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ABSTRACT: In this study, a composite of pond mud and lanthanum- and nano-
zero valent iron-modified-biochar was investigated for its ability to adsorb
methylene blue (MB) and sulfamethazine (SMZ). La-modified attapulgite and
nano-zero valent iron (surface area enhanced by 43.7% via Brunauer−Emmett−
Teller analysis) were successfully loaded onto the straw-sediment biochar (BC)
surface. With the increase in pyrolysis temperature, the biocompatibility yield, the
H, O, and N content, and the ratio of carbon elements decreased, while the pH
value, surficial micropores, C element, and ash content increased. The biocarbon
small molecules were gradually and tightly ordered, and the organic groups such as
hydroxyl, carboxyl groups, and carbon oxygen double bonds were gradually lost or
disappeared. The original Fe-BC had more phenolic hydroxyl groups forming an
intermolecular hydrogen bond than others with a higher adsorption capacity
possibly through the Schiff base reaction. The effect of various pH (2−9),
temperature (15−35 °C), and initial concentration (1−25 mg L−1) on adsorption
was investigated. pH and temperature were the main factors governing the adsorption process. The maximum adsorption capacity
was observed at pH 4. The adsorption performances for MB followed the order Fe-BC > La-BC > BC, and the maximum removal
rate was over 98.45% with pH = 7. The three types of BC dosages between 0.2 (6.67 g L−1) and 0.4 g showed a removal rate of 99%
for MB. The adsorption capacity of Fe-BC, La-BC, and BC for MB was 2.201, 1.905, and 2.401 mg L−1 with pH = 4, while 4.79,
4.58, and 5.55 mg g−1 were observed with BC dosage at 0.025 g. For SMZ, the higher the temperature, the better the adsorption
effect, and it reaches saturation at approximately 25 °C. To further evaluate the nature of adsorption, Langmuir/Freundlich/Temkin
models were tested and the adsorption capacities were evaluated on the surface of the BC composite. The three modified materials
were physisorbed to SMZ, while MB was chemisorbed. For MB, the adsorption performance of BC is the best < 0.2 g (6.67 g L−1) at
pH 7.0 at 35 °C. The Elovich model was more suitable for MB, while the Freundlich and Temkin models could better fit the
adsorption process of MB. The preparatory secondary dynamics equation and Langmuir equation were more compliant for SMZ,
and the saturated adsorption capacities of straw-modified, La-BC, and Fe-BC reached 5.699, 6.088, and 5.678 mg L−1, respectively.

1. INTRODUCTION
Biochar (BC) is a carbon-rich solid product of thermal
stabilization of organic matter and is generally used for safe and
potentially beneficial storage.1−3 Activated BC is an efficient
adsorbent for removing organic contaminants and other
nutrients (N and P) in aquatic environments.4 Many types
of biomass waste, such as agricultural wastes, forestry residues,
and sewage sludge can be used to produce BC,5 and,
particularly, surface area affects adsorption efficiency,6 while
wood-based BC increases the C/P ratio and reduces the
amount of readily available P,7 which is attributed to the
conversion into bioenergy or to be used as an alternative to
chemical fertilizers.8 In the latter case, conversion should be
realized through the implementation of innovative strategies
and technologies for the recycling of waste (especially pond
mud) as compost and BC for use in aquatic agriculture,1 which
has received increasing attention.7,9−12

Ammonium is the most common form of N and contributes
to nutrient enrichment in surface waters.13 However, BC

usually has a limited ability to adsorb anions because of its
negatively charged surface and poor capacity of anion
exchange,9,14 and metal loading is one type of modification15

with the reaction between known oxyanions and metal ions or
oxides.16 BCs exhibit a high retention ability owing to high
lignocellulose and low ash content,8 and they present superior
abilities (phosphate removal) to remove desirable inorganic
ions or organic matter with the addition of functional metal
additives (such as CaO, AlCl3, MgO, MgCl2, or Fe3O4).

13,17,18

Furthermore, iron modification was done to improve the
phosphorus adsorption capacity of BC sludge from lanthanon
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(La)-involved pyrolysis.15,19−23 La-BCs allow the loading of
lanthanum particles into BC’s pore channels and their external
surface by supplying many new sites for phosphate
adsorption,15 decreasing the negative charge and repulsive
force between phosphate and BC surface, and enhancing the
frequency of collisions.24 The adsorption capabilities of BC
vary significantly with the La content and pyrolysis
parameters,15,24,25 and efficient recycling of La-BCs presents
significant challenges.3

Recent studies on the use of La and magnetic materials with
nonbiological materials have addressed the issues of adsorption
capacity.26,27 For example, La3+/La(OH)3 loaded magnetic
cationic hydrogel composites,10 or La(OH)3/Fe3O4 nano-
composites24,28 are used to address these challenges. The
adsorption amounts of tetracycline by BC from excess food
and garden materials measured by an innovative heat pipe
reactor were 2.98 and 8.23 mg g−1, respectively.29 The
maximum adsorption capacities of doxycycline and tetracycline
were 128.98 and 104.86 mg g−1, respectively, when BC was
loaded with iron with increased surface area and with a large
number of carboxyl, hydroxyl and aromatic groups.2 The use of
sulfamethazine (SMZ) affects the pond environment and the
quality of fish products.30−33 More information is needed on
the SMZ and sorption capacity of different feedstock materials
on SMZ and the effect of pyrolysis temperature on sorption
capacity. The amido-functionalized metal−organic framework
materials with core/shell magnetic particles had good
regeneration and reusability capacity for tetracycline after five
cyclic utilization.34 A previous report found that the
rhamnolipid-functionalized graphene oxide hybrid has been
demonstrated as a cost-effective and promising sorbent for MB
wastewater treatment,35,36 while Fe3O4 modified BC has over
99% of the degradation,37 and citric acid grafted mobile
catalytic materials have the maximum adsorption capacity with
a basic pH and temperature of 25 °C.38 In this study, rice straw
and pond sediment were pyrolyzed, then straw BC, La-BC, and
nano-zero valent iron (Fe)-modified BC (Fe-BC) were
prepared.3 Their adsorption efficiencies for methylene blue
(MB)35 and SMZ were discussed. The process parameters
were optimized by optimizing the experimental conditions,
such as the dosage of Fe-BC, initial concentration, and initial
pH of the solution. The overall aim of this study was to
investigate the effect of BC amendment on SMZ and MB
adsorption during composting in laboratory-scale reactors. It
has been hypothesized that the addition of BC to composting
mixtures prepared from pond mud and rice straw may affect
SMZ and MB adsorption during composting.

2. MATERIALS AND METHODS
2.1. BC Preparation and Activation. Feedstock materi-

als, rice straw and mud from tilapia culture ponds, were
obtained from FFRC-CAFS in Wuxi, China. The materials
were washed with water, air-dried, ground, and sieved to <2.0
mm particles. The sieved materials were placed in ceramic pots
in a muffle furnace at different temperatures under a N2 (purity
of 99.99%, 0.1 m3 h−1) atmosphere to produce BCs. The final
pyrolysis temperatures were selected to be 500 °C at a ramping
rate of 5 °C min−1 and maintained at the highest temperature
for 2 h. LaCl3·7H2O (AR, KeLong Chemical Co. Ltd.) and
attapulgite were employed in the pyrolysis for the La-BC
preparation. The dried BC (40 g) was immersed in 1000 mL of
LaCl3 solution (0.1 M) under magnetic stirring for 6 h. The
immersed sawdust afterward was vacuum-filtered and oven-

dried at 105 °C for 12 h. Similarly, the BC was also immersed
in deionized water (without LaCl3) for comparison with BC
preparation. Each of the five BC samples was ground and
passed through a 0.5 mm sieve to prepare for the test.
One gram of the as-prepared powder was placed in 50 mL of

1 mol/L each of hydrochloric acid, nitric acid, and phosphoric
acid which were then placed in a shaker for 4 h. After suction
filtration, the material was washed with distilled water until it
was neutral, was placed in an 80 °C oven to dry for 24 h, and
placed in a desiccator for later use. To the material, 4 mL of
tetra butyl titanate and 2 mL of absolute ethanol were added
under vigorous stirring for 30 min to obtain liquid A. Further,
0.4 mL of concentrated nitric acid, 2 mL deionized water, and
17 mL of absolute ethanol were mixed to obtain liquid B. Both
the mixtures were mixed under stirring until a transparent sol
was obtained. Subsequently, a certain amount of phosphoric
acid-activated BC (mass of 0.31, 0.47, 0.94, and 1.88 g,
respectively) was added to the sol (the mass fraction of nano-
LaCl3 was 75, 67, 50, and 33%, respectively), was fully stirred,
dried at 70 °C, and ground to obtain La-BC and Fe-BC (using
the same procedure as nano-zero valent iron). LaCl3-modified
attapulgite26,27 and nano zero-valent iron (Beijing Leian Jinbai
Technology Co., Ltd), rice straw-pond mud-BC, modified La-
BC, and Fe-BC are referred to as groups 1, 2, 3, 4, and 5,
respectively.

2.2. BC Characterization. Moisture content was measured
by calculating mass loss of the BC upon heating at 105 °C for
24 h to a constant weight. Ash content was also determined by
calculating mass loss of the BC upon heating at 750 °C for 5 h.
The pH of the BCs was determined in a solution with a mass/
water (BC/deionized water) ratio of 1:20 (PHS-3C; LeiCi
Instruments Co., Ltd., China). The quantities of the acidic and
basic functional groups were measured using the Boehm
titration method. After determining the initial pH values of the
oxidized BC samples, the BCs were dried at 60 °C for 48 h and
then separated into two identical batches. One batch was
utilized directly after oxidation and drying (as obtained), while
in the other, the pH value was adjusted to 7.00 ± 0.01 using
hydrochloric acid (1 M) or sodium hydroxide solution (1 M).
The pH values were adjusted every 24 h until they reached
equilibrium, and the suspensions were filtered through
Whatman No. 1 filter paper and were dried similar to the
unadjusted BCs.
Scanning electron microscopy (QUANTA F250 and Hitachi

su8010) was performed as previously described.3 Energy
dispersive X-ray spectroscopy (EDS, SU1510, Hitachi, Japan)
was performed using the GENESIS energy spectrometer of
EDAX company. The specific surface area was determined
using N2 sorption isotherms at 273.15 K (ASAP 2020) and the
Brunauer−Emmett−Teller (BET) method using a Quadrasorb
Si-MP surface area analyzer. The zeta-potential at pH 7 was
determined using a potential analyzer (Zetasizer Nano ZS90),
and the values obtained were averaged over three measure-
ments.
The elemental composition (C, H, and N in wt %) of the

BCs was determined using an elemental analyzer (EA112,
Thermo Finnigan, USA), whereas the O content (wt %) was
determined by mass balance, (O = 100 × (C + H + N +
ash)).13 The H/C, O/C, and (O + N)/C atomic ratios were
calculated to evaluate the aromaticity and polarity of the BCs.
An approximate analysis was performed according to the
standard methods in ASTM D 1762-84.
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The material surface morphology was analyzed by X-ray
powder diffraction (German Bruker D8 Advance),3 and the
chemical compositions were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALAB250Xi, Thermo Fisher Scientific
Inc., USA) with Al Kα radiation (1486.6 eV). Fourier
transform infrared spectroscopy (FTIR) analysis of the
materials was performed using a Vertex70 spectrometer
(Thermo Fisher Scientific Co., Ltd.) with KBr as the reference
to determine the functional groups of the adsorbents in the
wavenumber range of 400−4000 cm−1.3 Fluorescence
excitation emission matrix (EEM)39 spectroscopy was
subsequently conducted using a fluorescence spectrophotom-
eter (Cary Eclipse, Varian Inc., USA) in the scan mode.
Interpolation in the affected areas was used to minimize first-
and second-order Rayleigh and Raman scattering, and a
fluorescence regional integration technique was adopted for
analysis.

2.3. MB and SMZ Adsorption. MB (C16H18ClN3S·3H2O)
and SMZ (C12H14N4O2S) were purchased from Tokyo
Chemical Industry Co., Ltd. and Shanghai McLean Bio-
chemical Technology Co., Ltd., respectively. The concen-
tration of MB was determined using an ultraviolet spectropho-
tometer (BioTeke), while for the SMZ, the water sample
pretreatment method was followed: 10 mL of water sample
was accurately measured in a 50 mL centrifuge tube; 5 mL of
methanol and 5 mL of water were used to activate the solid-
phase extraction cartridge (Poly-Sery HLB SPE Cartridge 500
mg, 6 mL). The water sample was passed through the column
at a flow rate of 2 mL min−1, eluted twice with 5 mL methanol
into a 10 mL centrifuge tube (syringe filter 13 mm 0.22 μm)
before detection using ultrahigh performance liquid-chroma-
tography/mass spectroscopy (Water UPLC I-Class/XE-
VO7QD).
In the MB adsorption experiment, the effect of temperature

on the adsorption was tested. The shaking time was 24 h, the
rotation speed was 200 r min−1, the pH of the initial solution
was adjusted to 7 ± 0.2, the initial concentration of MB was 10
mg L−1, and three modified BCs were added with dosage 200
mg. The different temperatures were set at 15, 25, and 35 °C.
The effect of the initial MB concentration on the adsorption
was tested at a constant temperature of 35 °C, shaking time of
24 h, rotation speed of 200 r min−1, initial solution pH of 7.0 ±
0.2, and the dosages of the three modified BCs were 200 mg.
The initial concentrations of MB were 2, 5, 10, 15, 20, 25, 30,
and 35 mg L−1. The effect of pH on the adsorption effect was
tested at a constant temperature of 25 °C, shaking time of 24
h, rotation speed of 200 r min−1, initial MB concentration of
10 mg L−1, and three modified BC dosages of 200 mg. The pH
of the solution was adjusted to 6, 7, 8, and 9 with 0.01 mol L−1

HCl and NaOH. The effect of BC dosage on the adsorption
effect was tested at a constant temperature of 25 °C, shaking
time of 24 h, rotation speed of 200 r min−1, initial solution pH
of 7.0, and initial MB concentration of 10 mg L −1. The
dosages of the three modified BCs were 0.025, 0.05, 0.1, 0.2,
0.4, and 0.8 g. The solution was filtered through a 0.22 μm
water filter, and the MB concentration was measured in the
filtrate with a spectrophotometer. Three parallel samples were
prepared for all tests, and the test results were averaged.
The predegradation experiment showed 37% (5 d vs 1 d)

and 42% (9 d vs 5 d) SMZ (Table S1). An ACQUITY UPLC
BEH C18 1.7 μm, 2.1 × 100 mm column was selected as the
chromatographic column, and the column temperature was set
at 30 °C; the temperature of the autosampler was set to 10 °C,

and the injection volume was 5 μL. The gradient elution
procedure used solutions A (0.1% formic acid water, 90, 90,
50, 50, 10, 10, 90, and 90%) and B (0.1% formic acid
methanol, 10, 10, 50, 50, 90, 90, 10, and 10%), the flow was set
at 0.3 mL min−1, and time durations were (initial, 1, 1.01, 3,
3.01, 4.5, 4.51, and 6 min), curve (initial, 6, 1, 6, 1, 6, 6, and 6).
Mass spectrometry conditions were: capillary voltage 3.5 kV,
taper hole voltage 30 V, ion source temperature 150 °C,
desolvent gas temperature 450 °C, desolvent gas flow rate 800
L h−1, and air flow rate in the conical hole 50 L h−1. The parent
and daughter ions of SMZ were 254.1458, 155.9746, and
92.0844 m z−1, taper hole voltage was 36 V, collision energies
were 28 and 40 V, and the retention time was 0.77 min.
In the adsorption experiment of SMZ, the effect of

temperature on the adsorption effect was tested with an
oscillation time of 24 h, rotation speed of 220 r min−1, initial
solution pH of 4, initial SMZ concentration of 20 mg L−1, and
dosages of the three modified BCs were150 mg. Different
temperatures at 15, 25, and 35 °C were set in the present
study. The effect of the initial concentration of SMZ on the
adsorption effect was tested at a constant temperature of 25 ±
1 °C, oscillation time of 24 h, rotation speed of 220 r min−1,
default initial solution pH, and the dosages of the three
modified BCs were 150 mg. The initial concentrations of SMZ
were set to 1, 5, 10, 15, 20, and 25 mg L−1. The effect of pH on
the adsorption was tested at a constant temperature of 25 ± 1
°C, oscillation time of 24 h, rotation speed of 220 r min−1,
initial SMZ concentration of 20 mg L−1, and the dosages of the
three modified BCs were 150 mg. The pH of the solution was
adjusted to 2, 4, 7, and 9 with 0.01 mol L−1 HCl and NaOH.
The effect of BC dosage on the adsorption effect was tested at
a constant temperature of 25 ± 1 °C, oscillation time of 24 h,
rotation speed of 220 r min−1, initial solution pH of 4, and
initial SMZ concentration of 20 mg L−1. We added 0.05 g and
0.07 g of modified carbon.

2.4. Adsorption Kinetics and Dynamic Analysis. A MB
standard solution with a concentration of 20 mg L−1 was
prepared, and the pH of the solution was adjusted to 7 ± 0.2
with 0.01 mol L−1 HCl and 0.01 mol L−1 NaOH. An amount
of 0.2 g of three types of BCs was taken in a 50 mL centrifuge
tube to which 30 mL of the as-prepared MB standard solution
was added. It was placed in a constant temperature shaker at a
rate of 200 r min−1 at 35 °C, and reacted for 0.25, 0.5, 1, 1.5, 2,
2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6 h. The solution was filtered with
a 0.22 μm aqueous filter, and the concentration of MB in the
filtrate was measured with a spectrophotometer. Three parallel
samples were prepared for all tests, and the test results were
averaged. The experimental data for MB adsorption were fitted
by pseudo-first-order, pseudo-second-order kinetics, and the
Elovich equation. To explore the rate-controlling factors in the
adsorption process, the data were fitted to an intraparticle
diffusion model. MB standard solutions with concentrations of
2, 5, 10, 15, 20, 25, 30, and 35 mg L−1 were prepared. The
Langmuir, Freundlich, and Temkin adsorption isotherm
equations were used to fit and analyze the experimental data
for MB adsorption by the three types of BCs.
Based on batch adsorption, the BCs with the highest SMZ

adsorption capacity were selected to investigate the adsorption
kinetics. The detailed adsorption conditions and initial
concentrations of SMZ were identical to those used for
batch adsorption. During adsorption, 1 mL samples were
periodically withdrawn at 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 8, 12,
24, 36, and 48 h. Two typical models (first-order and second-
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order) were employed to investigate the adsorption kinetics.
SMZ adsorption isotherms were investigated using the selected
BCs at 25 ± 0.5 °C. BC (0.1 g) was added to 50 mL of
solutions with varying concentrations of SMZ (1−1500 mg
L−1). After shaking at 120 rpm for 24 h, samples were
withdrawn and filtered to determine their corresponding
equilibrium concentrations. Two typical Langmuir and
Freundlich isotherm models were used to simulate exper-
imental data. Three-dimensional fluorescence EEM was used
to study the aqueous humus-like compounds or aromatic
compounds generated during the composting process.39,40 The
location and intensity of fluorescence were analyzed using the
methods described in ref 39.

2.5. Data Analysis. The pseudo-first (eq 1) and second-
order kinetic 2, Elovich eq 3, and intraparticle diffusion model
4 expressions are:

q q q k tln( ) lne t e 1= (1)

t
q k q

t
q

1

t 2 e
2

e

= +
(2)

q
tln(1 )

t = +
(3)

q k t ci it
1/2= + (4)

qe and qt are the equilibrium adsorption and adsorption
amounts (mg g−1). k1 (min−1) and k2 (g mg−1 min−1) are the
pseudo-first- and second-order kinetic model adsorption rate
constants, respectively, and α and β are the initial adsorption
rates (mg g−1 h−1), constants related to the surface coverage (g
mg−1). ki is the intraparticle diffusion rate constant, while ci is a
constant related to the thickness of the adsorption boundary.
The Langmuir (eq 5), Freundlich 6, and Temkin adsorption

isotherm 7 equations are:
C
q K q

C
q

1e

e L max

e

max

= +
(5)

q K
C
n

lg lg
lg

e F
e= +

(6)

q B A C(ln ln )e e= + (7)

Figure 1. Scanning for MB (a) and SMZ (b) and TEM (c) observation before and after BC modification. a, red star showed the loaded MB, while
the red hollow star showed LaCl3-modified attapulgite, and the red double circle showed nano zero valent iron. b, red star showed the loaded SMZ,
c, the red arrow revealed the loaded BC in La-BC and Fe-BC.
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qmax is the maximum adsorption capacity (mg g−1), qe is the
equilibrium adsorption capacity (mg g−1), and Ce is the MB
equilibrium mass concentration (mg L−1). KL is the Langmuir
equilibrium constant, and KF is the Freundlich equilibrium
constant. n is the Freundlich intensity constant, A is the
Temkin equation equilibrium binding constant (L g−1), and B
is the Temkin equation coefficient.
Data are presented as mean ± standard error (S.E.). The

number of values per group is shown in the table or figure
legends. Statistical analysis of the data was performed using
one-way analysis of variance. The significance of the results was
set at P < 0.05.

3. RESULTS
3.1. BC Characterization. It can be seen that BC

possesses a large number of irregular pores with a relatively
smooth surface (Figure 1a). Spherical substances were
attached to the surface of the relatively smooth BC, a chain-
like spherical body, indicating that the La-modified attapulgite
and nano-zero valent iron were successfully loaded onto the
straw-sediment BC surface. The surface of the originally
smooth BC appeared crystalline after loading, the voids were
reduced, and MB was successfully adsorbed. The surface ratio
of BC prepared by mixing rice straw and sediment was uniform
(Figure 1b) having voids of different sizes; however, the pore
wall was relatively smooth, and there were many surface
attachments of small fragments in and near the voids. The
number of micropores in the modified BC considerably
reduced, and the micropore ratio gradually reduced. The

concentration of acidic surface functional groups, especially
carboxyl groups of BC increased, and the internal structure of
the BC surface also changed, which was convenient for the
transformation into medium and large pores from the small
micropores of BC. Figure 1b clearly shows that the oxidation
treatment led to the destruction of the macropore wall of the
original activated carbon. Many pores also began to form slit
structures and expanded inward, and the change in surface
shape improved the thermal adsorption performance of
activated carbon. The BC before and after modification
exhibited remarkable difference, and the particle size was
approximately 600 μm. The surface was uneven and rough
with small holes. Particles with a fibrous rod shape were
observed under an electron microscope. The morphology and
appearance of the modified BC were considerably different
indicating a fine-graining process. Finer particles provided
more adsorption points, which could better indicate the
adsorption of SMZ.
N2 adsorption/desorption isotherms were recorded for the

BCs (Figure S1). Transmission electron microscopy (TEM)
results showed that La-modified attapulgite and nano-zero
valent iron were successfully loaded onto the straw-sediment
BC surface (Figure 1c). BET results showed 5.72, 0.36, 6.38,
1.47, and 9.17 m2 g−1 for LaCl3-modified attapulgite, nano zero
valent iron, rice straw-pond mud-BC, modified La-BC, and Fe-
BC, respectively, indicating Fe-BC had higher micropore
proportion than the others.

3.2. FTIR and Elemental Analysis. Troughs were
observed at approximately 465 (the stretching vibration peak

Figure 2. Three kinds of BC characterization. (a) From top to bottom it revealed before and after adsorption in BC, La-BC, and Fe-BC,
respectively, via infrared, i.e., g and h showed before and after straw submud BC. (b) FITR spectroscopy, (c) zeta-potential, elemental composition,
and circular dichroism spectroscopy for different materials, and the LaCl3-modified attapulgite, nano zero valent iron, rice straw-pond mud-BC, the
modified La-BC, and Fe-BC are referred to as group 1, 2, 3, 4, and 5, respectively.
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of Si−O−Si), 694 (C−H), 779 (aromatic C−H), 1034 (C−
O), 1606 (C�C and C−O), and 3437 (−OH) cm−1 for the
three BCs (Figure 2a), indicating that the surfaces of the three
BCs had the same functional groups, which may be beneficial
for sorption. The adsorption result of MB showed that the
vibrations around 465, 694, and 779 cm−1 were strengthened,
and new wave troughs of 3301 and 3621 cm−1 appeared
around 3437 cm−1; while for La-modified BC, the vibration
around 3437 cm−1 was weakened, and the trough at 1034 cm−1

shifted to 1082 cm−1. New troughs appeared at 3623 and 3332
cm−1, and the trough at 1081 cm−1 shifted to the right to 1036
cm−1.
The carboxyl group content in the surface layer decreased

significantly compared to other basic functional groups (Figure
2b). The surface layers of carbon materials had groups such as
C−O, C�C, C�O, −OH, and C−H, which combined with
SMZ through hydrogen bond formation, and the adsorption
rate also positively correlated with the amount of functional
base. The high-temperature reduction treatment could
decompose the carboxyl groups on the surface of the active
carbon and the internal aliphatic groups and eliminate the
acidic oxygenation functional groups on the adsorption layer of
the active carbon, thereby reducing the concentration of these
groups. The formation of large lone pair cations and internal
groups on the surface of the graphite crucible layer of the
active carbon σ electric pair (i.e., ∞-π hyperconjugated
system) improved both the Lewis base sites and the
antioxidant stability on the surface of activated carbon.

Consequently, the isoelectric point of the activated carbon
increased.
The characteristic peaks at 3421.60 cm−1 (hydroxyl/amino

group), 1034.32 cm−1 (amide), and 458.75 cm−1 (amino), La-
BC at 1043 cm−1 (aldehyde group) and 1640 cm−1 (C�N),
1620 cm−1(C�N and amide regions) and 1656 cm−1

(aldehyde) of Fe-BC, and the new peak at 1642 cm−1 (C�
N, underwent a Schiff base reaction) and 1673 cm−1

(aldehyde) were revealed.
The zeta-potential, XPS, and circular dichroism spectrosco-

py results showed that rice straw-pond mud-BC, modified La-
BC, and Fe-BC had good adsorption rates (Figure 2c). With
the increase in pyrolysis temperature, the output of primary
carbon gradually decreased, the pH value and specific surface
area increased, and the C concentration and ash concentration
increased (Table 1). The EDS spectrum demonstrated that C
and O elements dominated the surface of the BCs, which is in
accordance with the results of the elemental analysis. H, the
concentration of O, N, and other elements, and the proportion
of carbon also decreased with increasing temperature. During
pyrolysis, the molecular structure of BC gradually transitioned
from disordered to ordered and from a loose alkane structure
to a dense aromatic structure. The number of organic groups,
such as hydroxyl, carboxyl, and C=O bonds gradually
decreased or even disappeared, while the ash concentration
gradually increased. At various temperatures, the BC prepared
by pyrolysis exhibited a corresponding pH buffer capacity.

Table 1. Elemental Analysis

group C [%] N [%] H [%] O [%] H/C O/C O + N/C

1 (LaCl3-modified attapulgite) 41.81 ± 2.91a 16.25 ± 0.89a 4.65 ± 0.28a 26.62 ± 1.76a 0.11 ± 0.01c 0.64 ± 0.07d 1.03 ± 0.13d

2 (nano zero valent iron) 13.83 ± 0.78b 0.19 ± 0.01c 0.55 ± 0.03c 19.65 ± 1.06b 0.04 ± 0.00d 1.42 ± 0.16c 1.43 ± 0.12c

3 (BC) 0.10 ± 0.01c 0.00d 2.16 ± 0.14b 1.32 ± 0.08d 21.60 ± 0.78a 13.20 ± 0.69b 13.20 ± 0.55b

4 (La-BC) 0.12 ± 0.01c 0.00d 0.13 ± 0.01d 8.24 ± 0.56c 1.08 ± 0.14b 68.67 ± 4.32a 68.67 ± 3.88a

5 (Fe-BC) 14.45 ± 0.72b 0.54 ± 0.01b 0.63 ± 0.01c 6.79 ± 0.38c 0.04 ± 0.00d 0.47 ± 0.11d 0.51 ± 0.09d

Figure 3. Effects of temperature (a,e), initial concentration (b,f), pH (c,g), and carbon addition (d,h) on the adsorption of MB (a−d) and SMZ
(e−h). Rice straw-pond mud-BC, the modified La-BC, and Fe-BC are referred to as group BC, La-BC, and Fe-BC, respectively.
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3.3. Adsorption Properties of SMZ and MB. The
standard curve of SMZ was y = 2454.2 + 16788x, and R2 was
0.96162, while that of MB was y = 0.2048x + 0.0527, and R2

was 0.9963 (Figure S2), indicating that the prepared BCs
exhibited good adsorption performance. It can be seen from
Figure 3a that with an increase in the adsorption ambient
temperature, the removal rate of MB by BC also increased. At
35 °C, the removal rates of MB by the three BCs were higher
than those at 15 and 25 °C. When the initial MB concentration
was low, the MB removal rate by the three BCs exceeded 99%
(Figure 3b), the removal rate of MB by BC decreased with
increasing MB concentration. Thus, the adsorption capacity
(the equilibrium adsorption capacity 0.3 to 3.33 mg g−1)
continued to increase. The removal rate of sediment BC was
approximately 100% and decreased to 92.35% when the MB
concentration was less than or equal to 10 mg L−1, and finally
reached 15 mg L−1. For La-BC and Fe-BC, when the MB
concentration was less than or equal to 15 or 20 mg L−1, the
removal rate of MB for both was ∼100%, and these declines
were 90.18% (0.3 to 3.81 mg g−1) and 98.88%, respectively.
The equilibrium adsorption capacity of MB on carbon
increased from 0.3 to 4.14 mg g−1 (25 mg L−1). The
equilibrium adsorption capacity of modified BC was always
higher than that of original BC, indicating that modification
could indeed improve the adsorption performance of BC.
Overall, the adsorption performances of the three samples

followed the order Fe-BC > La-BC > BC. When the initial pH
of the MB solution increased from 6 to 9, the removal rate was
as high as 98% (98.45, 99.90, and 99.85% for BC, La-BC, and
Fe-BC at pH = 7, Figure 3c). In the experiment using 30 mL of
10 mg L−1 MB solution, the removal rate of MB by BC (5.55,
4.58, and 4.79 mg g−1 to 1.19, 1.21, 1.25 mg g−1) increased
with increasing dosage (from 0.025 to 0.2 g), and the
adsorption performance of modified BC was better than that of
unmodified BC (Figure 3d). When the dosages of BC were 0.2
and 0.4 g, the MB removal rates by the three types of BC were
79.63, 81.19, and 83.90% and 99.42, 100, and 98.90%,
respectively. When the dosage of BC reaches 0.8 g, it reached
a state of supersaturation, so the increase was significantly
lower than that of 0.025−0.4 g dosage. Considering the
comprehensive benefits such as rationality and economy, it is
considered appropriate to use 0.2 g (6.67 g L−1) BC in the
experiment.
The higher the temperature, the better the adsorption effect,

which reached saturation at approximately 25 °C (Figure 3e).
The activity of oxygen-containing functional groups on the
surface reduced the adsorption effect to a certain extent at 25
°C. The high temperature enhanced the binding effect between
the surface functional groups of the modified BC and ions in
the SMZ. When the temperature reached 35 °C, the
adsorption by the three modified BCs was close to saturation
and there was no obvious effect. When the initial concentration

Figure 4. Adsorption kinetics (a), intragranular diffusion (b), and isotherms (c) of three BCs on MB. Rice straw-pond mud-BC, the modified La-
BC, and Fe-BC are referred to as group BC, La-BC, and Fe-BC, respectively.

Figure 5. Dynamic model fitting of the modified BCs. (a) Freundlich equation; (b) Langmuir equation; (c) the fitting result of the quasiprimary
kinetic model; (d) the fitting of the secondary kinetic model.
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was 10 mg L−1, the adsorption rate was higher (Figure 3f). The
effect of pH on the adsorption effect showed that with an
increase in pH, the adsorption capacity of Fe-BC decreased
from 2.201 to 1.232 mg L−1, that of La modification decreased
from 1.905 to 1.327 mg L−1, and that of straw modification
decreased from 2.401 to 1.454 mg L−1, because the low
crosslinking density consumed the least number of antibiotic
active sites on the modified BC chain. The modified BC had a
certain adsorption effect between pH = 4−10, and the
adsorption performance of the modified BC also had a certain
pH stability. At pH 4, the antibiotic solution exhibited the best
adsorption performance (Figure 3g) for both straw-modified
BC and La-BC, but Fe-BC performs well between pH 4 and 7.
When the dosage of the drug was 10 mg L−1, the BC dosage of
0.02 g was best (Figure 3h). Straw-modified BC had a better
adsorption of adsorbent materials exhibiting good balance
between strength and toughness.

3.4. Adsorption Kinetics of SMZ and MB in BC. The
Langmuir (R2 = 0.81, 0.83, 0.74), Freundlich (R2 = 0.96, 0.93,
0.81), and Temkin (R2 = 0.95, 0.92, 0.80) models were more
in line with the three BCs (Figure 4). The adsorption of MB
by the three BCs belonged to multimolecular layer adsorption
that occurred on the inhomogeneous surface. The higher
values for Fe/La-BC in the Temkin model indicate that the
experimental adsorption process belongs to chemical adsorp-
tion with a strong electrostatic effect, and the adsorption
performance of the modified BCs in the test is much better
than that of the unmodified BC.
In the initial stage, the antibiotic adsorption capacity

increased rapidly with time as the initial concentration of
antibiotics was high (Figure 5). After 24 h, equilibrium was

reached, and the maximum adsorption capacity was slowly
reached. This slow process was due to the decrease in solution
concentration and the large number of adsorption sites on the
surface of the modified BC, lowering the adsorption capacity of
the whole adsorbent for antibiotics. Moreover, antibiotics need
to penetrate deeper into the modified BCs to reach the
adsorption sites and stabilize them. Once all the adsorption
sites of the modified BCs were occupied, adsorption
equilibrium was reached. After the concentration calculation,
the saturated adsorption capacities of straw-modified BC, La-
BC, and Fe-BC reached 5.699, 6.088, and 5.678 mg L−1,
respectively.
Compared with the quasi-first-order kinetic equation, the

adsorption capacity calculated by the quasi-second-order
kinetic equation was closer to the experimental observation
value (Table 2). The correlation coefficient between the quasi-
second-order adsorption and kinetic models was higher than
that of the standard-level kinetic model. The R2 of the Elovich
model was higher, indicating that the adsorption behavior of
the Elovich model on the MB adsorption by the three BCs is
comparable to that of the first-order and pseudo-second-order
kinetic models (Table 3). These observations indicated that
the adsorption of MB is nonuniform chemical adsorption. The
correlation coefficients fitted by the Langmuir adsorption
isotherm model were 0.99998 for straw-modified BC, 0.99995
for La-BC, and 0.99993 for Fe-BC. The R2 of the quasi-second-
order kinetic model was 0.99734 for straw modification,
0.99868 for La-BC, and 0.97062 for Fe-BC.
The linear intercepts of the three types of BC fitting

intraparticle diffusion equations are not zero, indicating that
“intragranular diffusion” is not the only controlling step, and

Table 2. Fitting Parameters of Adsorption Kinetics for MB by Three BCs Obtained from the Langmuir, Freundlich, and
Temkin Isotherm Models

isotherm model sample

first stage Langmuir model

k1/min−1 qe/mg g−1 R2 k1/mg g−1 h−1 c1 R2 qmax/mg g−1 KL/L mg−1 R2

first-order model BC 5.43 2.23 0.32 0.31 1.63 0.90 2.79 41.61 0.81
La 3.77 2.51 0.62 0.65 1.46 0.77 3.36 14.57 0.83
Fe 4.59 2.65 0.51 0.55 1.74 0.98 3.70 105.79 0.74

second stage Freundlich model

K2/g mg−1 min−1 qe/mg g−1 R2 k2/mg g−1 h−1 c2 R2 KF 1/n R2

second-order model J 3.74 2.35 0.62 0.08 2.10 0.85 2.12 0.17 0.96
La 2.08 2.68 0.81 0.32 1.86 0.97 2.61 0.15 0.93
Fe 2.67 2.80 0.80 0.23 2.25 0.98 3.42 0.10 0.81

third stage Temkin model

α/mg g−1 h−1 β/g mg−1 R2 k3/mg g−1 h−1 c3 R2 A/L g−1 B R2

Elovich model J 1468.32 4.39 0.85 1.07 −0.02 0.91 1938.20 0.31 0.95
La 236.36 3.07 0.92 0.72 1.09 0.94 7293.21 0.38 0.92
Fe 1020.55 3.49 0.97 0.67 1.30 0.93 1.22 × 105 0.30 0.80

Table 3. Sorption Parameters of SMZ by Three BCs Obtained from the Langmuir and Freundlich Isotherm Modelsa

isotherm model sample Q K1/2 R1/2 Qm/n K Ra/b

first-order model J 0.07885 0.15133 0.98739 11.61060 0.00433 0.99993
La 0.07870 0.15579 0.99546 12.90450 0.00390 0.99995
Fe 0.07834 0.13543 0.95403 19.38620 0.00259 0.99998

second-order model J 0.08945 2.32421 0.99734 1.00000 0.05000 1.00000
La 0.08900 2.43148 0.99868 1.00000 0.05000 1.00000
Fe 0.08930 2.05763 0.97062 1.00000 0.05000 1.00000

aNote: R1 and R2 stand for the correlation coefficient of the Langmuir isotherm model, and Ra and Rb stand for the correlation coefficient of the
Freundlich isotherm model.
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thin-film diffusion is also involved. The fitting parameter table
of the intraparticle diffusion model for MB adsorption by BC
shows that the ki value of the third stage was larger than that of
the first two stages, indicating that the adsorption rate of the
third stage was higher than those of the first and second stages.
The fluorescence intensity of those regions had declined
(Figure 6).39,40 The easily degradable organic matter
components such as humic acid-like substances decreased.40

These results suggest that the transformation of fluorescence
from the fulvic-acid-like region to the humic-acid-like region
was continuous and flowing.40

4. DISCUSSION
4.1. Modified BC Characteristics Facilitated Adsorp-

tion. The density of the porous structure was higher for Fe-BC
than La-BC, and that of straw-modified BC was the smallest.
These modified BCs had larger specific surface areas, with
more exposed active sites becoming denser due to the
development of a three-dimensional network structure.41 The
layered structure disappeared and a denser porous structure
was produced with an increase in the amount of La-BC and Fe-
BC, but the disappearance of the layered structure in Fe-BC
occurred slightly later than that of La-BC. The original Fe-BC
had more phenolic hydroxyl groups forming an intermolecular
hydrogen bond than La-BC, but the crosslinking (relative to
amino groups) density was lower. FTIR spectra showed that
the modified BC chain was grafted onto the modified BC chain
through a Schiff base reaction42 and the modified BC chain
was developed into a three-dimensional network through
hydrogen bonding.
The elemental change results showed that with an increase

in pyrolysis temperature,43 the biocompatibility yield de-
creased, while the pH value and surface area increased, and the
concentration of C and ash also increased. With an increase in
temperature, the H/C, O/C, and O + N/C ratios decreased in

the Fe-BC group.44,45 During pyrolysis, the structure changed
from a loose alkane to a dense aromatic structure. The organic
groups such as hydroxyl, carboxyl, and C�O bonds gradually
decreased and even disappeared, indicating that the synthe-
sized modified BCs had solid photolysis characteristics to
ensure the stability of the modified BCs in the adsorption
process. La-BC had a lower crosslinking density than the other
two groups of modified BC, which may lead to excessive
photolysis in the antibiotic adsorption stage, which was not
conducive to the adsorption by the modified BC. It can be
concluded that cation exchange, complexation with surface
functional groups, and precipitation with minerals were the
dominant mechanisms responsible for MB and SMZ
adsorption by straw and pond mud-BC (Figure 7).45

4.2. pH Affecting BC’s Adsorption Efficiency. Temper-
ature, modified BC dosage, and SMZ concentration reflected
the active amount of elements involved in the adsorption
process.46 The results not only showed the best value of the
prepared modified BCs as an adsorbent, but also reflected the
environmental condition and dosage suitable for the
adsorption by the modified BC. The pH value also directly
affects the surface charge of the absorbent and the retention of
antibiotics in water.47 The effect is better under acidic
environment particularly at pH = 4, because the acidic
environment is conducive to the protonation of amino groups
on the modified BC, and the protonated amino groups provide
a driving force for the antibiotic adsorption process. However,
the acidic environment is not conducive to the stability of the
Schiff base bond, but to the transformation of the acid-soluble
fraction to oxidizable and residual fractions.2 The adsorption
effect of Fe-BC was weaker than that of La-BC (similar to the
straw-modified BC), which was different from the study
performed using Fe3O4 modified BC.

37 A previous study found
a mobile catalytic material has the maximum adsorption at a
basic pH,38 and then, with the increase in pH in the present

Figure 6. EEM spectra of primary BC and modified BCs. LaCl3-modified attapulgite, nano zero valent iron, rice straw-pond mud-BC, the modified
La-BC, and Fe-BC are referred to as group 1, 2, 3, 4, and 5, respectively.
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study, the antibiotic adsorption capacity per unit mass of the
modified BCs decreased because the amino group lost its
electrostatic attraction to antibiotics due to deprotonation.

4.3. Kinetics Model and Adsorption Process. The study
of adsorption kinetics showed that the adsorption effect of
modified BC on SMZ was related to the residence time of
antibiotics at the solid−liquid interface. The process of
removing antibiotics from sewage by absorbing substances
can be expressed by a quasi-first-order or quasi-second-order
adsorption kinetic equation, which is termed as physical
adsorption. Van der Waals forces are mainly used as the driving
forces for antibiotic adsorption.48 The quasi-second-order
adsorption kinetic model suggests that antibiotic adsorption is
dominated by chemical forces, and the entire process is
irreversible without changing environmental conditions.12,49

The biological adsorption process is more suitable for the
quasi-second-order adsorption kinetic process, whereas the
biochemical adsorption process dominates the entire adsorp-
tion process, and electrostatic attraction is the main driving
force of antibiotic adsorption. Regarding the mode of action,
some reports have shown that electrostatic interactions, H-
bonding, and π−π interactions are the main interactions
between SMZ and BC.50 −NH2, −OH, and some oxygen-
containing groups,51 electron donor−acceptor interactions and
hydrogen bonds,52 electrostatic interactions, ligand exchange

or complexation,25 metolachlor, hydrogen bonds, π−π bonds,
coordination bonds, and hydrophobic interactions53 are also
responsible for the enhanced chemical adsorption based
removal51 with aromatic functional groups.54,55 The adsorption
process completely satisfied the Langmuir adsorption isotherm
model and quasi-second-order adsorption kinetics, which
showed that the adsorption process of modified BC for SMZ
was monolayer adsorption dominated by chemical adsorption
and electrostatic attraction. The existing more intermolecular
hydrogen bond may activate the reaction between the amino
group and the aldehyde group, shape with a dense ordered
aromatic structure, and evoke a Schiff base reaction. This
process is accomplished by enhancing chemical adsorption,
instead of the effects from coexisting anions and organics.
The three groups of modified BCs had good antibiotic

removal abilities. However, to improve the yield and
adsorption characteristics of bioactive carbon by screening
adsorbents and modification methods, the adsorption principle
(the decreased humic-acid-like region via EEM)39,40 and the
site of BC modification need to be further studied. Lots of
reports demonstrated metal−organic framework materials34

and rhamnolipid-functionalized graphene oxide hybrid36 had
good regeneration and reusability capacity. The regeneration
and utilization of modified activated carbon are key factors in
considering the economic performance of the adsorption

Figure 7. Possible mechanisms of sulfamethylimidine and MB degradation by BC catalysts.
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process. Our recent study showed Al-impregnated thermally
treated calcium-rich attapulgite (Al@TCAP-N) and volcanic
stone had good regeneration performance,56 which was used
for wastewater treatment.57−66 Therefore, when we used it in
the sedimentation unit, its recycling and regeneration ability is
worth discussing based on the excellent adsorption capacities
when compared with other reports (MB36,59−63 and
sulfamethylimidine,55,64−66 Table 4). However, with regard

to desorption and recycling, iron modification and La
modification cannot be reused. This is because the strong
hydrogen bonds in the iron modification make the modified
BC very rigid when constructing the network, which greatly
reduces its ductility. The strong crosslinking density in La
modification causes the modified BC to maintain its inherent
strength during the reaction, making it unable to react again
during the adsorption process. The modified BC must have a
good balance between strength and toughness to ensure its
integrity and adsorption efficiency for multiple cycles. Based on
this study, it is also suggested to further investigate the effect of
coexisting anions and organics for the MB and SMZ
treatments, and the use of modified BC in real antibiotics,
printing, and dyeing wastewater.

5. CONCLUSIONS
With an increase in the thermal decomposition temperature,
the biological properties of the product decreased, and the pH
value, specific surface area, and the C and ash contents
increased. The slowly decomposing small molecules of BC
gradually change from a disordered state to an ordered state,
and the alkane structure gradually changes to an organic
aromatic structure in the form of high-density hydroxyl/
carboxyl groups and C�O double bonds. Crystallized
substances, adsorption sites appeared on the surface of the
originally smooth BC following adsorption and the voids were
reduced. In the adsorption experiment of SMZ by BC, the
higher the temperature, the better the adsorption effect, and it
reached saturation at approximately 25 °C at pH = 4, with BC
addition amount = 0.02 g (10 mg L−1). The adsorption
performance of MB by BC is the best when the addition
amount is 0.2 g (6.67 g L−1), pH =7.0, temperature = 35 °C.
The three modified BCs play a leading role in the physical
adsorption of SMZ and the chemical adsorption of MB. The
pseudo-second-order kinetic equation is more conducive to
explain the entire adsorption process of SMZ, and the
Langmuir equation is more in line with the adsorption of
SMZ by the modified BC. On the other hand, the Elovich

model is better than the pseudo-first-order and pseudo-second-
order models to fit the adsorption behavior of MB by BCs, and
the Freundlich and Temkin models are more suitable for
explaining the adsorption of MB.
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