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EXTRACTS AGAINST E.COLIAND STREPTOCOCCIIN URBAN WASTEWATER
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Bamenda, ?Laboratory of Materials, Local Materials Promotion Authority, 3University of Ouluy, Fibre and
Particle Engineering Research Unit, Finland

ABSTRACT

Silver nanoparticles (Ag-NPs) obtained through green syntheses are gaining remarkable interest
in water treatment due to their excellent chemical, physical, and biological properties. Ag-NPs were
synthesized using three plant extracts: Carica papaya Vernonia amygdalina, and Perilla
frustescens var as reducing agent, and 6 mM of silver nitrate as precursor. The extracts
demonstrated a good potential to reduce Ag(+1) to Ag(0) for Ag-NPs synthesis. Characterization of
synthesized Ag-NPs was achieved through UV-Vis spectroscopy, Fourier Transform Infrared
analysis, X-ray diffraction, optical microscopy, and zeta potential. The Surface Plasmon Resonance
(SPR) was between 410 and 440 nm. The optical microscopy confirmed the presence of
nanoparticles (NP) and an aggregate of NP. The synthesized NPs had a crystalline structure,
confirmed by the XRD spectra. The average surface charge of NPs was negative (< -10 mV),
indicating a potential for aggregation of the three NPs, as confirmed by the particle size distribution.
Their antibacterial activities against E. coli and Streptococci were analyzed in urban wastewater.
They exhibited good antibacterial properties, with BNPs being most effective at inhibiting both
bacteria, followed by PNP and VNP. This reveals that NPs produced from different plants have
different yields, properties, and antibacterial activities, and, most especially, can be used in water
and wastewater treatment..

Carica papaya, Vernonia amygdalina, Perilla frustescens var, Ag-NPs, green

Keywords: . o . .
yw synthesis, characterization, antibacterial agent

Corresponding Author:

Elton Yerima Ngu,

College of Technology, University of Bamenda
Yaounde - Cameroon

Tel.: 237670803969

E-mail address: nguyerims@gmail.com

INTRODUCTION

Nanotechnology has demonstrated diverse
applications across a wide range of scientific
and technological fields and has emerged as
a rapidly growing area of research and
innovation. Nanotechnology typically deals

with materials possessing at least one
dimension below 100 nm [1]. Conventional
methods for synthesizing nanoparticles
include physical techniques (such as vapor
deposition and lithographic processes) and
chemical approaches (such as borohydride
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and citrate reduction methods). However,
these methods often result in relatively large
particles with poor monodispersity, and the
processes have been reported to pose
environmental hazards [2,3]. However, the
biological method of synthesis, which is the
most recent method, has attracted a lot of
attention because it is safe (nontoxic process),
cost-effective, and requires less time than
other methods [4]. The biological process of
synthesizing nanoparticles is mainly through
the process of precipitating the nanoparticles
of metals like Silver (Ag), Gold (Au), Platinum
(Pt), etc., with organic matter like plants,
bacteria, and fungi [3, 5].

The area of most interest in the biosynthesis
of metal nanoparticles within the last decade
is the application of plant extract in the
synthesis reaction. Antioxidant biochemicals
such as terpenoids, alkaloids, phenolics,
aldehydes, proteins, and amino acids are
present in plant extracts, which are capable of
reducing metal ions to nanoparticles and
stabilizing them [6, 7]. Moreover, plants are
readily available, hence extracts can be easily
obtained, enabling scaling up production.
Several documents are available on the
development of metal nanoparticles using
plant extracts [7, 8-10]. However, silver
nanoparticles have emerged to be the most
effective because it has a good and broad
spectrum of antimicrobial activities against
viruses, bacteria, and other microorganisms,
and they also have minimal toxicity to
human cells [7]. Available reports covering
the scope of the modalities to biosynthesize
Ag-Nanoparticles of different shapes and
characteristics from plant extract have been
established [11-14], and their excellent
antimicrobial characteristics against:
Staphylococcus aureus, Escherichia coli [15,
16], P. aeruginosa, K. pneumonia [16] amongst
others, have been observed in cultured
mediums. Present interest is in Ag-NP
synthesis from three plants, namely: Bitter
leaf plant (Vernonia amygdakina), Pawpaw
plant (Carica papaya), and Perilla mint (Perilla
frutescens var). Extracts from different parts

(fruit, leaves, flowers, callus, seed, peel and
bark) of these plants have been used for the
synthesis of Ag-NP in different studies and
they have shown to have incredible
antimicrobial and antibacterial properties to
bacterial such as: gram-positive and gram-
negative bacterial [17-19], E-coli and
Staphyloccocus [20-22]; coliform [23], oral
bacterial [24], anticancer [22, 25] and also in
colorimetric experiments to determine heavy
metals in solution [26]. Even though there is
some study on the application of Ag-NP
produced from these three plants in
inhibiting microbial or bacterial action or
eliminating them, it has mostly been applied
in the medical domain and in controlled
environments, such as diffusion methods.

Also, there are few or no studies available on

the application of Ag-NP produced from these

plants in industrial, urban, or domestic
wastewater treatment.

The present study aims to achieve the

following objectives:

1. Synthesize silver nanoparticles from
three different plants: Carica papaya
(Paw-paw plant), Vernonia amygdalina
(Bitter leaf plant), and Perilla frustescens
var (Perilla mint plant).

2. Characterize the silver nanoparticles by
UV-VIS spectroscopy, Fourier-transformed
infrared spectroscopy (FTIR), X-ray
diffraction, and zeta potential.

3. To compare the antibacterial properties of
the silver nanoparticles against £.coliand
Streptococcusin domestic wastewater.

The key findings of this work are related to

the comparative study of the antibacterial

activities of Ag-reduced nanoparticles using
three plant extracts.

2. MATERIALS AND METHODS

2.1. Collection of plant materials

The samples of interest for synthesizing
silver nanoparticles were from three different
plant types. The paw-paw plant (Carica
papaya), bitter leaf plant (Vernonia
amygdalina), and Perilla mint plant (Perilia
frutescens var). These plants were selected

2 Journal of Sustainable Technology and Materials



Ngu et al.

Assessing antibacterial efficacy of nanoparticles from three plant extracts against
E.coli and Streptococci in urban wastewater

because they are traditionally regarded as
medicinal plants in rural Cameroon and are
used in the treatment of diseases such as
typhoid fever, hemorrhoids, ringworm, and
various other ailments. Plant samples were
obtained from a farmland around the military
base in Yaounde, commonly known as
“Quartier General”. To ensure consistency of
content and reproducibility of results, a one-
time sampling was done around the sample

area, where for each plant, several samples
were jointly collected. The plants were
washed with deionized water 3-4 times and
exposed to sunlight for about 14 days to lose
humidity and dry up. Samples were rewashed
to remove dust particles that may have
accumulated during drying. The samples
were then placed in an oven at 50 °C to dry
slowly. After drying, samples were crushed
and preserved in labeled plastic bags.

Figure 1. Plant Samples used in the synthesis of Ag-NPs: (A) Carica papaya. (Pawpaw plant); (B)
Vernonia amygdalina: (Bitter leaf plant); (C) Perilla frutescens var. (Perilla mint plant)

2.2.Collection of extracts from plants and
preparation of a solution

Plant extracts were obtained using an
adopted and modified procedure from
Maged et al. [15]. 20 g of each crushed plant
sample was placed in a 1000 ml Erlenmeyer
flask, and 400 mL of deionized water was
added to it. The flask and its content were
then placed on a heater at 60 °C and stirred
at 500 rmp for 60 minutes (1 hour). When the
color of the solution turned brown, it was
allowed to cool at room temperature, then
filtered with a Whatman filter paper to
remove all plant particles. The extracts were
then preserved at 4 °C to be used later for bio-
nanoparticle synthesis.

According to Maged et al. [15], the
concentration of silver nitrate with optimal
reduction characteristics and the best
antibacterial properties is 6 mM. Analytical

grade Silver Nitrate reagent (99.5% purity
level), was commercially purchased. The
silver salt used did not need any further
purification. Distilled water was used to
make the solution. A solution of silver
nitrate with the prescribed concentration
was prepared by dissolving the appropriate
amount of the silver salt into distilled water,
stirring  until  the solution  was
homogeneous, and sealing the solution to
prevent any contamination.

2.3.Biosynthesis and characterization of
Silver nanoparticle (Ag-NP)

The Ag NP were synthesized by putting 2

mL of leaf extract in their respective labeled

sample container. 50 mL of 6 mM silver

nitrate solution was added to the leaf extract

and allowed to sit at room temperature. The
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reaction was followed up for over a period of
4 hours.

The composition, size, and morphology of
the synthesized Ag-NPs were determined
through various characterization methods.
To determine the formation of Ag-NPs, UV-
VIS spectrometry was done on each sample
after 24 hours. A quartz cuvette with a 1 cm
optical path was used with a wavelength
range of 300 — 600 nm. The morphology and
size of the Ag-NPs were observed by means
of optical microscopy. For evidence of Ag in
the nanoparticles, X-ray diffraction analysis
was done on the Ag-NPs.

2.4. Characterization of antibacterial
properties of nanoparticles
For characterization of the nanoparticle’s
antibacterial properties, the nanoparticles
were used to treat domestic wastewater.
Wastewater was sampled from a municipal
waste stream in Bonamoussadi, Yaounde,
Cameroon. Six plastic bottles were cleaned
with distilled water, and into each container,
1 L of the wastewater sample was
introduced. 30 mL of nanoparticle solution
from the three plant extracts was poured
into three containers, each in its own
container, and labeled: VL1 (wastewater +
Perilla mint NP), PP1 (Wastewater +
Pawpaw plant NP), and BL1 (wastewater +
Bitter leaf NP). An equivalent amount (30
mL) of silver nitrate in one container (Ag(1+):
Wastewater + AgNO3) and finally plant
extract in another (EXT: wastewater + Plant
extract). A container of wastewater (WW)
was used as a reference. Each container and
its contents were allowed to stand for 24
hours at room temperature. The cup-plate
agar diffusion method was used to E-coli
and Streptococci load in water samples [15].

3. RESULTS AND DISCUSSION

The study on the green synthesis of Ag
nanoparticles using bitter leaf plant,
pawpaw plant, and Perilla plant extracts
was done and systematically reported in
this report. The aqueous Ag+ was reduced to
silver nanoparticles upon the addition of

natural plant extracts. The colors observed
during the transition of the reaction were
from pale yellow to a brown solution with
precipitate settling at the bottom of the
solution within 5 hours of reaction. No
further changes were detected for another 12
h; however, the majority of the precipitates
had settled, and the solution became clearer.

3.1. UV-VIS characterization

The confirmation of the formation of silver
nanoparticles was monitored using UV-VIS
spectrometric analysis (UV752(D) PEC
Medical USA UV/VIS photospectrometer).
The UV-VIS spectra (Figure 2) of silver
nanoparticles from the three plant extracts
showed an increase in absorbance with an
increase in wavelength from 300-600 nm,
with an intense Surface Plasmon Resonance
(SPR) observed at 410 and 440 nm, and are in
the range for the stipulated absorption
wavelength of Silver. This conforms to the
findings of Logeswari et al [16], who
indicated that the maximum absorption of
silver nanoparticles within this wavelength
range confirms their formation.
Furthermore, the band of the silver
nanoparticles spectra was similar, which
would indicate a similarity in average
particle size and shape as stipulated by
Bamsaoud et al. [27] and Mage et al. [15].
However, the absorption peak of Pawpaw
extract Ag-nanoparticles (PNP) was
identified to have a red shift and decrease in
intensity, which could be attributed to the
increase in particle size of this nanoparticle,
compared to the other two. Furthermore, the
alignment of the peaks of BNP and VNP
would indicate their particle size falls
within the same range; however, given that
the absorption peak of BNP is more intense,
this might insinuate the high concentration
of BNPs, which are more stable with the
smallest size compared to the other two [28].
Hence, the UV-VIS absorption peak reveals
that nanoparticles produced from bitter leaf
plant extract (BNP) are more stable, with a
quick formation of nanoparticles, a higher
concentration of nanoparticles, and the
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smallest size. This is closely followed by
nanoparticles produced from Perilla extract
(VNP), and finally, those from pawpaw plant
extract (PNP). This would indicate that
different plants subjected to the same
conditions for the green synthesis of
nanoparticles have different formation

4.0—-
3.5-:
3.0—-
2.5—-
2.0—-

1.5 1

Absorbance (a.u)

1.0 1

0.5+

kinetics, size, and shape. This difference in
formation kinetics might be attributed to the
unique phytochemicals of each plant based
on the concentration of reducing agents
(polyphenol, flavonoids, and tannins) in
each plant [29].

——AgNO,
Extract

——PNP
——VNP
——BNP

0.0

T T T
300 400

T T T T T
500 600 700

Wavelength (nm)

Figure 2. UV-VIS Spectra of Silver nitrate (AgNOs), Plant extract (Extract), and Ag-NPs (PNP,
VNP, BNP), PNP: Pawpaw plant Ag-nanoparticles, VNP: Perilla plant Ag-NP; BNP: Bitter leaf
plant Ag-NP

The UV-VIS spectroscopic analysis also has the
possibility of determining the size and shape of
nanoparticles. The absorption spectra of the
synthesized nanoparticles revealed peaks in
the range of 410 — 440 nm. According to
Martinez-Castafion et al. [30], nanoparticles
with absorptions within this range are mostly
characterized by a spherical shape and a size
range between 7 and 30 nm. Which fall within
the size range of nanoparticle materials.

3.2. Fourier Transform Infrared
Spectroscopy analysis
The FTIR analysis investigates and identifies
the functional groups present in both plant
extract and Ag-NPs, as well as reveals factors
responsible for capping and possible
interactions between silver and bioactive
molecules. The FTIR spectrometry data were

obtained at the inorganic laboratory of the

(FTIR)

University of Yaounde 1 (Cameroon) using the
BURKER OPTIK ALPHA  Spectrometer
(standard glass cells and Borosilicate glass
windows). This analysis depends on the
principle that electromagnetic energy in the
infrared region, ranging from 4000 — 400 cm?,
is absorbed by particles, causing the subatomic
particles to vibrate. Figure 5 presents the FTIR
spectrograph of the synthesized Ag-NPs from
all three plants. Based on the FTIR peaks
characterization, the peak position reveals the
form of nanoparticles, while the intensity of the
peak determines the size of the nanoparticles
[31, 32]. The FTIR spectrum reveals a broad and
intense band from 3800-3000 cm™ with a peak
at around 3302 cm?, which may probably be
due to the stretching or bending vibration of the
hydroxyl groups (0-H) of polyols such as
Glycerol, Mannitol, hydroxyflavones, and
catechins, or the vibration of O-H of water

Journal of Sustainable Technology and Materials 5
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molecules on the surface of the Ag-NPs [33].
Absorption band at 1636 cm™ may correspond
to the C=0 stretching vibration of the carbonyl
group (-C=0), which may indicate either the
presence of carboxylic acids or amides [34, 35].
These phytochemicals have been reported to be
present in plant extracts and are primarily
responsible for the bioreduction of Ag ions to
Ag-NPs, contributing to their stabilization and
the provision of a capping agent that prevents

0.0 —
0.1 i
0.2 )
0.3 i
0.4—-

0.5

3302

0.6

Transmittance (a.u)

0.7

0.8

0.9

agglomeration of Ag-NPs [36, 37]. Finally, the
peak at 415 cm? could be attributed to the
stretching vibration of Ag-O of silver oxide or
might suggest interactions between silver
nanoparticles (Ag-NPs) and  oxygen-
containing functional groups in accordance
with the findings of Kayed et al. [38]. This might
also imply the stabilization of Ag-NPs by
organic compounds containing oxygen.

——PNP
—— VNP
——BNP

1636

415

— 1 - 1 1 1 1 T 1T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 3: FTIR analysis of synthesized Ag-NPs

3.3. X-ray Diffraction analysis

This analysis is an essential technique to
determine the crystalline nature of the
nanoparticles. X-ray analysis was done in the
Department of Engineering Enzo Ferrari
University of Modena. It was performed using
a Bruker D8 Discover, Japan, Cu-Ka radiation at
40 kV and 30 mA, 6 to 26 configuration.
Spectral measurements were performed in the
angular range of 5°-80° (26/min). Figure 4
shows the X-ray diffractogram of the Ag-NP
produced from the three plant extracts, to
confirm their crystal characteristics. The
diffractogram of the Ag-NPs confirmed its
crystalline characteristics. Major peaks were
observed around the following angles; 23.02°,
26.4°, 34.4°, 37.86°, 40.68°, 49.12°, 54.2°, 56.56°,

and 76.06°. Referencing from the International
Center for Diffraction Data (ICDD), these peaks
corresponds to the silver crystalline phases in
the plane (111), (220), (200), (220), (311), (222),
(440) respectively, and are attributed to the
face-centered cubic (FCC) crystal structure.
These results corroborated the data obtained
from the standard ICDD database having card
no: #00-004-0783. Of all the phases, the most
important is the (111) plane configuration,
which indicates the Ag-NPs are well
crystalline and stable. The unassigned peaks
phases marked “X” and others in the figure
may be due to the crystallization of bioorganic
phases present in these plants, according to
Asif et al. [39].
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Figure 4. X-ray diffractogram of synthesized Ag-

3.4. Microscopy of Silver nanoparticles

Microscopy is a surface imaging method
that is essential in determining the particle
size distribution, particle structure, and
surface morphology of the synthesized
nanoparticle. In this study, optical
microscopy was used to determine the
morphology of the Ag-NP from the three
plant extracts (Figure 5). The optical
microscopy was done in Oulu University,
Finland, using Dark-field microscopy (DFM).
It operates through selectively capturing
light scattered from the sample while
excluding the incident light. As a result, the
field around the sample produces a dark
background while the sample is visualized
as a bright object [40, 41]. Observations were
done at 250 pm, 100 pm, and 50 pm. It could
be observed that the Ag-NPs from the 3 plant
extracts were formed, which are dense, not
too dispersed, and agglomerated in certain
regions, with  different sizes  of
nanoparticles. Agglomerations could be a
result of the solvent effect of Van der Waals
attraction between particles in solution,
causing them to form little clusters. Optimal
microscopic analysis was only able to
observe the presence of nanoparticles in
solution. However, scanning electron
microscopy (SEM) and transmission

NPs

electron microscopy (TEM) are required to
observe a more detailed surface morphology
of the nanoparticles for their shape and size.

3.5.Particle size distribution and Zeta
potential analysis

This is an essential analysis that
determines the electrical potential of
nanoparticles in colloidal dispersions to
define their charge in suspension. Zeta
potential was measured by adding Ag-NP
solution to a cell that contains two gold
electrodes. When a voltage was applied to
the electrode, the particles moved towards
the electrode with the opposite charge. A
Doppler technique was used to measure the
particle velocity as a function of voltage. A
laser passes through the cell, and as
particles move through the laser beam, the
intensity of scattered light fluctuates at a
frequency proportional to the particle speed.
Particle speed at multiple voltages was
measured, and the data were used to
calculate the zeta potential. This reveals the
surface charge, stability, and aggregation of
nanoparticles. The average zeta potential of
the synthesized nanoparticles was -7.142
mV, -6.082 mV, and -1.424 mV for BLNP,
PLNP, and VLNP, respectively (Figure 6).

Journal of Sustainable Technology and Materials 7
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Figure 5. Optical microscopic iging of synthesized nanoparticles: BNP (Bitter leaf plant
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Figure 6. Particle size distribution — Zeta potential of synthesized nanoparticles

The negative zeta potential of the Ag-NPs
would indicate that the net charge on the
surface of the nanoparticles is negative.
Furthermore, the values were observed to be
less than 10 mV, indicating the nanoparticles

are unstable with weak repulsion forces
between suspended particles, limiting
dispersion [42]. This may be an indication of
the high particle size values of the
synthesized particles, given that there was an

8
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aggregation of particles, which confirms the
microscopy observations. However, Ag-NP
produced from bitter leaf (BLNP) had the
highest potential, indicating it has the most
stability, while VLNP had the least potential,
indicating the least stability of the three
synthesized Ag-NPs.

3.6. Evaluation of antibacterial properties of
nanoparticles
The antibacterial efficiency of silver
nanoparticles has been mostly observed
either in medical applications, microbial
incubated treatment [15, 27], or cultured
bacterial treatment [3], where nanoparticles
are being used to treat one, at most three
microbes at a time. However, there is very
limited literature or works on the
determination of antibacterial properties of
silver nanoparticles in standard wastewater.
The silver nanoparticles (Ag-NP) synthesized
in this study were tested for their efficiency to
eliminate E. coli and Fecal Streptococci from
domestic wastewater. Figure 7 presents the
effect of synthesized silver nanoparticles,
plant extract wused for nanoparticles
synthesis, and silver nitrate in wastewater on
bacteria in domestic wastewater. Three
groups of tests were carried out: nanoparticles
in wastewater (VL1, PP1, and BLI), plant
extract in wastewater (EXT), and silver
nitrate in wastewater (Ag(+l)). The
antibacterial properties were evaluated for
two bacteria, E. coli and Fecal Streptococci.
When the silver nanoparticles and silver
nitrate were introduced into wastewater, the
color of the mixture changed from grey to a
deep red solution (VL1, PP1, and BL1), but
brown for the wastewater in which silver
nitrate was added (Ag(1+)) (Figure 7). The
change in this color might be due to the
influence of their optical properties, due to
interactions of the organic and inorganic
composition in wastewater, and the Ag (0)

Figure 7. Appearance of wastewater upon
addition of green-synthesized
nanoparticles; WW: Raw wastewater, EXT:
Wastewater + Extract, AG(1+). Wastewater
+AgNO;, VLI, PPl BL1: Wastewater +
Silver nanoparticles

and Ag (+), affecting the aggregation and
dissolution of NPs, which is in accordance
with the findings of Gibson (2018).
Alternatively, this might be due to the
formation of larger nanoparticles as a result
of the reduction of the remaining Ag (+) in
solution to Ag (0) by organic contents in
water, resulting in a darker solution [43, 44].
Figure 8 presents the antibacterial analysis of
the treated wastewater samples and the
wastewater. Figure 8A presents the inhibition
zones of Ag-NP on E. coli. It could be observed
that the highest inhibition was found in BL1
(BL1 (£-col)), followed by PP1 (PP1 (£-coli) and
VL1. WW and EXT had high concentrations of
E. coli (little or no inhibition). Figure 8B
presents the inhibition zones of Streptococci
in the samples. It could be observed that the
highest inhibition of Streptococci was in BL],
followed by VL1, PP, and Ag (1+). The highest
concentrations of Streptococci were found in
WW.

Journal of Sustainable Technology and Materials g9



Ngu et al.

Assessing antibacterial efficacy of nanoparticles from three plant extracts against

E.coli and Streptococci in urban wastewater

eEIch)

(Strentoc

o BRI)

(Strentoc

Ag (1)) o

(Streptococ

Figure 8. Diffusion analysis of the wastewater and treated water samples against (A) E. colz (B)

Streptococci
From raw wastewater analysis, it was I Ecoli
observed that the mean count for Fecal [ streptococci

Streptococci (FS) was 12 x 103 CFU/100 ml and
Escherichia coli (EC) was 47 x 103 CFU/100 ml.
These counts decreased with the addition of
nanoparticles produced from the three plant
extracts and silver nitrate, but remained
unchanged with the addition of the plant
extracts.

Figure 9 presents the E coli and
Streptococcus bacterial counts in all water
samples, corresponding to the nanoparticles’
ability to eliminate each bacterium. It can be
observed from the analysis that the mean
value of the E. coli was relatively high in the
raw wastewater, and was reduced upon
addition of the different nanoparticles and
AgNO3 solution. The E. coli elimination
efficiency for the various nanoparticles were
99.6% for the nanoparticles produced with
paw-paw plant (PNP), 98.1% with Perilla mint
nanoparticles (VNP), and 100% removal
efficiency with the bitter leaf nanoparticles
(BNP). The AgNO3 solution was observed to
have anE. coli elimination efficiency of 89.8%.
The highest elimination efficiency of E. coli
was

100

o =3
o o
Il Il

Removal efficiency (%)
-y
o
1

20

P v BNP A
Figure 9. Antibacterial activities of Ag-NP
against E. coli and Streptococci

obtained from the silver
produced with bitter leaf (BNP).
Similarly, with the addition of Silver
nanoparticles produced from various plant
extracts, the counts of Streptococci reduced
with an elimination efficiency of 60% in PNP,
525% in VNP, and 97.42% in BNP.
Furthermore, the Streptococci elimination
efficiency for AgNO; solution was found to be
58.31%. The addition of each plant extract had
no notable effect on the microbes in
wastewater.

nanoparticles
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The observed results indicate that the
synthesized Ag-NPs are suitable for
inhibiting the activities of microorganisms
like E. coli, Streptococci, and possibly other
microbes in wastewater. The aforementioned
results also reveal that Ag-NPs synthesized
from the different plants had different
degrees of antibacterial activities on different
microbes, and the Ag-NPs produced from
bitter leaf (BNP) had the highest antibacterial
activity of the three. This confirms that, as the
phytochemistry of the plant affects its
kinetics of production, so does it affect its
antibacterial properties. The use of Ag-NP
will therefore find extensive use in water and
wastewater treatment.

4. CONCLUSION

In the synthesis of metal nanoparticles
through bio-reduction, silver nanoparticles
(Ag-NPs) have gained a lot of interest due to
their formidable properties and good
antimicrobial characteristics. This study
seeks to determine the characteristics and
antibacterial properties of Ag-NPs produced
from different plants. Three plants were
selected, ie, Carica papaya (Paw-paw plant),
Vernonia amygdalina (Bitter leaf plant), and
Perilla frustescens var (Perilla mint plant) as
reducing and capping agent, and 6 mM silver
nitrate as precursor. The synthesized NPs
were characterized  through optical
microscopy, UV-Vis spectroscopy, FTIR, XRD,
particle size distribution, and zeta potential.
The confirmation of the formation of Ag-NPs
was revealed by the UV-Vis spectroscopy,
with the Surface Plasmon Resonance
between 410 and 440 nm, and the most
intense being VNP and BNP. XRD revealed the
strong crystalline nature of the Ag-NPs
synthesized from all three plant extracts. The
optical microscopy observation of Ag-NPs
showed the presence of NPs formed, slightly
dispersed with zone aggregation. By means of
zeta potential, it was seen that the average
surface charge of all the nanoparticles was
negative, and less than -10 mV, indicating
weak inter-repulsion between nanoparticles,
hence strong affinity for aggregation. This

was confirmed through their particle size
distribution. In the treatment of urban
wastewater, all three Ag-NPs had the affinity
to eliminate E. coli and Streptococci in
wastewater. BNP had the best inhibiting
capacity, followed by PNP and finally VNP.
Hence, NP produced in the same conditions
from different plant extracts exhibit different
degrees of antibacterial properties. In
summary, the application of biosynthesized
nanoparticles can pass its laboratory phase
into a standard water and wastewater
treatment system.
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ABSTRACT

Estimating the risk to public health from heavy metals can help address basic questions about
their potential dangers. This is the first study aimed to assess the health risk for the residents of
the municipality of Zenica, on the land closest to the steel industry, by examining the heavy metals
Zn, Ni, Pb, Cd, Cr, and Cu in the soil and plant cultivars corn and chard that could be used for the
potential remediation of such soil. Using the calculated data for HQ and HI, the non-carcinogenic
and carcinogenic risks for adults and children were estimated based on heavy metals in the
selected topsoil and plants commonly grown in the area of interest, through different routes of
intake. The results showed that there is an unacceptable risk for children and adults due to long-
term consumption of investigated plant cultivars from soil contaminated with heavy metals.
Constant monitoring and measures to reduce the heavy metal pollution, primarily Cd, Pb, and Cr,
are necessary in the lands of the municipality of Zenica. Special caution is required for residents
who intend to grow plant cultivars near the steel industry.
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1. INTRODUCTION
Risk analysis, as a paradigm, is science-

pollutants from plants and the land where
they are grown [1,2]. Furthermore, it

based, problem-oriented, performed with
fresh data, draws on information from
different sources, makes the best decision at
the most appropriate time, and produces
flexible, up-to-date  decisions. Risk
assessment is a complex process for
determining the risks related to some types
of hazards in food - biological, chemical, or
physical [1,2]. Risk characterization aims to
assess the nature and likelihood of harm as
a result of human exposure to various

provides structured information that helps
decision makers identify interventions that
have public health significance and
provides a basis for the use of various
options. These options include regulatory
measures when necessary. Risk
assessment can also be used to identify
collected data and target research that
should increase the value of the
assessment. In the future, risk assessment
can help in the planning of science-based
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remediation plans [3,4]. Namely, the basis
that can be used for risk assessment helps
in the identification of hazards whose
occurrence is possible [2,5,6,7]. The real
benefit is that the hazard is defined as the
risk of negative health consequences, before
it becomes contamination in the food chain
[8]. With the introduction of risk analysis
posed to heavy metals pollution worldwide,
a new way of thinking about problems has
been introduced. Many problems (e.g., food
and environmental safety) still occurred
and increased. The steel industry-
associated activities, coal combustion, and
intensive traffic in Zenica's municipality
have become the main anthropogenic
routes by which residents are exposed to
elevated levels of toxic elements (such as
Zn, Ni, P, Cd, Cr, and Cu) exceeding normal
background levels [1,9,10]. Urban and
agricultural lands are the major sink for
these metals released into the environment,
whereas they can negatively affect the
chemical and biological soil quality
[6,11,12,13]. Because of their potential
toxicity, persistence, and bioaccumulation,
elevated levels of these elements in the
environment pose a serious threat to the
public health of Zenica's population and
cause serious concern, especially from
malignant diseases [14,15,16]. Of particular
concern is the increase in the number of
patients and deaths from different kinds of
cancer cause of heavy metal intoxications
[17-20]. That is not surprising if it is known
that in the winter months, a "cover" is
formed over the small and narrow Zenica
valley, under which all the toxic substances
released from the chimneys and plants of
the ironworks and other anthropogenic
emissions remain as the toxic living
atmosphere for the residents [11,15]. Many
studies have confirmed similar health
problems related to the toxic effects of
heavy metals, especially in environments
near various industrial plants, around the
world [10,12,22,23,24]. The goal of this work
was estimating the risk to adults and
children health based on the content of

heavy metals in the land of the potential
agricultural area of the municipality of
Zenica, where Zn, Ni Pb, Cd, Cr and Cu were
identified as potential dangerous inorganic
pollutants in the observed topsoil and plant
cultivars, that are oftenly planted in this
area and could serve for its potential
phytoremediation.

2. EXPERIMENTAL PART

Topsoil and related plant cultivars (corn
and chard) were collected and prepared
from selected areas in the municipality of

Zenica, near the steel company
ArcelorMittal Zenica [2,25]. Specific
locations (about 1000 m? each) for

investigation were: Tetovo 44 13'52"N, 17
53'18"E, Podbrijezje 44 21'17"N, 17 88'70"E,
and Gradisée 44 24'04"N, 17 87'66"E, where
the selected plants: corn and chard were
cultivated. All samples were analyzed for
the total content of the heavy metals by
using an AAS method (Perkin Elmer
spectrometer 3110), according to standard
ISO 11466 and the Official Gazette of the
Federation of Bosnia and Herzegovina [26].
In the accredited labs of the “Kemal
Kapetanovic¢” Institute, University of Zenica,
all chemical analyses were performed.

a) Calculation of health risk assessment
for soil:

The potential health risk assessment
calculated for a lifetime of exposure
(ingestion, inhalation, and dermal) based on
USEPA model [27-32]., was determined as
the cumulative carcinogenic and non -
carcinogenic risk. The value of the total
hazard index is calculated for the maximum
content of heavy metals for adults and
children. Non-carcinogenic and
carcinogenic effects of heavy metals in soil
were estimated by using equations:

AbDina — i x MR X EF X ED X CF
mg = BW X AT
ADDinh — cup x AR EF X ED
m = PEF X BW X AT
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ADDder
SAXAF X ABSXEF XED X CF

BW X AT

Where ADDiyq - Average daily doses (mg/kg
day) via ingestion; ADDi,, - Average daily
doses (mg/kg day) via inhalation, and
ADDy.r - Average daily doses (mg/kg day) via
dermal contact.

Hazard identification basically aims to
investigate pollutants that are present at
any given location, their content, and
spatial distribution. In the study area, Zn, Ni,
Pb, Cd, Cr, and Cu were identified as possible
hazards for the community. The non-
carcinogenic effects of the elements were
assessed by calculating the hazard
coefficient and hazard index.

=CMX

ADD
where HQ-hazard coefficient, RfD- Chronic
reference dose (mg/kg day) of specific

heavy metal, and HI-hazard index.

n n
. Z Ho ADD,
= k = —_—
k=1 k=1 Rka

The risk index (RI) predicts the potential
cancer risk for children and adults in the
study area by integrating all gathered
information to produce quantitative
estimates of cancer risk and hazard indices.
Due to the lack of available values for slope
factors (SF), we estimated carcinogenic risk
only for exposure to Cd, Pb, and Cr, whose
concentrations were the highest among the
measured concentrations in the tested
samples.

Rlpatmway = Z ADDy, CSF,
k=1

where RI is unitless probability of an
individual developing cancer over a
lifetime; ADDy is Average daily intake (mg/
kg day) for kth heavy metal, and CSFx is
Cancer slope factor (mg/ kg day)* for kth
heavy metal.

Rliora = Rling + Rl + Rlger

where Rling, Rlinn, and Rlger are risk
contributions through ingestion, inhalation,
and dermal pathways.

The assessment is based on the following: If
the elemental content of the metal is less
than Rf, then HQ <1, which means that there
are no adverse health effects. In the case
that elemental content value is above Rf (HQ
> 1), then adverse health effects are probable
[28]. An HQ value higher than 10 indicates a
high chronic risk for carcinogenic effects of
the elements [22]. HI is the sum of all non-
carcinogenic hazard quotients of the
elements across all three exposure routes. If
HI < 1, there is no risk of non-carcinogenic
effects, while HI > 1 indicates a probability of
adverse health effects. The RI is the
probability that an individual will develop
any type of cancer in their lifetime due to
exposure to carcinogenic hazards. If the
calculated RI < 105, the carcinogenic health
risk can be considered negligible. If the RI is
in the range of 1 x 10 to 1 x 104, then these
values are within the acceptable risk to
human health. If RI > 10 then there is a
high risk for developing cancer in humans.

b) Calculation of health risk assessment for
plant cultivars consumption

To estimate the non-carcinogenic and
carcinogenic health risk from consuming
the plant cultivars (alfalfa, corn, and chard)
contaminated with heavy metals, the target
hazard quotient (THQ) was calculated as per
the US EPA Region III Risk- Based
Concentration Table. The THQ is calculated
by the following equation:

THQ:Rf_D

where EDI is estimated daily intake; target
hazard coefficient THQ is non-carcinogenic
risk and is dimensionless; RfD is the
reference dose of individual metal (mg/kg/

day).
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Table 1. Parameters for health risk assessment of heavy metals in soil samples [27]

. . Value
Factor Definition Unit Adults Children
CM Heavy metal content in soil or mg/kg
plants
IngR Ingestion rate of soil mg/day 100 200
EF Exposure frequency days/year 350 350
ED Exposure duration years 30 6
BW Bod.y. weight of the exposed kg 70 15
individual
AT Average time days 365ED 365ED
InhR Inhalation rate of soil m?/day 20 10
PEF Particle emission factor m®/day 1.36x10° 1.36x10°
SA Exposed skin surface area cm? 5700 2800
AF Skin adherence factor mg/cm? 0.07 0.2
CF Calculation factor kg/mg 106
ABF Dermal absorption factor none 0.1 0.1
Table 2. Reference doses and Cancer Slope factors for heavy metals [29]
Heavy RfDing RfDinn RfDaer Oral Inhalation
metal (mg/kg/dan) (mg/kg/dan) (mg/kg/dan) CSF CSF
Zn 3.00x10! 3.00x 10! 6.00x102
Ni 1.00x10'! 2.00x103 5.00x103 8.40x10!
Pb 3.00x107! 3.00x10°3 5.00x10 8.50x10° 4.20x102
cd 1.00x102 1.00x10-2 1.00x105 15 6.30
Cr 3.00x10°3 2.00x10* 7.00x10-3 5.00x10°! 4.10x10!
Cu 4.00x102 4.00x10! 1.00x102

The reference oral dose (mg/kg/day) of
selected metals is given in Table 2. To
assess the overall potential health risk
posed by different plant cultivars, the total
hazard coefficient (TTHQ) was also
calculated, where TTHQ <1 is safe, and
TTHQ »>1 is hazardous. To estimate the
overall potential for non-carcinogenic
health risk from all investigated heavy
metals, HI can be calculated by the sum of
the TTHQ metals of each plant cultivar [13].
Furthermore, carcinogenic risk (CR) was
calculated using an equation:

CR = EDI X CSF oral

Generally, total CR values lower than 1 x
10%are considered tobe minor, above 1 x 10°
4 are unacceptable, and lying in the range
of 1x10-%to 1x10* is an acceptable range.

Quality control: The pre-cleaned tools,
high-quality reagents, and standards were
used, and three sample replicates were
done during the AAS measurements of
heavy metal content in topsoil and plant
cultivars. Measured data for the total
content of heavy metals were the subject
of descriptive statistics. Relevant USEPA
guidelines and ISO standards, and the
environmental Bosnia and Herzegovina
rulebook were used for performing the
chemical analysis [26,33]. The calculations
were done using Microsoft Excel software.

3. RESULTS AND DISCUSSION

Heavy metals topsoil analysis resulted in
the following average data ranges
(mg/kqg): 30-100 for Zn, 40-120 for Ni, 20-70
for Pb, <1 for Cd, 30-180 for Cr and 20-40 for
Cu. Generally, the results obtained from
AAS measurements of selected heavy
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metals indicated mild to moderate
pollution of the investigated land area in
Zenica. Enrichment factors (EF) were also
calculated (as a ratio between the content
of heavy metal in polluted soil and content
of heavy metal in control soil), and
obtained data were in the range: 0.7-1.3 for
Zn, 0.8-3.6 for Ni, 0.7 -3.7 for Pb, 1 for Cd, 0.8
-14 for Cr, and 0.8 -1 for Cu. EF was
calculated as a ratio to assess the pollution
level of selected lands, where EF < 2
indicates anthropogenic non-harmful
pollution, and EF 2-5 indicates moderate
pollution. The results showed the highest
heavy metal pollution in the GradiSce area,
in the following order: Ni > Pb > Zn > Cr >
Cd > Cu. Similar results were obtained in
other studies [1,9-11]. Furthermore, heavy
metals analysis of selected plant cultivars
resulted in the following average data
ranges (mg/kg): 1-14 for Zn, 11-53 for Ni, 1-
53 for Pb, 1-3 for Cd, 1-44 for Cr, and 1-39 for
Cu. Regular monitoring of these lands is
necessary in the goal of measuring the
heavy metal content related to the soil
matrix and possible enrichment caused by
human activities and industrial
emissions.

a) Soil non-carcinogenic and carcinogenic
risk assessment

The values of average daily doses for

adults and children are presented in

Tables 3 and 4.

Due to soil exposure, the non-carcinogenic

HQ and HI for adults and children were

estimated using the 95th percentile value
of the total metal concentration. The
obtained results of the health risk of non-
carcinogenic substances for adults and
children, based on maximum metal
concentrations in the tested soil and
exposure through three different routes
(ingestion, inhalation, and through the
skin), are presented in Tables 5 and 6.

The data on risk pathway and total risk for
adults and children are presented in
Tables 7 and 8.

Potential carcinogenic risk will occur from
Cr for children, as shown by the obtained
results. Similar findings were obtained in
foreign works where heavily polluted
lands were investigated [13, 34].

b) Plants non-carcinogenic and carcinogenic
risk assessment
The data of estimated daily intake, overall
THQ, and HI for adults and children are
presented in Tables 9 and 10
Results (Table 9) showed that the highest
EDI contributions were of Pb and Cu from
corn, especially for children.
This is in accordance with other similar
investigations related to long-term
consumption of cereals and vegetables
cultivated in the polluted areas worldwide
[3,6,13,35]. Corn is a plant cultivar with a
very high bioaccumulation factor of
investigated heavy metals [3, 36].

Table 3. Calculated values of ADD (mg/kg/day) of soil samples for adults

Heavy metals ADD (mg/kg/day)
pathway Zn Ni Pb cd Cr Cu
ingestion 1.4 x10* 1.7x10* 9.8x10° 1.4 x10% 25x10* 5.6 x10°®
inhalation 2.8x10°8 24x108 1.4x108 2x1010 3.6x10°8 8 x10°
dermal 3.3x10° 3.4x10° 2.3x10° 3.3x107 59x10° 1.3x10°5
total 3.4x10° 2x10* 1.2 x10* 2.1x10° 3.1x10* 6.9x10°%
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Table 4. Calculated values ADD (mg/kg/day) of soil samples for children

Heavy metals ADD (mg/kg/day)
pathway Zn Ni Pb cd Cr Cu
ingestion 6.4 x10 7.7 x104 4.5 x10* 6.4 x10° 3.1x10°3 2.6 x10*
inhalation 477 x10°8 5.6 x10°8 3.3 x10® 4.7 x1010 8.5 x10°® 1.9 x10°8
dermal 2.2 x104 2.6 x10* 1.5 x10* 2.2 x10°® 4 x10* 8.8 x10°
total 8.6 x10# 1x103 6.4 x104 8.6 x10 3.5 x10°3 3.5 x10*
Table 5. Calculated HQ and HI values for adults
Different HQ
pathway Zn Ni Pb cd Cr Cu
ingestion 4.7 x104 8.5 x10°3 2.7 x10°2 2.8 x10°2 8.3 x102 1.5 x103
inhalation 9.3 x10® 1.2 x10® 4.7 x10°° 3.5x10° 1.8 x10* -
dermal 4.4 x10* 6.7 x10°3 4.6 x102 6.6 x10 8.4 x103 5.4 x10*
HI 9.1x10* 1.5 x102 7.3 x10? 3.5x10°% 9.2 x10? 2 x10°3
Table 6. Calculated HQ and HI values for children
Different HQ
pathway Zn Ni Pb cd Cr Cu
ingestion 2 x103 3.9 x10? 1.3 x10! 1.3 x102 1 7 x10°3
inhalation 1.6 X107 2.8 x10°% 1.1x105 8.2 x10® 4.3 x104 -
dermal 2.9 x10°3 4.6 x102 3 x10! 4.4 %103 5.7 x102 3.7 %10
HI 49x10°3 8.5 x10°2 4.3 x101 1.7 x102 11 1.1 x102

Table 7. Calculated risk pathway and total

risk for adults

risk for children

Table 8. Calculated Risk pathway and total

Different Risk pathway Different Risk pathway
pathway Pb cd Cr pathway Pb cd Cr
ingestion 83x107 21x107  13x10° ingestion 3.8x107 9.6x105 16x103
inhalation 5.9x10° 12.6x10° 1.5x10% inhalation 1.4 x10° 29x10° 3.5x10°
total tisk 8.3 x107 2.1x107 1.3 x10® Total Risk 3.8x107 9.6x105 1.6x103
Table 9. Calculated EDI (mg/kg/day) for adults (a) and children (c)
EDI (mg/kg/day)
Pla!nt Zn Ni Pb Cd Cr Cu
cultivar
c a c a c a c a c a c
corn 0.001 0.007 0.020 0.096 0.032 0.152 0.002 0.010 0.010 0.048 0.031 0.147
chard 0.001 0.007 0.030 0.144 0.001 0.007 0.003 0.016 0.001 0.007 0.001 0.007
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Table 10. THQ, TTHQ, and HI data for adults (a) and children (c)

THQ
Plant Zn Ni Pb cd Cr Cu
cultivar
c a c a c a c a c a c
corn 0.005 0.022 1.005 4745 9.057 434 42 202 33 16 0.77 3.685
chard 0.005 0.022 1505 7205 0400 191 6.6 312 047 22 0.035 0.168
TTHQ 0.010 0.044 2510 11950 9.457 4531 108 514 3.77 182 0.805 3.853
HI adult 18.337
HI children 42.705

As the THQ data in Table 8 showed,
potential non-carcinogenic risk posed to
Cd, Pb, Cr, and Ni is seriously high for
children as well as for adults for long-term
consumption, especially of corn in the
investigated lands. Similar results for the
highest values of THQ and HI were found
in the papers about health risk assessment

of soil and edible plants in different
countries, especially in areas near heavy
industries - steel, petrochemical, etc. [5,6,
13,34].

The data of CR and total CR for adults and
children are presented in Table 11.

Table 11. CR and total CR data for adults (a) and children (c)

Plant cultivar CR
Cd Pb Cr
a c a c a c
corn 3.2x102 1.5x10°% 2.7 x10* 1.3x10°% 5x108 2.4x10?
chard 5x10? 2.3x10°3 2x108 5.7 %108 7 x 104 3.4x103
Total CR 8.2 x102 3.8x10°8 2.9x10* 1.3x10°% 5.7x103 2.7x1072
Results showed that the potential different routes of intake of these heavy

carcinogenic risk calculated for target
metals such as Cd, Pb, and Cr is
unacceptable for children as well as for
adults in the municipality of Zenica, as the
CR values were above the safe limit of 10,

4. CONCLUSIONS

Our study assessed both non-carcinogenic
and carcinogenic health risk due to
exposure to heavy metals Zn, Ni, Pb, Cd, Cr,
and Cu through the soil - plant human
contamination pathway next to the typical
steel industry in the area of the
municipality of Zenica. The soil was
polluted with different metals, which was
shown by the results of the chemical
analysis of the selected metals and the
calculated EF data. Particularly worrisome
data were obtained for Cd, Ni, Pb, and Cr
after the evaluation of the health risk for the
soil and the tested plant cultivars through

metals. Our study could serve as a model for
similar estimations that would deal with
public health risk assessment in areas that
are particularly contaminated by known
industrial emitters.
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ABSTRACT

This work aimed to examine the possibility of stabilizing red mud with a natural mineral, namely
pyrophyllite shale, to the extent that it is not harmful to the environment, as well as the use of such
a stabilized composite for the production of building materials such as bricks, to ultimately achieve
a complete circular economy, where, on the one hand, there would be the utilization of waste
material, the preservation of the environment and natural resources, and, on the other hand, the
production of products of the same quality. Based on the set goal, the results for the composition
of red mud and pyrophyllite shale, as well as the stabilized composite before and after thermal
treatment at 900 °C, are presented in the work, and they show that there is a decrease in the
proportion of all oxides present in the mixture except silicon, because it is over 63% in pyrophyllite
shale. Based on the stabilized composite, building block samples were formed. After the firing
process, the samples cracked, and as such, they could not be analyzed further. Based on this, it
could be concluded that only the stabilized composite cannot be used to make bricks.
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1.INTRODUCTION

1.1. Red mud

Bauxite residue, or red mud, is a solid
waste product resulting from the
processing of bauxite ore into alumina.
Red mud is mainly collected from the
Bayer process, which uses sodium
hydroxide to dissolve aluminum silicates.
Approximately 35-40% of the processed
bauxite ore is discarded as alkaline red
mud, which consists of 15-40% solids, and
1 to 1.5t of red mud is left over from the
production of 1t of alumina [1]. As a solid

waste, red mud is usually disposed of in
sludge ponds as sludge deposits or in
ponds as dry sludge near alumina
production plants, or it is directly
discharged through pipelines into the
nearby sea. Due to its fine particle
characteristics, high alkalinity (pH 10—12.5),
and metal content, the disposal of large
quantities of red mud has caused serious
environmental problems, including soil
pollution, groundwater pollution, and
marine fine particle suspension. The
storage of red mud in lakes or ponds takes
up huge areas, and the storage of dry red
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mud can also lead to dust pollution, which
is a serious health problem for people
living near red mud dumps, because
breathing brings in small particles that
accumulate in the body, and they have a
very bad effect on human health. The cost
of red mud disposal is relatively high and
accounts for about 2% of the cost of
alumina [2].

On the other hand, red mud consists of
valuable materials such as rare earth
elements, titanium, iron, and aluminum.
Typical amounts of Ti, Si, Fe, Na, and Al in
red mud are 2-12%, 1-9%, 14—45%, 1-6%,
and 5-14%, respectively [3]. However,
despite the invaluable results obtained
from research related to the use of red
mud, they are not practically applicable for
recycling large quantities of red mud (i.e.,
currently 150 million tons per year [3,4]). Of
all the elements present in red sludge, iron
occupies the largest share in the form of
oxides or hydroxides, and by disposing of
and not using red sludge, large amounts of
iron are also disposed of, approximately 20
Mt per year [5].

1.2. Pyrophyllite schist

Pyrophyllite schist is a hydrated
aluminum silicate with the chemical
formula Al,Sis0:(OH), and is commonly
associated with other minerals such as
quartz, mica, kaolinite, epidote, and rutile.
Pure pyrophyllite shale consists of 28.3%
Al,0;, 66.7% SiO,, and 5% H,O by mass.
Pyrophyllite shale, when pure, is desirable
for many applications because of its
unique properties. For example,
pyrophyllite provides low thermal and
electrical conductivity; high refractive
behavior; low coefficient of expansion;
high corrosion resistance; low bulk
density; and low hot load deformation.
Therefore, this mineral is widely used in the
refractory, ceramic, and pharmaceutical
industries, but also in the production of
pesticides, fertilizers, paper, paints, plastics,
rubber, cement, etc. [6]

1.3. Building block

Building materials are understood as
natural or artificial materials, which are
used in the form of raw materials, semi-
finished products, or finished products for
the construction of buildings. In addition
to the binding layer, the essential
construction material is a building block,
as a unit element for masonry, with
dimensions and mass adapted to the
handling of workers; most often in the
form of a cube, with or without cavities.
The simplest building block is essentially
a traditional material called brick. The
term brick refers to small units of building
material, often made of baked clay and
attached with mortar, a binding agent
consisting of cement, sand, and water.
Today, bricks are produced from brick clay
or loam with additives. Clay is the basic
plastic raw material. The most common
additives can be stone sand, limestone or
marl clay, and iron hydroxide. Clays with
a large number of impurities absorb water
poorly, which is one of the disadvantages.
The basic property of clay is its plasticity.
This allows it, when mixed with water, to
produce a dough that does not crack or tear
during shaping, while retaining its shape
after drying and baking. The brick
production process begins with the mixing
and grinding of raw materials in mills.
After grinding in coarse mills, scattering,
aging, and homogenization are carried out
in rooms with sufficient moisture. After
that, the clay is ground again in fine mills,
and its shaping is carried out in a vacuum
press [7].

2. EXPERIMENTAL RESEARCH

The experimental plan was to investigate
the possibility of using pyrophyllite shale,
as a natural mineral, to stabilize red mud
to a form that is not harmful to the
environment, as well as the use of such a
formed composite for the production of
building blocks or bricks. A mass ratio of
11, 1.2, and 1:3 was used to form the
composite of red mud and pyrophyllite
shale. Before forming the building block
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samples, with the specified proportions of
red mud and pyrophyllite, it was first
necessary to convert the components into
the same shape, so a ball mill was used for
this. The samples were formed in a mold
measuring 4x4x20 (cm) under the same
conditions. The specified dimensions for
forming the building block represent
standard dimensions for subsequent
analyses of the finished samples for
further testing. After mixing the
composite with water and filling the
molds, the samples were air-dried for three
days at room temperature to release
moisture, leading to a volume decrease.
The drying continued in an oven at 105 °C
for 32 hours before firing in an annealing
oven, which included an initial half-hour
at 550 °C to evaporate residual moisture
and prevent cracking, followed by a two-
hour duration at 900 °C, and concluded
with a cooling phase before the final
samples were removed. The finished
samples are shown in Figure 1.

Figure 1. Finished samples of the
building block

3. RESEARCH RESULTS WITH
DISCUSSION

In order to determine the success of the
stabilization of red mud with pyrophyllite
shale, the composition of red mud,
pyrophyllite shale, and the formed
composite was analyzed before and after
thermal treatment at 900 °C, while the
formed building block samples were
subjected to analysis to determine the
compressive strength. The pH value of the

red mud was in the alkaline range, as in
the case of pyrophyllite shale, but with
pronounced buffer properties. The forms
of metal elements in a stable state with
lower mobility and reactivity in the
alkaline range were recorded. In the next
step of the experiment, when the
composite was subjected to the firing
temperatures of the building block, the
conversion of the present metal
components into an inert oxide form was
performed. The composition of the
components used in the oxide form is
shown in Tables 1 and 2.

Table 1. Analysis of the composition of

pyrophyllite schist

Oxide mas.%
Si0O; 63.08
Al,03 27.42
Cao 444
Fe203 1.54
K20 1.24
MgO 0.79
Na-.0 0.63
TiO- 0.27
ZnO 0.05

Table 2. Analysis of the composition of
red mud

Oxide mas.%
Fe203 43.93
Al,03 17.91

Si0; 6.79
TiO. 10.2
Na20 6.9

CaO 8.96

For the sake of easier comparison, Figure 2
shows the composition of red mud and
pyrophyllite slate, where it can be seen
that in the pyrophyllite slate, the oxides
SiO; and Al;O; are present in the largest
proportion, while in the red mud, Fe;0;,
Al,05, Si0,, and Ti0O2 are present, while the
remaining oxides are present in smaller,
negligible amounts.
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] ! In Table 3, the composition of the formed
composite is shown for three samples, i.e.,
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Table 3. Analysis of the composition of pyrophyllite schist

Oxide Unit Sample A Sample B Sample C
Si02 % 28.58 35.6 41.69
Fe203 % 25.99 20.05 16.93
AlO3 % 23.36 24.97 2411
Ca0 % 13.05 11.43 10.22
TiO. % 4.05 331 2.8
Na20 % 28 2.48 2.15
MgO % 0.59 0.56 0.62
Si02 % 28.58 35.6 41.69

Figures 3, 4, and 5 show XRD analysis of
the mineralogical composition for
samples A, B, and C, or XRD diffractograms,
before and after heat treatment, with
visible results, which reflect the change in
the mineralogical proportion of individual
components.

In all three ratios of the composite, the
samples before firing have more intense
peaks; they indicate a better arrangement
of the crystalline state and more
crystalline substances, unlike the sample
that was fired at 900 °C. This relationship
is recorded in the range of values of the
angle 26 = 0 — 33. Beyond this value, the
heat-treated sample exhibits crystallinity.
Better ordering of the crystalline state can
be traced up to the value of the angle 26 =
36, after which it significantly decreases
(individual peaks of lower intensity
appear). That means the crystalline state

is correlated with the increase of the
pyrophyllite component in the composite.
In addition to examining the composition
of red mud and pyrophyllite shale before
and after stabilization, the formed building
blocks were to be subjected to several
analyses, such as compressive strength
and water absorption properties, etc.

Red mud:pyrophyllite= 1:1
W befor firing
[ ] after firing
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However, this was not possible because
the samples, after finishing the baking

M befor firing
i) after firing

—————————————————————————————————————————————————————————

Several mechanisms can explain the
observed stabilization. First, the high SiO,
and Al,0; contents of pyrophyllite promote
the formation of a more stable silicate
matrix that can accommodate reactive
components of red mud, thereby reducing
their leaching. Aluminosilicate minerals
have been shown to immobilize heavy
metals and to stabilize alkaline wastes [2,4].
Moreover, the pre-fired composites exhibit a
much higher degree of crystallinity in XRD
analysis, indicating a more ordered
arrangement that contributes to initial
structural stability. During firing, some
peaks diminish in intensity, which probably
corresponds to phase transformations and
partial melting, which affects the structural
integrity.

The fractured fired building blocks are due to
the mismatch in thermal expansion as well as
the high content of Fe,0; from red mud.
During firing, iron oxides serve as fluxes and
lead to a decrease in the softening point and
internal stresses due to different expansion
rates and phases. Industrial wastes are a
potential medium of high-iron loading that
will have to be blended with plastic clays to
obtain solid bricks, since iron-contaminated
waste might contribute towards thermal
stress on the brick of the same type [1,7]. Thus,
while the solidified red mud-pyrophyllite
composite provides some protection for
hazardous materials, it has limited capability

!
Red mud:pyrophyllite=1:2 !
!

process, had already cracked and, as such,
could not be used for further analysis.

e e Red mud:pyrophyllite= 1: 3
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of making crack-free bricks by itself. One
potential strategy is to utilize the stabilized
mixtures as an additive to traditional clay
blending to enhance environmental safety
without compromising mechanical integrity.
These results add to the literature by showing
the chemical stabilization of red mud with
pyrophyllite, but not to new brick processes
directly.

Contrary to other literature work, which
works with red mud mostly for soil or
pigment stabilization, this work focuses on
combining stabilization mechanisms with
circular economy strategies and proposes the
possibility of valorization of industrial waste
materials while preserving building
materials' performance.

4. CONCLUSIONS

To determine the success of the stabilization
of red mud with pyrophyllite shale, an
analysis of the composition of red mud,
pyrophyllite shale, and the formed
composite was performed before and after
thermal treatment at 900 °C. The
composition analysis shows that
pyrophyllite shale consists mainly of oxides
Si0, (63.08%) and Al,0; (27.42%), and red
mud consists of Fe,0; (43.93%), Al,03 (17.91%),
Si0, (6.79%), and TiO, (10.2%), while other
oxides are present in smaller, negligible
amounts.
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Analysis of the composition of the formed
composite for all three samples, i.e., three
different ratios of pyrophyllite shale and red
mud (Sample A 11, Sample B 1:2, Sample C
1:3), indicates that of all the oxides present,
only SiO, records a trend of increasing
concentrations (28.58 — 35.6 — 41.69%) with
an increase in the share of the pyrophyllite
component, which is logical because
pyrophyllite shale in its composition has
63.08% Si0O,. The content of Al,0; (25.99 -
20.05 — 24.11%) is quite uniform, which can
be explained by its inertness, while a
decrease in concentrations was recorded for
other oxides.

XRD analysis of the formed composite
shows that for all three composite ratios, the
samples before firing have more intense
peaks, which indicates a better order of the
crystalline state, more  crystalline
substances, unlike the sample fired at 900
°C. This relationship is recorded in the range
of values of the angle 26 = 0 — 33. Beyond
this value, the heat-treated sample exhibits
crystallinity.

The initial experiment to create building
blocks using red mud and pyrophyllite slate
was unsuccessful because the samples
cracked after firing, indicating that the
proportions used were unsuitable.

However, the successful stabilization of red
mud with pyrophyllite suggests a potential
alternative application, warranting further

research into using the stabilized mud as an
additive to clay for brick production.
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ABSTRACT

Nifuroxazide is an antimicrobial drug from the nitrofuran group, which is used in the treatment of
acute bacterial intestinal infections. Its mechanism of action is based on the reduction of the nitro
group in bacterial cells, which produces reactive metabolites that permanently damage enzymes
and the genetic material of microorganisms. Enzymes of redox metabolism are particularly
sensitive, among which lactate dehydrogenase (LDH) stands out. In this work, an electrochemical
method (cyclic voltammetry and chronoamperometry) was used to determine kinetic constants.
The enzyme LDH (biosensor) was immobilized on a GC electrode, and the effect of nifuroxazide on
enzyme activity was monitored. The results show that nifuroxazide binds non-competitively to
the enzyme and thus changes the enzyme conformation. This process leads to permanent
blockade of key metabolic reactions, disruption of the redox balance, and death of the bacterial

cell.
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1.INTRODUCTION

Nifuroxazide is a nitrofuran derivative,
containing a nitro group that can participate
in redox reactions. It acts on bacterial
enzymes involved in protein synthesis and
metabolism, especially those that depend on
oxidoreductase processes. The nitro group
can be reduced in bacterial cells, creating
reactive intermediates that damage enzymes
and DNA. This leads to inhibition of bacterial
and parasitic growth. Nifuroxazide is a

selective inhibitor of bacterial
oxidoreductases, and its reactive metabolites
secondarily block dehydrogenases,

transaminases, and DNA replication
enzymes. This achieves a combined effect:
blockade of energy metabolism, protein
synthesis, and damage to genetic material,
which leads to the death of the bacterial cell.
The role of dehydrogenases (E.g., Lactate
dehydrogenase) is crucial in energy
metabolism, and their sensitivity stems from
the fact that reactive metabolites of
nifuroxazide interfere with electron transfer
in these enzymes. The consequence of
inhibition is a disruption in the formation of
ATP and the energy balance of bacteria.
Lactate dehydrogenase inhibitors are
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commonly investigated chemical
compounds for the treatment of cancer.
Most cancer cells switch their metabolism
from mitochondrial oxidative
phosphorylation to aerobic glycolysis to
generate ATP and precursors for the
biosynthesis of key macromolecules.
Aerobic conversion of pyruvate to lactate,
coupled with oxidation of the nicotinamide
cofactor, is a primary hallmark of cancer
and is catalyzed by lactate dehydrogenase
(LDH), the central effector of this
pathological reprogrammed metabolism.
Therefore, inhibition of LDH is a potential
new, promising therapeutic approach for
the treatment of this severe, currently
incurable disease [1]. The nitro group of
nifuroxazide is electrochemically active and
undergoes reduction in bacterial cells.

It creates toxic intermediates that interfere
with enzymes dependent on oxidoreductive
reactions. The mechanism of action of
nifuroxazide consists of several steps. The
first step is entry into the bacterial cell,
where it reaches the intestinal lumen and
contacts bacteria, is not absorbed
systemically, and acts locally. Then, the
nitro group is reduced because bacterial
oxidoreductases reduce the nitro group of
nifuroxazide, and reactive intermediates
(radicals, aldehydes) are formed. The third
step in the mechanism is the formation of
toxic metabolites that bind to the sulfhydryl
groups of enzymes and damage Kkey
metabolic enzymes (dehydrogenases,
transaminases). Inhibition of protein
synthesis and energy metabolism is the
fourth step, where the blockade of enzymes
leads to disruption of protein synthesis, and
energy cycles (ATP production) are
interrupted. Then follows DNA damage,
reactive metabolites attack DNA, while DNA
replication and repair enzymes are
inhibited. The final step in the mechanism
is the death of the bacterial cell, where a
combination of enzyme blockade and DNA
damage leads to a bactericidal effect.
Enzyme inhibitors currently represent
almost half of the drugs in clinical use;
therefore, selective inhibition of enzymes of

infectious organisms (e.g., viruses, bacteria,
and multicellular parasites) is an attractive
means of chemotherapeutic intervention for
infectious diseases. This strategy is well
represented in modern medicine, and a
significant part of antiviral, antibiotic, and
antiparasitic drugs in clinical use today
derive their therapeutic efficacy from the
inhibition of selective enzymes [2]. In this
work, an electrochemical method was used
to study the influence and inhibitory
properties of nifuroxazide on the activity of
the enzyme lactate dehydrogenase (LDH).
Direct electrochemistry of the enzyme can
provide a good model for investigating
enzymatic activity and electron transfer in
biological systems [3]. This work aims to
determine the binding mode of nifuroxazide
by the electrochemical method, determine
the type of inhibition, and the Kkinetic
constants.

2. EXPERIMENTAL

Materials: Lactate dehydrogenase enzyme
LDH Assay Kit AB102526 Abcam
(Cambridge); KH,PO, and Na,HPO,, Fisher
Chemical (Wien, Austria); Nafion Sigma-
Aldrich (Buchs, Switzerland); Nifuroxazid,
Bosnalijek, BiH.

Methods: The instrument used for the
measurements was a
potentiostat/galvanostat Vertex one, Ivium
Technologies, with a classic three-electrode
system in which a saturated Ag/AgCl
electrode was used as a reference electrode,
a Pt electrode as a counter electrode, and GC
(glassy carbon) as a working electrode. An
amperometric biosensor was formed by
immobilizing an enzyme (LDH) trapped in a
Nafion layer on the surface of the GC
electrode, as described in the literature [4,5].
The electrochemical methods used for the
measurements were cyclic voltammetry
and chronoamperometry.

Cyclic voltammetry was used to investigate
the immobilization of the enzyme film on
the electrode surface. All cyclic
voltammetry tests were performed in
physiological phosphate buffer solution (pH
7) and in the potential range from -1.0 to 1.0
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V, at a scan rate of 50 mV/s.
Chronoamperometric technique was used to
determine kinetic parameters: Michaelis-
Menten constant (Kn) and the maximum
current value when the solution is saturated
with substrate (Imax), Which is equivalent to
the maximum reaction rate (Vmax), as well as
to determine the type of inhibition [6].
Chronoamperometric measurements were
performed in a 25 mL phosphate buffer cell
at a constant potential of 0.9 V imposed on
the working electrode, as well as at constant
stirring of 400 rpm. The reaction was
observed in the absence and presence of
different concentrations of nifuroxazide.

3. RESULTS AND DISCUSSION

In an enzyme sensor, the signals generated
by enzymatic reactions are converted into
electrical signals by a GC electrode [7,8]. The
immobilized enzyme exhibits good
sensitivity, selectivity, and response time.
Many types of dehydrogenases catalytically
transport electrons to their respective
electron acceptors. The kinetic parameters
obtained by the analysis based on the
Michaelis—Menten equation may include
the effect of mass transfer resistance
through the outer membrane of the enzyme,
but the effect is estimated to be small [9].
Detailed mechanistic studies of electron
transfer between the electrode and the
enzyme can be very complex, especially if
the enzymatic reaction is multi-step. In our
work, the LDH I substrate reaction proceeds
according to a simple mechanism and with
high efficiency.

The enzyme LDH catalyzes the reversible
conversion between pyruvate and lactate,
using the coenzymes NADH/NAD™":

Pyruvate + NADH — lactate + NAD* where:

Pyruvate: main product of glycolysis,
substrate of LDH under anaerobic conditions
NADH: reducing equivalent, brings electrons
to convert pyruvate to lactate.

Lactate: product of the reaction, important
for the regeneration of NAD*, which allows
glycolysis to continue.

This reaction is crucial in anaerobic
metabolism in muscles during intense
exercise, as it ensures the regeneration of
NAD* and thus maintains ATP production.
Figure 1 shows cyclic voltammograms of a
GC electrode without and with immobilized
LDH in phosphate buffer, pH 7, at 50 mV/s.
Polymers and other materials are used to
immobilize LDH on a GC electrode, as well as
other enzymes, and their efficiency depends
on the thermodynamics of the redox
reaction in the biosensor, the kinetics of
electron transfer between the biosensor and
the electrode, and the charge transfer within
the film on the electrode (biosensor) [10].
Films thicker than a monolayer of
electroactive enzyme can often provide a
higher enzyme loading per unit electrode
area, resulting in higher current peaks.

1.00E-05
]

I (A)

50E-05
-3.00E-05

E (V) vs Ag/AgCl

Figure 1. Cyclic voltammogram without
enzyme immobilization (gray color) and
with immobilized enzyme (blue color)

The catalytic reduction current was
monitored by the chronoamperometric
method in the presence of different
substrate concentrations (1 — 5 mM) in
physiological solution. The type of
inhibition and the values of the maximum
current (Imsx) and Michaelis-Menten
constant (Km) were determined on the
Lineweaver-Burke diagram without and in
the presence of the inhibitor, Figure 2.

The Lineweaver-Burk diagram shown in
Figure 2 shows that non-competitive
inhibition is present in the performed
enzyme reactions. In Figure 2, we see that
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adding nifuroxazide to the reaction mixture
results in the binding of nifuroxazide to the
enzyme-substrate complex.
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Figure 2. Lineweaver — Burk diagram for
determining Im.x and K, in the absence and
presence of different concentrations of
niforoxazide — 0 mM; - 1.025 mM; - 2.023
mM

This type of inhibition is characteristic in
that it depends on the presence of the
substrate and does not affect the enzyme's
affinity for the substrate. In the absence of
an inhibitor, the enzyme binds the substrate
to form an enzyme-substrate complex,
which then catalyzes the reaction and
converts the substrate into the product,
reflecting the maximum rate at which the
enzyme can convert the substrate under
optimal conditions. In non-competitive
inhibition, the inhibitor specifically binds to
the enzyme-substrate complex, changing its
conformation. As a result, the enzyme can
no longer catalyze the reaction at the same
rate as in the absence of inhibition. This
reduces Vmax because it reduces the
number of functional enzyme sites for
catalyzing the reaction. The Michaelis-
Menten constant (Kn), which reflects the
affinity of the enzyme to the substrate,
remains unchanged in noncompetitive
inhibition because the enzyme can still bind
the substrate with the same affinity,
although it cannot catalyze the reaction at
the same rate as in the absence of inhibition.
A preincubation time of 10 minutes is
sufficient to cause a conformational change
in the structure of the enzyme and to
achieve the binding of nifuroxazide to the ES

complex to reduce changes in heart, muscle,
or brain cells. Mechanism:

+g

E——"ES

———= ESI

- P

The obtained values of kinetic constants Inax
and K, change with the addition of different
concentrations of inhibitors, and are shown
in Table 1.

Table 1. K, and Im.x values in the absence
and presence of different concentrations of
nifuroxazide

[Nifuroxazide] I(max) X107 Km
(mM) (A" (mM)

0 5.132 0.22

1.025 3.738 0.22

2.023 2777 0.22

Nifuroxazide binds to an allosteric site on
LDH, altering its catalytic efficiency but not
affecting the enzyme's affinity for the
substrate. This may have important
implications in a metabolic context, as LDH
plays a key role in anaerobic glycolysis (the
conversion of pyruvate to lactate). Inhibition
of LDH could reduce the proliferation of cells
that depend on lactate metabolism, which is
particularly relevant in investigating the
antitumor effects of nifuroxazide.
Nifuroxazide is known to be a STAT3
inhibitor, leading to changes in glucose and
lipid metabolism in hepatocytes and tumor
models [11]. These effects indirectly indicate
that the drug may affect glycolytic and
fermentative enzymes, including LDH, as
LDH is crucial for maintaining anaerobic
metabolism in tumor cells. Studies in breast
cancer models have shown that nifuroxazide
reduces angiogenesis via VEGF signalling
[12,13]. The combination of antiangiogenic
effects and potential LDH inhibition suggests
that the drug may limit the proliferation of
lactate-dependent tumor cells. Recent
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studies have revealed that NFX has many
promising biological activities beyond its
classical uses, such as its involvement in
anti-inflammatory, antioxidant, and
potential roles in inhibiting thyroid, breast,
lung, bladder, colon, and liver cancers, as
well as osteosarcoma, melanoma, and
multiple myeloma. Furthermore, it has
promising effects against sepsis-induced

organ damage, liver disorders, kidney
disease, ulcerative colitis, and
immunological disorders. NFX exerts many
biological effects, mainly mediated by
STATS3 inhibition [14]. Table 2 provides the
relationships between the electrochemical
effect, Dbiological consequences, and
pharmacological implications [15,16].

Table 2. Relationship of the electrochemical effect of nifuroxazide on LDH with biological
consequences and pharmacological implications

Electrochemical effect

Biological consequence

Pharmacological
implication

Decrease in (I_{max}) (electron
transfer capacity)

Reduced NADH oxidation —
weaker NAD* regeneration

Limits glycolysis in bacteria
and tumor cells

Does not alter binding, only

Unchanged (Km) (substrate Substrate still binds, but .
.. . - reduces functional enzyme
affinity) enzymatic efficiency decreases .
capacity
Antibacterial effect in

Non-competitive inhibition of
LDH

Disruption of cellular redox
balance

intestines; potential antitumor
activity

Reduced NAD* regeneration

Cells lose the ability to sustain
anaerobic metabolism

Tumor cells lose proliferative
advantage (Warburg effect)

Blockade of part of the active

Fewer available channels for

Selective reduction of metabolic

sites electron transfer activity  1n pathogenic
microorganisms
Electrochemical data clearly show that Acknowledgments

nifuroxazide acts as a non-competitive
inhibitor of LDH. Biologically, this means
disruption of NAD* regeneration and
glycolysis, while pharmacologically, it
explains its antibacterial application and
potential antitumor perspective. [17,18,19,20].

4. CONCLUSION

Electrochemical data clearly show that
nifuroxazide acts as a non-competitive
inhibitor of LDH, reducing the electron
transport capacity without changing the
substrate affinity. Biologically, this means a
disruption in the regeneration of NAD®,
which directly affects the metabolism of
glycolysis and may have antimicrobial and
antitumor significance. This process leads
to a permanent blockade of key

metabolic reactions, disruption of the redox
balance, and death of the bacterial cell.
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ABSTRACT

This study explores the potential of Bigpod Sesbaniaseed oil as a feedstock for the production of biodiesel.
The extracted oil was converted into biodiesel through a transesterification reaction using potassium
hydroxide as a catalyst. Or: Response Surface Methodology (RSM) based on the Box—Behnken design was
employed to optimize the effects of methanol-to-oil molar ratio, catalyst concentration, reaction time, and
reaction temperature on biodiesel yield. The maximum biodiesel yield of 96% was obtained at an 8:1
methanol-to-oil ratio, 0.5 wt.% catalyst, 60 min reaction time, and a temperature of 55 °C. The
physicochemical properties of the biodiesel conformed to ASTM D6751 and EN 14214 standards: specific
gravity 0.8491, viscosity 4.39 cP, acid value 0.32 mg KOH/g, ash content 0.01%, flash point 166°C, and pour
point 4.2 °C. These values indicate high purity and stability. FTIR spectra confirmed the successful
conversion of triglycerides to fatty acid methyl esters. GC-MS analysis revealed eight major fatty acid
methyl esters (FAMESs), with methyl hexadeca-7,10,13-trienoate (29.80%), methyl (9E,12E)-octadeca-9,12-
dienoate (15.97%), and carbonic acid octadecyl prop-1-en-2-yl ester (19.30%) as the dominant components.
These unsaturated FAMEs accounted for 99.12% of the total composition, indicating a high degree of
unsaturation. This characteristic enhances cold-flow properties but may require antioxidant additives for
oxidative stability. Overall, Bigpod Sesbania seed oil is validated as a promising non-edible feedstock for
high-yield, high-quality biodiesel production with favorable physicochemical properties.
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1. INTRODUCTION

1.1 Background to the Study

Volatile petroleum prices and environmental
challenges associated with greenhouse gas
(GHG) emissions have driven research into
renewable energy [1]. However, the use of
edible oils for biodiesel has raised food-

versus-fuel debates [2,3]. Hence, non-edible
feedstocks are being prioritized. The
optimization of biodiesel production from
renewable feedstocks has, therefore, become a
crucial area of research in addressing the dual
challenges of energy insecurity and
environmental degradation. Biodiesel, a
renewable, biodegradable, and non-toxic fuel
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derived from vegetable oils and animal fats,
represents a viable alternative to petroleum
diesel due to its similar fuel properties and
reduced emission profile [4,5]. Biodiesel
consists mainly of fatty acid alkyl esters
(FAAE), typically produced through
transesterification, where triglycerides react
with a short-chain alcohol in the presence of
a catalyst [6,7]. The reaction yields fatty acid
methyl esters (FAME) as the primary product
and glycerol as a valuable by-product. Among
various methods for converting triglycerides
into  biodiesel, such as  pyrolysis,
microemulsion, and catalytic hydrogenation,
transesterification remains the most efficient
due to its simplicity and high yield [8,9]. The
process efficiency is strongly influenced by
parameters such as alcohol-to-oil molar ratio,
reaction time, temperature, and catalyst
concentration [10]. Alkaline catalysts such as
potassium hydroxide (KOH) are widely
employed due to their high catalytic activity
and economic viability [11]. However,
excessive catalyst concentration or high free
fatty acid (FFA) content in feedstocks can
cause soap formation, reducing biodiesel
yield. Therefore, optimizing these reaction
parametersis essential to enhance conversion
efficiency and product quality.

Given the escalating global energy demand
and environmental concerns, there is growing
interest in non-edible oil feedstocks for
biodiesel production. hence, non-edible
sources are being prioritized for sustainable
biodiesel production [2,3]. One such promising
feedstock is Bigpod Sesbania(Sesbania
bispinosa), a fast-growing, nitrogen-fixing
legume native to North America [12]. It is
highly adaptable to various soils and climatic
conditions [13]. It produces abundant seeds,
making it an economically attractive and
renewable non-edible oil source for biodiesel
[14]. Historically cultivated as a cover crop
([15,16], its seed oil has recently gained
attention for fuel applications. Recent interest
in this plant has shifted toward its potential as
a non-edible o0il source for biodiesel
production. The oil extracted from its seeds

contains a high proportion of unsaturated
fatty acids, which can yield methyl esters
suitable for use in compression ignition (CI)
engines after transesterification. However,
limited research exists on optimizing the
reaction conditions for biodiesel production
from Bigpod Sesbania seed oil.

Optimization studies are critical for
determining the ideal combination of process
parameters to maximize biodiesel yield and
quality while minimizing production costs.
Statistical modeling approaches such as
Response Surface Methodology (RSM) are
widely used for such optimization because
they efficiently evaluate multiple variables
and their interactions [17]. Thus, this research
focuses on optimizing the transesterification
parameters for biodiesel production from
Bigpod Sesbaniaseed oil and evaluating the
fuel's physicochemical properties for
compliance with ASTM biodiesel standards.

2. MATERIAL AND METHODS

2.1 Sample collection and pre-treatment

Seeds of Bigpod Sesbania were collected from
farmland in Auno village, Konduga Local
Government Area, Borno State, northeastern
Nigeria. They were authenticated and
identified by a botanist from the Department
of Plant Science, Usmanu Danfodiyo
University, Sokoto. The seeds were washed
thoroughly with clean water to remove
surface contaminants. They were then shade-
dried at ambient temperature for 7 days to
reduce moisture content, thereby facilitating
easier cracking and preventing microbial
growth during storage (Figure 1). After drying,
the seeds were manually cracked using a
mortar and pestle to loosen the hulls. The
cracked seeds were then gently winnowed to
separate the kernels from the hulls. The
recovered seed kernels were subjected to a
second 7-day shade-drying period to
eliminate residual moisture, ensuring
efficient milling and oil extraction. The dried
kernels were crushed into a fine powder using
an electric-powered milling machine. The
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resulting powder was further dried on a solar
dryer for 24 hours to remove any remaining
moisture, as excess water can interfere with
solvent-based oil extraction.

2.2 Extraction of Oil from Sesbania bispinosa
Seeds

The powdered seeds of Sesbania bispinosa
were subjected to the Soxhlet extraction
method for oil extraction. Oil was extracted
using a conventional Soxhlet apparatus with
n-Hexane as the solvent [18].

Figure 1. Seed of Bigpod sesbania

2.3 Characterization of Oil

The physicochemical parameters of the seed
oil were determined using the Association of
Official Analytical Chemists (AOAC) technique
(the acid value by AOAC Ca5a-40, the
saponification value by AOAC 920:160, the
iodine value by AOAC 920:158, and the
peroxide value by AOAC 965.33) [19]. The
viscosity and specific gravity were measured
using an Ostwald viscometer thermostated at
40°C and a thermal-hydrometer apparatus in
accordance with ASTM standards D445 and
D1298, respectively, while the density was
measured using a density bottle, and the
moisture content was determined using the
oven method. The ash content was estimated
by heating to dryness in a Veisfar muffle
furnace.

2.4 Optimization of Transesterification

Parameters

The transesterification of Sesbania bispinosa
seed oil was conducted using methanol and
potassium  hydroxide (KOH) as a

homogeneous catalyst to produce fatty acid
methyl esters (biodiesel). The reaction was
carried out in a 500 cm? round-bottom flask
fitted with a reflux condenser to prevent
methanol vapor loss during heating [20]. The
reaction mixture was stirred using a magnetic
stirrer to ensure proper mixing and
maintained in a water bath under controlled
conditions. Upon completion, the mixture was
transferred into a separating funnel and
allowed to settle under gravity overnight to
facilitate phase separation.

The upper methyl ester layer was carefully
collected and heated to remove residual
methanol. The biodiesel was then neutralized
with dilute phosphoric acid (pH 4.0) and
subsequently washed with hot distilled water
(15 v/v) until the wash water attained a
neutral pH of 7.0. The purified methyl esters
were dried at 100°C over anhydrous sodium
sulfate to eliminate residual moisture. The
percentage yield of biodiesel was determined
using Equation (1):

Weight of biodiesel

Biodiesel yleld (%) = m X 100 (1)

[20]

Optimization of the transesterification
parameters was performed using the Box-
Behnken Design (BBD) under Response
Surface Methodology (RSM) to assess the
individual and interactive effects of the
process variables on biodiesel yield. The Box—
Behnken Design, a rotatable second-order
statistical model, provides an efficient means
of evaluating quadratic effects with a minimal
number of experimental runs, while the
Response Surface Methodology offers a
mathematical and statistical framework for
analyzing and optimizing chemical processes
[21]. Four independent process variables'
reaction time (30-90 min), catalyst
concentration (0.1-0.5 wt%), methanol-to-oil
molar ratio (4:1-8:1), and reaction temperature
(45-65°C) were selected based on preliminary
studies. Each variable was examined at three
coded levels (low, medium, and high) to
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determine its influence on biodiesel corresponding biodiesel yields were used as
production. The operating parameters response data for RSM-based model

selected for the Box-Behnken Design, together
with their investigated ranges, are presented
in Table 1. The experimental design matrix
generated by the BBD was employed to
conduct the transesterification runs, and the

Table 1. Effect of operating parameters on yield

development. This approach enabled the
identification of optimal process conditions
necessary to achieve high conversion
efficiency and superior biodiesel quality.

Factors Low level High level
Time (mins) 30 90
catalyst (Wt%) 0.1 05
MeOH:0il 411 81
Temp (°C) 45 65
2.5 Determination of Biodiesel Properties 2.6.1 Fourier Transform Infrared (FTIR)

The physicochemical properties of the biodiesel
were determined according to ASTM standard
methods and AOAC (2000) official procedures.
The kinematic viscosity was determined by the
ASTM D-445 method, the density was
determined by the ASTM D-1298 method, and
the pour point determination was made using
the ASTM D-97 method. The flash point of the
fuel was determined by ASTM D-93, the value of
cloud point was estimated according to
ASTMD-2500 and the acid value was measured
following the ASTM D-664 method. The specific
gravity was ascertained using AOAC 920.212
and iodine value using AOAC 920:159. The
moisture content was determined using the air-
oven method using the Rotary Evaporator Oven
(BTOV 1423), while the cetane number (CN) was
calculated by the equation developed by [22].

2.6 FT-IR Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy
was used to identify the functional groups
present in the produced biodiesel. Characteristic
absorption bands corresponding to specific
molecular vibrations (e.g., C=0 stretching, C-H
bending) were analyzed to confirm the
conversion of triglycerides to fatty acid methyl
esters (FAMEs).

Spectroscopic Analysis

FTIR spectra were recorded on an Agilent Cary
630 FTIR spectrometer controlled with Microlab
software. Samples were measured using the
ATR accessory with a diamond crystal. Spectra
were collected over the range 4000—400 cm™ at
4 cm™ resolution with 32 co-added scans;
backgrounds were recorded immediately before
sample measurements. Each sample was
measured in triplicate by removing and
reapplying the sample to the ATR crystal to
assess reproducibility. Spectra were converted
to absorbance, baseline corrected (polynomial
order 2), and lightly smoothed (Savitzky—Golay,
window 7, 2nd order) in Microlab. Peak
positions are reported as the mean of three
replicates + standard deviation and assigned by
comparison to literature values.

2.6.2 Gas Chromatography - Mass Spectrometry
GC-MS analysis was conducted on an Agilent
7890A GC-5977 MSD system with an HP-5ms
column (30 m x 0.25 mm x 0.25 pm). Helium
carrier gas flowed at 1.16 mL/min. The injector
(split less mode) and transfer line were set at
280°C. The oven program was: 50 °C (2 min) to
280°C at 10°C/min (5 min hold). The MSD
operated at 70 eV (EI) with the ion source at
230°C and quadrupole at 150°C. Mass spectra
were acquired over m/z 50-650. Compound
identification used the NIST library.
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2.7 Gas Chromatography-Mass Spectrometry
(GC-MS) Analysis

GC-MS analysis was conducted on an Agilent
7890A GC-5977 MSD system equipped with an
HP-5ms column (30 m x 0.25 mm x 0.25 jm).
Helium was used as the carrier gas at a flow rate
of 116 mL/min. The injector operating in
splitless mode and the transfer line were both
set at 280°C. The oven temperature program
was as follows: initial temperature of 50°C held
for 2 min, then ramped to 280°C at 10°C/min,
with a final hold of 5 min. The mass selective
detector (MSD) operated in electron ionization
(EI) mode at 70 eV, with the ion source at 230°C
and the quadrupole at 150°C. Mass spectra were
acquired over a range of m/z 50—650. Compound
identification was performed using the NIST
mass spectral library.

3. Results and Discussion

3.1 Physical and chemical characteristics of
seed oils and biodiesel

The seed oils were evaluated by measuring their
physicochemical characteristics and functional
groups using FT-IR analysis. The biodiesel
derived from seed oils was further studied for
physicochemical characteristics, functional
groups, and fatty acid composition. The
physicochemical properties of Bigpod sesbania
seed oil, determined in this study, are presented
in Table 2

The oil content is an important consideration
when selecting plant seeds as a potential
feedstock for biodiesel and other industrial
applications. A 20% oil yield was recovered by
Soxhlet extraction of Bigpod sesbania seeds,
which is much higher than the 12% oil yield
reported by [23]. But within the 15-20% range
reported by other researchers [24]. The oil
content is substantial and similar to that of
cottonseed oil, as reported by [25].

Table 2. Physicochemical properties of Bigpod sesbania seed oil.

Parameters Values
Specific Gravity 0.91+0.01
Density (g/cm?) 0.89+0.01
Viscosity @ 40 C (mPa.s) 30.5+0.40
Acid Value (mg KOH/q) 2.4+0.05
Free fatty acid 1.2+ 0.03
Ash content 0.17 + 0.01
Moisture 0.07 + 0.005
Saponification Value (mg KOH/qg) 189 +1.50
Flash point (°C) 205+ 2.0
Pour point (°C) -6+ 0.5
Ester value (mg KOH/q) 186.6 + 1.0
Average Iodine Value (IV) 32.2g1,/100g

The density (0.89 g/cm?3) falls within the typical
vegetable oil range (0.882—-0.925 g/cm3) and
agrees with Jatropha curcas (0.87-0.91 g/cm?3)
and soybean (0.88—0.90 g/cm?) oils [26)].

The acid value (2.4 mg KOH/g; FFA 1.2%) is below
the 2% threshold requiring pretreatment,
making the oil suitable for direct base-catalyzed
transesterification [27,28]. The saponification
value (189 mg KOH/g) aligns with jatropha

(193.55 mg KOH/g) and castor (202 mg KOH/qg)
oils [29]. The iodine wvalue (32.2 g I,/100g)
indicates moderate unsaturation, balancing
oxidative stability and cold-flow performance
[30]. The flash point (205°C) confirms thermal
stability and safe handling [26]. Moisture
content (0.07%) was low compared to other seed
oils [31]. promoting high biodiesel yield.
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3.2 Optimal biodiesel production parameters of
Bigpod sesbania seed oil
The experimental design matrix and the
corresponding biodiesel yields obtained under
the investigated transesterification conditions
are presented in Table 3, while the analysis of
variance (ANOVA) and response surface
regression results for the developed model are
presented in Table 4. Transesterification

optimization identified the maximum biodiesel
yield of 96% at 60 min, 0.5 wt% KOH, 81
methanol-to-oil ratio, and 55°C (Table 4, Run 4).
Temperature significantly influenced vyield,
with 55°C promoting faster glycerol separation
[32]. Excessive catalyst (0.5 wt% at 30 min) gave
a lower yield (71%) due to soap formation, while
a higher acid value promoted saponification,
drastically reducing ester yield.

Table 3. Process evaluation parameters and experimental results

Run Ti_me Catalyst Conc MeOH:0il Temp. (°C) Methyl este-r yield (wt %)
Order (mins) (Wt%) Experimental
1 30 0.1 6:1 55 86
2 90 0.1 6:1 55 87
3 30 0.5 6:1 55 71
4 90 0.5 6:1 55 94
5 60 0.3 41 45 71
6 60 0.3 81 45 76
7 60 0.3 4:1 65 71.4
8 60 0.3 81 65 72
9 30 0.3 6:1 45 76
10 90 0.3 6:1 45 78.5
11 30 0.3 6:1 65 69.5
12 90 0.3 6:1 65 72
13 60 0.1 4:1 55 76.3
14 60 0.5 41 55 80
15 60 0.1 81 55 78
16 60 0.5 81 55 96
17 30 0.3 41 55 59
18 90 0.3 41 55 83
19 30 0.3 81 55 41
20 90 0.3 81 55 78
21 60 0.1 6:1 45 94
22 60 0.5 6:1 45 94
23 60 0.1 6:1 65 85
24 60 0.5 6:1 65 76
25 60 0.3 6:1 55 67
26 60 0.3 6:1 55 67
27 60 0.3 6:1 55 66.6

3.4 Response Surface Regression Analysis

The ANOVA results (Table 5) showed the
regression model was highly significant (p <
0.05) with R? = 98.93%, confirming a strong
correlation between experimental and
predicted values. Reaction time and
temperature significantly affected yield (p <
0.001), while catalyst and methanol-to-oil ratio

were not significant at the linear level
Quadratic effects of catalyst and temperature
were highly significant, indicating excessive
levels of lower yield due to soap formation [33].
The characteristic FTIR absorption bands
identified for the produced biodiesel are
presented in Table 6.
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Table 4. Response Surface Regression: yield versus Time, Catalyst, Methanol, Temperature

Source DF Adj SS Adj MS F-Value P-Value SIGNIFICANT
Model 14 2631.58 187.97 79.04 0.000 S
Linear 4 880.38 220.09 92.55 0.000 S
Time 1 665.71 665.71 279.92 0.000 S
Catalyst 1 1.07 1.07 0.45 0.514 Ns
Methanol 1 2.28 2.28 0.96 0.347 Ns
Temp 1 211.32 211.32 88.85 0.000 S
Square 4 1500.57 375.14 157.74 0.000 S
Time*Time 1 7.78 7.78 3.27 0.096 Ns
Catalyst*Catalyst 1 1202.32 1202.32 505.55 0.000 S
nMo‘ithand*M‘*tha 1 6.51 6.51 2.74 0.124 Ns
Temp*Temp 1 162.05 162.05 68.14 0.000 S
2-Way 6 250.64 41.77 17.56 0.000 S
Interaction
Time*Catalyst 1 123.63 123.63 51.98 0.000 S
Time*Methanol 1 42.26 42.26 17.77 0.001 S
Time*Temp 1 0.05 0.05 0.02 0.884 Ns
gftalySt*Methan 1 21.30 21.30 8.96 0.011 s
Catalyst*Temp 1 58.55 58.55 24.62 0.000 S
Methanol*Temp 1 485 4.85 2.04 0.179 Ns
Error 12 28.54 2.38
Lack-of-Fit 10 28.53 2.85 481.39 0.002 S
Pure Error 2 0.01 0.01
Total 26 2660.12

Model Summary S=154215 R?=98.93% R?*(adj)97.68% R?*(pred)93.82%

Table 5. Summary of Significant Model Terms for Biodiesel Yield

Source DF Adj SS Aji MS F-Value P-Value
Model 9 2606. 77 289.64 92.28 0.000
Linear 2 877. 02 438.51 139.72 0.000
Time 1 665.71 665.71 212.10 0.000
Temp 1 211.32 211.32 67.33 0.000
Square 2 1479.16 739.58 235.64 0.000
Catalyst*Catalyst 1 1437.86 1437.86 458.13 0.000
Temp*Temp 1 192.66 192.66 61.38 0.000
2-Way Interaction 5 250.58 50.12 15.97 0.000
Time*Catalyst 1 123.63 123.63 39.39 0.000
Time*Methanol 1 42.26 42.26 13.46 0.002
Catalyst*Methanol 1 21.30 21.30 6.79 0.018
Catalyst*Temp 1 58.55 58.55 18.66 0.000
Methanol*Temp 1 485 4.85 1.55 0.231
Error 17 53.36 3.14

Lack-of-Fit 15 53.34 3.56 600.12 0.002
Pure Error 2 0.01 0.01

Total 26 2660.12

Model Summary S= 1.77160 R?-97.99% R*(adj) 96.93% R*(pred) 94.39%
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Table 6. FTIR Analysis of Biodiesel Derived from Sesbania Oil

Functional Group Type of Vibration Wavenumber (cm™)
C-H Stretching 3100
C-H Asymmetric stretching 2926
C-H Stretching 2851
C=0 Streching 1748
CH, Bending 1459

3.6.1 The regression equation after removing
insignificant terms

Yield (%) = 66.979 + 7.448 x Time - 4.196 x
Temp + 14.989 x (Catalyst)? + 5.487 x (Temp)? +
5.559 x (Time x Catalyst) + 3.250 x (Time x
Methanol) + 2.308 x (Catalyst x Methanol) -
3.826 x (Catalyst x Temp) - 1.101 x (Methanol x
Temp)

3.6.2 Significance of the Model

The model was highly significant (p < 0.05)
with F-value of 9228, confirming the
quadratic model is superior to the mean
response (Meher et al, 2006). R? = 97.99%
indicates the model explains nearly 98% of
yield variation. Close agreement between
adjusted R? (96.93%) and predicted R? (94.39%)
confirms predictive accuracy without
overfitting [6].

3.6.3 Linear Effects

Both reaction time (F = 212.10, p < 0.001) and
temperature (F = 67.33, p < 0.001) had a
statistically significant influence on biodiesel
yield. Among the linear terms, reaction time
exhibited the largest F-value, indicating the
strongest relative effect on yield within the
studied range. This is likely because longer
reaction durations improve contact between
reactants, enhancing conversion efficiency.
Temperature also positively influenced yield
by improving reaction Kkinetics; however,
excessive temperatures may lead to methanol
vaporization, reducing the effective alcohol-
to-oil ratio and thus lowering yield [36].

3.6.4 Quadratic (Square) Effects

The significant quadratic term for catalyst
concentration (F = 458.13, p < 0.001) indicates a
curvilinear relationship, with yield increasing
up to an optimum (approximately 0.3-0.5

wt%) and declining beyond due to soap
formation. Similarly, the quadratic term for
temperature (F = 61.38, p < 0.001) confirms a
parabolic response, predicting an optimum
around 55°C, where kinetics are favorable, and
methanol loss is minimized [37].

3.6.5 Two-Way Interaction Effects
TimexCatalyst (F = 39.39, p < 0.001) was the
strongest interaction—catalyst effectiveness
depends on reaction duration. TimexMethanol
(F =13.46,p = 0.002), CatalystxMethanol (F = 6.79,
p =0.018),and CatalystxTemp (F = 18.66, p < 0.001)
were also significant. MethanolxTemp was
insignificant (p = 0.231) [6].

3.6.6 Lack-of-Fit and Model Adequacy

The lack-of-fit test was significant (p = 0.002),
suggesting that the model may not fully
capture all sources of variation. However, the
pure error was very small (0.01), and the low
standard deviation (S = 1.7716) indicates
acceptable model precision for predictive
purposes [37].

3.7 Contour Plots for Significant Interaction
Effects

Contour plots (Fig. 2-5) revealed significant
interaction effects among variables. Yield
increased with time up to 90 min and catalyst
up to 0.3 wt%, beyond which soap formation
reduced yield [38]. Methanol-to-oil ratio up to
6:1 improved yield, while excess methanol
complicated glycerol separation  [39].
Temperature up to 55°C enhanced yield, but
higher temperatures promoted methanol
evaporation [6]. Optimal conditions were: 0.3
wt% catalyst, 6:1 methanol-to-oil ratio, 90 min,
and 55°C (R? = 97.99%). FTIR confirmed
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successful transesterification: the carbonyl
peak shifted from 1742 cm™ (oil) to 1748 cm™
(biodiesel), indicating conversion to methyl

Catalyst
o
&

Time

Figure 2. Catalyst and Time
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Figure 4. Oil Ratio and Catalyst

FTIR analysis confirmed successful
transesterification. The o0il spectrum
showed a carbonyl (C=0) stretch at 1742 cm™
and C-H stretches at 2922 and 2851 cm™,
characteristic of triglycerides. After
transesterification, the biodiesel spectrum
exhibited a shift of the carbonyl peak to 1748
cm™, confirming conversion to methyl
esters [40,41]. The =C-H stretch shifted to
3100 cm™, indicating retained unsaturation.
The disappearance of the O—H band (~3400
cm™") confirmed effective removal of free
fatty acids and moisture. These results
confirm efficient conversion of Bigpod
Sesbania seed oil to high-purity biodiesel.

esters, while disappearance of the O—H band
confirmed FFA removal [40,41].

Hold Values
Catalyst 03
Temp 55

Methanol

4.
30 40 50 60 70 80 920
Time

Figure 3. Oil Ratio and Time

65+

Hold Values
Time 60
Methanol 6

\ y

(f 0 03 04 05
Catalyst

Figure 5. Temp. and Catalyst

3.8 GC-MS Analysis and Discussion

The GC-MS chromatogram of the trans
esterified Bigpod Sesbania seed oil revealed
a mixture of fatty acid methyl esters
(FAMESs) and oxygenated long-chain esters,
confirming successful transesterification of
the triglycerides into biodiesel. The
identified fatty acid methyl esters (FAMESs)
and their relative abundances determined
by GC—MS analysis are presented in Table 7.
Eight major components were identified,
with molecular chain lengths ranging from
C,; to C,5. The most abundant compounds
were methyl hexadeca-7,10,13-trienoate
(29.80%), methyl (9E,12E)-octadeca-9,12-
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dienoate (15.97%), and carbonic acid,
octadecyl prop-1-en-2-yl ester (19.30%).

The dominance of methyl hexadecatrienoate
and methyl linoleate indicates that the biodiesel
possesses a high level of unsaturation,
characterized by multiple double bonds. Such
polyunsaturated esters improve cold-flow
properties, fuel atomization, and combustion
efficiency, but they may reduce oxidative
stability due to the susceptibility of double
bonds to oxidation during storage [28,40].

The detection of carbonic and oxalic acid
esters (approximately 34% of the total
composition) suggests the presence of
oxygenated derivatives, possibly formed
through side reactions involving alcohol
intermediates and residual CO, during
transesterification. These compounds
enhance fuel lubricity and combustion
performance due to their oxygen-rich
structures, though excessive concentrations
could slightly increase viscosity.

The absence of triglyceride peaks indicates
complete conversion of the oil to methyl
esters, demonstrating high reaction
efficiency. The overall molecular weight
distribution (C;6—C;;) aligns with values

typical of biodiesels derived from long-chain
plant oils and agrees with previous studies on
Sesbania and other non-edible feedstocks [41].
The GC-MS data confirm that Bigpod
Sesbania seed oil is a promising feedstock for
biodiesel production, producing fuel rich in
unsaturated methyl esters with favorable
ignition quality, low-temperature fluidity, and
acceptable viscosity. Nevertheless, the high
degree of unsaturation suggests that
antioxidant additives or blending with more
saturated biodiesel could be recommended to
improve oxidative stability during long-term
storage. The fuel property profile of Bigpod
Sesbania biodiesel demonstrates a highly
unsaturated composition (99%), dominated by
polyunsaturated esters such as methyl
hexadeca-7,10,13-trienoate (C16:3) and methyl
(9E,12E)-octadeca-9,12-dienoate (C18:2), along
with a notable fraction of oxygenated
monounsaturated esters. This composition
enhances low-temperature operability,
promotes complete combustion, and supports
efficient atomization, all of which are
essential for improved engine performance
[28,40].

Table 7. Fatty Acid methyl esters (FAME) profile of Biodiesel from Bigpod Sesbania Seed 0il

Compound Name Molecular formula Area %
Methyl hexadeca 7,10,13 trienoate Ci17H2802 29.80
Methyl (9E,12E)-octadeca-9,12 dienoate Ci9H340, 15.97
Carbonic acid, octadecyl prop-1-en -2-yl ester C22H4203 19.3
Carbonic acid, eicosyl vinyl ester C23Ha403 15.36
Carbonic acid, octadecyl vinyl ester C21H4003 10.02
Oxalic acid, allyl undecyl ester C21H3503 1.60
Oxalic acid, isobutyl tridecyl ester Ci19H3604 2.83
Oxalic acid, dodecyl propyl ester Ci7H3204 4.24

4. CONCLUSIONS

This study successfully produced high-
quality biodiesel from Bigpod Sesbania seed
oil via KOH-catalyzed transesterification.
Optimal conditions (8:1 methanol-to-oil ratio,
0.5 wt% KOH, 60 min, 55°C) yielded 96%
biodiesel. The biodiesel met ASTM D6751 and
EN 14214 standards (viscosity 4.39 cP, acid
value 0.32 mg KOH/g, flash point 166°C, cetane

number 56.4). FTIR confirmed conversion to
methyl esters, and GC-MS revealed
polyunsaturated FAMESs. Bigpod Sesbaniais a
viable non-edible feedstock for sustainable
biodiesel production.
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ABSTRACT

In this work, I aim to examine the various influences of process parameters on the physical and
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1.INTRODUCTION

XPS, also known as extruded polystyrene, is

a thermal insulation material widely used in

building construction and beyond.

The production process of XPS rigid foam

involves the following steps:

1. Thermoplasticization of solid polymer
and additives;

2. Injection of a physical foaming agent and
initial mixing;

3. Cooling the resulting mixture to optimal
foaming temperatures, ensuring
complete dissolution of the foaming
agent;

4. Foam stabilization, shaping, and

finishing to final dimensions [1].

Solid XPS foam is produced through a
continuous extrusion process in which solid
polystyrene granules are melted with
various additives to enhance the process
and production efficiency. The most
common additives include foaming agents,
lubricants, antioxidants, plasticizers,
blowing agents, colorants, and flame
retardants, among others. Each additive has
a recommended usage and dosage. For
example, when selecting a flame retardant,
an increase in thermal stability typically
results in a decrease in its reactivity or
activity [2-4].

Blowing agents, which are gases used to
create a cellular structure within the foam,
play a key role in determining the material’s
thermal properties. Using gases with low
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thermal conductivity improves thermal
insulation performance. “Hydro nuc” (H.N) is
a chemical nucleating agent that releases
CO,, ensuring a very fine, dense foam
structure with a high nucleation degree [5,6].
The XPS production process begins with the
introduction of polystyrene raw material
and auxiliary components in a specific ratio
via an automated dosing system. The
polystyrene granules are fed into the
primary  extruder under controlled
temperature and pressure conditions, where
they are heated and melted along with
additives into a viscous fluid. This molten
mixture is then filtered and transferred to
the secondary extruder, where it undergoes
further melting and compaction. Using
controlled heating and pressure, the molten
mass is extruded through a wide-slot nozzle
to form the foam. The flow of XPS foam is
regulated by the screws of the extruder head.
After passing through the calibrator, the
foam mixture is considered a semi-finished
product and is transported in a continuous
strip to a machine for surface treatment and
cutting. During transportation, the semi-
finished product cools rapidly, which may
cause slight variations in thickness and
width, though these are generally negligible.
The production line can also include
additional surface treatments, such as
creating a waffle texture or cutting channels
into the surface. Finally, the product is cut to
the desired board length [7-10]

2. EXPERIMENTAL

The experimental phase begins with the
establishment and monitoring of process
parameters, which are defined based on
several factors. One of the key factors is the
polymer granulate itself, particularly its
technical characteristics and processing
requirements, including its rheological
properties, such as the melt flow index
(MFTI). Once sampling is completed, the XPS
panel is taken to the laboratory, where it is
measured, weighed, and prepared to the
appropriate dimensions. According to BAS
EN 826:2014, "Thermal Insulating Products

for Building Applications — Determination of
Compression Behavior," the test specimens
must be precisely cut into square shapes
with the specified dimensions:

1 50 mm x 50 mm or

2. 100 mm x 100 mm or

3. 150 mm x 150 mm or

4 200 mm x 200 mm or

5. 300 mm % 300 mm [11].

Compressive strength was tested at a
deformation of 10%. The compressive stress
at 10% strain, oy, in kPa, is calculated
according to Eq. (1):

F
010 = 103%;) )

where Fj is the force corresponding to a
strain of 10 %, in newtons, and A, is the
initial cross-sectional area of the specimen,
in square millimeters.

For this test, the machine model TC050369,
manufacturer LABOMAK, was used.
According to the standard BS EN 1604:2013
“Thermal insulating products for building
applications - Determination of dimensional
stability under specified temperature and
humidity conditions” to calculate the
dimensional changes, Ag, As, and Agq, in
percentage, from the individual
measurements, using Eq. (2), Eq. (3) and
Eq.(4):

Ag; = 100 lfl‘ol° )
Aey = 100”%’" 3)
Aey = 100 df;0d° (4)

where 1o, by, and d, are initial dimensions
after conditioning, in mm, and 1, b, and d:
are final dimensions, after exposure to
temperature, in mm [12].

For the purpose of this test, the machine
model BKHSI120-2103004, manufacturer
BLULAB, was used.

According to the standard BAS EN
12087:2014 “Thermal insulating products for
building applications - Determination of
long-term water absorption by immersion”
test specimens need to be squares with
squarely cut edges having sides of (200 + 1)
mm to calculate the water absorption after
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the immersion time of 28 days, W28, in
percent volume using formula (5):

W,g = 100 Mog+Vi* py—Mo—1y (5)

Vo* pw

where m, is the initial mass of the test
specimen, in kilograms, m; is the mass of the
empty cage immersed, in kilograms, mys is
the mass of the test specimen and the cage
submerged after 28 days of immersion, in
kilograms, Vo = 1o x by X do is the initial
volume of the test specimen, in cubic meters,
Vi = I; x by x d; is the volume of the test
specimen after 28 days of immersion, in
cubic meters, pw is the density of water,
assumed to be 1000 kg/m3, W, shall be
rounded to the nearest 0.1 volume percent,
[13]. All testing was carried out at (23  5) °C
(50 t 5) % relative humidity.

3. RESULTS AND DISCUSSION

Three different types of sample testing were
performed: compressive strength,
dimensional stability under specified
temperature and humidity conditions, and
long-term water absorption by immersion.
This study compared the results in relation

to the following influences of process
344 0

MFI, different
and different

parameters: different
proportions of additives,
surface finishes.

3.1. Different MFIs

From each XPS board, 5 samples of 100 x 100
mm dimensions were created. The samples
are sampled in such a way that the entire
board is tested across the width. The
samples differ only in the type of granulate,
while the other additives and parameter
settings are the same or relatively the same.
Granulate with an MFI of 3.5 g/10 min is in
sample number 2, while granulate with an
MFI range of 2.5 to 3 g/10 min is in sample
number 1. Figures 1 and 2 show the force-
displacement curves for samples 1and 2. For
Samples 1 and 2, five replicate tests were
performed. Five specimens were cut from a
single large board of the same composition
and material properties, ensuring
consistency among the tested specimens.
Each specimen was tested separately, and
the results shown in Figure 1 correspond to
these five measurements as well as figure 2.
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Figure 1. Compressive Strength—Defromation Diagram of sample 1.
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Figure 2. Compressive strength vs deformation of XPS sample of sample 2.

Table 1 shows the average values of mass, density, and compressive strength of the tested
samples. All samples were tested on the day of their production.

Table 1. Average values of mass, density and compressive strength of samples 1 and 2

Compressive strength

i 3
Sample Mass (g) Density (g/m?) (kPa)
14.98 30.32 274.8
2 16.19 32.87 407.9

By analyzing samples 1 and 2, we observe
differences in all three parameters. The
sample with a granulate whose MFI is 3.5
g/10 min shows higher compressive
strength. Since a higher MFI means the
material flows more easily when melted
(lower viscosity) and a lower MFI means the
material is more viscous and flows less
easily, we can conclude that when the
molten material flows more easily, better
compressive strength results are obtained.

Also, better flow leads to a more
homogeneous distribution of the polymer
melt, resulting in a more uniform and dense
cellular structure. This enhances
compressive strength because the material

is less prone to structural weaknesses. It
should be noted that density itself is an
indicator of compressive strength. Namely,
the greater the mass of the sample and
therefore the density, the compressive
strength will always be higher than for
samples with a lower mass. At the time of
sampling, the difference in the material flow
rate for samples 1 and 2 is insignificant and
amounts to 6 kg/h or 1.3%. The observed
differences in compressive strength confirm
the critical role of MFI in the production of
XPS insulation materials.
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3.2. Different proportions of additives

The study further examined how varying
the proportions of additives, particularly CO,
and nucleating agent (H.N.), influences the
physical properties of XPS panels. Table 2
shows the ratios of several raw materials,
while Table 3 shows the average values of
mass, density, and compressive strength of
the tested samples.

All samples were tested on the day of their
production. From each XPS board, 5 samples
of 100 x 100 mm dimensions were created.

Table 2. Ratios of several raw materials

The samples are sampled in such a way that
the entire board is tested across the width.
Figures 3 and 4 show the force-
displacement curves for samples 3 and 4.
For Samples 1 and 2, five replicate tests were
performed. Five specimens were cut from a
single large board of the same composition
and material properties, ensuring
consistency among the tested specimens.
Each specimen was tested separately, and
the results shown in Figures 1 and 2
correspond to these five measurements.

Sample GPPS H.N. CO2
3 91.04 % 0.16 % 1.36 %
4 90.98 % 012% 112 %

Table 3. Average values of mass, density, and compressive strength of samples 3 and 4

Sample Mass (g)

Compressive strength

Density (g/m®) (kPa)

16.07

32.28 381.9

15.20

30.41 326.3

4350

4365

388.01

3395+

291.04

242 5~

194.0~

1455

Compressive strength (lPa)

97.0+

4854

. 4

0.000

1100 2200 3300 4400 5500 6600 7700 8800 9500 11.000

Deformation (%)

Figure 3. Compressive strength vs deformation of XPS sample 3
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Figure 4. Compressive strength vs deformation of XPS sample 4

Analyzing the test results of samples 3 and
4, we see that by increasing the percentage
of CO, as well as increasing H.N, the
samples, and the extension XPS boards have
better mechanical properties in the form of
compressive strength.

These additives influence the cell structure
of the foam, resulting in enhanced
mechanical properties. However, careful
optimization is required, as excessive
additive concentrations may negatively
impact other properties such as thermal
insulation and long-term stability. The
amount of CO, influences cell size and
density. For example, too little CO, means
fewer gas bubbles, denser foam, reduced
insulation, but higher strength, and too
much CO, means excessive expansion,
larger cell size, and weaker structure.

The nucleating agent (H.N.) promotes
smaller, more evenly distributed bubbles,
leading to a denser foam with uniform cell
structure, which improves compressive
strength and a more stable material with
lower risk of deformation over time.

The right balance of CO, and nucleating
agents creates an optimal foam structure,
increasing compressive strength without
compromising insulation properties.

The proportion of GPPS in both samples is
relatively the same as the specifications of
the finished product and process
parameters, except for the proportion of the
additives already mentioned. Table 4
presents the relationship between additive
proportions and compressive strength,
demonstrating a direct correlation between
increased CO, content and improved
mechanical performance. From Table 4, we
see that, in addition to the compressive
strength, the mass and therefore the density
of the sample with an increased proportion
of the additives mentioned is greater. The
total amount of input raw material for
sample 4 is greater than sample 3 by 11.31 kg,
which is approximately 1.18% of the total
amount of input raw materials. Thus,
sample 3 has a smaller amount of input raw
materials at the time of sampling and a
higher proportion of H.N. and CO..

3.3. Different surface finishes

After conditioning, three 200 x 200 mm
samples are cut out from one XPS board.
Table 4 shows the results of dimensional
stability under specified temperature and
humidity conditions, that is, the contraction
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and expansion of samples. The results show
the mean value of all three samples.

The samples were measured three times in
length, three times in width, and five times
in thickness. After that, the samples were
placed in a drying oven at 60 °C for 48 hours.
After conditioning, the samples were
measured again at the same marked places.
Using mathematical formulae (2), (3), and
(4), the dimensional changes are calculated
in percentage. Sample 5 has a surface with a

walffle texture, while sample 6 has a surface
with openings in channels. After
conditioning, three 200 x 200 mm samples
are cut out from one XPS board. Table 5
shows the results of long-term water
absorption by immersion. The results show
the mean value of all three samples. Sample
7 has a surface with a waffle texture, while
sample 8 has a surface with openings in
channels.

Table 4. Calculated dimensional changes of samples 5 and 6

Sample Ag Agp Agg
5 017 % 0.16 % 0.90 %
6 0.09 % 0.20 % 1.00 %

Table 5. Long-term water absorption by immersion of samples 7 and 8

Sample Was
7 1.37 %
8 1.09 %

4. CONCLUSION

The study confirms that process
parameters play a crucial role in defining
the physical and mechanical properties of
XPS. The findings indicate that even
minor variations in key parameters, such
as the melt flow index (MFI), additive

composition, and surface finish, can
significantly  affect the material's
compressive strength, density,
dimensional stability, and water

absorption properties.

The key findings include:

1. MFI: Higher MFI results in improved
compressive strength due to better
material flow during processing;

2. Additive Proportions: Increased CO,
and nucleating agent (H.N.) enhance
the mechanical properties, including
compressive strength and density;

3. Surface Finish: XPS panels with
channel openings exhibit better
dimensional stability and lower water
absorption compared to waffle-
textured surfaces.

To further refine the production and
application of XPS, future studies should
explore the long-term durability of
different formulations under real-world
conditions, including temperature
fluctuations and prolonged exposure to
moisture. Additionally, research into
alternative foaming agents with lower
environmental impact could help improve
the sustainability of XPS production.
Further investigations into the trade-offs
between mechanical strength, thermal
insulation, and process efficiency will be
essential for optimizing the material for a
broader range of applications in the
construction and insulation industries.
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