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1 Introduction

Removal mechanism of Pb(i) from soil by biochar-
supported nanoscale zero-valent iron composite
materials

Shuxian Wei,® Gang Du,? Canhua Li, ©**¢ Lanyue Zhang,? Jiamao Li,*® Aigin Mao®
and Chuan He®¢

As an adsorbent, biochar has a highly porous structure and strong adsorption capacity, and can effectively
purify the environment. In response to the increasingly serious problem of heavy metal pollution in water,
this study used nano zero valent iron and rice husk biochar to prepare a new type of magnetic sheet-like
biochar loaded nano zero valent iron (BC-nZVI) composite material through rheological phase reaction,
showing remarkable advantages such as low cost, easy preparation, and superior environmental
remediation effect. The physical and chemical properties and structure of the material were extensively
characterized using various methods such as HRTEM, XPS, FESEM, EDS, XRD, FTIR, and RAMAN.
Concurrently, batch experiments were undertaken to assess the removal efficiency of Pb(i) by BC-nzVI,
with investigations into the influence of pH value, temperature, soil water ratio, and initial concentration
of heavy metal ion solution on its removal efficiency. The results indicate that the removal of Pb(i) by
BC-nZVI reaches an equilibrium state after around 120 minutes. Under the conditions of pH 6,
temperature 20 °C, soil water ratio 1:5, and BC-nZVI dosage of 1 g L™, BC-nZVI can reduce the Pb(i)
content in wastewater with an initial concentration of 30 mg L™ to trace levels, and the treatment time
is about 120 minutes. The analysis of adsorption kinetics and isotherms indicates that the adsorption
process of Pb(i) by BC-nZVI adheres to the quasi-second-order kinetic model and Langmuir model,
suggesting a chemical adsorption process. Thermodynamic findings reveal that the adsorption of Pb(i)
by BC-nZVI is spontaneous. Furthermore, BC-nZVI primarily accumulates Pb(i) through adsorption co-
precipitation. BC-nZVI serves as an eco-friendly, cost-effective, and highly efficient adsorbent, showing
promising capabilities in mitigating Pb(i) heavy metal pollution. Its recoverability and reusability facilitated
by an external magnetic field make it advantageous for remediating and treating lead-contaminated sites.

infiltrate groundwater. Research has shown that the soil of lead
and zinc smelting sites in China has a high content of lead and

As the chemical industry advances swiftly, wastewater laden
with lead from specific industrial sectors like battery
manufacturing facilities, metal smelting plants, sewage treat-
ment plants, and printing and dyeing factories, can readily
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zinc, with the highest concentration of lead reaching over 310
000 mg kg™'. Lead is a typical heavy metal, and its pollution in
the soil has characteristics such as concealment, aggregation,
and irreversibility, making it difficult to degrade through
natural systems.” As a result, the search for cost-effective
methods to manage lead pollution and restore normal crop
growth and human health has become a key focus in environ-
mental science research.?

In recent years, the application of engineered magnetic
nanoparticles has become common in the areas of wastewater
treatment and remediation.* Nano zero valent iron (nZVI) can
be produced by several methods. Earlier techniques included

Li Canhua (1979), male, PhD, professor, mainly focuses on
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physical processes like grinding, abrasion, and lithography.
Nowadays, a more favored approach is the preparation through
nucleation, phase separation, or high-temperature annealing of
uniform solutions or gases. In addition to the above methods,
there are many chemical methods available for synthesizing
nZVI, such as using sodium borohydride (NaBH,) as a reducing
agent, carbon thermal reduction, electrochemical method,
green synthesis, ultrasound assisted synthesis, etc®. However,
these methods have drawbacks such as high raw material costs,
toxic and explosive by-products, hazardous processes, and high
energy consumption. The main objectives of the development
of new methods for the production of nZvI and the modifica-
tion of nZVI are to reduce the cost of production and to improve
its stability, which will lead to a wider use of nZVI in practice.

Biochar (BC) is a porous carbon material created through the
pyrolysis of biomass in either anaerobic or oxic environments.
The raw materials for preparing BC are diverse, such as
municipal sludge, waste eggshells, animal manure, and agri-
cultural waste.® Due to its large specific surface area and rich
microporous structure and active functional groups, biochar
has become an effective and cost-effective soil remediation
material.” At present, the use of nZVI and carbon based nano-
composites for environmental remediation of water, soil, and
other environments has become one of the hot topics of wide-
spread concern for many scholars at home and abroad. Peng®
et al. found that the fixation rate of Pb in polluted soil by nZv1/
biochar (54.6%, 90 day reaction) was much higher than that of
Fe;0,/biochar (30.5%). Lu® et al. adopted green sustainability
derived from biosynthesis carbon@nano Zero valent iron
composite material (C@nZVI) can remove 98.7% of lead from
actual mining wastewater. Qian' et al. studied the use of
nanoparticle zero valent iron loaded on porous biochar for
immobilizing cadmium (Cd) and lead (Pb) in cohesive soil. The
BC-nZVI process was superior to the BC or nZVI process in
immobilizing Cd or Pb, with approximately 80% heavy metal
immobilization obtained. These studies have shown that
biochar/nZVI is a promising technology for remediating various
heavy metals in soil, with demonstrated effectiveness in real-
world applications.

This study aims to investigate an affordable and straight-
forward approach for extracting lead ions from soil, employing
rice husk biochar infused with zero-valent iron (BC-nZVI).
Magnetizable sheet-shaped BC-nZVI materials were prepared
by utilizing FeCl,-4H,0 and rice husk biochar through a rheo-
logical phase reaction. The physical and chemical properties, as
well as the fine structure of the materials, were characterized in
detail using various techniques such as Field-Emission Scan-
ning Electron Microscope(FESEM), Energy-Dispersive X-ray
Spectroscopy(EDS), High-Resolution Transmission Electron
Microscopy (HRTEM), X-ray Diffraction (XRD), X-ray Photo-
electron Spectroscopy (XPS), Raman Spectroscopy (RAMAN),
Fourier Transform Infrared Spectroscopy (FTIR). In the study,
the effects of lead ion concentration, soil-water volume ratio,
PH value, and temperature on the lead removal efficiency were
investigated. The results demonstrated that the combination of
rice husk biochar and nano zero-valent iron effectively removed
lead ions from the soil. At the same time, we thoroughly
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investigated the adsorption characteristics of the composites on
Pb>" and explored the adsorption mechanism of nZvI in the
treatment of heavy metals, aiming to find an economical and
efficient method to treat Pb>*-containing wastewater. This study
holds importance not only in addressing lead pollution and
engineering challenges linked to agricultural waste reuse but
also in its broader implications for managing lead contamina-
tion and agricultural waste resource utilization. The findings
present a viable and cost-effective approach to treating lead-
contaminated wastewater.

2 Experimental

2.1 Materials and reagents

Tetrahydrate ferrous chloride (FeCl,-4H,0), sodium thiosulfate
(Na,S,0,), lead chloride (PbCl,), lead national standard sample
(Pb), sodium hydroxide (NaOH), hydrochloric acid (HCI),
sodium chloride (NaCl), and high-purity nitrogen gas (99%
purity). These chemicals are all of analytical grade and were
purchased from Shanghai Maclyn Biochemical Technology Co.,
Ltd. The rice husk biochar was obtained from Ma'anshan City,
Anhui Province, China. They were prepared into the required
solutions using deionized water.

2.2 Instrumentals

Scanning and transmission electron microscope (SEM, JSM-
6490LV, Japan; TEM, FEI-TALOS-F200X, Japan) and brunner
emmet teller (BET, ASAP 2460, USA) were used to observe
surface morphologies and pore size distributions of BC, and BC-
nZVI. The characteristic groups of BC, and BC-nZVI were
detected by fourier spectra (FT-IR, Nicolet iS20, America). X-ray
diffractometer (XRD, Ultima IV, Japan) was used to explore the
crystallographic structures of BC, and BC-nZVI. Carbonization
degrees of BC, and BC-nZVI after washing were revealed by
Raman spectra (Raman, inVia, Britain). X-ray photoelectron
spectroscopy (XPS, Thermo Kalpha, America) was used for
observing chemical elements (C and Fe) changes of BC-nZVI
before and after reaction.

2.3 Adsorption tests

2.3.1 Preparation of biochar-supported nanoscale zero-
valent iron. Strict anaerobic procedures must be followed
during all processes involving FeCl,-4H,O to prevent oxidation
of Fe(u) to Fe(w). 20 g of granular NaOH, 20 g of Na,S,0,, and 5 g
of rice husk biochar that had been screened through a 100-mesh
sieve were weighed out. During stirring, contact with moisture
should be avoided, and humidity and temperature should be
controlled in a glove box to prevent NaOH from absorbing water.
The three solid materials were thoroughly mixed to obtain a solid
mixture. The mixture was transferred to a beaker and sealed for
storage in a glove box rich in nitrogen gas.

The preparation of BC-nZVI composite material was carried
out in a glove box under N, protection. The mixed reactants
were placed in an ice bath and mixed using a spray bottle while
spraying water until the reactants reached a rheological phase
and the reaction began. After continuous stirring for a specified
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Fig.1 Schematic diagram of the preparation of BC-nZVI.

duration, the reaction mixture was allowed to cool to room
temperature. Once the reaction concluded, the cooled product
underwent filtration under nitrogen shielding. Subsequently, it
was repeatedly washed with oxygen-free distilled water and
anhydrous ethanol to isolate the prepared BC-nZVI particle
solution. The particle solution was then subjected to ultrasonic
cleaning, with centrifugal sedimentation and removal of the
supernatant, until the pH reached neutral. Finally, the BC-nZVI
composite material was obtained through vacuum drying. The
detailed process flow diagram of the synthesis related to BC-
nzvl is shown in Fig. 1.

2.3.2 Experimental methods for heavy metal removal.
Initially, a stock solution containing the necessary ions was
prepared using heavy metal salts. A stock solution of Pb(u) was
created by dissolving PbCl, to reach a concentration of 1 mg
mL~". Following this, the stock solution was gradually diluted
with deionized water according to the experimental parameters.
100 mL of the diluted stock solution was then transferred to
a 250 mL conical flask and placed in a thermostatic oscillator
set at 20 °C and a rotational speed of 200 rpm. A certain amount
of BC-nZVI was added to the system. The samples were collected
at regular intervals, filtered through a 0.22 um membrane, and
analyzed using atomic absorption spectrophotometry. Two
parallel experiments were conducted to correct for possible
errors. The calculations for the removal amount (Q,) and
removal efficiency () of Pb(u) by the material are as follows:

0:=(Co— C) x Vim (1)

In the equation, C, represents the initial concentration (mg mL )
of Pb(n) at time ¢ = 0, C, represents the concentration (mg mL ™)
of Pb(u) at time ¢, V represents the volume (L) of the solution, and
m represents the amount (mg) of the material added.

3 Results and discussion
3.1 Characterization of BC-nZVI

3.1.1 FESEM and HRTEM characterization analysis. The
morphology of the BC-nZVI composite was analyzed using field

18150 | RSC Adv, 2024, 14, 18148-18160

emission scanning electron microscopy (FESEM). As illustrated
in Fig. 2(a), nZVI particles exhibit uniform dispersion across the
BC surface, forming a coherent sheet-like structure.This indi-
cates that loading BC effectively reduces the degree of nZVvl
aggregation. Fig. 2(g) shows that nZVI particles are fixed onto
the surface of BC while the degree of aggregation is significantly
reduced. Further magnification observation reveals that these
particles form a clear sheet-like structure with a diameter
between 50-1500 nm and a thickness less than 50 nm. The
energy-dispersive X-ray spectroscopy (EDS) results of the boxed
region in Fig. 2, as shown in Fig. 2(b-f), reveal that the main
elements of the nanosheets are Fe, C, Si, and O. Among these, Si
content stands out for its relative richness, primarily stemming
from the typical abundance of silica carbon in rice husk
biochar.™

Further observation through HRTEM reveals the TEM image
of some nanosheets in Fig. 2(h). At higher resolution in Fig. 2(h)
and (i), a dark and mottled structure can be observed within
individual nanosheets. Several concentric rings in the SAED
pattern correspond to the diffraction of C's (200) and (210)
crystal planes, SiO,'s (112) crystal plane, and a-Fe's (110) and
(200) crystal planes.” Fig. 2(i) and (1) depict the crystal struc-
tures of the dark and light regions, where the lattice spacing of
the dark region is measured to be 2.0267 A, corresponding to
the body-centered cubic (110) planes of a-Fe, while the outer
light region corresponds to the (211) crystal plane of C. It can be
confirmed that a-Fe is successfully loaded onto the surface of
the biochar carrier in nanosheet form, with a distance
exceeding 100 nm from the edges, confirming the successful
loading of nZVI. Fig. 2(1) clearly shows the presence of dark
areas representing the sheet-like nano zero-valent iron loaded
on the surface of the biochar. Additionally, the line-scanning
TEM images in Fig. 2(j) and (k) reveal that the primary
elements present in the nanosheets are C, Fe, and O." Subse-
quent experiments have observed an ideal heavy metal
adsorption capacity, indicating that biochar material is an
effective carrier that can address issues related to nZVI aggre-
gation and oxidation, which may otherwise lead to a decrease in
activity of nZVI. Based on XRD analysis, it has been found that
the biochar matrix contains a relatively high content of Fe’. This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images (a, b, g), EDS energy spectrum scanning (c—f), TEM images (h—j), and line scanning (k—l) of BC-nZVI.

suggests that most of the Fe® is located within the pore structure
of the biochar or encapsulated by it, resulting in a lower content
of surface zero-valent iron. Previous studies have also reported
on the typical core-shell structure of Fe’, which means that it is
coated by iron oxides to effectively prevent oxidation.

3.1.2 XRD and FTIR characterization analysis. Fig. 3(a) and
(b) display the X-ray diffraction (XRD) pattern and Fourier
transform infrared (FTIR) spectrum of BC-nZVI. In Fig. 3(a), the
peaks at 44.67°, 65.02°, and 82.33° in 20 correspond to the a-Fe
crystal structure. Additionally, the diffraction peaks of SiO, are
observed at 21.7°, 26.6°, 39.0°, and 47.2° in 26. This suggests
that the main reaction products are a-Fe and SiO,, with some
SiO, potentially originating from partially burned rice husks.
However, no diffraction peak corresponding to C is detected in
the XRD spectrum, possibly due to the generation of a signifi-
cant amount of amorphous carbon during chemical reactions.
Therefore, further analysis using Raman spectroscopy was

© 2024 The Author(s). Published by the Royal Society of Chemistry

conducted, as shown in Fig. 3(f). The two prominent peaks in
the figure are located at approximately 1360 and 1580 cm ,
representing the characteristic signals of disordered carbon (D-
band) and graphite carbon (G-band), respectively.** The D-band
signifies the presence of a disordered aromatic ring structure in
carbon materials,"”*™"” while the G-band corresponds to the
vibration and stretching of sp® orbitals in carbon rings or
chains. Some researchers attribute the G-band to the presence
of a graphite carbon structure in the material.*®

In Fig. 3(b), the FTIR spectrum of BC-nZVI is displayed. The
absorption peaks noted at approximately 3400 and 1630 cm ™"
are attributed to the stretching vibration of surface hydroxyl
groups (-OH) and the bending vibration of water molecules (H-
O-H), respectively.*

According to literature,* metal oxides are typically covered
with hydroxyl groups, which can exist in different forms at
different pH values, leading to the variations in surface charge

RSC Adv, 2024, 14, 18148-18160 | 18151
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Fig. 3 XRD pattern (a). FTIR spectrum (b), XPS full spectrum (c), Fe 2p

of BC-nZVI with various pH values. The peak observed at
1116 cm™ ' is associated with the stretching vibration of C-O,
signifying the existence of surface functional groups on the
biochar with elevated oxygen content, such as hydroxyl (-OH) or
carboxyl (H-O-H) groups. These functional groups can form
coordination bonds with iron ions and be adsorbed onto the
surface of BC-nZVI. The peak on the right-hand side of 500 cm™*
is related to the stretching vibration of Fe-S in BC-nZVI. During
the preparation of biochar-supported nano zero-valent iron
materials, these functional groups can adsorb Fe(n) from the
solution, facilitating the loading of nano zero-valent iron.

3.1.3 XPS characterization analysis. XPS analysis provides
comprehensive chemical characterization details regarding the
synthesized samples. Fig. 3(c) presents the XPS spectrum of BC-
nZVI, wherein the binding energy peaks of S 2p, O 1s, C 1s, and
Fe 2p are arranged in ascending order of energy levels.
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In the Fig. 3(d), the characteristic peaks of 708.9 eV and
719.7 eV are considered Fe°, 710.1 eV and 724.5 eV representing
Fe*’, indicating that Fe is the main iron species in the nano-
materials. Outside the core-shell structure, the valence states of
iron are mainly Fe(u) and Fe(m). Fig. 3(e) indicates that the
formation of the dominant layer on the surface of BC-nZVI can
increase the reactivity of nanomaterials. Five characteristic
peaks were obtained by fitting the S 2p spectrum, with peaks
located at 169.2, 167.8, 163.9, 162.9, and 160.9 eV correspond-
ing to six sulfur compounds (SO,2—, SO32—, SO,2—, S,2— and
S2—). In addition, some S is oxidized to form oxides during the
synthesis process.”*** In summary, the surface shell of BC-nZVI
composite nanomaterials primarily comprises sulfur oxides
with a minor presence of iron (hydrogen) oxides.

In Fig. 3(d), Fe 2p peaks exhibiting spin-orbit splitting are
evident at positions 706.8 and 723.5 eV. These signals originate
from photoelectrons emitted by Fe (0), Fe(u), and Fe(m),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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respectively. A slight enhancement in the Fe(0) signal is notice-
able, albeit weak, suggesting that a-Fe is not uniformly dispersed
and precipitated within the Fe;0, matrix. Consequently, BC-nZVI
likely possesses a core-shell structure, with Fe(0) situated at the
core position.”® This is similar to the research results of other
scholars,*** where the oxide shell of nano zero valent iron mainly
contains FeOOH, FeO, a/y- Fe,0; and Fe;0,.%¢

3.2 The effect of initial Pb>* concentration on its adsorption
efficiency

Under the conditions of pH of 6, temperature of 20 °C, soil-water
volume ratio of 1 : 5, and BC-nZVI dosage of 1 g L™, the impact of
various initial concentrations of Pb(u) on its removal rate was
examined. As shown in Fig. 4, BC-nZVI demonstrates effective
removal of Pb(u) from wastewater, particularly at lower initial
Pb(u) concentrations. In particular, when treating the wastewater
with an initial concentration of 30 mg L™, the Pb(n) content
could be reduced to a trace level in only about 120 minutes, and
the removal rate reached 100%, indicating that BC-nZVI had
more active sites available for heavy metals to occupy. However,
as the initial concentration of Pb(u) increases, the removal rate
gradually decreases. At an initial Pb(u) concentration of
50 mg L, the final removal rate decreases to 65.74%, possibly
attributed to the limited availability of binding sites on the BC-
nZVl surface, leading to reduced Pb(u) removal efficiency.
Therefore, when treating high-concentration wastewater, it is
necessary to increase the dosage of BC-nZVI or adopt other
treatment methods to improve the removal efficiency. BC-nZVI
can efficiently remove Pb(u) from aqueous solutions, and the
three control groups with different initial concentrations reach
equilibrium at around 120 minutes, indicating that BC-nZVI has
a strong removal effect on Pb(n). It shows extremely high effluent
quality when removing low-concentration wastewater, which
overcomes the problem that low-concentration Pb(u) is difficult
to remove from water using traditional lime precipitation.*”

3.3 The effect of different soil-to-water ratios on the
adsorption efficiency of Pb**

In the reaction of BC-nZVI material with Pb(u) in soil, the
experiment has two main processes, firstly, the extraction of
Pb”>* by water, which depends on the soil-water volume ratios,
and secondly, the exploration of the adsorption of Pb** on the

100 - o
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Fig. 4 Effect of initial concentration on the removal rate of Pb(i)using
BC-nzVI.
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surface of the composite material. The soil-water ratio will have
an effect on the oxidation rate of zero-valent iron nanoparticles
and the leaching effect of Pb(u) from the soil. The initial
concentration of Pb(u) was set at 30 mg L™, with a pH value of 6
and a temperature of 20 °C. The dosage of BC-nZVIwas 1 g L .
The results are shown in Fig. 5(a).In the absence of zero-valent
iron material, as the soil-water volume ratio of 1:5 increases,
one group of samples shows a gradual increase in the removal
amount and removal efficiency of Pb(u), but the rate of increase
is relatively slow. When the soil-to-water volume ratio increases
from 1:10 to 4 : 10, the removal amount and removal efficiency
of Pb(u) in the soil by BC-nZVI continue to increase, reaching
a maximum at a ratio of 4: 10, with the Pb(u) concentration in
the solution reduced to trace levels. The removal efficiency of
Pb(u) increased from 61.64% to approximately 100%, and the
adsorption capacity increased from around 18.50 mg g ' to
30 mg g ". The reason is that higher moisture content dissolves
more Pb(u), and the addition of deionized water can partially
remove water-soluble Pb(u). Fig. 5(b) shows that the addition of
nZVI has distinct advantages, as it can react with both soluble
and insoluble lead in the soil. On the other hand, deionized
water mainly removes a portion of the soluble lead in the soil,
and its removal efficiency shows an increasing trend followed by
a decrease.”® Water is a polar molecule that can provide H
protons with strong reducibility for proton transfer and
pollutant migration. The soil moisture content also affects the
ionization and activation of zero-valent iron materials. Perhaps
due to increasing soil moisture content, the concentration of
dissolved oxygen in the solution can be reduced, thereby slow-
ing down the oxidation rate of nano zero valent iron and
improving remediation efficiency.*

3.4 The effect of initial pH value on the adsorption efficiency
of Pb**

The pH value of the solution significantly influences the form of
Pb(u) presence. Under weak alkaline conditions, Pb(u) precipi-
tates as Pb(OH), and is easily removed. However, under acidic
conditions, Pb(u) primarily exists as Pb>". Therefore, this
experiment investigated the removal efficiency of Pb(u) by BC-
nZVI under pH conditions ranging from 1 to 6. Other experi-
mental conditions included a temperature of 20 °C, initial Pb(u)
concentration of 30 mg L~ ", BC-nZVI dosage of 1 g ™", and soil-
to-water ratios of 1:5 and 3:10. The experimental results in
Fig. 6(c) illustrate a gradual increase in the maximum removal
by pH at different initial soil-water volume ratios. Upon
comparison, it was determined that the difference in removal
was negligible at varying soil/water volume ratios. This
phenomenon can be attributed to two processes. Firstly, the
extraction of Pb(u) by water is dependent on the volume ratio of
soil to water. As the volume ratio of soil to water increases, the
initial Pb ion concentration is lower in a soil/water ratio of 3 : 10
(approximately 25.30 mg L™ ') compared to a soil/water ratio of
1:5 (approximately 26.0 mg L") at a pH of 6. This may account
for the higher removal rate in the former than the latter.
Additionally, the higher water solubility leads to increased
dissolution of Pb(u), resulting in a higher maximum adsorption

RSC Adv, 2024, 14, 18148-18160 | 18153
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rate of Pb ions. The addition of water can also aid in removing
water-soluble Pb(u), thereby enhancing the adsorption of Pb(u)
on the composites’ surface.

The experimental results suggest that BC-nZVI exhibits rapid
adsorption rates over a wide range of pH values, particularly at
lower initial concentrations. For instance, at an initial pH of 6
and a soil-to-water ratio of 1: 5, the Pb(n) removal rate reaches
99.36% within 120 minutes. However, as the pH gradually
decreases to 1, the removal rate ultimately decreases to 48.63%.
With a soil-to-water ratio of 3:10, the removal rate decreases
from 99.41% to 53.41%. Under lower pH values, the increased
concentration of H' enhances the competition between H" and
Pb(u) cations for vacant adsorption sites. Additionally, when the
pH is below the isoelectric point of BC-nZVI, the active sites on
the surface of nZVI particles carry more positive charges, which
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repel metal cations. Pb(u) precipitates at pH values above 5.5.
Therefore, as the pH increases, Pb(u) is more likely to form
Pb(OH), precipitates on the surface of BC-nZVI and be captured.
Consequently, in acidic environments, increasing the pH of the
solution as much as possible has a positive impact on the
adsorption process. No transient enhancement in adsorption
capacity is observed during the pH decrease. Instead, BC-nZVI
exhibits a clear trend of increased removal of Pb(u) with
increasing pH value.

3.5 The effect of initial temperature on the adsorption
efficiency of Pb**

The impact of temperature on the adsorption of Pb(u) by BC-
nZVI was examined under specific conditions: pH 6, soil-to-
water ratio of 1:5, and BC-nZVI dosage of 1 g L '. The
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experiment was carried out at various environmental tempera-
tures (293.15 K, 313.15 K, and 333.15 K) throughout the
adsorption process. Fig. 7 illustrates the different characteris-
tics of the adsorption process at different temperatures. Fig. 7
illustrates that the removal efficiency of Pb(u) by BC-nZVI rises
with increasing temperature. As the temperature rose from
293.15 K to 333.15 K, the efficiency of Pb(u) removal saw
a significant improvement, jumping from 79.36% to 91.87%
within a 120 minute timeframe. This uptick in temperature
proved advantageous for the extraction of Pb(u), as it led to
a greater number of activated molecules and facilitated the
migration of Pb(u) from the solution to the adsorbent surface.
Consequently, the adsorption process accelerated, and the BC-
nZVI surface active sites became more accessible, ultimately
resulting in the observed increase in removal rate.*®

3.6 Reaction kinetics

3.6.1 Quasi first and second order dynamic models. The
experiment was conducted with different initial concentrations
of Pb(u) (30, 40, and 50 mg L™ "). The removal process at various
time intervals (5, 10, 20, 30, 60, 120, and 240 minutes) was
simulated using the linear fitting of the pseudo-first-order
kinetic model (R,*> = 0.94259) and the pseudo-second-order
kinetic model. Fig. 8 illustrates the linear fitting results of the
pseudo-first-order and pseudo-second-order kinetic models for
the Pb(u) removal process.

40
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~25F
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g . —
T 15 First-order kinetic fitting
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5k — 50 mg/L
0
5 1 I 1 1 I 1
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Fig. 8 Quasi first and second order kinetic linear fitting results of Pb(i)
removal process.
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From the data depicted in Fig. 8, it's evident that both the
pseudo-first-order and pseudo-second-order kinetic models
align well with the experimental data across various initial
concentration conditions. As time progresses, the removal of
Pb(u) steadily improves, with the pseudo-second-order kinetic
model (R,> = 0.96229) offering a more precise depiction of the
removal process. Additionally, higher initial concentrations
lead to faster removal rates and shorter time required to reach
equilibrium, indicating that the rate-controlling step in the
adsorption process may be a crucial factor.’® The excellent
agreement of the experimental results with the pseudo-second-
order kinetic model indicates that the adsorption of heavy metal
ions by BC-nZVI is predominantly a chemical adsorption
process.*> In chemical adsorption, the adsorption capacity
directly correlates with the number of active sites on the
adsorbent's surface. As a result, the removal kinetics vary with
changes in the initial pollutant concentration. The kinetic
parameters acquired via linear regression analysis are outlined
in Table 1. It's noticeable from the table that elevated initial
concentrations lead to increased final adsorption capacity (ge).

3.6.2 Internal diffusion model. To comprehend the diffu-
sion mechanisms involved in the adsorption process, including
external mass transfer (boundary layer diffusion) and internal
surface diffusion, we employed a particle internal diffusion
model to analyze the kinetic data. If internal diffusion exclu-
sively governs the rate-controlling step, the fitting line will pass
through the origin. Otherwise, boundary layer diffusion to some
extent controls the adsorption process.**3*

Fig. 9 illustrates the results of the linear fitting of the internal
diffusion model for the Pb(u) removal process at a soil-water
volume ratio of 1°:°5. The figure illustrates that the adsorption
process of Pb(u) is nonlinear across the entire duration,
implying the influence of multiple processes on adsorption.
None of the experiments reveal a diffusion stage, suggesting
that under the experimental conditions, the adsorption of Pb(u)
on BC-nZVI may solely involve surface adsorption. The diffusion
mechanism illustrated in Fig. 9 comprises three stages, aiding
in the interpretation of the flake-like structure observed in TEM
images of BC-nZVI. The initial stage (I) is linked to surface
diffusion resulting from external surface complexation and
instantaneous electron transfer, whereas the subsequent stage
(I1) entails a gradual transfer from the boundary to the core of
BC-nZVI as the metal ion concentration diminishes. The
concluding stage (III) represents a gradual equilibrium process,
possibly driven by increased repulsion between cations.**™’
Nevertheless, the entire Pb(u) curve exhibits non-linearity, sug-
gesting that the internal diffusion model serves as a secondary
rate-limiting step. It implies the presence of other mechanisms,

Table 1 Kinetic parameters obtained by linear regression analysis

Heavy metal Initial

ion concentration/(mg L") go/(mg g™ R®

Pb 30 Around 30.00 0.96229
40 Around 31.774 0.94126
50 Around 32.87 0.94916
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such as surface mass transfer, which may contribute to the
overall process.

3.7 Reaction thermodynamics

Thermodynamic parameters are important factors that deter-
mine the feasibility of adsorption processes. In this study,
entropy change (AS°), enthalpy change (AH®), and standard free
energy change (AG®) were used to investigate the energy and
spontaneity involved in the binding of Pb(u) with BC-nZVI at
a soil-water volume ratio of 1°:°5. The InkC versus 1/T Van't Hoff
plot was constructed, as shown in Fig. 10. The Van't Hoff plots for
all heavy metal elements exhibits a linear relationship. Therefore,
the slope and intercept of the linear fitting results can be used to
determine AH® and AS°. The fitting correlation results and the
calculated values of AG® are presented in Table 2. From Table 2
and it can be observed that the calculated AG® values are nega-
tive, confirming the feasibility of the removal process and indi-
cating spontaneous adsorption. This suggests that the degree of
spontaneity of the reaction increases with increasing tempera-
ture, and it is feasible to enhance the removal efficiency by
raising the temperature from a thermodynamic perspective.

The positive fitting result of AH® can be attributed to the
exothermic nature of the chemical adsorption of BC-nZVI
towards Pb(u), which is consistent with the observed phenom-
enon in the experiments.***® In other words, as the temperature
of the adsorption environment increases, the removal efficiency
is enhanced.

The positive value of AS® indicates that a structural change
has occurred between the adsorbate and the adsorbent, leading

] 2 1 1 1 1 1
0.0030 0.0031 0.0032 0.0033 0.0034

/T

Fig. 10 Van't Hoff plots of the adsorption results of BC-nZVI on Pb(i).
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Table2 Thermodynamic fitting results of Pb(i) adsorption by BC-nzVI

Heavy

metal ions T/K AS%/(J mol ' K) AH%/(kJ mol™") AG°/(k] mol )

Pb(n) 293.15 —3.282
313.15 86.448 21.977 —5.282
333.15 -6.716

to an increase in disorder. This suggests a potential chemical
transformation between the heavy metal ions and BC-nZVI,
emphasizing the material's affinity for Pb(u).** The positive
value of AS° usually arises from the dehydration of metal ions
and the breaking of hydration shells, partially explaining the
positive value of AH’, suggesting that the dehydration of Pb()
and metal ions involves heat absorption.**

Additionally, the data also show that |AH°| < |TAS?|, sug-
gesting that the adsorption process is primarily controlled by
entropy rather than enthalpy.

3.8 Adsorption isotherms

The adsorption process is typically analyzed using Langmuir
and Freundlich isotherms to depict the interaction between the
adsorbent and adsorbate. In this study, equilibrium data from
kinetic investigations were utilized to generate the adsorption
isotherm of Pb(u) against the corresponding equilibrium
concentration at 20 °C, yielding the adsorption isotherm curve.
The Langmuir and Freundlich models were then applied to
these data, as shown in Fig. 11. From the graph, it can be
observed that the Langmuir model provides a better fit. The
Langmuir model was used to determine the maximum
adsorption capacity (gmay) of different BC-nZVI for various heavy
metal ions, with Pb(n) being 32.87 mg g~ '. The experimental
data exhibits a higher R*> value for the Langmuir model
compared to the Freundlich model, indicating that the inter-
action between BC-nZVI and Pb(u) is a result of chemical
adsorption (Rpangmuir. = 0.98407 > Rpreundiich” = 0.96436).
Furthermore, the adsorption process conforms more closely to
the Langmuir model's assumption of monolayer and uniform
adsorption.* In essence, this indicates a uniform distribution
of binding energy across the adsorbent surface and no inter-
action among the adsorbates. The Pb(u) forms a fixed mono-
layer coverage on the surface of BC-nZVI.

3.9 Mechanism of lead removal by nano zero valent iron

Based on previous experimental results, a reasonable mecha-
nism for removing Pb(u) has been proposed, as shown in
Fig. 12. This mechanism involves the following steps: initially,
Pb(u) is adsorbed onto the surface of biochar and nZVI via
electrostatic interactions, subsequently undergoing reduction
to Pb(0). Biochar potentially offers additional surface active
sites through its oxygen functional groups, thus synergistically
adsorbing Pb(u).** Additionally, Pb(u) interacts with the hydroxyl
functional groups (Fe-OH) present on the surface of BC-nZVI,
leading to via  precipitation/co-precipitation
processes. In conclusion, the mechanism for Pb(in) removal

removal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Proposed a mechanism diagram for the adsorption and reduction of Pb(i) by BC-nZVI.

can be described by eqn (3) and (4), wherein BC-nZVI augments
Pb(u) adsorption via a combined effect of electrostatic attrac-
tion, complexation, chemical precipitation, and reduction.

Pb** + Fe — OH — Fe — O — Pb" + H" (adsorption)  (3)

Pb>* + —OH — Pb>" — OH (complexation) (4)

3.10 Magnetic separation of BC-nZVI

Fig. 13 illustrates the dispersion effect of shaking BC-nZVI and
Pb(u) mixture, as well as the magnetic separation effect of BC-
nZvVl under an external magnetic field. Research findings

indicate that BC-nZVI exhibits excellent dispersion in Pb(u)
solution, possibly due to its magnetic properties. After adsorb-
ing Pb(ir), BC-nZVI uniformly attaches to the soil surface. To
achieve efficient recovery, the reacted soil is vacuum-dried (60 °
C, 4 hours) and then subjected to magnetic recovery using
a plastic bag and tissue-wrapped magnet. As depicted in
Fig. 13(a) and (b), the soil treated with BC-nZVI exhibits favor-
able magnetic properties, facilitating its easy recovery.Addi-
tionally, the external magnetic field can significantly accelerate
the separation of BC-nZVI and pollutants, further verifying the
feasibility of efficient recovery of BC-nZVI through magnetic
separation technology.**** In conclusion, BC-nZVI, as an

Fig. 13 Dispersion (a) and magnetic separation (a) and (b) effect of BC-nZVI in Pb(i)solution.
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Fig. 14 XRD results of the reaction of BC-nZVI with Pb(i).

effective pollutant removal agent, has the potential to be effi-
ciently recovered through magnetic separation technology in
practical applications.

The recovered soil after reaction was subjected to vacuum
drying, grinding treatment, and XRD detection. Fig. 14 shows
The result of XRD is the soil sample after the reaction of BC-nZv1
with Pb(u), The peaks at 26.75°, 20.89°, and 50.28° represent SiO,.
Pb(u) interacts with the hydroxyl functional groups (Fe-OH) on
the surface of Fe;O, and is removed through precipitation/co
precipitation. However, no characteristic peaks related to Fe
and Pb(u) are observed, which may be due to insufficient Fe and
Pb content or poor crystallinity of the adsorbed products.

4 Conclusion

This study explored a cost-effective and straightforward method
for synthesizing magnetic sheet-like BC-nZVI materials through
rheological phase reaction, which effectively solved the heavy
metal pollution problem in wastewater and avoided using
expensive reducing agents. The physical and chemical proper-
ties as well as the fine structure of the materials were charac-
terized by multiple methods. Meanwhile, various influencing
factors on the removal efficiency of lead were investigated, and
the removal process was analyzed by multiple classic models.
The following conclusions can be drawn.

(1) The BC nZVI composite material prepared by rheological
phase reaction uniformly disperses nZVI particles on the
surface of BC, and the loading of biochar effectively reduces the
aggregation degree of nZVI. The nZVI particles have a clear
sheet-like structure, with a diameter between 50-1500 nm and
a thickness less than 50 nm.

(2) Under the conditions of pH of 6, temperature of 20 °C,
soil water ratio of 1: 5, and BC-nZVI dosage of 1 g L ", it takes
about 120 minutes for BC-nZVI to reduce Pb(u) content to trace
levels when treating wastewater with an initial concentration of
30 mg L. Raising the initial concentration diminishes Pb(u)
removal efficiency but enhances adsorption capacity. With
increasing soil-water volume ratio, the removal rate consis-
tently rises. The optimal ratio is 4 : 10, achieving a removal rate
of approximately 100%.

(3) The removal process of BC-nZVI follows a quasi-second-
order kinetic model, while the adsorption isotherm aligns
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better with the Langmuir model, indicating a chemical
adsorption process. According to the Langmuir model, the
adsorption capacity of Pb(n) is 32.87 mg g~ '. Thermodynamic
analyses indicate that the removal process is spontaneous. The
enrichment of Pb(u) by BC-nZVI primarily involves adsorption
co-precipitation.

Overall, this study offers valuable references for selecting
nZVI carrier materials, advancing environmental remediation
techniques, and particularly for heavy metal removal.
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