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� Two modification methods were used to improve biochar’s sorption ability.
� MPB and BPB sorbed more As and Pb than the unmodified biochar.
� BPB showed the highest sorption enhancement.
� Birnessite particles within BPB promoted heavy metal sorption.
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This work explored two modification methods to improve biochar’s ability to sorb arsenic (As) and lead
(Pb). In one, pine wood feedstock was pyrolyzed in the presence of MnCl2�4H2O (MPB) and in the other it
was impregnated with birnessite via precipitation following pyrolysis (BPB). The resulting biochars were
characterized using thermogravimetry, X-ray diffraction, X-ray photoelectron spectroscopy, scanning
electron microscopy, and energy-dispersive X-ray analyses. The dominant crystalline forms of Mn oxides
in the MPB and BPB were manganosite and birnessite, respectively. Batch sorption studies were carried
out to determine the kinetics and magnitude of As(V) and Pb(II) onto the biochars. As(V) and Pb(II) sorp-
tion capacities of MPB (0.59 and 4.91 g/kg) and BPB (0.91 and 47.05 g/kg) were significantly higher than
that of the unmodified biochar (0.20 and 2.35 g/kg). BPB showed the highest sorption enhancement
because of the strong As(V) and Pb(II) affinity of its birnessite particles.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Reclamation of heavy metals via adsorption is a convenient and
prevailing approach to remove heavy metals, such as arsenic (As)
and lead (Pb) from wastewater (Zhang et al., 2010). Recently,
research has been directed at producing and optimizing adsorbent
materials that have characteristics similar to activated carbon (C)
materials but are more cost efficient and environmentally friendly
(Inyang et al., 2010). For example, biochar is pyrogenic C produced
by thermal conversion of lignocellulose biomass under oxygen-free
or limited conditions (Lehmann et al., 2006; Sun et al., 2014). Bio-
char has been recognized as a candidate sorbent for As and Pb
(Inyang et al., 2011; Mohan et al., 2007). However, the As and Pb
sorption capacities of most of the pristine biochars are lower than
some commercial or modified adsorbents (Zhang et al., 2013; Zhou
et al., 2014). Thus, the goal of this research was to enhance sorption
capacity of biochar by producing biochar-based composites.

Manganese (Mn) oxide minerals are commonly found in soil,
especially those that have undergone cycles of wetting and drying
(Essington, 2004; Post, 1999). Of more than thirty Mn-oxides found
in terrestrial environments, birnessite is one of the most abundant
(O’Reilly and Hochella, 2003; Post, 1999). It has been noted for
their high adsorption capacity of both arsenite (As(III)) and
arsenate (As(V)) (Lenoble et al., 2004; Manning et al., 2002). In
addition, birnessite also has high oxidization potential and can
convert As(III) to less toxic As(V) (Lafferty et al., 2010a; Post,
1999). The sorption of As(V) by birnessite is pH dependent, but
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there is only a gradual decrease of sorption between pH 2 and 10
(Zhang and Sun, 2013). This is because surface complexation inter-
actions between As(V) and Mn-oxides may occur at appropriate
ambient pH and the oxygen moiety of As(V) displaces a surface
hydroxyl group on Mn-oxide to generate an inner-sphere complex
(Manning et al., 2002; Zhang and Sun, 2013).

Mn oxides also have a high potential for Pb(II) sorption
(Matocha et al., 2001; O’Reilly and Hochella, 2003). Lead sorption
was observed to be associated with internal reactive sites. For
example, Pb(II) may enter the space within birnessite’s layers
and tunnel into the internal cryptomelane structure (Lee et al.,
2013; O’Reilly and Hochella, 2003).

The specific objectives of this work were to: (1) prepare and
characterize two Mn oxide–biochar composites, (2) compare the
As(V) and Pb(II) sorption capacities of the composites with that
of pristine biochar, and (3) explore the possible mechanisms
involved in the As(V) and Pb(II) sorption.
2. Methods

2.1. Reagents

Sodium arsenate dibasic heptahydrate (Na2HAsO4�7H2O), lead
nitrate (Pb(NO3)2), potassium permanganate (KMnO4), manganese
chloride tetrahydrate (MnCl2�4H2O) and concentrated hydrochloric
acid (HCl) of analytical grade were purchased from Fisher Scientific
and were dissolved in deionized (DI) water (18.2 MO) (Nanopure
water, Barnstead).

2.2. Sorbent preparation

2.2.1. Mn oxide-modified pine biochar (MPB)
Loblolly pine (Pinus taeda) wood was oven dried overnight at

80 �C, then crushed and sieved to obtain the 0.425–1 mm size frac-
tion. After sieving, 14 g of the feedstock was immersed in 100 mL
of 5 g L�1 MnCl2�4H2O solution for 2 h. The mixture was oven dried
at 80 �C overnight, and then pyrolyzed in a tube furnace (MTI, Rich-
mond, CA) under flowing N2 by ramping the temperature at a rate
of 10 �C per min and holding at a peak temperature of 600 �C for
1 h. Unmodified pine biochar (PB), used as the control treatment,
was made similarly but without pre-soaking the feedstock in Mn
solution.

2.2.2. Birnessite-modified pine biochar (BPB)
Birnessite was synthesized using a modified KMnO4 precipita-

tion method as described by McKenzie (1980). Briefly, 3.15 g
KMnO4 was dissolved in 50 mL DI water, and a 5 g aliquot of PB
was added to the solution and agitated for 2 h with a magnetic stir-
rer. The suspension was then boiled for 20 min, followed by drop
wise addition of 3.3 mL concentrated HCl. The reaction was contin-
ued for additional 10 min under vigorous stirring. The solution was
then allowed to cool to room temperature (22 ± 0.5 �C) and filtered
through a 0.22 lm pore size nylon membrane filter. The resulting
biochar–birnessite composite was rinsed thoroughly with DI
water, oven dried overnight at 80 �C and stored in a closed jar until
analysis.

2.3. Sorbent characterization

Total carbon (C), nitrogen (N), and hydrogen (H) content in the
biochar samples was analyzed with a CHN elemental analyzer
(Carlo-Erba NA-1500). The inorganic element composition of
biochar samples was determined according to the AOAC method
(AOAC, 1990) and analyzed by inductively coupled plasma–atomic
emission spectrometry (ICP–AES, Perkin-Elmer Plasma 3200).
Oxygen content was determined by subtracting from 100 the
sum of the percentages of all measured elements (C, N, H, and inor-
ganic elements).

Total surface area was measured on a NOVA 1200 analyzer
using N2 sorption Brunauer–Emmett–Teller (BET) method.
Scanning electron microscope (SEM) images were obtained on a
JEOL JSM-6400 Scanning Microscope. Energy dispersive X-ray fluo-
rescence spectroscopy (EDS, Oxford Instruments Link ISIS) was
coupled with SEM in order to map surface elemental distributions
and associations in relation to particles embedded in the biochar
matrix. Surface elemental composition was also analyzed by X-
ray photoelectron spectroscopy (XPS) with a PHI 5100 series ESCA
spectrometer (Perkin-Elmer). An X-ray diffractometer (XRD)
(Ultima IV X-ray Diffractometer, Rigaku Corporation, Japan)
equipped with a stepping motor and graphite crystal monochro-
mator was used to identify Mn bearing crystals. A CuKa radiation
source was used, and the scans were made in the 2h range of 0�
and 80�. Thermogravimetric analyses (TGA) of original and modi-
fied biochar samples were done using a Mettler Toledo TGA/DSC1
analyzer. The temperature was increased by 10 �C per min
between 25 and 700 �C under air atmosphere.
2.4. Adsorption kinetics and isotherm

Investigation of As(V) (10 mg L�1) and Pb(II) (50 mg L�1) sorp-
tion kinetics by biochar followed the methods of Zhang et al.
(2013). Briefly, around 0.05 g of biochar was added to 20 mL of
the sorbate solution in 68 mL digestion vessels (Environmental
Express) at room temperature (22 ± 0.5 �C). Thus, sorbent concen-
trations were about 2.5 g L�1 for all treatments. The vessels were
placed onto a rotary shaker, and shaken at 40 rpm until sampling.
At each sampling time (0, 0.5, 1, 2, 4, 8, 12, 24 and 48 h), the sus-
pensions were immediately filtered through 0.22 lm pore size
nylon membrane filters (GE cellulose nylon membrane). As(V)
and Pb(II) were measured in the filtrate and sorption was calcu-
lated as the difference in initial and final solution concentration
of the sorbate.

Adsorption isotherms were determined for these metals using
the same procedure as described above but using a range of
As(V) (20 mL, 1–20 mg L�1) and Pb(II) (20 mL, 1–300 mg L�1)
sorbate solution concentrations and 24 h contact period. The
kinetic and isotherm experiments were run in triplicate. The initial
pH values of the As(V) and Pb(II) solutions were adjusted to around
7 and 5.5, respectively, with 0.01 M HCl and 0.01 M NaOH.
2.5. Statistical analyses

Modeling of sorption kinetics and isotherm data was conducted
with SigmaPlot 12.0 using user-defined functions to minimize the
residuals between model-calculated and measured values.
3. Results and discussion

3.1. Sorbent properties

Compared to pristine biochar, bulk C content of MPB and BPB
was 6.7% and 24.1% less, respectively (Table 1). Similar trends were
also found for Mg, Al, N, and H contents because of the dilution
effect. However, the concentration of K in BPB increased several
times over the pristine biochar as K was introduced in the synthe-
sis process. Chemical modifications also increased Mn concentra-
tions in MPB and BPB by about 182 and 354 times, respectively,
compared to PB (Table 1). These results were confirmed with XPS
analysis, which showed that Mn content was 3.7% (atomic) in



Table 1
Elemental composition, surface area and pore volume of pine wood biochar (PB), MnCl2�4H2O modified biochar (MPB) and biochar modified with synthesized birnessite (BPB).

Biochar C N H O Mn K Ca Mg Al P BET surface area m2 g�1 BJH pore vol (des. leg) cc g�1

%, mass based

PB 85.68 0.33 2.13 11.19 0.023 0.052 0.186 0.120 0.041 0.039 209.6 0.003
MPB 78.95 0.26 1.86 14.58 4.19 0.018 0.056 0.062 0.008 0.020 463.1 0.022
BPB 61.54 0.25 1.85 27.65 8.14 0.163 0.246 0.143 0.008 0.012 67.4 0.066
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MPB (Fig. S1a, Supporting information) compared to 9.4% (atomic)
in BPB (Fig. S1b, Supporting information).

The ash contents of PB, MPB and BPB were 4.02%, 14.0% and
33.4%, respectively (Fig. 1). The higher ash contents of MPB and
BPB likely resulted from the addition of Mn oxides. Conversion of
PB to MPB resulted in more than a doubling of BET surface area
and an increase in pore volume of more than seven times (Table 1).
This is likely due to the formation of new Mn-bearing minerals.
However, while the pore volume of BPB was 22 times that of PB,
the BET surface area decreased by two thirds, suggesting that the
birnessite modification may change the pore size distribution of
the biochar.

The MPB showed excellent crystallinity (Fig. S2a, Supporting
information). Its XRD peaks at d = 2.562, 2.220, 1.570, 1.339, and
1.281 Å correspond to manganosite (MnO) (Chen et al., 2009).
The presence of other small XRD peaks may indicate formation of
additional phases on MPB. Direct treatment of PB with KMnO4

and HCl (i.e., BPB) resulted in precipitation of poorly crystalline bir-
nessite as indicated by XRD peaks at d = 7.30 Å (001), 2.45 Å (100)
and 1.42 Å (110) (Fig. S3a, Supporting information) (O’Reilly and
Hochella, 2003).

TGA analysis indicates thermal stability of MPB is lower than
BPB (Fig. 1). TGA curves include a relative stable phase and a rapid
mass loss phase after combustion in the air. The main peak in
response to the turning point for rapid weight loss appeared at
380 and 335 �C for PB and MPB respectively. This trend is contrary
to that of the magnesium oxide, clay, and hematite modified bioch-
ars (Wang et al., 2015; Yao et al., 2013, 2014), where modified
biochars have higher thermal stability than pristine biochar. This
may be related to the transition of Mn-oxides during heating pro-
cess in air atmosphere. Thermal transformation and TG character-
istics of different Mn oxides under inert and air atmosphere had
been studied in the literature (Gonzalez et al., 1996); and the
authors found that manganite (MnOOH) and pyrolusite (MnO2)
exhibited faster weight loss at air, inert and reducing atmosphere,
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Fig. 1. Thermogravimetric (TG) curves of pine wood biochar (PB), MnCl2�4H2O
modified biochar (MPB) and biochar modified with synthesized birnessite (BPB).
e.g., weight loss start from around 60 �C, and rapid weight loss start
from below 300 and 600 �C under inert atmosphere, respectively. It
is possible that some Mn oxides in MPB underwent transformation
resulting in lower thermal stability. The weight of BPB did not
maintain stable at the beginning as that of PB and MPB, instead
it kept dropping, with lower slope in the first period and faster
slope in the second period (Fig. 1). The relationship between
weight and temperature showed a negative slope (R2 = 0.92) until
around 400 �C. This gradual weight loss in the first period of the
BPB may be due largely to the water loss entrapped in the interlay-
ers of birnessite (Gonzalez et al., 1996; Post, 1999). The better ther-
mal stability of BPB may be related to the properties of birnessite,
which is relatively stable until 620 �C in air atmosphere (Gonzalez
et al., 1996).
3.2. As(V) and Pb(II) sorption kinetics and isotherms

As(V) and Pb(II) sorption by both composites as well as the pris-
tine biochar was biphasic, with a rapid initial phase over the first
few hours followed by a much slow sorption phase (Fig. 2). The
rapid sorption phase may be ascribed to the rapid occupation of
easily accessible external surface sorption sites, likely via physical
sorption (Ahmad et al., 2014; Mohan et al., 2014). For example,
rapid sorption kinetics were reported for As(V) sorption by Fe-
modified activated carbon (Payne and Abel-Fattah, 2005) and for
Pb(II) sorption between adjacent layers (not interlayers) of birnes-
site (O’Reilly and Hochella, 2003). The slow sorption phase may be
attributed to specific (chemo-) and irreversible sorption (Ahmad
et al., 2014; Mohan et al., 2014).

The sorption kinetics data was fitted with pseudo-first-order,
pseudo-second order, and Elovich kinetic models (details of the
models can be found in the supporting information) to provide
insight into the potential sorption mechanisms (Fig. 2). As(V) sorp-
tion by PB, MPB and BPB was best-fit by the Elovich kinetic model
with R2 > 0.98 (Table S1). This was also true for Pb(II) sorption
kinetics of the PB and MPB. For the BPB, however, the Pb(II) sorp-
tion kinetics were better described by the first and second order
kinetic equations (Table S2). These results suggested that sorption
of heavy metals on the biochar samples used in this work might be
controlled by multiple mechanisms.

Based on the results of the Elovich model, the initial adsorption
rate (a) of As(V) of MPB and BPB were more than 72.3 and 2.5
times greater than that of PB, respectively. For Pb(II), a of MPB
and BPB was 18.3 and 41.3 times greater than that of PB, respec-
tively. The As(V) and Pb(II) desorption constant (b) of MPB and
BPB was also much lower than that of PB. These results indicated
that, in comparison to the pristine biochar, the modified biochars
had greater affinity to the two metals.

The sorption isotherms were generated by varying the ratio of
sorbate to sorbent. At low sorbate concentrations (below about
5 mg kg�1 As(V) or Pb(II)), sorption isotherms increased rapidly
with increasing equilibrium sorbate concentrations (Fig. 3).
Sorption increased much more slowly at higher sorbate concentra-
tions. Both Langmuir and Freundlich models reproduced the As(V)
sorption isotherm data well (R2 > 0.98, Table S1). The Langmuir
maximum sorption capacities (Smax) of MPB and BPB to As(V) were
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about 3.0 and 4.7 times greater than that of PB, respectively. Sim-
ilarly, both the Langmuir and Freundlich models described the
sorption of Pb(II) to the sorbents well (Table S2). The Smax of MPB
and BPB to Pb(II) were about 2.1 and 20.0 times greater than that
of PB, respectively. These results confirmed that the modification
enhanced the As(V) and Pb(II) sorption ability of the biochar. The
maximum Pb(II) and As(V) sorption capacities of the modified
biochars, particularly BPB, are comparable to that of many other
commonly used adsorbents reported in the literature (Tables S3
and S4).
3.3. As(V) sorption mechanisms

For the MPB, the EDS spectra of the post-sorption samples did
not show the interaction between sorbed As(V) and Mn oxide
(mainly MnO) particles (Fig. S4a and b, Supporting information),
which might be because the content of As adsorbed on the MPB
was below the determination limit of EDS (Hu et al., 2015). The
XRD pattern of the post-sorption MPB (Fig. S2b, Supporting infor-
mation) were similar to the original sample (Fig. S2a), suggesting
precipitation might not play an important role in As sorption. Addi-
tional investigations are still needed to better understand the
effects of MnO modification on the sorption of As(V) onto MPB.

Association of As(V) to Mn oxide (mainly birnessite) particles of
post-sorption BPB samples was detected by the EDS analysis
(Fig. S4c and d, Supporting information). This result indicated that
interaction between As(V) and birnessite particles could play an
important role in As(V) sorption onto the BPB. The XRD pattern
of the post-sorption BPB (Fig. S3c, Supporting information) did
not show any new peaks, suggesting precipitation might not be
an important mechanism for As(V) sorption onto the BPB. Previous
studies have demonstrated the strong interaction between As(V)
and birnessite particles and the sorption is found to be related to
edge site of birnessite (Manning et al., 2002; Tournassat et al.,
2002).

3.4. Pb(II) sorption mechanisms

Similarly, the SEM/EDS analyses of the post-sorption MPB sam-
ples could not verify that the sorbed Pb(II) was related to the MnO
particles in the MPB (Figs. S5 and S6, Supporting information).
However, the SEM/EDS results of the post-sorption BPB showed
the Pb(II) might be associated with the birnessite particles in the
BPB (Fig. S7, Supporting information). This result suggested that
birnessite particles in the modified biochars served as Pb(II) sorp-
tion site. The EDS mapping of the post-sorption MPB showed no
obvious association of Pb(II) and MnO particles, but did show a
large Pb particle (Figs. S6e and S5b, Supporting information), sug-
gesting the precipitation mechanism (Inyang et al., 2012). This
mechanism was further confirmed by comparing the XRD spectra
of the MPB before and after Pb(II) sorption (Fig. S2, Supporting
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information). XRD spectra of the post-sorption MPB showed new
peaks at d = 3.597 and 3.409 Å (Fig. S2C, Supporting information),
corresponding to Pb-bearing particles.

The XRD spectra of the post-sorption BPB did not show new
peaks, suggesting precipitation might not be an important mecha-
nism for Pb(II) sorption onto BPB. The EDS mapping of the post-
sorption BPB (Fig. S7, Supporting information), however, showed
some association between sorbed Pb(II) and the birnessite particles
in the BPB. Previous studies have suggested that Pb(II) cations are
sorbed either through diffusion into birnessite interlayers (O’Reilly
and Hochella, 2003), by replacing cations located above or below
the vacancy sites of birnessite (Lee et al., 2013), or by coordination
to vacancy sites of hexagonal birnessite surface structure (Lafferty
et al., 2010b; Matocha et al., 2001).

4. Conclusions

Biochar/manganosite (i.e., MPB) and biochar/birnessite (i.e.,
BPB) composites were synthesized. In comparison to the pristine
biochar, although both MPB and BPB showed enhanced sorption
of As(V) and Pb(II), the BPB had much better sorption ability. The
enhanced As(V) and Pb(II) sorption by BPB was mainly due to the
presences of birnessite particles within the BPB, which showed
strong interactions with the two heavy metals and thus played
an important role in the sorption. Findings from this work sug-
gested that birnessite modification of biochar provides an effective
way to prepare low-cost carbon adsorbents for heavy metal
treatment.
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