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LETTER

Molecular adsorption by biochar produced by eco-friendly low-temperature
carbonation investigated using graphene structural reconfigurations
Kiminori Sato a, Akinori Yamamoto a, Michael Dyballa b and Michael Hunger b

aDepartment of Environmental Sciences, Tokyo Gakugei University, Tokyo, Japan; bInstitute of Technical Chemistry, University of Stuttgart,
Stuttgart, Germany

ABSTRACT
Biochar is a promising material for environmental amendment. However, the adsorption
mechanism of nitrogen-based ionic species, particularly the pH dependence, is still under
debate because of its high susceptibility to experimental conditions. In this study, the
adsorption of ammonium sulfate by rice-husk biochar produced by low-temperature
carbonation as an eco-friendly approach was studied using Fourier-transform infrared (FT-IR)
spectroscopy, 13C magic-angle spinning (MAS) nuclear magnetic resonance (NMR), and open-
space analysis using positrons coupled with molecular simulations. In the aqueous solution with
pH of 5.38, graphenes are isolated exposing fresh surfaces, which physisorb NH+

4 via interaction
with π electrons rather than surface functional groups. Furthermore, the low-temperature
carbonation leads to a lower degree of graphitization with grain boundary defects in graphene,
triggering the fracture of graphene during the shaking process in an aqueous solution. SO2−

4
physisorption occurs as an outer-sphere surface complex on the positive charge caused by a
charge transfer of ∼2.5% from the terminal hydrogen at the graphene edge. A decrease in
aqueous pH by ∼0.7% significantly changes the above adsorption properties both on the
surfaces and at the edges: diminishment of physisorption and transition to chemisorption by
the formation of an inner-sphere surface complex.
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1. Introduction

Owing to the potential for soil amendment, water pol-
lution control, crop production, and greenhouse gas
reduction, biochar has been a promising candidate for
environmental application (1). Particularly, thermochemi-
cal processes as low-temperature carbonation have
recently attracted attention as one of the eco-friendly
approaches for synthesis of solid biochar (2). Sorption
experiments for nitrogen- and sulfur-based species
using batch equilibration have yielded satisfactory per-
formances in many cases (3). The high adsorption

capability has been explained mainly through electro-
static and chemical interactions with charged functional
groups on the surface of the biochar (4, 5). For example,
oxygen functional groups with a negative charge exist
on the biochar surfaces, which attract ammonium via elec-
trostatic interaction enhancing the adsorption perform-
ance (6). FT-IR spectroscopy demonstrated -COOH, C=O,
-OH, and other functional groups on the biochar surface
(2). The adsorption capability in an aqueous solution
often exhibits pH dependence. Generally, it is reduced
at a low aqueous pH (4). The above tendencies are
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sensitively influenced by ambient sample conditions (e.g.
the origin of the feedstock and production history) (7).

Biochar, a carbonaceous organic matter produced
from the pyrolysis of biomass feedstocks under oxygen-
free or limited conditions, is a type of graphite material
(1). Thus, the minimum structural unit of biochar can be
assumed to be graphene, a two-dimensional nanosheet
consisting of sp2-hybridized carbon atoms with covalent
bonds in a hexagonal honeycomb structure (8). In con-
trast to the in-plane covalent bonding, graphene
nanosheets are weakly stacked by van der Waals forces.
Hence, graphite can be easily exfoliated into graphenes,
as initiated in the study on graphene isolation with
Scotch tape (9). Nanotechnologically, the graphite exfolia-
tion in an aqueous solution is a well-known approach for
a large mass production of single- and few-layer gra-
phene nanosheets (10). In practical biochar applications,
the particular conditions involved in molecular adsorp-
tion are similar to those of graphite exfoliation in an
aqueous solution (i.e. wet conditions). Thus, biochar appli-
cations involve isolation of graphene, exposure of fresh
surfaces to a solution, and reconfiguration.

In this study, the molecular adsorption of ammonium
sulfate by a rice-husk biochar produced by a low-temp-
erature carbonation was investigated, focusing on the
structural reconfigurations of graphene following iso-
lation in an aqueous solution. We attempted to identify
the local structural disorder caused by adsorption-
dependent graphene reconfigurations, for example, a
nanovoid among the graphite particles. Conventional
diffraction and scattering techniques, such as high-resol-
ution transmission electron microscopy, cannot be easily
applied to probe the structural and electronic states of
the above local disorders. Thus, we employed a positron
annihilation technique, which is powerful to study
various local disorders such as vacancy (11), grain
boundary (12, 13), polar element (14, 15), local space
charge (16), nanoprecipitate (17), and local glassy dis-
order (18) as well as angstrom-scale open spaces
formed by clay nanosheet overlap (19, 20). It is found
that graphene reconfigurations influenced by molecular
adsorption both on the surfaces and at the edges can be
studied by positrons. The emergence and inhibition of
molecular adsorption on graphene surfaces perceptive
to a aqueous pH are elucidated along with the transition
of adsorption properties at graphene edges.

2. Experimental

2.1. Materials

The feedstock of the present biochar is rice husk avail-
able as an agricultural waste, supplied by a farmer in

the Tsukuba area, Japan. A rice-husk-based biochar
was produced by the thermal decomposition of rice
husk mounds using a hood and chimney on site,
where the pyrolysis temperature was low, at approxi-
mately 400°C. Two types of nitrogen stock solution
were prepared by dissolving ammonium sulfate in ultra-
pure water. The aqueous pH values measured by an
electrode-type pH meter (model FE20, Mettler Toledo
AG) were 5.31 and 5.38. 0.2 g of the biochar sample
was added to 50 mL of the above nitrogen stock sol-
ution. Each mixture was shaken in a thermostatic
shaker at 25°C and 200 rpm for 24 h to achieve equili-
brium. Thereafter, the mixtures were passed through a
filter paper (type 5C, ADVANTEC). The samples were
fully dried in an oven and subjected to FT-IR spec-
troscopy, 13C MAS NMR, and positron lifetime
spectroscopy.

2.2. FT-IR spectroscopy

Attenuated total reflection (ATR) FT-IR spectra were
measured using a FT-IR spectrometer (Nicolet iS5,
Thermo Fisher Scientific Inc.) equipped with an ATR
device and diamond crystal plate. All FT-IR spectra
were measured at room temperature with a resolution
of 4 cm−1. The measurements were repeated 20 times.
The final spectra were obtained by averaging them.
The software OMNIC 8.2 was used to display absorbance
spectra by converting ATR data, where the absorption
band at wavenumbers around 1000 cm−1 was focused.

2.3. Solid-state NMR

13C MAS NMR experiments were performed using a
Bruker Avance III 400WB spectrometer at a resonance
frequency of 100.6 MHz. 13C MAS NMR spectra were
recorded by exciting the 13C spins with single-pulses of
2.0 µs, 1H decoupling, and repetition time of 20 s, thus
avoiding the relaxation effects of T1. The sample spin-
ning rate was 8 kHz; 320 scans were collected for each
spectrum. The chemical shifts of the 13C nuclei in the
adsorbed organic species were determined with
respect to tetramethylsilane as an external reference,
with an accuracy of ±1 ppm.

2.4. Positron lifetime spectroscopy

The graphene reconfigurations influenced by molecular
adsorption were investigated by positron lifetime spec-
troscopy using a digital oscilloscope (WaveSurfer 10, Tel-
edyne LeCroy) (21). The positron source (22Na), sealed in
a thin foil of Kapton, was mounted in a sample-source-
sample sandwich configuration. The 1.27-MeV positron
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birth γ-ray from a 22Na source and one of the 511-keV γ-
rays emitted as a result of positron annihilation in the
samples were detected by BaF2 scintillators with dimen-
sions of 1′′ (diameter) × 1′′ (thickness) coupled with
photomultiplier tubes (H3378-51, HAMAMATSU). Posi-
tron lifetime spectra (∼1 × 106 coincidence counts)
were recorded at room temperature. The time resolution
of the present system was ∼200 ps (full-width at half-
maximum). The positron lifetime spectra were numeri-
cally analyzed after subtraction of the background.

2.5. Molecular simulations

The local molecular structure of a sulfate ion SO2−
4

absorbed at the graphene edges was optimized by mol-
ecular orbital (MO) calculations using molecular mech-
anics (MM3) in SCIGRESS 2.8 (Fujitsu Ltd.). Details have
been presented elsewhere (22–24). In addition, a discrete
variational (DV)-Xα MO calculation using the SCAT
program (25) was carried out for the six-fold-graphene
ring system including a carbon atom terminated by
hydrogen. The net charge around the carbon atom
and bond overlap population between the carbon and
terminal hydrogen atoms were obtained. In the
present calculations, the exchange scaling parameter R
in the Slater’s exchange potential was fixed to be 0.70
for all atoms (26, 27). An approach using the above
DV-Xα method is described in detail elsewhere (25).

3. Results and discussion

Figure 1 shows the results of FT-IR spectroscopy for a (a)
pure (NH4)2SO4, (b) pristine biochar, and biochar treated
with (NH4)2SO4 solutions with pH of 5.38 and 5.31. In
accordance with the literature (28), the spectrum of
the pure (NH4)2SO4 exhibits intense peaks at wavenum-
bers of ∼1050 cm−1 and ∼1400 cm−1, originating from
the asymmetric S-O stretching vibration in SO2−

4 (gray
arrow) and N-H bending vibration in NH+

4 (black
arrow), respectively. Three broad humps caused by over-
lapping of the N-H stretching mode can be additionally
observed at 2800–3300 cm−1 (black arrows) (28).
Absorption bands characteristic for graphite materials
are observed at ∼1080 cm−1 and ∼1600 cm−1 for the
pristine biochar, resulting from the stretching vibration
of C–O-C in the epoxy group and stretching vibration
of C=C in the aromatic ring, respectively (29). Further-
more, a broad band appears at ∼3400 cm−1, which can
be attributed to a phenolic OH group with hydrogen
bonding, marked by a gray circle (30). For the pH-5.38
(NH4)2SO4 solution-treated sample, peaks at
∼1050 cm−1 and ∼1400 cm−1 as well as three humps
at 2800–3300 cm−1 emerge (black and gray arrows).

This demonstrates that SO2−
4 and NH+

4 dissociated in
the (NH4)2SO4 solution were adsorbed by the biochar.
On the contrary, the FT-IR spectrum observed for the
pH-5.31 solution-treated sample is similar to that of
the pristine biochar: the bands of SO2−

4 and NH+
4 are

not observed.
A graphene lattice with aromatic chemical com-

pounds possesses π electrons delocalizing out of the
basal plane, in contrast to in-plane covalent σ bonds
owing to sp2 hybridization. This suggests that π elec-
trons on the surface of graphene are candidates for
adsorption of NH+

4 through physisorption. On the
other hand, SO2−

4 is adsorbed on a local molecular site
and is positively charged. The sulfate ion in an
aqueous solution is a tetrahedral molecule with a
higher symmetry, where a single peak appears around
1100 cm−1 due to the triplydegenerated ν3 band (31).
If sulfate ions are immobile as inner-sphere complexes,

Figure 1. FT-IR spectra for the (a) pure (NH4)2, (b) pristine
biochar, and biochar treated with (NH4)2SO4 solutions with pH
of 5.38 and 5.31. Adsorption peaks originating from NH+

4 and
SO2

4 are indicated by black and gray arrows, respectively. The
broad band attributed to a phenolic OH group with hydrogen
bonding is marked by a gray circle. Schematics of NH+

4 and
SO2

4 are shown as insets. The white, blue, red, and yellow
objects correspond to proton, nitrogen, oxygen, and sulfur,
respectively.
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their symmetry is reduced, leading to the splitting of the
ν3 band. The symmetry of the outer-sphere complex
without any chemical bonds would be similar to that
of SO2−

4 in an aqueous solution, exhibiting a single
peak. Thus, we infer that SO2−

4 adsorbs on the biochar
sample, forming an outer-sphere complex without
chemical bonds. By theoretical calculations, it has been
predicted that graphene edges are terminated with
hydrogen atoms in a stable manner because of the
reduction in edge energy (32). The quantitative analysis
of the overlap population based on the present DV-Xα
calculation for six-fold-graphene with terminal hydrogen
indicates that the attachment of protons to the gra-
phene edge causes a charge transfer of ∼2.5% to
carbon atoms. This causes an effective positive charge
on the graphene edge, attracting SO2−

4 as the outer-
sphere complex through Coulombic interactions.

Figure 2 shows 13C MAS NMR spectra for the pristine
biochar (black) and biochar treated with (NH4)2SO4 sol-
utions with pH of 5.38 (red) and 5.31 (blue). The spec-
trum of the pristine biochar sample exhibited an
intense signal and broad hump at chemical shifts of
approximately 130 and 25 ppm, respectively. They orig-
inate from the carbon atoms of aromatic rings and ali-
phatic unincorporated into the aromatic skeleton,
which is typically observed for graphite materials (33).
The spectrum remains unchanged for the biochar
sample treated with the (NH4)2SO4 solution at pH of
5.38. Upon the decrease in the pH to 5.31, small

signals appeared at chemical shifts of approximately
75 and 55 ppm, as indicated by the arrows. The appear-
ance of these small signals implies that a small fraction
of SO2−

4 is chemisorbed in the form of C-SO4-H with a
single C–O bridge at the edge site of graphene, as
shown in the MO-optimized structure of SO2−

4 on the
right-hand side of Figure 2. The broad adsorption band
of the phenolic OH group with hydrogen bonding was
observed in the FT-IR spectrum of the pristine biochar
sample (gray circle in Figure 2 (b)). Thus, we propose
the following scenario: SO2−

4 chemisorption with a
single C–O bridge is caused by the formation of an
inner-sphere surface complex involving ligand exchange
with the phenolic OH group (see Figure 3). The phenolic
OH group located at the graphene edge is protonated
under a low aqueous pH, by which SO2−

4 is replaced
with OH, releasing H2O based on the reaction COH +
H+ + SO2−

4 → COSO−
3 + H2O.

Table 1 lists the positron lifetimes observed for (a)
kish graphite, (b) glassy carbon, (c) pristine biochar,
and biochar treated with (NH4)2SO4 solutions with pH
of (d) 5.38 and (e) 5.31. Prior to the discussion of the
results of positron lifetime spectroscopy, the possible
positron annihilation sites in graphite are described.
Positrons annihilate at the defect-free region and
lattice vacancy in the graphite crystallites with positron
lifetimes of ∼ 220 ps and ∼ 250 ps, respectively (see
the upper left part of Figure 4) (34). The vacancy-type
defect in the grain boundary, known as grain boundary

Figure 2. 13C MAS NMR spectra for the pristine biochar (black) and biochar treated with (NH4)2SO4 solutions with pH of 5.38 (red) and
5.31 (blue). Signals originating from SO2−

4 are indicated by arrows. The MO-optimized structure of SO2−
4 at the graphene edge is

shown on the right-hand side. The gray red, and yellow objects correspond to carbon, oxygen, and sulfur, respectively.
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defect, resulting from the gathering of pentagon and
heptagon, can also be a candidate for positron trapping
(see the upper right part) (35). The positron lifetime
therein could be similar to that of the lattice vacancy
in the graphite crystallites because of the similar sizes.
In addition, nanovoids among graphite particles have
often been identified with a long component with a
positron lifetime of ∼400 ps, as illustrated in the
bottom panel of Figure 4 (34).

The positron lifetime τ1∼219 ps in the defect-free
region is exclusively observed for the kish graphite
with a high crystallinity, similar to the single-crystalline
graphite. The glassy carbon exhibits a longer positron
lifetime of τ2 ∼387 ps corresponding to nanovoids
among graphite particles due to turbostratic stacking
(36). Positron lifetime spectroscopy for the pristine
biochar yields two components with positron lifetimes
of τ1 ∼251 ps and τ2 ∼384 ps with relative intensities
of I1 ∼19% and I2 ∼81%, respectively. According to the
comparison to the results of the kish graphite and
glassy carbon as well as the above literature data, the
positron lifetime τ1 for the pristine biochar can be

attributed to annihilation either at the lattice vacancies
or grain boundary defects. The long component τ2 orig-
inates from the annihilation in the nanovoids among the
graphite particles. In contrast to the earlier results of
positron lifetime spectroscopy for graphite (34), a
defect-free region was not observed for the pristine
biochar sample. We expect that the biochar sample pre-
pared by the low-temperature carbonation is defective
with a lower degree of graphitization, as often observed
for other carbon materials (37).

For the biochar sample treated with the (NH4)2SO4

solution at pH of 5.38, positron lifetimes of τ1 ∼217 ps
and τ2 ∼364 ps were obtained with relative intensities
of I1 ∼65% and I2 ∼35%, respectively. The positron life-
time τ1 is significantly shorter than that of the pristine
biochar and is close to that of the kish graphite, where
the positron lifetime of τ1 ∼213 ps in the defect-free
region is exclusively observed. Thus, the positron life-
time τ1 for the pH-5.38 (NH4)2SO4 solution-treated
biochar corresponds to annihilation in the defect-free
region of the graphite crystallites. Notably, the lattice
vacancies or grain boundary defects disappear and the

phenolic OH
protonation

SO
4

2- H
2
O

SO
4

2-

Figure 3. Schematics of chemisorption of SO2−
4 through ligand exchange at the edge site of graphene. The gray, red, white, and

yellow objects correspond to carbon, oxygen, proton, and sulfur, respectively.

Table 1. Positron lifetimes τ1 and τ2 and their relative intensities I1 and I2 evaluated for (a) kish graphite, (b) glassy carbon, (c) pristine
biochar, (d) biochar treated with the (NH4)2SO4 solution with pH of 5.38, and (e) biochar treated with the (NH4)2SO4 solution with pH of
5.31. Positron annihilation sites 1 and 2 corresponding to positron lifetimes τ1 and τ2 are also presented.
Sample τ1 [Å] site 1 I1 [%] τ2 [Å] site 2 I2 [%]

(a) Kish
graphite

219 ± 3 Defect-free region 100 – – 0

(b) Glassy carbon – – 0 387 ± 5 Nanovoid 100
(c) Pristine biochar 251 ± 3 Vacancy-type defect 19 ± 2 384 ± 5 Nanovoid 81 ± 3
(d) Biochar treated with pH 5.38 solution 217 ± 3 Defect-free region 65 ± 2 364 ± 4 Nanovoid 35 ± 2
(e) Biochar treated with pH 5.31 solution – – 0 374 ± 5 Nanovoid 100
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defect-free region alternatively appears upon treat-
ment with an aqueous solution. This can be explained
by the presence of grain boundary defects rather than
the lattice vacancies. According to the analysis of
mechanical properties using molecular dynamics simu-
lation, the vacancy-type defect at the grain boundary
is the initial failure site leading to brittle cracks (38).
It is reasonable to infer that the grain boundary
defects probed by positrons trigger a fracture of gra-
phene during the shaking in an aqueous solution
and disappear. The positron lifetime τ2 is similar to
that of the longer positron lifetime observed for the
pristine biochar, and is thus attributed to nanovoids
among the graphite particles. At the low aqueous pH
of 5.31, the shorter positron lifetime attributed to the
defect-free region in the graphite crystallites disap-
pears; i.e. a positron lifetime τ2 of 374 ps associated
with nanovoids among graphite particles is exclusively
obtained.

As mentioned above, graphenes in graphite
materials are weakly bound by van der Waals forces
between adjacent layers (9). Ionic molecules such as
NH+

4 can penetrate into the interlayer spaces
between graphene nanosheets in an aqueous solution
and can easily separate them from graphite materials,
which has been utilized for graphite exfoliation in the
electrochemical process (10). It is presumed that a frac-
tion of graphene nanosheets is isolated in the
(NH4)2SO4 aqueous solution, as illustrated in the

bottom panel of Figure 4. The appearance of a
∼65% defect-free region for the pH-5.38 (NH4)2SO4 sol-
ution-treated sample indicates that the graphene
nanosheets are tightly recompressed as graphite crys-
tallites. On the contrary, the disappearance of the
defect-free region and alternative appearance of nano-
voids for the pH-5.31 (NH4)2SO4 solution-treated
sample are result of the imperfect restacking of gra-
phenes (see the schematic in the bottom panel of
Figure 4). Similar tendencies have been observed for
clay nanoparticles, where the structural reconfigura-
tions of nanosheet arrays are influenced by solution
concentration (39–41).

Based on the findings obtained by the FT-IR spec-
troscopy, 13C MAS NMR, and positron lifetime spec-
troscopy together with molecular simulations, the
following mechanism can be proposed for the pH-
dependent adsorption of ammonium sulfate by the
present rice-husk biochar. Graphenes weakly bound by
van der Waals forces between adjacent layers are iso-
lated in aqueous solutions, exposing fresh surfaces
with fewer functional groups. Thus, the electrostatic
interaction with π electrons on the graphene surface is
responsible for the adsorption of NH+

4 at pH of 5.38.
The physisorption of NH+

4 on the graphene surfaces
increases the width of the electrical double layer
around graphenes (42), weakening the van der Waals
forces between the adjacent layers. Thereby, the
agglomeration of graphenes is suppressed in the

Figure 4. Schematics of possible positron annihilation sites: defect-free region, lattice vacancy, grain boundary defect, and nanovoid,
and graphene isolation in the aqueous solution and restacking under the conditions under a high pH and low pH.
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process of restacking in an aqueous solution, being
tightly recompressed as kish graphite (see Table 1).
Parts of graphene edges also appear in the aqueous sol-
ution owing to the isolation and fracture of graphene,
which are instantaneously terminated with hydrogen.
Charge transfer occurs from the terminated hydrogen
to aromatic carbon, by which the graphene edge is posi-
tively charged attracting SO2−

4 as an outer-sphere
surface complex via Coulombic interactions.

At pH of 5.31, mobile protons that are more abun-
dantly available in the aqueous solution preferentially
attach to the surface of the graphene nanosheet hinder-
ing the adsorption of NH+

4 . The attachment of protons
on graphene surfaces does not significantly vary the
width of the electrical double layer around the
nanosheet, triggering the agglomeration of graphenes
with nanovoids as glassy carbon (see Table 1). In this
agglomeration, the graphene edges further appear
along with phenolic OH to be protonated. Negative
sulfate species are electrostatically attracted by the pro-
tonated phenolic OH located at the graphene edges. The
interaction between SO2−

4 and protonated phenolic OH
could thus be effective in comparison to the local posi-
tive charge of ∼2.5% on the graphene edge induced
by charge transfer. Therefore, the adsorption of SO2−

4

at the graphene edges changes from physisorption as
an outer-sphere surface complex to chemisorption via
the formation of an inner-sphere surface complex invol-
ving ligand exchange.

We discuss the origin of the inhibition of adsorption
capability upon a slight decrease in pH by ∼0.7% for
the rice-husk-based biochar employed in this study. In
our earlier studies on boric acid adsorption by light-
burned MgO (43), protons in the aqueous solution
were concentrated at the broken bonds on the interior
surfaces of the open spaces. The surface of graphene
could not be atomically cleaned with coordinatively
unsaturated carbon atoms as the interior surfaces of
the light-burned MgO. The studied biochar sample was
produced by pyrolyzing a large amount of rice husk at
a relatively low carbonization temperature. The low-
temperature carbonation processes may leave the
above structural imperfections on the graphene sur-
faces, as evidenced by the presence of grain boundary
defects in the graphite crystallites (see Table 1). Presum-
ably, it is difficult to eliminate the local structural imper-
fections from the present rice-husk biochar, as
suggested by the reactive open-space surfaces in amor-
phous silica produced by rice husks (44, 45). Such local
structural imperfections, originating from feedstock
and/or production history, could contribute to a strong
proton accumulation, even with a decrease of ∼0.7%
in the aqueous pH.

4. Conclusion

The molecular mechanism of the adsorption of
ammonium sulfate by rice-husk-based biochar produced
by the eco-friendly low-temperature carbonation was
studied by FT-IR spectroscopy, 13C MAS NMR, and
open-space analysis using positrons coupled with mol-
ecular simulations. In the (NH4)2SO4 aqueous solution,
graphene was isolated, exposing fresh surfaces, and
then reconfigurated under the influence of the
aqueous pH. A significant amount of NH+

4 adsorbed on
the graphene surfaces through electrostatic interactions
with π electrons rather than functional surface groups at
pH of 5.38. Furthermore, SO2−

4 physisorbs acted as outer-
sphere surface complexes on the local positive charges
located at the graphene edges. In response to the
decrease in aqueous pH of ∼0.7%, mobile protons that
were more abundantly available in the solution transi-
ently attached to the graphene surfaces, interrupting
the physisorption of NH+

4 The above SO2−
4 physisorption

at the graphene edges changed to chemisorption by the
formation of an inner-sphere surface complex involving
ligand exchange. The inhibition of the adsorption capa-
bility of graphene surfaces should be considered when
low-temperature carbonation is involved in biochar pro-
duction as a sustainable and eco-friendly approach.
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