb (III) sorption by biochars, its sorption values by other carbon
sorbents (e.g., biomass, activated carbon) were also cited to make a
further comparison (Iqbal et al., 2013; Koshima and Onishi, 1985;
Wang et al., 2012). It was found that the Qmax values (12.66–
16.28 mg/g) of 250 �C pyrochars and PSS450 in this study were
comparable with or slightly lower than those of bean husk
(20.14 mg/g) reported by Iqbal et al. (2013) and activated carbon
(15–24 mg/g) by Koshima and Onishi (1985), but much higher than
those of activated carbon (2.13–4.81 mg/g) by Wang et al. (2012).

4. Conclusions

Cd (II) adsorption onto hydrochar and pyrochars was demon-
strated to occur through both specific and electrostatic mecha-
nisms, and Sb (III) mainly interacted with hydrochar and
pyrochars through surface complexation. Relative to hydrochars
from both plant and manure, manure-based pyrochars showed
higher sorption capacity. Among six manure-based pyrochars,
450 �C swine solid-derived pyrochar was identified to be more
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suitable to immobilize Cd (II) and Sb (III). However, it should be
mentioned that its sorption efficiency might be inhibited in
strongly acidic wastewater. In future studies, detailed effect of pro-
cess parameters (e.g., salinity and temperature) on the sorption
should be addressed.
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