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Abstract: Magnetic biochar is a newly discovered novel
material synthesized by adding an external magnetic field
to conventional biochar. It exhibits dynamic properties like
large surface area, porous cavities, ductility, and many
functional groups on the surface. Due to the presence of
these features, magnetic biochar has tremendous applica-
tions in various fields. The magnetic separation property is
particularly beneficial for removing contaminants from
soil. Much research has been done in this field, and positive
results have been shown in the remediation of heavy
metals, polycyclic aromatic hydrocarbons (PAHs), and
organic contaminants from soil. Removal of these environ-
mental contaminants is essential because they degrade the
soil quality by alternating the physico-chemical activity
and microbial diversity. Later, it makes the soil unfavor-
able for the growth of crops. Although much research has
been done in this field and succeeded, little attention has
been paid to the effect of magnetic biochar on plant
growth. Therefore, in this research, we have synthesized
the magnetic biochar from tea dust and applied it to the
PAH-contaminated soil to explore the effect of tea dust
magnetic biochar on the growth of barley plants.
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1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are noxious
and oncogenic compounds that arise from the incomplete
burning of fossil fuels and other natural resources [1].
When PAHs are exposed to the environment, soil quality
is degraded by alternating the physico-chemical bonding
of soil and destroying the microbial diversity. Later,
through the root, it enters the plant body and causes
some physiological changes that negatively impact the
plant [2]. Usually, PAHs are predominantly found in the
soil of crude oil drilling, coal mining, and other inorganic
metal mining sites [3]. Therefore, in those regions, agri-
cultural practices are not possible due to harsh and
destroyed quality of the soil. The soil is degraded due to
the loss of water-holding capacity and humus. From pre-
vious studies, it was found that the plants from the Poa-
ceae family can grow in PAH-contaminated soil and
remediate the PAHs from the soil, but accumulation of
PAHs by the plants lowers the biomass, damages DNA,
and alters the antioxidant system [4]. According to pre-
vious studies, plants grown in PAH-contaminated soil
decrease the germination rate by causing damage to
the cell membrane of the seeds. The majority of plants
grown in PAH-contaminated soil are wild grass species
(Festuca rubra, Lolium perenne, Festuca arundinacea,
Cynodon dactylon, Cyperus rotundus, etc.) [4,5]. Once
the plant absorbs PAHs, it interrupts the photosynthesis
system by changing the structure of thylakoids, which
leads to a disturbance in the electron transport system.
Thus, the plants produce less chlorophyll content and
suffer from malnutrition, which negatively affects the
growth of plants. Moreover, when some low molecular
weight PAHs enter the plant body, they lower the con-
ductance of stomata and the maximum quantum yield in
photosystem II [6]. Ultimately, contamination of PAHs
not only inhibits the growth of plants but also reduces
the yielding capacity of crops, which negatively impacts
the food security and sustainable development of the
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environment. Accumulation of high-dosage PAHs by the
plants reduces the length of root and shoot, and due to
this the biomass of plants also decreases [7]. Accumula-
tion of PAHs by plants not only inhibits the plant growth
but also affects the secondary metabolism, especially in
those plants which produce flavonoids and phenolic
acids [8].

The addition of magnetic biochar to the PAH-polluted
soil can reduce the toxicity of PAHs in plants. A newly
discovered engineered biochar was synthesized by adding
magnetic precursors into the conventional biochar [9].
Magnetic biochar has a large surface area, porous cavity,
and many functional groups on the surface [10]. Therefore,
it has various applications in different fields, especially in
environmental remediation [11-13]. When magnetic bio-
char is applied in the agricultural field, it improves the
quality of soil by enhancing the microbial diversity and
nutrients. In some recent studies, it has been reported
that the use of magnetic biochar in agricultural soil
increases the uptake of nitrogen and phosphorus by
plants [14]. Moreover, it induces seed germination by
releasing phytotoxins and karrikins and increasing the
water holding capacity in the soil. Karrikin-associated
biochar helps to overcome the dormancy period in
some hard-coated seeds by changing the physiology and
composition of plants [15]. As magnetic biochar has dif-
ferent types of elemental compositions on the surface, the
application of magnetic biochar increases the growth of
plant seedlings. The ion exchange capacity of magnetic
biochar can improve the physico-chemical properties of
soil and reduce the PAH toxicity by absorption. Previous
studies revealed that magnetic biochar helps plants to
mitigate abiotic stress like drought, salinity, and heavy
metal and organic contaminant toxicity [16]. Dai et al.
reported that biochar increases the heavy metal translo-
cation in Hordeum vulgare L. [17]. Also, it was found that
when it is applied in ornamental plants as a fertilizer,
it increases the chlorophyll content, biomass, leaf area
index, and blossom frequency of the plants [18].

Until now, many studies have been carried out on
bioremediation assisted by conventional biochar and its
effect on the growth of plants. However, little attention
has been paid to its impact on the growth of agricultural
crops under the stress of PAH-contaminated soil. Although
PAH-contaminated soil has various side effects on plants
and human health, this topic is still undervalued by
researchers. Therefore, this research was carried out to
synthesize magnetic biochar from tea dust waste and to
investigate the effect of newly synthesized tea dust mag-
netic biochar (TMBC) on the growth of barley (Hordeum
vulgare) plants in PAH-polluted soil.
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2 Materials and methods

2.1 Chemical products used in the
experiment

Ferric chloride (FeCl;) and ferrous chloride (FeCl,) were
obtained from SRL (Sisco Research Laboratories Pvt.
Ltd.); PAHs (napthalene and phenanthrene) were obtained
from the Merck Co.; analytical grade acetone, ethanol, and
sodium hydroxide solutions were obtained online from
Ibuychemikals.

2.2 Synthesis of magnetic biochar

To synthesize magnetic biochar, tea dust was gathered
from different tea factories in Assam, washed with tap
water to remove dirt, and air dried overnight. Following
cleaning, it was pyrolyzed for 60 min at 300°C in a muffle
furnace. Afterward, the coprecipitation process was used
to transform biochar into magnetic biochar (Figure 1). A
250 mL Erlenmeyer flask was usually filled with 100 mL of
deionized water, 5.40 g of ferrous chloride, and 4.0 g of
ferric chloride. The solution was then magnetically shaken
continuously for 30 min. About 10 g of biochar was added
to the mixture after 30 min, and it was agitated for further
30 min. After an hour of shaking, the pH was adjusted to
10-11 by adding the necessary amount of NaOH solution,
and the mixture was once more shaken for an hour in a
magnetic stirrer. Later, ethanol and deionized water were
used to wash the magnetic biochar after it had been fil-
tered and collected. Filtered TMBC was later stored in a
polypropylene bag after being dried overnight at 70°C in a
vacuum oven [19].

2.3 Characterization of magnetic biochar

An external magnetic field was used to determine the mag-
netic nature of the synthesized particles. The synthesized
TMBC was characterized at the Central Instrumentation
Facility in India. Scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDS), Fourier transform
infrared (FTIR) spectroscopy, Brunauer—-Emmett-Teller (BET)
analysis, X-ray diffraction (XRD), vibrating sample magneto-
metry (VSM), and X-ray photoelectron spectroscopy (XPS)
were done to characterize the TMBC. The morphological
view and elemental composition of TMBC were analyzed
with the help of SEM coupled with EDS. A scanning electron
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Figure 1: Diagrammatic representation of magnetic biochar synthesis.

microscope is an immensely powerful scientific instrument
that uses a focused electron heam to produce three-dimen-
sional, high-resolution images that review the surface topo-
graphy of objects. With this method, one can gain unmatched
insights into the minute features of nanoscale microstructures.
The scanning electron microscope produces signals on solid
specimens by using high-energy electrons, which disclose
details about the materials crystalline structure, chemical
makeup, and exterior appearance. Combining these details,
a two-dimensional image is produced. In this technique,
data are carefully gathered across a predetermined area,
allowing researchers to investigate and comprehend the
finer details of materials at a level never before possible
[26]. Electron microscopy studies of TMBC were carried out
by field-emission scanning electron microscopy (FESEM)
(model: Sigma). For the study of the surface morphology
and surface microstructures of the sample, a pinch of the
sample was sputter-coated with gold in “times gold” mode
with a sputter-current of 20 mA and a sputter-time of 59s.
FTIR was used for the identification and investigation of
molecular amalgams based on their exclusive IR absorp-
tion spectra. Functional groups of the compounds were
characterized with the help of FTIR; the surface area and
pore size were measured by the BET method. The crystal-
linity of TMBC was observed with the help of XRD, and VSM
and XPS were used to analyze the magnetization properties
and surface elemental composition, respectively.

2.4 Experimental setup

The experiment was done closely following the proce-
dure described by Zhen et al. with some minor changes
[20]. Initially, the soil was obtained from the garden of
Mahatma Gandhi Central University in Motihari, Bihar,
India (26.6465°N, 84.9059°E). Motihari falls under the
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district of East Champaran and in the range of the
northern hemisphere. In this area, the temperature is
very high in June and recorded up to 46°C and very
cool in January (6-13°C). The average annual rainfall of
Motihari is about 1,200 mm [21]. The soil of Motihari is
highly fertile and suitable for agricultural practice, has a
pH of 7.5, an electrical conductivity of 1.12 dsm™, an
organic carbon content of 0.35%, a nitrogen content of
165 kg-ha™!, a phosphorus content of 22.5kg-ha™, and a
potassium content of 165 kg-ha™*. The collected soil was
homogenized through a 2mm screen and subjected to
three rounds of autoclaving at 121°C. The experiment
included three treatments, each with three replicates,
amounting to nine plastic pots for plant cultivation,
each containing 200 g soil [20].

In the first treatment (control), only soil and barley
plants were included. The second treatment involved soil,
plants, and PAHs (Soil + PAH), while the third treatment
included soil, plants, PAHs, and synthesized TMBC (Soil +
PAH + TMBC). To create the PAH solution, 0.15g of PAHS
(naphthalene and phenanthrene) was dissolved in acetone
(300 mL), and 50 ppm from the stock solution was added to
each pot during the second and third treatments for con-
tamination, following the procedure described by Alves
et al. [22].

After contaminating the soil, the third treatment pots
were manually mixed with synthesized TMBC (5-10 wt%)
as per Zhen et al.’s study. The pots were then placed under
a laminar hood for 8h to allow the organic solvents to
evaporate. Barley seeds, pre-soaked overnight in test tubes,
were sown into the treated soil with 25 seeds in each pot.
Regular watering, administered using a spraying bottle,
was performed as needed for optimal plant growth [20].
After 14 days of planting, barley plants were harvested at
the growth stage, and physiological parameters and germi-
nation rates were assessed in PAH-contaminated soil.
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2.5 Plant performance

The performance of barley plants was assessed based on
morphological parameters. Root and shoot lengths of the
barley plants were assessed during the 14-days growth
stage, following harvest. Plant samples underwent a 72-h
drying process at 70°C in a hot air oven to determine their
dry weight. To calculate the relative water content, 0.2 g of
barley leaves was incubated in 50 mL distilled water for 4 h
from each treatment. The turgid weight of the leaves was
measured after this incubation period. Subsequently, sam-
ples were subjected to a 48-h oven-drying process at 60°C
[23]. Following the drying process, the weight was mea-
sured, and this value is incorporated into the formula to
ascertain the relative water content of barley leaves [24]

Relative water content (RWC) (%)
_ Fresh weight - Dry weight N
" Turgid weight - Dry weight
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The chlorophyll content of the barley was also deter-
mined using Arnon’s method (1949). 1g of freshly cut
barley leaves was ground using a clean mortar and pestle
with 20 mL of 80% acetone. Then, the samples were cen-
trifuged at 5,000 rpm for 5 min, and the supernatant was
placed in a 100 mL volumetric flask. The same procedure
was repeated until the residue became colorless. After that,
the supernatant was collected in a flask and made up to
100 mL by adding 80% acetone. Then, the absorbance of
the solution was read at 645 nm and 663 nm [25].

2.6 Statistical analysis

All statistical analyses were done using XLSTAT2014.5.03.
ANOVA (analysis of variance) was done to analyze the
difference between the treatments, and the least significant
difference (LSD) test was done to compare the mean values
at P < 0.05.
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Figure 2: Micrographs of TMBC: (a) overview of TMBC under a scanning electron microscope, (b) higher resolution pore structure of TMBC, and (c)

EDS analysis of TMBC.
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Figure 3: (a) FTIR spectra of TMBC and (b) BET isotherm of TMBC.

3 Results and discussion

3.1 Characterization

SEM uses a focused electron beam to produce three-dimen-
sional, high-resolution images that analyze the surface
topography of objects [26]. As shown in Figure 2(a), the
topographical image of TMBC is revealed through FESEM
analysis. Figure 2(b) shows a closer examination of the
visible openings on the TMBC surface. Additionally, the
asymmetry in both the size and structure of the magnetic
biochar becomes apparent. The dimensions and configura-
tions of these pores are typically influenced by the pyrolysis
temperature and duration, highlighting the correlation

(b)

between processing parameters and the resulting char-
acteristics. By observing the topography of TMBC, it can
be said that its porous cavity would help to encapsulate
the PAHs into their cavity, and a large surface area also
helps to absorb many PAHs from the soil. This helps the
soil to become nutrient-rich and suitable for agricultural
purposes.

EDS plays an important part in the characterization of
magnetic biochar, offering a precise method to analyze and
determine the elemental composition of this material. By
detecting and quantifying X-rays emitted from the sample
during interactions with high-energy electrons, EDS detects
the elemental composition present in the core of TMBC
[27]. Figure 2(c) illustrates diverse elemental compositions
with varying weights and atomic percentages within the
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Figure 4: (a) XRD spectrum of TMBC and (b) magnetic saturation curve of TMBC.
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Figure 5: (a) High resolution C 1s XPS spectrum, (b) high resolution O 1s XPS spectrum, and (c) overall XPS spectrum of TMBC composition.

TMBC. The figure reveals that the TMBC consists of Fe, O, K,
Mn, Cl, Ca, and C on the outer surface. Trace amounts of Na
and Al are also identified through EDS analysis. Applying
magnetic precursors FeCl, and FeCl; during biochar pre-
treatment leads to elevated levels of Cl and Fe. We can see
that the concentration of Mn in the TMBC is very high; this
may be due to that tea plants can absorb heavy metals in
high amounts [28]. The biological feedstocks and pyrolysis
temperature used to synthesize magnetic biochar vary
the chemical composition of the magnetic biochar [29]. The
elemental composition of TMBC positively influences the
growth and development of plants. All the elements found
in the TMBC are needed by the plants in either small or
large amounts. For example, carbon is the main energy
source of plants, iron is an important micronutrient in
plants, which helps in the production of chlorophyll, and
oxygen is important for cellular respiration, which pro-
motes the seed germination of plants. Mn and Cl are also
important micronutrients in plants that act as an activator
and a co-factor of hundreds of metalloenzymes and chlor-
oplast in plants. Likewise, K, Ca, and C also play an

important role in the physiological activity of plants. K
helps in the electrical neutralization of ions and anions.
It also regulates the ion channels of the plasma membrane
and cellular osmosis [30].

FTIR was used to analyze the functional groups pre-
sent on the surface of TMBC. It is a simple, quick, and low-
cost method for determining the occurrence of functional
groups on the surface of magnetic biochar [31]. Figure 3(a)
illustrates the FTIR spectrum of TMBC, covering a range
from 3,900 to 400 cm ™. The fingerprint region, delineated
as the IR spectrum spanning from 1,200 to 700 cm ™, is also
featured [32]. A broad absorbance band, extending from
900 to 1,400 cm ™ is featured in the presence of C-O-H and
C-O stretching in the spectrum [33]. The irregular peak
detected in the series of 1,500 to 1,600 cm™ is indicative
of the -NH group, while the zigzag peaks at 3,500 cm™*
are distinctive features associated with the —OH group.
The incorporation of C-H alkanes within aromatic rings
leads to a spectrum overlap in the region spanning from
1,400 to 1,500 cm ! [34]. The existence of an aliphatic C-H
bond is suggested by a modest, rounded peak at 2,900 cm™.
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A slight, piercing bent spectrum at 2,400 cm ™" indicates the
potential occurrence of 0=C=0 stretching [35,36]. All the ]
functional groups detected in TMBC is responsible for the S
immobilization of PAHs from the soil. Due to the ionic and S E ] )
anionic exchange capacity of functional groups present on E, § :‘ﬁ “’g §
the surface of magnetic biochar, the interaction between S| # » H
polyaromatic rings of PAH breaks. Gradually, the amount g f:ﬂ § 5 § E << §
of PAHs is reduced in the soil due to the application of cel® o2 - == 2
TMBC which makes the soil suitable for the growth of - :%
plants. .2 E
BET was used to analyze the surface area of solid or g "g
porous materials. BET measures the surface area of mag- 2 E % % g
netic biochar depending on the nitrogen gas adsorption .g: 3 2 2 3 =
and desorption. The BET analysis of TMBC was measured g E‘ 5 % E . ,:;
in an St 1 on NOVAtouch 1LX [s/n: 17018081601] instrument S8l 8 ¢ = 33 T
at an ambient temperature 30.0926°C and a bath tempera- %
ture 77.35 K. Figure 3(b) shows the nitrogen gas adsorption 5 S s g
isotherm of TMBC, where the red isotherm represents g g § f ; %
adsorption and the blue isotherm represents desorption. % 'g‘ 5 N f Iy :,\o’ A i
The average pore size of TMBC is 4.9214e + 000 nm. The < £ :,\’ 3 E N E RV § = %
surface area of TMBC is 25.3902 m*g". We can predict the i E R R s
adsorption capacity of PAHs in the soil from the pore size g ‘j&: “EE foi
and surface. Because the surface area of TMBC is large, it ™ “fl i %
means that it may have a large number of functional § E 8 § £
groups and elements on the surface. 2 gl s 8 = < é
The crystallinity and phase composition of TMBC f: §, ;E g :E § & g %
were determined with the help of XRD. Figure 4(a) shows ° T Z
the XRD analysis of TMBC. A sharp and high peak was o “ i . ,—E
observed at the position of 26 (degree) of 35.682(15) from é %1 'g “;';3 8 g 5
which it can be predicted that the sample is crystalline in ‘g g re S < 2 . S
nature. Many strong diffraction peaks were observed at 26 2 E ,_E_ § § i § <\Z< %c ,E
(degree) values of 53.71(9), 57.23(5), 63.03(4), 65.4(5), and £ @
74.3(9) due to the presence of FeCl; and FeCl, in the 5 s S
TMBC. Due to the crystalline nature of TMBC, it will help g -'S, = & ”’g 8 ?g
in the photocatalytic degradation of PAHs in the soil. Thisis g %’ S S S S
because the crystalline material has more photocatalytic g ﬁ E g 3 8 8 9 < § 5
activity than the amorphous material. It also positively £ fa|ls ¥ £ 8 =2 Eny
influences the water holding capacity of soil which is ben- “’Ej = & . § g g
eficial for the plant growth [37]. The magnetization of g E e 3 § g E g
TMBC was analyzed using a VSM instrument or Foner mag- g 2 =S § & 4 2 e % ;‘- S
netometer. It measures the magnetic property of a sample ig” es|f ¥ @ e R2 Z 8 é
based on the Faraday’s law of induction. The sample was & s . = . S g >
measured in a Lake Shore, model-7410 series VSM at g E § § S t‘j s % %
MH_2T@300K. Figure 4(b) shows a saturation magnetiza- % g -.g 2 by 5 = E % &
tion of TMBC of 54.63emug ™" at room temperature, and & |2 §| & = g & 25 GE; EE %
from this we can predict that newly synthesized TMBC has g A £ g b
the supermagnetic power which can remove the contami- S é § Egt
nants from the soil by magnetic separation. g 2 T oos o ® r_z g
XPS was done to analyze the chemical composition f E _ % % g < 8= g E § <
present on the surface of TMBC. Figure 5 shows the sur- & | 2 £ + + £ 5SS S % E £
face elemental composition of TMBC with their binding <~ | & S &8 & Sgaalespe?



Songita Sonowal and Ram Prasad

DE GRUYTER

Chlorophyll content of barley (663nm)

Chlorophyll content of barley (645nm)

Relative water content (%)

% seed Germination

Dry weight of plants (g)

Fresh weight of plants (g)

Root Length (cm)

Shoot Length (cm)

o
N
o
I
o

| Soil + PAH + TMBC

60
Axis Title

3
o
=
8

120

Soil + PAH m Control

Figure 6: Effect of TMBC on the growth of barley plants.

energy. The figure reveals that the surface of TMBC has
higher concentrations of C 1s and O 1s. Figure 5(a) and (b)
shows the XPS high-resolution spectra of C 1s and O 1s,
respectively. The C 1s XPS binding energy range is from
282 to 288 eV and the O 1s binding energy is between 530
and 535 eV. Figure 5(c) shows all the major surface ele-
ments of TMBC with their binding energy. Here, we can
see that the concentration of O 1s is higher than that of C
1s in TMBC because the addition of magnetic precursors
(FeCl; and FeCly) decreases the concentration of C 1s by
increasing the concentration of O 1s. In this figure, the
presence of Fe(m) is also detected in the range of
700-900 eV.

3.2 Plant performance

All the morphological characteristics are significantly
affected by the combination of PAHs and TMBC in the
soil. According to Table 1 and Figure 6, the control treat-
ment shows the highest shoot, root length, and significant
seed germination percentage (66.67%), which indicates the
optimal conditions for barley growth without contamina-
tion. However, in the second treatment where PAH was
added, the length of shoot and root and the weight biomass
of barley were significantly reduced, which has a negative
impact on the barley. However, the addition of TMBC in the
PAH-treated soil shows an improvement in the root and

shoot length and weight biomass. In terms of effect, the
third treatment shows the highest mean shoot length
(20.65 cm), which is higher than the 17.69 cm recorded in
the second treatment. The relative water content and
chlorophyll content of barley are also affected by the addi-
tion of PAHs and TMBC to the soil. The maximum relative
water content is observed in the control group (76.43%),
followed by the TMBC addition to soil. Notably, the chlor-
ophyll content increased significantly in the Soil + PAH +
TMBC treatment group compared to the control and Soil +
PAH treatment groups; this indicates that adding TMBC
enhances the photosynthetic efficiency under PAH stress.
The coefficient of variation for different treatments indi-
cated significant variability, especially in fresh weight
(26.9) and dry weight (24.68%). The LSD values at a signifi-
cance level of 0.05 showed notable differences between the
treatments, especially between the control and Soil + PAH
groups.

4 Conclusions

From the results, it is concluded that the existence of PAH
in agricultural soil decreases the growth of crops. Toxic
PAH contamination reduces soil fertility by destroying
the physicochemical bonding of soil. Due to the hydro-
phobic nature of PAH, it repels soil water retention and
disrupts the ecological balance, which negatively impacts
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plant growth. However, the addition of newly synthesized
TMBC into PAH-contaminated soil shows a positive effect
on the growth of barley (Hordeum vulgare) and contributes
to an enhancement in soil quality. Examining the topogra-
phies of the synthesized TMBC suggests that its porous
structure plays a crucial role in capturing toxic PAHs, chan-
neling them into its cavities, and transforming them into
beneficial nutrients through the catalytic activity of func-
tional groups. The magnetic nature of TMBC can easily
separate the PAHs from the soil, and the functional groups
present on the surface of TMBC help to catalyze the toxic
PAHs by their ion exchange capacity. Moreover, the ele-
mental composition detected in the TMBC enhances the
plant’s nutrient uptake by promoting plant root growth.
In conclusion, it can be inferred that TMBC exhibits pro-
mising potential for fostering crop growth in soils contami-
nated with PAHSs.
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