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ARTICLE INFO ABSTRACT

Keywords: Biochar (BC) is widely used in the remediation of soil and wastewater polluted by heavy metals, but there are few
Traditional Chinese medicine residue reports on the characteristics of biochar derived via pyrolysis from different traditional Chinese medicine resi-
Biochar ) dues (TCMRs). In this study, biochars were prepared by slow pyrolysis of five common Chinese medicine resi-
E:Zi:szrs:&iﬂ property dues, namely, Salvia miltiorrhiza (DNS), Ligusticum striatum (CX), Angelica sinensis (DG), Codonopsis pilosula (DGS),
Heavy metal and Astragalus membranaceus (HQ). The biochars were systematically investigated by determining their physi-

cochemical properties and using common characterization techniques. The Spearman correlation matrix between
factors was used to examine relationships between properties of different biochars. Batch adsorption experiments
were carried out to investigate the adsorption characteristics of biochar on Pb(II) and the mechanisms involved.
The results showed that the physicochemical properties and adsorption performance of biochar were related to
the type of its pharmaceutical residue. Biochar produced from materials with higher lignin content showed a
better adsorption of the heavy metal Pb(II). All biochars were alkaline, with yields ranging from 29.30 to 38.65
%, and the main structure comprised of mesopores and macropores. The FT-IR and Boehm experiments revealed
that the various TCMR biochars contained comparable functional groups, but their content varied. XRD and TEM
results show that all biochar is amorphous with a crystalline structure, with the surface dominated by cellulose
crystals and graphitic carbon. The O/C ratio (<0.2) and H/C ratio (<0.6) of biochars suggested that it had a
desirable half-life. The TGA results confirmed its stability in the environment. The results of mineral experiments
confirm the enrichment of the mineral content of biochar during biomass pyrolysis.The biochars’ adsorption
kinetics followed pseudo-second-order models (R2 > 0.99), and their isotherms were consistent with the Lang-
muir model (R? > 0.99), indicating a monolayer chemisorption process. The biochar samples exhibited varying
adsorption capacities for Pb(II), with the highest capacity observed for Bpys (36.42 mg/g). The adsorption
mechanism mainly involved precipitation, complexation with oxygen-containing functional groups, and ion
exchange. This study indicates that biochars from herbal residues exhibit promising potential for adsorbing
heavy metal Pb(II), suggesting biochar production as a viable method for recycling herbal residues.

Waste utilization

1. Introduction

With the popularity of healthy living and the need to respond to
major public health events (e.g., new coronavirus epidemics), the de-
mand for herbal medicines is increasing gradually. According to the
latest statistics, the 2020 edition of the Chinese Pharmacopoeia includes
2,711 types of traditional Chinese medicines, which give rise to tens of
millions of tonnes of TCMRs in China annually (Lu and Li, 2021; Tao

* Corresponding authors.

et al., 2021). Disposal of the resulting waste has become a problematic
issue for the industry, because residues of herbal medicines are pro-
duced in large quantities and are highly polluting. Unfortunately, there
is a lack of effective recycling methods for TCMRs. Currently, common
recycling methods for TCMRs include use as cultivation substrates (Yuan
et al., 2021), extraction of further ingredients (Su et al., 2021; Wang
et al., 2020), composting (Zhou et al., 2018a, 2018b), and utilization for
renewable energy generation (Xi et al., 2021; Yu et al., 2021a, 2021b).
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In practice, all these methods carry the risk of causing secondary envi-
ronmental pollution. Considering the inherent characteristics of Chinese
herbal materials, which are mostly rich in cellulose and lignin, and the
fact that pyrolysis could enhance the immobilization of heavy metals in
biomass to a greater extent (Hou et al., 2022), the production and
application of BC can become a new choice for the adsorption and
removal of toxic and hazardous elements in polluted wastewater and
soil.

Biochar (BC) is a carbon-rich (carbon content of greater than 60 %)
solid material with high aromaticity that is obtained by thermochemical
conversion of biomass under oxygen-poor or anaerobic conditions
(Wang et al., 2021). During pyrolysis, most of the K, Na, Ca, Mg, and
plant micronutrients, as well as about half of the N and P, in the biomass
feedstock can be retained in biochar (Laird et al., 2010). Recycling nu-
trients and reusing the resource can be achieved by placing the residue
in the form of BC in the environment (Yu et al., 2019). In recent years,
biochar has been widely used in the removal of heavy metal ions based
on its adsorption properties. Various types of biochar such as sludge
biochar (Deng et al., 2024), food waste biochar (Tian et al., 2023), or-
ange peel biochar (Afolabi & Musonge, 2023), etc. have been used in the
study of heavy metal removal from wastewater. In soil remediation,
researchers have used Litchi wood biochar (Chen et al., 2023), wheat
straw biochar (Wu et al., 2023), and rice straw biochar (Ahmed et al.,
2023) to study the sequestration of heavy metals, and the experimental
results have demonstrated the excellent heavy metal adsorption capac-
ity of the materials. At present, most biochar is obtained from raw ma-
terials such as rice straw, maize straw, and tree bark, whereas research
on the use of biochar from TCMRs is relatively limited. As traditional
Chinese medicine resources are being extensively developed and uti-
lized, the disposal of waste has become a challenging issue. In com-
parison with biochar from traditional agricultural crops, biochar from
residues has the advantages of abundant surface functional groups, a
large specific surface area, a rich pore structure and a high adsorption
capacity (Liang et al., 2021). Moreover, in comparison with traditional
agricultural wastes such as rice straw and wood, TCMRs are inherently
nutrient-rich. Their addition can increase the contents of cellulose,
hemicellulose, and most micronutrients in the target substrate, which
may be more suitable for soil improvement. Biochars prepared from
Chinese medicine residue are available choices as a low cost sorbent to
reduce agrochemical pollution and a best way of recycling resources
(Wei et al., 2020). The biochar feedstock has been shown to be the key
factor affecting performance in comparison with the preparation con-
ditions (e.g., the pyrolysis temperature) (Das et al., 2021b; Wang et al.,
2015). However, systematic studies of biochars from different TCMR
sources have currently not been reported. In recent years, Pb(II) has
become a widespread environmental concern due to its carcinogenicity
and toxicity, which can cause permanent and serious damage to the
human respiratory, digestive and nervous systems (Yang et al., 2023).
Therefore, this experiment was conducted for Pb(I) as a research object.

Overall, the aim of this study was to investigate various aspects of the
physicochemical properties and characterisation of five common types
of TCMR biochars through their preparation. They were used for the
removal of the heavy metal Pb(II) from water and then the underlying
mechanisms were elucidated with a view to assessing their potential
value as heavy metal adsorbents. The specific objectives of this study
were (1) to carry out a systematic comparative analysis of the physico-
chemical properties and characterisation of the five pristine biochars,
(2) to investigate the removal effect of the TCMR biochars on Pb(Il) in
aqueous solution through kinetic and isothermal experiments and model
fitting, and (3) to speculate on the mechanism of adsorption of the heavy
metal Pb(II) on the TCMR biochars through the characterisation of the
biochars before and after adsorption. The results of the study will pro-
vide an important reference for the use of TCMR biochars to remove
toxic and harmful elements and improve environments polluted by
heavy metals.
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2. Materials and methods
2.1. Feedstock

The raw materials were herbal residues of Danshen (DNS) (Salvia
miltiorrhiza Bunge), Chuanxiong (CX) (Ligusticum striatum DC), Danggui
(DG) (Angelica sinensis (Oliv.) Diels), Dangshen (DGS) (Codonopsis pilo-
sula (Franch.) Nannf.), and Huangqi (HQ) (Astragalus membranaceus
(Fisch.) Bunge), all of which are well-known traditional Chinese medi-
cines with high usage rates in China. The herbal residues were all ob-
tained from Chengdu Xinfoy Traditional Chinese Medicine Co., Ltd
(Sichuan province, China). Moreover, other unmentioned reagents of
analytical purity were employed in this work. The ultrapure water
produced by the laboratory water purification system (18.25 MQ em™?,
WBZ1001-UP) was applied to the preparation of all aqueous solutions.

2.2. Preparation of biochars

The five herbal residues (DNS, CX, DG, DGS, and HQ) were dried in a
blast oven at 130 °C for 5 h. The residues were then pyrolysed in a tube
furnace at 500 °C for 2 h under vacuum. After cooling to room tem-
perature, the prepared biochars were collected and weighed to calculate
the yield. The biochars were crushed to a particle size of 1-2 mm and
sealed in brown reagent bottles with caps and were denoted as Bpys, Bcx,
Bpg, Bpgs, and By, respectively.

2.3. Analysis of biomass and biochar

In this study, the cellulose content of the residues was measured via
oxidation with HySO4 and K3Cry07, the hemicellulose content of the
residues was determined via hydrolysis with 2 M HCI (Liu et al., 2022),
and the lignin content of the residues was measured using 72 % H3SO4
(Wang et al., 2019). The values of the pH and electrical conductivity
(EC) of the biochars were measured using a pH meter (PHS-3C™, Ark
Technology, China) and a conductivity tester (CT-20, Lichen Technol-
ogy, China), respectively. The method was as follows: 1 g biochar was
weighed into a 50 mL centrifuge tube, and ultrapure water was added in
a ratio of 1:20 (g:mL). After the mixture was fully shaken for 30 min, it
was allowed to stand for 1 min to determine the pH and EC. The ash
content was determined by continuous heating in a muffle furnace at
815 + 1 °C for 2 h (Fristak et al., 2022). In order to observe the phase
transition of the TCMRs at 500°C, the dregs were determined by
simultaneous thermogravimetry and differential scanning calorimetry
(TGA-DSC) (STD Q600, TA, USA), and the description of the procedure
and the results are given in the supplementary file. The samples were
heated from room temperature up to 1000 °C at a constant heating rate
of 20 °C/min using a N3 atmosphere and a flow rate of 20 mL/min.

The pHp,. value was determined, i.e., the pHy,. value corresponding
to a charge of zero, before and after biochar formation (Manoharan
et al., 2022; Tran et al., 2016). This was made as follows: 0.1 g biochar
was mixed with 25 mL of 0.1 mol/L NaNOs. The initial pH (pHj) of the
solution was adjusted to 2-12 by means of 1 M HNO3 and 1 M NaOH.
The solution was then shaken at 150 rpm for 4 h at room temperature
and the equilibrium pH (pHg) was recorded. When the pH before and
after shocking was equal it was taken as pHp,. of the corresponding
sample. The surface morphological properties of the residues and bio-
chars were observed by scanning electron microscopy (SEM) (Axio
Imager M2 EVO10, ZEISS, Germany). Observe and analyse the disor-
dered and crystalline carbon of biochars using transmission electron
microscopy (TEM) (JEM 2100F, JEOL, Japan). Qualitative analysis of
the surface functional groups of the biochars was performed in the wave
number range of 400-4000 cm ! by Fourier transform infrared (FT-IR)
spectroscopy (Nicolet iS50, Thermo Scientific, USA). The amount of
surface acidic groups such as carboxylic acids, lactones, and phenols on
the surface was determined by Boehm titration method mentioned in the
previous study (Boehm, 1994). The relationship between weight loss
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and elevated temperature of biochars was determined by thermal
gravimetric analysis (TGA) (TGA2, Mettler, Switzerland). The specific
surface area of the samples was determined by the Bru-
nauer-Emmett-Teller method, and the pore size of the materials and
their total pore volume were calculated by the Barret-Joyner-Halenda
(BJH) method using a physisorption instrument (JW-BK100, JWGB,
China). X-ray diffraction (XRD) (Ultima IV, Rigaku, Japan) was used for
the analysis of crystalline features in the different samples, which were
then compared to the Joint Committee on Powder Diffraction Standards
(JCPDS) standards. The carbonization information of biochar was
determined by Raman spectroscopy (inVia, Ranishaw, UK).

For the five biochars that were obtained, the contents of carbon (C
%), hydrogen (H%), nitrogen (N%), and sulfur (S%) were determined
using an elemental analyzer (UNICUBE, Elementar, Germany), and the
oxygen content (0%) was calculated using the subtraction method (0%
=100 % — [Ash% + C% + H% + N% + S%]) (Wang et al., 2023). The
contents of sodium (Na), potassium (K), calcium (Ca), magnesium (Mg),
and the heavy metal lead (Pb) were determined by inductively coupled
plasma mass spectrometry (ICP-MS) (NexION 2000, PerkinElmer, USA).
SEM energy-dispersive spectroscopy (EDS) (Sigma 300, ZEISS, Ger-
many), FT-IR spectroscopy (Nicolet iS50, Thermo Scientific, USA), and
X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Scientific,
USA) were used to characterize the Danshen biochar before and after
adsorption, and an adsorption mechanism was suggested. Here, the
sample of FT-IR was prepared by mixing with KBr, and surface func-
tional groups were measured spectroscopically by pressing the film and
scanning at 4000-400 em L.

2.4. Adsorption experiments on Pb(I)

In order to better understand the adsorption of Pb(II) by the mate-
rials, adsorption kinetics and adsorption isotherm experiments were
carried out for the biochars. For the adsorption kinetics experiments, a
background solution containing 0.01 M NaNO3 was prepared to main-
tain the ionic strength. A standard solution of Pb(II) was diluted with the
above-mentioned solution to obtain a Pb(II) solution with a concentra-
tion of 300 mg/L. Then 0.1 g biochar was weighed into a 50 mL
centrifuge tube, to which 25 mL of the Pb(II) solution was added. The
initial pH was adjusted to 5.0 & 0.1 by adding a small amount of 1 M
HNO3 or NaOH dropwise. The reaction was carried out at room tem-
perature (25°C) for a time range of 0-24 h, and the solution was then
passed through 0.45 pm microporous filter membranes. The concen-
tration of Pb(Il) in the filtrate was determined using the Inductively
Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (Optima
7000DV, PerkinElmer, USA), and the amount of Pb(II) (mg/g) adsorbed
on the biochar (Qp) was calculated. To investigate how the material in-
teracts with Pb(II), an adsorption isotherm experiment was set up. The
initial concentration of the solution was set at 20-500 mg/L. 0.1 g of BC
was mixed with 25 mL of heavy metal solution (with 0.01 mol/L NaNO3
as background solution) and the reaction was kept at room temperature
(25°C) for 12 h. At the end of the reaction, the same procedure was used
to prepare samples and the results were obtained by ICP-OES.

By the following equation:

Qt — (Ci - CI)V# (1)
m

where, C; (mg/L) and C; (mg/L) are the initial and equilibrium Pb(II)

concentrations, respectively, V (L) is the volume of the solution, and m

(g) is the mass of biochar added.

The pseudo-first-order (2), pseudo-second-order (3) and Elovich (4)
models were selected in turn to fit the adsorption kinetic data:

In(Q. — Q1) = InQ. — K14 (2)

t 1 t
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Where, Q. and Q; are the amount of Pb(II) adsorbed on BCs (mg/g) at
equilibrium and at time t (min), respectively. K, K2, @ and f are fitting
parameters.

The Langmuir (5) and Freundlich (6) models were selected in turn to
fit the adsorption isotherms data.

c. 1 .C
Q. " KQ, "o, )
In(Q.) = In(K,) + -In(C# ©)

Where, K; and K; are the fitting constants; Q. is the equilibrium
surface concentration (mg/g); Qn, is the maximum equilibrium surface
concentration (mg/g); C, is the equilibrium concentration in water (mg/
L).

2.5. Statistical analysis

Differences between the residues and the biochars were compared by
one-way analysis of variance and expressed as the least significant dif-
ference. A p-value of < 0.05 was considered to be statistically signifi-
cant. Each treatment was repeated three times, and the results are shown
as the mean values.

3. Results and discussion
3.1. Physicochemical properties

The weight, main constituents of the lignocellulosic materials and
the thermal decomposition determines over the carbonaceous structure
of the biochar (S & P, 2019). The carbon content, chemical structure,
and ash content of the biochars varied according to the raw materials,
which contained different proportions of cellulose, hemicellulose, and
lignin (Song et al., 2019). The results showed that the cellulose content
of the TCMR biochars ranged from 24.26 to 29.04 %, the hemicellulose
content from 20.00 to 28.86 % and the lignin content from 11.90 to
19.53 %. The content was similar to that of straw-based biochar
compared to the reported (S & P, 2019). Determination of the cellulose
content showed that variations in lignocellulose composition occurred
among the different medicine residues (Fig. 1). DNS had the highest
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Table 1
Basic physicochemical properties of the TCMR biochars.
Biochar pH EC Yield PHpze SSA PD PV
(ms/ (%) (m?%/ (nm ) (em3/
cm) g) g)
Bpns 11.25 0.416 38.65 11.20 1.55 15.7942 0.0060
Bex 10.04 0.334 30.45 8.06 1.60 11.7102 0.0043
Bpe 11.19 0.177 33.05 10.39 1.15 14.4215 0.0045
Bpes 10.10 0.220 33.70 10.81 0.86 30.1202 0.0050
Buo 10.91 0.172 29.30 9.49 0.83 23.4360 0.0049

SSA specific surface area; PD pore diameter; PV pore volume.

lignin content (19.53 %), which corresponded to the highest yield
(38.65 %). This was in accordance with findings in the literature that
lignocellulosic biomass with a higher lignin content produces a higher
biochar yield (Yaashikaa et al., 2019). A positive correlation (r = 0.90, p
< 0.05) between biochar yield and lignin content was also found in our
study (Fig. 2). Preliminary analysis of the basic properties of biochar
obtained by pyrolysis showed that the physicochemical properties of
biochars from different feedstocks varied considerably and that the
properties of the biochar itself were the most important influencing
factor (Zhao et al., 2023). This warrants further investigation.

As shown in Table 1, the pH values of the biochars after pyrolysis
were all highly alkaline and reached 11.25 in the Bpys. Pyrolysis would
destroy some of the acidic functional groups of the biochar (e.g.,
carboxyl, hydroxyl, or carbonyl groups) in the early carbonization
process, which would result in an increase in the pH of the biochar (Zhou
etal., 2021a, 2021b, 2021c¢). The addition of biochar may influence the
pH of soil, which plays a crucial role in the biological effects of heavy

metals in contaminated soil. An increase of 1 in the soil pH may result in
a threefold increase in the binding ability of certain heavy metals
(Beesley et al., 2011; Li et al., 2019b, 2019a; Mohamed et al., 2017).
Furthermore, biochar has been shown to effectively adsorb metal cat-
ions, including Pb?*, particularly at high pH values (Yaashikaa et al.,
2019). Therefore, the application of biochar to soil has the potential to
modify soil acidity and aid in the removal of heavy metals.

The EC values of the solutions containing biochar obtained from the
residues indicated the concentrations of water-soluble ions. High EC
values can have detrimental effects on crop growth in soil, such as re-
ductions in water uptake and instability of nutrients (Das et al., 2021b).
The EC values of the biochars were in the range of 0.172-0.416 mS/cm,
and were thus overall at a low level that was ideal for use in soil.

The yields of the five biochars ranged from 29.30 % to 38.65 %
(Table 1). These were similar to that of straw-based biochar (Sui et al.,
2021), lower than the values of 40.2 %-91.1 % for sewage sludge bio-
char, and higher than those of most wood-based and animal manure
biochars (Ghorbani et al., 2022). Since the pH of the medium can change
the charcoal material and the adsorption charge, the pHp,. should be
taken into account in the adsorption process, especially when removing
charged compounds such as heavy metals (Marzeddu et al., 2022). In
this study, the pHy,. values of the various biochars were measured,
which demonstrated that the pyrolysis feedstocks had various effects on
the surface of the resulting biochars (Fig. S1). It is worth noting that B¢y
had the lowest pH,,,. value (8.06) among the five biochars, whereas Bpys
had the highest pH,. value (11.20). Owing to the continuous release of
OH™ ions, the biochars were alkaline at the point of zero charge. Except
for Bpgs, the pH values of the biochars were higher than their pHp,c
values. This indicated that the surface charge of the biochars was
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Fig. 4. SEM images of the TCMR biochars.

negative (Kim et al., 2021), which would facilitate the adsorption of
cations by these materials.

To sum up, the above-mentioned excellent characteristics of TCMR
biochars made it possible for them to be used as adsorbents for toxic and
harmful substances (e.g., antibiotics, and heavy metals).

3.2. Characterization of biochars

3.2.1. SEM observations

Fig. 3 and Fig. 4 showed SEM images of the TCMR biomass feed-
stocks and biochars, respectively. There were distinct morphological
differences among the feedstocks and biochars. In comparison with the
TCMR feedstocks, the biochars contained obvious disordered pores,
which might have been produced by the release of oxygenated volatiles
from the biomass during pyrolysis (Jiang et al., 2022). In the case of
Bpns, the pores were more dispersed and some of the structure collapsed
after pyrolysis, but the whole framework still had a good open texture.
The raw material of CX was hard with a comparatively high density and
fewer pores, but the overall appearance of the biochar after pyrolysis

was loose and porous. Structures such as the trapezoidal and reticulated
channels and cork cells in DG and the xylem channels in DGS remained
intact before and after thermal decomposition. At HQ, numerous pow-
dery particles were adhered to the feedstock. After pyrolysis these par-
ticles disappeared, which exposed the pore structure on the surface. The
biochars obtained from the five types of residues exhibited different
surface morphologies, including both lamellar and porous structures.
The unique channel-like structures of the residues themselves increased
the surface area of the biochars (Ma et al., 2018), which was conducive
to the adsorption of heavy metals.

Overall, the resulting biochars contained more loose pores than the
residue feedstocks. Moreover, certain plant-specific structures such as
cork cells and reticulated channels were preserved to some extent. This
suggested that the pore structure of the feedstock can be retained in the
thermally treated material, as previous studies have also indicated
(Komkiene & Baltrenaite, 2015).

3.2.2. Structural features of biochars
In this study, all of the medicine residue biochars had a small specific
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Fig. 5. The FT-IR spectrums of the TCMR biochars.

surface area (0.83-1.60 mz/g) (Table 1). This was similar to the
experimental results reported in the literature, where pristine biochar
had a small specific surface area (Huang et al., 2023). Interestingly, the
research found that the specific surface area of the different biochars
varied particularly widely (0.82 to 420.30 m?/g and 0.65 to 642 m?%/g,
respectively) (Li et al., 2017; Liang et al., 2021). Furthermore, there are
large differences in specific surface area between biochars produced
from the same feedstock. For example, the specific surface area of rice
straw biochar produced at the same pyrolysis temperature (500°C)
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differs by almost sixty times between the two papers. The smaller one is
only 0.84 m2/g (Mehmood et al., 2022) and the larger one is 50.11 m?/g
(Fan et al., 2018). In addition, the specific surface area of biochar is also
significantly affected by pyrolysis temperature. Biochar produced from
the same wood mixture had a specific surface area of 3.54 m?/g at
400°C, but when the pyrolysis temperature was increased to 700°C, the
specific surface area was up to 220.41 mz/g (Kalina et al., 2022).
Meanwhile, literature reported that the adsorption performance of
activated carbon (SSA = 1409 m?2/ g) for Cu, Co and Pb was much lower
than that of ten pristine biochar (SSA in the range of 1.05-5.41 m%/g)
(Huang et al., 2023). Regmi reported that commercially available
powdered activated carbon (PAC) had very little affinity for copper and
cadmium, even though its specific surface area was more than two or-
ders of magnitude larger than that of switchgrass biochar (Regmi et al.,
2012). This demonstrated that the heavy metal adsorption performance
of a material was influenced by a number of factors, not just specific
surface area. In this study, Bpns and B¢y had relatively great advantages
in terms of specific surface area (1.55-1.60 mz/g) and had smaller
average pore sizes (11.71-15.79 nm). If only the effect factor of specific
surface area was considered, a large specific surface area and multiple
pores can facilitate the physical pore filling of heavy metals in the
removal process (Li et al., 2022). Therefore, Bpng and B¢y have a greater
potential to play a role if there is pore filling in the adsorption
mechanism.

According to the International Union of Pure and Applied Chemistry
classification, the adsorption/desorption isotherms for the five biochars
conformed to the type III isotherm (Fig. S2), which proved the biochars
were nonporous or macroporous materials. Based on the table of particle
size distribution (Table S1), the prepared materials were mixtures of
mesopores (2-50 nm) and macropores (>50 nm) materials. The iso-
therms were concave and had no inflection points. The amount of gas
adsorbed increased with an increase in the partial pressures of the
components. The isotherms also exhibited Hs-type (mesoporous) hys-
teresis loops with no obvious saturation plateau, which indicated that
the biochars had uneven pore size distributions. In addition, the Hz-type
hysteresis loops showed that the narrow pores created different
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pathways for the adsorption and desorption of Ny, which was consistent
with the SEM images of the biochars (Mukome et al., 2013).

3.2.3. FT-IR spectroscopic analysis

The FT-IR spectra of surface functional groups in the five biochars
were shown in Fig. 5, which indicated the presence of oxygen-, nitrogen-
, and carbon-containing functional groups with peaks in the range of
400-4000 cm L. It could be seen that the types of surface functional
groups in the biochars obtained from the five residues were mostly
similar, with minor variations in band positions and wavenumbers and
slight differences in the sharpness and intensity of peaks. Among the
common peaks, the peak at 1575 cm ™! was attributed to COOH groups
in carboxylic acids, the peak at 880 cm ™! was attributed to C-H or N-H
out-of-plane bending, and the peak at 800 cm ™' was attributed to C-H
bending in aromatic compounds (Hossain et al., 2011; Lu et al., 2013). In
addition, different biochar materials gave rise to specific peaks. For
example, the presence of alcoholic and phenolic hydroxyl groups in the
biochars was indicated by the peak at 3400 cm ™", which corresponded
to the vibrations of OH groups in water molecules, alcohols, carboxylic
acids, or metal hydroxides (Jin et al., 2016). This peak was most
prominent in the spectrum of B¢y, whereas it was barely visible in those
of Bpns and Bpgs. The peak at 3040 em~! in the spectrum of B¢y was
attributed to alkyl-CH; vibrations, and in the spectrum of Bpys the peaks
at 2920-2855 cm ™! were attributed to C—H stretching vibrations in CHz
and CHj groups (Mukome et al., 2013). In the spectra of Bpyg and B¢y
the peak at 1340 cm ™! was attributed to C-O/C-N stretching vibrations,
and the peak near 1120 cm ™! was attributed to C-O stretching vibrations
(Liu et al., 2017).

The results of FT-IR spectroscopy showed that the biochars obtained
from the different plant residues had different types of functional groups
on their surface. Combined with the results of the Boehm experiment
(Table S2), it was found that the total amount of alkaline functional
groups on the surface of biochar was higher than the total amount of
acidic functional groups, which was a good explanation for the alkaline
pH (Marzeddu et al., 2022). Meanwhile, the distribution of Bpyg func-
tional groups showed relatively higher concentrations of carboxyl (0.15
mmol/g) and lactone groups (0.14 mmol/g) compared to the other
biochars, which was consistent with the infrared spectra. In general, the
presence of functional groups on the surface of biochar can provide an
efficient means of removing heavy metals such as copper and cadmium
through adsorption, chelation and precipitation reactions (Regmi et al.,
2012). However, the specific removal effect is also influenced by factors
such as the pore state of the biochar and the type and content of surface

functional groups. Further research is therefore required for practical
applications. This demonstrated the potential adsorption capacity of
these materials with respect to heavy metals and laid the foundation for
further studies.

3.2.4. Phase transformation analysis

The thermal profiles of the dregs obtained from the simultaneous
TGA-DSC analyser are shown in Fig. 6. The figure showed that the total
mass loss remained around 70 % for all the TCMRs at 1000°C. Looking at
the TGA-DTG curves, the mass loss (%) observed around 100°C could
initially be attributed to the loss of moisture on the surface of the TCMRs
(Zhao et al., 2021). In addition, two distinct weight loss regions were
found to exist in the ranges 210-276 °C and 331-345 °C respectively.
The mass loss of the former peak was attributed to thermal degradation
of hemicellulose, whereas the latter peak was associated with thermal
degradation of cellulose, with an exothermic peak of cellulose located
between 311 and 351 °C (Cappello et al., 2023; Zhang et al., 2020). This
was due to the fact that the rigid structure of cellulose had a higher
thermal stability than that of hemicellulose (Gonzalez-Canche et al.,
2021). The DSC curves showed that the thermal equilibrium state was
almost reached at the experimental condition of 500 °C, which was a
more stable assessment of the state of the material.

Investigating the thermal stability of biochar is essential to achieve
natural ageing resistance of the material (Zheng et al., 2023). In this
experiment, TGA curves were used to determine the trend of physico-
chemical properties of BC, mainly describing the weight loss versus
temperature. Fig. S3 and Table S3 showed the TGA curves and weight
loss of the TCMR biochars. The total weight loss was 18.22 % (Bpys),
23.96 % (Bcx), 21.15 % (Bpg), 19.28 % (Bpgs) and 21.95 % (Bug),
respectively. Among them, Bpys and Bpgs showed a lower loss of mass,
which indicated that these two biochars had a better thermal stability.
From the thermal decomposition process, the thermal stabilisation
stages of the four biochars, except Bpgs, were all three stages, presum-
ably mainly due to the loss of water molecules (stage 1, around 100°C),
thermal degradation of lignin (stage 2, around 600°C) and decomposi-
tion of other inorganic components (stage 3, around 900°C) (Gonzalez-
Canche et al., 2021; Zhou et al., 2021a, 2021b, 2021c). For Bpgs,
degradation of cellulose or hemicellulose was assumed to be responsible
for the change at 322 °C. It has been reported in the literature that
hemicellulose with an amorphous structure begins to degrade at 220°C,
whereas cellulose, due to its highly stable crystalline structure, can be
maintained at 300°C, followed by rapid weight loss at 315-400°C
(Dhyani & Bhaskar, 2018). The absence of this stage in other biochars
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Fig. 8. TEM and HRTEM images of the TCMR biochars.

may be due to the fact that the hemicellulose is essentially completely
pyrolysed and the cellulose partially pyrolysed at the preparation tem-
perature of the biochar (500°C), which can be verified in the XRD
section.

3.2.5. XRD patterns and TEM images of biochars

The structure and phase composition of BCs were shown in the XRD
pattern (Fig. 7(a)). A long range disordered peak appeared on the XRD of
all biochars in the 26 range of 20°-30°, demonstrating the presence of
amorphous structures on the material (Zhang et al., 2018). The XRD
results showed that all biochars were amorphous structures with crystal
structures (Das et al., 2021a). Common peaks belonging to graphite
microcrystals were present on all biochars, mainly corresponding to
several peaks at 20 = 26.554°, 42.374°, 50.654° and 59.907° (Shao
et al., 2021). The graphite microcrystalline peaks on Bpg and Byg were
more numerous and sharper, indicating a higher degree of graphitisation
than the other three biochars. The TEM and HRTEM results of the five
biochars were shown in Fig. 8. Bpys and Bpgs had smooth surfaces and
contained some graphitic carbon layer structures with no microporous
or mesoporous structures observed. In contrast, Bcx and Bpg had rough
surfaces with obvious pore structures. Byg showed an outer layer with
fine pores and a lamellar structure. The Bpys and Bpgg surfaces were
analysed by TEM and found to have an amorphous carbon layer distri-
bution with some graphitic carbon layers. The graphitic structure results
from the graphitisation and aromatisation of cellulose-type components
in biomass (Hu et al., 2020). Among them, aromatisation facilitates the
formation of cation-n interactions, which can improve the adsorption
capacity of the materials for heavy metal cations (Zhou et al., 2022).
From the above, it can be speculated that Bpys and Bpgs have better
adsorption potential for heavy metals. Meanwhile, the presence of lat-
tice striations could be detected in the HRTEM images of all biochars.
Combined with the analysis of the XRD results, this helped to verify the
presence of crystalline carbon.

In addition, a large number of crystalline cellulose peaks were found
on all biochars, corresponding to several peaks at 20 = 20.639°, 27.593°,
29.454° and 36.649°, suggested that the cellulose in the TCMRs reacted
to form crystals under pyrolysis conditions (Zhou et al., 2021a, 2021b,
2021c). This is consistent with literature reports that cellulose

conversion of biomass occurs during pyrolysis, resulting in carbon-rich
amorphous biochar formed (Biswas et al., 2018; Kaur et al., 2023).
This was also consistent with the results of the thermal stability exper-
iments, where the hemicellulose was completely pyrolysed and cellulose
was detected. In summary, it was speculated that the carbon material
obtained in this experiment was in a structure where amorphous carbon
and graphitised carbon coexisted.

3.2.6. Raman spectrum in biochars

The graphitic structure was also confirmed by Raman spectroscopy
(Fig. 7(b)). It was possible to distinguish two main peaks detected at
approximately 1360 and 1588 cm™! (Table S4), which implied the point
defect degree (D-band) and the graphitic structures (G-band). The
characteristic D-band can be attributed to the presence of disorder in the
graphene structure, whereas the G-band is due to the stretching band of
the spz—hybridized carbon (Zhou et al., 2023). The Raman signals for
lignin and cellulose have been reported in the literature to be between
1000 and 1700 cm ™! (Agarwal & Ralph, 1997). This was consistent with
the characteristic peaks of cellulose in XRD. The intensity ratio between
Ip and I reflects the degree of graphitisation. If this ratio is < 1, it in-
dicates a high degree of graphitisation; if the ratio is > 1, it indicates the
presence of a large number of functional groups on its surface (Mar-
zeddu et al., 2022). Comparison of the magnitude of the Ip/I; values
showed that the values of Bpg (0.97) and Byq (0.99) were < 1, while the
values of the other three biochars were > 1. This indicated that Bpg and
By had a greater degree of graphitisation. This was consistent with the
XRD results that more graphite microcrystals were present in Bpg and
Big. Meanwhile, more functional groups were present on the surfaces of
Bpns, Bex and Bpgs, which could be favorable for adsorption of heavy
metals.

As shown in Fig. 2, the correlation analysis of the Ip/Ig value with the
physicochemical properties of biochar was investigated. It was found
that this value does not correspond to a reliable correlation with any of
the properties. This was consistent with literature reported that for
biochar only, the peak or microcrystalline sizes obtained from different
preparation processes did not correlate reliably with the O/C, H/C or
Cc-C sp2 of the material in XPS (Gabhi et al., 2020; Ilic et al., 2022).



J. Yuan et al.

Arabian Journal of Chemistry 17 (2024) 105606

Table 2
Ash and element content of the TCMR biochars.
Biochar Ash(%) C(%) H(%) N(%) 0(%) S(%) H/C o/C (0 +N)/C
Bons 9.66 68.61 3.16 3.36 15.19 0.03 0.55 0.17 0.21
Bex 12.04 70.54 3.03 4.84 9.25 0.30 0.52 0.10 0.16
Bpg 28.34 56.84 2.61 4.68 7.39 0.15 0.55 0.10 0.17
Bpas 9.91 74.46 2.92 3.29 9.24 0.19 0.47 0.09 0.13
Buo 8.54 74.28 3.05 4.26 9.74 0.14 0.49 0.10 0.15
indicated the stability of the materials (IBI 2015). The lower is the H/C
;a.ble ?1’ ) s and h al contents of the TCMR bi ratio, the higher is the aromaticity (Gao et al., 2019). The data indicated
INera. elements and ieavy meta contents of the 10masses that Bug and Bpgs had slightly higher aromaticity than the other bio-
Feedstock  Na(g/kg)  K(g/kg) Ca(g/kg) ~ Mg(g/kg)  Pb(mg/ chars. Furthermore, it is worth noting that the European Biochar
kg) Foundation (EBC) recommends biochar with an H/C ratio of less than
DNS 0.84 + 13.64 + 0.43 + 4.60 + 1~72bi 0.6 and an O/C ratio of less than 0.4 for effective carbon sequestration
C a C a
ox (1)'2; N (1)‘2328 N g'gi N Z‘ig N (1)'22 N when applied to soil environments (EBC 2012). The results of the ther-
0.40% 0.40° 0.78b 1.04% 016 mal stability of the biochar (weight loss ranging from 18.22 % to 23.96
DG 1.57 + 7.04 + 1.40 + 3.30 + 2.54 + %) are in agreement with the elemental analyses and O/C ratios related
0.04° 0.11° 0.09%° 0.12° 0.14* to the stability of the biochar, which together demonstrate the stability
DGS 1.08 £ 11.89 + 0.28 = 1.65 + 1.28 + of the prepared biochar (Fig. S3). As a result, the TCMR biochars have
0.06™ 0.19° 0.06° 0.14°¢ 0.11 . e .
HQ 1394 763 4 0.23 + 120 4 107 + high stability in environmental treatment processes.
0.07%° 0.25¢ 0.05° 0.164 0.28"

The different letters in each column indicate significant differences between
biochars from the various residues (p < 0.05).

Table 4
Mineral elements and heavy metal contents of five TCMR biochars.
Biochar  Na(g/kg) K(g/kg) Ca(g/kg) Mg(g/kg) Pb(mg/
kg)
Bons 1.11 + 31.19 + 1.05 + 12.42 + 1.89 +
0.13° 2.02° 0.07° 0.40° 0.27°
Bex 2.20 + 37.21 + 0.74 + 5.98 + 1.96 +
0.13° 0.77° 0.12¢ 0.07¢ 0.20°
Bog 2.53 + 20.10 + 3.40 + 7.87 + 4.07 +
0.26° 0.18¢ 0.10° 1.08° 0.07°
Bpas 1.43 + 31.66 + 0.89 + 453 + 1.95 +
0.03° 0.73° 0.05> 0.17¢ 0.15°
Buo 2.81 + 24.22 + 0.73 + 432 + 1.56 +
0.29° 0.24¢ 0.11¢ 0.29¢ 0.05°

The different letters in each column indicate significant differences between
biochars from the various residues (p < 0.05).

3.2.7. Structural elements in biochars

As shown in Table 2, the biochars obtained from the five different
medicine residues varied considerably in terms of ash content. The ash
content of Bpg was as high as 28.34 %, whereas the ash contents of Bpys,
Bpgs, and Byg did not vary much (8.54 %-9.91 %). The literature sug-
gests that a higher ash content in the feedstock leads to a higher yield of
biochar (Xiao et al., 2022). However, in this study a weak correlation (r
= -0.01, p < 0.05) was observed between the ash content of the feed-
stock and the yield of biochar (Fig. 2), which could be attributed to the
characteristics of the raw materials.

Elemental analysis showed that the carbon contents of the five bio-
chars were mostly around 70 %, with Bpg having the lowest carbon
content (56.84 %). The contents of both lignin (r = 0.63, p < 0.05) and
cellulose (r = 0.84, p < 0.05) were positively correlated with the oxygen
content, which also directly confirmed the positive proportional rela-
tionship between the contents of biochar components and the content of
oxygen-containing functional groups. The stability of the biochars could
be determined from the O/C and H/C ratios. The former ratio for all five
biochars was less than 0.2, which indicated high stability with half-lives
of greater than 1000 years (Ippolito et al., 2020). The H/C atomic ratio
was maintained at around 0.5, and for all five biochars it was below the
upper limit of 0.7. This indicated a larger, denser aromatic ring structure
and that thermochemical transformations were occurring, which further

3.2.8. Mineral elements in biochars

Tables 3 and 4 showed the contents of four common mineral ele-
ments and a heavy metal in the TCMR feedstocks and biochars,
respectively. A significant increase in the content of K by a factor of
2.29-3.17 times was observed in the biochars obtained by high-
temperature preparation in comparison with the corresponding feed-
stocks. Moreover, the K content changed from 7.04 to 13.64 g/kg in the
raw materials to 20.10-37.21 g/kg in the biochars, and the Na content
changed from 0.84 to 1.57 g/kg in the raw materials to 1.11-2.81 g/kg
in the biochars. This fully demonstrated that enrichment of mineral el-
ements occurred when the TCMRs were converted into the biochars. The
biochars exhibited higher contents of mineral elements than the raw
materials. This indicated that a relative enrichment of each element
occurred during pyrolysis, which was in accordance with previous
findings in the literature (Xiao et al., 2022). Mineral constituents of
biochar, such as potassium, calcium, and magnesium, have been re-
ported in the literature to be beneficial for the adsorption of heavy
metals in aqueous solutions (Duwiejuah et al., 2020). These mineral
components and the heavy metals could be subjected to an ion exchange
process, which would increase the binding affinity of the heavy metals
on the surface of the biochar and greatly reduce their mobility (Lin et al.,
2023a, 2023b; Mazarji et al., 2023), thus achieving the purpose of
removing heavy metals.

In addition, the biochars in this study had high pH values, which was
presumably due to the fact that most of the mineral elements were
retained in the biochars after pyrolysis (Shi et al., 2019). In terms of
mineral composition, the TCMRs and their biochars were richest in K
(20.10-37.21 g/kg), followed by Mg (4.32-12.42 g/kg) (Table 4). With
regard to individual residues before and after pyrolysis, DNS consis-
tently had high levels of K and Mg, whereas DG had the highest Ca
content. The Na contents of both DG and HQ were significantly different
from those of the rest of the materials pre- and post-pyrolysis. Obviously,
probably as a result of variations in the natural composition of the
feedstocks, the mineral content of the biochars varied from one source to
another (Mehmood et al., 2022; Shen et al., 2015).

Regarding the determination of heavy metal contents, there was
little difference in the content of Pb(II) before and after pyrolysis, which
proved that no enrichment of heavy metals occurred during pyrolysis of
the herbal residues themselves and that there was no secondary pollu-
tion of the natural environment with heavy metals (Wu et al., 2016).
Although the high K content of the biochars implies that they could act
as part of a K fertilizer, potential damage to some K-sensitive plants
needs to be considered.
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Fig. 9. Adsorption kinetic fitting curves of biochars. (A) Danshen (B) Chuanxiong (C) Danggui (D) Dangshen (E) Huanggi.

Table 5
Adsorption kinetic model parameters of the BCs for Pb(II).
Biochar Pseudo-first-order Pseudo-second-order Elovich
Qc(mg/g) Kp R? Qe(mg/g) Kz R? o B R2
Bpns 28.35 0.0047 0.9850 34.37 0.0001 0.9957 0.2545 0.1178 0.9857
Bex 6.91 0.0153 0.9946 8.34 0.0020 0.9992 0.2196 0.4953 0.9881
Bpe 7.43 0.0114 0.9883 8.91 0.0014 0.9951 0.1827 0.4731 0.9845
Bpas 13.47 0.0069 0.9893 15.91 0.0005 0.9923 0.2027 0.2780 0.9643
Buo 5.34 0.0129 0.9801 6.31 0.0024 0.9931 0.1614 0.6939 0.9842
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Table 6

Adsorption isotherm model parameters of the BCs for Pb(II).
Biochar Langmuir Freundlich

Om(mg/g)  Ki(L/mg) R K; 1/n R?

Bpns 36.42 0.0582 0.9966 9.5354 0.2376 0.8381
Bex 7.84 0.0222 0.9931 1.5394 0.2613 0.9439
Bpe 9.00 0.0289 0.9926 2.2521 0.2243 0.8453
Bpas 18.67 0.0100 0.9914 1.3772 0.4055 0.9310
Buo 7.45 0.0122 0.9919 0.8029 0.3461 0.9194

3.3. Heavy metal removal

3.3.1. Pb(Il) adsorption experiment

Fig. 9 showed the adsorption kinetic curves of five TCMR biochars
and their fitted models. The whole adsorption process was divided into
two steps: rapid adsorption and equilibrium adsorption. It is clear that
all five biochars reached the equilibrium concentration at the experi-
mental setting time (t = 720 min). By analysing the non-linear fit pa-
rameters of the pseudo-first-order and pseudo-second-order models
(Table 5), the correlation coefficients of the pseudo-second-order
models for all biochars with R% > 0.99 were higher than those of the
pseudo-first-order models, indicating that the pseudo-second-order
models were more consistent with the adsorption process of the orig-
inal biochars. This suggested that chemisorption is the main adsorption
process (Lin et al., 2023a, 2023b). The Elovich model, on the other hand,
had a correlation coefficient R? > 0.95, indicating that the adsorption
process included inhomogeneous phase diffusion (Zhou et al., 2022).
The adsorption isotherms of biochars (Fig. 10) showed that the Lang-
muir correlation coefficient R? > 0.99, indicating that it was more
consistent to be used to describe the adsorption behaviour of biochars. It
indicated that the adsorption of biochars belonged to a monolayer
adsorption process, where each active site on the adsorption surface had
the same adsorption energy (Manoharan et al., 2022). The adsorption
capacities of these five biochars were calculated by the Langmuir

EHT = 300KV
Signal A = SE2

Date: 15 Jun 2028
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isotherm model and were 36.42 mg/g (Bpns), 7.84 mg/g (Bcx), 9.00 mg/
g (Bpg), 18.67 mg/g (Bpgs), and 7.45 mg/g (Byg), respectively (Table 6).
Although all the prepared biochars were able to remove Pb(II) from the
solution, their adsorption capacities varied and depended on their in-
dividual properties. This was in accordance with been reported in the
literature, which showed that different biochars obtained from different
TCMR sources exhibited differences in sorption performance for heavy
metals (Das et al., 2021a; Ding et al., 2017). The correlation between the
amount of adsorption and the physicochemical properties of biochars
was analysed (Fig. 2). It was found that the amount of adsorption (Qm)
of biochar was strongly and positively correlated with the cellulose (r =
0.82, p < 0.05) and lignin (r = 0.87, p < 0.05) of the feedstock, as well as
the oxygen content (r = 0.90, p < 0.05). However, adsorption showed a
weak positive correlation with the pHp, (r = 0.71) and EC values (r =
0.73) of the materials. The differential contribution of the physico-
chemical properties of the materials to the effect of their adsorption
performance was demonstrated. Among them, the adsorption properties
of Bpns and Bpgs were higher than those of several other biochars. This
may be attributed to the high cellulose and lignin content and the
associated specific physico-chemical properties, including conductivity,
isoelectric point and other factors favourable to enhanced Pb(II)
adsorption (Alcaniz-Monge et al., 2022; Li et al., 2020). In order to
compare the sorption performance of the studied biochars, a review of
literature was done about the biochars in other studies used for
adsorping Pb(II) (Table S5). In contrast, Bpns and Bpgs had relatively
high adsorption capacities, and the other three had less satisfactory
adsorption performance. In addition, further modification of the original
biochar was required to enhance its adsorption performance and make it
more effective in removing heavy metals from the environment. This is a
challenge that the research group is currently addressing.

3.3.2. Pb(Il) adsorption mechanism
In order to further elucidate the mechanism of the adsorption of Pb
(II) by pristine biochar, experiments were carried out on Bpys, and three
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Fig. 11. The SEM-EDS images of biochars before and after adsorption.
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Fig. 12. The spectra of (a) XPS; (b) C1s; (c) O 1 s and (d) FT-IR including biochars before and after adsorption.

types of characterization, namely, SEM-EDS, FT-IR spectroscopy, and
XPS, were performed before and after adsorption (Fig. 11 and Fig. 12).
As shown in Fig. 11, uniformly distributed Pb(II) was visible on the
surface of the biochar after adsorption, which demonstrated the suc-
cessful adsorption of Pb(II). The semi-quantitative results using EDS
show that Pb(II) increased by 5 % from the original 0 % (Fig. S4).
Moreover, in comparison with the biochar before adsorption, many
small particles appeared on the surface of the biochar after adsorption,
which were presumed to consist of Pb(II)-related compounds that were
generated.

Fig. 12(a—c) showed the XPS spectra of the biochar before and after
the adsorption of Pb(II), which contained similar characteristic C 1 s and
O 1 s peaks. From the semi-quantitative results, it was found that there
was a clear silicon-related peak after adsorption, and the content of
elemental silicon decreased from 2.02 % to 1.00 %, which demonstrated
the involvement of silicon in the adsorption process. The literature re-
ports that silicates can react with lead to form silicate precipitates (Li
et al., 2019b, 2019a). The adsorption mechanism was further suggested
by the high-resolution XPS spectra of C 1 s and O 1 s. The C 1 s peaks
located at 284.8 eV (60.37 %), 285.7 eV (33.20 %) and 289.4 eV (6.43
%) were attributed to C-C/C-H/C = C, C-O/C-N, and C(=0)-OH groups,
respectively (Das et al., 2023). After the adsorption of Pb(Il), the per-
centage area of the C-C/C-H/C = C peak decreased from 60.37 % to
38.97 %, whereas the percentage area of C-O/C-N and C(=0)-OH peaks
increased to 42.24 % and 18.78 % respectively. This may have been due
to complexation or precipitation with Pb(II) resulted in the loss or gain
of C in different valence states. Similarly, in the fine spectrum of O 1 s,
the peaks located at 531.5 eV (30.97 %), 532.6 eV (35.55 %), and 533.7
eV (33.48 %) were attributed to C-OH, C = O, and O = C-OH(R) groups,
respectively (Das et al., 2023; Herath et al., 2021). In the case of Pb(II)-

12

loaded biochar, the percentage of peak area of C-OH increased from
30.97 % to 35.22 % and the percentage of C = O and O = C-OH(R)
decreased to 32.65 % and 32.13 %, respectively. This may have been
due to interactions between the groups and Pb(Il). According to the
various XPS peaks, different functional groups may have different
adsorption capacities for heavy metals, with hydroxyl and carboxyl
groups exhibiting higher adsorption capacities for Pb(II) (Yu et al.,
2021a, 2021b).

According to the results of FT-IR mapping (Fig. 12(d)), after
adsorption the two peaks at 1260 cm ! and 1575 cm ™! appeared to be
significantly weaker. These were attributed to C-O-C and COOH
stretching vibrations, respectively (Li et al., 2019b, 2019a). The peak at
3440 cm’l, which was attributed to O-H vibrations, appeared after the
adsorption of Pb(II) by the biochar. This could be attributed to the
introduction of Pb(II), which changed the functional groups on the
biochar (Zhou et al., 2022). These changes suggested that oxygen-
containing functional groups were utilized by Pb(Il) and played an
important role in the adsorption process. Moreover, abundant mineral
elements (K, Ca, Na, and Mg) on the surface of the biochar could be
exchanged with metal ions (Lin et al., 2023a, 2023b). The pHy,. of Bpns
was higher than the initial pH of the solution and the adsorption ca-
pacity should be lower due to electrostatic attraction, whereas the
adsorption capacity of Bpys was better, indicating that electrostatic
attraction was not the main adsorption mechanism of Bpyg (Zhou et al.,
2018a, 2018b).

In conclusion, the adsorption mechanism mainly involved precipi-
tation, complexation of oxygen-containing functional groups, and ion
exchange to complete the process.
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4. Conclusions

The biochars were systematically investigated by determining their
physicochemical properties and using conventional characterization
techniques. The relationships between properties of the different TCMR
biochars were examined using the Spearman correlation matrix between
influencing factors. The scientific validity of the preparation conditions
and the stability of the material were demonstrated by studying the
pyrolysis process and thermal stability. Additionally, the potential of
biochar for adsorbing heavy metal Pb(II) and its related mechanisms
were experimentally investigated. The results indicated that the
adsorption process was consistent with pseudo-secondary kinetics and
belonged to the chemisorption process. The isotherms were consistent
with the Langmuir model. The biochar samples exhibited varying
adsorption capacities for Pb(II), with the highest capacity observed for
Bpns (36.42 mg/g), followed by Bpgs (18.67 mg/g), Bpg (9.00 mg/g),
Bcx (7.84 mg/g), and Byg (7.45 mg/g). This maximum adsorption ca-
pacity of 36.42 mg/g for Pb(II) is comparable to that of other pristine
carbonaceous materials used in wastewater remediation processes. The
enhanced adsorption of Pb(II) may be attributed to the richer cellulose,
lignin, oxygen content, and the number of surface functional groups.
The adsorption mechanism mainly involved precipitation, complexation
with oxygen-containing functional groups, and ion exchange. The po-
tential value of TCMR biochars in the adsorption of heavy metal Pb(II)
was thus demonstrated.

In the future, three areas of follow-up research will be considered.
Firstly, to improve the adsorption performance, it is necessary to modify
the preparation process of raw biochars for different application envi-
ronments, such as wastewater or soil. This will allow for its use in
various forms in practice, such as adsorption columns, filtration mem-
branes and biochar-based fertilisers. To improve the effectiveness of
mixed heavy metal pollution treatment, it is necessary to expand the
study of individual heavy metals to include other types. Furthermore,
considering the physicochemical properties of the TCMR biochars, it
may be possible to expand its applications by conducting adsorption
studies on organic pollutants, including antibiotics. In conclusion, this
study shows that biochars produced from herbal residues have good
potential for the adsorption of heavy metal Pb(II) and that biochar
production is a promising method for the recycling of herbal residues.
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