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To seek a new path to valorize rice straw (RS) and its anaerobically digested residues (DRS), biochar production at different
temperatures for removing Pb(II) from aqueous solution and its basic physicochemical characteristics for elucidating potentially
adsorption mechanisms were investigated. Overall, pH, electrical conductivity (EC), ash, specific surface area (SA), micronutrient
content, and aromaticity of RS biochars (RSBCs) and DRS biochars (DRSBCs) increased with the promoted pyrolysis temperature,
and opposite trends were found on the yield, volatile matter, H, N, andO. Lower pH and K content but higher yield, carbon stability,
and N and P content were achieved by DRSBCs. Consequently, DRSBCs exhibited lower Pb(II) removal, which was 0.15–0.35
of RSBCs. Maximum adsorption capacities of 276.3 and 90.5mg⋅g−1 were achieved by RSBC and DRSBC, respectively, at 500∘C.
However, distinct mechanisms dominated Pb(II) removal, in which carbonates and carboxylates were responsible for RSBCs, and
phosphate silicate precipitation and complexation with carboxylate groups controlled DRSBCs.

1. Introduction

Rice is the staple food for over half the world’s population.
Approximately 480 million metric tons of milled rice is
produced annually [1].More than 90% rice are produced from
Asian countries, in which China is the largest producer in
the world; consequently, approximately 975 million metric
tons of rice straw is generated annually in the fields [2].
It is reported that only 20% of rice straw produced in the
world can be utilized, and the rest is left as waste [2, 3]. In
most countries, the remaining rice straw is left undisturbed
to serve as mulch, is ploughed into the ground as soil
nutrients, or is directly disposed by open-burning in the
fields, which leads to the serious air pollution and greenhouse
gas emission in practice [4] and, thereby, is strictly prohibited
in China. In addition, rice straw is also employed as part of

the nutritional requirements of ruminant animals in most
rice producing countries. However, low protein content,
possession of phenolic properties, and high level of silica
and lignin are negative to rice straw digestibility by ruminant
animals [5]. Thus, seeking more paths for efficiently utilizing
rice straw is meaningful to the sustainability of rice produc-
tion. Recently, anaerobically digesting agricultural residues
for biogas production, as an effective method, have been
gradually popularized in all the world [6]. However, with
the increased scale of anaerobic digestion, the disposal of
digested residues has become an urgent issue to be solved.

At present, producing biochar, a carbon-containingmate-
rial via pyrolyzing biomass in an oxygen-limited environ-
ment, has become one of the alternative ways to utilize
the waste biomass, such as crop straw, forestry waste, and
livestock manure [7, 8]. Its applications in sequestrating
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carbon, remediating soil, improving soil quantity, and con-
trolling pollutants make biochar more attractive and pop-
ularly investigated. Especially in pollutant control in water
environment, many investigations indicate that the biochar
can remove many types of organic and inorganic contami-
nants from the aqueous solutions [9]. Unlike most organic
pollutants, inorganic pollutants, mainly heavy metals, are
nonbiodegradable and may be transferred along the food
chain via bioaccumulation [7]. Many studies have demon-
strated that biochar has excellent performances to immobilize
heavy metals in soil and water [10–12]. Thus, biochar is
increasingly being considered as an alternative agent in water
treatment technologies for removing heavy metals.

Themechanisms of removing heavymetals from aqueous
solution by biochar are generally via precipitation, complexa-
tion, ion exchange, electrostatic interaction (chemisorption),
and physical sorption [7]. The physical sorption is mainly
depended on the surface areas and pore volumes. Although
many biochars have been reported to have high surface area
with well-distributed pore network, including micropores
(<2 nm), mesopores (2–50 nm), and macropores (>50 nm)
[13], it is well known that the pore development of biochar
is not enough compared with the traditional activated char as
biomass is carbonized directly for biochar without any activa-
tion processes [14]. Many biochars are reported as negatively
charged surfaces, which can sorb positively charged metals
through electrostatic attractions. However, prevalence of this
mechanism in biochar-metal sorption process is dependent
on the solution pH and point of zero charge (PZC) of biochar
[13, 15]. Complexation (outer- and inner-sphere) involves
the formation of multiatom structures (i.e., complexes) with
specific metal-ligand interactions, which was mainly related
to oxygen functional groups on the surface of biochar [16,
17]. Immobilizing heavy metals via ion exchange is another
possible mechanism, which is closely related to the positively
charged ions, such as Na, K, Ca, and Mg, on biochar
surfaces and the cation exchange capacity (CEC) [18, 19].
By contrast, the precipitation has been widely accepted as
one of the main mechanisms for removing heavy metals
by biochar, which greatly related to the ash components of
biomass, such as the elements of Ca, Mg, Fe, Cu, and Si
[20, 21]. Obviously, the ash components in biomass may be
potentially associated with the functions of ion exchange and
precipitation and further affect the adsorption capacity to
heavy metals. Rice straw, typically characterized by relatively
higher ash content, thereby, can be potentially employed to
immobilize heavy metals via precipitation or ion exchange.
In addition, anaerobic digestion can convert part of organic
matters, such as hemicellulose, cellulose, lignin, and other
organic extractives into CH

4
and CO

2
. Consequently, ash

content of the anaerobically digested rice straw will be greatly
promoted compared with the original rice straw. Consider-
ing the urgency for seeking the efficient paths of utilizing
rice straw and its digested residues, their carbonization for
producing biochar to remove heavy metals specially deserves
being investigated in-depth.

Main sources of lead pollution in the environment are
from lead-acid battery industry, mining, metal smelting,
automobile exhaust, coal, and paint. At present, the main

methods for treating lead pollution include chemical precipi-
tation, redox, ion exchange, adsorption, reverse osmosis, and
electrolysis. However, these technologies have some draw-
backs, such as complex process, expensive chemical input,
high running cost, inconvenient operation, and potential
secondary pollution. In this context, the typical heavy metal
ion of Pb(II) was selected as the model contaminant to
investigate the adsorption performances of biochars derived
from rice straw and its anaerobically digested residues.Mean-
while, different biochars from RS and DRS were obtained
at an increasing pyrolytic temperature to seek their effects
on Pb removal from aqueous solution. Correspondingly, the
physical-chemical properties of biochars were discriminated
by elemental analyses, scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR), and X-ray
diffraction (XRD).The adsorption performances of biochars,
concerning adsorption isotherm, kinetics, thermodynamics,
and effects of solution pH were elaborated by batch experi-
ments to discuss the possible adsorption mechanisms.

2. Materials and Methods

2.1. Rice Straw and Its Anaerobically Digested Residue. Rice
straw (RS) was harvested from the local farm in Deyang,
Sichuan province, and chopped in 2.0–3.0 cm for anaerobic
digestion in a 100 L bioreactor. After 50 d batch digestion, the
digested slurry was collected from outlet of the bioreactor.
The solid residue of digested rice straw (DRS) was separated
by filter, and it afterwards was air-dried for the following car-
bonization. Prior to pyrolysis, the RS and DRS were ground
into powder (<0.45mm, sieved) and dried at 105∘C for 6.0 h
to wipe off free moisture. The basic compositions of RS were
analyzed for Klason insoluble lignin and carbohydrates as
described in [22], and cellulose, hemicellulose, and lignin,
were 14.0%, 30.8%, and 23.0%, and the corresponding com-
positions in DRS were 3.1%, 9.3%, and 44.4%, respectively.

2.2. Biochar Preparation. The dried RS and DRS were
pyrolyzed in a tube furnace (OTL 1200, Nanjing Nanda
Instrument Co., Ltd., China) under protective gas of N

2

(purity of 99.9%) with a flow rate of 0.1m3⋅h−1. The heating
rate of tube furnace was controlled at 10∘C⋅min−1, and the
pyrolysis was maintained for 60min after arriving at the
designed temperature of 400∘C, 500∘C, 600∘C, and 700∘C.
After pyrolysis, the furnace was cooled to room temperature
for biochar collection. The derived biochar was weighted,
and biochar yield was calculated according to the weights
of biochar and the input RS and DRS. The obtained biochar
from RS at different temperature was named as RS-400, RS-
500, RS-600, and RS-700, respectively. The corresponding
biochars fromDRSwere labeled as DRS-400, DRS-500, DRS-
600, and DRS-700, respectively.

2.3. Characterization of Biochars. Proximate analysis, includ-
ing ash, volatile matter, and fixed carbon, in RS, DRS, and
their derived biochars, was performed according to the
standardmethods in theASTMD1762-84 [23].The elemental
compositions, including carbon, hydrogen, nitrogen, and
oxygen, were determined using an elemental analyzer (EA112,
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Thermo Finnigan, USA). pH and electric conductivity (EC)
of biochars were measured by a pH meter (PHS-3C, LeiCi
Instruments Co., Ltd., China) and a conductivitymeter (DDS
12DW, BanTe Instruments Co., Ltd., China) with the ratio of
1 : 20 (m⋅v−1) for biochar to deionizedwater.The sampleswere
digested in the concentrated HNO

3
and 30% H

2
O
2
with the

ratio of 3 : 1 for 24 h at 150∘C to determinate the concentration
of K, Na, Ca, Mg, and P. The elemental concentrations in
the digested solutionwere determined by inductively coupled
plasma spectroscopy (ICP-MS 7700s, Agilent, USA).

Thermal analysis of RS, DRS, and their corresponding
biochars was conducted on a thermogravimetric analyzer
(SDT Q600, TA instrument, USA) with the heating rate of
10∘C⋅min−1 from20∘C to 700∘C.The specific surface area (SA)
of the biochars was measured by N

2
adsorption isotherms

at 77K (NOVA-2000E, Quantachrome Instruments, USA)
with the Brunauer-Emmett-Teller (BET)method.The surface
morphology of rice straw biochar (RSBC) and the digested
rice straw biochar (DRSBC) were observed by a scanning
electron microscopy (SU1510, Hitachi, Japan) to compare
the apparent structure and surface characteristics. A Fourier
transform infrared spectrometer (Nicolet 6700, Thermo
Fisher Scientific, USA)was employed to identify the chemical
functional groups of the original and Pb-loaded RSBC and
DRSBC.The spectra were obtained by 64 scans of the sample
in the range of 400–4000 cm−1 at a resolution of 4 cm−1.
In addition, the XRD analysis of RSBC, DRSBC, and Pb-
loaded biochars were conducted on a computer-controlled
diffractometer equipped with stepping motor and graphite
crystal monochromator (I-2, Nicolet, Madison, WI, USA).
The diffractometer was operated at 40 kV and 40mA range
from 5 to 70∘ with a scan speed of 1∘⋅min−1.

2.4. Adsorption. Pb(II) solution was prepared by dissolving
analytic reagent grade Pb(NO

3
)
2
in deionized water for batch

adsorption with a concentration of 20–1200mg⋅L−1 and 20
to 800mg⋅L−1 for RSBC and DRSBC, respectively. 0.1000 g
biochar was added to 150mL screw-flasks filled with 50mL
Pb(II) solution and shaken at 120 r⋅min−1 for 24 h according
to the kinetic result. After adsorption, the solutions were
filtered through 0.45 𝜇m filters and determined the residual
Pb(II) concentration by an atomic adsorption spectrometer
(FAAS-M6, Thermo, USA). As the thermodynamics were
investigated, the batch adsorptionwas carried out at 15, 25, 35,
and 45∘C, respectively, with similar process. As the effects of
pH were discussed, the Pb(II) solution was rapidly adjusted
to the specified pH in equilibrium using 1.0mol⋅L−1 HNO

3

or 1.0mol⋅L−1 NaOH after 0.1 g biochar was added, and the
batch adsorption was similar to the statement above. All runs
for the adsorption were performed in triplicate, the presented
data were the average of 3 reads.

3. Results and Discussion

3.1. Pyrolysis Behaviors and Biochar Yields of RS and DRS.
Results of TG/DTG on RS and DRS are shown in Figure 1.
The main mass loss stage of rice straw typically appeared
in the range of 200–500∘C with the maximum weigh loss
at 340∘C due to the decomposition of the typical fractions
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Figure 1: TG-DTG curves of RS and DRS.

of hemicellulose, cellulose, and lignin in the lignocellulosic
biomass [24]. According to the DTG curve, the DRS was
sharper than that of RS; however, the weight loss rate
of DRS at 335∘C was significantly lower than that of RS,
indicating easier degradation via pyrolysis because most of
hemicellulose and cellulose in the RS were degraded after
anaerobic digestion, only 3.1% cellulose and 9.3% hemicel-
lulose in DRS. An apparent peak at 408∘C can be observed
at DRS, because higher lignin remained to be undigested
and the content of lignin increased from 23% to 44.4% after
anaerobic digestion. Besides, the TG curves during final stage
(400–750∘C) indicated that more fix fraction will remain
in DRS due to relatively higher ash content after anaerobic
digestion. These results from TG/DTG basically responded
to the composition change of RS after anaerobic digestion.

As shown in Table 1, the biochar yield decreased from
47.5% to 36.0% for the RS with the increase of pyrolysis
temperature. By contrast, it was 74.9% to 57.5% for the DRS.
Thebiochar yields of RS andDRSwere both decreased rapidly
from 400∘C to 500∘C but tended to be stable after 500∘C.This
was mainly because most organic matters were decomposed
rapidly and only a few lignin dissociated in the pyrolysis
process when the pyrolysis temperature over 500∘C. Overall,
the biochar yield from DRS was promoted by 21.5–27.4%
compared with RS due to the relatively higher ash content
in DRS, which was basically consistent with the results from
TG/DTG.

3.2. Characterization of Biochar

3.2.1. Thermal Stability. Weight loss peaks appeared at 100∘C
in all biochars, mainly due to the dehydration of free water
and bound water (see Figure S1). In contrast to the corre-
sponding rawmaterials of RS and DRS, there was no obvious
mass loss within 200–400∘C because of the decomposition
of hemicellulose, cellulose, and lignin during the pyrolysis
process [25]. As RSBC was obtained at lower temperature of
400∘C, 3 obvious weight loss peaks were detected at 335, 425,
and 465∘C, respectively, which wasmainly due to the residual
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Table 1: Physicochemical properties of biochars produced at different temperatures.

Yield Ash FCb VMc EC pH SA K Na Ca Mg P
% % % % (ms) (m2⋅g−1) (g⋅kg−1) (g⋅kg−1) (g⋅kg−1) (g⋅kg−1) (g⋅kg−1)

RS N.A.a 15.43 7.57 68.58 N.A. N.A. N.A. 17.60 0.28 8.34 1.81 0.88
RS-400 47.45 31.87 21.88 38.05 4.70 9.81 270.84 28.31 0.49 11.70 4.31 2.50
RS-500 39.25 35.01 33.30 24.73 5.32 10.89 314.86 38.80 0.69 11.37 5.82 3.22
RS-600 36.35 41.09 33.33 19.16 5.73 11.1 465.21 40.39 0.61 40.51 5.39 3.29
RS-700 36.00 42.16 34.65 17.20 5.77 11.18 404.97 40.69 0.71 11.33 4.90 3.06
DRS N.A. 43.77 4.48 46.78 N.A. N.A. N.A. 5.01 1.21 40.47 5.54 13.74
DRS-400 74.85 57.36 8.07 31.13 0.57 8.6 117.42 6.75 1.62 51.82 7.34 20.19
DRS-500 63.16 64.18 13.95 18.04 0.74 9.12 137.50 6.50 1.57 52.07 7.66 21.03
DRS-600 59.70 69.01 12.46 14.97 0.69 9.52 162.00 8.62 2.04 256.91 9.61 25.38
DRS-700 57.52 70.82 14.76 11.04 0.79 9.73 213.27 8.60 2.12 174.85 8.96 25.61
Note. aN.A.means not applicable; bFC is fixed carbon; cVM is volatile matter.

cellulose and lignin after carbonization. Nevertheless, only
one peak of lignin loss appeared at 470∘C inDRS-400. A peak
of weight loss still could be detected in DRS-500, but RS-500
peak could not be observed in the same area, which again
implied the rich-lignin in DRS. With increasing pyrolysis
temperature, the weight loss of RSBCs and DRSBCs were
weakened within 400–550∘C, which due to the carbonization
was not complete during carbonization at middle tempera-
ture (400 and 500∘C), and the residual cellulose and lignin
were further pyrolyzed and released as volatile matters. By
contrast, the biochars prepared at high temperatures (600 and
700∘C) were relatively complete, suggesting relatively higher
thermal stability. All biochars had a weak weight loss peak
after 650∘C, which was mainly due to the decomposition
of mineral substances in the ash, for example, CaCO

3
→

CaO [26]. Overall, DRSBCs have less mass loss compared
with RSBCs being obtained at the investigated temperatures,
implying relatively higher thermal stability.

3.2.2. Proximate Analysis on the Derived Biochars. As is
known, fixed carbon (FC) and volatile matter (VM) can eval-
uate the biochar stability against the biological degradation
[27]. Pyrolysis temperature exhibited a positive correlation
with the FC content but negatively affectedVMcontent in the
biochar from both of RS and DRS, which were also observed
in reference [28]. Overall, FC content decreased 13.8–20.9%
in DRSBCs compared with the corresponding RSBCs at the
investigated pyrolytic temperatures. Similarly, VM content in
DRSBCs was reduced 4.2–6.9%. Ash content enhanced obvi-
ously as the pyrolysis temperature was increased, indicating
more organic components in the RS and DRS were pyrolyzed
at high temperature. Moreover, the ash in DRSBCs was
25.5–29.2% higher in contrast to the corresponding RSBCs,
which was consistent to the biochar yield, suggesting biochar
yields of RS and DRS were ash-dependent. High amounts of
mineral elements, especially higher content of silicon, in rice
straw, will lead to high ash content of the derived biochar
(RSBCs) [29]. Relatively higher ash content in DRSBCs again
indicated the organic fractions was decomposed and retained
indigestibility mineral composition during anaerobic diges-
tion process.

3.2.3. Ultimate Analysis. As expected, the elemental contents
of H and O were reduced with increasing pyrolysis temper-
ature (see Table S1). The C content in RSBCs was increased
from 41.1% to 44.1% as the temperature was elevated from
400∘C to 600∘C, which was consistent with the biochar pro-
duced form traditional lignocellulosic biomass [8]. However,
a slight decrease (43.8%) was observed at 700∘C. Unlike the
traditional lignocellulosic biomass with relatively lower ash
content, the C content in DRSBCs exhibited obvious decrease
with the increase of pyrolysis temperature. According to
many reported works, it could be found that the biomass
with lower ash content, and the increased C content with
increasing pyrolytic temperature could be observed; however,
the contrary results on C content will appear in the higher
ash content biomass, such as swine manure, vermicompost,
and sludge [19, 30, 31]. Obviously, the mineral fractions in
ash-abundant biomass will function as the heat transmitter
to intensify the release of volatile matters during pyrolysis
[32]. Moreover, the relatively lower organic fraction (most
of them were decomposed by biological process) in such
substrates will more easily be pyrolyzed into low molecular
weight compounds for rapid releasing. The decreased H/C
and O/C ratios at higher pyrolysis temperature indicated
more stability of RSBC and DRSBC [8]. As for the N
content in biochars from RS and DRS, obvious decreases
with increasing pyrolysis temperature can be observed, which
was due to the volatilization in the form of NOx and
NH
3
during the generation of waste gases [33]. However,

significant increases also could be observed as the pyrolysis
temperature kept increasing to 700∘C, which was mainly
related to the formation of stable N-derivatives or N-doping
into complex structures at relatively higher temperatures [28,
34]. Relatively higher C content in DRSBCs suggested the
stable N formation at higher temperature would be related to
the ash content. However, the detailed production of stable N
still required more investigations.

Besides, the contents of Na, Ca, Mg, and P in RS were
all obviously lower than that of DRS. Correspondingly, their
contents in the obtained biochars from RS were all lower
than that of DRS. However, K content in RS was significantly
higher than that of DRS, resulting in its relatively lower
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Figure 2: FT-IR spectra for RSBCs and DRSBCs. (a) RSBC; (b) DRSBC.

content in RSBCs correspondingly. These results indicated
K in rice straw will be released more in the liquid fraction
after anaerobic digestion, and the other investigated elements
above will be kept more in the digested solid residue. K
as a critical element for catalyzing the melting of silica in
rice pyrolysis may affect the crystalline properties of the
silicate particles and further the function of the produced
biochars [35]. Overall, the content of K, Na, Ca, and Mg in
biochar increased with the rising of temperature, indicating
that the prepared biochars at high temperature can exhibit
ion exchange capacity and can be potentially beneficial to the
adsorption of heavy metals via ion exchange. However, the
Ca and Mg content in both of RSBCs and DRSBCs reduced
significantly at extra higher temperature of 700∘C due to the
volatilization via pyrolytic gas, and this result was consistent
with the previous report on another kind of digested residue
of vermicompost [19].

3.2.4. pH, EC, and Functional Groups. As expected, the
investigated biochar is alkaline due to the abundance of alkali
and alkaline earth metals. Moreover, the increased pH with
increasing the pyrolysis temperature could be observed on
RSBCs and DRSBCs as the mineral substances, especially
the alkaline earth metals, could be decomposed into the
corresponding oxides.ThepHofDRSBCswas lower than that
of RSBCs, which may relate to the relatively lower content
of a main alkali metal of K in DRSBCs. In addition, some
acid substances like humic acid, which produced in anaerobic
fermentation, may also contribute to relatively lower pH in
DRSBCs [36]. Overall, the EC enhanced with the increase
of temperature, which was positively correlated with the
soluble salt content in biochar. Overall, the SA of RSBCs and
DRSBCs was increased with the increase of temperature, but
a reduction appeared at high temperature (700∘C) of RSBC,
whichwas due to the rearrangement of the chemical structure
and part of the pore size collapsed at high temperatures [37].
Furthermore, the RSBC produced at different temperatures
exhibited typical higher SA compared with that of DRSBC,

which may be attributed to the richer lignocellulosic faction
in RS, and similar results were also reported in [38]. The
scanning electron microscopy images (Figure S2) showed
that RSBC had more multiple voids and micropores because
of the dehydration of lignocellulose [29]. Conversely, the
DRSBC images showed more crystalline and less porous
structure, implying a relatively lower lignocellulosic fraction
content.

According to the FT-IR spectra of RSBCs and DRSBCs in
Figure 2, the band intensities at 3400–3430 cm−1 (-OH) and
2850–2950 cm−1 (aliphatic CH

2
) decreased when the pyroly-

sis temperaturewas increased because of the thermal destruc-
tion of cellulose, hydroxyl groups, and aliphatic alkyl groups.
Similarly, the features (C=O) between 1630 and 1580 cm−1
and between 1430 and 1390 cm−1 were decreased due to
the thermal destruction of aliphatic matter and hydroxyl
groups.The aromatic carbon remained after pyrolysis in high
temperatures which ismore inert than aliphatic carbon under
oxidation conditions [39]. Therefore, the high-temperature
derived biochars are more recalcitrant and may have lower
adsorption capacity. The intensity of carboxylate groups
(C=O stretching) are stronger in RSBCs, which can serve
as adsorption sites for metals [40]. Thus, RSBCs may have
better heavymetal adsorption ability thanDRSBCs. 3 features
at 1100, 800, and 470 cm−1 are assigned to the vibration
of Si-O-Si. Si group in RSBCs became less intense with
increasing pyrolytic temperature, implying the formation of
silicon crystal at high temperature [40]. All biochars exhibit
a strong Si-O-Si stretching band, which means RSBCs and
DRSBCs could act as a novel silicon source due to its high
silicon content [39].

3.3. Pb(II) Adsorption via the Derived Biochars from RS
and DRS as Affected by Pyrolysis Temperature. Overall, the
considerable Pb(II) removal from aqueous solution could be
achieved by RSBCs. According to Figure 3, the adsorption
of Pb(II) was promoted significantly as the pyrolysis
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Figure 3: Pb(II) adsorption of biochars obtained at different
pyrolysis temperatures.

temperature for producing biochar increased from 400∘C to
500∘C. The maximum adsorption capacity of 264.4mg⋅g−1
appeared at RSBCs obtained from 500∘C. Afterwards, the
adsorption was reduced obviously to 221.3mg⋅g−1 when
pyrolysis temperature was increased to 700∘C. Similar effects
of pyrolysis temperature on the Pb(II) adsorption also
happened on the biochar from DRS. Previous studies have
shown the same result that biochar adsorption capacity
improved as the pyrolytic temperature from 300∘C to 500∘C
but did not increase when the pyrolysis temperature was
kept increasing to 600∘C [28]. In addition, the increased
Pb(II) adsorption may be related to the increased SA as the
pyrolysis temperature was lower than 500∘C. Besides, the
decreased Pb(II) adsorption was observed as the pyrolysis
was higher than 500∘C, indicating it may be affected
negatively by another action. Previous studies have proved
that the adsorption of heavy metals on biochar may be
also mainly related to the interaction between surface
functional groups and minerals [26]. The decreased oxygen
functional groups on these biochars at higher pyrolysis
temperature may partially decrease the Pb(II) adsorption
(Figure 2). In addition, the Ca, Mg, P, and inorganic elements
formed insoluble phosphate and carbonate crystals in
high-temperature biochar which could slow the release rate
of PO

4

3− and CO
3

2−, thereby reducing the reaction with
Pb(II) via precipitation [41]. Based on these results, the
adsorption of Pb(II) by RSBC and DRSBC may be related to
the coactions of the development of SA, oxygen functional
groups, and the anions involved in precipitation. Apparently,
the Pb(II) removal from aqueous solution by DRSBCs was
0.15–0.35 of RSBCs, which may greatly be attributed to
the loss of some surface functional groups and soluble salts
during anaerobic digestion and the decreased SA as well [42].

3.4. Pb(II) Adsorption Behaviors of RSBC and DRSBC.
According to the effects of pyrolysis temperature on Pb(II)
adsorption, the biochar produced at 500∘C from RS and

DRS was selected to elucidate the adsorption behaviors via
investigating the isotherms, kinetics, and thermodynamics.
As presented in Figure S3a, the adsorption capacity of RSBC
and DRSBC was elevated with the increase of initial Pb(II)
concentration. The Pb(II) adsorption capacity of RS-500 and
DRS-500 rapidly enhanced as the initial concentration of
Pb(II) was lower than 500mg⋅L−1 and 200mg⋅L−1, respec-
tively. Correspondingly, the Pb(II) could be almost removed
completely at these concentrations. However, the adsorption
tended to be balanced as Pb(II) initial concentrations kept
increasing.This phenomenon was generally depended on the
fact that the competitive adsorption for Pb(II) on RSBC and
DRSBC surface sites was not obvious at the relatively lower
concentrations, while their fiercely competition emerged as
the Pb(II) concentration increased greatly. Langmuir (Eq. S1)
and Freundlich (Eq. S2) isotherms have been widely accepted
to describe the relationship between the concentration of
adsorbate on adsorbent surface and in solution at equilib-
rium. In contrast to the Freundlich model (Figure 4(a) and
Table S2), the higher correlation coefficient can be obtained
by Langmuir model (𝑅2 > 0.83), demonstrating that the
adsorptions of Pb(II) by RS-500 and DRS-500 were both
based on monolayer homogeneous adsorption process. The
maximum Pb(II) adsorption capacity of RS-500 and DRS-
500 was determined as 276.3 and 90.5mg⋅g−1, respectively,
which was typically higher than most of the low cost adsor-
bents, such as anaerobically digested animal waste biochar
(51.4mg⋅g−1) and sludge biochar (30.9mg⋅g−1) [43, 44]. This
result implied that RSBC and DRSBC exhibited an excellent
adsorption ability to remove Pb(II) from aqueous solution.
Notably, the removal rate of RS-500 was very low as the
initial Pb(II) concentration was less than 100mg⋅L−1; how-
ever, almost no Pb(II) was detected in DRS-500 equilibrium
solution even at initial Pb(II) concentration of 20mg⋅L−1.
Therefore, DRSBC should be more suitable for removing
Pb(II) at low concentration compared with that of RSBC.The
affinities between Pb(II) and biochar can be further predicted
by using dimensionless separation factor𝑅

𝐿
(Eq. S3). 1> 𝑅

𝐿
>

0, 𝑅
𝐿
= 1 and 𝑅

𝐿
> 1 indicate that the shape of isotherm

is favorable, linear, and unfavorable, respectively. According
to the RS-500 and DRS-500 parameters of Langmuir, the
calculated𝑅

𝐿
was 0.56 and 0.046, respectively, suggesting that

the adsorption of Pb(II) onRS-500 andDRS-500was favored.
Pb(II) adsorption of RS-500 was rapidly performed

during the initial 2 h, and the removal of Pb(II) exceeded
215mg⋅L−1 (Figure S3b). However, the adsorption gradually
slowed down and reached equilibrium at 12 h. This could be
regarded as large amount of vacant adsorption sites on the
surface of RSBC were offered at initial stage, and the surface
sites were progressive saturation and almost occupied as time
was prolonged [43, 44]. Pb(II) adsorption ofDRS-500 did not
reach adsorption equilibrium in 48 hours, because DRS-500
is a relatively dense massive accumulation structure (Figure
S2), whichmay lead to the adsorption sites be covered, result-
ing in slower reaction with Pb(II). Additionally, Pb(II) can
be adsorbed by the precipitation of the anions released from
biochar, and the reaction rate depends on the dissolution rate
of themineral components.Most of theminerals in RSBC are
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Figure 4: Adsorption isotherms and kinetics of Pb(II) adsorption on biochars: (a) adsorption isotherms of RS-500 and DRS-500; (b)
adsorption kinetics of RS-500 and DRS-500.

amorphous and easily solublemineral salts, which can release
anions more easily and faster to precipitate with Pb(II) [41].
However, DRSBC formed more crystalline minerals, which
was more difficult to dissolve. Even though a small amount
of crystalline minerals can be dissolved, the dissolution rate
is relatively slow; thereby the biochar adsorption of Pb(II)
became slow. The kinetics of Pb(II) adsorption on RS-500
and DRS-500 were described by first-order (Eq. S4) and
second-order (Eq. S5) model (Figure 4(b)), respectively. It
can be known that the second-order model gives better
simulation on both RS-500 and DRS-500 (Table S3), further
confirming that the adsorption rate is greatly governed by
chemisorptionmechanism [45].The second-ordermodel (𝑅2
= 0.96) appeared to better describe adsorption of DRS-500
rather than RS-500 (𝑅2 = 0.87), partially suggesting that
precipitation and inner-sphere surface complexation could
also play an important role in Pb(II) adsorption by RS-500.

The Gibbs free energy (Δ𝐺0), enthalpy (Δ𝐻0), and
entropy (Δ𝑆0) are generally considered to be important
parameters to understand adsorptionmechanisms.The equa-
tions were exhibited in Eq. S6–Eq. S8 and calculated results
were given in Table S4. The values of Δ𝐺0 were negative to
the adsorption temperatures, indicating that the adsorption
process is spontaneous.The elevated Δ𝐺0 with the increasing
temperature illustrated that the adsorption process of RS-
500 and DRS-500 can be favored by temperature, which
can be again proved in Figure S3d. As the temperature was
elevated from 15 to 45∘C, the Pb(II) adsorption capacity of
RS-500 and DRS-500 can be increased from 245.1mg⋅g−1 to
254.5mg⋅g−1 and 63.0mg⋅g−1 to 140.8mg⋅g−1, respectively.
This phenomenon could be attributed to the promoted
occasion of collision between adsorption sites and Pb(II) ions
at higher adsorption temperature [12].The Δ𝐻0 values of RS-
500 and DRS-500 were 0.244KJ⋅mol−1 and 4.038KJ⋅mol−1,
suggesting the adsorption process was endothermic and the
random thermal motion of ions in the aqueous solution

has significant effects on Pb(II) adsorption of DRSBCs. The
values of Δ𝑆0 were 5.9 and 18.0 J⋅mol−1⋅K−1, elucidating that
RS-500, DRS-500, and Pb(II) were closely combined. In
addition, increasing the adsorption temperature can increase
the degree of freedom between adsorbate and adsorbed
on solid-liquid interface [46]. DRS-500 had high activation
entropy values, meaning that DRS-500 is far from its own
thermodynamic equilibrium and the system can react faster
to produce the activated complex [47]. Thus, complexation
may play a more important role in DRSBCs than RSBCs.

Besides, as presented in Figure S3c, the adsorption of
Pb(II) by RS-500 was enhanced by pH of solution, indi-
cating that the lower pH resulted in the larger competition
interaction between H+ and Pb(II). Diversely, when the pH
increased from 2.0 to 4.0, the DRS-500 adsorption capacity
of Pb(II) was decreased from 115.1mg⋅g−1 to 92.6mg⋅g−1.
In addition, SiO

2
is negatively charged at low pH (pH <

3.0) because its lower isoelectric point and the solution pH
also can influence silicon dissolution from biochar [39, 48].
Therefore, the increase of DRS500 adsorption capacity at low
pH value is mainly attributed to the contribution of SiO

2

components.

3.5. Potential Mechanisms for Pb(II) Adsorption by RSBC and
DRSBC. As stated above, Pb(II) adsorption by RSBC and
DRSBC was both decreased slightly as the SA was promoted
greatly with the increased pyrolysis temperature. This result
suggested the adsorption related to the increased surface
area was not dominant. According to the FT-IR results on
RSBC and DRSBC before/after Pb(II) adsorption (Figure
S4), some bands shift after adsorption indicated the existing
interactions between Pb(II) and the functional groups. For
example, the shift of the COO- symmetric stretching to
lower frequency (1433 → 1405 and 1420 → 1407 cm−1)
could be due to the low electron density induced by Pb(II)
adsorption on RS-500 and DRS-500, respectively [49]. A
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Figure 5: XRD diffraction patterns for RSBC-Pb and DRSBC-Pb.

shift of the COO- asymmetric stretching band to higher
frequency (1611 → 1615 and 1622 → 1625 cm−1) was also
observed after Pb(II) adsorption on RS-500 and DRS-500,
which likely resulted from the protonation of the carboxylate
groups [49]. Thus, one possibility for Pb(II) adsorption by
biochar from RS and DRS can be described as follows,
revealing surface complexation via coordination between the
carboxylate groups and Pb(II) is an important path (Eq. (1)).

C-COOH + P＜2+ + （2O C-COOP＜+ + （3／
+

→ (1)

In addition, the bands at 470, 800, and 1100 cm−1 were
characteristic of Si-O-Si bend stretching, symmetric stretch-
ing, and asymmetric stretching, respectively [50]. After
Pb(II) adsorption, these peaks were shifted and became
less intense, which indicated that Pb(II) may relate to the
existing structure of Si-O-Si; however, the substantial process
deserved further investigations.

To further elucidate the interaction between minerals
and Pb(II), XRD analysis was also conducted after Pb(II)
adsorption as shown in Figure 5. Elemental analysis shows
that DRSBC was rich in P, which was much higher than
RSBC (Table 1). Previous research has shown that introducing
P in biochar induced formation of insoluble lead phosphate
minerals in Pb-polluted water [51]. XRD showed the precipi-
tation of crystalline 𝛽-Pb

9
(PO
4
)
6
formation in DRS-500 after

Pb(II) adsorption. Similarly, 𝛽-Pb
9
(PO
4
)
6
was also found

in previous study on Pb(II) sorption on biochar converted
from dairy manure [52]. The potential action process of
the released phosphate from DRSBC with Pb(II) in aqueous
solution can be deduced as the following equation to form
stable minerals:

6HPO
4

2− + 9Pb2+ + 6OH− → Pb
9
(PO
4
)
6
+ 6H
2
O (2)

Besides, a sharp peak of PbO⋅P
2
O
5
⋅SiO
2
(lead phosphate

silicate), with the typical 26.68 in the 2𝜃 degree, was observed

in Figure 5. The lead phosphate silicate precipitation was
also reported by previous study [53]. The formation of lead
phosphate silicatemay be attributed to the reactions with lead
and crystalline silica andphosphate onDRSBC,whichmay be
the following reaction:

2HPO
4

2− + Pb2+ + SiO
2
→

PbO⋅P
2
O
5
⋅SiO
2
+ 2OH−

(3)

However, only one lead precipitate Pb
3
(CO
3
)
2
(OH)
2

(hydrocerussite) was found on the postsorption RSBC. We
hypothesized that higher lead removal by RSBC may be
attributed to formation of Pb-carbonate precipitate, which
was confirmed by three hydrocerussite peaks in XRD. Con-
trary to DRSBC, higher pH (Table 1) and carbonate concen-
trations allowed for precipitation of hydrocerussite, which
can be described as follows:

2HCO
3

− + 3Pb2+ + 4OH− →

Pb
3
(CO
3
)
2
(OH)2 + 2H2O

(4)

Silica is also a major mineral component in rice straw
[53], but there was no Pb-Si precipitation found on the post-
sorption RSBC. Based on these results, the interactions of Si-
rich minerals with Pb(II) probably depend on Si crystallinity
and the distinct crystalline substances in DRSBC, which may
result from the elimination of K element [40]. Because K
is a critical element to catalyze the melting of silica [35],
the silicate particles in RSBC were more amorphous than
DRSBC, which was potentially supported by the observations
from SEM and XRD. In addition, the inferior removal rate of
RS-500 at lower initial Pb(II) concentration (Figure S3a) is
probably because solution calcium andmagnesium remained
unchanged till Pb > 0.5mM [52]. Increased Ca2+ and Mg2+
are attributed to the dissolution of some Mg-substituted
calcite [26], which also can provide more carbonate for
hydrocerussite precipitation.

4. Conclusions

Biochars obtained from anaerobically digested rice straw
(DRSBCs) showed lower pH value and potassium content,
but higher yield, nitrogen, phosphorous content, and carbon
stability compared with the biochars derived from rice straw
(RSBCs). The biochars obtained at 500∘C from both DRS
and RS exhibited the highest performance for removing
Pb(II) from aqueous solution. However, Pb(II) removal by
RSBCswas typically higher than those of DRSBCs by 2.8–6.5-
folds. As biochars produced at 500∘C were selected, the
maximumadsorption capacity of RSBC andDRSBC to Pb(II)
arrived at 276.3 and 90.5mg⋅g−1, respectively, according to
the Langmuir model. Carbonates and carboxylates were
contributed for the relatively higher adsorption capacity
of RSBC. Pb(II) adsorption of DRSBC was dominated via
forming phosphate silicates precipitation and complexing
with carboxylate groups.
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