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While traditional solutions for disposing of animal manure are limited by their time-consuming nature and
inefficiency, the pyrolysis of animal manure into biochar is considered a promising disposal option, offering
high-value benefits. However, there are few research studies on the physicochemical properties and
potential utilization pathway of grub manure-derived biochar (GB) prepared at different temperatures. In
this study, grub manure (GM) was pyrolyzed at 450, 600 and 750 °C, and the effect of pyrolysis
temperature on the characteristics and applications of GB was illustrated. The results showed that
increasing pyrolysis temperature promoted the formation of an aromatic structure, enhanced the
stability, and improved the surface pore structure of GB. The relationship between pyrolysis temperature
and C/N-containing functional groups in GB was quantitatively analyzed. In the process of pyrolysis of
GM to GB, carbonates first decomposed, and then, C=0O broke into C-O and finally condensed to form
an aromatic ring structure at elevated pyrolysis temperature. Although GM was rich in organic matter
and total N/P/K, the potentially toxic elements (PTEs) (Ni, Cu, Cd, Pb, Zn and As) in GM presented
potential risk. The hazard of PTEs in GB was significantly decreased after GM was pyrolyzed. Overall,
pyrolysis provided an opportunity for the sustainable management of GM, and GB is a multi-purpose and
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1 Introduction

Protaetia brevitarsis Lewis is an important agricultural pests,
widely distributed in China and neighbouring countries. Its
larvae, commonly called grubs, are scavengers, mainly feeding
on rotten straw, animal manure and livestock waste, and are not
harmful to plants as well as have great exploitation value." A
previous study showed that feeding grubs with spent mush-
room substrates could produce a high-value product (mature
grubs), which is rich in high-quality protein and fat components
and traditional medicinal material.? In additional, Li et al.® have
reported that the content of humic acids in grub manure (GM)
produced by the biological transformation of maize straw and
sawdust by grubs reached 24.37% and 14.46%, respectively.
Xuan et al.* found that the potential microbial community in
GM improved the soil environment, and the colonization of
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change mitigation for achieving sustainable development.

some beneficial microorganisms (Bacillus) enhanced plant
disease resistance and thus promoted plant growth. Moreover,
Joung et al.® indicated that the application of GM with chemical
fertilizers significantly increased the content of soil organic
matter and the yield of lettuce by 114-186% and 9.16-19.96%,
respectively, compared with the application of chemical fertil-
izers. Therefore, GM is an excellent precursor or substrate for
agronomic or environmental applications. However, in recent
years, the study on the application of GM is still in the early
stage, and it is mainly returned to the field directly. Therefore,
further research on the deep exploitation of GM is required.
Aerobic composting and anaerobic digestion are traditional
measures to dispose of animal manure. Compost using manure
has long duration and possibly instigates potentially toxic
element leaching risk.® Under a hypoxic environment, although
anaerobic digestion converts manure to biogas (mainly CO, and
CH,), it is also accompanied with the emission of pungent gases
(H,S and NH;3).” In recent years, thermochemical conversion
has attracted widespread attention as a promising technology
for converting biomass to value-added products. Biochar (BC),
as the most attractive product, has shown developing potential
in climate change mitigation, contamination remediation, soil
improvement and fertilizers, and energy storage.®**° The
multiple structures and function of BC are related to the prep-
aration conditions, especially pyrolysis temperature. Yan et al.™
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showed that the pore structure of chicken manure BC was
developed as the pyrolysis temperature increased. Zhang et al.*>
indicated that the ash content, pH value and specific surface
area of cow manure increased, and the content of nitrogen,
oxygen, carboxyl and phenolic hydroxyl decreased at elevated
pyrolysis temperature. Wei et al.** prepared pig manure BC at
300-700 °C, and found that the pig manure BC produced at high
temperature possessed high carbon stability. To date, the
physicochemical properties of most animal manure-derived
biochar have been reported, whereas the research on the char-
acteristics of grub manure-derived biochar (GB) is relatively
limited. More importantly, quantitative analysis of the effect of
pyrolysis temperature on the properties of GB in order to
precisely predict its application in future is needed.

Although BC has excellent structural properties and a wide
range of applications, environmental hazards of potentially toxic
elements (PTEs) in BC should be considered.* A previous study
showed that the content of As, Cu, Mo and Zn was concentrated
in BC when dairy manure was pyrolyzed at 700 °C."* However,
pyrolysis can effectively immobilize PTEs in pig and cow manure,
and the bioavailable fraction of PTEs was transformed to a rela-
tively stable fraction at elevated temperature.’” Hence, it is
necessary to analyze and evaluate the potential risk of PTEs in
GBs. In this study, grub manure-derived BCs were produced at
450, 600 and 750 °C. The elemental composition, microstructure
feature, thermal stability, crystal structure and surface function-
ality of GBs were systematically explored by advanced character-
ization techniques. Moreover, the total content, leachable
concentration, chemical fraction, and potential environmental
risk of PTEs in GBs were comprehensively analyzed. In addition,
the underlying application of GB produced at different temper-
atures was discussed. This study is expected to scientifically
explain the pyrolysis mechanism of grub manure, and provide
comprehensive and detailed information for the preparation and
application of grub manure biochar.

2 Materials and methods
2.1 Biochar preparation

Grub manure (GM), collected from Changzhi in Shanxi province,
China, was used in this work. The GM was air-dried at 40 °C for
24 h to remove the moisture, and then dried GM was ground,
smashed and sieved through a 0.25 mm sieve. Since the BC
prepared at low temperature underwent incomplete combustion,
and we referred to a previous research scheme,' the pyrolysis
temperature was selected as 450-750 °C in this study. The GM
(20 g) was pyrolyzed in a tube furnace at 450, 600 and 750 °C
under a N, atmosphere for 2 h with a heating rate of 15 °C min™".
After pyrolysis, the grub manure-derived biochar (GB) was
collected, homogenized and stored for further characterization.
The schematic diagram of the experiment is indicated in Fig. 1.

2.2 Grub manure and grub manure-derived biochar
characterization

The ultimate analysis of carbon (C), hydrogen (H), nitrogen (N),
sulfur (S) and oxygen (O) in GM and GBs was performed using
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Fig. 1 A schematic of the experiment.

a CHNS/O elemental analyzer (EA3000, Jena, Germany). The ash
content of GM and GBs was determined by heating at 550 °C for
4 h in a muffle furnace. The solid organic matter (SOM) of GM
and GBs was determined by the potassium dichromate oxida-
tion volumetric method. The samples were digested with H,SO,
and H,0,, and the total phosphate (TP) and total potassium
(TK) of GM and BCs were measured by the vanadium molybdate
yellow colorimetric method, and flame spectrometry method.*
The N, adsorption-desorption curve of GM and GB was
measured using an ASAP 2460 (Micromeritics, USA) at 77 K. The
samples were degasified in a vacuum for 12 h at 300 °C. The
specific surface area, total pore volume and average pore
diameter of GM and BCs were calculated based on Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods. The surface morphology and element distribution of
GM and GBs were characterized using scanning electron
microscopy coupled with energy dispersive spectroscopy (SEM-
EDS) (S-4800, Hitachi, Japan). The figure was captured in high
vacuum conditions and the acceleration voltage was between 5
and 15 kV. The thermogravimetry (TG) and derivative ther-
mogravimetry (DTG) curves of GM and BCs were studied using
a NETZSCH STA 449F5 Jupiter (NETZSCH, Germany). The
samples were heated from 20 °C to 900 °C at a heating rate of
10 °C min~" and under a N, atmosphere with a flow rate of 20
mL min~". The crystallography of GM and GBs was determined
using X-ray Powder Diffraction (XRD) (X'Pert Pro MPD, Holland
analytical, Netherlands) with a Cu Ko source at 5-80° at
a scanning rate of 8° min~".

The structural properties of GM and GBs were evaluated
using solid state “C nuclear magnetic resonance (‘*C-NMR)
spectroscopy (Bruker 400M, Germany), Raman spectroscopy
(RM2000, Renishaw, UK) and X-ray photoelectron spectroscopy
(XPS) (ESCALAB 250XI, Thermo Scientific, USA). The "*C-NMR
spectra were recorded at a frequency of 100.6 MHz with a spin-
ning speed of 5 kHz. The Raman spectra of samples were
scanned with a laser power of 15 mW, excitation line of 532 nm,
and spectral range of 100-400 cm . XPS was performed at 15
kv and 10 mA with a 500 pm diameter beam of Al Ka X-rays (hv

© 2024 The Author(s). Published by the Royal Society of Chemistry
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= 1486.8 eV). The surface functional groups of GM and BCs
were obtained by Fourier transform infrared spectroscopy
(FTIR) (Nicolet iS10, Thermo Scientific, USA). The sample was
co-ground with grades KBr (1:100, m/m) and the signal was
recorded for 32 times at a step of 4 cm ' between the wave-
numbers of 4000 and 400 cm ™. The two-dimensional correla-
tion spectrum was used to analyze the FTIR data using 2DShige
software.

The GM and GBs (0.2500 g) were digested with HF (5 mL) and
HNO; (8 mL) at 120 °C for 1 h and 150 °C for 2 h, and the total
potentially toxic element (PTE) content of samples was deter-
mined by inductively coupled plasma mass spectrometry (ICP-
MS) (iCAP Q, USA). Based on a pervious study,” the leach-
ability of PTEs in BM and BC was assessed using the toxicity
characteristic leaching procedure (TCLP), and the risk evalua-
tion index (REI) was used to evaluate the ecological risk of PTEs
in GM and GBs. The PTE fractions of GM and GBs were deter-
mined using the sequential extraction method based on Tessier
et al.** Briefly, the speciation of potentially toxic elements in GM
and GBs were divided into the exchangeable (EXC), carbonate
bound (CAR), Fe-Mn oxide bound (OX), organic matter bound
(OM), and residual (RES) fractions. The EXC, CAR, OX and OM
fractions of PTEs were extracted by using 1.0 M MgCl, solution,
1.0 M NaOAc-HOAc solution, 0.04 M NH,OH-HCI in 25% HOACc,
and 0.02 M HNO;-30% H,0, and 3.2 M NH,OAc respectively.
The RES fraction of PTEs was digested by HF-HNO; and was
analyzed using ICP-MS. The quality assurance and quality
control (QA/QC) was performed using duplicate samples with
three replicates, blanks, and standard reference materials (NIST
2586) with the recovery of 95-105%. In the process of test, the
blank and standard reference samples were measured every 15
samples for QA/QC data.

2.3 Statistical analysis

All the experiments were performed in triplicate. The significant
difference among the properties of GM and GBs, and the rela-
tionships between pyrolysis temperature and GB properties
were evaluated using one-way analysis of variance and regres-
sion analysis (IBM SPSS 25, USA), respectively.

3 Results and discussion
3.1 Elemental composition

As shown in Table 1, the carbon (C) and oxygen (O) content in
grub manure was rich, reaching 33.35% and 32.96%, respec-
tively. For all GB, the C content was highest (32.49-35.10%),
followed by O (11.71-19.49%). With increasing the pyrolysis
temperature, the C and O content in GB decreased significantly,
which resulted from the loss of volatile matter and the
decomposition of unstable organic matter under high temper-
ature.”” Similarly, the H content in GB significantly decreased
compared to the feedstock. The atomic ratio H/C and O/C of GB
was lower than that of GM, and that of GB decreased at elevated
pyrolysis temperature. These results indicated that GB under-
went dehydration and depolymerization reaction, and the
aromaticity and stability of GB were enhanced with increasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the pyrolysis temperature.>® The double bond equivalents and
aromaticity index of GB increased as the temperature elevated,
which confirmed the formation of condensed aromatic struc-
tures at high temperature. The ash content of GM was 26.51%.
After pyrolysis, the ash content of GB1, GB2 and GB3 was
40.97%, 46.87% and 53.24, respectively. The ash content of GB
increased as the pyrolysis temperature increased, which was
attributed to the concentration and accumulation of mineral
elements.*

The nutrient content of BC determines its agricultural
application. In this study, the SOM, TN, TP and TK contents of
GM and GB were detected (Table 1). The SOM, TN, TP and TK
content of GB was 51.75%, 2.45%, 0.87% and 0.29%. Similarly,
Mishra et al. reported that neem seed BC is also rich in nutri-
ents,” which suggested that GB could be used to enhance soil
nutrition and improve soil structure.?® After pyrolysis, the SOM,
TN and TP of GB significantly decreased to 36.88-49.54%, 1.17-
2.29% and 0.26-0.30%, respectively, and the TK content
increased to 0.48-0.56%, which were similar to the results of
sewage sludge BC.”

3.2 Microstructure feature

The surface morphology and elemental distribution of GM and
GBs are exhibited in Fig. 2. The surface of GM was rough and
showed irregular pores. When GM was pyrolyzed at 450-600 °C,
the dehydration process and release of volatile matter from the
C skeleton facilitated the formation of a BC surface pore
structure. As the pyrolysis temperature increased to 750 °C,
more micro-pore structures were developed in the GB surface.
At high pyrolysis temperature, the amorphous C (aromatic and
aliphatic forms) in GB were converted to graphite crystallites,
and the graphene sheets were denser than the former, so this
phase conversion resulted in the generation of fine-pore struc-
tures.”® The EDS mapping revealed that C and O on the GB
surface were abundant and uniformly distributed. In addition,
the Ca and K signals of the GB surface were enhanced at
elevated pyrolysis temperature.

The N, adsorption-desorption curves of GM and GBs are
shown in Fig. S1.7 The observed isotherm of samples was a type
IV isotherm, which suggested that the surface of GM and GBs
was mainly a mesoporous structure.'® The quantitative analysis
of pore structure of GM and GBs is shown in Table 1. The
specific surface area (SSA), total pore volume (TPV), and average
pore diameter (APD) of GM were 5.87 m*> g~ ', 0.02 cm® ¢ ' and
10.81 nm, respectively. When the pyrolysis temperature rose
from 450 °C to 600 °C, pore structures were developed on the
surface of GB, and the SSA and TPV gradually increased
compared with feedstock. With the pyrolysis temperature rising
to 750 °C, the SSA and TPV of GB increased sharply, reaching
98.68 m> g~ "and 0.10 cm® g~ ". As described in the result of SEM
images, the surface pore diameter of GB first enlarged and then
decreased with increasing pyrolysis temperature. Compared to
GB produced at 450 °C, the APD of GB produced at 600 °C
increased from 12.09 nm to 17.81 nm. The APD of GB prepared
at 750 °C decreased to 4.08 nm. A similar result was reported in
a previous study, where Zhao et al. observed that the APD of

RSC Adv, 2024, 14, 27883-27893 | 27885
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Table 1 Characteristics of grub manure (GM) and grub manure-derived biochar (GB)*

Property GM GB1 GB2 GB3

C (%) 33.35 £ 0.12¢ 35.10 £ 0.13a 33.91 £+ 0.07b 32.49 + 0.04d
O (%) 32.96 £ 0.04a 19.49 + 0.1b 15.75 £ 0.09¢ 11.71 £+ 0.15d
H (%) 4.10 &+ 0.06a 1.77 + 0.12b 1.11 £ 0.03c 0.98 + 0.02d
S (%) 0.63 £+ 0.14a 0.38 £+ 0.04b 0.39 + 0.02b 0.41 + 0b
Ash (%) 26.51 £+ 0.18d 40.97 £ 0.43c 46.87 + 0.1b 53.24 £ 0.19a
Atomic ratio H/C 1.47 + 0.02a 0.60 £ 0.04b 0.39 £+ 0.01c 0.36 £+ 0.01c
Atomic ratio O/C 0.74 £ 0a 0.42 + 0b 0.35 + Oc 0.27 £+ od
DBE 0.33 £ 0.01a 0.76 £ 0.02b 0.86 & Oc 0.87 £+ 0c

Al 0a 0.63 + 0.03b 0.83 £ Oc 0.85 &+ 0Oc
SOM (%) 51.75 £ 0.18a 49.54 + 0.15b 44.50 £+ 1.25¢ 36.88 + 0.48d
TN (%) 2.45 + 0.08a 2.29 + 0.1b 1.98 + 0.08¢c 1.17 + 0.01d
TP (%) 0.87 + 0.01a 0.30 £+ 0.01b 0.26 + 0.01c 0.29 £+ 0.01b
TK (%) 0.29 £+ 0.01c 0.48 + 0.02b 0.52 + 0.04 ab 0.56 &+ 0.01a
SSA (m*g™) 5.87 + 0.12 ¢ 6.79 + 0.28b 6.64 + 0.31b 98.68 + 0.91a
TPV (cm® g™ ") 0.02 £ 0.001 d 0.03 £ 0.001c 0.04 % 0.001b 0.10 + 0.002a
APD (nm) 10.81 £ 0.20 ¢ 12.09 + 0.51b 17.81 £ 0.11a 4.08 £+ 0.35d

“ Data are shown as mean =+ standard deviation (n = 3). GB1, GB2 and GB3 represent grub manure-derived biochar produced at 450, 600 and 750 °C,
respectively. TN: total nitrogen. TP: total phosphate. TK: total potassium. SOM: solid organic matter. DBE: double bond equivalents. Al: aromaticity
index. SSA: specific surface area. TPV: total pore volume. APD: average pore diameter. Different letters indicate significant differences between

different treatments (P < 0.05).

Fig. 2 The scanning electron microscopy and energy dispersive
spectroscopy (SEM-EDS) mapping of grub manure (GM) and grub
manure-derived biochar (GB). GB1, GB2 and GB3 represent grub
manure-derived biochar produced at 450, 600 and 750 °C,
respectively.

rapeseed stem derived BC decreased at elevated pyrolysis
temperature.”® The formation of smaller diameter pores resul-
ted from that greater amounts of labile and volatile matter were
removed under high pyrolysis temperature.” According to the
APD of GB, it could be shown that GBs (produced at 450-750 °C)
are mesoporous materials.** Overall, the GB prepared at 750 °C
possessed an excellent pore structure, which indicated that GB

27886 | RSC Adv, 2024, 14, 27883-27893

(750 °C) could be applied in environmental remediation as an
adsorbent or catalyst.*

3.3 Thermal stability

The thermal degradation performance of the GM and GBs is
shown in Fig. 3a and b. The feedstock showed five mass loss
peaks. The first weight loss peak (at 65 °C) of GM was associated
with the release of moisture. At approximately 161 °C, the
degradation of volatile matter resulted in the reduction of GM
weight. The GM had an obvious weight loss peak at 361 °C
which was related to the thermal decomposition reaction of the
organics (protein and carbohydrate).*> The fourth weight loss
peak for GM at around 499 °C represented the decomposition of
fixed carbon. From 650 °C to 750 °C, the GM and GBs all
exhibited a significant weight loss peak, which resulted from
the dehydrogenation and the decomposition of calcite
(CaC03).** Overall, the final residual weight of GM and GBs was
33.97% and 69.95-85.65%, respectively. Specifically, the
residual weight of GB increased with the increase of pyrolysis
temperature, which indicated the improvement of its thermal
stability.

3.4 Crystal structure

The crystal structure of GM before and after pyrolysis was
characterized using XRD, and the results are shown in Fig. 3c.
There were two types of crystalline phases in GM. The diffrac-
tion reflection at 26 = 26.65° indicated the presence of quartz
(SiO,, PDF No. 46-1045), and those at 26 = 14.96°, 24.44°, 38.37°
and 50.25° were indicative of whewellite (CaC,0,-H,0, PDF No.
20-0231). When GM was pyrolyzed at 450 °C and 600 °C, the
reflection of whewellite disappeared, and the diffraction peak of
calcite (CaCO;, PDF No. 47-1743) appeared at 26 = 29.42°,
39.42°, and 43.27°. This indicated that CaC,0,-H,O was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The thermogravimetric (a) and derivative thermogravimetric (b)
curves of GM and GB. The XRD pattern of GM and GB (c). The *C-NMR
spectra of GM and GB (d). The Raman spectra of GM and GB (e), and
the line regression analysis of pyrolysis temperature and the area ratio
of the D-band and G-band (/p/lg) (f). GM and GB indicate grub manure
and grub-derived biochar, respectively. GB1, GB2 and GB3 represent
grub manure-derived biochar produced at 450, 600 and 750 °C,
respectively.

decomposed to CaCO; during the pyrolysis process of GM.
When the pyrolysis temperature rose to 750 °C, the intensity of
the CaCO; peak in GB3 decreased, suggesting the thermal
decomposition of CaCO; in GB with increasing pyrolysis
temperature.

3.5 Surface functionality

BC-NMR was used to elucidate the surface functional groups of
GM and GBs (Fig. 3d). The GM exhibited dominant peaks at 0-
46, 46-65, 108-145, and 160-185 ppm, which indicated the
presence of alkyl-C, aliphatic-C, aromatic/phenolic-C, and
carboxyl-C in GM.** The typical peaks of aliphatic-C and O-alkyl-
C were observed in the spectral region of 46-90 ppm for GB
produced at 450 °C. As the pyrolysis temperature increased, the
intensity of aliphatic-C in GB decreased and that of aromatic-C
(region of 108-145 ppm) enhanced. The spectra of GB pyrolyzed
at high temperature (GB2 and GB3) revealed a representative
aromatic-C peak. Similar results have been reported by Sun
et al.,*® who suggested that the aliphatic compounds in GB
underwent thermal decomposition and converted to an
aromatic cluster structure at elevated pyrolysis temperature. In
summary, the aromaticity of GB pyrolyzed at high temperature
was high, which showed that it could act as a means for
promoting carbon sequestration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Raman spectra were employed to characterize the C struc-
ture and quantitively evaluate the structural defects in BC.*® The
Raman spectra of GM and GBs showed a typical D-band
(1357 em™") and G-band (1595 cm™") (Fig. 3e), which were
associated with the defect structure and in-plane vibrations of
sp® graphitic C, respectively. The area ratio of the D-band and G-
band (Ip/Is) was proportional to the defect and graphitic degree
of carbon materials.?” The I,/I; of GM was 2.77. After GM was
pyrolyzed, the I/Ig of GB produced at 450, 600 and 750 °C was
3.44, 4.14 and 4.44, respectively. Importantly, the carbonization
temperature (T) was significantly positively correlated with the
Ip/lg of GB (Fig. 3f), and the quantitative relationship was
shown as Ip/lg = 0.003 x T+ 2.01 (R* = 0.95, P < 0.01). These
results suggested that the graphitic and defect degree of GM-
derived BC was improved when GM was prepared at high
pyrolysis temperature, which was consistent with the previous
study.*® These findings also indicated that GM-derived BCs have
promising potential as adsorbents for wastewater treatment.*>*

The chemical states of C and N in GM and GBs were deter-
mined using XPS spectra. As shown in Fig. 4a-d, the C 1s
spectra of GM and GB were deconvoluted into three peaks
located at approximately 289.4, 286.1 and 284.8 eV, respectively,
which were assigned to C=0, C-O and C-C/C=H, respec-
tively.*”** The relative content of C=0, C-O and C-C/C=C in
GM was 15.17%, 27.18% and 57.65%, respectively. When GM
was pyrolyzed at 450 °C, the relative abundance of C-containing
functional groups in GB1 followed the order of C-C/C=C
(48.73%) > C-O (36.19%) > C=0 (15.09%). As the pyrolysis
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The regression analysis of pyrolysis temperature and the relative
content of functional groups (i—-n). GM, GB1, GB2 and GB3 represent
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temperature increased, the relative abundance of C-C/C=C
significantly increased by 5.16-18.60%, and that of C-O and
C-O gradually decreased by 2.18-11.67% and 3.00-6.94%,
respectively. Fig. 4i-k demonstrated the quantitative correlation
between the relative abundance of C-containing functional
groups and pyrolysis temperature (450-750 °C), which was
expressed as follows: C=0 = —0.023T — 26.35 (R*> = 0.75, p <
0.01), C-O = —0.039T + 54.91 (R* = 0.61, p < 0.05), and C-C/C=
C = 0.062T + 19.44 (R* = 0.85, p < 0.01).

The N 1s spectra of GM and GBs were assigned to graphitic-N
(400.78-401.56 eV), pyrrolic-N (399.49-400.66 eV) and pyridinic-
N (398.40-398.85 eV) (Fig. 4e-h).*»** The N-containing func-
tional group in GM mainly existed in the form of pyrrolic-N
(80.36%), while graphitic-N and pyridinic-N accounted for
12.37% and 7.27%, respectively. The relative content of
graphitic-N and pyridinic-N in GBs increased by 4.17-29.57%
and 24.57-37.25%, respectively, and that of pyrrolic-N
decreased by 37.92-56.76% in GBs compared with GM. When
the pyrolysis temperature rose from 450 to 600 °C, the five-
member ring (pyrrolic-N) was converted to graphitic-N and
pyridinic-N through condensation and polymerization.** With
the increase of pyrolysis temperature, the graphitic-N was
transformed to pyridinic-N and pyrrolic-N, which was in line
with the previous research.*® Furthermore, the numerical rela-
tionship between the relative abundance of N-containing
functional groups and pyrolysis temperature was established
and described as follows: graphitic-N = 0.0097> + 1.08T —
272.69 (T = 450-750 °C, R*> = 0.75, p < 0.01), pyridinic-N =
0.042T + 11.54 (T = 450-750 °C, R* = 0.52, p < 0.05) and pyrrolic-
N = 0.0077> — 0.92T + 304.06 (T = 450-750 °C, R> = 0.92, p <
0.01).

The FTIR spectra of GM and GBs are shown in Fig. 5. The
obvious peak at 3400 cm ! is assigned to the stretching vibra-
tion of -OH on the surface of GM. The peak located at
2925 cm™ " is related to aliphatic groups (C-H) in GM. As the
pyrolysis temperature increased, the abundance of -OH and

(a) oM 800
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—
=)
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>
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4000 3200 2400 1600 800 1600 1200 800
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Fig. 5 The FTIR spectra of grub manure (GM) and grub manure-
derived biochar (GB) (a). The synchronous (b) and asynchronous (c)
2D-COS maps generated from FTIR spectra. Red and blue indicate the
positive and negative correlation, respectively, and higher color
intensity indicates stronger correlation. GB1, GB2 and GB3 represent
grub manure-derived biochar produced at 450, 600 and 750 °C,
respectively.
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C-H in GB gradually decreased, which was attributed to the
cracking of organic matter in GM via dehydration and dehy-
drogenation reactions.** The band at 1624 cm ' for GM
belonged to C=0 and the abundance of C=0 in GB gradually
decreased and disappeared at elevated temperature. This
phenomenon indicated that C=O was cracked at high
temperature by deoxygenation and decarbonization reaction.”
The peak at 1428 cm™ ' on the surface of GBs represented the
out-of-plane bending of CO;*", but was not present in GM.
Meanwhile, the intensity of the CO;>~ peak in GB reduced as the
pyrolysis temperature increased. These were consistent with the
results of XRD. When GM was pyrolyzed, the CaC,0, in GM was
converted to CaCOs;, and then CaCO; in GB was decomposed
with the increase of pyrolysis temperature, which caused the
CO,>” signal in FTIR for GB to first increase and then decrease
at elevated temperature. In addition, the vibration intensity of
C-0 (1042 cm ™) in GB produced at 450 °C was lower than that
in GM, owing to the removal of the organic compounds, and
that of C-O was enhanced due to the decomposition of C=0 by
deoxidization at elevated pyrolysis temperature.*® All GB
exhibited the typical aromatic -CH peak at 900 to 500 cm™ ",
attributed to the distorted vibration of the aromatic ring. This
observation was also reported by Farobie et al., who found
similar peaks associated with aromatic compounds in macro-
algae Sargassum sp.-derived BC* Additionally, the intensity of
aromatic -CH increased as the pyrolysis temperature improved.
This result confirmed that GB prepared at high temperature
possessed higher aromatization degree.

To elucidate the evolution characteristic of functional groups
in GM with pyrolysis temperature, the FTIR data was analyzed
using two-dimensional correlation spectra (2D-COS) in which
the pyrolysis temperature was the external perturbation. The
synchronous and asynchronous 2D-COS-FTIR maps in the
range of 1750-750 cm™ " are shown in Fig. 5b and c, respectively.
As shown in Fig. 5b, there were four prominent autocorrelation
peaks in the synchronous map, which are located at 1636, 1434,
1039, and 875, respectively. Based on the intensity of the auto-
correlation peak, the over susceptibility of functional groups on
the GB surface followed the order of aromatic C-H > C=0 >
CO;>~ > C-0. According to the signals of cross-peak in the
synchronous and asynchronous maps, the change order of
functional groups for GB in response to elevated pyrolysis
temperature followed the sequence CO;*>~ > C=0 > C-O >
aromatic C-H. The 2D-COS-FTIR results indicated that
carbonates decomposed first, and then C=0 broke into C-O,
and finally the surface functional groups condensed to form an
aromatic ring in the process of GM pyrolysis.

3.6 Potentially toxic elements

The potentially toxic elements (PTEs) in BC are one of the most
concerned inorganic contaminants. The total content of PTEs in
GM and GBs is listed in Table S1.7 It is worth noting that the
total content of PTEs in feedstock increased as follows: Cd
(0.09 mg kg™") < As (5.09 mg kg™') < Pb (6.54 mg kg™ ') < Ni
(9.86 mg kg™ ') < Cr (10.01 mg kg™ ') < Cu (11.05 mg kg™ ') < Zn
(35.52 mg kg~ '). When GM pyrolyzed at 450 and 600 °C, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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total content of Cr, Ni, Zn and Pb in GB increased, while that of
Cu, As and Cd decreased. The total content of PTEs in GB1 and
GB2 all followed the order of Zn > Cr > Ni > Pb > Cu > As > Cd.
With the pyrolysis temperature rising to 750 °C, the total
content of PTEs exhibited the following sequence: Zn
(141.18 mg kg™ ") > Cr (20.45 mg kg~ ") > Ni (19.32 mg kg™ ') > Cu
(13.80 mg kg™') > Pb (4.00 mg kg™ ") > As (3.90 mg kg ') > Cd
(0.09 mg kg™ "). Compared with the feedstock, the total content
of Cr, Ni, Cu and Zn in GB3 significantly increased by 104.33%,
95.96%, 24.85% and 297.43%, respectively, which resulted from
the decomposition of organic compounds in GM.* The total
content of As, Cd and Pb in GB3 decreased by 23.53%, 70.85%,
and 38.79% compared with feedstock, respectively. This result
was consistent with a previous study, which was attributed to
the formation of volatile chloride compounds at high temper-
ature.”® Although some PTEs in GM were concentrated after
being pyrolyzed, all PTEs in GB met the permissible limits
recommended by the International Biochar Initiative.

To assess the leaching behavior of PTEs in GM and GB, the
leachable concentration of PTEs was determined using TCLP.
As shown in Table S1,T the leachable concentration of Zn in GM
was highest among all PTEs. The leachable concentration of
PTEs in GM decreased as follows: Zn (3.82 mg kg ') > As
(0.84 mg kg™') > Cu (0.57 mg kg~ ") > Ni (0.12 mg kg~ ") > Pb
(0.10 mg kg™') > Cr (0.07 mg kg™') > Cd (0.02 mg kg ). In
general, pyrolysis of GM suppressed the leachability of PTEs in
GBs. The leaching concentration of PTEs in GBs significantly
decreased compared with GM. For GB1 and GB2, the leaching
content of As all was the highest, being 0.59 and 0.19 mg kg™,
respectively. Remarkably, the leachability of PTEs in GB
prepared at 750 °C was extremely decreased. Similar results
were also reported by Sun et al.,> who found that the leaching
rate of PTEs in crop straw-derived BC was decreased as the
pyrolysis temperature increased. Some PTE compounds could
be encapsulated on the developed pore structure of GB, and
even form more stable substances (mineral salts or metal-
organic complexes), ultimately contributing to poor PTE
leaching ability in GB pyrolyzed at high temperature.'”>
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Fig. 6 The fraction of potentially toxic elements for grub manure (GM)
and grub manure-derived biochar (GB). GB1, GB2 and GB3 represent
grub manure-derived biochar produced at 450, 600 and 750 °C,
respectively. EXC, CAR, OX, OM and RES indicate the exchangeable,
carbonate bound, Fe—Mn oxide bound, organic matter bound and
residual fractions of PTEs, respectively.
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The chemical fraction of PTEs in GM and GBs is illustrated
in Fig. 6. The main fraction of Cr, Ni, Cu, As and Pb in GM was
RES fraction (being 72.75%, 69.10%, 80.96%, 53.32% and
50.66%). The relative content of RES fraction for Cr and Ni in
GBs was decreased by 1.00-17.72% and 27.53-59.92%, respec-
tively, whereas the OX fraction of Cr elevated by 1.25-10.57%
and 14.16-67.19% compared with GM, respectively. The RES
fraction percentage of Cu decreased first and then increased
with the increase of pyrolysis temperature. The EXC and CAR
fraction of Cu in GM was significantly decreased after it was
pyrolyzed. Zn in GM was mainly bound to the OX fraction. The
percentage of OX fraction reduced from 41.88% in GM to 22.06—
30.45% in GBs. The relative content of EXC, CAR, OX and OM
fractions for As in GM was 0.51%, 6.13%, 21.80% and 18.24%,
respectively. The EXC fraction of As decreased by 0.48-0.51 and
the OX fraction of As in GBs was enhanced with an increase of
10.36-17.33% when compared with the GM. Importantly, the
CAR and RES fraction of Cd in GM was 27.53% and 12.57%,
respectively, which indicated that Cd in GM showed potential
environmental risk when GM was applied to soil.>®* The EXC
fraction of Cd in GBs decreased by 23.32-27.25% and the RES
fraction of Cd improved by 29.09-43.99%. This result suggested
that pyrolysis accelerated the transformation of the EXC frac-
tion of Cd to the RES fraction at elevated temperature, resulting
in the decrease of Cd risk. Pb in GBs existed primarily in the
form of RES fraction, with the content of 78.59-98.48%, and the
RES fraction of Pb in GBs increased as the pyrolysis temperature
raised.

The risk evaluation index (REI) of PTEs for GM and GBs is
shown in Table 2. According to the REI of PTEs for GM, Cr
showed no risk, Ni, Cu, Cd and Pb showed low risk, while Zn
and As appeared as medium risk. Hence, the presence of Zn and
As in GM posed certain environmental hazards. The REI of Cr,
Ni, Cu, Zn, As and Pb was significantly decreased when GM was

Table 2 The total content and leachable concentration of potentially
toxic elements (PTEs) for grub manure (GM) and grub manure-derived
biochar (GB)*

PTEs GM GB1 GB2 GB3
TC Cr 10.01 +£0.81 16.65 + 0.39 23.47 +£2.54 20.45 + 1.62
Ni 9.86 £1.28 15.97 £1.59 19.48 +£1.56 19.32 £ 0.89
Cu 11.05 £ 0.31 7.61 £ 1.05 7.72 £ 1.06 13.80 £ 0.95
Zn 35.52 £0.92 61.44 £3.49 64.82 £3.11 141.18 +2.81
As 5.09 £ 0.15 4.63 £ 0.32 3.99 £+ 0.10 3.90 £+ 0.05
Cd 0.31 £0.03 0.21 & 0.01 0.13 += 0.02 0.09 £ 0.02
Pb 6.54 £0.80 10.16 £0.75 10.51 £ 0.62 4.00 £+ 0.97
LC Cr 0.07 £ 0 0.01+0 ND ND
Ni 0.12 £ 0.01 0.02+0 0.05 + 0.01 0.02 £0
Cu 0.57 £0.02 0.01 & 0.01 ND 0.01 £0
Zn 3.82+041 ND ND ND
As 0.84 £ 0.02 0.59 £+ 0.08 0.19 + 0.01 0.01 £0
Cd 0.02 £ 0 ND ND 0.01 £0
Pb 0.10 £ 0 0.01+0 ND ND

“ Data are shown as mean =+ standard deviation (n = 3). TC: total
content (mg kg™ '), LC: leachable concentration (mg kg™ '). ND: not
detected. GB1, GB2 and GB3 represent grub manure-derived biochar
produced at 450, 600 and 750 °C, respectively.
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Table 3 The risk evaluation index (REI) of potentially toxic elements
(PTEs) for grub manure (GM) and grub manure-derived biochar (GB)¢

Samples

REI GM GB1 GB2 GB3

Cr 0.75 + 0.06a 0.03 £ 0.05b 0b 0b

Ni 1.27 £ 0.13a 0.10 £ 0.04b 0.25 £ 0.05b 0.08 £+ 0.01b
Cu 5.19 4+ 0.12a 0.10 + 0.11b 0b 0.04 + 0.01b
Zn 10.76 £ 1.13a 0b 0b 0b

As 16.52 + 0.52a 12.75 £ 2.25b  4.81 + 0.23c 0.33 £ 0.05d
Cd 6.03 £ 0.49b 2.04 + 0.63c 3.54 + 0.82¢c 8.18 £+ 1.85a
Pb 1.62 + 0.17a 0.02 £ 0.04b 0b 0b

¢ Data are shown as mean + standard deviation (n = 3). No risk, REI =
1%; low risk, 1% =< REI = 10%; medium risk, 11% =< REI =< 30%; high
risk, 31% = REI = 50%; and very high risk, REI > 50%. Data are shown
as mean =+ standard deviation (n = 3). GB1, GB2 and GB3 represent grub
manure-derived biochar produced at 450, 600 and 750 °C. Different
letters indicate significant differences between different treatments (P
<0.05).

pyrolyzed Table 3. The environmental risk of Ni, Cu, Zn, As and
Pb changed from low or medium risk (1.27-16.52) to no risk (0-
0.33). Notably, the REI of Cd for GB1 and GB2 was significantly
decreased compared with GM by 3.99 and 2.49, respectively, but
the REI of Cd for GB3 was 2.15 higher that of GM. However, the
Cd in GB3 appeared still as low risk. In conclusion, the pyrolysis
of GM to GB could effectively reduce the potential environ-
mental hazards of PTEs in GM, which was in line with the
previous research. These results were in line with the previous
research reported by Wang et al., who found that the potential
ecotoxicity of PTEs in cow manure BC reduced and environ-
mental safety improved with the pyrolysis temperature.>*

4 Conclusion

Pyrolysis is a sustainable alternative method to achieve rational
treatment of GM and obtain high-value products (biochar).
Pyrolysis temperature significantly affects the elemental
composition, microstructure feature, thermal stability, surface
functionality and potential environmental risk of GB. The GB
produced at low pyrolysis temperature, which possessed rich
nutrient content and surface functional groups, may be suitable
for improving soil fertility and adsorbing heavy metal contam-
inants. The GB prepared at high pyrolysis temperature showed
the highest carbon content, aromatization degree, stability and
specific surface area, which not only can achieve carbon
sequestration, but also demonstrated the potential to remove
organic contaminants. In addition, pyrolysis significantly
reduces the hazards of PTEs in GM, but the potential environ-
mental risks of Cd in GB produced at high temperature still
need to be paid attention to. Overall, this study would provide
a prospective guidance for the eco-friendly utilization of grub
manure, and the potential agricultural and environmental
applications of grub manure-derived biochar. Although grub
manure-derived biochar has tremendous potential for various
applications, advanced techniques are needed to characterize
the relationship between the biochar structure and pyrolysis
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processes in the future, and pyrolysis technology and reaction
equipment also need to be optimized for future large-scale
production.
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