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This study examined the ability of two biochars converted from anaerobically digested biomass to sorb
heavy metals using a range of laboratory sorption and characterization experiments. Initial evaluation of
DAWC (digested dairy waste biochar) and DWSBC (digested whole sugar beet biochar) showed that both
biochars were effective in removing a mixture of four heavy metals (Pb2 +, Cu2+, Ni2+, and Cd2+) from
aqueous solutions. Compared to DAWC, DWSBC demonstrated a better ability to remove Ni and Cd. Fur-
ther investigations of lead sorption by the two biochars indicated that the removal was mainly through a
surface precipitation mechanism, which was confirmed by batch sorption experiments, mathematical
modeling, and examinations of lead-laden biochars samples using SEM–EDS, XRD, and FTIR. The lead
sorption capacity of the two biochars was close to or higher than 200 mmol/kg, which is comparable
to that of commercial activated carbons.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metals pose a risk to public health because of their toxic
and non-biodegradable nature and widespread occurrence in nat-
ural and human-altered environments. They are mainly introduced
into the environment from point sources such as discharges from
mining, metal plating, battery, and paper industries. Lead, copper,
cadmium, and nickel are among the most toxic and carcinogenic
heavy metals that could cause serious environmental and health
problems. The United States Environmental Protection Agency
(USEPA), therefore, has established very strict maximum contami-
nant level goals for these heavy metals in natural waters (Table S1,
Supporting information).

Many methods have been developed to address these stringent
environmental regulations which necessitate removal of heavy
metal compounds from waste water. Traditional water treatment
technologies, such as precipitation, ion exchange, electro-coagula-
tion, membrane filtration, and packed-bed filtration have been
found to be effective in reducing heavy metal concentrations
(Akbal and Camci, 2011; Boudrahem et al., 2011; Malamis et al.,
2011). Most of these technologies, however, may be associated
with high operation cost and/or sludge disposal problems (Sud
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et al., 2008). These disadvantages have increased the need of devel-
oping alternative and low-cost water treatment technologies for
heavy metal contaminants. Biosorbents therefore have been sug-
gested to be a potential candidate to satisfy this need to remove
toxic metals from wastewater (Demirbas, 2008, 2009). For exam-
ple, Demirbas (2008) indicated that agricultural by-products and
in some cases appropriately modified could be used to develop
cost-effect technologies to treat heavy metals in both industrial
and municipal wastewater.

Biochar is a pyrogenic carbon-rich material, derived from ther-
mal decomposition of biomass in a closed system with little or no
oxygen (Das et al., 2008; Lehmann et al., 2006; Van Zwieten et al.,
2010). When cheap biomass, particularly agricultural by-products,
is used for biochar produce, the cost of biochar production is
mainly associated with the machinery and heating, which is only
about $4 per gigajoule (Lehmann, 2007). The use of biochar as a
low-cost sorbent to remove metallic contaminants from aqueous
solutions is an emerging and promising wastewater treatment
technology, which has already been demonstrated in previous
studies (Beesley and Marmiroli, 2011; Liu and Zhang, 2009; Mohan
et al., 2007; Uchimiya et al., 2010). Biochars converted from agri-
cultural residues, animal waste, and woody materials have been
tested for their ability to sorb various heavy metals, including lead,
copper, nickel, and cadmium (Cao et al., 2009; Uchimiya et al.,
2011, 2010). In addition, aerobically digested biomass has been
om aqueous solution by biochars derived from anaerobically digested bio-
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found to be a good feedstock to produce biochars with suitable
physicochemical properties to serve as a low-cost sorbent (Inyang
et al., 2010; Yao et al., 2011a). A recent study indicated that biochar
converted from anaerobically digested sugarcane bagasses is a far
more effective sorbent of lead than biochar from undigested bag-
asses and even more effective than commercial activated carbon
(Inyang et al., 2011). It is suggested that anaerobic digestion could
be used as new activation method (i.e., ‘biological activation’) to
create high-efficiency carbon-based sorbents for heavy metals
(Inyang et al., 2011). In addition, this method may also provide
other benefits, such as producing renewable bioenergy through
anaerobic digestion and pyrolysis and reducing waste manage-
ment cost. However, there is still a paucity of data showing the
universal applicability of ‘biologically activated’ biochars to water
purifications. Particularly, it is unclear whether biochars converted
from other digested biomass types also have superior ability to
remove heavy metals from water (Inyang et al., 2011).

Sugar beets and dairy manure are two of the most common bio-
mass types used in anaerobic digesters to produce bioenergy. Sugar
beets are traditionally used for sugar production; however, they re-
quire rapid processing to maximize sugar extraction and minimize
spoilage. Traditionally, dairy waste could be applied directly to
agricultural lands as amendment for soils, but there are increasing
concerns over the potential risk of surface and groundwater con-
tamination (Hooda et al., 2000). Recent studies suggest that anaer-
obic digestion could be an effective waste management strategy to
reduce the volume of sugar beets and dairy waste as well as to gen-
erate bioenergy (Brooks et al., 2008; Fang et al., 2011; Wang et al.,
2010). Because most of the bacterial digestion processes cannot
utilize all the feedstock materials, it is therefore important to de-
velop methods to handle the residuals. To our knowledge, how-
ever, little research has been conducted to develop methods to
process anaerobic digestion residuals, particularly with respect to
using the digested biomass to make biochar-based sorbents.

The over arching objective of this work was to determine
whether biochars converted from anaerobically digested biomass
other than sugarcane bagasse can be used as effective sorbents to
remove heavy metals from water. Two biochars were produced
from anaerobically digested dairy waste and whole sugar beets
in the laboratory through slow pyrolysis. Batch sorption experi-
ments were used to examine the sorption behaviors of heavy met-
als on the biochars and the physicochemical properties of the pre-
and post-sorption biochars were determined. Mathematical mod-
els were used to help data analysis and interpretation of sorption
mechanism. The specific objectives of this work were to: (1) eval-
uate the removal efficiency of lead, copper, nickel and cadmium
from aqueous solution by the two biochars; (2) determine the
sorption characteristics of lead on the biochars; and (3) understand
the sorption mechanisms of lead on the biochars.
2. Methods

2.1. Materials

Digested dairy waste residue was produced by a single-stage,
thermophilic, anaerobic digester at the Dairy Research Unit of
the Animal Science Department, University of Florida (UF) in
Gainesville, FL. Digested whole sugar beet residue was obtained
from a two-stage, thermophilic, high-solids sequencing, anaerobic
digester in the Sequential Batch Anaerobic Composting (SBAC) pi-
lot plant at UF. The residues were pressed, de-watered, then stored
in air-tight plastic bags, and refrigerated prior to use.

To make the biochars, the residue materials were first dried at
80 �C. About 500 g of the dried feed stocks were converted into bio-
char through slow pyrolysis at 600 �C for 2 h in a N2 environment
Please cite this article in press as: Inyang, M., et al. Removal of heavy metals fr
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in a furnace (Olympic 1823HE) following the procedures of Yao
et al. (2011a). The resulting biochars are referred to as DAWC (di-
gested animal waste char) and DWSBC (digested whole sugar beet
char). The biochar samples were ground and sieved to 0.5–1 mm
sized particles. After several rinses with deionized (DI) water to re-
move impurities such as ash, both DAWC and DWSBC samples
were dried at 80 �C for further testing.

All chemical reagents used were of high purity grades from
Fisher Scientific (Suwanee, Georgia). Stock solutions of 1000 ppm
lead (II) nitrate, cadmium (II) nitrate tetrahydrate, nickel (II) nitrate
hexahydrate, and copper (II) nitrate trihydrate were prepared by
dissolving appropriate amount of chemicals in DI water.

2.2. Biochar properties

Carbon, hydrogen, and nitrogen contents of the biochars were
determined using a CHN Elemental Analyzer (Carlo-Erba NA-
1500) via high-temperature catalyzed combustion followed by
infrared detection of resulting CO2, H2 and NO2 gases. Major inor-
ganic elemental constituents of the biochars were determined
using the EPA 200.7 method of acid digestion followed by analysis
by inductively coupled plasma with atomic emission spectroscopy
(ICP–AES).

The pH of the biochar samples was measured by combining bio-
char with DI water in a mass ratio of 1:20. The solution was then
hand stirred and allowed to stand for 5 min before measurement
with a pH meter (Fisher Scientific Accumet Basic AB15).

Biochar surface potential was determined by measuring the
zeta potential (f) of colloidal biochar suspensions obtained through
sonication according to the procedure of Johnson et al. (1996).
Charge mobility of each biochar suspension was determined using
a Brookhaven Zeta Plus (Brookhaven Instruments, Holtsville, NY)
and Smoluchowski’s formula was used to convert the electric
mobility into zeta potential.

Specific surface areas of the biochars were determined on a
Quantachrome Autosorb1 surface area analyzer. N2 adsorption iso-
therms measured at 77 K and interpreted using Brunauer, Emmet,
and Teller (BET) theory yielded mesoporous surface area (por-
es >1.5 nm) and CO2 adsorption isotherms at 273 K were inter-
preted using Monte Carlo simulations of the non-local density
functional theory and yielded microporous surface area
(pores <1.5 nm).

2.3. Sorption of heavy metals

An initial evaluation of the sorption ability of DAWC and
DWSBC was performed using a mixed heavy metal solution con-
taining Pb2+, Cu2+, Cd2+, and Ni2+. The concentration of each metal
in the solution was adjusted to be 0.1 mmol/L. About 0.1 g of the
test biochar was added into 68 mL digestion vessels (Environmen-
tal Express) and mixed with 50 mL of the heavy metal solution at
room temperature (22 ± 0.5 �C). After shaking in a reciprocating
shaker for 24 h, the vessels were withdrawn and filtered immedi-
ately through 0.1 lm pore size nylon membranes (GE cellulose ny-
lon membranes). The Ni, Cu, Cd, and Pb concentrations in the
filtrates were determined using ICP–AES (Perkin Elmer Plasma
3200RL). The sorbed heavy metal concentrations were calculated
based on the difference between the initial and final metal concen-
trations in the supernatant. Vessels without the sorbent (biochar)
or the sorbates (metals) were included as experimental controls.

2.4. Sorption of lead

Sorption kinetics of lead on DAWC and DWSBC were deter-
mined by mixing 50 mL of 200 ppm Pb2+ solution with 0.1 g of each
sorbent in the digestion vessels at room temperature, and shaking
om aqueous solution by biochars derived from anaerobically digested bio-
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over the course of a 24 h period. Sample solutions with their corre-
sponding blank controls were withdrawn at specific time intervals
to examine sorption kinetics. The mixtures were immediately fil-
tered and the filtrates were stored for further analysis.

Sorption isotherms were obtained by adding 0.1 g of each bio-
char to 50 mL of Pb2+ solutions with varying concentrations (5–
600 ppm) in each vessel and shaken for 24 h. The solutions were
then filtered and pH values of the filtrates were recorded. Both
the filtrates and lead-laden biochars were collected for further
analysis. The lead-laden biochars were washed with DI water sev-
eral times and oven dried before analysis.

For all lead sorption experiments, blank experiments without
the sorbent or sorbate were included as experimental controls,
which indicated that no addition or loss of lead in the experiments.
Lead concentrations in the filtrates were determined with the ICP–
AES. Lead concentrations on the biochars were calculated based on
the differences between initial and final aqueous solutions. All the
sorption experiments (mixed heavy metals and lead) were per-
formed in duplicate and the average values are reported here.
Additional analyses were conducted whenever two measurements
showed a difference larger than 5%.
2.5. Post-sorption characterizations

Scanning electron microscopy (SEM) coupled with energy dis-
persive spectroscopy (EDS) was used to examine surface morphol-
ogy and elemental composition of both pre-sorption and post-
sorption (lead-laden) DAWC and DWSBC. The tested samples were
mounted on carbon stubs using carbon conductive paint. The sam-
ples were placed under a JEOL JSM-6330F field-emission SEM
equipped with an Oxford EDS. During operation, the accelerating
voltage of the instrument was maintained at 10 kV and varying
magnifications were used.

X-ray diffraction (XRD) analysis was conducted on both pre-
and post-sorption biochar samples to identify possible crystalline
structures. A computer-controlled X-ray diffractometer (Philips
Electronic Instruments) equipped with a stepping motor and
graphite crystal monochromator was used.

Fourier transform infra-red (FTIR) analysis was used to charac-
terize functional groups present on the biochar surfaces. The bio-
char samples were directly mounted on the diamond base of a
Nicolet 6700FTIR (Thermo Scientific) and a transparent polyethyl-
ene film was used to cover the samples for the FTIR analysis.
3. Results and discussion

3.1. Biochar properties

CHN analysis revealed that DAWC contained much more carbon
than DWSBC (Table 1), probably because the feedstocks were from
different types of anaerobic digesters. DAWC also had higher nitro-
gen content but slightly lower hydrogen content than DWSBC
(Table 1). Elemental analysis showed that the two biochars had
various amounts of inorganic elements and slightly higher
amounts of Ca (5.5%) and K (2.3%) were presented in DWSBC and
DAWC, respectively (Table 1). These inorganic elements originated
Table 1
Elemental composition (%, mass based) of biochars used in this study.

C H N P K Ca

DAWC 65.42 0.68 3.63 0.36 2.33 1.89
DWSBC 20.15 1.07 0.43 0.54 1.51 0.64

a <0.01.
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from nutrients rich in plant and animal residues, but the most pre-
dominant component in both biochars was carbon.

Previous studies have shown that physicochemical properties of
biochars, such as pH, surface potential, and surface area, are impor-
tant factors controlling their environmental applications (Inyang
et al., 2010). Both DAWC and DWSBC were alkaline with a rela-
tively high pH (Table 2), which is similar to the biochars obtained
from anaerobically-digested sugarcane bagasse (Inyang et al.,
2010). This suggests that the two biochars could be good condi-
tioners for acid soils. The surface potential measurements indi-
cated that DAWC had more negative surface charge than DWSBC
which may be related to its higher surface area and pore volume
(Table 2). All of these data seems to suggest a greater potential
for DAWC to sorb abundant positively charged heavy metals.

3.2. Sorption of mixed heavy metals

Both DWSBC and DAWC showed good ability to remove the
mixture of four heavy metals from aqueous phase (Fig. 1). The re-
moval efficiency of the four metals by DWSBC was higher than 97%,
indicating this biochar has a strong affinity for all the tested heavy
metals. DAWC also showed high removal efficiency for Pb2+ (99%)
and Cu2+ (98%), but relatively low removal efficiency for Cd2+ (57%)
and Ni2+ (26%).

Previous studies indicated that the effectiveness of biochar in
the immobilization of heavy metals strongly depends on the metal
contaminant type (Uchimiya et al., 2010). The two biochars, how-
ever, showed different trends in removal rates (ability) for the four
metals in the mixed solution, indicating both metal and biochar
type played important roles. Although the differences were very
small, the removal ability of DWSBC for the metals followed the or-
der of Cd > Ni > Pb > Cu. In contrast, DAWC followed the order of
Pb > Cu > Cd > Ni, which is consistent with the removal efficiency
trend of biochars converted from poultry litter (Uchimiya et al.,
2010).

According to Shi et al. (2009), high sorption of Pb2+ from solu-
tion on sorbents through surface electrostatic attraction could be
attributed to its high electronegativity constant (2.33), which re-
sults in a high tendency for specific adsorption. However, the elec-
tronegativity constants ofNi2+, Cu2+, and Cd2+are 1.93, 1.90, and
0.69, respectively, is not consistent with the heavy metal removal
trends for either DAWC or DWSBC. Surface electrostatic interac-
tion, therefore, might not be a dominant heavy metal removal
mechanism for these biochars. Other mechanisms, such as precip-
itation and surface complexation, should also be considered (Cao
et al., 2009; Inyang et al., 2011; Uchimiya et al., 2011). In the fol-
lowing sections, sorption of lead on DAWC and DWSBC was exam-
ined in greater detail to improve current mechanistic
understanding of heavy metal removal by biochars from anaerobi-
cally digested biomass.

3.3. Lead sorption kinetics

DAWC and DWSBC sorbents showed similar lead sorption
kinetics and reached apparent sorption equilibrium after about
24 h (Fig. 2). There was an initial rapid increase in lead removal
followed by a slow down as sorption approached equilibrium.
Mg Zn Mn Cu Fe Al Pb

0.55 0.02 0.02 –a 0.09 0.16 –a

5.50 1.08 0.04 0.01 1.54 1.30 –a

om aqueous solution by biochars derived from anaerobically digested bio-
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Table 2
Basic physiochemical properties of biochars used in this study.

pH CO2 surface
area (m2/g)

N2 surface
area (m2/g)

Pore
volume
(cc/g)

Zeta
potential
(mv)

DAWC 10.0 555.2 161.2 0.147 �29.18
DWSBC 9.0 128.5 48.6 0.034 �15.85
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Pseudo-first-order, pseudo-second-order, and Elovich models were
used to simulate the sorption kinetics data collected. The govern-
ing equations can be written as (Gerente et al., 2007; Yao et al.,
2011b):

qt ¼ qeð1� e�k1tÞ first-order; ð1:1Þ

qt ¼
k2q2

e t
1þ k2q2

e t
second-order; ð1:2Þ

qt ¼
1
b

lnðabt þ 1Þ Elovich; ð1:3Þ

where qt (mmol kg�1) and qe (mmol kg�1) are the amounts of lead
sorbed at time t and at equilibrium, respectively; k1 (h�1) and k2

(kg mmol�1 h�1) are the first-order and second order apparent sorp-
tion rate constants, respectively; and a (mmol kg�1 h�1) and b
(kg mmol�1) are the initial Elovich sorption and desorption rate
constant at time t, respectively. The first order, second order and
Elovich models reproduced the sorption data closely for both bioch-
ars with coefficients of correlation all above 0.94 (Fig. 2). While the
Elovich model had the best fit for DWSBC with an R2 of 0.97, the
second-order model was a better fit for DAWC with an R2 of 0.95
(Table 3). Fittings of the three models to DWSBCPb sorption were
slightly better than that of DAWC (Table 3), suggesting that sorption
of lead on DAWC was more energetically heterogeneous. Although
those models assume different mechanisms (Gerente et al., 2007),
comparisons of the fittings did not help reveal the governing mech-
anisms of lead sorption on the two biochars because there were
only slight differences among the simulated results (Fig. 2).

A plot of the pre-equilibrium sorbed Pb amounts against the
square root of contact times for both biochar sorbents showed a
strong linear dependency with an R2 of 0.90 and 0.98 for DAWC
and DWSBC, respectively (Fig. S1, Supporting information). This
strong linear relationship, along with the slow sorption rate prior
to reaching equilibrium for both sorbents, suggests diffusion-con-
trolled removal of Pb2+ by the two biochars. This diffusion rate
could be controlled by each biochar’s intrapore dimensions, either
for a surface adsorption or precipitation removal mechanism. The
Fig. 1. Removal of heavy metals from aqueous solution by the two biochars
converted from anaerobically digested biomass.
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more rapid approach to Pb sorption equilibrium by DAWC and
its larger pore volume is consistent with this interpretation.
3.4. Lead sorption isotherms

The lead sorption isotherms on the two biochars showed a very
rapid increase in solid-phase concentrations, removing close to all
the lead at low equilibrium solution concentrations (Fig. 3). Above
lead equilibrium solution concentrations of 0.5 mmol/L there was
very little additional lead removal. Similar phenomena was ob-
served for lead removal by biochars made from anaerobically di-
gested bagasses, in which precipitation was shown to be the
dominant sorption mechanism (Inyang et al., 2011). Previous stud-
ies have demonstrated that slow release of negatively charged ions,
such as carbonate and phosphate, from biochars can precipitate
heavy metal ions, particularly lead (Cao et al., 2009; Inyang et al.,
2011). Because Pb2+ has strong chemical affinity with those ions,
biochar sorbents may completely remove lead from aqueous solu-
tions when its initial concentration is low. When the initial lead
concentration is high, however, Pb2+ can consume all the available
anions in solution and thus the isotherms will reach a plateau.

Comparisons between solution pH before (i.e., before adding
biochar) and after sorption for different initial lead concentrations
in the isotherm experiment (Fig. 4) support the surface precipita-
tion mechanism of lead removal by the two biochars. When the
Fig. 2. Kinetics of lead sorption by DAWC (a) and DWSBC (b).

om aqueous solution by biochars derived from anaerobically digested bio-
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Table 3
Best-fit model parameters of lead sorption on DAWC and DWSBC.

Parameter 1 Parameter 2 Parameter 3 Parameter 4 R2

DAWC First-order k1 = 0.280 qe = 266 – – 0.943
Second-order k2 = 0.00100 qe = 311 – – 0.950
Elovich a = 174 b = 0.0140 – – 0.943
Langmuir K = 928 Smax = 248 – – 0.0594
Freundlich Kf = 248 n = 0.0619 – – 0.416
Double Langmuir K1 = 1120 Smax1 = 234 K2 = 0.00233 Smax2 = 1.90 0.122

DWSBC First-order k1 = 0.181 qe = 203 – – 0.951
Second-order k2 = 0.000760 qe = 250 – – 0.960
Elovich a = 67.7 b = 0.0150 – – 0.968
Langmuir K = 266 Smax = 197 – – 0.930
Freundlich Kf = 189 n = 0.140 – – 0.808
Double Langmuir K1 = 351 Smax1 = 172 K2 = 2.87 Smax2 = 43.9 0.944
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initial lead concentrations were low, solution pH increased from
about 5 to about 10 after the lead was removed, which is consistent
with the alkali nature of the biochars (Table 2). This was because
initial lead concentration of lead was not high enough to consume
all the carbonate and/or phosphate ions (alkali) released by the
biochars. Because both carbonate and phosphate have strong buf-
fer capacities, their release from biochars could increase solution
pH even if lead precipitation on biochar surfaces might release
some H+ under certain conditions. When the amount of lead in
the solution was greater, the solution pH stayed unchanged or be-
came lower because of the full consumption of these alkali ions
(Fig. 4). The fact that final pH reached the minimum at the same
solvent concentration at which isotherm curve reached plateau
further confirmed the importance of the surface precipitation
mechanism (Figs. 3 and 4).

The Langmuir (L), Freundlich (F) and Langmuir–Langmuir (LL)
models were used to simulate the sorption isotherms of lead on
the two biochars. These governing equations can be written as
(Cao et al., 2009; Gerente et al., 2007):

qe ¼
KSmaxCe

1þ KCe
Langmuir; ð2:1Þ
qe ¼ Kf Cn
e Freundlich; ð2:2Þ
Fig. 3. Isotherms of lead sorption by DAWC (a) and DWSBC (b).
qe ¼
K1Smax1Ce

1þ K1Ce
þ K2Smax2Ce

1þ K2Ce
Langmuir� Langmuir; ð2:3Þ

where Smax (mmol kg�1) is the maximum amount of Pb sorbed; K
(L mmol�1) and Kf (mmol(1�n) Ln kg�1) are the Langmuir adsorption
constant related to the interaction bonding energies and the Fre-
undlich equilibrium constant, respectively; C (mmol L�1) is the
equilibrium solution concentration of the sorbate; and n is the Fre-
undlich linearity constant.

The models fit the experimental sorption data of DWSBC well,
but failed to describe that of DAWC (Fig. 3). The best-fit model
for DAWC isotherm was the Freundlich model, but the r2 was only
0.416 (Table 3). The failure of these models was probably due to
the higher heterogeneity of DAWC, which was converted from di-
gested dairy waste, a highly heterogeneous feedstock, a mixture of
components with different compositions.

For lead sorption on DWSBC, the two Langmuir-based models
(i.e., L and LL models) simulated the data better (r2 > 0.930)
than the Freundlich model (r2 = 0.808) (Table 3). Although
Langmuir-based models are developed for weak physical sorption,
L or LL model can be used to describe the sorption of metals on
biochars through precipitation (Cao et al., 2009; Inyang et al.,
2011). Inyang et al. (2011) indicated that precipitation of lead on
biochar derived from anaerobically digested bagasses could be
modeled with the L model with a large bonding constant
(K = 189 L mmol�1). The Langmuir sorption constant for the
Please cite this article in press as: Inyang, M., et al. Removal of heavy metals fr
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DWSBC tested in this study was also very high (K = 266 L mmol�1),
confirming a strong affinity of lead. The Langmuir sorption capacity
of lead sorption on the DWSBC was around 197 mmol kg�1, which
is comparable to that of commercial activated carbons (101–
395 mmol kg�1) and other biochar sorbents (11–680 mmol kg�1)
(Beesley and Marmiroli, 2011; Cao et al., 2009; Inyang et al.,
2011; Liu and Zhang, 2009; Mohan et al., 2007; Uchimiya et al.,
2010). Although the Langmuir model could not be used, a rough
estimation of the lead sorption capacity of DAWC directly from
the plateau of the isotherm indicated that it should be even higher
(>200 L mmol�1) than that of DWSBC (Fig. 3). This confirms that
om aqueous solution by biochars derived from anaerobically digested bio-
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Fig. 4. Changes in solution pH during lead sorption by DAWC (a) and DWSBC (b).
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biochars converted from anaerobically digested biomass can be
used as effective sorbents to remove lead from aqueous solutions.
3.5. Post-sorption characteristics and sorption mechanisms

SEM image analysis of the post-sorption (Pb-laden) DAWC and
DWSBC revealed the presences of many hexagonal and prismatic
crystalline structures on their surfaces (Fig. S2). The corresponding
EDS spectra of the SEM image focusing area showed very high
peaks of lead element, which demonstrated the presence of lead
on surfaces of the post-sorption biochars. This strongly suggests
the precipitation of lead mineral(s) from aqueous solution onto
the biochar surfaces, because both the elemental analysis (Table
1) and the SEM–EDS analysis of pre-sorption biochars (Fig. S3, Sup-
porting information) showed no lead or crystals of this type in the
original biochars.

Compared to pre-sorption biochars, XRD spectra of post-sorp-
tion biochars showed several new peaks at specific d-values asso-
ciated with lead minerals, further supporting the precipitation
mechanism of lead removal by the two biochars (Fig. S4). As dis-
cussed above, carbonate and/or phosphate released from the
biochars can react with lead in aqueous solution to form stable
minerals on biochar surfaces through following reactions:

Pb2þ þ CO2�
3 ! PbCO3 cerrusite; ð3:1Þ

2HCO�3 þ 3Pb2þ þ 4OH� ! Pb3ðCO3Þ2ðOHÞ2
þ 2H2O hydrocerrusite; ð3:2Þ
Please cite this article in press as: Inyang, M., et al. Removal of heavy metals fr
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5Pb2þ þ 3H2PO�4 þ X� ! Pb5ðPO4Þ3XðsÞ

þ 6Hþ pyromorphite; ð3:3Þ
where X can be either F�, Cl�, Br�, or OH�.
Three types of lead minerals, cerrusite (PbCO3), hydrocerrusite

(Pb3(CO3)2(OH)2), and pyromorphite (Pb5(PO4)3Cl), were identified
in the post-sorption DAWC, indicating lead removal by DAWC
could be controlled by all the three precipitation mechanisms
(i.e., Eqs. (3.1), (3.2), (3.3). This was probably because DAWC was
converted from a complicated feedstock (digested dairy waste)
and thus could release both carbonate and phosphate to react with
heavy metals in solution. Because of this heterogeneity, the ability
of biochar from digested manure to sorb aqueous heavy metals
might tend to fluctuate among samples, which may explain why
the three sorption models failed to describe the isotherms of lead
sorption on DAWC. In spite of the fluctuation, biochar converted
from anaerobically digested daily waste still has an unexception-
able ability to remove heavy metals from water (Figs. 1–3).

Only one lead precipitate (hydrocerrusite), however, was found
on the post-sorption DWSBC. Similarly, hydrocerrusite was also
found in a recent study of lead sorption through precipitation on
biochar converted from anaerobically digested sugarcane bagasses
(Inyang et al., 2011). XRD spectra of the pre-sorption biochars
indicated the existence of calcite (CaCO3) in both DAWC and
DWSBC, which could be a source of carbonate release into the
solution. Carbonate minerals such as calcite have also been found
in other biochars converted from other anaerobically digested bio-
mass (Yao et al., 2011a). Anaerobic digestion may concentrate
om aqueous solution by biochars derived from anaerobically digested bio-
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exchangeable cations, such as Ca2+, K+, Na+, into residue materials
(Gu and Wong, 2004; Hanay et al., 2008). Those cations may react
with the carbon material in the feedstock to form carbonate min-
erals during slow pyrolysis (Inyang et al., 2010).

Surface organic functional groups of the two biochars converted
from anaerobically digested biomass were characterized using FTIR
spectroscopy (Fig. S5, Supporting information). Functional group
distributions of DAWC and DWSBC were similar to biochars made
from other types of digested biomass (Inyang et al., 2010; Yao
et al., 2011a). Although the two biochars had relatively high sur-
face area (Table 1), comparisons of pre- and post-sorption FTIR
spectra for both DAWC and DWSBC showed high similarity, which
provides no evidence of lead adsorption on biochar through inter-
acting with the surface functional groups.
4. Conclusions

This study indicated that biochars produced from anaerobically
digested biomass (dairy waste and sugar beets) can effectively re-
move heavy metals from aqueous solutions. The lead sorption
capacity of the two biochars used in this study is comparable to
that of commercial activated carbons. Thus, biochar converted
from anaerobically digested biomass can be used as an alternative
sorbent for activated carbon or other water purifiers to treat heavy
metals in wastewater. High metal removal efficiency of biochars
from digested feedstock suggests that anaerobic digestion could
be used as a means of ‘biological activation’ to make high quality
biochar-based sorbents.
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