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Abstract: A MgO/biochar composite (MBC) with a
wide range of pore sizes was prepared by a MgCl,-
NaOH co-impregnation method using lavender stalks
as the biochar source, which can effectively remove
Pb(II) and Cd(IT) from wastewater. The co-impregna-
tion treatment resulted in a specific surface area of
the MBC that was approximately 54 times greater
than that of the biochar derived from untreated stalks.
The ion-exchange capacity of MBC was increased by

the incorporation of MgQ nanoparticles, which increased the alkali metal ion (Mg”") content. These specific structures and com-

positions gave the MBC a high adsorption capacity for Pb(II) and Cd(Il). The adsorption data followed a quasi second-order
kinetic model. For Cd(Il) and Pb(II), the maximum adsorption capacities of MBC-700 (treated at 700 °C for 2 h) reached
520 mg/g and 808 mg/g, respectively. The primary adsorption mechanisms were ion exchange, precipitation, electrostatic at-

traction and surface complexation. Furthermore, metallic lead was recovered by using the reducing properties of the biochar at

high temperatures. This study provides a reference for developing inexpensive and efficient heavy metal adsorbents and the

low-carbonization utilization of biomass waste.
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In recent years, the rapid growth of global eco-
nomy and population has led to expanding industrial-
ization, causing the problem of heavy metal pollution
to become increasingly serious. An increasing quant-
ity of heavy metals is flowing into the water bodies on
which human beings depend, resulting in many rivers
and groundwater reserves with heavy metal levels ex-

™, Heavy metal ions are

ceeding safety standards
characterized by their stability and persistence, as they
cannot be degraded or destroyed in nature. They can
enter the human body through the food chain, thus
posing a serious threat to human health. Among these
heavy metal ions, lead (Pb(Il)) and cadmium (Cd(II))
are not only categorized as human carcinogens, but

are also the most common contaminants in many in-
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dustrial applications'”. The presence of excess cadmi-
um in water or food ingested by the human body in-
creases the likelihood of developing diabetes and kid-
ney disease. Similarly, excessive exposure to and ab-
sorption of Pb(Il) by human body can result in chron-
ic poisoning, with Pb(II) damaging the body’s central
nervous system, kidneys and hematopoietic system, as
well as the digestive system, ultimately leading to
death'”. Therefore, developing cost-effective ways to
remove Pb(Il) and cadmium from wastewater or con-

taminated surface water is essential for pollution con-
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trol and environmental remediation.

Currently, the main treatment methods for re-
moving heavy metals from contaminated waters are
chemical precipitation, electrochemical and redox
methods, ion exchange, solvent extraction, adsorption
and membrane separation. Among these techniques,
the adsorption method is widely used for the removal
of heavy metal ions due to its simple operation, high
removal rate, low cost of raw materials and adaptabil-
ity to various environments"”’. Many adsorbents have
been reported for the removal of heavy metals by ad-
sorption, such as activated carbon', g-C,N,/" and
graphene oxide'!. However, most of these materials
have low removal rates of heavy metal ions and are
expensive and can cause secondary pollution to the
environment. Therefore, there is an urgent need to ex-
plore novel materials to remove heavy metals from
wastewater.

Biochar is a carbon-rich solid material with well-
developed porosity, surface functional groups, and
also various minerals'”. In recent decades, agricultur-
al and forestry wastes have been widely used as pre-
cursors for the preparation of adsorbents for biochar
materials due to their low cost and easy accessibility.
Biochar adsorbents derived from agroforestry wastes
are a low-cost and sustainable approach for the re-
moval of heavy metals from water pollution.
However, the adsorption capacity of biochar for heavy
metal ions is often limited by its pore structure, specif-
ic surface area and surface properties, necessitating
modification methods to enhance its adsorption capa-
city!"”. Common methods of modifying biochar in-
clude steam treatment, ball milling, acid treatment, al-
kaline treatment, metal oxide treatment and treatment
with organic compounds!"'~'*. Among these methods,
leveraging the ion exchange and mineralization prop-
erties of metal oxides has been shown to be an effect-
ive strategy to significantly improve the adsorption
capacity of biochar! "1, However, when using metal
oxides for modification, it is also necessary to con-
sider their potential for secondary environmental pol-
lution and the ease of sourcing raw materials. For in-

stance, in biochar modified with MnO, manganese
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may undergo reductive dissolution into mobile ions
like Mn** under acidic or reducing conditions. Among
various metal oxides, MgO is considered a promising
candidate for modification owing to its abundant re-

1%l Previous studies on MgO-

serves and low toxicity
modified biochar have mainly explored its combina-
tion with various biomass precursors, for instance, ba-
nana peel' ! and corn stalk!"), However, the use of a
single metal oxide modification (MgO modification)
has some limitations because this method does not im-
prove the physical structure of the biochar well.
Single MgO-modified biochar primarily relies on the
inherent pores of biomass, with MgO potentially clog-
ging these channels. In some cases, single metal ox-
ide modification can even reduce biochar’s specific
surface area, which limits its adsorption capacity for
heavy metals' " "), While using metal oxide modifica-
tion, adding alkaline activator can decompose ligno-
cellulose in biomass and corrode biochar, which can
achieve the effect of expanding the specific surface
area of biochar and improving the pore structure of
biochar, providing more sites for the adsorption of
heavy metal ions ',

In the Ili Valley region of Xinjiang, China, the
annual production of lavender essential oil and dried
flowers is nearly 1.5x10° kg, generating a large
amount of discarded lavender straw, which is not only
a waste of resources but also pollutes the environ-
ment. Lavender straw has been reported in construc-
tion and agricultural feed, but there is no literature re-
port on the application of lavender straw-based
biochar for the removal of heavy metals from
wastewater. Therefore, in this work, we report a nov-
el magnesium-alkali modified biochar from lavender
straw for the removal of Cd(II) and Pb(Il) from water.
The effects of different factors including pH, initial
concentration, contact time and ionic strength on the
adsorption of Cd(II) and Pb(Il) by this magnesium-al-
kali modified biochar material were systematically in-
vestigated through batch adsorption experiments.
Combined with the adsorption experimental data and
various characterization results, the adsorption mech-
anisms of Cd(II) and Pb(Il) were derived. This study
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not only provides a new perspective for the removal
of heavy metals, but also reveals the potential applica-
tion of magnesium-alkali modified biochar compos-

ites in pollution control.

Lavender straw was produced from Yili, Xinji-
ang, China. MgCl,-6H,0 (=99%) was purchased from
Tianjin Xinbote Chemical Co., Ltd. (Tianjin, China).
NaOH (296%) was purchased from Tianjin Beilian
Fine Chemicals Development Co., Ltd. (Tianjin,
China). CdCl,-2.5H,0 (=99%) was purchased from
Tianjin Bodi Chemical Co., Ltd. (Tianjin, China).
Pb(NO;), (AR) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). De-
ionized water was used for the preparation of all solu-

tions.

A certain amount of waste lavender straw was
cut into a 2-3 cm, washed with deionized water to re-
move surface impurities, and dried at 60 °C for 12 h.

To prepare a 0.8 mol/L MgCl, solution, 10 g of dried

Multi-level porous
MgO/biochar

lavender straw was weighed and added to the con-
figured MgCl, solution and the mixture was stirred in
a magnetic stirrer for 1 h at 400 r/min. Then the pH
value of the mixture solution was adjusted to 10-11
with 5 mol/L NaOH solution and stirred for 2 h at
500 r/min. The filtered and separated mixture was
dried at 60 °C for 12 h. The dried mixture was di-
vided into 4 portions and placed into a chemical va-
por deposition furnace and carbonized at 500, 600,
700 and 800 °C for 2 h (under N, protection at a heat-
ing rate of 5 °C/min), respectively. The carbonized
samples were named MBC-500, MBC-600, MBC-700
and MBC-800, respectively. All samples were rinsed
with deionized water, dried, then crushed and stored
in a desiccator for further experiments. The raw lav-
ender straw biochar carbonized at 700 °C was named
BC. A schematic diagram of the sample preparation is
shown in Fig. 1.

The obtained sample (MBC-700) showed the
best adsorption performance for Cd(II) and Pb(II)
(Fig. S1).

The surface morphologies of samples were ob-

5 mol L™" NaOH

0.8 mol L™
MgCl,

Adjust the pH of the solution
to 10-11

Carbonization
700°C,2h

S

Mg(OH),

Fig. 1 Preparation diagram of multi-level porous MgO/biochar composite
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tained by scanning electron microscopy (SEM, Zeiss,
Sigma300, Germany), together with an X-ray energy
spectrometer (EDS, Oxford Instruments, Xplore 30,
Britain) to analyze the chemical composition of the
sample surfaces. The morphology of samples were
characterized by transmission electron microscopy
(TEM, JEOL, JEM 2100 F, Japan). The crystal struc-
ture of the samples was analyzed by X-ray diffraction
(XRD, BRUKER, D8 Advance, Germany). The Brun-
auer-Emmett-Teller (BET) surface area was determ-
ined by determining the N, adsorption-desorption iso-
therm using a porosity analyzer (micromeritics,
ASAP2460, USA) to measurements. Changes in the
functional groups of the samples were determined by
Fourier Transform Infrared Spectroscopy (FTIR,
Thermo, Thermo Nicolet iS5, USA) with a resolution
of 2.0 cm' and a range of 400—4000 cm'. The
samples were analyzed using a light ray photoelec-
tron spectrometer (XPS, Thermo Fisher Scientific K-
Alpha, USA) to analyze the elemental composition
and elemental species of the samples. In addition, in
all adsorption experiments, the content of heavy
metals in solution was determined using inductively
coupled plasma emission spectrometry (ICP-OES,
Perkin Elmer, Optima 8000, USA).

Dissolve a suitable amount of CdCl,-2.5H,0 or
Pb(NO,), solid in deionized water to prepare a stock
solution, further dilute accordingly to prepare a 20 mL
solution of heavy metal at the required concentration.
The adsorption experiment involves adding a certain
amount of adsorbent to a series of conical flasks con-
taining heavy metal solutions, then carrying out the
experiment in a constant temperature oscillating box
at 25 + 1 °C and an oscillation frequency of 160 r/min.
If not specified, the initial pH of all heavy metal solu-
tions used for the adsorption experiment is adjusted to
5.0 £0.1, aiming to simulate the real aqueous environ-
ment, and at this pH, experimental errors caused by
the precipitation of Cd(Il) and Pb(II) can be avoided.
The adjusting solutions used are 0.1 mol/L HCI or
0.1 mol/L NaOH. By systematically changing the
solution pH (2-6), Na' ion strength (0—200 mmol/L),
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and humic acid content (0—50 mg/L), the influence of
environmental conditions on the adsorption of heavy
metal ions by the adsorbent is examined. After the ad-
sorption experiment, filter the samples through a
0.22 pum filter membrane and measure the concentra-
tion of Cd(II) or Pb(Il) in the solution. The adsorption
capacity ¢, (mg/g) of biochar for Cd(Il) or Pb(Il) in
the solution at time ¢ (min) is calculated using Eq. (1),

and the removal efficiency # (%) is calculated using
Eq. (2).

(Co—C)xV

q: = 2 (l)
m

n= =G 00% )

0

Where C, (mg/L) is the initial concentration of heavy
metal ions in the solution, C, (mg/L) is the concentra-
tion of heavy metal ions in the solution at time ¢ (min),
V' (mL) is the volume of the solution, and m (g) is the
mass of adsorbent added.

Chapter 1 of the Supporting Material provides a
detailed overview of the specific procedures for the
adsorption kinetic studies and adsorption isotherms

experiments.

The morphology of BC and MBC-700 was char-
acterized by SEM (Fig. 2). The carbonized lavender
straw retained the tubular structure (Fig. 2a) and
showed a smooth surface (Fig. 2b). Meanwhile, some
porosity was observed in the tube wall (Fig. 2¢). In
contrast, the magnesium-alkali modified MBC-700
samples also retained the tubular structure, but the
surface became rougher and a large number of pores
appeared (Fig. 2e-f). This might be attributed to Na-
OH promoting the decomposition of organic matter in
lavender straw, which reorganizes the solid matrix to
form a developed porous structure, and NaOH also
etches the surface of the biochar during pyrolysis and
forms mesopores. This mesoporous structure can
provide more adsorption sites for heavy metals"".

The SEM characterization results indicate that
MBC-700 would be an effective adsorbent. Elemental
analysis of the selected area of Fig. 2g was carried out
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using EDS, which showed that the composition
mainly consisted of C, O and Mg (Fig. 2h-j). The
atomic percentages of the three elements are listed in
Fig. S2. The elements of Mg and O are uniformly dis-
tributed on the surface and in the pores of the MBC-
700, indicating successful loading of MgO onto both
the surface and pores of the MBC-700 samples. To
obtain a deeper understanding of the structure of the
MBC-700 composite, the TEM images were further
investigated (Fig. 2k-1). Fig. 2k shows the fragments
of MBC-700 and a large number of lattice fringes can
be seen in the higher magnification images of the
MBC-700. Fig. 21 shows the lattice stripe spacing of
0.21, 0.15 and 0.24 nm corresponding to the (2 0 0),
(2 2 0) and (1 1 1) crystal faces of MgO,

L

d=0.21 nm

respectively” 1.

A disordered carbon structure at the edge of the
MgO also can be seen in Fig.2l, indicated by the red
dashed line. This structure is attributed to the lav-
ender straw biochar. Plant straw contains many vertic-
al and hollow tubes that act as high-speed pathways
for plants to transport water and nutrients. As shown
above, MBC-700 maintains this structure, and the
abundant hydroxyl groups and mesopores in plant
straw can effectively adsorb and disperse heavy metal
ions. In conclusion, a reasonable modification en-
dowed MBC-700 with a high specific surface area,
abundant exposed active sites, fast mass transfer path-
ways and a large number of mesopores, which may

result in rapid heavy metal ion permeation/diffusion

Fig. 2 (a-c) SEM images of BC. (d-f) SEM images of MBC-700. (g-j) Elemental distribution of MBC-700. (k-1) TEM images of MBC-700
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and accelerated adsorption of heavy metal ions”". In
addition, successful loading of MgO can increase the
alkali metal ion (Mg”") content of the MBC-700 and
thus enhance the ion exchange capacity of the MBC-
70087,

The structure of the samples was further ana-
lyzed using XRD and the results are shown in Fig. 3a.
The broad diffraction peak at 24° is assigned to the
biochar matrix derived from the carbonization of lav-
ender straw. Relative to the pristine BC, the modified
samples exhibit five new diffraction peaks at 20 val-
ues of 36.9°, 42.9°, 62.3°, 74.7° and 78.7°, which cor-
respond to the (111), (200), (220), (311) and (222)
crystal planes of MgO, respectively (JCPDS Card No.
45-0946), confirming the successful loading of MgO
onto the biochar™".

Both BC and MBC-700 exhibit the common IR
characteristic peaks of straw-derived lignin. They are
shown in Fig. 3b. The telescopic vibration of O—H
groups is located at around 3431 cm '™, The en-
hanced O—H vibration peak on MBC-700 compared

(a)
e BC
I MBC-500
3
©
S i) . MBC-600
‘@
c
g M MBC-700
= A .
MBC-800
PDF#45-0946 ‘ ‘
10 20 30 40 50 60 70 80
26/(°)
(c)
__25{ BC °
o
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%
= 2.0
g 20 j
=4 /
> /
g 15, cbgbg’
o
1%} w
©
© &88389
g 109 e
|
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Relative pressure/(p/p,)

with BC indicates that the relative content of O—H
groups on biochar can be increased after magnesium
alkali modification, and more oxygen-containing
functional groups are more favorable for the adsorp-

tion of heavy metals'"”

. The absorption peak at
2927 ecm' is attributed to the stretching vibration of
C—H bonds in cellulose and hemicellulose!"’. The
peak observed around 1703 cm™' corresponds to the
stretching vibration of the C=0 bond""”!. For both BC
and MBC-700, the peak near 1595 cm™' is associated
with C=C stretching vibration in the aromatic skelet-
on of lignin"". Meanwhile, the vibrational peak at
1423 ¢cm™' on BC and MBC-700 is assigned to the
0—C=0
group . The absorption peak at 1040 cm™' is attrib-

stretching vibration in carboxylate
uted to the C—O stretching vibration in the sample
BC. Following surface modification, the peak posi-
tion of the C—O peak undergoes a red shift, moving
to the vicinity of 1097 cm™' in MBC-700 "1, Mean-
while, after the modification, a new absorption peak

appears at 567 cm ' on sample MBC-700, which may

(b)

Transmittance/%
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Fig.3 (a) XRD patterns of BC, MBC-500, MBC-600, MBC-700 and MBC-800. (b) FT-IR spectra of BC and MBC-700. (c) N, adsorption/desorption iso-
therms of BC and (d) MBC-700
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be due to the formation of Mg—O metal bonds"*".

The specific surface area and pore structure of
the samples were further analyzed using BET, the res-
ults of which are shown in Fig. 3c, d and Table S1.
Compared with the original biochar BC, the specific
surface area of MBC-700 sample increased from 3 to
158 m*/g (Fig. 3c-d), which is approximately 54 times
higher. The increase in the specific surface area may
be related to the loading of MgO and modification of
NaOH. The MgO particles are polycrystalline and
porous, and this morphology will allow the modified
MgO-loaded particles of the biochar to have a higher
specific surface area. The pore structure produced by
NaOH etching of the biochar surface also contributes
significantly to the increase in specific surface

area’’ ™"

. The total pore volume increased from
0.003 to 0.139 cm’/g, which is approximately 42 times
higher, and the increase of pore volume can enable the
biochar to adsorb and store more heavy metals in the
pores, thus increasing its own adsorption capacity' .
The pore size distribution graph shows that MBC-700
has predominantly mesoporous pores in the 3-6 nm
range (Fig. S3). According to the data in Table S1, the
average pore sizes of MBC-700 and BC are 6.971 and
7.345 nm, respectively. The decrease in the average
pore size after modification may be due to the Mg
clogging the
porest™”. Additionally, the hydrated radius of Pb*" is
relatively small ( ~ 0.401 nm), with high charge dens-

compounds entering and biochar

ity and strong polarizability. This allows Pb*" to pen-
etrate deeply into the micropores of the tube walls,
where it can closely interact with oxygen-containing
functional groups (—COOH,—OH) or MgO sites,
promoting complexation and fully utilizing the high
specific surface area regions. In contrast, Cd*" has a
larger hydrated radius (~ 0.426 nm) and relatively
lower charge density, resulting in limited accessibility
to micropores. It relies more on mesopores and mac-
ropores for transport, with the tube cavities and larger
mesopores serving as the primary sites for its adsorp-

tion!"").

In order to explore the potential adsorption
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mechanism, the adsorption kinetic model and adsorp-
tion isotherm model were chosen to analyze the ad-
sorption process of Cd(Il) and Pb(ll) on MBC-700
and BC at the same temperature. Fig. 4 shows the re-
lationship between the adsorption capacity and ad-
sorption time of MBC-700 and BC in the adsorption
of Cd(II) and Pb(II), MBC-700 has the fastest adsorp-
tion rate of Cd(II) and Pb(II) in 0-320 min.

After the adsorption time exceeds this range, the
adsorption rate of MBC-700 for Cd(IT) and Pb(II) de-
creases with the gradual decrease of the effective ad-
sorption sites on MBC-700. MBC-700 reached equi-
librium in the adsorption process with the adsorption
of Cd(I) and Pb(Il) of 520 and 781 mg/g, respect-
ively. For BC, the adsorption process basically
reached equilibrium at 120 min, and the adsorption
amounts of Cd(Il) and Pb(Il) are 50 and 92 mg/g, re-
spectively (Fig. 4c-d). The adsorption amounts of
Cd(II) and Pb(II) at equilibrium by MBC-700 were 8-
9 times higher than those of BC, which showed excel-
lent adsorption capacity. These results can be attrib-
uted to the fact that the specific surface area of MBC-
700 is much larger than that of BC and possesses
abundant MgO loadings, which provide many new ad-
sorption sites for Cd(II) and Pb(II) adsorption. The ad-
sorption data were further fitted with pseudo-first-or-
der kinetic model (Fig. 4a-b), and the corresponding
fitting parameters are listed in Table S2. The pseudo-
second-order kinetic model demonstrated a better cor-
relation with the original data (R” values closer to 1),
suggesting that chemisorption may be the main ad-
sorption mechanism!*”.

Langmuir and Freundlich models were used to
characterize the equilibrium adsorption data for MBC-
700 and BC (Fig. 5). The fitting data about the 2 mod-
els are shown in Table S3. In this study, the adsorp-
tion isotherms of Cd(II) or Pb(II) on MBC-700 could
not be adequately described by the classical Lang-
muir and Freundlich models. Specifically, the actual
adsorption capacity had already reached its limit, yet
the fitted curves did not exhibit a clear plateau. This
suggests that the adsorption process is not a simple

monolayer adsorption. Through analysis, we believe
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Fig. 4 (a-b) Adsorption kinetics of Cd(II) and Pb(II) adsorption by MBC-700. (c-d) Adsorption kinetics of Cd(II) and Pb(II) adsorption by
BC (Adsorbent dose=0.5 g/L, pH=5.0+0.1)

this is likely due to the fact that the adsorption of
Cd(I) or Pb(Il) onto MBC-700 is not governed by a
single mechanism. For example, after modification,
the adsorbent surface becomes alkaline, and during
adsorption, Cd(Il) or Pb(II) can form hydroxide pre-
cipitates with OH ™ on the adsorbent surface. Precipita-
tion is a bulk-phase process rather than a surface
monolayer adsorption. Moreover, besides precipita-
tion, the adsorption of Cd(I) or Pb(Il) may involve
significant ion exchange (with Mg®* in MBC-700),
which complicates the adsorption stoichiometry. Giv-
en these potential combined mechanisms, forcing the
use of simplified single-parameter models (such as
Langmuir) to fit the data may yield a theoretically de-
rived “maximum adsorption capacity” (Q,,) that
lacks physical accuracy and could obscure the true ad-
sorption behavior. Therefore, instead of forcibly ap-
plying the Langmuir and Freundlich models to calcu-

late a theoretical Q__, this study focuses on reporting

max>

the experimentally observed maximum adsorption
amount (the actual adsorption achieved at the highest
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equilibrium concentration tested). This value is con-
sidered more meaningful for evaluating the material’s
potential in practical applications. For Cd(II) and
Pb(1l), the Q,,, of MBC-700 reached 520 and 808
mg/g, respectively.

Under experimental conditions that simulate an
actual water volume of 20 mL, the MBC-700 can re-
move up to 99% of Cd(II) or Pb(Il) solutions at low
concentrations (0-100 mg/L). And 300 pg/L of Cd(II)
or Pb(Il) can be purified to far below 10 pg/L using
only 0.5 g/l. MBC-700 (Table S4). The adsorption of
Cd(II) and Pb(Il) by MBC-700 in a certain range be-
came larger as the initial concentration of Cd(II) and
Pb(Il) increased (Fig. 5a-b), while the adsorption of
BC for Cd(II) or Pb(Il) is lower than that of MBC-700
at different concentrations (Fig. 5c-d).

The MBC-700 sample is compared with the liter-
ature of other researchers on adsorption of Cd(Il) and
Pb(Il) and the results are shown in Table 1. The per-
formance of MBC-700 is significantly better than that
of these adsorbents, which is attributed to MBC-700
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Fig. 5 (a-b) Adsorption isotherms of Cd(II) and Pb(II) adsorbed by MBC-700. (c-d) Adsorption isotherms of Cd(II) and Pb(II)
adsorbed by BC. (Adsorbent dose=0.5 g/L, pH=5.0£0.1)

through NaOH etching during the modification pro-
cess, more adsorption sites were created, and the
strong affinity of MgO for Cd(II) and Pb(II). Consid-
ering the excellent performance of MBC-700 for
Cd(II) and Pb(II) adsorption, it is further investigated.

In the real environmental adsorption process, the
adsorption capacity of the adsorbent will be affected
by many environmental factors, among which the pH
value of the solution is an important factor to evaluate
the adsorption performance of the adsorbent. The ad-
sorption capacity of MBC-700 samples was investig-
ated in the pH range of 2-6. As shown in Fig. 6a, the
adsorption of Cd(II) by MBC-700 was limited at
pH=2, and the adsorption capacity and removal rate
were enhanced with increasing pH in the pH range of
3-6, reaching a maximum at pH=6, with the removal
rate of about 60%. The adsorption of Pb(Il) by MBC-
700 was similarly inhibited at low pH (<2.0), which

was significantly enhanced at pH=3 and essentially
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saturated at pH=4, with the removal rate approaching
90%. The removal rate of Pb(II) by MBC-700 re-
mained essentially unchanged upon further increase in
the pH of the initial solution to 6 (Fig. 6b). At lower
pH (<2.0), the large amount of H' in the solution may
have electrostatic repulsion with Cd(II) and Pb(II),
which is unfavorable to the adsorption of heavy metal
cations by alkali metal biochar””. Increasing the pH
of the solution ionizes the chemical groups present on
the surface of the MBC-700, implying deprotonation.
This causes the surface of the MBC-700 to be
charged, and the degree of deprotonation of the MBC-
700 becomes stronger at increasing pH, and the poten-
tial of the surface with a negative charge increases,
which is more conducive to the coordination of the
heavy metal cations in the solution”'. It can be seen
that MBC-700 can show good adsorption perform-
ance for Cd(II) and Pb(Il) in a wide pH range (3-6).

The removal rates of Cd(II) and Pb(Il) by MBC-
700 at various concentrations are shown in Fig. 6c¢.
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Table1 Comparison of Cd(II) and Pb(II) removal using different adsorbents based on biochar

Metal Adsorbent C, (mg/L) Ginax (ME/2) Ref.
Cddn) Fe-Mn binary oxide biochar 0-200 141 (pH 5.0) [43]
Fe/Ni-biochar 100-180 242 (pH 6.0) [44]
Red mud modified bean-worm skin biochar 0-140 74 (pH 7.5) [45]
MnO, modified biochar 10-200 34 (pH 5.0) [46]
KOH modified biochar 0.1-20 22 (pH 5.0) [47]
MBC-700 0-1000 520 (pH 5.0) This work
Pb(II) Fe/Ni-biochar 100-180 217 (pH 6.0) [44]
MnOx modified biochar 50-1000 165 (pH 5.0) [46]
KOH modified biochar 1-1000 120 (pH 5.0) [47]
KMnO,-NaOH modified biochar 0-150 200 (pH 5.0) [48]
Zn/Fe modified biochar 60-140 200 (pH 5.0) [49]
MBC-700 0-1200 808 (pH 5.0) This work

The removal of Cd(Il) by MBC-700 is almost con-
stant at low Na' concentration, and decreased slightly
when the concentration is gradually increased to
200 mmol/L. The experimental results show that the
removal of Pb(Il) by MBC-700 hardly varied with
Na’ concentration. Generally, the increase of ionic

strength not only affects the electrostatic attraction
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between adsorbent and adsorbate but also enhances
the hydrophobicity. However, it does not affect the in-
ner surface complexation. In other words, there is no
water molecule when the inner surface complex is
formed between Cd(II) or Pb(Il) and the functional
groups on MBC-700. This suggests that the effect of
MBC-700 on Cd(Il) and Pb(Il) by MBC-700 can be
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Fig. 6 (a) Effect of pH value on Cd(II) in MBC-700 adsorption solution. (b) Effect of pH on Pb(II) in MBC-700 adsorption solution. (c) Effect of ionic
strength. (d) Humic acid concentration on Cd(IT) and Pb(IT) in MBC-700 adsorption solution. (Adsorbent dose=1 g/L, pH = 5.0 + 0.1, C; = 100 mg/L for both

metals in the ionic strength experiments and C, = 600 mg/L for the other experiments.)
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adapted to aquatic environments with different salt
contents, and the adsorption process is consistent with

the inner-sphere complexation mechanism"™ "),

The effect of Humid acid (HA) on the adsorptive
removal of Cd(II) and Pb(Il) by MBC-700 is shown in
Fig. 6d. The presence of HA slightly increases the re-
moval of Pb(Il) from water by MBC-700, and in-
creased complexation and electrostatic attraction may
be responsible for the higher removal rate. In contrast,
the removal of Cd(II) by MBC-700 decreases as the
concentration of HA becomes larger, which may be
due to the fact that during the adsorption of Cd(Il) by
MBC-700, HA not only competes with MBC-700, but
also shields some of the adsorption sites on MBC-
700", For Cd(II), its relatively weaker binding with
HA makes competitive adsorption and steric shield-

ing effects more pronounced.

The experimental results showed that the adsorp-
tion of Cd(Il) and Pb(Il) by MBC-700 proceeds
mainly by chemisorption. lon exchange, electrostatic
attraction, precipitation and surface complexation are
the possible adsorption mechanisms (Fig. 7). There-
fore, the adsorption mechanism was discussed in de-

tail.

MBC-700 is rich in exchangeable Mg®’, which
promotes the removal of Cd(II) and Pb(Il) from

A: lon exchange

B: Precipitation

C: Electrostatic attraction
D: Surface complexation

wastewater. After adsorbing Cd(II) and Pb(Il), the Mg
content of MBC-700 decreases from 2.2% to 0.5%
and 0.2%, respectively (Fig. S2, Fig. S5a-b). These
results confirm that part of Mg®" is partially ex-
changed during the adsorption process, indicating the
occurrence of ion exchange between MBC-700 and
Cd(IT)/Pb(1I).

The heavy metal ions present in the aqueous
solution are often divalent or greater than divalent
cations, and the deprotonation process of the function-
al groups on the adsorbent surface can lead to a negat-
ive charge on the adsorbent surface, and the opposite
charges of the two may promote the migration rate of
cations to the surface of the negatively charged ad-
sorbent’””. As shown in Fig. S4, the point of zero
) of MBC-700 is ~ 2.47. When pH <
pH,,., the surface of MBC-700 is more positively
charged, and MBC-700 will electrostatically repel the
he
MBC-700 becomes more negative as the pH in-

charge (pH

pzc

heavy metal cations in solution. But at pH > pH_,, t
creases. The lower zeta potential is more likely to be
more effective in the adsorption of MBC-700 with
heavy metal ions Cd(II) and Pb(II). The negative
charge on the surface of MBC-700 exerts an electro-
static attraction toward Cd(II) and Pb(II) cations,
serving as the initial driving force. Once ions are
drawn close to the surface, short-range mechanisms

(such as surface complexation, ion exchange, or pre-

Polluted water

(', MgO
© cd(oH),
WP Pb(OH),
€ cdco,
@ Pbco,

% MBC-700

Fig. 7 Adsorption mechanism of Cd(II) and Pb(II) by MBC-700
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cipitation) and the pervasive van der Waals forces col-
lectively ensure the robust immobilization of jons".
Therefore, electrostatic attraction plays an important
role in the adsorption of Cd(II) and Pb(II).

3.4.3 Precipitation

SEM was used to characterize the morphology of
adsorbed MBC-700 samples, and EDS was used to
analyze the chemical composition of the adsorbed
MBC-700 The

Fig. 8. After the adsorption of Cd(Il), a large number

samples. results are shown in
of white precipitates appeared on MBC-700 (Fig. 8a-
c). In order to determine the elemental composition of
these white precipitates, the chemical composition of
the region in Fig. 8d was analyzed. The results show
that these precipitates contained a large amount of Cd
(Fig. 8g and Fig. S5a), which indicated that Cd(II) is
adsorbed and immobilized on MBC-700 mainly in the
form of compounds. The microscopic morphology of
the Cd compounds is in the form of thin flakes

(Fig. 8c), most of which were stacked together and
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Fig. 8 (a-c) SEM and (d-g) EDS elemental mapping of MBC-700+Cd. (h-j) SEM and (k-n) EDS elemental mapping of MBC-700+Pb
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distributed in the pores of MBC-700 (Fig. 8d and
Fig. 8g), which could be attributed to the ion ex-
change between Cd(II) and MgO particles present in
the pores, and then reacted to form a precipitate that is
adsorbed and immobilized in the pores (Fig. 2g).

The XRD of MBC-700 after adsorption was fur-
ther observed (Fig. 9a). Analysis of MBC-700 after
Cd(II) adsorption shows that the diffraction peak cor-
responding to MgO vanishes. Meanwhile, new dif-
fraction peaks appearing at 26 values of 23.47°,
30.28°, 36.33°, 43.69° and 49.86° are identified as
CdCO; (JCPDS 42-1342), which forms through the
reaction between Cd(OH), and aqueous CO,"".

The FT-IR of MBC-700 before and after adsorp-
tion is shown in Fig. 9b. Vibrational peaks corres-
ponding to the Mg—O functional group vanish fol-
lowing adsorption. Meanwhile, the peaks observed at
684 and 857 cm™' are assigned to Pb—O and Cd—O
(for Pb(II) and Cd(II) adsorption respectively), a phe-

nomenon presumably resulting from ion exchange
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during the adsorption process. Additionally, the strong
vibrational peaks at 1415 and 1385 cm™' are attrib-
uted to the stretching vibrations of CO,>", which is de-
rived from CdCO, and PbCO, formed in the adsorp-
tion reaction””. After MBC-700 adsorbs Cd(IT) and
Pb(II), its —OH vibrational peak (at ~ 3400 cm) is
notably weakened or even absent—this confirms the
involvement of hydroxyl groups in the adsorption pro-
cess”'.

Due to the large number of mesopores formed on
the surface of MBC-700 through NaOH etching dur-
ing the modification process, more adsorption sites
were created. The SEM images in Fig. 8h-j and
Fig. 10 show that the Pb compounds resulting from
the adsorption of Pb(Il) by MBC-700 were embedded
on its surface.

The distribution of Cd and Pb compounds on
MBC-700 confirms the validity of the multi-level por-
ous MgO/biochar structure. Following Pb(II) adsorp-
tion, distinct new diffraction peaks appear at 26 val-
ues of 19.95°, 20.97°, 24.65°, 27.06°, 34.21°, 40.40°,
42.61° and 44.10° in MBC-700’s XRD pattern

(a) *MgO
v
A 7 __MBC-700
~ o, ¢ Pb;(CO;),(OH),
3
g/ *” 0‘ .
2 ¢t % 1 *MBC-700+Pb
15
£ - . cdco,
.1+l + MBC-700+Cd
10 20 30 40 50 60 70 80

201(°)

(Fig. 9a). These peaks are attributed to Pb,(CO,),
(OH), (JCPDS 13-0131), confirming that the lead-con-
taining compound generated is basic lead carbonate!”.

In addition, the Pb 4f and Cd 3d peaks are clearly
observed in the XPS full spectrum of MBC-700 after
adsorption of Cd(II) and Pb(Il) (Fig. 11a).
3.4.4 Surface complexation

The XPS characterization of MBC-700 before
and after Cd and Pb adsorption is shown in Fig. 11.
There are 4 characteristic peaks in the C 1s spectrum
of MBC-700 (Fig. 11b), including C—C (284.8 eV),
C—0 (286.03 eV), C=0 (287.96 V) and O=C—O
(290.41 eV)l. After heavy metal adsorption, the
binding energies of the 4 peaks exhibited minor vari-
ations. For instance, after adsorbing Cd(II) and Pb(II)
the peak area of the O=C—O group on the adsorbent
decreased by 4% and 2%, respectively, while the area
of the C—O peak also declined —this observation
suggests that both the O=C—0 and C—O groups
participate in the adsorption process. A comparable
phenomenon is observed when comparing the O 1s
spectra of MBC-700 before and after Cd(Il) or Pb(II)

(b)

Transmittance/%

—— MBC-700 \
—— MBC-700+Pb Cd-0
MBC-700+Cd co?

3500 3000 2500 2000 1500 1000 500
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Fig. 9 (a) XRD patterns and (b) FT-IR spectra of MBC-700 before and after adsorption

Fig. 10  (a-b) SEM images of MBC-700+Pb
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XPS of MBC-700 before and after adsorption of Cd(II) and Pb(Il). (a) Full XPS spectrum and

spectrograms of (b) C Is, (c) O 1s, (d) Cd 3d, and (e) Pb 4f

adsorption (Fig. 11c). These results are consistent
with the study reported by Wu et al®"’.

As shown in Fig. 11d,two peaks can be ob-
served in the spectrum of MBC-700+Cd, which attrib-
uted to Cd 3d,, and Cd 3d,,, respectively. The two
peaks in the spectrum of MBC-700+Pb can be as-
signed to Pb 4f,, and Pb f,, (Fig. 1le). Cd*" and
Cd—O are the main forms of Cd(II) adsorption on the
biochar surface, and for Pb(II) adsorption, mainly Pb**
and Pb—O.

Phytoremediation and biosorption are the 2 most
common methods of removing heavy metals from soil
and water through biomass adsorption. The remedi-
ation of soil and groundwater contaminated with

heavy metals using hyper-enriched plants has been
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implemented in certain provinces of China. However,
phytoremediation produces a large amount of heavy
metal-rich biomass, which is currently not handled
properly. The common treatment method is to burn
these heavy metal-rich biomasses into ash and then
treat them as special waste to be landfilled or stored
with other metal slags, a process that does not re-
trieve the heavy metals adsorbed in the biomasses for
further applications. To address this drawback, in this
research work, the reductive properties of biochar at
high temperatures were employed to convert Pb com-
pounds adsorbed on biochar to the metallic Pb. The
specific experimental steps were as follows: MBC-
700+Pb after adsorption of Pb(I) was collected,
placed in a tube furnace, heated to 800 °C in an N, en-

vironment and kept at this temperature for 2 h.
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The XRD and XPS characterization of the reduc-
tion products are shown in Fig. 12. As can be seen in
Fig. 12a, a peak for metallic lead can be clearly ob-
served for the reduction product, corresponding to the
standard card PDF#97-064-8341, and a diffraction
peak for PbO was also detected, probably because the

()

Reduction products

Intensity/(a.u.)

PDF#97-001-5402-PbO

Ll 1
PDF#97-064-8341-Pb

50 60 70

T
10 20 30 40

26/(°)

80

reduction reaction was not carried out thoroughly.
Furthermore, the characteristic peaks of metallic lead
were observed in the XPS of the reduction products
(Fig. 12b), located at 142.1 and 137.0 eV, which fur-
ther corroborated the success of the experiment in re-

covering metallic lead"”.

(b)

Pb 4f,
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T T T T
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Binding energy/eV
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Fig. 12 (a) XRD patterns and (b) XPS spectra of reduction products

Nevertheless, when the same experimental pro-
cedure was employed for the recovery of Cd, the res-
ults did not yield metallic Cd (Fig. S6). This phe-
nomenon may be attributed to the fact that the melt-
ing and boiling points of Cd are lower than 800 °C.
When the temperature is maintained at 800 °C, the
metallic Cd in the reduction product is converted to a
gas. Subsequent attempts to collect metallic Cd can be
made by connecting a condenser tube to the outlet of

the tube furnace.

MBC samples with multi-level pore structure
were prepared by co-impregnation method using lav-
ender straw as the raw material and template. After
the co-impregnation treatment, not only was the natur-
al orderly tubular structure of lavender straw retained,
but also multi-level porous structures were produced
loaded with MgO nanoparticles. The specific surface
area increased from 3 m?/g of the BC to 158 m%/g of
MBC-700. Meanwhile, the multi-level pore structure
and MgO nanoparticles loaded on the multi-level pore
structure of MBC-700 enhanced the ion exchange ca-
pacity of MBC-700 by increasing the alkali metal ion
(Mg”") content, endowing MBC-700 with high ad-
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sorption capacity for Pb(II) and Cd(II). Adsorption
kinetics experiments showed that MBC-700 exhibited
adsorption capacities of up to 520 mg/g for Cd(Il) and
781 mg/g for Pb(II), which are 7-8 times greater than
those of BC. Adsorption isotherm experiments re-
vealed that the actual maximum adsorption capacities
of MBC-700 reached 808 mg/g for Pb(Il) and
520 mg/g for Cd(II). In addition, MBC-700 has good
pH adaptability and resistance to ionic interference.
Finally, metallic lead was successfully recovered us-
ing the reducing properties of biochar at high temper-
atures. This work not only effectively removes Cd(II)
and Pb(II) in wastewater, but also solves the potential
pollution resulting from inappropriate landfill treat-

ment of crop straw on water sources.
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