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A B S T R A C T

Biochar-based nanocomposites with functional materials provide an excellent prospect in reactivity and stability.
Most biochar reported have no reusability upon aging and offer the risk of release of immobilized components
after short-term immobilization. To overcome this, we developed nano zero-valent iron (nZVI) impregnated
magnetic green tea biochar (nZVI@GTBC) and studied its performance in immobilizing Pb and long-term ef-
fectiveness in the soil. The reactive nZVI units were obtained from iron oxide solution by reducing with poly-
phenol solution (green tea extract) and were successively stabilized by impregnation onto the remaining green
tea waste matrix through co-precipitation technique. Finally, the magnetic biochar was developed from the
above nZVI impregnated green tea waste through oven drying and slow pyrolysis technique in different tem-
perature range (150–650 °C). The synthesized nZVI@GTBC biochar was characterized and studied by XRD, FTIR,
Raman, UV–Vis, TG/DSC, XPS, SEM, and TEM. The nZVI@GTBC obtained with a particle size of 130 nm and
surface charge of +2.8 C/m2 at 450 °C. Moreover, colloidal stability and mobility experiments were considered
to explain the transport behavior and stability of bare nZVI and magnetic nZVI@GTBC in the soil. The im-
mobilization of Pb by pristine nZVI, GTBC, and nZVI@GTBC was compared and explained under different soil
pH conditions. The bioavailability of Pb content before and after immobilization was investigated through
leaching experiments. Further, thirty days of soil incubation were carried out to examine different species of Pb
according to the Tessier sequential extraction scheme. The study suggested that nZVI@GTBC enhanced the
immobilization efficiency by 19.38% in comparison with pristine nZVI and 57.14% in comparison with bare
GTBC biochar.

1. Introduction

Biochar is a carbonaceous and porous solid product obtained by
controlled pyrolysis of various carbon-based materials (Ahmad et al.,
2016). It is commonly produced from crop waste, wood biomass,
woodchips, plant materials, solid sludge waste, and carbon-rich organic
biomass (Weber and Quicker, 2018). The properties and reactivity of
biochar could be improved by noticeable factors such as feedstock (Hu
et al., 2015), carbon content (Kholssi et al., 2018), pyrolysis conditions
(Zhao et al., 2018), and attachment with metal ions, oxides, and na-
nomaterials (Shen et al., 2019). Biochar has the potential to act as a

multi-beneficial amendment, and reasonable to be employed as an
amendment to implement soil remediation. The use of biochar can
adjust soil structure (eg. surface area, pore size, and distribution, etc.),
improve soil physicochemical properties (eg. pH, cation exchange ca-
pacity, water retention, etc.) and increase plant nutrient absorption
(Joseph et al., 2015); in addition, it can also be used to adsorb various
toxic contaminants (e.g. heavy metals) (Qian et al., 2019), and can
change the habits and functions of microorganisms (Liu et al., 2018;
Yuan et al., 2019). Additionally, the physicochemical properties of
biochar, such as aromaticity and high surface area, designate itself as an
effective material for remediation of soil pollutants (Li et al., 2016;
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Wang et al., 2019a; Wang et al., 2018). The functional groups and
surface charge of biochar mostly influence the immobilization of heavy
metals, which also depend upon environmental conditions and the type
of metals studied for remediation (Yuan et al., 2019). It is well reported
that the unstable part of biochar is biodegradable, and the risk of back
pollution increases for immobilizing heavy metals into soil and water
upon aging. However, the majority of biochar (condensed aromatic
carbon) is very stable and can stay for hundreds to thousands of years,
but the efficiency gradually decreases with over-time (aging) of appli-
cation (Shen et al., 2018b). Similarly, small nZVI particles are more
helpful in cleaning the environment, but they are more susceptible to
have problems such as aggregation, passivation, poor transportability,
and reduced electron transfer. To overcome these difficulties, the
property of biochar could be enhanced by the introduction of metal
oxides, magnetic materials, nanomaterials, surfactant capping, noble
metal doping, sulfidation and mineral components (Stefaniuk et al.,
2016).

In this prospect, nZVI/iron incorporated biochar presents numerous
advantages in terms of physical and chemical properties, such as sur-
face reactivity (Ma et al., 2017), magnetism (Stefaniuk et al., 2016),
uniform particle size (Sun et al., 2007), high surface area (Zhu et al.,
2018), oxides (Deng et al., 2018), hydroxides (Shi et al., 2011) and
redox activity (Xu et al., 2019). Additionally, the negatively charged
surfaces of biochar can easily adsorbed cationic Fe2+/Fe3+ on the
surfaces and pores through complexation with the surface functional
groups, in which strong aggregation is prevented due to the low mo-
bility of the nZVI attached to the functional groups of biochar and
compared to without biochar, the nZVI particles can easily aggregate
owing to steric attraction. In addition, the pore structure of biochar
affects the oxidation and crystallite size of nZVI (Jiang et al., 2019). The
nZVI properties can be manipulated in a porous matrix for a variety of
possible reasons. One of the reasons is that the growth of nZVI captured
in a porous matrix may be limited by the size of the biochar pores (Sun
et al., 2019; Wang et al., 2017). Studies indicate that pore size can limit
the growth of nZVI under all other conditions. In addition, the diffusion
of iron ion may be much slower in smaller pores, thereby inhibiting the
formation of large particles. These methods may inhibit the reaction of
nZVI with pollutants or provide nZVI with undesirable properties for
environmental remediation (Wang et al., 2019b). Therefore, systematic
studies are necessary to produce biochar with greater physiochemical
stability (Dong et al., 2017), superior dispersion (Sun et al., 2007), low
toxicity to microorganisms (Li et al., 2017), slow aging (Shen et al.,
2018b), and effective immobilization.

Nowadays, industrial pollution drastically increase because of rapid
industrialization and development, and significant amount of heavy
metals were discharged into water and soil environment. Lead (Pb) is
one of the most toxic industrial metals and used in making lead-based
coating, painting products, pigments (lead (II) carbonate (PbCO3) and
lead chromate (PbCrO4) has been used as white and yellow color pig-
ments), solder, armor, insecticides, and lead-acid batteries (O’Connor
et al., 2018; Shen et al., 2018a). The stranded lead products are dumped
as waste in soil, and over time, the lead species are leached in natural
conditions and enter the soil environment (Yadanaparthi et al., 2009).
Over last decades, countries such as China, India, Pakistan, Japan, and
the United States have reported a significant increase of lead in soil
(Lyu et al., 2016). Considering this circumstance, regulatory authorities
such as environmental protection agency (EPA) and Ministry of Ecology
and Environment of China have set down the limits for controlling the
Pb pollution in soil and set the maximum limit of 400 and 800 mg/kg
respectively in the play area and residential land (Zhang et al., 2019b).
The maximum limit of discharge in farmland and vegetable land is 80
and 50 mg/kg, respectivly (Fang et al., 2015). It is reported that soil Pb
concentration exceeding this threshold may induce serious threats to
the human being and soil organisms and exposure to lead can cause
neurological and reproductive disorders (Flora et al., 2012). To over-
come these negative impacts on the environment, the in-situ

application of green materials to immobilize lead in an economical way
is widely investigated and studied (Pu et al., 2019; Qian et al., 2019). In
this approach, biochar is a well-known green material for environ-
mental remediation. The heavy metal immobilization and remediation
by using biochar mainly involve the mechanisms: liming effect of bio-
char, electrostatic attraction, adsorption, sulfate radicals (Zhou et al.,
2019), catalysis (Wan et al., 2019), oxidation-reduction, co-precipita-
tion and complexation (Tan et al., 2015; Weber and Quicker, 2018).
The contributions of these mechanisms are varied with soil properties
and found to be better and effective for large scale immobilization
(Zhang et al., 2013). However, biochar applications are limited over a
certain period of time (aging) in soil and present risk for secondary
pollution. Hence, it is significant to investigate biochar composites, that
can efficiently immobilize heavy metal in the soil, and in different
environmental conditions (Leng et al., 2019; LiJian et al., 2019).

Therefore, in view of Pb as heavy metal and most toxic pollutant in
soil, we considered Pb as model pollutant and studied the im-
mobilization studies by synthesized Nano zero-valent iron (nZVI) im-
pregnated magnetic green tea biochar (nZVI@GTBC) with following
objectives: (1) develop a magnetic biochar by green synthesis of stable
dispersed nZVI from tea extract and utilize the remaining green tea
waste for biochar preparation; (2) know the immobilization efficiency
and stability of nZVI@GTBC in soil and in different pH conditions as
compared to ordinary biochar; (3) explore the bioavailability and via-
bility of different lead species in treated soil according to Tessier se-
quential extraction procedure (SEP); (4) propose the conceptual me-
chanistic model based on the observations; (5) explain the reactivity
and long-term applicability in immobilization of Pb from soil.

2. Materials and methods

2.1. Chemicals

All chemicals and reagents utilized for the preparation of
nZVI@GTBC and soil studies are of analytical grade (AR) and
Guaranteed Reagent (GR) and were used without any prior purification
unless mentioned.

2.2. Soil sampling

The soil was collected from agricultural land (0–25 cm depth) lo-
cated in Chengdu, Sichuan Province, China (236° SW, 30° 40′ 18″ N,
and 104° 9′ 20″ E). Soil samples were stored in plastic zip-lock bags to
avoid metal contamination and transported to the laboratory, after
removing roots and stones. The test soil was sifted through a 2-mm
sieve and stored in a 4 °C refrigerator for further immobilization ex-
periments. The required amount of samples were air-dried and then
milled through a 100-mesh sieve, and prepared for physical and che-
mical analysis. In present immobilization studies along with test soil
(pH 6.8 ± 0.5), two different kinds of soil (pH 4.0 ± 0.5 and
8.0 ± 0.5) were used and the samples are prepared by adding the
required amount of acid (0.1 M HCl) and base (0.1 M NH4OH) to the
soil (Cao et al., 2008). To prepare lead-spiked soil samples, 1 L of PbCl2
solution containing Pb2+ ions at the desired concentration was mixed
with 1 kg of air-dried soil (soil-to-solution ratio of 1:1) and stirred until
the soil to solution mixture was dried to a constant weight. The lead-
spiked soil samples were similarly prepared for other soils (containing
acid and base flux) (Cao et al., 2008; Su et al., 2016b). The Pb-spiked
soil samples are artificially designed to obtain a higher concentration of
lead in the soil as compared to the soil collected from the field initially
to check the immobilization efficiency of the developed biochar. Soil
pH was measured as actual soil pH (6.8 ± 0.5), acidic soil pH
(4.0 ± 0.5) and basic soil pH (8.0 ± 0.5), respectively. The measured
Pb concentration of lead-spiked soil is 386 mg/kg.
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2.3. Biochar preparation

The preparation of pristine nano-zero valent iron (nZVI), green tea
biochar (GTBC), nano-zero valent iron incorporated green tea biochar
(nZVI@GTBC) are as follows. The green tea (GT) was purchased com-
mercially from local shops. The material was developed in three con-
secutive steps. Firstly, the green tea was screened and cleaned properly
with deionized water (DI) and kept for drying at room temperature.
After drying, the green tea was transferred to a 100 mL beaker con-
taining 100 mL of DI, with a different weight ratio of 2%, 4%, 6%, 8%,
and 10% respectively. The green tea with DI water was heated under
85 °C under continuous stirring at 250 rpm for 30 min. The obtained tea
solution was extracted from the green tea and filtered with Whatman
grade 44 filter paper and the liquid solution was transferred to
Erlenmeyer flask. Secondly, 100 mL of 0.3 M FeCl2 solution was pre-
pared by dissolving FeCl2·4H2O into 4:1 ethanol/water mixture and stir.
To this solution, the tea extract solution was added dropwise in a three-
neck round-bottomed flask (reaction conditions: string-250 rpm, time-
30 min, temperature-50 °C, and atmosphere-N2 purging). Thirdly, the
remaining tea biomass in the first step was added to the solution ob-
tained in the second step and stirred for 30 min at 50 °C under nitrogen
purging, after the completion of reaction time, the solution was kept
drying in the oven. The dried material was further taken for pyrolysis in
sealed crucibles at different temperatures (150, 250, 350, 450, 550 and
650 °C) in a high temperature furnace having nitrogen purging facility
for 2 h at a rate of 3 °C/min, after 2 h the material was kept for cooling
to room temperature in the furnace. Finally, the material was trans-
ferred to cap glass bottles and further studies were undertaken. The
particle size, functional group analysis, and surface area studies were
carried out to obtain the best nZVI@GTBC. Similarly, to compare the
applicability of nZVI@GTBC, the material was compared with pristine
nZVI and GTBC, which were prepared by similar methods as discussed
above and referenced from the literature (Sun et al., 2007). The soil
samples, green tea biochar, before and after treatments were digested
for measuring total heavy metal concentrations. The digestion proce-
dure was based on Chinese standard methods HJ 863-2016 and (Güven
and Akinci, 2011; Saxena and Nielsen, 2004) and total heavy metal
concentrations were measured by using atomic absorption spectroscopy
(Beijing Haiguang Instrument Co., Ltd.). The detailed characterization
techniques were discussed in supporting material.

2.4. Immobilization and physicochemical stability of Pbtotal and Fetotal in
Pb-polluted soil

To elucidate the physiochemical and colloidal stability of magnetic
nZVI@GTBC with pristine nZVI, the experiment was carried out and a
detailed method is represented in supporting material. The incubation
and immobilization studies were carried out according to standard
procedures (Su et al., 2016a). Unprocessed soil samples comprised of
the lead-free soil (E0) and lead-polluted soil (E1). To observe the effect
of pristine nZVI (E2), GTBC (E3) and magnetic nZVI@GTBC (E4) on
Pbtotal immobilization, the lead-polluted soil samples were mixed with
5 g/kg pristine nZVI, 5 g/kg GTBC and 10 g/kg magnetic nZVI@GTBC
and incubated at 50% water holding capacity for day 1, day 15 and day
30, respectively. Afterward, the samples were collected and carefully
extracted for Pb analysis. The immobilization studies were carried to
study the effect of nZVI, GTBC, and nZVI@GTBC on Pb immobilization.
The experiments were also carried out at different pH of the soil. Fur-
thermore, the lead toxicity property (bioavailability) was studied by
using a toxicity characteristic leaching procedure (USEPA 13111)
(Fallis, 1992; U.S. EPA, 2015). The studies were carried out before and
after immobilization. The immobilization efficiency was calculated by
using the equation as follows.

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×Pb lC
lC

immobilization efficiency (%) 1 100%Total
t

o (1)

where lCt and lCo are the Pbtotal concentration(C) in (mg/L) in the
leachate (l) of the treated soil and untreated soil, respectively.

The bioaccessibility of Pb for living organisms was studied by
Physiological based extraction (PBET) test according to the method
described by Kelley et al. (2002) and modified method of Huijie et al.
(Su et al., 2016a). Usually, the air-dried soil sample was extracted with
30 g /L glycine solution and a solution of pH 2.3 at a solid–liquid ratio
of 1 g to 100 mL at room temperature (37 ± 5 °C) for 1 h on a rotating
shaker and then the mixture was centrifuged at 3000 rpm for 5 min and
the supernatant was filtered through a 0.22 µm membranes. The Pb in
the filtrate was then analyzed using atomic absorption spectra (AAS)
(GGX-9 Beijing Haiguang Instrument Co., Ltd.). Additionally, to ex-
amine the stability of lead species after amendments with nZVI and
nZVI@GTBC, the sequential extraction procedures (SEP) was followed
(Tessier et al., 1979). The studies were also carried out at the conditions
of soil as discussed in Section 2.2 from day 1 to day 30 of incubation
and treatment period. The SEP speciation consists of five-step fractions:
Exchangeable, Ex (F1); carbonate-bound, CB (F2); Fe-Mn oxide bound,
OX (F3); organic matter bound, OM (F4); and residual component, RS
(F5) (Tessier et al., 1979). The relative availability obeys the following
order: F1 > F2 > F3 > F4 > F5. The complete extraction and
digestion of soil samples were carefully carried out in triplicates ac-
cording to standard methods. The concentration was measured by AAS.
The Fetotal and change in available iron of the soil samples before and
after treatment from day 1 to day 30 was calculated according to a
method of analysis of total iron with 1,10-Phenanthroline by using
spectrophotometer (Govender et al., 2012; Harvey et al., 1955).

2.5. Data processing

All the experiments were conducted in triplicates and mean values
were used for analysis. All experimental data were denoted as plus or
minus on the basis of standard deviation. Origin 8 and Microsoft Excel
software is used for all calculations and fittings. Mean values obtained
from instruments were used directly and represented.

3. Result and discussion

3.1. Characterizations

The feedstock, pyrolysis temperature, functional groups, surface
area and particle size of nZVI and nZVI@GTBC could determine the
surface properties and enhance lead immobilization from the soil
(Weber and Quicker, 2018). Thus, it is very important to discuss the
specific properties of these materials. Two-hours is considered as pyr-
olysis time according to literature reported (Weber and Quicker, 2018).
Initially, we have conducted parametric studies to know the stability of
the formation of nZVI in the presence of green tea biochar. The particle
size distribution (PSD) of the reduced nZVI particles in the presence of
green tea has been explained in Fig. S1a.

The PSD of reduced nZVI particles changed significantly with an
increase in the green tea content, where a higher amount of green tea
(10% {total polyphenol content (TPC): 42.31 ± 2.7 mg Gallic acid
equivalent (GAE)/g, dry weight}) exhibits broader distribution with a
mean size of ~710 nm. Furthermore, narrow PSD was observed with
only 2% of green tea {TPC: 12.89 ± 0.1 mg GAE/g, dry weight} with
the lowest mean particle size of approximately 115.6 nm. The mean
particle size with 4% {TPC: 17.62 ± 0.3 mg GAE/g, dry weight}, 6%
{TPC: 27.48 ± 1.2 mg GAE/g, dry weight} and 8% {TPC:
33.91 ± 1.5 mg GAE/g, dry weight} of green tea are 252 nm, 310 nm,
401.2 nm, respectively. The increased amount of green tea with higher
polyphenolic contents in the solution rapidly reduced nZVI and pro-
duced aggregates, leading to an increase in the particle size and ran-
domizing the distribution in solution (Ding et al., 2011). The poly-
phenols present in green tea can act as both reducing and capping
agents (Khan et al., 2015). The presence of more polyphenols in the
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solution not only helps with the formation of the nZVI particles but also
binds with nZVI and affecting the particle size. The influence of pH and
pyrolysis temperature significantly affected the stability of the formed
nZVI particles associated with GTBC (Fig. S1b and Fig. S1c). It is also
observed that the particle size increased with the increase of pH, which
could be because of alteration of iron nanoparticle surface and sub-
stantial electrostatic repulsion. Similarly, the particle size is found to be
optimum at a temperature of 450 °C compared to other temperatures,
which is mainly because of uniform interactions with the polyphenol
groups.

The contents of acidic functional groups in nZVI@GTBC were esti-
mated and represented in Fig. 1a. The study presents three noticeable
acidic functional groups on nZVI@GTBC. Biochar composites produced
at 450 °C (ca. 4381 µmol/g) had higher contents of functional groups
than at other temperatures (p < 0.05, 250 °C – 2571 µmol/g, 350 °C –
3335 µmol/g, 550 °C – 4288 µmol/g, 650 °C – 4153 µmol/g) respec-
tively. In GTBC, the phenolic groups were assumed to be mainly ori-
ginated from lignin and tannin decomposition and accounted for
68–90% of the total acidic functional groups (Yin et al., 2018). These
findings are consistent with those previously reported by (Qian et al.,
2019). Acidic nature of tea extract has high polyphenol content and,
certainly reducing the iron particles by binding the zero-valent iron to a
greater extent and provides a unique opportunity for implication in the
immobilization of heavy metals (Stefaniuk et al., 2016; Xiong et al.,
2009). The pH and pH (zero point charge) of nZVI@GTBC produced at 150,
250, 350 and 450 °C were less than 5.0 (Fig. 1b). The pH and pHZPC of
nZVI@GTBC biochar produced at temperatures higher than 450 °C were
above 5.0. The increase of pH is mainly due to the loss of phenolic
groups, iron oxidation, loss of carbon structure and increase in ash
content at higher pyrolysis temperatures (Table S1).

Hence, magnetic nZVI@GTBC (2%) prepared at 450 °C provides
optimized characteristics (particle size, functional groups, BET surface
area, and surface charge) and was reasonably considered for further
studies (Table 1). Although nZVI supported green tea biochar was
produced from the same feedstock, their functional property and per-
formance depend upon various parameters. Thus, detailed studies are

primarily important for carrying out the immobilization of lead from
soil.

The crystalline properties of developed magnetic biochar were
evaluated by the X-ray diffraction technique (XRD) in the wide-angle
range (15°–60°). Fig. 2a represents the XRD spectra of GT and shows a
broad peak at 22°, which mainly corresponds to cellulose content in the
green tea. GTBC presents a broad and less intense peak at higher 2 theta
value due to pyrolysis of green tea. This could depict decomposition of
an organic component of loosely and low molecular weight bound
compounds in green tea and resulting in an amorphous nature of the
material. The XRD spectra of bare and reduced nZVI particles display an
intense Bragg peak at 44.5°. This corresponded to the diffraction pat-
tern of Feo (110) plane and suggesting high crystallinity peaks corre-
sponding to the crystal structure of α-Fe2O3 and γ-Fe2O3. A small peak
at 34.9° corresponds to the oxidation of the outer layer of nZVI. These
studies are in good agreement with previous reports (Jiao et al., 2006).
The nZVI@GTBC shows peaks of Feo and magnetic Fe3O4 due to the
partial conversion of nZVI which matches well with JCPDS 76-0956 and
is marked as ‘#’ in the figure. It was also observed that the carbon layers
protected and prevented the nZVI nanoparticles from oxidation. Peaks
corresponding to α-Fe, Fe3C, CFe21.2, C33.5 (irregular peak pertaining to
un-annealed carbon phase) were also observed. Due to the assembling
of the XRD diffraction pattern, the peak at CFe15.1 was not observed
clearly. In the XRD diffractogram for nZVI@GTBC, a higher intensity of
α-Fe and iron carbide peaks was observed at 450 °C and it increased
with an increase in temperature. It is also considered that higher tem-
peratures (> 600 °C) treatment present loss of reactivity of Feo by
complete oxidation. This α-Fe peak is explained and in good agreement
with the study and justifies the formation of the stable nZVI@GTBC
composite (Aliahmad and Nasiri Moghaddam, 2013; Li et al., 2017).

The magnetic moment (VSM) analysis of nZVI and nZVI@GTBC is
represented in Fig. 2b. As we can observe that the magnetic hysteresis
loops were typically S-like curve and the maximum saturation magne-
tization of nZVI is approximately 0.32 emu/mg. This presents super-
paramagnetic behavior with high saturation magnetization without
remanence and coercively in the material. This suggests that in the

Fig. 1. (a) The acidic functional group's contents (µmol/g) of nZVI@GTBC (2%) produced at 150, 250, 350, 450, 550 and 650 °C according to Boehm titration (Qian
et al., 2019). (b) pH and pH of nZVI@GTBC biochar are obtained at different temperatures.

Table 1
Properties of soil and biochar.

Parameters* pH EC BET SOM PS CEC C H N S O TP H/C (N + O)/C O/C Pbtotal Fetotal

Soil 6.8 ± 0.5 0.31 2.83 1.91 ± 0.06 17 2.6 3.7 0.6 2.9 0.1 0.7 8.7 ± 0.23 0.16 0.97 0.19 3.8 ± 0.05 31.39 ± 0.33
nZVI 4.8 ± 0.5 6.58 3.68 – 0.13 – – – – – – – – 301.03 ± 1.7
GTBC 2.7 ± 0.5 0.89 47.52 – 0.78 2.3 63.8 2.2 3.4 0.4 1.9 165.6 ± 2.1 0.03 0.08 0.03 0.016 ± 0.00 3.34 ± 0.05
nZVI@GTBC 3.5 ± 0.5 2.21 38.08 – 0.12 6.8 56.3 1.1 2.8 0.4 1.4 115.6 ± 2.5 0.01 0.07 0.02 0.010 ± 0.00 277.0 ± 1.8

* CEC: cation exchange capacity (Meq/g); BET: Surface area (m2/g); PS: Average particle size (µm); EC: electrical conductivity (mS/cm); SOM: soil organic matter
(%); TP (mg/Kg): total phosphorus; CHNSO (%): Carbon, Hydrogen, Nitrogen, Sulphur and oxygen; Pbtotal and Fetotal in mg/Kg; Mean ± SD, n = 3.
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absence of an external magnetic field, there is no magnetization.
However, with the combination of green tea biochar and nZVI, the
material still behaves superparamagnetic with a maximum saturation
magnetization of 0.24 emu/mg. Although, it is not intended to show the
difference in saturation magnetization between the two materials. Sa-
turated magnetization indicates however that the developed material is
highly magnetic.

The intensity of magnetization decreased due to the presence of the
biochar in comparison to pristine nZVI. During fabrication of
nZVI@GTBC, there is a high possibility of nZVI nanoparticles to move
in the pores of biochar and also smaller nZVI particles can randomly flip
direction under the influence of temperature. It is speculated that the
main reason for the differentiated magnetic separation behavior is the
single and aggregation of iron oxide crystals (γFe2O3) in bare nZVI and
nZVI@GTBC. Since the magnetization is still stable after biochar for-
mation, we consider that this property presents a good opportunity for
the stability of nZVI@GTBC after the immobilization of lead from the
soil. This study is in good agreement with previous reports (Hai et al.,
2010).

To recognize the prominent functional groups in nZVI@GTBC bio-
char, the Fourier transformed infrared spectroscopy (FT-IR) in the near
IR region (4000–400 cm−1) was studied (Fig. 3a). The broadband at a
wavenumber of ~3367 cm−1 corresponds to the overlapping stretching
vibration mode from OeH, which decreased in nZVI@GTBC and due to
the loss of phenolic and carboxylic groups as compared to raw GT and
GTBC. Also, the OeH band is missing in nZVI, suggesting iron is in a
reduced state. The carbon-carbon stretching vibrations in the aromatic
ring of GTBC and nZVI@GTBC was observed at wavenumber
~1589 cm−1 and bands from carbohydrates at ~1258 cm−1. In addi-
tion, broad and overlapped CeH stretching bands along with NeH and

OeH are more prominent in nZVI@GTBC at ~3550 to ~2786 cm−1,
signifying secondary aromaticity and amino groups in prepared bio-
char. The peak at ~591 cm−1 and ~757 cm−1 attributed to the
stretching vibration from Fe-O from Fe3O4, which diminishes after the
formation of biochar with green tea mass, indicating hybridization
between the reduced nZVI and the formed biochar. During the process
of pyrolysis, the available functional groups in biochar decomposed
resulting in the loss of respective bands in the form of gases like H2, CO,
CO2, and H2O. These occurrences are well observed in TG/DSC analysis
of nZVI@GTBC and discussed below. The above observations are in
good agreement with previous reports (Neeli and Ramsurn, 2018).
UV–visible absorbance studies are presented for GTBC, nZVI, and
nZVI@GTBC (Fig. 3b). GTBC did not show any sharp absorbance in the
visible region, however, under the UV region, there was partial ab-
sorption originating from aromatic and non-conjugated phenolic
groups. The spectrum of nZVI showed sharp absorption at 290 nm
wavelengths, which corresponds to the Feo absorption. The absorbance
spectra of nZVI@GTBC showed sharp absorption at 290 nm due to the
existence of Feo, but the absorption spectra elongate till 511 nm due to
the formation of a complex of nZVI with polyphenol content in the
biochar. These observations are similar to other reports (Singh et al.,
2011). To explain chemical and structural facts of nZVI and
nZVI@GTBC, Raman spectra were studied and represented in Fig. S2.
The green tea reduced bare nZVI particles shows a distinct peak at
~1259 cm−1. Similarly, the lower wavenumber peaks at ~692 and
~297 cm−1 are also observed which corresponds to the peaks of Fe-O
bands formed due to oxidation of nZVI. The green tea biochar shows
distinctive narrow and broad bands at ~1582 cm−1 and ~1354 cm−1

wavenumbers which correspond to the G and D band observed due to
crystalline graphite and amorphous carbon, respectively. However,

Fig. 2. (a) X-ray diffraction patterns of GT, nZVI, GTBC, and nZVI@GTBC; (b) The magnetization curve and magnetic moment of nZVI and nZVI@GTBC, Insets:
magnetic separation of nZVI@GTBC; sample of nZVI and nZVI@GTBC.

Fig. 3. (a) FT-IR spectral analysis of (i) nZVI, (ii) GT, (iii) GTBC, and (iv) nZVI@GTBC; (b) UV–visible absorbance PZCspectroscopy (800–200 nm).
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these peaks are diminished upon coordination with nZVI along with the
peaks of Fe-O. Raman results are in good agreement with FT-IR and
XRD analysis as mentioned above and report in the literature (Sun
et al., 2014).

To derive the physical application of biochar, TG-DSC presents a
distinctive prospect to apprehend thermal behaviors. In the present
study, the thermal analysis was studied for GT, nZVI, GTBC, and
nZVI@GTBC over a temperature range of 25 – 800 °C and represented
in Fig. S3 (a-d). The total weight loss of GT is observed to be 46.91% up
to 400 °C (Fig. S3a). This is mainly due to the loss of surface water
molecules and volatile organic components in the material and above
400 °C, the weight loss is significant because of the oxidation of carbon
(Neeli and Ramsurn, 2018). The DSC supported mass loss observations.
On the other hand, the reduced nZVI shows an initial weight loss of
7.72%, which is attributed to the loss of adsorbed water molecules (Fig.
S3b) and beyond 400 °C, an increase in weight by 2.32% was observed
due to oxidation of nZVI at high-temperature and supported by weak
exothermic peak. Similarly, GTBC (Fig. S3c) exhibits a weight loss of
1.74 and 4.35%, attributing to the loss of water molecules. This result is
supported by two sharp endothermic peaks at a temperature range of
100–200 °C and above 200 °C, a sharp weight loss of 44.78% was ob-
served, where a maximum of weight loss takes place after 500 °C. This
could be due to char and ash formation at high temperature suggesting
the instability of GTBC at a higher temperature. Additionally, the
weight loss in nZVI@GTBC is about 2.53% at 250 °C and with a total
weight loss of 23.12% above 450 °C. The less weight loss at a higher
temperature as compared to GTBC is because of transformation to iron
carbide with the formation of stable biochar.

The XPS study of nZVI and nZVI@GTBC is presented in Fig. 4. The
presence of Fe 2p is quite evident in pristine nZVI with O1s peaks,
whereas an additional N1s peak was observed in the nZVI@GTBC
composite. Fig. 4a represents the deconvoluted O1s spectra of four
characteristic peaks at 529.44, 531.08, 532.25, and 535.28 eV, which
can be assigned to oxygen binding to the iron at the surface and hy-
droxyl groups of nZVI particles.

The spectra of Fe 2p (Fig. 4b) has been deconvoluted to four peaks
at ~709.49, ~711.21, ~723.25, and ~725.46 eV, which is due to the
presence of oxides of iron (2p3/2 and 2p1/2) formed due to oxidation
of the nZVI surface (Fe-Ox). A small peak at around ~706.26 eV can be
assigned to the zero-valent iron (Feo) confirming the presence of me-
tallic iron in the nZVI nanoparticles (Fig. 4b). Consequently, the results
also indicate the presence of zero valance iron and oxidation of the
outer nZVI layer. The chemical composition and oxidation states of the
elements in nZVI@GTBC biochar are presented in Fig. 4 (c-f). The
binding energies at peaks ~284.6, ~287.06 and ~289.01 eV corre-
sponding to the carbonyl, a carbon–carbon bond, and a carboxylic
group, respectively (Fig. 4c). The deconvolution of O1s spectra shows
four peaks at ~530.13, ~531.94, ~534.14, and ~536.48 eV, which is
similar to the peaks observed for nZVI nanoparticles (Fig. 4d). How-
ever, the intensity of oxygen binding to iron has increased due to in-
creased oxidation of nZVI in the composite. The photoelectron lines at
~399.77 eV correspond to the N1s spectra reflecting the presence of
amine groups (Fig. 4e). The intensity of the zero-valent iron (Feo) peak
is less in comparison to pristine nZVI as observed in Fe2p spectra. The
four deconvoluted peaks of Fe2p shown as an inset in Fig. 4f advocate
the oxidation of iron surface (Fe-Ox). In summary, the XPS results
suggested successful impregnation of nZVI and the formation of
nZVI@GTBC biochar.

The Fe-SEM and TEM were used to realize the surface morphology
(Fig. 5a–f). Fig. 5a represents the morphology of pristine nZVI and
clearly depicted the spherical structure to agglomerate because of nano-
size effects and magnetic interactions. Fig. 5b represents the image of
GTBC. The surface clearly indicates the micro-pores and vesicle type
morphology, which suggests the control carbonization released the
volatile components from GT to form carbon-rich biochar. Fig. 5c re-
presents the morphology of nZVI@GTBC. The textural property

confirms the spherical nZVI nanoparticles over the surface of green tea
biochar. The nZVI is well adhered to and dispersed on the surfaces and
pores. The iron Nano-spheres which were observed in pores are either
half or fully surrounded and impregnated in porous green tea biochar
surface. The Fe-SEM images confirmed the existence of an aggregate of
microspheres with diameters less than 2–5 µm. Further morphological
details of nZVI, GTBC, and nZVI@GTBC were studied by TEM. The
morphology of nZVI (Fig. 5d) observed in spherical and dense with an
average particle size between 50 and 250 nm. The morphology of GTBC
(Fig. 5e), clearly established the existence of a poorly well-arranged
structure, dense and overlapped porous carbon layers having an
average particle size above 500 nm. The TEM micrographs of
nZVI@GTBC (Fig. 5f) clearly depicts the non-uniformed porous carbon
layers encapsulated with spherical iron nanoparticles having an average
particle size of 50 to 200 nm.

The primary observation suggested the successful stabilization of
nZVI and the formation of nZVI@GTBC.

3.2. Immobilization and fractions of Pbtotal in the soil

3.2.1. Colloidal stability and mobility performance
Colloidal stability and mobility performance of magnetic

nZVI@GTBC biochar in comparison to pristine magnetic nZVI were
studied. The studies are shown in Fig. S4, and carried out at different
pH (pH 4.0 ± 0.5, pH 6.8 ± 0.5 and 8.0 ± 0.5). It is observed that
the absorbance at 508 nm was reduced at regular intervals of reaction
time. This suggests the faster settling of pristine nZVI (Fig. S4a) as
compared to nZVI@GTBC (Fig. S4b). The reduction in absorbance for
pristine nZVI at pH 6.8 ± 0.5, pH 4.0 ± 0.5 and pH 8.0 ± 0.5 from
20 min is calculated as 4.34%, 5.41%, and 6.95%, respectively and
considerably increase in reduction within the reaction time of 90 min is
up to 17.39%, 56.67%, and 92.26% respectively. Similarly, for
nZVI@GTBC biochar, the reduction in absorbance at pH 6.8 ± 0.5, pH
4.0 ± 0.5 and pH 8.0 ± 0.5 from 20 min is calculated as 2.29%,
9.97%, and 15.63% respectively and considerably increase in reduction
within reaction time of 90 min is up to 8.76%, 42.34%, and 55.59%
respectively. The larger decline in absorbance of nZVI was ascribed to
the quick deposition, superior magnetic property, and aggregation.

The stability of nZVI progressively improved after introduction to
the GTBC. The inclusion of nZVI to GTBC significantly decreased the
aggregation and magnetism at a pH of 6.8 ± 0.5. A supporting study
on the magnetic property is discussed above in section optical and
magnetization analysis. It is observed that a similar trend for natural pH
and acidic nature is followed, but at higher pH (8.0 ± 0.5) the set-
tlement increases, the reason ascertained the presence of oxygen-con-
taining functional groups and hydroxyl groups enhances the settlement
by oxidizing the nZVI to iron oxides in the micropores of GTBC by in-
creasing the particle density. This study suggests, the introduction of
nZVI to GTBC provides a unique opportunity and better stability at a pH
of 6.8 ± 0.5. Similar observations are also reported (Su et al., 2016b).
Moreover, the mobility of pristine nZVI and nZVI@GTBC at different
pH (4.0 ± 0.5; 6.8 ± 0.5, 8.0 ± 0.5) in silica sand is represented in
Fig. S4(c-d). It was observed that the relative absorbance of the nZVI at
298 and 580 nm only reached 0.138, 0.148, and 0.148 for pH
6.8 ± 0.5, pH 4.0 ± 0.5, and 8.0 ± 0.5, respectively at 6 pore vo-
lume. The decrease in absorbance initially at 298 and 580 nm may be
because of the formation of aggregates and retained at the influent end
and no absorbance was observed at the effluent end. This suggests re-
duced mobility and formation of micrometer aggregates in water so-
lution. However, higher pH enhances the aggregation and mobility are
significantly decreased. In comparison with nZVI@GTBC, the iron
concentration significantly increased at 2 pore volume and found to be
0.072, 0.098, and 0.075 for pH 6.8 ± 0.5, 4.0 ± 0.5, and 8.0 ± 0.5,
respectively. The primary increase in iron concentration is mainly be-
cause of the mobility of nZVI@GTBC effectively through the silica sand
and reduced magnetic interaction, which enhances the steric and
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electrostatic repulsion between iron particles and carbon, thus helping
the transport of nZVI.

3.2.2. Incubation and immobilization studies of Pbtotal polluted soil
The effect of incubation and immobilization of Pbtotal from Pb-pol-

luted soil is studied from day 1 to day 30 by utilizing nZVI, GTBC, and
nZVI@GTBC in soil actual pH: 6.8 ± 0.5; pH: 4.0 ± 0.5; and pH:
8.0 ± 0.5 respectively in Fig. 6(a-f). The immobilization efficiency at
day 1 for soil actual pH is 55.41% and 73.3% for pristine nZVI (E2) and
nZVI@GTBC (E4) respectively. Furthermore, it is observed that effi-
ciency increased with an incubation time of 15 days (61.66% and
87.91%) and 30 days (79.58% and 98.33%) respectively. A similar
trend was observed for pH 4.0 ± 0.5; however, at pH 8.0 ± 0.5, the
efficiency is greatly influenced. The study suggests that higher pH en-
vironments of soil influenced the immobilization effect by increasing
the surface charge of nZVI@GTBC, which greatly corroded and oxidized
the nZVI over time by reducing the mobility, reactivity and increasing

the electrostatic repulsion between the GT functional groups and nZVI.
This suggests a suitable environment for the immobilization of Pbtotal by
using nZVI@GTBC is actual pH conditions. The bioaccessibility of
Pbtotal for living organisms was studied by Physiological based extrac-
tion (PBET) test according to the method described in Section 2.4, and
the obtained results are represented in Fig. 6(d–f). The study shows that
for 1st day treatment; 99.37% (E1), 44.58% (E2), 77.29% (E3) and
26.66% (E4) and 30th day treatment; 94.16% (E1), 20.41% (E2), 57.08%
(E3) and 1.66% (E4) respectively is bioavailable (Table S2). Compared
to nZVI and GTBC, the bioavailability of Pbtotal was reduced when the
polluted soil was treated with nZVI@GTBC.

3.2.3. Physiochemical stability of Pbtotal and Fetotal in the soil after
immobilization

A sequential extraction method was used to study the molecular
transformation of lead species in lead-polluted soil. The observations of
the different parts of the SEP study from 1st day to 30th day at different

Fig. 4. XPS spectra of nZVI (a) O1s; (b) Fe 2p core levels; and nZVI@GTBC biochar (c) C1s; (d) O1s; (e) N1s; and (f) Fe 2p core levels.

S. Mandal, et al. Environment International 135 (2020) 105374

7



soil pH (4.0 ± 0.5, 6.8 ± 0.5, and 8.0 ± 0.5) are represented in
Fig. 7. This shows lead species for 1st day in E1 were F1 (exchangeable),
F2 (Carbonate-bound), F3 (Fe-Mn oxides bound), F4 (organic matter)
and the F5 (residual). Compared with that in E1, the fraction F1 in ex-
perimental sample E2 (nZVI@treated soil) and E4 (nZVI@GTBC treated
soil) was nearly converted to fractions F3 and F4. Exactly, the F3 in E2
and E4 samples increased by 22.30% and 29.85% respectively, but the
F4 of E3 samples were observed higher than compared to others.

The reason ascertained that for samples E2 and E4, the interaction of
nZVI with lead species is very high on the first day and feasibly formed
by reacting with iron as Pb—Fe2O4, Pb—Fe2O3 and etc. (Su et al.,
2016a). The E3 (GTBC treated soil) sample, has gradually improved the
soil quality by reacting with lead species to form organic bound lead
compounds.

This suggests the decrease in the leachability of Pb species in sam-
ples E2, E3, and E4 on the first day. Also, due to the change in soil
environmental conditions, such as pH, the trend of oxides formation is
drastically influenced in sample E2 and E4. In this study, we observed
that at pH (8.0 ± 0.5), the efficiency of nZVI interaction was greatly
reduced. However, at pH (4.0 ± 0.5) the efficiency of nZVI interaction

was moderately reduced. This is because of repulsive electrostatic in-
teraction between nZVI and Pb species and competition with other
available heavy metals in the soil, which reduced efficiency.

Additionally, with an increase in soil pH, the surface charge of the
GTBC which is rich in polyphenol and amino group was greatly af-
fected, which leads to the dissimilation of the carbon structure. Higher
pH also reduced the mobility of nZVI and oxidized the surface reducing
its reactivity. The alkaline pH conditions are also accounted for a de-
crease in microbial growth, which may be another reason in interaction
with Pb species (Su et al., 2016b). Overall, during the treatment pro-
cess, the trend of interaction, oxides formation, and reduction of ex-
changeable lead species was observed. In 15th days of interaction, the
sample fractions of E2 and E4, mainly the F1 and F2 was converted to F3
and F4. In 30th days of interaction, the variations were greatly improved
and almost all the exchangeable fractions were converted to F3
(> 80%) and F4 (15%). In short, nZVI@GTBC could support the con-
version of more easily accessible lead (F1 and F2) to the less accessible
and stable compounds (F3 and F4). The study also confirmed the stable
complexation of lead species over a different period of soil treatment by
utilizing nZVI@GTBC. The important observed data during these

Fig. 5. FE-SEM image (a) pristine nZVI, (b) GTBC, (c) nZVI@GTBC; TEM images (d) nZVI (e) GTBC and nZVI@GTBC (f).

Fig. 6. Immobilization effectiveness of pristine nZVI, GTBC, and nZVI@GTBC for Pbtotal in Pb-polluted soil at (a) day 1, (b) day 15, and day 30 (c); Bioavailability of
Pbtotal in treated soil samples at (d) day 1, (e) day 15, and day 30 (f) {E1: lead-polluted soil; E2: bare nZVI; E3: bare GTBC and E4: magnetic nZVI@GTBC}.
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studies are presented in Table S2.

3.3. Mechanisms

Based on the results upon, the immobilization mechanism is pro-
posed in Fig. 8. The lead species interaction in soil depends upon re-
lative availability, biological interfaces, and chemical weathering.
These make the soil environment unfavorably complex in nature.
Mainly all biochar matrix designed and reported contains oxygen, ni-
trogen, sulfur, and phosphorus-based functional groups (Ladygina and
Rineau, 2013). The GTBC is highly aromatic and composed of poly-
phenol groups and the functional groups are removed in the form of H2,
CO2, CO, NH4

+, PO4
3-, and H2O after interaction with the soil. In-

troducing reactive magnetic iron in terms of zero-valent (unstable) to
carbon matrix makes magnetic iron temporary stable because of charge
transfer (ligand to metal charge transfer) from bulky polyphenol groups
and forming a complex as represented in Fig. 8. Under chemical
weathering and in extreme environmental conditions, (Stefaniuk et al.,
2016; Xie et al., 2017) the iron acts as a reactive component.

Various reactions at biochar matrix in soil:

+ →biochar C CO CO( ) 22 (2)

+ → +biochar C H O H CO( ) 2 2 (3)

+ ↔ +− +H O NH OH NH Biochar( )2 3 4 (4)

The CO, H2, H2O, and NH4
+ formed in gaseous phases in Eq. (2), 3

and 4 are participating in the iron-binding and equivalent interactions
as follows:

+ ↔ +Fe O CO FeO CO33 4 2 (5)

+ ↔ +Fe O H FeO H O33 4 2 2 (6)

+ ↔ +FeO CO Fe CO2 (7)

+ ↔ +FeO H Fe H O2 2 (8)

The above-mentioned reactions equivalently keep iron in a re-
ductive reactive state and associated with carbon surface. Mostly the
reactive iron is found in the phase of Fe + Fe3C, FeO + C, Fe3C and
graphitic iron (Lei et al., 2018). This metastable phases sufficiently
create a reactive environment in the soil for lead ions. The common
mechanism could take place by following schemes (1) Ion-Exchange,
(2) surface complexation, (3) co-precipitation, (4) adsorption, (5)
electrostatic force, and (6) reduction and oxidation (Ladygina and
Rineau, 2013; Li et al., 2017). The above process could follow single
phenomena or could occur through multiple phenomena at a similar
interval of time. Upon pH changes in soil and difference in surface
charge density, the functional group in nZVI@GTBC undergoes dis-
sociation in the soil. At pH < 3 polyphenol compounds and humic
substances behave as uncharged polymers, whereas at pH > 3 they
behave as negatively charged polyelectrolytes, due to the separation of
carboxyl groups (3 < pH < 8) and phenolic hydroxyl groups
(pH > 8) (Lei et al., 2018; Xiong et al., 2009). Polyphenol groups and
humic acids may form metal complexes of high immovability through
chelation, where metal ions are bound as bidentate e.g. by carboxyl and
phenolic hydroxyl groups (Arp et al., 1989). These reactions easily
deploy reactive iron and react with available lead species in soil.

Furthermore, XPS studies and the influence of nZVI@GTBC biochar
on soil properties after immobilization is determined. The main factor
which is observed in immobilization studies is the change in chemical
composition and oxidation state between immobilization and without
immobilization. Fig. 9, represents the XPS spectra of change in oxida-
tion and composition state of nZVI@GTBC application in the soil after
30th days {nZVI@GTBC + Soil (30 days)}. The wide range of

Fig. 7. Changes of Lead species in soils {day 1 (a) pH 4.0 ± 0.5, (d) pH 6.8 ± 0.5, (g) pH 8.0 ± 0.5}; {day 15th (b) pH 4.0 ± 0.5, (e) pH 6.8 ± 0.5, (h) pH
8.0 ± 0.5}; {day 30th (c) pH 4.0 ± 0.5, (f) pH 6.8 ± 0.5, (i) pH 8.0 ± 0.5}(Error bar: P < 0. 05, Confidence Interval).
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comparative survey spectrum of nZVI, nZVI@GTBC and
nZVI@GTBC + soil (30 days) is represented in Fig. S5. Fig. 9 (a-d)
indicates the presence of elemental carbon (C), oxygen (O), iron (Fe),
and lead (Pb) after soil immobilization study. The binding energy value
is charge corrected using the C1s value at ~284.8 eV due to residual
carbon species or uncertain carbon. The entire deployment is done after
charge correction for C1s. C1s (Fig. 9a) spectra obtained from
nZVI@GTBC + soil (30 days) have been deconvoluted to four binding
energies at ~284.6, ~286.2, ~287.8 eV corresponding to CeC,
CeOeC/CeOH, and C]O bonds, respectively.

The presence of aromatic, aliphatic, phenolic and alcoholic carbon
was confirmed in the C1s spectra. It is worth noting that peak
(~289.1 eV) is present in after immobilization of lead in soil, the peak
is possibly reacted PbO at ~289.0 eV, indicating that the potential
carbon species have been bonded by the interaction. This peak may be
due to the reacted carbonate material and leads to the formation of
PbCO3 in the soil matrix, supporting the complex nature of the lead
oxide surface in the environment (Baltrusaitis et al., 2012). For sample
(nZVI@GTBC + Soil (30 days), the O1s spectra (Fig. 9b) have been
deconvoluted into three biding energies ~529.6, ~531.9 and
~534.3 eV which indicates the eCeO, eOH functional group and
OeC]O bonds, respectively (Zhang et al., 2019a). However, the O1s
line is very broad and structure-less assuming the lead species with the
lower Pb 4f binding energy has interacted with oxygen and resulted in
formation of PbO, after Pb immobilization for 30 days, the intensity of
the peaks at ~529.6 and ~534.3 further decreases significantly, re-
sulting in formation of oxides and hydroxides in the soil. On the other
hand, the oxide shell of the nZVI in the nZVI@GTBC surface can form

stable bonds by reacting with the surface functional groups of BC and
partially oxidize during the application of lead immobilization in the
soil. The Fe2p spectra (Fig. 9c) after immobilization of lead present
important changes in iron oxidation states and interaction behavior
with Pb species in the soil. The binding energy peak at ~708.5 eV
corresponds to the Nano-zero-valent iron. The other binding energy
peak at ~712.4 (Fe2p3/2) corresponds to Fe(III) oxidation state. Simi-
larly binding energy peak at ~716.0, ~719.08 eV (Fe2p3/2), ~722.6
(Fe2p1/2), and ~726.2 eV (Fe2p1/2) corresponds to the Fe(II) oxidation
state respectively. The binding energy peak at ~729.5 corresponds to
the satellite as marked in the plot (Fig. 9c). Peak ~712.4 and
~719.08 eV are additional peaks and have been found to be shifted due
to binding with Pb in the soil. The intensity of Fe(III) has been found to
increase due to oxidation of Fe(II) which also highlights the likelihood
of reaction with reactive nZVI species in the soil for 30 days. The core-
level spectra of Pb 4f is deconvoluted and depicted in Fig. 9(d). Pb 4f
spectrum consists of a spin–orbit splitting into the Pb 4f7/2 and Pb 4f5/2
constituents. The Pb 4f7/2 peaks positioned at ~137.9 eV could be at-
tributed to Pb-O containing species. In fact, the binding energy of lead
oxides and hydroxides is almost the same. Moreover, the binding en-
ergy peak at ~137.9 eV could be mainly assigned to Pb-O-Fe containing
species and Pb oxides. The Pb-O-Fe contain species cannot be identified
by Fe 2p3/2 (Fig. 9c) due to the low content of these species. The
spectral overlaps could lead to misapprehension for the fitting of two or
more iron species according to the report (Biesinger et al., 2011). In
view of this fact, the species assignment of Fe 2p3/2 in this study is only
an indicative reference, not a definitive reference. The above-observed
results present the structural difference with the interaction of

Fig. 8. Proposed mechanism for immobilization of lead from the soil by using nZVI@GTBC.
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nZVI@GTBC and Pb species in the soil. The bonding of iron with Pb and
carbon tends to the formation of complex compounds resulting in
complexation in soil over interaction time (Ho et al., 2017; Su et al.,
2016a). Hence, nZVI@GTBC could be a potential material for Pb im-
mobilization in the soil.

4. Conclusion

The present study showed the preparation and application of
nZVI@GTBC in Pb-polluted soil and effectively decreased the mobility
of Pb in the soil. The nZVI@GTBC biochar produced at temperature
450 °C is found to be suitable in terms of surface area 38.08 m2/g,
average particle size of nZVI ~ 0.12 μm. The magnetic moment study
presented a saturation magnetization of 0.24 emu/mg and resulting
superparamagnetic nature of nZVI@GTBC. Phenolic groups are the
prominent functional groups, which bind the iron to form a polyphenol
complex. Colloidal stability and mobility studies confirmed the nZVI
stability over introducing to green tea matrix. The immobilization
studies over 30 days suggested effective immobilization of lead in soil
natural pH conditions. Acidic and alkaline pH environments of soil
strongly affected the immobilization and leached the lead from soil. SEP
studies suggested the conversion of lead species into oxides after
30 days, which is in good agreement with the above studies. Finally,
this study indicates that nZVI@GTBC provides a promising opportunity
for heavy metal immobilization in the soil.
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