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� A novel engineered sorbent (i.e., MnOx-loaded biochar) was synthesized.
� Layered structures of MnOx were well dispersed on the carbon surface.
� Biochar/MnOx composite has strong sorption capacity to Cu2+.
� MnOx-loaded biochar as a low-cost sorbent may have promising environmental applications.
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Biochar/MnOx composite, as a potential adsorbent, was successfully synthesized via KMnO4 modification
of corn straw biochar (BC) under high temperature (600 �C). Surface properties and pore structures of the
MnOx-loaded BCs were examined by complementary analytical techniques including X-ray photoelectron
spectrometer, scanning electron microscopy coupled with energy dispersive X-ray spectroscopy, Fourier
transform infrared spectrometer, and nitrogen adsorption measurement at 77 K. Layered structures of
micro/nano-MnOx were well dispersed on the BC surface heat-treated with 10% KMnO4. Mn exhibited
oxidation state between Mn3+ and Mn4+, and the majority of surface oxygen was bonded to Mn in the
forms of MnAO (63.9%) and MnAOH (26.3%). The MnOx-loaded BCs exhibited much higher adsorption
capacity to Cu2+ relative to original BC with the maximum adsorption capacity as high as 160 mg/g.
The increased adsorption of Cu2+ on the MnOx-loaded BCs was mainly due to the formation of inner-
sphere complexes with MnOx and O-containing groups. The stronger binding affinity of Cu2+ with
MnOx-loaded BCs was also supported by lower desorption rate relative to original BC. The results suggest
that MnOx-loaded BC, as a low-cost adsorbent, may have promising environmental applications.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Pollution of heavy metals in water and soil has been of great
concern due to their adverse effects on organisms and humans as
well as nonbiodegradable nature [1]. They (e.g. Cu, Cd and Pb)
are persistent in the environment and hard to remove once intro-
duced into soil [2]. Among many remediation techniques, adsorp-
tion to high-binding adsorbents has been demonstrated to be one
of the most effective and simple ways to remove heavy metals
from aqueous phase or immobilize them in soil [2–4]. Due to un-
ique surface chemistry and porous structure, activated carbons
[5] and other carbon materials including carbon nanotubes [6]
and graphene [7] exhibit strong adsorption affinity to heavy metals
in aqueous solutions. However, their application in soil remedia-
tion and wastewater treatment in large-scale is very limited
mainly because of the high cost. Thus, novel adsorbents with high
adsorption capacity and abundant availability are increasingly
needed for amendment of contaminated soils and/or wastewater
treatment.

Biochar (BC) is produced by oxygen-limited pyrolysis of carbon-
rich biomasses such as crop straw, sludge and wood [2,3,8]. Appli-
cation of BC as a soil amendment is getting more attractive because
of its intrinsic capacity to hold water and nutrients for plants as
well as improve the physical, chemical and biological properties
of soil [9,10]. Moreover, like activated carbon, BC has strong
adsorption affinity to organic contaminants and heavy metals
due to the porous structure and heterogeneous surface chemistry
[11,12]. However, the ability of BC to adsorb contaminants de-
pends on its physicochemical characteristics, which vary greatly
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with the raw materials and pyrolysis conditions [13]. BCs with
extensive porous structure and high surface area are generally pro-
duced from the pyrolysis of source materials at high temperature
(400–700 �C) [14]. The intense heat treatment inevitably results
in fewer ion exchange functional groups on BC surfaces [13], which
to a great extent reduces the binding sites of BC to metal ions. Thus,
some efforts have been made to enhance the adsorption capacity of
BC through designing BC-based composites (i.e., engineered BCs),
including Fe2O3-coated BC [15], MgO-BC nanocomposite [16] and
nano-zerovalent iron-loaded BC [17]. Zhang et al. reported
that the Langmuir maximum adsorption capacity of magnetic
Fe2O3-coated BC to As(v) is above 3000 mg/kg [15]; and MgO-BC
nanocomposite exhibited high removal efficiencies to phosphate
(835 mg/g) and nitrate (95 mg/g) in water [16].

Manganese oxides (MnOx) with different phases or its compos-
ite (e.g., b-MnO2 [18], d-MnO2 [19], and MnO2-coated sand [20])
have been extensively used as adsorbents for heavy metals.
MnO2-loaded resin (D301) was demonstrated as an effective adsor-
bent for removal of lead and cadmium from aqueous solution [21].
Furthermore, manganese oxides were reported to have stronger
binding with heavy metals (e.g., Pb) than iron oxides with similar
surface area [22]. It is thus thought that the composite composed
of micro/nano-MnOx and porous BC probably has excellent perfor-
mance in removal of heavy metals. Until now, however, no attempt
has been made to investigate the adsorption properties of MnOx-BC
composite to heavy metals.

Therefore, the objectives of the present work are to (1)
synthesize and characterize a novel engineered composite (i.e.,
MnOx-loaded BC). A series of MnOx-loaded BCs with different MnOx

coverage (2.5%, 10%, and 60%) were prepared by thermal treatment
of KMnO4. The prepared composites were carefully characterized
for their physicochemical properties; and (2) examine adsorption
capacity of MnOx-loaded BC for Cu2+, a typical heavy metal. Cu2+

was selected as a representative heavy metal ion since it com-
monly exists in the soil and aqueous environments, especially in
areas of recycling wastewater for agricultural use [23].
2. Materials and methods

2.1. Synthesis of MnOx-loaded BCs

BC was produced from corn straws through slow pyrolysis at
600 �C for 3 h in a muffle furnace under N2 atmosphere. The ob-
tained BC was ground to pass through a 0.15 mm sieve, and 5 g
of the BC sample was soaked with 40 mL of KMnO4 solution. The
weight ratio of KMnO4 to BC was selected as 1:40 (2.5%), 1:10
(10%) and 3:5 (60%), and thus the final products were labeled as
2.5%MBC, 10%MBC, and 60%MBC, respectively. The suspension
was mixed ultrasonically for 2 h and was then oven dried at
80 �C. The mixture of BC and KMnO4 was heated at 600 �C for
0.5 h under N2 to produce MnOx-loaded BC. The obtained samples
were rinsed thoroughly with deionized water to remove impurities
and dried at 80 �C. Untreated BC was also included as adsorbent for
comparison.
2.2. Characterization of the samples

The bulk contents of C, H, N and S in the samples were deter-
mined using an elemental analyzer (Elementar Analysensysteme
GmbH, Germany). The oxygen content was calculated based on
mass balance. Ash contents were measured by heating the samples
at 800 �C for 4 h. Surface chemical composition was determined
using X-ray photoelectron spectrometer (XPS) (PHI 5000
VersaProbe, USA). The total amount of Mn in MnOx-loaded BCs
was determined by atomic absorption spectrophotometer (AAS,
VarianAA 140/240, USA) after digested with a mixture of H2SO4

and oxalic acid. Surface physical morphology of the samples was
examined using scanning electron microscopy (SEM) (JEOL, Japan),
and localized elemental information on the chosen region was
viewed with an energy dispersive X-ray spectroscopy (EDS, phoe-
nix DX 60s) in conjunction with SEM. Their functional groups were
characterized using Fourier transform infrared spectrometer (FTIR)
(Nexus 870, Nicolet, USA). The BET surface area (SBET), total pore
volume (Vtot), and pore size distribution of the BCs were measured
by nitrogen adsorption at 77 K using an Autosorb-1 gas analyzer
(Quantachrome, USA). Point of zero surface charge (pHPZC) was
determined using the pH drift method [24].

2.3. Adsorption and desorption experiments

The adsorption experiments were performed in 40-mL glass
vials at 25 �C. The Cu2+ solutions were prepared by dissolving its
nitrate salt, purchased from Sigma–Aldrich, in 0.01 mol/L NaNO3

as background electrolyte. The initial concentration of Cu2+ in the
solution was in the range of 6.35–127 mg/L. 100 mg of the adsor-
bents and 20 mL of Cu2+ solutions were added to the vials. The ini-
tial pH of the solutions was adjusted to 6.0 ± 0.1 by 0.1 mol/L NaOH
and HNO3 solution. All the vials were sealed and shaken at 150 rpm
in a rotary shaking incubator for 24 h to reach apparent equilib-
rium based on the preliminary study. Then the solutions were sam-
pled and centrifuged, the concentrations of Cu2+ in the supernatant
were determined using AAS. All adsorption experiments were con-
ducted in triplicate.

For desorption experiment, 100 mg of Cu-loaded adsorbents
from the adsorption test was added into 20 mL 0.01 mol/L NaNO3

solution after washing and drying. The vials were shaken at
150 rpm for 24 h to reach apparent equilibrium, then the Cu2+ con-
centrations in the solution were analyzed.

2.4. Data analysis

Both Freundlich and Langmuir models were used to describe
the adsorption isotherms. The two models have the following
equations:

Freundlich model : qe ¼ KF Cn
e ð1Þ

Langmuir model : qe ¼ QmaxKLCe=ð1þ KLCeÞ ð2Þ

where qe and Ce are the equilibrium solid-phase (mg/g) and liquid-
phase (mg/L) concentrations of Cu2+, respectively; KF (mg1�n Ln/g)
and KL (L/mg) are the Freundlich and Langmuir adsorption affinity
parameters, respectively; n is nonlinear coefficient (unitless); Qmax

(mg/g) is the Langmuir adsorption capacity.

3. Results and discussion

3.1. Charaterization of MnOx-loaded BCs

Relative elemental contents of C and H dramatically decreased
after KMnO4 modification. In contrast, bulk O content increased
from 5.16% (BC) to 25.6% (60%MBC) with increasing KMnO4 ratios.
Measured surface O content also increased from 15.3% to 38.0%
(Table 1). These data indicate that KMnO4 treatment greatly
increased the polarity and O-containing groups of the BC/MnOx

composite relative to original BC. The bulk content of Mn in
MnOx-loaded BCs, examined by digestion, was 6.75, 26.8, and
104 mg/g for 2.5%MBC, 10%MBC, and 60%MBC respectively, which
is comparable to the calculated values (i.e., 8.48, 31.6, and 130 mg/
g) based on the weight ratio of KMnO4 to BC. It means that the
majority of Mn (more than 80%) during the synthesizing process



Table 1
Selected physiochemical properties of the original and MnOx-loaded BCs.

Sample Bulk elemental composition (%) Surface atomic composition (%) Ash content (%) SBET (m2/g) Pore width (nm) Vtot (cm3/g) pHPZC

C H O N S C O Mn

BC 85.3 1.75 5.16 0.80 2.01 75.0 15.3 – 5.02 61.0 23.7 0.036 10.0
2.5%MBC 79.7 0.43 7.95 0.77 1.99 55.3 30.2 3.05 9.18 23.8 8.92 0.013 10.3
10%MBC 73.0 0.33 10.9 0.72 1.96 39.4 40.1 7.41 13.1 3.18 70.1 0.006 10.8
60%MBC 48.6 0.24 25.6 0.48 1.58 44.2 38.0 7.80 23.4 2.28 92.2 0.005 9.7
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was incorporated with original BC. Meanwhile, the increased sur-
face Mn content (Table 1) on treated BCs demonstrates the deposi-
tion of manganese oxides. The higher ash contents are also in line
with the introduction of manganese oxides into BCs.

Exposure to KMnO4 under heat treatment (600 �C in N2 for
0.5 h) heavily altered the structural properties of BC. SBET of BC
decreased from 61 to 2.28 m2/g, whereas average pore width
Fig. 1. SEM images of the MnOx-loaded BCs, i.e., (a) 2.5%MBC, (b) 10%MBC and (c) 60%M
increased from 23.7 to 92.2 nm with increasing manganese oxide
loading (Table 1). Manganese oxides and impurities from the
decomposition of KMnO4 at high temperature [25] could heavily
block the micropores and reduce the surface area and pore
volume of BC. On the other hand, the strong oxidative property
of KMnO4 may lead to the destruction of some nanopore struc-
tures and deformation from nanopores into meso-/macropores.
BC and corresponding EDS spectra with elemental ratio of the square region inside.
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Similar result was obtained with carbon nanotubes activated by
KOH etching [26]. The pore-blocking effect is more remarkable
for 2.5%MBC which shows much narrower average pore width
(8.92 nm) relative to that of original BC (23.7 nm). With increasing
KMnO4 ratios, however, the oxidation effect becomes stronger and
thus leads to the prominent pore widening for 10%MBC and
60%MBC.

To further examine the properties of manganese oxides on the
surface of KMnO4 treated BCs, SEM-EDS and XPS analysis for the
samples were carried out. SEM images show that the surface of
2.5%MBC is composed of porous structures and looks much
smoother compared with 10%MBC and 60%MBC (Fig. 1). It is found
that layered structures of manganese oxides containing amounts of
vacant sites are formed on the surface of 10%MBC, however, the
carbon surface is gradually covered with agglomerates of bulk par-
ticles with manganese oxide loading increasing to 60%. The EDS
analysis confirms the existence of manganese oxides on BCs, where
the atomic percentages of Mn and O on the surface increase from
1.06% and 6% to 5.6% and 20.4% respectively with the enhanced
KMnO4 ratios (Fig. 1). The metallic state of Mn incorporated in
the BC samples was examined by XPS and the spectra are compiled
in Fig. 2. An obvious increase of Mn(2p) intensity was observed
from the wide-scan spectra of BC after modification of KMnO4

(Fig. 2a), which is consistent with the results of EDS analysis. De-
tailed spectra of Mn(2p) peaks are presented in Fig. 2b. The
Mn(2p) binding energy values are in the range of 641.7–642.0 eV
for the KMnO4 treated BCs. The variation of XPS binding energies
of Mn(2p) alone, between Mn2+ and Mn4+, generally is too small
(less than 1.0 eV) to precisely evaluate the Mn valence of MnOx

[27]. However, the separation between Mn(2p3/2) and Mn(2p1/2)
peaks (Fig. 2a) is �11.0 eV, indicating the Mn exhibits oxidation
state between Mn3+ and Mn4+ in this study [20]. The spectra inten-
sity of O(1s) is also greatly increased after KMnO4 treatment
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Fig. 2. (a) XPS wide scan of the original and MnOx-loaded BCs, (b) XPS showing Mn2p core
its deconvolution.
(Fig. 2a). The O(1s) binding energy is around 530.5 eV (Fig. 2c),
which is generally accepted as lattice oxygen in the form of
O2� (metal oxygen bond). This peak is characteristic of the oxygen
in MnOx. A similar result was obtained in the case of quartz sand
modified with KMnO4 [20]. Furthermore, the reconstruction of
the O (1s) peak gives quantitative information on the nature of
the surface oxygen groups (Fig. 2c). 10%MBC was selected as a
representative, the O(1s) spectrum was divided into four peaks
located at 530.1, 531.4, 532.4 and 533.2 eV, respectively [28]. The
peaks could be assigned to manganese oxide (MnAO), hydroxyl
bonding to Mn (MnAOH), hydroxyl on BC surface (CAOH) as well
as chemisorbed water [28]. The majority of surface oxygen is
bonded to Mn in the forms of MnAO (63.9%) and MnAOH
(26.3%), which would provide abundant active adsorption sites
for Cu2+.
3.2. Adsorption properties of Cu2+on the adsorbents

Adsorption isotherms of Cu2+ on the original and MnOx-loaded
BCs are shown in Fig. 3. The adsorption data were fitted to
Freundlich and Langmuir models respectively and the fitting
parameters are listed in Table 2. Langmuir model provides better
fit than Freundlich model (R2 = 0.93–0.99 versus R2 = 0.86–0.97,
Table 2), which indicates that surface coverage plays a dominating
role in the adsorption of Cu2+ in this work. Langmuir model has
been commonly used to fit the adsorption of heavy metal ions on
geosorbents, black carbons and carbon nanotubes in previous stud-
ies [29]. Thus, the adsorption data are discussed here mainly based
on the Langmuir model fitting results.

Among the adsorbents, 10%MBC exhibits the highest adsorption
capacity (Qmax, 160.3 mg/g) for Cu2+, which is more than 8 times of
the original BC (19.6 mg/g, Table 2). The reported adsorption
capacities of Cu2+ by BCs derived from various raw materials
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including crop straws and livestock manure are in the range of
several mg/g to �90 mg/g [8,29,30]. Another study showed that
hydrothermally produced chars derived from pinewood and rice
husk had adsorption capacity of 25.2 and 22.6 mg/g for Cu2+,
respectively [31]. Besides, Wilson et al. [32] reported that the
adsorption capacity of two commercial activated carbons for Cu2+

was �56 and 65 mg/g at pH 4.8, more than 2 times lower than that
of 10%MBC. Apparently, our data indicate that coating with MnOx

could greatly enhance the adsorption of Cu2+ on BCs. Similarly, a
recent study developed graphene nanosheet/MnO2 composites to
remove Cu2+ and Pb2+ from aqueous solution [28]. The adsorption
capacity of the composites for Cu2+ was reported to be �103 mg/g,
which amounts to 64% of that of 10%MBC in current work. The
higher adsorption capacity of MnOx-loaded BC may be understood
by the fact that porous BC exhibits higher BET surface area than
graphene sheet, and could provide more surface sites for micro/
nano-MnOx loading, which leads to stronger sorption for Cu2+ ions.
In terms of practical use consideration, BC is much cheaper and
more easily obtained in large quantities relative to graphene sheet
and activated carbon. Thus, BC may be an excellent candidate for
effective and low-cost support for nanomaterial-carbon compos-
ites in environmental applications.

Note that, compared to 2.5%MBC and 10%MBC, 60%MBC has
lower adsorption capacity (Qmax, 18.5 mg/g) to Cu2+, indicating that
appropriate surface loading of MnOx on BC is one of the critical fac-
tors in controlling the adsorption capacity of Cu2+ on MnOx-loaded
BC. Previous studies demonstrated that high-energy adsorption
sites for metal ions are mainly located on the edges, defects and va-
cant sites in the interlayer of manganese oxides [33]. However,
excessive loaded MnOx (e.g., 60%MBC) are likely to form agglomer-
ates of bulk particles on the carbon surface as reflected by the SEM
images (Fig. 3c). Thus, many adsorption sites on the edges and
interlayers of nano/micro-sized MnOx structures could be easily
covered by the bulky MnOx particles. Accordingly, 10%MBC has
much more Cu2+ binding sites on the surface than 60%MBC, thus
higher adsorption capacity to Cu2+. However, it is noted that the
Table 2
Regression parameters of Cu2+ adsorption isotherms based on Freundlich and Langmuir m

Adsorbent Freundlich

KF (mg1�n Ln/g) n R

BC 7.03(0.54) 0.53(0.07) 0
2.5%MBC 13.6(1.14) 0.40(0.09) 0
10%MBC 68.0(18.0) 0.97(0.15) 0
60%MBC 36.9(4.94) 0.81(0.09) 0
binding affinity is stronger for 60%MBC relative to the original BC
(justified by the values of KL and KF, Table 2), especially at low
aqueous concentrations of Cu2+ (Fig. 3). It is indicated that the
adsorption efficiency of 60%MBC to Cu2+ was higher relative to ori-
ginal BC in spite of its comparable Cu2+ adsorption capacity on the
unit mass basis.

To better understand the differences in binding energy for Cu2+

between original and MnOx-loaded BCs, desorption of Cu2+ was
conducted in NaNO3 solution. Fig. 4 clearly reveals that desorption
of Cu2+ from all the samples decreases greatly with increasing
surface MnOx content. The maximum desorption rate of Cu2+

(% = desorbed amount of Cu2+/corresponding adsorbed amount of
Cu2+) was calculated and followed the order of BC
(11.6%) > 2.5%MBC (7.9%) > 10%MBC (0.7%) > 60%MBC (0.66%). The
results indicate that coating with micro/nano-MnOx could greatly
improve the binding affinity of Cu2+ on BC surface and thus de-
crease its desorption from BC. The adsorbed metal ions which
can be desorbed by un-buffered salt solution (e.g., NaNO3 in this
study) are generally considered as non-specifically (exchangeable)
adsorbed ions [34]. Thus the desorption data suggest that coating
with MnOx increases the relative contribution of specific adsorp-
tion of Cu2+ with BCs. It is reasonable to assume that MnOx-BCs
would be more effective compared with original BCs in retarding
the transport of heavy metals in aquatic environment and in engi-
neered processes (e.g., water and wastewater treatment).
3.3. Adsorption mechanisms of Cu2+ on the MnOx-loaded BCs

In order to elucidate the adsorption mechanisms, FTIR measure-
ments were performed to compare the different adsorption of Cu2+

on original BC and MnOx-loaded sample (i.e., 10%MBC) (Fig. 5). The
broad band around 3442 cm�1 and more prominent peak at
1385 cm�1 are associated with v(�OH) vibration in hydroxyl
groups [27,35]. The peaks at 2927 and 2856 cm�1 correspond to
the CH2 deformation vibration [36], and the signal at 1103 cm�1

can be assigned to the CAO groups [37]. The regions from 1526
to 1825 cm�1 are ascribed to aromatic groups (e.g., C@C) and car-
bonyl/carboxyl C@O stretching vibration. Noticeably, modification
with KMnO4 greatly increased the contents of O-containing groups
of BC, reflected by the enhanced band intensities such as 3442 and
1103 cm�1, especially for the OAH bending at 1385 cm�1 (Fig. 5).
After reaction with Cu2+, the peak at 1385 cm�1 weakened greatly
for 10%MBC, however, a slight increase was observed with the ori-
ginal BC sample. This indicates that the adsorption affinity of Cu2+

on the two adsorbents is different from each other. It can be ex-
plained by the fact that the higher absorption peak at 1385 cm�1

is attributed to OH deformation vibrations of hydrated MnOx on
the surface of 10%MBC [27]. The hydroxyl groups were highly con-
sumed in the adsorption of Cu2+ to form strong uni/multi-dentate
inner-sphere complexes (e.g., MnAOACu), leading to the decrease
of OAH signal at 1385 cm�1. However, the band at 1385 cm�1 for
original BC is probably due to OAH bending of phenol or CAO
stretching of COOH [35]. In contrast, the stronger binding affinity
between Cu2+ and MnOx leads to more significant variation of the
peak at 1385 cm�1. The spectra results provide more evidence on
odels.

Langmuir

2 Qmax (mg/g) KL (L/mg) R2

.953 19.6(1.27) 0.60(0.09) 0.991

.863 54.7(30.6) 1.14(0.84) 0.966

.935 160.3(28.3) 1.08(0.48) 0.940

.971 18.5(2.08) 3.42(1.07) 0.925
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the strong interactions between Cu2+ and MnOx on the surface of
treated BCs. Similar to our observation, hydroxyl groups on graph-
ene nanosheet/MnO2 composites were also heavily changed after
Cu2+ adsorption [28], where formation of monodentate complexes
on surface of the composites was proposed to play a dominant role
in the adsorption based on the results of XPS and XRD [28]. It was
also reported that adsorption of Cu2+ on crop residue BCs was
mainly through carboxylic and hydroxylic groups, and adsorption
capacities were roughly positively correlated with their oxygen
contents [23,29].

Although complexation is strong between Cu2+ and MnOx as
well as O-containing groups on BCs, adsorption due to cation-p
interaction should be also considered. It is reported that graphenic
carbon atoms exhibit a basic character which allows them to serve
as adsorption sites for positively charged hydrated metal cations in
aqueous solutions [6]. With increasing pyrolysis temperature, the
structure of BC is gradually converted from a predominantly amor-
phous characteristic into a turbostratic char material mainly com-
posed of disordered graphitic crystallites [38]. An abundance of
polarized p-electron is known to be associated with the graphene
sheets of plant-derived BCs [39]. Previous study suggested that
Cd2+ adsorption on plant-derived BCs produced above 350 �C oc-
curred predominantly via cation-p bonding with electron-rich do-
mains on aromatic structures [39]. Similarly, Cu2+ was also
observed to be adsorbed on carbon nanotubes through strong cat-
ion-p interaction at solution pH 6.5 [40]. The BCs used in this work
was produced at 600 �C from corn straw, which may contain abun-
dant graphene-like domains on the carbon surface [38]. Thus, cat-
ion-p interaction could be another important contributor to Cu2+

adsorption on the original BC. Meanwhile, it is speculated that
the rest of BC surface unstained by manganese oxides, especially
for 2.5%MBC and 10%MBC, could also interact with Cu2+ through
cation-p bonding. However, for 60%MBC, the much higher cover-
age by manganese oxides and impurities from pyrolysis of KMnO4

to a greater extent altered the surface structure of BC and influ-
enced the formation of delocalized-p bond in graphene-like do-
mains and thus the cation-p interaction with Cu2+ ions.
Therefore, it is reasonable to speculate that the weakened cation-
p interaction could also be used to partly explain the lower adsorp-
tion capacity (Qmax) of Cu2+ on 60%MBC compared to 2.5%MBC and
10%MBC.

Our pH drift experiment suggests that both original and
MnOx-loaded BCs are positively charged in the tested pH (�6.0)
due to their high pHPZC values (around 10, Table 1), which is con-
sistent with the literature that BC generally has an alkaline pH
[9]. Meanwhile, our previous study [41] suggested that Cu2+ is
the main species at suspension pH below 6. Thus, cation exchange
with protonated functional groups (e.g., AOH and ACOOH) of BCs
could partly contribute to Cu2+ adsorption in this work, which is
evidenced by the slight decrease of equilibrium aqueous pH (i.e.,
pH decreases from 6.0 to �5.7) with increasing Cu2+ adsorption.

4. Conclusions

A novel engineered adsorbent (i.e., MnOx-loaded BC) was
successfully synthesized via KMnO4 modification of corn straw
BC in a nitrogen atmosphere at 600 �C. Layered structures of
micro/nano-MnOx were well dispersed on the BC surface heat-
treated with 10% KMnO4. The unique nanostructure makes the
MnOx-loaded BCs has much stronger adsorption capacity for Cu2+

than original BC with the maximum adsorption capacity as high
as 160 mg/g. The increased adsorption of Cu2+ on the MnOx-loaded
BCs was mainly due to the formation of surface complexes with
MnOx and O-containing groups. Besides, other mechanisms includ-
ing cation-exchange and cation-p bonding may also be involved in
the Cu2+ adsorption. Meanwhile, the desorption data evidenced
that the adsorbed Cu2+ on MnOx-loaded BCs was more stable than
on original BC, indicating that MnOx/BC composites, as a low-cost
adsorbent, may be more effective in various environmental appli-
cations, such as wastewater treatment or immobilization of heavy
metals (e.g., Cu2+) in contaminated soils.
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