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1 Introduction

Corncob biochar combined with Bacillus subtilis to
reduce Cd availability in low Cd-contaminated soilt

Yilin Yang,? Xiaojun Hu, ©*@ Huifeng Wang,*? Xinling Zhong,? Kaishan Chen,?
Biao Huang® and Chunxiang Qian®

Soil contamination by heavy metals such as Cd can pose a risk to the environment and human health.
However, Cd is difficult to immobilize at low concentration levels in soil. Individually, Bacillus subtilis and
biochar have been shown to be inefficient at immobilizing Cd in soil. In this study, corncob biochar was
generated at different pyrolysis temperatures (300 °C-550 °C), and the Cd immobilization efficiency and
performance of corncob biochar loaded with B. subtilis (CB@B) and corncob biochar alone (CB) were
evaluated in solutions and in soil. The characterization (SEM and FTIR) of CB generated at different
pyrolysis temperatures and CB generated at different pyrolysis temperatures in CB@B (300 °C-550 °C)
indicated that a superior pore structure and abundant O-functional groups were obtained at a pyrolysis
temperature of 400 °C for both CB@B and CB. The X-ray diffraction and X-ray photoelectron
spectroscopy results indicate that the formation of Cd compounds was associated with the positive
combined biosorption effect of the bacteria and biochar, electronic adsorption, activity of the O-
functional groups (C=0, COOH, OH, and Si—-O-Si), and complexation between extracellular substances
and Cd2*. Adsorption experiments were conducted in a solution to assess the effects of various
operating parameters such as the time, pH, and adsorbent dose. The 400 °C-CB@B and 400 °C-CB
samples achieved the largest reductions in the Cd concentration at 81.21% and 5.70%, respectively. Then,
CaCl, extraction experiments were conducted in soil, and using 0.25%-CB@B, a 55.21% decrease was
realized in the Cd concentration after 56 days and a 16.71% increase was realized in soil pH to 8.38. No
significant difference was observed in the CB-treated groups, among which 1.0%-CB achieved the
largest reduction of 26.08% after 56 days and a 3.20% increase in the soil pH to 7.41. The Tessier
sequential extraction method obtained similar trends. Overall, 400 °C-CB@B demonstrated outstanding
immobilization efficiency and durability, indicating that it provided a safe and nutrient-rich habitat for B.
subtilis to realize a synergistic effect for Cd immobilization.

human health when it enters the food chain.” Excess Cd in the
human body may damage the kidneys and liver, increase the
risk of upper gastrointestinal cancer, and cause neurological

Soil pollution, particularly contamination by heavy metals such
as cadmium (Cd), is deemed a serious environmental
concern.'” The Yangtze River Delta is one of the most developed
areas in eastern China, and its soil has been contaminated by
the occurrence of heavy metals caused by intensive anthropo-
genic activities.*® Cd contamination of agricultural soil mainly
results from human activities such as chemical fertilization and
municipal waste extraction and incineration.® Cd easily accu-
mulates in various plant tissues, and it can negatively affect
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disorders.®®

Techniques such as chemical/biological leaching and plant
extraction have been used to extract Cd from contaminated soil.
Another approach is solidification/stabilization using natural or
chemical/biosynthetic amendments to reduce the mobility and
bioavailability of Cd in the soil.’*** Stabilization has been
successfully applied to the remediation of Cd-contaminated
agricultural soil because of its economic efficiency, environ-
mental compatibility, and adaptability to the growth cycle of
crops.**'> Biochar is a common organic material used for
stabilization because of its low cost and applicability to energy
production and climate change mitigation through carbon
sequestration.'®™® Corncob biochar is obtained via pyrolysis,
and it contains high levels of carbon and lignocellulosic
biomass' with a high surface area.'>** However, unmodified
biochar is generally inefficient at removing heavy metals from
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solutions. Thus, various physical modifications and chemical
modifications to biochar, such as particle size modification,**
acid modification, alkaline modification,**** loading with metal
oxides® or carbon materials, and combination with nanotech-
nology, have been investigated to increase its heavy-metal-
removal efficiency. However, the above synthetic amendments
often employ potentially toxic chemicals that pose a further risk
to the environment and reduce their sustainability.”

In contrast, microbial amendments employ green materials
and consume less energy and natural resources than the
abovementioned techniques. Microbial amendments are an
efficient, ecofriendly, and cost-effective method for remediating
Cd-contaminated agricultural soil.** Heavy-metal-resistant
bacteria such as Bacillus megaterium H3 and Neorhizobium
huautlense T1-17 have been shown to significantly reduce Cd
levels in the roots and grains of rice plants.' Bacillus subtilis (B.
subtilis) can resist the stress from Cd adsorption, and the
intracellular adsorption is relatively stable; consequently, Cd is
generally not released back into the environment.>”*®* Moreover,
B. subtilis produces bacteriocins that have broad spectrum
antibacterial properties with significant acid, alkali, and high
temperature resistances® while being harmless to humans.***
In addition, combining biochar and microorganisms allows the
former to provide essential nutrients and attachment points for
the latter, which facilitates the survival and growth of exogenous
bacteria when introduced to new soil**** and reduces the
nutritional deficiency of the soil.** Therefore, amendments
combining biochar and bacteria have been widely used for soil
remediation.

Most remediation studies have focused on soils with
moderate to severe levels of heavy metal pollution.***” Low
concentration levels of soil pollution are most common,*® but
only few studies have focused on low Cd-contaminated soil.
Moreover, low levels of Cd contamination may increase the risk
of Cd accumulation in crops. Furthermore, most remediation
studies on Cd-contaminated soil using bacterial agents and
biochar have focused on the individual efficiency of the bacte-
rial agents or biochar and have ignored the interaction between
them. In this study, an ecofriendly and cost-effective amend-
ment combining corncob biochar with B. subtilis was applied to
treat low Cd-contaminated soil. The stabilization efficiency,
equilibrium, optimal dosage, and optimal amendment time
were assessed. The primary objectives were to (1) prepare
corncob biochar (CB) at different pyrolysis temperatures and
characterize CB loaded with B. subtilis (CB@B) and CB alone; (2)
determine the CB and CB@B samples with the best Cd
adsorption performances in a solution; and (3) explore the Cd
adsorption mechanisms of the best CB and CB@B samples in
soil.

2 Materials and methods
2.1 Preparation, synthesis, and characterization

Corncobs were crushed and passed through a 100-mesh sieve.
They were then pyrolyzed in a tubular furnace (Droide Instru-
ment and Equipment Co., Ltd., Shanghai, China) under
continuous N, flow at a heating rate of 5 °C min~" until the
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selected pyrolysis temperature was reached (300 °C, 350 °C,
400 °C, 450 °C, 500 °C, and 550 °C), which was then maintained
for 2 h. The produced CB was ground and passed through a 100-
mesh sieve. The heavy metal content in the fired biochar was
measured using an E-max X-ray fluorescence spectrum analyzer
(XRF, XOS company, USA). The total Cd content was digested by
adding HNO3, HC], HF, and HCIO, in sequential order and was
then measured through inductively coupled plasma optical
emission spectroscopy (ICP-OES, Optima, 2000; PerkinElmer
Co., USA; Table S11). The detection limit was 0.03 mg kg™ *.%°
B. subtilis is a urease-producing bacterial strain, and it was
obtained from the China Center of Industrial Culture Collection
(B. subtilis strain number: BNCCI 193111). Prior to the experi-
ments, the instruments, reagents, and glassware were sterilized
using a high-pressure steam sterilizer. The experimental
procedures were performed on an ultraclean workbench. For
bacterial cultivation, 2 g of B. subtilis was added to 100 mL of
Luria-Bertani (LB) sterile liquid medium after autoclaving,
which was then cultivated for 15 h at 30 °C. The first generation
was added to 100 mL of a fresh sterile medium such that the
bacterial concentration in the solution was 5%. The Erlenmeyer
flask was shaken at a speed of 180 rpm at 30 °C, and the solu-
tion was cultivated for 8 h to obtain the second generation.
These steps were repeated until the third generation was culti-
vated. The third generation of the bacillus solution was mixed
with CBs prepared at different pyrolysis temperatures at
a mixture-to-water ratio of 4:5 (W/V) in 250 mL Erlenmeyer
flasks, which were then shaken for 2 h at 180 rpm and at 30 °C.
The mixture was then filtrated and dried at 30 °C to obtain the
composite amendment (CB@B) at —4 °C. CB and CB@B were
characterized using a scanning electron microscope (SEM) and
Fourier transform infrared spectrometer (FTIR, Nicolet IS5,
USA) at a resolution of 2 cm ™" in the range of 4000-400 cm ™.

2.2 Cd adsorption in solution

2.2.1 Adsorption experiments in solution. Analytical-grade
Cd nitrate was used to prepare a Cd** solution. Then, 80 mg of
CB was added to the prepared Cd(NOjs), solution, which had
a Cd concentration of 1.0 mg L™ " to reflect the Cd concentration
in soil. The solution was then shaken at 180 rpm for 24 h. The
samples were tested via ICP-OES after being filtered through
a 0.45 um membrane filter. The above experimental procedures
were repeated for CB@B. The CB@B samples were optimized
for Cd adsorption performance considering the bacterial
growth environment, pH conditions (3-8), CB@B dose (0-160
mg), and reaction time (1-48 h). The results (Fig. S1}) indicate
that the best adsorption performance was obtained at pH 8,
a CB@B dose of 80 mg, and a reaction time of 24 h. To eliminate
other interfering factors, only B. subtilis, LB medium, 400°C-CB,
and 400°C-CB@B were used to treat a solution containing
1.0 mg L ™" Cd (Fig. S21). The adsorption experiment and batch
experiments began in February 2021 and ended in May 2021.

The 400°C-CB@B sample was characterized using SEM,
energy dispersive spectrometry (SEM-EDS), FTIR, X-ray photo-
electron spectroscopy (XPS), and X-ray diffraction (XRD, TD-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3500 Dandong Tongda Science and Technology, China) before
and after being subjected to 1.0 mg L™" Cd.

2.2.2 Models of the sorption kinetics. Batch adsorption
experiments were conducted at an initial Cd concentration of
1.0 mg L' using a 400°C-CB@B dose of 80 mg. The experi-
ments lasted for 48 h according to the kinetic data. The other
experimental conditions were as described in Section 2.2.1.

Three mathematical models were applied to the sorption
kinetics: the intraparticle diffusion kinetic model, pseudo-first-
order kinetic model, and pseudo-second-order kinetic model.
These are presented below.

Intraparticle diffusion: ¢ = C + K;** (1)
Pseudo-first-order: In(ge—¢q,) = Ing.—K;t (2)
Kagzt

Pseudo-second-order : ¢, = T+ Kogut (3)
Here, K; (mmol g * h™*?) is the rate constant of intraparticle
diffusion and C is the intercept. g. is the amount of Cd**
adsorbed on CB@B (mg g~ ') at equilibrium, g, (mg g™ ') is the
Cd>" concentration at time ¢ (h), and T'is ¢ (min). K; and K, (mg
g " h™") are the constants of the pseudo-first-order and pseudo-

second-order reactions, respectively.

2.3 Cd immobilization in soil

2.3.1 Sample collection. Soil was collected from a Cd-
contaminated paddy field (31°25'54.93" N, 121° 02'59.19" E) in
Kunshan, Jiangsu Province, China. Kunshan is a representative
area of the Yangtze River Delta in eastern China where the soil is
polluted by heavy metals owing to rapid urbanization, indus-
trialization, and agricultural intensification. Over the past 30
years, key industrial enterprises have developed in Kunshan,
which has significantly increased the emission of industrial
waste in the area. Although much of the total waste is removed,
large quantities of waste remain in the environment, which has
significantly impacted the water, soil, atmosphere, and living
organisms.*

Samples were collected from the top layer (0-20 cm) of the
soil, air-dried, passed through a 100-mesh sieve, and bottled for
the experiments. The soil pH was measured using a pH meter
(Sartorius PB-10, Beijing, China) at a solid-liquid ratio of 1:2.5
(W/V). The levels of heavy metals and their physicochemical
properties are listed in Table S2.T The Cd concentration in the
soil was 1.4 mg kg ', and the soil pH was 7.2.

2.3.2 Soil incubation experiment. In this experiment, 250 g
of contaminated air-dried soil samples was placed in 500 mL
beakers, and CB@B at dry weight concentrations of 0%, 0.25%,
0.50%, 1.00%, and 2.00% was thoroughly mixed with the soil.
Each treatment was repeated thrice, and the soil was incubated
at 27 °C.* The moisture content of the soil was maintained at
70% field capacity in each beaker.”** After 7, 14, and 56 days of
incubation, the soil samples were collected, dried, and stored
for further analyses after sieving with a 100-mesh sieve. The
incubation periods were selected because the mature period of
leafy vegetables is approximately 56 days.® The CaCl, extraction
and Tessier sequential extraction methods were then applied to
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analyze the soil samples for changes in the heavy metal speci-
ation. The CaCl,-extractable Cd contents of the amended soil
samples were extracted by CaCl, (0.01 M) for 2 h.**> The filtrates
were analyzed for Cd via ICP-OES. The Tessier sequential
extraction method** was used to investigate the speciation of Cd
in the biochar-amended soil. All Cd concentrations were
determined using ICP-OES. The soil incubation experiment
began in July 2021 and ended in October 27, 2021.

2.4 Statistical analysis

XRF was only used to detect the concentrations of different
heavy metals in CB and soil. One-way analysis of variance
(ANOVA) with Duncan's test (p < 0.05) was applied in SPSS 26 for
Windows (SPSS Inc. IBM Corporation, USA) to determine any
significant differences in the Cd recovery. The results were
expressed as the mean =+ standard deviation of three indepen-
dent replicates. All figures were generated using Origin (version
2018).

3 Results and discussion
3.1 Characterization of CB and CB@B

3.1.1 Scanning electron microscopy. The SEM results
(Fig. 1) clearly show pore channels in CB that became denser
with increasing temperature.** The surface area resulting from
the formed pores and gaps significantly increased at tempera-
tures above 400 °C. At 500 °C, CB was further pyrolyzed, which
resulted in the destruction of the cellulose skeleton, decompo-
sition of lignin, and collapse of the pore walls to form a loose
pore structure. At temperatures above 550 °C, the internal
section of CB was crushed, which left only some small grooves
inside the structure.

3.1.2 Fourier transform infrared spectroscopy. To investi-
gate the functional groups of CB and CB@B, FTIR was con-
ducted to detect the changes in vibrational frequencies at
different pyrolysis temperatures (Fig. 2). The amplitudes were
clearer for CB@B than for CB, indicating that the CB@B
samples contained more functional groups than the CB
samples. A vibration band at 3426.48-3438.47 cm ' was
attributed to hydroxyl stretching, and a C-H asymmetric
vibration band at 2922.89-2928.97 cm ™" was attributed to fatty

Fig. 1 SEM
temperatures.
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of CB generated at different

pyrolysis

RSC Adv, 2022, 12, 30253-30261 | 30255


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04643a

Open Access Article. Published on 24 October 2022. Downloaded on 12/6/2025 12:00:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
a = = b 3 ”
2 =
100 = a Lo ’§ 100 S Ly & £ 100 3 »
I =] W T VS \8 2 | g [
' = i ' g‘ = §‘ ] ey T
9 e \iphy ! | of I Ty - N '
2 i W ! i B ‘ R NG =N
P 1 | P TR - I S | | Sy | % i > ' et
< 1 ! Sl I - 1 [} ] - @® 1
o ] o ! ' | s ' 1l n
g ' ! —t 1 S — o p— AN SR £ 5 :H |,:
Z eof ! T a1 g wf \ v st 1] N E o ' Vi "
E 1 N/ ~—AWMAA '/ wd = 1A P [ H 1 ol it
(i A v ] W/ (R z ' 3 " A "
-l | ] Yo i -} | oy ), £ Mt e N Vi /\.'_"!
Z \di/l i i ' ] bid B £ : AR
B 4O b ! P ' g M A/ = 4 : "
J d ! e . VA — 40°C CR i
— 300°C CB — 350°C CB g1 AN°C CB@B
20 300°C CB@B 20 —— 350°C CR@B 0
4000 3500 3000 2500 2000 SO0 1000 SO0 4000 3500 3000 2500 2000 1s00 1060 SO0 4000 3500 3000 2500 2000 1500 1000 SO0
Wayvenumber {em™) Wavenumber (cm") Wavenumber {em™)
d e 10 PR
- 27 e w o = o oad
19 S hE =% 2 g2 £ E T Cgs
i L (s w0 pes . v 104 g NN
TN e VYT N VA ™ Tss00C OB W
80 ! 2 - 500°C CB ' | H | an
2 1 i N = ! L | & !
& i i i n -~ ' I : ™ 1 1 ()
¥ ' ' i g "r ! P! i bt : ! b,
I N : v | 8 : r
H : R - | F e NS IS AN LM
E vt 2 U e ] E RN
= 40 Sp—— w il = Xif W o\ ] | | I
] ! 450°C CB@B 1 W = Y/ & - \ NS g i W
= i T 1 @] ! ol 1
& = wl ; swecceas | | ) ! i
20
88
0
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Wavenumber (em™)

Wavenumber (cm™')

Fig. 2 FTIR images of CB and CB@B generated at different pyrolysis temperatures.

methyl groups. COOH and C-C stretching vibration peaks of
benzene derivatives and a C-O stretching vibration peak of
conjugated ketones and quinones were observed at 1384.53—
1702.12 cm™'.*%% The absorption band at 741.60-878.23 cm ™"
was assigned to C-H groups.** The sorption peak near
1240 cm ™ * was attributed to a P-O bond of the phosphodiester
group of nucleic acids and phospholipids.*®

The number of functional groups decreased with increasing
temperature. According to Zama, the loss of functional groups
such as hydroxyl (O-H) and asymmetric C-H on methyl** can be
attributed to the thermal decomposition of most functional
groups at higher pyrolysis temperatures.” Temperatures above
500 °C can significantly increase the concentration of environ-
mentally persistent free radicals in the feedstock, which can be
potentially toxic to some soil microorganisms.*®* CB samples
generated at 300 °C-400 °C contained more surface functional
groups than the samples generated at 450 °C-550 °C, suggest-
ing that the main mechanisms involved in the adsorption
process are electrostatic interaction, ion exchange, and surface
complexation.*

3.2 Adsorption results

3.2.1 Adsorption effectiveness of CB and CB@B in a solu-
tion. Fig. 3 illustrates the results of the adsorption experiments
of Cd on CB and CB@B generated at different pyrolysis
temperatures. Fig. S1T shows the effects of the pH, adsorbent
dose, and reaction time on Cd adsorption. At a pyrolysis
temperature of 400 °C, both CB and CB@B demonstrated
significantly better Cd adsorption (p < 0.05) than when gener-
ated at other pyrolysis temperatures. Moreover, CB@B exhibited
a significantly higher adsorption rate than CB. The rate of Cd
adsorption on CB@B increased as the pyrolysis temperature
was increased from 300 °C to 400 °C and then stabilized as the
temperature was further increased from 450 °C to 550 °C.

30256 | RSC Adv, 2022, 12, 30253-30261

CB@B demonstrated significantly better adsorption than CB
alone (p < 0.05), indicating that B. subtilis played an extremely
important role during Cd adsorption. Moreover, the experiment
eliminating other interfering factors (Fig. S21) showed that the
Cd adsorption of CB@B was considerably higher than the
adsorptions of Luria-Bertani and CB. The Cd adsorption of 400°
C-CB@B was higher than that of CB (Fig. 3) and B. subtilis alone
(Fig. S271) by 93.0% and 48.7%, respectively.

These results agree with those reported
studies.****** Combining bacteria and a mineral-based material
decreased the Cd level and bioavailability in soil more effec-
tively than when using either bacteria or the mineral-based
material alone.’”*® At a pyrolysis temperature of 400 °C, CB
exhibited a clear porous structure, which provided more
adsorption sites for bacteria and numerous functional groups
on the surface that further facilitated the adsorption
process.>**>%*

in other
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Fig. 3 Cd adsorption rate in a solution on CB and CB@B generated at
different pyrolysis temperatures.
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3.2.2 Characterization of 400°C-CB@B and 400°C-CB@B-
Cd. Because CB and CB@B generated at 400 °C exhibited the
best Cd adsorption, the pyrolysis temperature of 400 °C was
used in all subsequent experiments to reduce costs and time.
Fig. 4 shows the SEM-EDS results, which indicated that the
living cells of B. subtilis became short and thick under Cd stress.
The large surface area of CB facilitated the contraction of the
cells under Cd stress in the solution.>* Several secretions were
observed between cells under Cd stress, which may bond Cd
into the cellular organs and cytoplasm through chelation.”®
Moreover, CB may provide a habitat for colonization and protect
B. subtilis from direct competition with other bacteria,” which
would enhance the activity and functionality of the microbial
community.***® The mechanism for B. subtilis adsorption can be
divided into two steps: (1) adsorption by active transport fol-
lowed by sequestration of Cd inside the bacterial cells,>***7*”
and (2) adsorption and chelation by the extracellular polymer
substances and bacterial secretion outside the bacterial
cells.’”*®* The EDS spectra indicated a Cd peak in B. subtilis
after being subjected to 1.0 mg L~ Cd, which confirms that Cd
adsorbed onto B. subtilis.

FTIR was conducted on CB@B before and after Cd**
adsorption (Fig. 5a). The adsorption bands around 3450 and
3440 cm™ " were attributed to hydroxyl stretching vibrations.®
The broad bands observed between 1620 and 1610 cm ™' were
assigned to the carbonyl bending vibrations.*® The intense peak
at 1490-1792 ecm ' was attributed to the abundance of the
carbonate group such as C=0.¥ After Cd** adsorption on
CB@B, a tiny peak was observed at 1530 cm ™' that was attrib-
uted to carbonyl bending vibration. Moreover, the peak at
1610 cm ™' shifted to 1620 cm ™', indicating that the carbonyl
peak is closely associated with Cd immobilization.**** At
795 cm™ ', another tiny peak was observed, and the FTIR peak at
886 cm ™ shifted to 891 cm ™. This new peak was related to the
Si-O-Si shift, which indicates that Cd was exchanged with Si-O-
Si on the surface of CB@B and formed chemical bonds. The
FTIR peak at 3440 cm " shifted to 3450 cm ™", which reflects the
hydroxyl shift. These results indicate that carboxyl and phenolic
hydroxyl reacted with Cd*>" to form surface complexes. The
reaction of these organic functional groups shifted the COOH,

Fig. 4 SEM-EDS results of 400 °C-CB@B before and after Cd
adsorption.
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OH, C=O0, and Si-O-Si peaks.”*®* In addition, the carboxyl
functional groups of biochar may promote the complexation of
heavy metals.®

The XRD spectra verified the changes in the surface func-
tional groups (Fig. 5b). Chemical compounds such as SiO,,
CaCO3;, and KPO; were observed in CB@B before and after Cd
adsorption. The presence of Si, K, Al, Fe, and Mg was also
confirmed through SEM-EDS. The spectra clearly showed new
peaks of Cd compounds formed via Cd adsorption on CB@B
and the decrease in intensity of the SiO, peak. The adsorption
process may involve precipitation® within the solution and on
the surfaces. The adsorption process often proceeds synergis-
tically with other mechanisms such as ion exchange, electro-
static interaction, and surface complexation® because of the
direct interaction between chemical compounds containing
carbonates (e.g., SiO,) and O-functional groups (e.g., O-H and
COOH) on CB@B and Cd.** These chemical compounds are
highly effective in immobilizing heavy metals in contaminated
soil.*?

Before Cd adsorption, a sharp peak was observed at
283.00 eV in the C 1s narrow region spectrum (Fig. 5c), which
was assigned to the carbon in aliphatic or aromatic C-H and C-
C or to C=C bonds.>*** A characteristic peak was observed at
287.00 eV, which was assigned to hydroxyl carbon. After Cd
adsorption, the peaks of the aliphatic carbon and hydroxyl
group shifted to 284.439 and 288.231 eV, respectively, which
indicated that CB@B contained aliphatic carbon and hydroxyl
radicals that participated in the reaction.?® This result was also
confirmed by the FITR results. O-containing functional groups,
especially carboxyl and hydroxyl, play an important role in the
stable binding of Cd*" with biochar by complexation.*® The Cd
signal was not detected in CB@B before being treated with
1.0 mg L™ " Cd. The presence of Cd in CB@B was detected after
the treatment with Cd (Fig. 5d), which confirms the Cd
adsorption and loading onto CB@B. The high-resolution XPS
spectra for 3d-distributed Cd at 405.42 and 406.16 eV can be
attributed to the 3ds,, track of Cd. The two characteristic peaks
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Fig. 6 Changes in the CaCl,-extractable Cd and soil pH after treatment using 400 °C-CB and 400 °C-CB@B.

observed at 412.02 and 412.664 eV can be attributed to the 3d;/,
track. These results indicate that Cd on CB@B was mainly in the
form of Cd>*.2**

The above results indicate that multiple mechanisms were
involved in the Cd*>" adsorption on CB@B, including electro-
static interaction, ion exchange, complexation, chelation, and
precipitation.*»***> The adsorption mechanism of B. subtilis
involves two steps: (1) bioaccumulation by active transport of Cd
into the cell combined with the activity of extracellular
substances to sequester Cd inside the bacterial cell;»***”%” and
(2) adsorption and chelation by extracellular polymer
substances combined with bacterial secretion outside the
bacterial cell.*”*%%

3.2.3 Sorption kinetics. The three mathematical models
described in Section 2.2.2 were fitted to the experimental data.
The pseudo-first-order model (R* = 0.995) and pseudo-second-
order kinetic model (R* = 0.986) fitted well to the Cd adsorp-
tion process of CB@B (Fig. S3 and Table S3). However, the
pseudo-first-order model demonstrated a better fit. The initial
Cd concentration was 1.0 mg L™, and the experiment ended
after 48 h. The Cd*" adsorption capacity of CB@B rapidly

I 1 ssily cxchangable

b

2 £

Soil Cd distribution(%)
&

Sail Cd distribution (%)

g

" A
S

I Bound to carbonates IBlBound to Fe and Mn oxide

increased at first and reached equilibrium after 24 h. After
attaining equilibrium, the Cd®>" adsorption capacity was
0.1205 mg g '. In the pseudo-first-order model, there was
a period where the Cd** sorption rapidly increased with time.
During this process, Cd>" ions were adsorbed on the outer
surface of CB and the cell walls by electrostatic adsorption and
complexation of various polar functional groups.*®** CB@B
reached adsorption equilibrium after 24 h of contact because of
the accumulation of microorganisms accompanied by energy
expenditure.”” The presence of the functional groups and CB@B
(e.g., COOH and OH) resulted in different adsorption mecha-
nisms including electrostatic interaction, ion exchange,
complexation, chelation, and precipitation.®” The representative
formulas of the adsorption reactions are given below.

~COOH + Cd** - —CooCd” + H* (4)
-OH + Cd** —» -0Cd* + H* (5)
~2COOH + Cd** - -COOCdCOO™ + 2H" (6)

IBound to organidlll Residual
C o

Fig.7 Speciation of Cd in soil amended with different doses of 400 °C-CB and 400 °C-CB@B after incubation for (a) 7 days, (b) 14 days, and (c) 56

days.
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—20H + Cd** - -0CdO™ + 2H* ()
~COOH + Cd** + -OH — -COOCdO™ + 2H" (8)

Not all of the fitting lines of the intraparticle diffusion
kinetic model passed through the origin of the coordinates,
indicating that intraparticle diffusion was not the only rate-
limiting factor.

3.3 Soil incubation effect of 400 °C-CB and CB@B

3.3.1 Levels of CaCl,-extractable Cd and pH. Fig. 6 shows
the Cd immobilization capacities of CB and CB@B. After 56
days, both CB@B concentrations (2% and 0.25%) significantly
decreased the amount of CaCl,-extractable Cd. After 7 and 14
days, 0.5% CB®@B exhibited the maximum reduction of CaCl,-
extractable Cd at 38.02% and 34.72%, respectively. CB@B
significantly decreased the CaCl,-extractable Cd compared with
CB and the control (p < 0.05). A similar trend was obtained for
the soil pH. The two amended soil samples always had a higher
pH than the control. Increasing the soil pH can increase the
number of adsorption sites with negative charges on the soil
organic-inorganic colloids and clay particles,* which increases
heavy metal precipitation in the form of oxides, hydroxides,
carbonates, and phosphates.*?

3.3.2 Distribution of Cd fractions. Fig. 7 indicates that the
residual Cd in the untreated soil decreased with increasing
incubation time, which suggests an increase in the risk of Cd
entering the ecological environment. The CB@B-treated soil
showed a reduction in exchangeable Cd. Compared with the
control, the maximum Cd reduction after 7 days was 56.37% in
the 0.25%-CB@B-amended soil, and the maximum Cd reduc-
tion after 14 days was 69.45% in the 0.5%-CB@B-amended soil.
Thus, CB@B enhanced Cd immobilization by changing the
exchangeable Cd fraction to carbonate-bound, oxide-bound,
and organic matter-bound forms with some residual Cd. In
addition, CB@B was more effective than CB. When treated with
additional CB, the exchangeable Cd and carbonate Cd in the
soil increased after 7 and 14 days, which may be attributed to
the breakdown of organic carbon in CB, especially the aromatic
moieties, into low molecular-weight organic acids.”® The Tessier
sequential extraction results agreed with the CaCl, extraction
results.

4 Conclusions

The experimental results showed that CB@B provided a habitat
for exogenous bacteria, improved Cd immobilization, and
reduced Cd bioavailability compared with CB alone, indicating
that it is an attractive option for mitigating the risks posed by
low Cd-contaminated soil. SEM results indicate that the pyrol-
ysis temperature affects the porosity and number of functional
groups on the CB surface. Under optimal conditions, CB@B
exhibited the best Cd immobilization performance at a pyrol-
ysis temperature of 400 °C and significantly decreased the Cd
content in the solution by 81.21%. The characterization results
for 400 °C-CB@B and 400 °C-CB indicate the presence of
functional groups (e.g., C=0, COOH, and OH), compounds

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(e.g., SiO,, CaCO3, and KPOj3), and Si-O-Si on the surface of 400
°C-CB@B. The adsorption mechanism combined activity by
extracellular substances and activity by O-functional groups,
which promoted Cd complexation in the solution. B. subtilis was
shown to play an important part in Cd adsorption. In experi-
ments on low Cd-contaminated agricultural soil, 400 °C-CB@B
significantly and rapidly decreased the available Cd by 55.21%,
which was significantly better compared with other treatments
at 7 and 14 days. The Cd immobilization in soil by 400 °C-CB@B
involved physical adsorption, electrostatic interaction, and ion
exchange. In conclusion, 400 °C-CB@B is an environmentally
friendly, economic, and effective amendment for low Cd-
contaminated soil that is easily applied by farmers whose
lands are affected by heavy metal pollution. Further research is
needed on the bacterial load. This study thus provides a theo-
retical and practical foundation for the management of low Cd-
contaminated agricultural soil.
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