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Abstract

Bacteria-derived biochars from Bucillus sp. biomass under different pyrolysis temperature (250 °C, 350 °C, 450 °C, and 550 °C,
respectively) were prepared, forming polyptychial, mesoporous graphite-like structure. The adsorption and sequestration effi-
ciencies of Cd** by these biochars were evaluated, and the underlying mechanisms were then discussed. Cd** sorption data could
be well described by Langmuir mode while the pseudo-second-order kinetic model and Elovich model best fitted the kinetic data.
The functional groups complexation, cation-7t interactions, and interaction with minerals (including surface precipitation with
phosphorus and ion exchange) jointly contributed to Cd** sorption and sequestration on biochar, but the interaction with minerals
played a dominant role by forming insoluble cadmium salt composed by polycrystalline and/or amorphous phosphate-bridged
ternary complex. The maximum sorption capacity of BBC350 in simulated water phase of soil for Cd** was 34.6 mg/g.
Furthermore, the addition of bacteria-derived biochars (1%, w/w) decreased the fractions easily absorbed by plants for Cd in
the test paddy soils by 1.9-26% in a 10-day time. Results of this study suggest that bacteria-derived biochar would be a promising
functional material in environmental and agricultural application.
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Introduction 19.4% agricultural soils surveyed was classified as being con-

taminated, of which HM contamination accounts for the majority

Soils contaminated with heavy metals (HMs) could have adverse
implications for food quality and safety and have attracted much
public concern especially after the frightening media reports of
cadmium (Cd) in Hunan-grown rice in China in 2013 (Yu 2016).
Based on a 9-year survey of contaminants in soils from 2005 to
2013 conducted by China’s Ministry of Environmental
Protection (MEP) and Ministry of Land and Resources (MLR),
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(82.4%) (MEP 2016). Notably among the HMs, Cd ranks the
first in the percentage of 7.0% soil samples exceeding the MEP
limit (MEP 2016). A substantial amount of Cd in agricultural soil
is bioavailable to crops, and the bioavailability was highly influ-
enced by Cd mobility.

Sequestration of soil Cd would be a potential remedial strat-
egy for reducing the health and environmental risk. Indeed, cur-
rent remedial actions of HM-contaminated soil recur to two strat-
egies (Liu et al. 2018a): (i) ex situ extracting and/or separating
HMs from soil including flotation and washing, with good reme-
diation efficiency but high costs, and (ii) in situ stabilization of
HM s including passivation, immobilization, and bio-mineraliza-
tion, and are widely applied due to easy operation, low cost, and
reliable remediation efficiency (Li et al. 2018). Recently, HM
stabilization has been attracting domestic and international re-
searchers’ concerns in the field of soil remediation. Many stabi-
lization sorbents have been studied to immobilize Cd in soil,
including activated carbon, organic material, microbial biomass,
and agricultural waste materials, but most of the sorbents have
limitations of either low efficiency, re-release of HMs after
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stabilization, or disposal restrictions (Peng et al. 2009; Liu et al.
2018a). To solve this issue, a high efficiency and environment-
friendly sorbents with strong passivation capacities for HM ions
are urgently needed.

Biochar is C-rich residue of incomplete combustion of bio-
mass under oxygen-limited conditions at relatively low tem-
peratures (<700 °C). It is a promising soil conditioner for
agricultural and environmental field because of its high sur-
face area, porosity, sufficient functional groups, and easy ac-
cessibility, which distinguishes it from other carbonaceous
products such as activated C (AC) and charcoal (Ahmad et
al. 2014). Furthermore, application of biochar to soil can also
help improve soil properties and enhance soil quality by
retaining higher moisture, elevating nutrients, and microbial
activity, therefore increasing crop yields (O'Connor et al.
2018; Yu et al. 2018).

The underlying mechanisms for Cd immobilization on bio-
char included (i) metal-ligand complexation; (ii) metal ion
exchange with Cd**; (iii) interaction between Cd** and 7t
electrons (e.g., C=C, C=0); (iv) co-precipitation with mineral
groups (e.g., PO, CO5%) (Zhang et al. 2015; Qiao et al.
2018; Xiao etal. 2018). The above mechanisms were enslaved
by the components in raw materials (e.g., hemicellulose, cel-
lulose, and lignin in plant-derived feedstocks) and pyrolysis
temperature (Yang et al. 2007). In case of raw materials, bac-
terial biomass materials are good precursors because of their
natural polyptychial spacial structure such as peptidoglycan
layer. Peptidoglycan layer is a three-dimension network
stereostructure and composed by linear glycan strands cross-
linked by short peptides (Matias and Beveridge 2005). Thus,
the polyptychial mesoporous graphite-like structure would
probably occur in biochar derived by bacteria biomass, which
would be expected to promote Cd immobilization. In addition,
phosphorus in bacterial can be transformed from organic
phosphorus to inorganic phosphorus during carbonization
process. The transformation might also strengthen Cd seques-
tration by the elevated sorption sites for Cd** (Zhao et al.
2016). Interestingly, microcrystalline graphitic sheets (disor-
dered graphene layers) within biochar stacked together and the
graphitic sheets grew with increasing carbonization tempera-
ture beyond 600 °C. Consequently, the formation of graphitic
sheets within biochar increased the 7t/cation-7t interactions
and thereby improved sorption of heavy metals on biochar
(Harvey et al. 2011; Klupfel et al. 2014).

In order to evaluate the impacts of the morphology and
structure of bacteria-derived biochars on adsorption and se-
questration of Cd**, this study thus investigated the adsorption
isotherms (such as Langmuir modle and Freundlich model)
and adsorption kinetics (including pseudo-first-order model,
pseudo-second-order model, and Elovich model) of cd*t
using biochars derived from Bacillus sp. biomass by the dif-
ferent pyrolysis temperature (250 °C, 350 °C, 450 °C, and
550 °C, respectively). Sequestration effectiveness was also
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assessed by determining the leaching ratio based on the pH
values of soil in the range from 5.0 to 6.0. Mechanisms re-
sponsible for Cd sequestration were illuminated using field
emission scanning electron microscopy (SEM), transmission
electron microcopy (TEM), energy dispersive X-ray analysis
(EDX), select area electron diffraction (SAED), TEM map-
ping, and X-ray photoelectron spectroscopy (XPS). The re-
sults of this study would be expected to deepen the compre-
hension and broaden insights of the sequestration behavior of
Cd in soils in the future remediation soils contaminated by
HMs.

Materials and methods
Chemicals and materials

3CdSO4-8H,O0 (ultrapure grade) and other inorganic reagents
(analytical grade) were purchased from Sinopharm Chemical
Reagent Co., Ltd., Shanghai. Ultrapure water was used for all
the experiments. Soils were collected from the top layer (0—
20 cm) of the paddy soil located in Yangli village, Xiangtan,
China. The content of Cd in collected paddy soil was 0.7 mg/
kg and soil pH was 6.3, which was significantly higher than
the Chinese environmental quality standard for agricultural
soils (GB 15618-2018, 0.4 mg/kg at 5.5 <pH < 6.5).

Biochar preparation

Gram-positive bacterial cells of Bacillus sp. were cultivated in
LB medium at 30 °C for 36 h before centrifugation (4000 rpm
for 15 min) and were subsequently freeze-dried (LGJ-10,
Henan Brother Equipment Co., Ltd., China). The powdered
biomass was tightly placed in a ceramic pot, and then pyro-
lyzed in a tube furnace (OTF-1200X, HF-Kejing, China) un-
der N, atmosphere (200 mL/min, 0.025 MPa), the pyrolysis
was programmed to raise the internal biomass chamber tem-
perature to the desired temperatures (250, 350, 450, and
550 °C, respectively) at a rate of 10 °C/min for 2 h (Luo et
al. 2018). The bacteria-derived biochars were denoted as
BBC250, BBC350, BBC450, and BBC550 in accordance
with the desired pyrolysis temperature. All the biochar sam-
ples were ground to pass through a 0.25-mm sieve prior to use.

Bacteria-derived biochar characterizations

The special surface area and pore size distribution of bacteria-
derived biochars (including BBC250, BBC350, BBC450, and
BBC550) were analyzed by a NOVA-2200e Surface Area and
Pore Size analyzer (Quantachrome, Boynton Beach, Florida,
USA), respectively. After degassification under vacuum for
9 h at 150 °C, nitrogen absorption-desorption isotherms of
the above bacteria-derived biochar samples were carried out.
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The surface area was calculated with the Brunauer-Ebammett-
Teller (BET) method based on nitrogen sorption data in the
relative pressure (P/Py) range of 0 to 1. Pore volume and pore
diameter were determined using the Barret-Joyner-Halender
(BJH) method based on N, adsorption data. The total pore
volume was obtained from the amount of nitrogen absorbed
at a relative pressure (P/Py) of 0.98 approximately. The pore
size distribution was analyzed by a nonlocal density function-
al theory method using the data of nitrogen adsorption, which
was assumed a slit pore model (Yuan et al. 2018).

To evaluate influences of pyrolysis temperature on the
bacteria-derived biochar structure ordering, Raman spectra mea-
surements were carried out on a Renishaw InVia Raman micro-
scope (inVia, Renishaw, UK) with the excitation laser wave-
length of 532 nm at room temperature (Liu et al. 2014).

Morphology and microstructure characteristics of bacteria-
derived biochars before and after the adsorption of Cd** were
observed using field emission scanning electron microscopy
(SEM, JSM-6610LV, JEOL, Japan) at an accelerating voltage
of 30 kV and transmission electron microcopy (TEM, Tecnai
G2F30, FEI, USA) coupled with an energy dispersive X-ray
system (EDX) at an acceleration voltage of 300 kV. High-
resolution transmission electron microscopy (HRTEM)
equipped with the select area electron diffraction (SAED)
and TEM mapping were further used to investigate the poten-
tial crystal structure and distribution of adsorbed Cd** on
bacteria-derived biochar (Yoo et al. 2018).

The surface chemical compositions of bacteria-derived bio-
char before and after the adsorption of Cd** (here referring to
the bonding energies of Cd, P, O, and C) were determined
using X-ray photoelectron spectroscopy (XPS, Escalab
250xi, Thermo Scientific, USA) (Guo et al. 2017).

Sorption experiments

Cadmium stock solution (1000 mg/L) was prepared by dis-
solving 3CdSO4-8H,0 in 0.01 mol/L NaNOs solution that
simulated soil water phase background electrolyte. All vessels
and experimental apparatuses were strictly acid-cleaned be-
fore use so as to avert the residual of metal ions.

The adsorption kinetic experiments were performed as fol-
lows: 10 mg BBC250, BBC350, BBC450, and BBC550 sam-
ples were placed into 10-mL solution containing 25 mg/L
Cd>* in glass vials, respectively, and then, the above glass
vials were placed in a shaker (150 rpm) at 25 °C. At certain
sampling time interval (1, 2, 3, 5, 7, 9, 11, 24, and 48 h), 10-
mL subsamples were taken and Cd concentrations after filtra-
tion with 0.22-um filters (MCE, Green Union Science
Instrument Co., Ltd., China) were measured by air-acetylene
flame atomic absorption spectrometry (AAS, AA-6300C,
Shimadzu Co. Itd., Suzhou, China) equipped with an air-
acetylene flame atomizer and a hollow cathode lamp (AS-1,
Beijing, China).

The adsorption isotherm experiments were carried out as
the same conditions described above. In brief, 10-mg
BBC250, BBC350, BBC450, and BBC550 samples were
added into 10-mL NaNOs solution with different Cd levels
(10, 15, 20, 25, 50, 80, and 100 mg/L) in 20-mL glass vials
with Teflon-lined screw caps, respectively. The above mixture
was placed in a shaker under 150 rpm at 25 °C for 24 h. After
equilibrium, BBC250, BBC350, BBC450, and BBC550 and
liquid phases were separated by centrifugation (3000 rpm for
15 min) before filtering through 0.22-um filters.

Adsorption model and kinetics analysis

The adsorption amount of Cd** on bacteria-derived biochar at
the certain time ¢ (g,, mg/g) was calculated using Eq. 1 (Wang
et al. 2018),

4= (Co=Ci) x V/m (1)

where ¢, is the amounts of Cd** adsorbed onto the bacteria-
derived biochar (mg/g), V'is the volume of the solution (L), m
is the amount of adsorbent (g), C, and C, represent the con-
centration of Cd** at initial time and at time ¢, respectively
(mg/L), bacteria-derived biochar was referred to BBC250,
BBC350, BBC450, and BBC550, respectively.

The pseudo-first-order and pseudo-second-order models
(Luo et al. 2018) were used to investigate the effects of contact
time on Cd adsorption on the bacteria-derived biochar, and the
correlation coefficient (R%) was considered as an evaluation of
the consistency between the experimental data and the
models. The pseudo-first-order kinetic model (Eq. 2) is given
as follows:

9, = q.(1—exp(~k;t)) (2)

The pseudo-second-order kinetic model consists by all the
steps of adsorption including adsorption, external film diffu-
sion, and internal particle diffusion. The equation is defined as
Eq. 3.

1
K qe( I+ qek2t> ®)

Elovich model is another common model to reveal the
chemisorption process, which assumes that the adsorbate is
adsorbed onto the solid surface without desorption, and the
adsorption rate reduces with increasing contact time due to an
increased surface (Chien and Clayton 1980). The equation is
expressed as Eq. 4,

g = %Lna + af) (4)

where g, and g, (mg/g) represent the content of adsorbed Cd at
the equilibrium and at time ¢, respectively. k; (h™') and &,
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(g/(mg/h)) represent adsorption rate constants. a (mg/(g-min))
is the initial adsorption rate and /3 (g/mg) is the constant con-
cerned with the surface coverage and the chemisorption acti-
vation energy.

To compare the adsorption capacity and intensity of Cd**
onto bacteria-derived biochar, Langmuir and Freundlich
models were employed by fitting the experimental data of
the adsorption isotherm. The equations of the two models
are shown below (Gao et al. 2019):

K Ce .
qge = I%FLKTC@) (Langmuir model) (5)
ge = KFC,"/" (Freundlich model) (6)

where g, (mg/g) and C, (mg/L) represent the adsorption
amount and the equilibrium concentration of Cd, respectively.
The K; (L/mg) and ¢,,,, (mg/g) express the Langmuir adsorp-
tion constant and the maximum adsorption amount, respec-
tively. K and n express the uptake capacity and adsorption
intensity, respectively.

Sequestration capacity of Cd** by bacteria-derived
biochar

To estimate the sequestration capacity of bacteria-derived bio-
char for Cd**, BBC350 adsorbed Cd** was selected to carry
out the leaching experiment. Briefly, Cd-loaded BBC350
(0.5 g) was placed in a 1000-mL flask containing 500-mL
HNOj; solution (0.1 mol/L) in a shaker under 150 rpm at
25 °C for 480 min. After that, the supernatant was filtered
by a 0.22-pum filter after centrifugation (3000 rpm for
15 min). The concentration of Cd** in filtrate was analyzed
by AAS.

The sequestration ratio (SR) for Cd** by BBC350 was cal-
culated as the following formulae, Eq. 7 and Eq. 8.

(Co—C,) x (1-E¢)
Co

SR = x 100% (7)

where Cj, is the initial content of Cd** concentration (mg/L),
C, is the concentration of Cd>* (mg/L) at the equilibrium time
(24 h) during adsorption step in the section of 2.3, Cy_ is the
leaching concentration of Cd** (mg/L) at the equilibrium time
(240 min) during leaching step. E. (%) is the equilibrium
elution efficiency of leaching step represented the proportion
of the elution amount during the desorption step occupied in
the amount of adsorption amount in previous adsorption step,
which is calculated by the below Eq. 8.

Cy

—C x 100% (8)

FEe =
T
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Phosphorus release from bacteria-derived biochar

Phosphorus release from BBC250, BBC350, BBC450, and
BBC550 was separately investigated through a batch leaching
experiment (Zhao et al. 2016). Briefly, biochar was mixed
with 0.01 mol/L NaNOj solution at a solid/liquid ratio of 1:1
(w/v) and then agitated at 25 °C for 72 h. At certain sampling
time intervals (1, 2, 3, 5,7, 11, 24, 48, and 72 h), the leachate
was collected and filtered using a 0.22-pum filter. After that,
the phosphorus concentrations in the leachate were deter-
mined by colorimetry using the molybdate/ascorbic acid
method (Cao and Harris 2010).

Quantitative analysis of sorption contribution ratio
involved in different Cd** sorption mechanisms
on bacteria-derived biochars

The sorption contributions of Cd** sorption on bacteria-
derived biochars involving in the interaction and precip-
itation with minerals (Qn,), functional group complex-
ation (Q.,), and Cd**-mt coordination (Qc) were ana-
lyzed as the methods described by Pal and Maiti
(2019). Briefly, the surface minerals on bacteria-
derived biochars were removed by soaking in 1 mol/L
HCI solution overnight and then washed using pure wa-
ter until to the neutral pH value. The reduced amount of
Cd** from Cd-loaded bacteria-derived biochars by acidic
soaking was considered as the contribution of these re-
moved minerals, and the yield of demineralized biochars
from initial bacteria-derived biochars was calculated to
offset the concentration effect. The sorption involved in
the interaction with minerals (Q.,;,) was calculated by
Eq. 9:

Qmin = Qt_Qa Y (9)

where O, (mg/g) is the amount of cd** sorption at-
tributed to the interaction with minerals, Q; (mg/g) is
the total sorption of Cd®* on bacteria-derived biochars,
0, (mg/g) is the amount of adsorbed Cd>* on
demineralized bacteria-derived biochars, Y is the yield
of demineralized biochars from initial bacteria-derived
biochars.

Additionally, in order to the coordination with the oxygen-
containing organic groups on the surface of bacteria-derived
biochars, a drop of 1 mol/L HCI solution was added to
demineralized bacteria-derived biochars before and after
cd* sorption, where the chemical interaction below could
exist:

—COOH + Cd*" + H,0 ——-CO0Cd" + H;07"
—OH + Cd** + H,0 —»-0Cd* + H;0" :
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Thus, the amount of H+ release could represent the contri-
bution of functional group complexation (Q,,) to the adsorp-
tion of Cd2+. It could be calculated by Eq. 10:

Qco = QpH Y (10)

where Q. (mg/g) is the amount of Cd** sorption attributed to
the functional groups complexation, Opy; (mg/g) is the amount
of adsorbed Cd** by functional groups complexation, Y is the
yield of demineralized biochar from initial bacteria-derived
biochars.

Cd** sorption on demineralized bacteria-derived biochars
was the sum of Cd**-t interaction and functional group com-
plexation together, so the amount of Cd** sorption by Cd**-rt
interaction (Q.,) could be calculated by Eq. 11:

an = Qa*Y_Qco (11)

Finally, the contribution ratios of Cd** sorption mecha-
nisms involved in the interaction and precipitation with min-
erals, functional group complexation, and Cd**-7t coordina-
tion were calculated using the O,in/O;, Oco/Os, and O, /O,
respectively.

Soil experiment

To verify the adsorption and sequestration capacity for Cd** in
soil by bacteria-derived biochars, BBC250, BBC350,
BBC450, and BBC550 were added as a ratio of 1% (w/w) to
the tested paddy soils in pots under 70% soil moisture content
for 10 days. No biochar addition was used as the control check
(CK). Each treatment was triplicate. Soil samples were col-
lected after 10 days and extracted continuously by 1.0 mol/L
MgCl, at pH=7 (exchangeable Cd) and 1.0 mol/L sodium
acetate at pH =35 (carbonate-bound Cd) (Tessier et al. 1979).
The sum of exchangeable Cd and carbonate-bound Cd was
considered to be the fractions easily absorbed by plants (FEA)
for Cd in the tested soils, and FEA-Cd could be used to predict
the bioavailabilities of heavy metals in soils and correlate with
plant uptake (Walker et al. 2003).

Cadmium determination

Before measurement, samples were immediately acidified to
pH <2 with concentrated HNO;. Cd** concentrations were
measured by AAS. The calibration curve of Cd** was calcu-
lated by serial gradient solutions of Cd** in the range from
0.025 to 1.0 mg/L. The detection limit of Cd** was
0.00337 mg/L, and the relative standard deviation (RSD)
was 0.2% (n=6). FEA-Cd contents in the tested paddy soils
were determined with ICP-MS (iCAP Qc, Thermo Scientific,
USA). The instrumental calibration, data acquisition, and data
analysis were controlled by the instrument software with the
detection limit of 0.0006 pg/L. The standard solutions of 0,

5.0, 10.0, 20.0, 40.0, and 50 pg/L were used for instrumental
calibration. The correlation coefficient in standard curve was
>0.999. Each test was replicated three times.

Statistical analysis

One-way analysis of variance (ANOVA) was used to assess
significant differences at p <0.05 among groups (Origin 8.5).
All of the experiments were performed in triplicate and the
data are presented as mean + standard deviation (SD).

Results and discussion
Properties of bacteria-derived biochar

The surface area and total pore volume of biochar are signif-
icant parameters related to adsorption efficiency for heavy
metal ions, which influences amounts of binding sites
(O'Connor et al. 2018). The surface areas of BBC250,
BB(C350, BBC450, and BBC550 were 24.0 m?/g, 65.2 m?/
g, 38.2 m%/g, and 4.7 m?/g, respectively. Nitrogen sorption
analysis showed that BBC250, BBC350, BBC450, and
BBC550 presented the type IV isotherm characteristics of
mesoporous material, and their narrow pore width distribution
centered at 53.61 nm, 53.34 nm, 62.66 nm, and 46.81 nm,
respectively (Fig. 1a and Table S1).

Raman spectra of BBC350, BBC450, and BBC550
showed that two important Raman peaks 1355 cm '
(D-band) induced by sp> hydridization and 1573 cm™'
(G-band) originated from crystalline graphitic/sp> carbon
atoms, respectively (Fig. 1b), suggesting the appearance
of graphitic-like structure in biochar (Mendonca et al.
2017). The intensity ratio of the D and G bands (Ip/
Is) indicates the graphitization degree and density of
defects for carbon materials (Jiang et al. 2016). Here,
the Ip/lg increased from 0.781 to 0.882 with an in-
creased pyrolytic temperature from 350 to 550 °C, elu-
cidating that newly formed sp-hybridized domains were
dominant with higher defects, and preserved six or more
fused hexatomic rings (suggesting the presence of aro-
matic or graphitic structures). The G peaks of bacteria-
derived biochars were broadened significantly with the
increased pyrolytic temperature from 350 to 550 °C, for
instance, the G peaks of BBC550 from 1466.8 to
1746.9 cm™'. This result could be related to the forma-
tion of graphitic and/or aromatic rings structures in bio-
char during the process of pyrolysis from 350 to 550 °C
(Abdul et al. 2017).

The microstructures of BBC250, BBC350, BBC450, and
BBC550 were presented by SEM and TEM images (Fig. 2
and Fig. S1). BBC250 and BBC350 showed typically
rough and porous natures, while BBC450 and BBC550
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clearly appeared polyptychial structures and visible pores,
which convincingly supported the results of Raman spectra
(Fig. 1b). Also, the TEM observations of BBC350 and
BBC550 were similar with the membrane structure of
graphene oxide (Chen et al. 2017). Overall, these results
shown in Table S1, Figs. 1 and 2 show that these biochars
had mesoporous, polyptychial, and graphene-like structure,
which suggested a greater potential for bacteria-derived bio-
char to sequestrate Cd** compared to simple pore structure
of other biochars.
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Adsorption isotherms and kinetics of Cd**
on bacteria-derived biochar

The adsorption kinetics of Cd** on BBC250, BBC350,
BBC450, and BBC550 including the pseudo-first-order, pseu-
do-second-order, and Elovich models are shown in Fig. 2
while the kinetics fitting parameters for the adsorption of
Cd** onto BBC250, BBC350, BBC450, and BBC550 are
listed in Table S2. As shown in Fig. 2a and Table S2, the
pseudo-second-order model better fitted the adsorption of
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Fig. 2 TEM images of Cd**
before (a) and after (b) adsorption
onto BBC350, SEM images of
Cd* before (c) and after (d)
adsorption onto BBC550

i 3 2 5 100 pm.
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SEI WD13mm SS35

SEI
Fig. 2 (continued)

Cd** on bacteria-derived biochar as suggested by their higher
correlation coefficients (R”) than that of pseudo-first-order
model. This indicated that the adsorption of Cd** on
bacteria-derived biochar was dominated by chemisorption
mechanism (Guo et al. 2017). Furthermore, the correlation
coefficient of Elovich model was higher than 0.90 except for
that of BBC250, which also suggested that chemical interac-
tions played an important role during the adsorption process of
Cd** onto bacteria-derived biochar (Deng et al. 2019).
Additionally, hexagon graphitic sheets occurred within
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BBC350, BBC450, and BBC550 (Fig. 1b), which could in-
duce cation-7t interaction, and thereby increase the adsorption
of Cd** on bacteria-derived biochars. This result was consis-
tent with the findings of Harvey et al. (2011)), where they
confirmed that cation-7t bonding mechanisms play a crucial
role in the sorption of HM ions on biochars.

As shown in SEM images (Figs. 2 and S1), bacteria-
derived biochars have more homogeneous surface and more
obvious multilayered structure with the increase of pyrolytic
temperature, which was against the initial cadmium sorption
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and had much longer diffusive interaction time. For instance,
the adsorption rates (k,) of BBC250, BBC350, and BBC450
decreased from 0.063 to 0.008 g/(mg/h) with temperature in-
creasing from 250 to 450 °C. The higher &, values signified
the higher initial sorption rate in the pseudo-second-order
model. Also, the initial sorption rate is related to the diffusive
interaction time affected by biochar structure. The structure
with more active adsorption sites would have higher 4, values.
So, the rough and monolayer structure of BBC250 with more

Ce (mg/L)

active adsorption sites contribute to the high initial sorption
rate. These results implied that porosities and structural differ-
ences of bacteria-derived biochar could cause different diffu-
sive interaction time so as to affect the initial cadmium sorp-
tion, which is similar with the conclusion of Abdul et al.
(2017). The parameters of Elovich model (x and 3) (Table
S2) showed that the values of o« (mg/(g/h)) were remarkably
bigger than 3 (g/mg) for the tested bacteria-derived biochars
(p <0.05), which suggested that adsorption was larger than
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Fig.4 a TEM images of BBC450 after Ccd** adsorption and the corresponding EDX elemental mapping forb C, ¢ Cd, d P, e O, 'S, g HRTEM image of
BBC450 after Cd** adsorption, h SAED pattern of BBC450 after Cd** adsorption from g, i EDS pattern of BBC450 after Cd** adsorption

@ Springer



Environ Sci Pollut Res (2019) 26:23505-23523

23515

8004 (l)
cd
Element Atom Ratio (%)
6004/c C(K) 48.04
P O(K) 29.52
8 P(K) 5.39
5 400 Cu K(K) 1.86
o Cu(K) 6.64
Cd Cd(K) 8.53
200 WK
tu Cu Cd
I cd
i WL,, . pmt s . ,
10 20 30 40
Energy (KeV)

Fig. 4 (continued)

desorption during the adsorption process of Cd** onto

bacteria-derived biochar (Liang et al. 2014).

The adsorption isotherms (including Langmuir and
Freundlich) and their fitting parameters of Cd on biochar are

shown in Fig. 3b and Table S3, respectively. The R* of
Langmuir model (the R* value of BBC250, BBC350,
BBC450, and BBC550 is 0.9516, 0.9597, 0.9985, and
0.9925, respectively) was higher than Freundlich model (the
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Fig. 5 XPS spectra for BBC450
before and after Cd** adsorption: (a) C1
a survey spectra, b O 1s, ¢ P 2p, s
and d Cd 3d
O1s
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R? value of BBC250, BBC350, BBC450, and BBC550 is
0.9145, 0.6417, 0.8942, and 0.6981, respectively), suggesting
that Langmuir model could better describe the adsorption pro-
cess of Cd** onto bacteria-derived biochar and the monolayer
coverage sorption of Cd** and homogeneous distribution of
adsorption sites on the surface of biochar (Li et al. 2016). The
maximum adsorption capacities of BBC250, BBC350,
BBC450, and BBC550 for Cd** calculated by Langmuir
fitting were 51.52 mg/g, 38.49 mg/g, 22.21 mg/g, and
13.02 mg/g, respectively (Table S3), whereas the experimental

@ Springer
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adsorption capacities g, of BBC250, BBC350, BBC450, and
BBC550 were 34.0 mg/g, 34.6 mg/g, 20.7 mg/g, and 12.0 mg/
g, respectively (Fig. 3b). As shown in Table S1, BBC350
obviously possessed the largest surface area and total pore
volume, which may be one of the reasons for its higher ad-
sorption capacity. X-ray diffraction analysis (XRD, Fig. S6)
exhibits that the (002) peak of BBC250 shifts to lower angle
as compared with BBC450, meaning larger interlayer distance
of BBC250 attributed to its layered structure, which lead to
higher specific surface area (SSA) for BBC250 (Long et al.
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Fig. 5 (continued)

2015). The graphene-like layers may stack up and the differ-
ences of interlayer distance may be the reason for biochar
prepared in low temperature has bigger SSA. Notably, the
adsorption capacity of bacteria-derived biochar for Cd** de-
creased with an increased pyrolytic temperature from 250 to
550 °C, which might be because that the functional group
C=C (1582 cmfl) became stronger whereas C=0
(1647 cm ') became weaker when temperature increased
from 250 to 550 °C, resulting in a weaker cation-7t interaction

for BBC450 and BBC550 (as the results of FTIR shown in
Fig. S3) (Deng et al. 2019).

The high temperature was favored for sorption of Cd** on
straw biochar because of their richer pore structure with the
increase of pyrolysis temperature (Liu and Fan 2018; Gao et
al. 2019); however, straw biochar can only grab Cd** on the
surface. The sorption capacity of bacterial biochar for Cd**
decreased as the pyrolysis temperature increased, which might
be due to larger interlayer distance and rougher surface in low
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Fig. 6 a Release of PO, from
BBCX (10 mg) in 0.01 mol/L —=— BBC250 (a)
NaNOj solution at whole 72 h, b e BBC350
the concentrations of PO,> in
0.01 mol/L NaNOj solution under 8L BBC450
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temperature biochar such as BBC250. However, the
polyptychial mesoporous structure of bacterial biochar could
help the precipitate contained Cd entering into the layer space
and subsequently be sequestrated, which was verified by SEM
image (Fig. 2d) and the lattice line and diffraction ring in
HRTEM image (Fig. 4g, h). More importantly, the differences
presented between bacterial biochar and straw biochar are
derived from their natural structure differences. Straw are
mainly consisted of hollow tubular structure while bacteria
are mainly composed by peptidoglycan layer. After pyrolysis,
straw biochar or bacteria-derived biochar remained corre-
sponding natural structures. Thus, the properties and

@ Springer

structures of bacteria-derived biochar are different with that
of straw biochar, resulting in many differences described
above.

Sequestration of Cd** by bacteria-derived biochar

As expected, the changes of the structural morphology and
properties for BBC250, BBC350, BBC450, and BBC550
were favorable to adsorption and sequestration of Cd**. As
shown in SEM images Fig. 2c¢, d, the surface of BBC550 was
relatively uniform and smooth before adsorption of Cd**.
While some visible particles (possibly precipitates and/or
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minerals) appeared on the surface and inside layers of
BBC550, suggesting Cd** reacted with the functional groups
and/or components of biochar to form the Cd-related com-
pounds (Zhang et al. 2015).

Compared to pre-sorption bacteria-derived biochars, many
black depositional dots with distinct shape were remarkably ob-
served on HRTEM image of Cd-loaded BBC450 (Fig. 4a). The
corresponding EDS spectra of the depositional dots showed high
peaks of Cd, P, and O elements (Fig. 41), which demonstrated the
sequestration of Cd** was strongly associated with P and O
(Chen et al. 2018). The results were further supported by the
results of TEM-mapping analysis (Fig. 4b—f). The phosphate-
bridged ternary complexes, such as P-Cd and P-O—Cd, might
be the key compounds responsible for effective sequestration of
cd (Maetal. 2015; Liu et al. 2018b; Lei et al. 2019). To obtain
an insight into the detailed characteristics of flocculent sedimen-
tary particles, HRTEM equipped with electron diffraction was
carried out. BBC450 after adsorption of Cd** displayed obvious
crystal and amorphous natures, where the lattice fringe spacing of
observed crystal particles was approximately 0.225 nm (Fig. 4g),
and the diffraction ring features were remarkable (Fig. 4h). In
contrast, no lattice fringe (Fig. S3b) and corresponding diffrac-
tion ring (Fig. S3¢) were observed in the control biochar (without
Cd** sorption). These results suggested that Cd** adsorbed onto
bacteria-derived biochar formed polycrystalline cadmium salt (Li
etal. 2018), and highlighted the critical role of phosphate-bridged
ternary complexes formation in the sequestration of Cd** and
thereby reduced bioavailability of Cd**.

To reveal chemical components of the formed mineral par-
ticles on bacteria-derived biochar after adsorption of Cd2+, the
Cd-loaded BBC450 were further examined using XPS analy-
sis. As shown in Fig. 5a, two new peaks appeared at binding

Time (min)

energy of 405.8 eV and 412.8 eV, indicating the precipitation
of Cd mineral(s) onto the bacteria-derived biochar surface. As
shown in Fig. 5c, the highest peak energy of “P 2p” for the
BBC450 before Cd adsorption was 133.13 eV, whereas that of
“P 2p” for BBC450 after Cd adsorption increased to
133.83 eV. This observation indicated that element P might
bond with Cd and O atoms during the adsorption process of
Cd**, which was also supported by the higher binding energy
of Cd 3d and O 1s (Fig. 5b, d). The results in this study
indicated the formation of phosphate-bridged ternary com-
plexes (Zhu et al. 2014; Liu et al. 2018b) probably the cadmi-
um orthophosphate, despite previous studies also reported the
other three types of Cd minerals, cadmium carbonate, and
cadmium chloride (Zhang et al. 2015) were identified in the
post-sorption biochar.

Notably, after Cd** adsorption, the peaks at 292.9 ¢V and
295.7 eV disappeared in C s spectrum, referring to K 2p3/2
and K 2p1/2, respectively (Fig. S4), which suggested that K*
was released from BBC450 surface (Chen et al. 2018), imply-
ing that the ion exchanges occurred between Cd and surface
ions of biochar.

Phosphorus release from biochar favoring
sequestration of Cd**

The aforementioned results illuminated that phosphorus
played an important role in Cd** sequestration, the phospho-
rus (here referring to PO,>") release from biochar was thus
investigated. As shown in Fig. 6a, BBC250 and BBC350
released more phosphorus than that of BBC450 and
BBC550 (i.e., 8.0 and 2.3 mg/g for BBC250 and BBC350
vs. 0.085 and 0.021 mg/g for BBC450 and BBC550,
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respectively). This result might be ascribed to the decrease of
the soluble phosphorus in the biochar produced at more higher
pyrolysis temperatures (>450 °C) because amorphous P-Ca-
Mg could crystallize to form less soluble phases at higher
temperatures (Cao and Harris 2010). When Cd** was added,
the concentration of PO,>~ in supernatant decreased, suggest-
ing that the released phosphorus (e.g., PO4>") favored the
binding with Cd** and even finally formed polycrystalline
particles (Xu et al. 2013; Zhao et al. 2016). In a word, biochar

@ Springer
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could be considered as a kind of soil additive that could se-
questration cadmium ions coupling with slow phosphorus re-
lease in term of fertilizers.

The evaluation for sequestration of Cd**
by bacteria-derived biochar

In order to evaluate the sequestration efficiency of Cd** by
bacteria-derived biochar, the leaching experiment of Cd**
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from Cd-loaded BBC350 was carried out. As shown in Fig. 7,
the adsorption amount of Cd** by BBC350 achieved 32.0 mg/
g in the sorption stage; however, when the BBC350 adsorbed
Cd** was added into HNOj; solution (0.1 mol/L), absorbed
Cd** was released approximately 90% of the adsorption
amount of Cd** on BBC350 during whole 240 min. The re-
sidual Cd amount on BBC350 was 3.2 mg/g, and the residual
Cd was sequestrated in the pores of BBC350 in form of insol-
uble polycrystalline and/or amorphous phosphate-bridged ter-
nary complex.

Contribution of Cd** sorption mechanisms

The contribution of the interaction with minerals (Q,,;,), func-
tional groups complexation (Q.,), and Cd**-7t coordination
(O to the total cd* sorption (Q) on biochars is shown in
Fig. 8. The contribution of Cd**-7t coordination increased
with increasing pyrolysis temperature from 350 to 550 °C,
while the contribution of interaction with minerals presented
the reverse trend. For example, the O../O; value of BBC350
was 1.3%; however, the O../O; value of BBC550 increased to
13.1%. Conversely, the O,;n/O; value of BBC350 was 98.4%,
but the Op,i/O; value of BBC550 was only 84.8%. This phe-
nomenon might be mainly because the pyrolysis temperature
affected the reserved amount of oxygen containing functional
groups and aromaticity difference of biochars (Cui et al.
2016). These results were also consistent with the analysis
of the FIRT spectrum (Fig. S2). The O, values of bacteria-
derived biochars accounted for 70.2-98.4% of their Qt values,
indicating that the interaction between Cd** and minerals is a
dominant mechanism of Cd>* sorption on bacteria-derived
biochars.

CK BBC250 BBC350 BBC450 BBCS50

FEA-Cd in paddy soil

As shown in Fig. 9, after 10 days, almost all amendments of
BBC250, BBC350, BBC450, and BBC550 decreased signif-
icantly the content of FEA-Cd in the tested soils (p < 0.05).
For instance, the lowest FEA-Cd (49.96%) was achieved by
BBC250 amendment compared to the other bacteria-derived
biochars. This might be because BBC250 had higher sorption
capacity (Fig. 3b). Nevertheless, the addition of bacteria-
derived biochars could reduce Cd bioavailability in the tested
paddy soils, which would be potentially applied to immobilize
Cd in the Cd-contaminated soil.

Conclusions

The results of this study showed that the polyptychial meso-
porous graphite-like properties of BBC350 promoted the ad-
sorption and sequestration of Cd** indicated by the images of
lattice line and diffraction ring. The interaction with minerals
(including surface precipitation with phosphorus and ion ex-
change) played a dominant role by forming insoluble cadmi-
um salt composed by polycrystalline and/or amorphous
phosphate-bridged ternary complex during the process of
Cd** sorption and sequestration. The saturated sorption capac-
ities of bacteria-derived biochars for Cd** were 12~34 mg/g in
simulated soil water phase. Moreover, bacteria-derived bio-
char amendments (1%, w/w) reduced the fractions easily
absorbed by plants for Cd in the test paddy soils by 1.9—
26% during 10 days. Therefore, bacteria-derived biochar
would be promisingly applied in remediation of soils contam-
inated by heavy metals.
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