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Abstract

Hypericum perforatum L. is widely known for its therapeutic properties, including wound healing, antispasmodic effects, and anxiety treatment.
This study was examined the total phenolic and flavonoid content, antioxidant capacity, and anticholinesterase activity of aqueous, ethanolic,
and water-ethanol extracts from the plant's aerial parts and also green chemistry and sustainability were also investigated. Extraction was
performed under reflux at 60°C. The anticholinesterase effect of Hyperium perforatum L., which is known to be used in the treatment of neurological
diseases such as coxalgia, paralysis, spastic paralysis, menopausal neurosis, spinal convulsion etc., was investigated in vitro. Three different
extracts were prepared as 100% ethanol, 50% ethanol-50% water and 100% water. The antioxidant activity of the prepared extracts was examined
using Folin-Ciocalteu in terms of total phenolic-flavanoid content and then the anticholinesterase activity of extracts was investigated by Ellman
method. LC-HR-MS identified Rhamnocitrin as the most abundant compound in the water-ethanol extract, while Quercitrin and Hederagenin
were descent in the ethanol extract. The ethanol extract demonstrated the highest total flavonoid content and enzyme inhibition rates, especially
for AChE (65%) and BChE (75%). In contrast, the water extract had the highest phenolic content but lower enzyme inhibition, especially for BChE
(16%). Greenness metrics analysis demonstrated superior recyclability for the aqueous extract, earning it the highest score in sustainability. In
general, the ethanol extract exhibited the most potent biological activity, while the aqueous extract excelled in green chemistry principles. These
findings support the potential of H. perforatum extracts for further development in natural product research.

Keywords: Chlorine dioxide, catalysts, oxidation agent, aromatic aldehydes, aromatic acids

1. Introduction

Hypericum perforatum L. (commonly known as St. John's
Wort) is a species in the genus Hypericum and family
Hypericacecae, which includes 400 species worldwide
[1]. H. perforatum is a plant native to Europe, North
Africa, and Western Asia; however, due to its cultivation
as a medicinal or ornamental plant, it is now prevalent
in temperate regions such as Australia, India, New
Zealand, South Africa, and South America [2]. H.
perforatum, and wild
throughout most of Tiirkiye, is known by various names
in our country, including “Sar1 Kantaron, Binbir Delik
Otu, Yara Otu, Kanotu, Mayasil otu, Kuzukiran” [3]. In
Tiirkiye, there are 119 taxa, 49 of which are endemic [4].
Consumption of H. perforatum derived products has
risen sharply, making it one of the most widely used
medicinal plants worldwide [5].

which grows abundantly

Its medicinal uses

include treating skin wounds, eczema, burns, digestive
issues, and psychological disorders [6]. The plant's
aboveground parts, branches, leaves, flowers, fruits, and
seeds are used internally as an appetite, stimulant,
sedative, antispasmodic, and deworming agent. It is also
used to treat diarrhea, stomach ulcers, abdominal pain,
urinary tract infections, prostate issues, colds, and
coughs, and as an expectorant. Externally, it is reported
to be used for treating wounds, burns, oral infections,
and mouth sores [7]. The aboveground parts of
Hypericum perforatum possess antidepressant properties
due to hypericin; sedative, anti-inflammatory, and
analgesic effects due to biflavonoids and hyperforin; and
diuretic and astringent actions attributed to flavonoids
and tannins. Its volatile oil has antiphlogistic properties.
Internally, it is used for treating moderate depression,
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anxiety, and nervous disorders, particularly menopause-
related anxiety and stress relief. Externally, extracts
prepared with herbal oils are applied in the treatment of
wounds, burns, and minor cuts [8].

In the aerial parts of the plant, there are 0.05-0.3%
naphthodianthrone derivatives
pseudohypericin, isohypericin), 2.5%
(hyperoside, rutin, quercitrin, isoquercitrin, quercetin,
kaempferol), about 0.26% biflavonoids (biapigenin), 2-

(hypericin,
flavonoids

4.5% phloroglucinols (hyperforin, adhyperforin), 0.05-
0.3% volatile oils (n-alkanes, monoterpenes), 6.5-15%
catechin and condensed tannins (catechin, epicatechin,
leucocyanidin), phenolic acids (caffeic, chlorogenic,
[3-sitosterol, (1,3,6,7-
tetrahydroxyxanthone), and
vitamins A and C [9].

Numerous studies have highlighted the therapeutic

xanthones

phenylpropanoids,

ferulic),

potential of H. perforatum due to its diverse biological
activities. Research has shown that extracts of H.
perforatum possess significant antioxidant properties,
which can decrease oxidative stress and reduce cellular
[10].
activity of H. perforatum has extensively
documented, indicating its potential in treating
neurodegenerative diseases such as Alzheimer's. A
study by [11] revealed that specific extracts inhibited

damage Furthermore, the anticholinesterase

been

acetylcholinesterase  activity, thereby enhancing
cholinergic  neurotransmission.  Additionally, H.
perforatum  exhibits ~antimicrobial properties, as

evidenced by [12], who reported its effectiveness against
various pathogens, including bacteria and fungi.
Furthermore, this plant is renowned for its wide range of
biological activities, including antitumor [13], cytotoxic

[14], anticancer [15], antiproliferative [16], anti
inflammatory [17], leishmanicidal activity [18],
antibacterial [19], neuroprotective activity [20],

antifungal [21] features. These findings collectively
underscore the significance of H. perforatum in
traditional and modern medicine, emphasizing its role
as a natural source of bioactive compounds with
multiple health benefits.

In this study, we introduced a novel extraction method
for H. perforatum, emphasizing its significance as the first
documented approach in the literature. Our method
involved water bath extraction at 60°C using three
different solvents: ethanol, water, and a (1:1) mixture of
ethanol and water. This innovative approach allowed for
a comprehensive assessment of the extracts, as we
performed LC-HR/MS (Liquid Chromatography-High
Resolution Mass Spectrometry) analysis to quantify
phenolic content. Additionally, we evaluated the total
phenolic and total flavonoid content, along with the
anticholinesterase activity in these extracts. While
previous studies have typically utilized methanol, ethyl
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acetate, or water extraction via maceration and focused
[12]  or
anticholinesterase effects [11], our research uniquely
combines temperature-controlled extraction with varied
solvent ratios. This not only enhances the extraction
efficiency but also presents a more holistic view of the

primarily on antioxidant activities

antioxidant and anticholinesterase activities of H.
perforatum. The importance of green chemistry is
increasing day by day. Based on this, we also worked on
green chemistry and sustainability for extraction
methods via AGREE: Analytical Greenness Calculator
software. There are 12 metrics related to “green
chemistry principles”. Based on minimize waste, analyst
safety, energy consumption, renewebl materal etc., it
gives a score between 0 to 1. We used AGREE for
calculating different type of solvents in this extraction
techniques. It gave a chance to compare these three
different solvents in this extraction technique.

2. Experimental

2.1. Chemicals and reagents
The chemicals used in the experiment and their sources
of supply are listed below:

Quercetin (Merck, Germany), pirocatechol (Merck,
Germany), DTNB (5,5-dithiobis-(2-nitrobenzoic acid))
(Merck, (Merck,
Germany), butyrylcholinesterase (Merck, Germany),
chloroform (Merck, Germany), dichlorometane (Merck,
Germany), methanol (Merck, Germany), ethanol (Merck,

Germany), acetylcholinesterase

Germany), aluminum nitrate (Merck, Germany),
potassium acetate (Merck, Germany), galantamine
hydrobromide (Sigma Aldrich, Germany),
acetylthiocholine iodide (Sigma Aldrich, Germany),
Folin-Ciocalteu reagent (Merck, Applichem, Germany),
butyrylthiocholine iodide (Merck, Fluka, Germany),
sodium carbonate (Merck, Germany), ammonium
acetate (Merck, Germany), sodium hydrogen phosphate
(Merck, Germany), sodium dihydrogen phosphate

(Merck, Germany)

2.2. Instrumentations and analytical conditions

The Thermo LC system consisted of a Thermo Orbitrap
Q-Exactive HRMS equipped with electrospray ion (ESI)
source were used for the analysis (Thermo, USA). Data
acquisition were performed on TRACE FINDER
software. The chromatographic separations was
performed on C18 (Bum*150mm*3.00 mm; Fortis)
analytical column. The mobile phases were prepared
including %0.1 formic acid water (A) and methanol (B).
The flow rate for the analysis was determined as 0.35
mL/min and the elution gradient given in the Table 1
was used.
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Table 1. Gradient elution

Gradient Time (min) Flow rate (mL/min) % B (mobile phase)

0.00 0.35 50
1.00 0.35 50
3.00 0.35 100
6.00 0.35 100
7.00 0.35 50
10.00 0.35 50

The compounds of each extract were ionized with the
help of ESI in positive and negative mode. MS
parameters were set as; sheath gas flow rate 45 L/min,
auxillary gas flow rate 10 L/min, sprey voltage 3.8 kV,
capillary temperature 320 °C, and auxillary gas heater
temperature 320 °C [22,23].

2.3.Plant material

H. perforatum was collected from Irvindi-Balikesir in June
2020 and identified by Cagla Kizilarslan Hancer. It was
stored in the herbarium of the Faculty of Pharmacy of
Istanbul University (ISTE no: 117.295).

2.4. Extraction method

The herba of H. perfloratum L. of 1 kg of dried plant was
turned into powder in a blender. It was divided into
three equal parts, each weighing approximately 250 g.
Three separates extracts were prepared: ethanol, water,
and water:ethanol (50:50; v/v) using water bath
extraction at 60°C.

2.4.1. Preparation of ethanol extracts (HE):

250 g of plant was placed in a volumetric flask. 500 mL
of ethanol was added. Extracted under reflux into
volumetric flasks for two hours (Fig. 1). After that, it was
cooled to room temperature and filtered by filter paper.
The remaining ethanol was evaporated by rotary
evaporator. Plant extract was stored -80°C until the
analysis.

2.4.2. Preparation of water extracts (HS):

Approximately 245 g of plant was placed in volumetric
flask and 600 mL of water was added. Extracted under
reflux for three hours. It was cooled to room temperature
and filtered via filter paper. Then, the extract was
divided into four equal parts again and 700 mL of water
was added. After waiting in the water bath for two
hours, it was removed from the water by aid of rotary
evaporator. Plant extracts were stored -80°C until the
analysis.

2.4.3. Preparation of water:ethanol extracts (HSE):

250 g of plants weighed and 600 mL of mixture of
ethanol:water (50:50; v/v) was added. The extract was
kept under reflux for two hours and allowed to cool.
When it reached room temperature, it was filtered with
the help of filter paper. The remaining solvent was
removed by rotary evaporator. It was stored -80°C until
the analysis.

Turk J Anal Chem, 7(1), 2025, 1-8
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2.5.Investigation of total phenolic content
The Folin-Ciocalteau method, which is commonly used

for the determination of total phenolic compounds, is
based on the absorbance measurement according to the
color intensity formed by the Folin-Ciocalteau reagent,
which gives its name to the method. Pyrocatechol (o-
Benzenediol) was used as the standard phenolic
compound. As a result of the analysis, a high absorbance
value is an indicator of a high amount of phenolic
substance [24]. The total phenolic content of the all
extracts was determined using the Folin-Ciocalteau
reagent as equivalent to pyrocatechol [25]. Pyrocatechol
stock solution was prepared at a concentration of 100
ppm. 0,1,2,3,4,5,6,7, and 8 pL of the stock solution were
taken, respectively, and their volumes were completed
to 184 uL with distilled water. Solutions were prepared
from samples taken from aqueous, aqueous:ethanol
(50:50; v/v) and ethanolic extracts obtained from the
Hypericum perforatum L. at a concentration of 1000 ppm.
4 pL of sample solutions including 1 mg of extract were
taken and completed to 184 uL with distilled water. 4 pL
of FCR reagent was added to the pyrocatechol solutions
and samples, and after waiting for 3 min, 12 uL of 2%
Na2COs solution was added. The mixture was left at
room temperature for 2 hours and the absorbance values
of the samples were measured at 760 nm. Total phenolic
contents of the extracts were determined using the
following equation obtained from the calibration curve
of standard pyrocatechol (Eq 1.). All the samples were
measured triplicates.

Absorbance = 0.0286 (ug) — 0.0733 (D
(R2=0.9953)

2.6. Investigation of total flavonoid content
Flavonoids are phenolic compounds
diphenylpropane structure, which consist of two phenyl

with a
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rings combined with a propane chain. Quercetin was
used as the standard flavonoid compound.

Total flavonoid contents of the obtained extracts were
determined as quercetin equivalents by the aluminum
nitrate method [26]. Stock solution of quercetin was
prepared at a concentration of 100 ppm. 0,1,2,3,4,5,6,7,
and 8 uL were taken from the stock solution and the
volumes of each were completed to 192 uL with 80%
ethanol by volume. 4 pL of 1 M potassium acetate was
added and waiting for 1 min. Then, 4 uL of 10%
aluminum nitrate was added. After incubation for 40
minutes,
Solutions were prepared from samples taken from all
extracts of Hypericum perforatum L. at a concentration of

absorbance were measured at 415 nm.

1000 ppm. The absorbance of 1000 ppm solutions taken
from each extract were measured at 415 nm. Total
flavonoid contents of the extracts were determined using
the following equation obtained from the calibration
curve of standard quercetin (Eq 2.). All the samples were
measured triplicates.

Absorbance = 0.0394 (ug) — 0.0471 2)
(R2=0.9959)

2.7. Activity of anti-cholinesterase

The Ellman method, also known as a spectrophotometric
method, is a method used to measure the inhibitory
activities of acetylcholinesterase and
butyrylcholinesterase enzymes for the determination of
anticholinesterase activity [27]. The principle of this
method is based on the in vitro hydrolysis of
acetylcholine by acetylcholinesterase or
butyrylcholinesterase to be followed [28]. This method,
a colorimetric method in which acetylcholine is cleaved
to thiocholine by AChE and then reacts with 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB) to give the
yellow 5-thio-2-nitrobenzoate anion, was performed in
96-well microplates.

Ellman Method

Acetylcholinesterase obtained from electric fish and
butyrylcholinesterase obtained from horse serum were
used as enzymes, and acetylcholine iodide and
butyrylcholine iodide were used as substrates in Ellman
method. DTNB, which is yellow in color, was used to
measure the inhibitory activity of acetylcholinesterase
and butyrylcholinesterase enzymes. 130 pL of phospate
buffer with pH:8 was added to each well of 96-well
microplates, 10 uL of the solutions of extracts prepared
at a concentration of 4000 ppm in ethanol, and 20 uL of
BChE solution was added to the AChE and other
samples in microplates. It was incubated at 25°C for 10
minutes. Then, 20 uL of DTNB solution and 20 uL of
acetylcholine iodide and/or butyrylcholine iodide as
substrate were added. The 5-thio-2-nitrobenzoic acid
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anion, which was formed as a result of the reaction of
thiocholine with DTNB, which was released by the
enzymatic hydrolysis of acetylcholine iodide and
butyrylcholine iodide on the other microplate samples,
respectively, was examined spectrophotometrically at
412 nm. Ethanol was used as a control and galantamine
was used as standard. AChE and BChE activity (%
inhibition) was calculated using the following equation
(Eq.3). All the samples were measured triplicates.

(Control — Sample)

% Inhibition = x 100 3

Control

2.8. Assesment of the greenness

With technological developments, new studies carried
out in the chemical and pharmaceutical sectors, reducing
the scale, and thus minimizing the damage to the
environment has become an important criterion. In
recent years, researchers have been working to prevent
environmental pollution and develop eco-friendly
analytical methods. The newly developed ‘eco-friendly’
analytical methods aim to keep the amount of solvent
and other chemicals consumed at a minimum level to
minimize the irritating, toxic, corrosive and pollution
effects of them. In addition, reducing the energy
consume in analyses is possible by reducing the number
of process steps for analysis. One of the points that the
‘green chemistry’ principle attaches importance to is
automation. As the method of working with the
automation system increases, the analyst’s safety will
increase, and his/her effort will decrease. In summary,
green chemistry principles prioritize the required
automation system, using recyclable materials,
minimization of polluting solvents, other chemicals and
waste, reduction of energy consumption, and analyst

safety.

There are some analytical green calculation
(greenness) programs prepared by considering the
principles of green chemistry. Wojnowski et al.
developed the software AGREE: Analytical Greenness
Calculator to assess the environmental and occupational
hazards associated with a given analytical procedure
based on 12 principles [29]. The score obtained from
these metrics is converted into a graph showing extent to
which each of the 12 principles is complied with this
program. The score between 0 to 1 obtained from each
principle visually represents the extent to which the
green chemistry principle is complied with in which

steps with the colors green, yellow and red [30].

2.9. Statistical calculations
The activity results are demonstrated as the mean +
standard deviation from three independent tests. The

4



Dincel et al.

results were found to be within the 95% confidence
interval relied on the Student's t-test. Measurement
curves were plotted between absorbance
concentration, and the corresponding regression
equations were determined. Linear regression analysis,
based on the least squares method, was carried out by
evaluating the slope, intercept,
coefficients.

and

and correlation

3. Results and discussion

3.1.Results of total phenolic and total flavonoid
quantifications in extracts

The total phenolic content of the all extracts were
determined by taking pyrocatechol as the standard

(Fig. 2).

ug / mg extract
250

200

150
100

) .
0

WHSE mHS mHE

Figure 2. Total phenolic contents of extract of the water:ethanol (HSE),
aqueous (HS), and ethanol (HE)

The total phenolic content of the all extracts were
determined by taking quercetine as the standard (Fig. 3).

pg / mg extract
50

40
30
20
10
, IE
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Figure 3. Total flavonoid contents of extract of the water:ethanol (HSE),
aqueous (HS), and ethanol (HE)

Based on the results, the water extract was the highest
total phenolic content, followed by the ethanol extract,
while the water-ethanol extract was the lowest phenolic
content. With regards to total flavonoid content, the
ethanol extract was the richest, followed by the water
extract, with the water-ethanol extract showing the
lowest flavonoid level. In general, the ethanol extract
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was found to be rich in both phenolic and flavonoid
content.

3.2.Results of anti-cholinesterase activity
Anticholinesterase activities of all extracts were
determined by inhibition of acetylcholinesterase (AChE)
(BChE)
Galantamine was used as a standard. The results are
shown in Fig. 4.

and butyrylcholinesterase enzymes.

Anti-cholinesterase activity

— GAL
20 A— HE
10 — — HS
0 _—— — HSE

SD + AChE BChE SD +
= HSE 0.2 59.83 66.11 0.34
= HS 0.52 44.92 16.71 0.48
wHE 0.15 65.58 75.76 0.55
GAL 0.04 86.02 92.58 0.06

W HSE mHS wmHE GAL

Figure 4. Inhibition of AChE and BChE enzymes by extracts of the
water:ethanol (HSE), aqueous (HS), and ethanol (HE), and its standard
deviation values (SD)

When evaluating anticholinesterase activity, the
ethanol extract showed the highest inhibition rate at 65%
for AChE enzyme inhibition, followed by the water-
ethanol extract with 59% inhibition. The aqueous extract
demonstrated an enzyme inhibition rate of
approximately 44%. For BChE enzyme inhibition, the
ethanol extract again led with a 75% inhibition rate,
while the water-ethanol extract exhibited 66% inhibition.
The lowest inhibition rate, at 16%, was sighted in the
aqueous extract. Generally, the ethanol extract presented
a high inhibition rate for both enzymes.

3.3.Results of LC-HR/MS

Calibration equation, R? value, relative uncertainty ratio,
linear range, LOD-LOQ values, relative standard
deviation and recovery of 12 phenolic compounds in all
extracts are shown. (Table 2). According to LC-HR/MS
analysis of 3 different extracts, we obtained 12 major
phenolic compounds (Table 3).

In the LC-HR-MS analysis, the water-ethanol extract
demonstrated the highest concentration of Rhamnocitrin
at 0.343 pg/mL, followed by Naringenin (0.169 pg/mL),
and Kaempferol (0.123 pug/mL).
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Table 2. All compounds were determined of all extracts by LC-HR/MS

Relative Molecular Lineer Lineer Regration
COMPOUNDS Uncertainity m/z Ionization Range & LOD/LOQ R? Recovery RSD
Formula Equation
(%) (pg/mL) (%)
Apigenin 7- 359  CaHwOw 4310984  Neg 037  y=0.0246x+0.00306  0.01/0.03 09962 9607  4.61
glucoside
Ellagic acid 420 CusHeOs  300.9990 Neg 0.05-10 y=0.0085x-0.000612 0.3/1.0 09994  101.49 3.90
Quercitrin 3.78 C21H20011  447.0933 Neg 0.05-10 y=0.0179x-0.0003331 0.01/0.03  0.9990 97.00 476
Nepetin 2.19 CieH1207  315.0510 Neg 0.05-10 y=0.0853x+0.00269 0.01/0.03  0.9992 97.76 3.70
Isosakuranetine 3.98 CieHuOs  285.0769 Neg 0.05-10 y=0.0235x+0.000561 0.01/0.03  0.9992 96.56 3.70
lg\{ilzz::iz 307  CuHzOn 4791184 Pos 00510  y=0.00629x-0.0001951  0.01/0.03 09997 10218 351
Rhamnocitrin 3.16 CisH1206  301.0707 Pos 0.05-10 y=0.03122x-0.002136 0.01/0.03 0.9995  103.58 3.27
Hederagenin 1.80 CaoHuOs  473.3625 Pos 0.5-10 y=0.00131x+0.00146 0.1/0.3 0.9948 97.49 1.84
Naringenin 420 CisHi20s  271.0612 Neg 0.1-10 y=0.0281x+0.00182 0.01/0.03  0.9995 86.65 420
Luteolin 342 CisHi100s  285.0405 Neg 0.1-10 y=0.117x+0.00848 0.01/0.03  0.9981 96.98 342
Hispidulin 341 CisH1206  301.0707 Pos 0.05-10  y=0.02614x+0.0003114  0.01/0.03  0.9993 98.36 341
Kaempferol 3.56 CisHi100s ~ 285.0405 Neg 0.5-7 y=0.0827x+0.00953 0.01/0.03  0.9958 90.25 3.58
Nepetin (0.002 pg/mL) and Nepetin-7-glucoside (0.06
a pg/mL) were found in the lowest amounts. Similarly,

Nepetin was also the compound with the lowest
concentration in the water-ethanol extract, with a value
of 0.003 pg/mL.

3.4. Results of greenness

The results of greenness metrics were presented as
below (Fig. 5). The software was evaluated on 12
principles. The weight of score of each principles is not
different. The results were obtained for all extracts
between 0.61 to 0.67, in terms of examined acceptable
b green metrics. The highest score (0.67) obtained from
aqueous extract. The results were calculated from 11
metrics were same for the each extract, however, only the
score of one criteria (criteria 7) was different. This criteria
rely on the consumption and recycle of analytical waste.

According to this, the extraction methods require large
volume of solvent. In this technique, we used large
amount of water, water:ethanol, and ethanol,

n respectively. Accordingly, compare to other solvents,
water is more recyclable. Therefore, grenness score of
aqueous extract is better than ethanolic and

¢ » water:ethanolic extracts.

Table 3. 12 phenolic compounds determined in the all extracts by

LC-HR/MS
COMPOUNDS HE (ug/mL)  HS (ug/mL) HSE (ug/mL)
Apigenin 7-glucoside 0.097 0.083 —
Ellagic Acid — 0.073 —
Quercitrin 0.333 0.302 —
Naringenin 0.074 0.072 0.169
Nepetin — 0.002 0.003

. . Hispidulin — 0.013 0.054

Figure 5. Greenness scores of all extracts by AGREE:Analytical .

Greennes Calculator software (a: HS, b:HSE, c:HE) Luteolin 0.065 o o
Isosakuranetin 0.069 0.072 0.121

In the ethanol extract, Quercitrin was the most \epetin‘7-glucoside - 0.06 -

abundant compound at 0.333 pg/mL, followed by Rhamnocitrin - - 0343

Hederagenin (0.183 ug/mL). The water extract included Hederagenin 0-183 0.092 -
Kaempferol — — 0.123

the highest levels of Quercitrin (0.302 ug/mL), whereas
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Conclusion

In this study, the total phenolic-flavonoid capacities and
the total phenolic content of three different extracts from
Hypericum perforatum L. were investigated using LC-
HR/MS, and their anticholinesterase activity was
analyzed. Additionally, the sustainability of the
extraction process was evaluated through green
chemistry analysis of the solvents and extraction
methods, using the AGREE: Analytical Greenness
Calculator program.

The plant is widely used in Europe to treat anxiety
and is also known for its various effects, including
wound healing and antispasmodic properties. H.
perforatum oil is commonly used for wound healing. Its
tea has been shown to aid in the treatment of anxiety
disorders. The plant is also existing in capsule form and
has recently gained attention in the cosmetic industry
due to its antioxidant effects. The naphthodianthrone
derivatives, flavonoids, biflavonoids, and
phloroglucinols it includes are potent
compounds with strong antioxidant properties. The

chemical

aerial parts of H. perforatum L. were extracted using 100%
water, a 50% ethanol-50% water mixture and 100%
ethanol under reflux in a water bath at 60°C. The
antioxidant properties and total phenolic-flavonoid
content of the resulting extracts were examined using the
Folin-Ciocalteu method, while their anticholinesterase
activity was analyzed using the Ellman method. LC-HR-
MS analysis disclosed that the water-ethanol extract
contained the highest concentration of Rhamnocitrin,
while the ethanol extract was rich in Quercitrin and
Hederagenin. The water extract also indicated high
Quercitrin levels, but Nepetin and Nepetin-7-glucoside
were present in the lowest amounts across all extracts.
The ethanol extract showed the highest levels of total
flavonoid content and strong inhibition rates for both
AChE (65%) and BChE (75%) enzymes. In spite of the
water extract had the highest total phenolic content, its
enzyme inhibition rates were lower, especially for BChE
(16%). The
moderate phenolic
intermediate enzyme inhibition. Overall, the ethanol
extract exhibited the most potent activity across the
assays. The greenness metrics analysis revealed that the
aqueous extract achieved the highest score due to its
superior recyclability compared to ethanol and water-
ethanol extracts. Although most metrics were consistent
across extracts, the aqueous extract's better performance
in waste consumption and solvent recyclability resulted
in a higher overall greenness score.

water-ethanol extract demonstrated

and flavonoid content and

In conclusion, the results align well, showing that the
ethanol extract exhibits strong antioxidant capacity and
anticholinesterase activity. Continued chemical and
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biological studies on Hypericum species will be valuable
for the discovery of natural bioactive compounds,
contributing to the scientific field.
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Abstract

This study aimed to investigate the utilization of sesame, sunflower seed, almond, peanut, and coconut as condiments for the enrichment of
mulberry leather, known locally as mulberry pestil. The investigation involved a comprehensive analysis encompassing proximate composition,
mineral content, color, physicochemical, and sensory properties. The studied parameters of enriched samples were compared with those of the
plain sample. Employing multivariate statistical techniques enabled the differentiation of the enriched leather samples. Consequently, the leather
samples were categorized into three groups by the principal component analysis according to their physicochemical and chemical attributes.
Strong positive correlations were observed among the studied parameters, as indicated by Spearman's rank correlation coefficients. The
physicochemical and chemical properties of enriched samples exhibited substantial variability. The enriched products had abundant calcium,
potassium, magnesium, iron, and zinclevels. ML samples, particularly those enriched with ingredients like sesame (1815.19 mg/100g) and coconut
(1815.19 mg/100g), are distinguished by their high mineral content. These samples are rich in essential minerals such as calcium (1515.01-1815.19
mg/100g), magnesium (738.53-997.37 mg/100g), and potassium (2121.29-2774.07 mg/100g). The novelty of this study lies in the exploration of
diverse condiments to enhance the nutritional profile of mulberry leather, offering a unique approach to fortifying this traditional product. These
findings revealed that incorporating these condiments enhanced the nutritional values of leather samples, especially in terms of minerals. 100 g
of the enriched mulberry leathers had 68.0-70.7 g of carbohydrate, 4.6-5.7 g of protein, 3.6-5.9 g of fat, and 336-359 kcal of energy value. The
enriched products might be proposed to provide nutrients and energy in emergencies, especially for adolescents and people affected by disasters.

Keywords: Almond, coconut, mulberry leather, peanut, sesame, sunflower seeds

1. Introduction

Consumers’ demand for healthy foods has increased the
interest of the food industry and scientists in developing
functional food products. Many food products have
been reformulated for fortification with compounds
providing health benefits such as vitamins, minerals,
and bioactive compounds [1]. Fruit leather is a
nutritionally dense product made from fruit juices or
fruit pulps that has the potential for fortification. Apple,
banana, grape, kiwi, mango, mulberry, and pineapple,
and other fruits are used in the production of fruit
leathers [2-6].

Fruit leathers, also called fruit sheets, strips, or roll-
ups, are enjoyed as snacks or desserts worldwide [7]. In
Tiirkiye, a traditional variety known as pestil is

produced as a regional fruit snack. Mulberry is one of the
fruits used in pestil (fruit leather) production and has
potential beneficial properties such as anti-cholesterol,
anti-diabetic, and antioxidant effects because of its
bioactive compounds [8]. Various regions of Tiirkiye are
known for producing pestil, a traditional dried fruit
product, with Kayseri, Tokat, and Amasya being
particularly renowned for their contributions. Each
region adds its own unique flavors and methods to the
craft. However, Gumushane is distinguished as the
center of mulberry leather (ML) production. Gumushane
pestil stands out for its use of locally grown mulberries,
which provide a distinctive texture and flavor. The
region’s cool climate and fertile soil enhance the richness
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of these mulberries, while the traditional production
process results in a thicker, more intensely flavored
pestil. Known for its natural sweetness and chewy
consistency, Gumushane’s pestil is a culinary delight
and a symbol of the region’s agricultural heritage and
craftsmanship. The ingredients of Gumushane pestil are
mulberry molasses, honey, milk, wheat flour, and sugar,
and condiments such as hazelnuts and walnuts can be
used to produce pestil. Gumushane pestil is notable for
its unique sensory and physicochemical characteristics,
as described in the previous studies [9,10]. It exhibits a
distinctively softer and more lustrous texture than other
fruit leathers.

The  higher  nutritional content (mainly
carbohydrates) of fruit leather makes it a good energy
source. The consumption of fruit leather can contribute
to meeting energy requirements, especially for
adolescents and communities affected by diseases.
Moreover, it helps increase solid fruit intake [11].

This study introduces innovation by utilizing various
ingredients such as almonds, sesame, coconut,
sunflower seeds, and peanuts as condiments for ML
production. This initiative seeks to address a research
gap, as previous studies haven't explored the potential
of the enrichment of fruit leathers with sesame, almond,
sunflower seeds, peanuts, and coconut, especially

regarding minerals. This study focuses on a
comprehensive investigation of the proximate
composition, mineral content, physicochemical

properties, color, and sensory characteristics of these
enriched fruit leathers.

Enriching ML with condiments like sesame,
sunflower seed, almond, peanut, and coconut offers an
innovative way to enhance its nutritional value. Locally
known as mulberry pestil, ML is a nutrient-dense dried
fruit product widely consumed in Tiirkiye. While
previous studies have focused on basic pestil
composition or the impact of single ingredients, this
study expands on that by examining the effects of
multiple condiments on ML’s physicochemical, mineral,
and sensory properties. Unlike studies that focus on
individual ingredients, this work uses multivariate
statistical techniques to categorize and differentiate
enriched ML samples, providing deeper insights into
their physicochemical and chemical attributes.

2. Materials and methods

2.1. Materials

The ingredients used in this study, including mulberry
molasses, honey, sugar, wheat flour, coconut, almond,
peanut, sesame, and sunflower seeds, were sourced from
a local market in Gumushane. The combination of these
ingredients, particularly mulberry molasses, coconut,
almonds, sunflower seeds, sesame, and peanuts,
significantly enhances both the nutritional value and
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sensory characteristics of MLs. Almonds contribute
healthy fats and protein, while sunflower seeds provide
antioxidants and essential vitamins. Sesame seeds are
rich in calcium and iron, and peanuts are a valuable
source of protein and healthy fats. Together, these
ingredients work synergistically, enriching the MLs with
a diverse range of nutrients, resulting in a more
nutritious and flavorful product.

2.2. Chemicals and equipment

The chemicals and solvents used in this study, all
analytical or HPLC grade, were procured from Merck
(Darmstadt, Germany), ensuring high purity for precise
measurements and reliable results. Solvents such as
HMF standard (99%), methanol, NaOH, and HNOs, all
analytical or HPLC grade, were used in various stages
for the extraction of compounds, preparation of
solutions, and analytical measurements. The names of
the instruments used for the analyses are provided in the
relevant methods.

2.3.Preparation of mulberry leathers

The procedure began by heating a quantity of water
(16.20 kg) until it reached its boiling point. Afterwards, a
blend of liquid sugar (5.5 kg, with 75% dry matter),
honey (4.2 kg), and molasses (0.8 kg) was introduced into
the boiling water while being constantly stirred for 20
minutes. The milk (1.3 L) and a tiny amount of water
were vigorously mixed with the flour (2.7 kg) in a
different bowl. A fraction of this blend was incorporated
into the flour following a comprehensive mixing
process. When the flour blend was added to the boiling
fluid, it developed "herle." The hand refractometer
measured the Brix value of the herle as 30%. Once the
temperature of the herle reached its boiling point, the
heat was subsequently decreased and sustained for 15
minutes. After cooking, the herle was cooled to around
60-65 °C. The herle mixture and drying of the MLs can
be seen in Fig. 1A and Fig. 1B.

Concurrently, the exhibition cloth was prepared. The
assortment of condiments, including sesame, almond,
sunflower seed, peanut, and coconut, weighing 0.9 kg,
was added individually to the herle. The herle was
uniformly applied onto the surface of the cloth using a
spreader, resulting in a consistent and thin layer.
Subsequently, the herle was subjected to a drying
process at a temperature of 60 °C using airflow for an
estimated period of 10 hours. To make it easier to remove
the dried fruit leather from the fabric, the back of the
cloth was moistened with water. Following a short 40—
50 second period, the ML was separated from the cloth
and allowed to complete a 2-hour drying procedure.
Each type of condiment yielded around 10 kg of fruit
leather. The fruit leathers were packaged under room
conditions and await further examination. The
appearance of the MLs enriched with condiments is
shown at Fig. 1C.
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Figure 1. A) Herle mixture B) Drying of MLs C) MLs enriched with condiments

2.4. Physicochemical and chemical analyses

The measurement of titration acidity was conducted by
utilizing a pH meter by the titration process outlined in
the reference method of the Turkish Standard Institute
(TS 1125 ISO 750) [12]. The sample was uniformly mixed
and weighed (10 g) in a container. A volume of 75 mL of
distilled water was added and mixed using a magnetic
stirrer. The mixture was titrated using a 0.1 N sodium
hydroxide solution for 60 seconds until the pH level
reached 8.3. The results of the samples were given in %
(m/m) as anhydrous citric acid (ACA). The pH
measurement was performed according to the
specifications stated in TS 1728 [13].

The color evaluation was conducted by a Minolta
Chromameter (CR-400, Konica Minolta Sensing, Inc.,
Japan), as described in the study by Quek et al. [14]. The
color index consists of three parameters: L* for
darkness/whiteness, a” for greenness/redness, and b* for
blue/yellow. 5 g of sample was placed into the sample
container. The device provided direct readings of L*, a*,
and b* values. The total color difference was calculated
using the formula below

AEX(the total color difference) = \[(AL% + Aa? + Ab2) (1)

The total solids content was assessed via the standard
method of the TS [15]. A sample of 10 g was weighed in
a 100 mL beaker with an accuracy of 0.01 g. Following
dissolving, the mixture was put into 200 mL flasks and
then filled with water until reaching the designated line.
The mixture was subsequently filtered using specialized
strainer paper. The solution was measured at a
temperature of 20 °C using a refractometer (SOIF WYA-
25 digital desktop Abbe refractometer,
Soif Optical Instruments, China). The residual substance
on the filter paper was desiccated and measured until it
attained a constant weight in a drying oven set at 130°C.

100 g of the samples were measured to find the
condiment. The condiments
meticulously partitioned using utensils such as knives
and scissors. Later, a balance was used to measure each
component of the condiment [16]. The thickness of the

amount of were

ML samples was measured with a digital caliper
(Robocombo, 0-150 mm).

The moisture contents were tested following the TS
standard procedure [17]. A sample weighing 5 g was
placed in aluminum cups, which were then heated to a
temperature of 103 °C until the weight of the sample
remained constant (Apin, Lab Drying Equipment, SH-
FDO54, Jaeho Lee Samheung Energy Co. Ltd., South
Korea). The results were expressed in g/100 g.

A protein analyzer instrument (Gerhardt, Bonn,
Germany) based on the Kjeldahl principle was utilized
to determine the crude protein content of the samples,
explicitly applying the TS method [18]. The crude
protein content was calculated using a factor of 6.25.

The fat content was assessed by applying the TS
reference technique [19]. The fat content obtained from
the sample milled in the blender was transferred into a 5
g Soxhlet cartridge, which was then sealed with
hydrophilic cotton. The collection flask was heated to a
constant weight of 103 °C and then weighed as tare. The
material was extracted using a Gerhardt classic Soxhlet
device (Gerhardt, Bonn, Germany) for 6 hours. The
residual solvent in the collection flask was removed
entirely. It was placed in an oven set at 103° C, and the
amount of crude fat was determined by weighing it to a
preset level.

Crude fiber analysis was conducted according to the
TS 6932 standard [20]. A sample of 1 g was measured
using a 250-milliliter beaker. A volume of 100 mL of a
solution containing 1.25% sulfuric acid was added and
subjected to heat. Once it reached the boiling point, it
was further boiled for 30 minutes. Then, 10 mL of a KOH
solution with a concentration of 28% was added, and the
mixture continued to heat for 30 minutes. The heated
sample was filtered using a preheated glass filter. The
item was rinsed with boiling pure water two more times.
Ultimately, it was cleansed using acetone. The residues
of the glass filter were desiccated in an oven and an
automatic drying cabinet at 130°C for an hour. After
cooling in the desiccator, the dried substance was
weighed. The glass filter weighed beforehand was
inserted into the incinerator and subjected to combustion
for 30 minutes at a temperature ranging from 550 to
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600°C (MF-12, Nuve, Ankara, Tiirkiye). Following the
cooling in the desiccator, the remaining substance was
weighed.

The TS reference technique determined the ash
content [21,22]. 2.5 g of samples were weighed and
placed in a porcelain crucible. The samples were then
burned at 550 °C until their weight remained constant
(MF-12, Nuve, Ankara, Tiirkiye). The resultant ash was
subjected to analysis of insoluble ash in HCIL The
porcelain crucible was filled with 25.0 mL of 10% HCl
and then immersed in boiling water for up to 60 minutes.
Once it had cooled down, it was passed through the
ashless strainer paper. The complete removal of HCl was
achieved by rinsing with pure hot water. A volume of 0.1
N AgNOQO:s solution was introduced into a tube to verify
this. The washing process persisted until the absence of
any white sediment. The non-dissolvable residue in
hydrochloric acid was examined using an alternative
technique of TS [21]. The filter paper was placed inside
the porcelain crucible and dried. Following exposure to
the flame, the ash  was transferred to
the muffle furnace (MF-12, Nuve, Ankara, Tiirkiye) at a
constant temperature of 525+10 °C. The substance was
cooled downand put into a desiccator. Once the
weighing temperature was attained, it was weighed.

The samples incinerated in the microwave digestion
unit were analyzed for minerals using the ICP-MS
device, following the reference protocol [23]. Once the
ash samples were dissolved in a solution of 10% nitric
acid, they were precisely adjusted to a volume of 50 mL
using ultrapure water. The metal ions in the solutions
were determined using the ICP-MS equipment (7700,
Agilent Technologies, Santa Clara, CA, USA). Before
conducting measurements using ICP-MS, the
instrument was calibrated using mixed standard
solutions containing the metal ions under study [23]. The
performance parameters of the ICP-MS method for
metal analysis are provided in Table 1. The LOD and
LOQ were calculated based on 20 blank samples, with
the formulas as follows:

LOD (Limit of Detection) = Blank + 3 x Sd (2)
LOQ (Limit of Quantification) = Blank + 10 x Sd (3)

The quantification of total sugar, glucose, fructose, and
sucrose was done with the methodologies described by
Yuksel et al. [10]. 5 g of the samples were dissolved in 40
milliliters of distilled water at room temperature. A
volume of 25 mL of methanol was added to the mixture,
which was then transferred to a volumetric flask. The
solution underwent filtration using a membrane filter
and was transferred to the vials. HPLC-RID analysis
conditions were as follows:

Turk J Anal Chem, 7(1), 2025, 9-21

Flow rate: 1.3 mL/min.

Moving phase: Acetonitrile / water (80:20) volumetric
Column temperature: 30 °C+ 1 °C

Injection volume : 10 ul

Device : HPLC-RID (Thermo Finnigan HPLC)

Peaks were identified in both the standards and
samples, and the areas of these peaks were quantified. A
linear calibration graph was constructed to display peak
areas measured in micrograms per milliliter. The data
collection and calculating method determined glucose,
fructose, and sucrose percentages.

The hydroxymethylfurfural (HMF) quantification
was conducted using the method of Baltaci and Aksit
[24].5 g of the sample was placed into a 50 mL container.
Then, 25 mL of pure water was added to dissolve the
material. To prevent the degradation of HMF, 0.5 mL of
Carrez I and 0.5 mL of Carrez Il were added. The sample,
which was prepared using a funnel, was filtered. The
solution was transferred into vials, filtered via a 0.45-
micron filter, and injected into the prepared HPLC
system (Thermo Finnigan HPLC, Thermo Electron, San
Jose, CA). The calibration curve was prepared using
standards of HMF at concentrations of 1.0, 2.0, 4.0, 8.0,
and 12.0 mg/L. The performance parameters of the
HPLC method for HMF analysis are as follows: The
linear range is 1.0-12 pg/g, with a calibration curve
equation of y=7036x—0.30 and an R? value of 0.999. The
limit of detection (LOD) is 0.01 pg/g, and the Limit of
Quantification (LOQ) is 0.03 pg/g. Precision is
demonstrated by a relative standard deviation for
repeatability (RSD:) of 1.58%, which is below the
Horwitz value, and for reproducibility (RSDr), it is
2.56%, also below the Horwitz value. The recovery rates
for HMF analysis are 98.83% at 25 ug/g, 97.18% at 50
ug/g, and 99.39% at 75 ug/g.

2.5. Sensory analysis

The analysts were comprised of 10 individuals who were
well-educated (students of the Department of Food
Engineering). The panel was evenly divided between 5
males and 5 females, ages 18 to 24, and all members were
nonsmokers. An evaluation assessment of fruit leather
was completed, examining its color, taste, smell, and
appearance. The sensory scores, ranging from 1 to 4,
were derived from the analysis [16].

2.6. Statistical analysis

Agglomerative  hierarchical  clustering
mapping (PREMAP),
component analysis (PCA) were executed by employing
the Microsoft Excel program with the assistance of
XLSTAT (Addinsoft (2024), XLSTAT statistical and data
New York, USA,

(AHQ),

preference and principal

analysis solution,

https://www.xlIstat.com).
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Table 1. Performance parameters of the method in ICP-MS for metals analysis

No Mineral Calibration curve R2 RSD% Linearity LOD/LOQ Recover (%)
RSDr RSDR (ug/mL) (ug/mL) Intra-day Inter-day

1 Na y=-9066924.3x+244348.2 0.998 0.52 0.71 0.5-25 0.03/0.09 100.11 100.83
2 Mg y=-2307216.6x+16968.9 0.995 1.03 1.06 0.3-9 0.05/0.15 99.63 100.16
3 Al y=12250x+12162.9 0.971 0.94 2.08 0.5-10 0.7/2.22 99.68 100.68
4 Ca y=338057x+27399.8 0.999 0.82 1.61 5-80 0.7/0.21 100.10 99.47
5 K y=2679658x+300146.5 0.998 0.75 1.23 5-100 0.02/0.07 99.69 100.41
6 Cr y=19224.9x+2095.1 0.957 0.77 1.44 0.01-0.10 0.20/0.60 99.72 100.55
7 Mn y=13370.8x+3787.2 0.999 1.09 2.15 0.01-0.25 0.005/0.015 100.24 100.45
8 Fe y=16734.0x+99314 0.997 1.21 1.82 0.1-5 0.12/0.40 99.63 100.77
9 Co y=27170.7x+380.0 0.995 1.51 2.16 0.01-1.0 0.02/0.08 100.00 99.67
10 Ni y=6903.2x+3978.1 0.996 0.58 2.09 0.01-0.5 0.02/0.06 100.02 99.88
11 Cu y=18008.0x+7625.2 0.999 1.17 241 0.1-0.4 0.02/0.06 99.70 99.51
12 Zn y=4102.8x+134853.9 0.999 0.64 1.31 0.01-30 0.06/0.22 99.81 100.79
13 As y=2608.0x+52.3 0.999 1.49 2.21 0.001-0.02 0.002./0.006 99.83 99.97
14 Pd y=15301x+6444.2 0.999 0.98 1.23 0.2-10 0.01/0.03 100.32 100.68
15 Ag y=-47157.7x+7158.4 0.999 0.61 148 0.02-0.16 0.01/0.03 100.13 100.12
16 Cd y=11116x+779.4 0.999 0.77 1.93 0.01-5.0 0.02/0.06 99.22 99.98
17 Sn y=272.1x+149.9 0.999 1.23 1.12 0.01-0.5 0.02/0.06 100.15 100.42
18 Ba y=13516.8x+6324.7 0.998 1.08 1.19 0.05-0.5 0.01/0.03 100.06 100.72
19 Hg y=85457.1x+2040.2 0.998 0.83 1.11 0.1-5 0.03/0.09 100.09 99.67
20 Pb y=53700.4x+42830.9 0.999 1.08 1.19 1-50 0.7/2.20 99.23 100.45
21 P y=101446.1x+4877.1 0.996 0.82 1.11 0.1-5 0.2/0.6 98.12 99.77

3. Results and Discussion

3.1. Physicochemical properties

Table 2 presents the findings about physicochemical
parameters. Significant differences  in  the
physicochemical parameters were observed among the
samples (p < 0.05).

One of the significant physical properties is the
thickness of fruit leather, which plays a dual role as an
edible film. The thicknesses of MLs ranged from 1.31 mm
to 2.21 mm. According to Yildiz [9], the MLs exhibited a
thickness value ranging from 0.80 mm to 1.25 mm. Yildiz
and Boyraci [25] determined the thickness of pestil
samples, varying from 0.92 mm to 1.12 mm. Compared
with the previous studies, the ML with the condiments
displayed notably greater thickness values.

Addressing acidity and pH, the MLs exhibited acidity
values of 0.12% and 0.19%, with pH values of 6.05 and
6.13, respectively. The plan ML had a lower acidity value
than the ML with condiments. The acidity of fruit
leather mainly depends on the fruit pulp or juice used in
the production. Yildiz [9] reported the ML acidity values
of 0.14% and 0.15%. In another study, Karaoglu et al. [26]
determined the acidity and pH values of MLs, ranging
from 0.40% to 0.73% and 5.67 to 5.81, respectively.
According to Tontul and Topuz [27], the pomegranate
leathers exhibited pH values varying from 3.61 to 3.68.

3.2. Color properties

The color attributes of the leather samples displayed
significant differences with a confidence level of 95% (P
< 0.05) (Table 3). The color analyses were elucidated
using PCA at arate of 99.18% (Fig. 2). The color
differences (AE*ab) were found to be more significant

based on the PCA loadings and scores. The MLs
enriched with coconut and sunflower seeds showed a
lighter hue. Conversely, the plain ML had a more intense
hue. Different the fruit leather
formulations greatly impacted the values of L* a* b*
and AE*ab. The variations in the MLs' color values could
from wusing different

condiments in

arise condiments during
production. The color of fruit leather products can be
modified through baking and drying methods employed
during manufacturing. Suna and Ozkan-Karabacak [28]
determined the L* a* and b* values of the ML samples
dried with differing methods, ranging from 28.57 to
35.42, from 4.44 to 8.15, and from 11.15 to 19.06,
respectively. According to an investigation on the effects
of sugars and cooking time on the color properties of
ML, the L* a* and b* values varied from 31.64 to 35.86,
from 5.33 to 9.41, and from 0.63 to 8.55, respectively [29].
Except for the plain fruit leather samples, the AE*ab
analysis revealed statistically noticeable variations
among the samples (P < 0.05), as demonstrated in

Table 3.

3.3. Proximate composition

The proximate composition of the ML samples is
presented in Table 2. The moisture content of the ML
samples ranged from 15.49% to 19.43%. Moisture content
is a pivotal characteristic of fruit leather and should be
kept lower to ensure extended product storage without
deterioration. The moisture content of fruit leather varies
depending on formulation and drying process. The
moisture content of apricot, grape, and MLs procured
from the local market was determined to range from
11.8% to 18.3% [30]. An investigation of the development
of kiwi leather using different hydrocolloids showed
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Table 2. Physicochemical and chemical properties of MLs
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. Almond-added Sunflower seed- Sesame-added Coconut-added

Sample Plain ML ML Peanut-added ML added ML ML ML
Thickness (mm)/diameter 1.31+0.10¢ 2.15+0.102 2.21+0.052 2.21+0.07 1.63+0.13P 1.58+0.09°
Condiment (g/100 g) 0.01+0.01° 10.69+0.06 2 10.72+0.17 10.73+0.17 2 10.77+0.122 10.77+0.212
Total solids (g/100 g) 84.48+0.07 2 82.71+£0.17P 82.66+0.28 82.12+0.50 b 79.69+0.33 ¢ 79.49+0.48
Moisture (g/100 g) 15.49+0.014 16.79+0.01 ¢ 16.87+0.01 ¢ 17.12+0.02° 19.43+0.03 2 19.39+0.02 2
Acidity (ACAeq.) (g/100 g) 0.12+0.01¢ 0.19+0.012 0.16+0.01° 0.16+0.01° 0.18+0.012 0.19+0.012
pH 6.13+0.04 2 6.05+0.03 P 6.07+0.02P 6.07+0.02P 6.07+0.02° 6.11+0.022
HMF (mg/kg) 3.45+0.142 3.08+0.08" 3.17+0.07® 3.21+0.06" 1.75+0.10¢ 1.69+0.10¢
Protein (g/100 g) 6.75+0.152 5.70+0.07® 5.57+0.11P 5.70+0.06 4.70+0.12¢ 4.63+0.15¢
Total ash (g/100 g) 0.44+0.02¢ 0.65+0.03 ab 0.66+0.03 0.67+0.02° 0.77+0.03 2 0.77+0.024
10% HCI Insoluble ash (g/100 g) 0.14+0.02¢ 0.14+0.01 ¢ 0.14+0.01 ¢ 0.15+0.01 be 0.18+0.014 0.17+0.02 ab
Total sugar (g/100 g) 39.01+0.012 39.28+0.012 39.28+0.022 39.28+0.022 39.47+0.03 2 39.47+0.512
Glucose (g/100 g) 10.35+0.10¢ 10.67+0.02° 10.78+0.10 a0 10.91+0.062 10.78+0.11 ab 10.70+0.12°
Fructose (g/100 g) 10.31+£0.04 4 10.54+0.07 < 10.63+0.06 e 10.75+0.10 a0 10.86+0.122 10.88+0.014
Sucrose (g/100 g) 18.65+0.04 2 18.27+0.12° 18.41+0.08" 18.30+0.06 18.40+0.07° 18.38+0.14 Y
Cellulose (g/100 g) 0.36+0.03 ¢ 0.75+0.03 ¢ 0.84+0.03 < 0.75+0.03® 1.32+0.03P 1.44+0.027
Total fat (g/100) 0.23+0.02°¢ 5.45+0.06® 5.90+0.09 2 5.84+0.04 ab 5.76+0.134 3.63+0.08 ¢
Total mineral (g/100 g) 0.46+0.05¢ 0.67+0.04 ab 0.61+0.01° 0.70+0.054 0.65+0.04 ab 0.70+0.032
Carbohydrate (g/100 g) 76.62+0.14 2 70.66x0.07 b 70.1620.12 ¢ 69.93+0.15¢ 68.03+0.30 ¢ 70.14+0.12 <
Energy (kcal/100 g) 336.67+0.12¢ 356.7+0.41b 358.57+0.39 2 357.27+0.10° 346.68+0.48 < 336.04+0.35¢

Note: Results are presented as means + standard deviations. Different letters (a-e) in the same lines are significantly (P <0.05) different.

that the moisture content of the leather samples varied
from 17.45% to 22.00% [2]. Our study's results fell within
the range of 79.49-84.48% concerning the total solids
content of the ML samples.
comparable with the values reported by Cagindi & Otles
[30] and Bayram [31] for apricot, grape, and MLs.

These values were

The primary macronutrient in the ML samples was
carbohydrate, ranging from 68.03 to 76.62 g/100 g. The
protein and fat contents of the MLs varied from 4.63 to
6.75 g/100 g and 0.23 to 5.90 g/100 g, respectively. Legal
regulations do not stipulate a specific limit for the
in Table 4,
between the quantity of

macronutrients. As shown there are

significant correlations
condiments and the macronutrients (p < 0.05). A
significant negative correlation for both carbohydrate (r
=-0.95) and protein (r = -0.78) and a significant positive
correlation for fat (r = 0.92) were observed. The plain ML
contained the highest contents of carbohydrates (76.62
g/100g) and protein (6.75 g/100g), while the peanut-
added ML had the highest fat content (5.90 g/100g). The

levels of macronutrients in fruit leather depend on the

According to Yildiz [9], the plain ML had protein
(4.34%) and fat (0.98%). the

carbohydrate, protein, and fat contents of apricot, grape,

In another study,

and MLs were reported to range from 73.7% to 82.4%,
from 3% to 6%, and from 0.2% to 3.4%, respectively [30].
Sarma et al. [1] determined that the banana leather
contained carbohydrates (56.04%), protein (6.23), and fat
(0.18%).

The energy value of the MLs ranged from 336.04 to
358.57 kcal/100 g (Table 2). The plain ML had the lowest
energy value, whereas the peanut-added ML exhibited
the highest. A 100-gram portion of MLs accounts for
approximately 17% of an adult's daily reference intake
(RI) based on a 2000-calorie diet. Due to their higher
carbohydrate contents and energy values, the MLs can
serve as wholesome supplementary meals, snack
options, and rapid energy sources. Moreover, they can
be alternative options for the high-energy foods needed

in short-term nutrition emergency services in case of

disasters.
fruit and other ingredients used in the production.
Table 3. Color measurement of MLs
Sample L* a* b* AE*ab
Plain ML 41.33+1.23 d 12.58+1.06 a 21.44+1.13 a 0.00f
Sesame-added ML 43.49+0.53 ¢ 9.63+0.14 b 18.95+0.84 b 3.81+0.33 e
Almond-added ML 43.67+0.89 c 7.18+0.05d 13.89+0.29 d 8.96+0.33 ¢
Coconut-added ML 47.63+0.59 a 6.03+0.13 e 12.09+0.26 e 12.41+0.38 a
Peanut-added ML 43.32+1.19 ¢ 7.81+0.22 ¢ 15.97+0.31 ¢ 7.98 +0.33 d
Sunflower seed-added ML 45.93+0.26 b 6.80+0.34 d 11.68+0.75 e 11.62+0.16 b

The data are shown as the mean of three determinations, accompanied by the associated + standard deviation. A variety of letters (a-f) in the same
column indicate significant differences, attaining statistical significance at the 95% level (P < 0.05). In this context, the symbol "L*" represents the

degree of darkness or lightness, where a value of 0 corresponds to black and a value of 100 corresponds to white. Similarly, the symbol "a

Fall

the absence of greenness (-a) and the presence of redness (+a), while the symbol "b*" indicates the absence of blueness (-b) and the presence of

yellowness (+b).
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Figure 2. PCA analysis of the color properties of the MLs with different condiments

The MLs showed no significant differences in total
sugar content (p > 0.05). The total sugar content of ML
was not explicitly specified in the TS 12677 [16] ML
standard. The total sugar (39.00-39.50%), glucose (10.30-
10.90%), and fructose (10.30-10.90%) levels of the ML
samples were found to be lower than results of the
previous studies. Bayram [31] reported that the MLs
contained total sugar levels ranging from 47.60% to
59.20%, glucose levels from 11.00% to 15.80%, and
fructose levels from 7.10% to 9.20%. Yildiz [9]
determined that MLs had sugar content ranging from
51.30% to 62.50%. The lower values in our study could
be attributed to the differences in the types and levels of
sugars and honey used in the formulation of MLs.

There is no prescribed cellulose limit for fruit leather
within any legal regulations. As indicated in Table 4,
there is a noticeable positive correlation between
cellulose and condiment content (r = 0.67). Among the
ML samples, sesame and coconut exhibit elevated
cellulose content. Bayram [31] examined the MLs with
condiments such as hazelnut and walnut, revealing

varying cellulose ratios of 2.0% to 2.20%. These values
were higher than those found in our study, which might
be attributed to the choice of ingredients.

The ash content of the MLs ranged from 0.44% to
0.77%. As shown in Table 3, strong positive correlations
indicate that when one variable increases, the other
tends to increase as well. For example, protein and total
ash (r = 0.97) and glucose and fructose (r = 0.88) both
show a simultaneous increase, suggesting that these
components are closely related and tend to vary
together. On the other hand, strong negative correlations
indicate an inverse relationship, where an increase in one
variable leads to a decrease in another. For instance,
acidity and protein (r = -0.95) and moisture and protein
(r =-0.97) demonstrate such relationships, implying that
higher acidity or moisture content may result in lower
protein levels. These correlations provide valuable
insights into how various chemical and physicochemical
properties of the samples interact, helping to better
understand the underlying dynamics between these
factors.
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Table 4. Correlation matrix for the physicochemical and chemical parameters of products

2 kS g 12 o g = S O §D © - "g
Variables § é g & 3 2 g < &'1) % 3 g q‘é % s &£ % % s
g @ S 2 T =) 2 T 9% © S I3} & = s 2 5 g &
2 8 £ &2 9 z =2 g £ TEE 2 2 § ® £ % 2 3 &
E <0 = 3 < & T & = R®RE5E B O @ @ O = 8 @ ==
Thickness 1.00 0.66 007 -0.16 035 -0.78 0.33 -0.07 027 -0.38 0.15 0.65 0.18 -0.62 -0.08 0.79 -0.50 0.93 0.50
AmOL.mt of 1.00 -0.68 0.62 0.86 -0.67 -0.45 -0.78 0.88 025 0.84 083 0.77 -0.78 0.67 0.92 -0.95 0.56 0.86
Condiment
Total Solids 1.00 -0.98 -0.73 0.10 0.92 095 -0.92 -0.72 -0.96 -0.49 -0.89 038 -0.97 -0.46 0.79 0.17 -0.65
Moisture 1.00 0.71 -0.09 -0.97 -0.96 0.89 0.75 0.95 044 0.87 -032 098 039 -0.74 -0.25 0.60
Acidity (ACA eq.) 1.00 -0.52 -0.62 -0.80 0.85 039 0.85 0.62 0.71 -0.74 0.75 0.69 -0.82 025 0.81
pH 1.00 -0.04 028 -043 023 -0.34 -0.64 -0.24 0.64 -0.12 -0.79 0.61 -0.78 -0.50
HMF 1.00 0.89 -0.78 -0.78 -0.86 -0.25 -0.78 0.16 -0.95 -0.20 0.59 043 -0.46
Protein 1.00 -0.95 -0.62 -0.98 -0.55 -0.88 0.47 -0.97 -0.57 0.84 0.04 -0.69
Total Ash 1.00 053 097 0.68 091 -0.62 091 0.71 -0.92 0.15 0.77
% 10 HCl Insol. Ash 1.00 062 0.13 064 001 0.70 010 -042 -0.39 0.29
Total Sugar 1.00 0.63 091 -0.54 0.96 0.65 -0.90 0.05 0.76
Glucose 1.00 0.67 -0.77 0.46 0.85 -0.82 0.60 0.78
Fructose 1.00 -043 0.88 0.60 -0.84 0.05 0.72
Sucrose 1.00 -0.35 -0.74 0.68 -0.56 -0.75
Cellulose 1.00 043 -0.76 -0.20 0.62
Total Fat 1.00 -0.91 0.79 0.71
Carbohydrate 1.00 -0.46 -0.79
Energy 1.00 035
Total Mineral 1.00

Note: Values in bold are different from 0 with a significance level alpha=0.05. Significant correlations are displayed in bold. Correlation

coefficients vary -1 and 1.

The closer is to 1 or -1. stronger is the link between two variables. Negative values indicate negative correlation. and positive values indicate

positive correlation.
Values close zero reflect the absence of correlation.

The ML samples incorporating coconut and sesame
yielded higher values than the others, whereas the plain
leather exhibited a lower value. Bayram [31] reported
that the ash content was 0.35%-0.40% and 0.45%-0.75%
for the plain ML and the ML with hazelnut and walnut,
respectively. According to a study using different flours
in the production of ML, the ash contents of ML samples
ranged from 0.66 g/100 g to 1.71 g/100 g [10].

3.4.Mineral content

Minerals collaborate synergistically with vitamins in our
bodies, optimizing the effective utilization of these
vitamins and other essential nutrients. A comprehensive
evaluation of 21 minerals was undertaken in the ML
samples, and these results are provided in Table 6. All
condiment-added MLs displayed significant sodium,
phosphorus,  magnesium,
manganese, iron, and zinc abundances. Additionally,

potassium, calcium,
other elements, including copper and nickel, were
detected. Notably, metals such as arsenic (As), lead (Pb),
cadmium (Cd), and mercury (Hg) were detected below
the limit of quantification (LOQ) by the maximum
residue limits regulated by Turkish Food Codex
regulations on contaminants. A study highlighted the
elevated presence of potassium, calcium, and zinc in
apricot fruit leather, whereas mulberry fruit leather
exhibited a higher amount of magnesium [30].

As indicated in Table 4, there is a strong positive
correlation between the amounts of condiments and

total mineral content (r = 0.86). Minerals like calcium,
phosphorus, magnesium, manganese, and zinc were
more pronounced in MLs enriched with condiments
than the plain ones, indicating that incorporating
condiments enhanced the nutritional values of MLs. The
peanut-added ML had the lowest sodium. A reduction
in the sodium intake and an increase in the potassium
intake are recommended for a healthy diet. The peanut-
added sample might have superiority over other MLs
since the incorporation of peanuts decreased sodium
and potassium content.

3.5. HMF levels

HMF is an indicator of heat treatment in foods and is
regulated by standards. For example, mulberry fruit
leather's maximum allowable HMF content is 50 mg/kg
[16]. In our examination, which spanned six MLs, the
HMF concentrations ranged from 1.69 mg/kg to 3.45
mg/kg, with plain ML containing the highest levels and
coconut-added ML having the lowest. HMF content is
extensively used to indicate Maillard reactions and
browning in several foods, including honey and
molasses [32]. The gel structure known as "herle," the
initial phase of fruit leather production, is formed by
boiling a blend of fruit pulp or juice, flour, sugar, honey,
and water for approximately two hours. The process
conditions for boiling treatment in the production of
herle can impact the HMF content. A study comparing
HMF formation resulting from maintaining herle at
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Table 5. The loadings and the scores of the first five rotated principal components

The Loadings F1 F2 F3 F4 F5

Thickness (mm) 0.352 0.894 0.111 0.041 -0.043
Amount of condiment (g/100 g) 0.927 0.341 0.006 -0.011 -0.014
Total solids (g/100 g) -0.887 0.428 -0.023 -0.010 0.063
Moisture (g/100 g) 0.860 -0.499 0.014 -0.047 -0.045
Acidity (ACA eq.) (g/100 g) 0.888 0.074 -0.306 -0.112 0.219
pH -0.489 -0.721 -0.008 0.375 -0.072
HMF (mg/kg) -0.738 0.651 0.027 0.125 0.004
Protein (g/100 g) -0.934 0.290 0.016 0.129 0.074
Total Ash (g/100 g) 0.978 -0.093 -0.007 -0.075 -0.066
% 10 HCl insol. ash (g/100 g) 0.525 -0.653 0.270 0.201 0.418
Total sugar (g/100 g) 0.973 -0.211 -0.002 -0.071 -0.025
Glucose (g/100 g) 0.767 0.456 0.058 0.288 -0.155
Fructose (g/100 g) 0.907 -0.207 0.184 0.173 -0.128
Sucrose (g/100 g) -0.676 -0.505 0.427 -0.142 -0.103
Cellulose (g/100 g) 0.879 -0.448 -0.016 -0.081 -0.091
Total fat (g/100) 0.782 0.570 0.211 -0.045 0.051
Carbohydrate (g/100 g) -0.961 -0.185 -0.170 0.039 -0.020
Energy (kcal/100 g) 0.252 0.930 0.220 -0.014 0.088
Total mineral (g/100 g) 0.845 0.215 -0.237 0.275 0.000
The Scores F1 F2 F3 F4 F5

Plain pestil -7.179 -1.686 0.892 0.014 0.014
Almond-added pestil 0.159 2.247 -0.869 -0.526 0.571
Peanut-added pestil -0.060 2.009 0.698 -0.326 -0.390
Sunflower seed-added pestil 0.792 2.085 0.227 1.051 -0.145
Sesame-added pestil 3.347 -1.700 0.667 -0.460 0.263
Coconut-added pestil 2.941 -2.955 -0.703 0.247 -0.313

temperatures of 60, 70, 80, 90, 100, and 110 °C for 2, 4,
and 6 hours demonstrated a substantial increase in HMF

with a higher temperature and longer duration. It is
recommended that the temperature not exceed 90 °C
during fruit leather production [33]. Moreover, studies
suggest that drying can significantly influence HMF
formation  [27,31].  Previously reported HMEF
concentrations were 27.94 mg/kg for plain ML, 21.42
mg/kg for hazelnut-added ML, and 18.15 mg/kg for
walnut-added ML [9]. Yildiz and Boyraci [25] indicated

that hazelnut- and walnut-added pestil contained HMF
levels of 17.26 mg/kg and 15.24 mg/kg, respectively. In
another study, the HMF content of MLs ranged from 1.42
mg/kg to 6.60 mg/kg [10].

3.6. Sensorial properties

The evaluation of sensory attributes plays a crucial part
in determining the overall quality of food. Evaluating
and discussing traditional foods' taste and general
quality with consumers is essential [34]. The sensory
analysis results for six samples of MLs were analyzed
using several analytical techniques, including PCA,
AHC, and PREMAP (Fig. 3A and Fig. 3B). The AHC
analysis led to the classifying of sensory outcomes into
seven separate groups (Fig. 3B). The PREMAP technique
efficiently gathered 81% of the sensory analysis data by
utilizing PCA and AHC analyses. The fourth group
displayed the highest level of approval in the sensory
evaluations. This group primarily consisted of fruit
leather samples enriched with coconut, sesame, and
almond. This group, located in the red zone on the
PREMAP, received the highest ratings regarding

appearance, taste, and smell. Their preference ratings
ranged from 80% to 100%. The fifth group, consisting
mainly of fruit leather enriched with sunflower seeds
and peanuts, received the second-highest scores for
color, taste, and smell. The preference scores for this
group varied between 60% and 80%. The preference
ranges for plain, sesame, and almond fruit leathers were
20% to 40% in the third and sixth categories. The
panelists provided scores similar to those of the first,
second, and seventh groups, suggesting a slight
preference for the fruit leather samples. Their preference
scores varied between 0% and 20%. The PREMAP
examination calculated the scores for coconut, sesame,
almond, sunflower seed, peanut, and plain fruit leather.
The preference map indicated that most panelists,
ranging from 60% to 80%, favored color, taste, and smell.
On the other hand, a minority of 20% to 40% of the
panelists leaned towards appearance (Fig. 3A).

3.7.Principal Component Analysis (PCA)

The score plot (Fig. 4) visually represents the positioning
of ML samples within a multivariate space defined by
the first two principal components (PCs). The scores are
distributed across four quadrants, highlighting distinct
separations between the samples based on the specific
physical and chemical attributes examined. Notably, the
plot clearly differentiates between the plain and
enriched MLs, with three distinct groups emerging. The
red cluster represents the plain pestil, while the blue
cluster includes peanut-added pestil, sunflower seed-
added pestil, and almond-added pestil. The yellow
cluster consists of sesame-added pestil and coconut-
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Figure 3. A) Preference mapping (PREMAP) B) Agglomerative hierarchical clustering (AHC) values of panelists

added pestil. Together, the first
components (F1 and F2) explain 89.06% of the variance
in the data. The score plot (Fig. 4) and the data in Table 4
strongly support each other.

two principal

The ML samples may be classified into three
categories according to the physicochemical and
chemical analysis results. The first category comprises
plain fruit leather, while sesame and coconut fruit
leathers comprise the second category. The third
category includes sunflower seeds, almonds, and
peanuts. Within the first group, the plain ML sample in

Table 6. Mineral analysis results of plain and condiment added MLs

the bottom left segment of the plot exhibits the highest
levels of sucrose, carbohydrates, pH, protein, total
solids, and HMF content while displaying lower levels
in other analytical components. Using the PC1-PC2
plane to compare groups shows that the second group
(almond, peanut, and sunflower seed-added MLs) has
higher energy, total fat, glucose, and thickness. The third
ML group (coconut and sesame-added) showcases
elevated levels of cellulose, total ash, total
sugar,moisture, insoluble ash in HCIl, acidity, and
fructose based on the PC1-PC2 axis.

Sunflower Seed-

Coconut-added

Plain ML Almond-added ML added ML Peanut-added ML Sesame-added ML ML
Na 700.79+15.37b 630.12 +13.68 b* 686.37+18.96° 467.82+11.73¢ 886.9+12.64 2 952.34+13.184
Mg 415.01+16.05¢ 700.58+17.24 " 997.37+19.92a 606.82+10.73 be 738.53+15.16 a0 773.69+16.41 a0
Al 58.15+3.99 2 52.09+9.09 ab 22.41+1.36bc 38.67 +8.03 abe 42.98+5.63 abe 16.70+1.41¢
Ca 888.04+4.97 1277.95+12.32P 1350.17+12.25P 1425.16+25.65P 1515.01+12.82ab 1815.19+10.24 =
K 2127.72+14.97° 2745.34+11.312 2774.07+15.782 2378.32+16.19 a0 2121.29+17.09b 2526.59+16.61 ab
Cr 1.75+0.43" 4.58+1.842 2.18+0.73b 2.03+1.11° 2.04+0.13° 1.50+0.27b
Mn 54.15+3.88 ¢ 74.19+4.46 b 90.81+7.99 2 75.75+13.61 ab 82.58+1.23 ab 69.68+10.46 be
Fe 195.84+22.53a 304.53+52.232 283.27+14.622 273.97+129.882 349.45+175.44 2 258.82+6.23 2
Co 0.24+0.03" 0.28+0.02° 0.33+0.04 " 0.27+0.04° 0.53+0.07 2 0.61+0.122
Ni 55.05+2.64 2 23.00+3.21b 21.34+2.92b 15.60+4.26° 18.49+2.38"° 29.28+4.97°
Cu 11.77+0.33 < 20.15+4.42 be 50.61+8.412 18.14+1.65b¢ 29.52+3.75b 33.10+6.97°
Zn 284.17+11.82°b 534.39+15.352 390.93+15.71 395.16+12.31 a0 350.23+14.01° 276.94+9.79 b
As <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Pd <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Ag 1.16+0.08" 1.33+0.03P 1.14+0.06 " 1.60+0.17a 1.13+0.14P 1.10+0.05P
Cd <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Sn 0.16+0.022 0.17+0.02a 0.14+0.01 2 0.14+0.03 0.13+0.01= 0.1440.012
Ba 15.63+3.56 34.18+6.59 2 15.33+3.82P 19.81+1.81° 12.13+2.04° 14.12+0.18"
Hg <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
Pb <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
P 250.78+4.97 ¢ 295.54+6.05 ¢ 351.48+11.19a 327.05+11.17° 320.50+11.11 ¢ 320.52+12.30¢

Results are presented as means + standard deviations. Results of minerals were expressed as mg/kg. Different letters (a-f) in the same lines are

significantly different (p<0.05). LOQ=0.01 mg/kg
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Figure 4. PCA analysis of physicochemical and chemical properties of the MLs. PC1 explains 63.60%, versus PC2 explains 25.46%

Fig. 4 illustrates positive correlations between
variables situated close to each other and negative
correlations between variables 180° apart. Furthermore,
variables positioned 90° apart exhibit no significant
correlation, suggesting their independence from each
other [35]. The correlation matrix in Table 4 supports
this correlation pattern.

In Fig. 4, 16 principal components, excluding
carbohydrates, sucrose, and pH, correlate positively
with at least one of the two principal components
(Table 4). Table 5 depicts the rotated loadings and
communality for each element. Factor F1 (total mineral,
total fat, cellulose, total sugar, glucose, fructose, total
ash), both sesame-added pestil and coconut-added pestil
exhibit high positive scores in F1, which indicates that
these pestils are characterized by higher levels of total
minerals, total fat, cellulose, total sugar, glucose,
fructose, and total ash. The loadings table confirms this,
as these components have strong positive loadings
under F1, suggesting that F1 captures a group of
nutrients that are more abundant in these pestils. In
contrast, plain pestil has a highly negative score in F1,
indicating that it contains lower levels of these
components.

Factor F2 (amount of condiment, acidity, pH),
almond-added pestil and peanut-added pestil show
high positive scores in F2, which reflects their higher

content of condiments and a specific pH range. This
suggests that these pestils are richer in flavor-enhancing
ingredients, influencing both their taste and acidity. The
loadings table supports this, as amount of condiment
and pH are positively correlated with F2. Therefore,
pestils with higher F2 scores have more condiments and
a more distinct pH level. On the other hand, sesame-
added pestil and coconut-added pestil, with more
negative scores in F2, likely contain fewer condiments
compared to the other pestil types

Factor F3 (protein, sucrose, HMF), almond-added
pestil has a notably negative score in F3, which is
associated with lower levels of protein and sucrose. This
suggests that almond-added pestil contains less of these
nutrients compared to other pestils. In contrast, peanut-
added pestil and sunflower seed-added pestil show
moderate positive scores in F3, indicating that they have
higher levels of protein and sucrose.

Factor F4 (moisture, pH), sunflower seed-added
pestil stands out with the highest positive score in F4,
suggesting it has higher moisture levels and a particular
pH that distinguishes it from the other pestil types.
Peanut-added pestil and sesame-added pestil show
more moderate scores in F4, implying they have a more
balanced combination of moisture content and pH.

Factor F5 (Acidity, % 10 HCl insol. ash), while factor
F5 appears to have a less significant influence overall, it
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still reveals interesting characteristics. For

example, almond-added pestil has a relatively higher

some

score in F5, suggesting it has a slightly different acidity
or mineral content compared to the other pestils, which
may influence its overall flavor and composition.

4. Conclusion

This study has revealed the feasibility of crafting MLs
incorporated with alternative condiments. The ML
samples generated three groups according to the
physicochemical and chemical attributes. Strong
correlations among the studied parameters were
observed through multivariate statistical methods. The
enriched MLs could serve as good sources of vital
nutrients and energy. Significantly, the MLs developed
also boast a notable mineral composition. The enriched
MLs can contribute to the daily intake of required
nutrients and energy as snacks or meals. The peanut-
added ML may offer superiority over samples because
of its lower sodium content. Sensory assessments have
underscored the market potential of certain ML types if
they are produced on an industrial scale. Consequently,
this study has yielded products endowed with fresh
taste and aromatic attributes. Based on our findings, the
possibility of commercially producing ML types
featuring flavors like sesame, coconut, and peanut is a
viable prospect.

Based on the findings of this study, we recommend
the commercial production and marketing of enriched
ML products, especially those incorporating flavors like
sesame, coconut, and peanut. These products not only
show great promise in terms of their nutritional value
and mineral composition, but they also have sensory
attributes that are appealing to consumers. The
development of MLs with added ingredients offers a
significant potential to meet dietary needs, providing
essential nutrients and energy in a convenient form, and
making them suitable as snacks or meals. In conclusion,
the sensory appeal, and enriched nutrient profile
position these MLs as a promising product for
commercial production. With the right marketing
strategies focusing on their health benefits, convenience,
and unique flavors, these products could successfully
enter the market and meet growing consumer demand

for nutritious, convenient snack and meal alternatives.
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Abstract

In this study, a novel composite — nano-Fe;O,/pomegranate peel biochar/alginate hydrogel beads (nFe;O4-PPBC/Alg) — was synthesized as an
alternative adsorbent for removing Cr(VI) ions from aqueous solutions. The adsorbent material was characterized using FT-IR analysis and
scanning electron microscopy (SEM). Cr(VI) removal efficiencies were calculated using the standard batch adsorption method to determine the
optimal pH, adsorbent dose, contact time, and initial concentration. Various adsorption isotherms, such as Freundlich, Langmuir, and Dubinin-
Radushkevich, were employed to describe the adsorption behavior at equilibrium. The Langmuir adsorption isotherm was found to be the most
suitable to describe the observed adsorption phenomena, and the adsorption capacity of nFe;O4-PPBC/Alg for Cr(VI) was determined to be 316.25
mg/g by the Scatchard linearization method. To investigate the adsorption processes on the nFe;O4-PPBC/Alg, kinetic models, including pseudo-
first order and pseudo-second-order models, were applied. The pseudo-second-order kinetic model provided the best fit to the experimental data.
The adsorption capacity of pomegranate peel biochar for removing Cr(VI) ions has not been previously enhanced by encapsulating it in an alginate
matrix and simultaneously magnetizing it. In this context, this study makes a significant contribution to the existing literature. This research

demonstrated that nFe;O,-PPBC/Alg is an effective adsorbent for the removal of Cr(VI) from aqueous solutions.

Keywords: Alginate; biochar; Cr(VI); kinetics; nano-FesOs; pomegranate peel

1. Introduction

Although heavy metals are naturally present in the
Earth's crust, their concentrations in the environment
can become hazardous due to both natural and human-
induced processes. Human activities such as mining,
agriculture, urbanization, industrial operations, and
improper waste disposal are the primary drivers of
environmental = contamination.  These  activities
significantly accelerate the release and distribution of
heavy metals, leading to elevated levels in water which
threaten ecological systems and human health. Key
industrial sources for the heavy metals include metal
processing in refineries, leather tanning, coal
combustion in power plants, petroleum combustion in
nuclear power facilities, as well as production in plastics,
and microelectronics

textiles, manufacturing [1].

Chromium is frequently present in industrial
wastewater, especially from industries such as catalyst
production, electroplating, dye pigment
manufacturing, leather tanning, ceramics, glass
production, wood preservation, cooling tower water

treatment,

and

corrosion  prevention, and  alloy

manufacturing [2]. The extensive industrial application
of chromium has a significant downside: environmental
pollution [3,4].

Hexavalent chromium, Cr(VI), is a dangerous and
cancer-causing contaminant that presents serious threats
to human health and the environment. Many natural
water bodies have been contaminated with Cr(VI), a
compound known to cause teratogenic, mutagenic,
carcinogenic effects, and damage to multiple organs
upon human exposure. Consequently, developing an
effective and holistic approach for the degradation of
Cr(VI) has become crucial, as its high solubility in water
and environmental persistence make it a significant
global concern. Chromium mainly exists in two forms:
Cr(ll) and Cr(VI), with Cr(VI) being 100 times more
toxic than Cr(Ill) in aqueous environments. Cr(VI) is
primarily present as Cr,O7*-, CrO42-, HCrO,~ in water [5].

These anions exhibit strong oxidative and migratory
properties, posing significant environmental and health
risks.
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Various methods are available to reduce Cr(VI)
concentrations in water bodies, including adsorption
[6,7], techniques [8],
treatments  [9], [10],
precipitation, ion exchange, and reverse osmosis are
often

electrochemical membrane

bioremediation chemical

expensive, complicated, and ineffective,

particularly at low concentrations.

Therefore, there is a pressing need for more cost-

effective, eco-friendly, and efficient solutions.
Adsorption is favored for its simplicity and broad
applicability, making it a competitive technology for
addressing heavy metal pollution in water. Various
adsorbents, including biopolymer composite [11],
activated carbon [12], biochar [13], and modified
chitosan [14], have been explored for Cr(VI) removal.
Nevertheless, there remains a demand for adsorbents
that are more sustainable, environmentally friendly, and

cost-effective.

Common adsorbents like biochar, activated carbon,
graphene, clays, carbon nanotubes, and organic
frameworks are typically nanoscale powders, often
modified with metallic or organic materials. However,
there remains a need to develop suitable embedding
materials to immobilize these nanomaterials within
appropriate matrices effectively. Among these materials,
activated carbon stands out as the most suitable
adsorbent due to its high surface area and excellent
adsorption capacity. However, the high cost of
commercial activated carbon has driven the search for
more affordable alternatives with comparable
properties. Among the materials studied, biochar has
emerged as one of the most environmentally friendly
and functional options. Biochar differs significantly from
carbon. Its production involves lower
temperatures compared to those used for activated
carbon. In the case of activated carbon, the biomass

activated

undergoes significant carbonization, losing most of its
functional groups. To enhance the carbonized surface
and increase porosity, it is further treated with steam or
chemicals. In contrast, biochar production does not
require such treatments. The biomass is carbonized at
lower temperatures, preserving its functional groups or
even activating them, making biochar a versatile
material for various applications.

Biochar has recently gained considerable attention as
an effective adsorbent due to its large specific surface
area (SSA), abundance of functional groups (FGs), and
complex pore structures [15]. Biochar, a carbon-rich
material created through the pyrolysis of biomass, has
emerged as an affordable, environmentally friendly
solution for wastewater contaminant removal [11]. Its
appeal lies in its high surface area, rich functional
groups, and sustainable production process. However,
its slow adsorption kinetics and limited adsorption
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capacity underscore the need for composite materials
with enhanced properties. HCrOs~ ions can be adsorbed
onto the COOH, and OH surface groups of biochar,
where they form hydrogen bonds and undergo redox
reactions with phenolic compounds. This process
facilitates the reduction of Cr(VI) to Cr(IIl), which is then
immobilized in situ on the adsorbent surface.

Numerous studies have previously focused on
modifying biochar with nanomaterials or metal nano-
oxides [16]. Among these, nano-zero valent iron (nZVI)
stands out for its advantageous properties, including
cost, high specific area,
reducibility, strong reactivity, and nano-scale particle
size. Consequently, there is a growing body of research

low surface excellent

employing nZVI-modified biochar for the remediation of
heavy metals and organic pollutants in the environment.
This research involves a novel and effective strategy that
combines alginate and Fe;O4 nanoparticles with biochar
derived from pomegranate peel. The nFe;O,-PPBC/Alg
is a new composite that combines the biocompatibility of
alginate, the adsorption capabilities of biochar made
from pomegranate peel, and the magnetic properties of
Fe3O4 nanoparticles. This composite efficiently adsorbs
and removes Cr(VI), addressing environmental issues
including water pollution. Its cost-effectiveness is
increased by its magnetic qualities, which make recovery
and reuse simple.

Alginate (Alg) is an inexpensive and easily produced
biomaterial rich in carboxyl groups. Alg is a commonly
used natural linear anionic polysaccharide, mainly
composed of f-1,4-glycosidic linkages between a-L-
mannuronic acid and B-D-guluronic acid. It is highly
biocompatible, biodegradable, and capable of forming
gels of various sizes and shapes through cross-linking
with divalent or trivalent metal ions [17]. Alg, a natural
polysaccharide extracted from brown algae, is highly
regarded for its exceptional gel-forming properties and
strong ion-binding capabilities. Its
biocompatibility, biodegradability, and versatile gel-
forming characteristics have made it a popular choice in
numerous applications [15]. Because alg has both

metal

hydrophilic and hydrophobic groups, it can hold onto a
large amount of bound water while being prepared,
creating free diffusion routes for molecules that are
soluble in water. Alg is a useful substance for treating
heavy metal ions because of this characteristic, which
permits contaminants to enter the gel's interior. When
incorporated into biochar composites, Alg improves
adsorption capacity by offering additional binding sites
on the composite [18,19].

Expanding on these ideas, Alg and biochar were
thoroughly mixed and introduced into a nFe;O4 solution,
forming a nFe;O,-PPBC/Alg composite gel. nFe;O, is
highly prone to oxidation and loss, making it
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challenging to directly use nano-iron/carbon composite
materials [20]. Anaerobic or protective nano-iron can be
applied to solve this issue, such as in groundwater
environments, beneath an FeS layer, or incorporated into
polymers like alginate, chitosan, or polyaniline. Alg,
known for its excellent stability and high mechanical
strength, is a well-established coating material [21].

This study introduces nFe;Os+PPBC/Alg, a highly
effective composite material for enhancing the
adsorption of Cr(VI) from aqueous solutions. Using
biomass waste as a raw material to produce biochar
adsorbents is crucial for reducing the cost of adsorbents.
Biochar is favored for its high specific surface area and
porosity, which provide abundant adsorption sites.
However, most biochars are in powder form, which
presents challenges in usage, particularly with complex
recovery processes. Magnetic metal oxides such as Fe;O,
have become increasingly popular in recent years. When
nano Fe;O; is incorporated into the adsorbent structure,
the composite can be easily separated from the solution
medium using an external magnetic field. On the other
hand, nano Fe;O, particles often require combinations
with other materials to mitigate issues related to their
limited adsorption capacity, powder accumulation, and
to enhance their adsorption properties. In light of these
factors, nFe;O,-PPBC/Alg was synthesized.

By leveraging the binding properties of Alg, the
porous structure of pomegranate peel biochar, and the
synergistic effects of FesO4 nanoparticles, the composite
demonstrates significant potential for adsorption of
Cr(VI) in prepared aqueous solutions. The research aims
to investigate the factors influencing Cr(VI) adsorption
onto nFe;0,-PPBC/Alg, evaluate its adsorption
performance using adsorption models, and uncover the
underlying mechanisms through FT-IR, and SEM
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analyses. The uniqueness of this study lies in the fact that
Cr (VI) adsorption on nFe;O;-PPBC/Alg has not been
reported in the literature. The use of pomegranate peels,
derived from plant waste, converted into biochar and
encapsulated in non-toxic biopolymers like alginate,
presents several advantages over other adsorbents by
eliminating the need for complex pre-treatment
processes. Utilizing pomegranate peel waste as a raw
material helps reduce the challenges associated with
waste accumulation. Furthermore, the novelty of this
study is emphasized by the use of renewable, low-cost
materials, the simplicity of preparation and application,
and the enhancement of the alginate gel adsorbent's
performance without requiring chemical
processes. Additionally, the system simplifies the
removal process by converting the adsorbents into a

active

magnetic form, facilitating their separation from the
aqueous medium.

The study evaluates adsorption capacity, kinetics,
and Cr(VI) removal mechanisms, providing valuable
insights into the composite's efficiency. This offers a cost-
effective and promising solution for mitigating Cr(VI)
pollution in wastewater, supporting environmental
remediation and safeguarding aquatic ecosystems.

2. Material and method

2.1. Preparation of adsorbents

Pomegranates were sourced from a local market in
Turkey. The peels and edible parts of the fruit were
separated. The peels were washed with pure water and
dried in an oven for 24 hours. The dried peels were then
heated at 600 °C in a Magma THERM MT1210/B2 muffle
furnace for 3 hours under low-oxygen conditions to
produce biochar [22]. The biochar (PPBC) was cooled in

e
CaCl, Solutioj]t—rl

Figure 1. Synthesis scheme of nFe;O,-PPBC/Alg composite

nFes:O0:-PPBC/Alg
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Figure 2. (a) SEM images of nFe;O,-PPBC/Algae composite and (b) after adsorption Cr(VI)

a desiccator, ground into a fine powder, and sieved to
obtain particles with a size of 125 um for use in
composite preparation. To prepare nFe;O,-PPBC/Alg,
sodium alginate was first dissolved in 100 ml of distilled
water (5% w/v). The solution was mixed with a magnetic
stirrer for about 4 hours to create a homogeneous gel.
Separately, two suspensions were prepared: one
containing 2.5 g of nano-Fe;O, in 20 ml of distilled water
and another containing 2.5 g of PPBC in 20 ml of distilled
water. Each suspension was stirred at 300 rpm for 2
hours to ensure proper dispersion. These suspensions
were then added to the alginate gel and stirred with a

magnetic stirrer for 6 hours to form a uniform solution.
The resulting mixture was introduced dropwise into a
0.5 M CaCl, solution using a syringe, forming spheres.
These spheres (beads) were stirred in the solution at 100
rpm for approximately 3 hours. The beads were left in
the solution overnight, then collected by filtration,
washed with water until reaching a neutral pH, and
dried at 60 °C for 24 hours (Fig. 1). This description
details the step-by-step process of preparing the

pomegranate peel biochar composite and its
incorporation = with alginate and iron oxide
nanoparticles.
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3. Results and discussion

3.1. Characterization of composite

The composite, nFe;04-PPBC/Alg, was characterized
using FT-IR spectroscopy to identify its surface
functional groups. Post-adsorption FT-IR analysis was
also performed to verify the adsorption of Cr(VI) ions.
Surface morphology was studied by capturing scanning
electron microscopy (SEM) images of the composite both
before and after the adsorption process.

3.2. SEM analysis of composite

Using SEM, the structural differences in nFe;O,-
PPBC/Alg before and after Cr(VI) adsorption were
observed. The SEM image in Fig. 2a reveals a rough
surface before adsorption. In contrast, Fig. 2b shows the
Cr (VI) ions forming deposits and accumulating over the
surface pores, confirming their successful adsorption
onto nFe;O4-PPBC/Alg.

3.3. FT-IR spectrum of composite

The functional groups' types were analyzed using FT-IR
spectroscopy. Fig. 3 presents the FT-IR spectra of nFe;O4-
PPBC/Alg composite both before and after the
adsorption process. From the spectrum, a broad peak
around 3270 cm™ indicates the stretching vibrations of
O-H groups. The peak at 1590 cm™ corresponds to the
stretching vibrations of the carboxyl group (-C=0). A
peak at 1420 cm™ is attributed to the stretching
vibrations of aromatic C=C bonds. The band observed at
1016 cm™ signifies the stretching of ether (-C-O) and
alcohol (-C-O) groups. Additionally, the absorption
band at 535 cm™, characteristic of Fe;O4 nanoparticles, is
associated with the Fe-O bond's stretching vibrations.

The surface functional components of nFe;Os-
PPBC/Alg after with Cr(VI) ions were
determined by FT-IR spectrometry. The results are given
in Fig. 3. After the removal of Cr (VI) from aqueous
media using the nFe;O,-PPBC/Alg composite, the range
of absorption peaks in the structure of the produced

contact

composite was changed, which could be due to the
interaction of present functional groups in the structure
of the composite with Cr(VI) ions.

3.4. Effect of solution pH on Cr(VI) adsorption

The pH of a solution plays a critical role in regulating the
adsorption process. To examine how pH influences the
adsorption of Cr(VI) ions by nFe;O,-PPBC/Alg, the
equilibrium concentrations were analyzed at pH levels
ranging from 2 to 8, after a 60-minute equilibrium
period. These findings are illustrated in Fig. 4. Generally,
as the pH increases, the efficiency of Cr(VI) removal by
nFe;O0,-PPBC/Alg decreases.
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Figure 3. Pre- and post-adsorption FT-IR plot of nFe;O,-PPBC/Algae
before and after adsorption

The highest adsorption occurs within the pH range of
2.0 to 3.0. At lower pH levels, the adsorbent surface
acquires more positive charges, enhancing the
electrostatic attraction for anionic Cr(VI) species [11]. At
higher solution pH values, hydroxide ions (-OH) may
compete with Cr(VI) for adsorption sites, reducing
overall removal efficiency. Venkatrajan et al. reported
similar findings, suggesting that the adsorption of Cr(VI)
ions is predominantly driven by electrostatic
interactions at lower pH levels [5]. The maximum
chromium removal efficiency was observed when the
adsorbent surface acquired a positive charge through
protonation, facilitated by the higher concentration of H*
ions in the medium.
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3.5. Effect of contact time on adsorption of Cr (VI) ions
Contact time is a key factor in the adsorption process,
with fast adsorption being a highly desirable trait. The
impact of contact time on Cr(VI) adsorption was studied
at intervals of 5, 15, 30, 60, 120, 180, 240, 300, and 360
minutes, using a composite dose of 1 g/L at pH 2 and a
temperature of 25 °C. As illustrated in Fig. 5, the
adsorption of Cr(VI) ions occurred rapidly as the contact
time increased from 5 to 60 minutes, approaching
equilibrium within this period. After 60 minutes, the
adsorption rate slowed significantly with prolonged
contact time. The equilibrium time is influenced by the
type of adsorbent and the number of accessible active
adsorption sites. The rapid adsorption efficiency of
nFe;0,-PPBC/Alg makes it cost-effective for use in small-
scale reactor systems. Based on these findings, a contact
time of 60 minutes was chosen as the optimum for future
experiments.

3.6. Effect of adsorbent dose

The influence of adsorbent dosage on Cr(VI) removal
was assessed through experiments conducted with
various dosages (0.5, 1.0, 2.0, 3.0, and 4.0 g/L). Fig. 6
illustrates the relationship between adsorbent amounts
and both adsorption capacity and removal efficiency. In
general, the adsorption capacity of Cr(VI) initially
increases with higher adsorbent doses but decreases
after reaching a peak. Similarly, the percentage of Cr(VI)
removal rises with the dose but levels off beyond a
certain point. A rapid increase in Cr(VI) adsorption was
observed when the nFe;O,-PPBC/Alg dose was raised
from 0.5 to 1.0 g/L. Beyond the 1 g/L dosage, adsorption
reached a steady state, with only minor gains in
efficiency. Adsorption capacity was found to increase
proportionally with adsorbent dosage up to 1 g/L.
Consequently, 1 g/L was identified as the optimal
adsorbent dosage for further experiments.

3.7.Effect of the
adsorption

The initial concentration of Cr(VI) ions plays a crucial
role as a driving force to counteract mass transfer
resistances between the aqueous and solid phases.
Higher removal efficiency results from the adsorbent's
accessible active sites often capturing the majority of the
Cr(VI) ions at lower starting concentrations. The
adsorption rate decreases as the concentration rises
because the active sites get saturated. Adsorption is
stimulated by a larger concentration gradient, which is
produced by higher starting concentrations. This may
result in faster adsorption at first, but when adsorption
sites are occupied, equilibrium is attained sooner. As the
Cr(VI) concentration increases, the competition among

initial Cr(VI) concentration on
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Cr(VI) ions for the limited adsorption sites becomes
more intense, leading to a decline in the overall
adsorption performance. Fig. 7 illustrates how the initial
adsorption. The adsorption
capacity was measured across a range of initial Cr(VI)
concentrations (10 to 350 ppm). Results indicated that

concentration affects

adsorption capacity increased with higher Cr(VI)
up certain threshold. This
enhancement in retention capacity with rising initial
concentrations is likely due to the driving forces that
help overcome the resistance encountered during the

concentrations, to a

transfer of Cr(VI) ions from the solution to the nFe;O4-
PPBC/Alg surface [23].

3.8. Adsorption isotherms

Adsorption isotherms illustrate the distribution of
Cr(VI) ions between the liquid and solid phases once
equilibrium is reached during the adsorption process
[24]. Equilibrium data are crucial for analyzing and
designing adsorption systems. The adsorption behavior
of Cr(VI) on nFe;O,-PPBC/Alg was evaluated using
widely recognized models, including the Langmuir,
Freundlich, and  Dubinin-Radushkevich  (D-R)
linearization methods the composite’s
suitability. For the Langmuir model, two different linear
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methods were used, namely the Hanes-Woof and
Scatchard methods [25]. The experimental isotherms for
Cr(VI) adsorption onto nFe;O,-PPBC/Alg are presented
in Fig. 8.

Based on equilibrium data, adsorption isotherms
were analyzed, and R? values were calculated. The
Langmuir model demonstrated the best fit to the data,
with a correlation coefficient of 0.990, indicating a
monolayer adsorption process. Considering the linear
regression values in Table 1, the Langmuir model was
found to be more suitable for describing the adsorption
of Cr(VI). Accordingly, the Langmuir adsorption
capacity was determined as Qm=303.03mg g". The
Langmuir isotherm model assumes that the adsorbent
surfaces are homogeneous and form a single layer, with
uniformly distributed and equivalent binding sites for
Cr(VI) ions. This suggests that Cr(VI) ions are adsorbed
onto nFesO4-PPBC/Alg in a monolayer fashion. The
separation factor (RL) is a dimensionless constant
derived from equilibrium parameters. If the Rt value lies
between 0 and 1, the adsorption process is considered
favorable for dye removal. For nFe;O,-PPBC/Alg, the Ru
value was calculated to be 0.256, indicating that the
adsorption of Cr(VI) ions onto this adsorbent is effective
and suitable.
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Figure 8. Langmuir (Hanes-Woof linearization), Langmuir (Scatchard linearization) Freundlich, and D-R isotherm graphs for nFe;O4
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Figure 9. Plots of pseudo-first order and pseudo-second order kinetic models for Cr(VI) adsorption

The graph resulting from the application of the
Freundlich equation to the data indicates that the
adsorption of Cr(VI) does not follow this isotherm model
(Fig. 8). The Freundlich isotherm is typically used for
multilayer adsorption and assumes a heterogeneous
surface where the heat of adsorption is distributed
unevenly among the adsorbed molecules. The fact that
the Cr(VI) adsorption by nFe;O,-PPBC/Alg does not
align with the Freundlich model for single-layer
adsorption further confirms this.

The Dubinin-Radushkevich (D-R) isotherm is widely
used for systems where the adsorption curve is
influenced by the sorbent's porous surface. This model
helps identify whether the adsorption mechanism is
physical or chemical. If the E value lies between 8 and 16
kJ/mol, the adsorption mechanism is considered
chemical. E was calculated as 1.618 kj/mol in this study,
thus, it can be said that the Cr(VI) adsorption mechanism
proceeds physically (Table 1). The Scatchard plot, a
linearized representation of the Langmuir isotherm,
offers  additional confirmation regarding the
heterogeneity of binding sites. A linear plot suggests the
presence of only one type of binding site, indicating
homogeneity, whereas deviation from linearity implies
heterogeneity. The R? value of 0.9815 demonstrates
strong linearity, confirming the homogeneous nature of
the surface and supporting the conclusion that the

Table 1. Values of isotherm parameters for Cr(VI) adsorption

Langmuir model is the most suitable for describing the
adsorption mechanism [25].

Additionally, the values obtained through Scatchard
analysis align with the Langmuir isotherm, suggesting
that the Langmuir adsorption isotherm is more
appropriate for the process.

3.9. Adsorption kinetic modeling

The adsorption kinetics of Cr(VI) ions were analyzed
using data fitted to pseudo-first order and pseudo-
second order kinetic models (Fig. 9). The pseudo-second
provided an excellent fit to the
data. A the
experimental adsorption capacities and the theoretical

order model

experimental comparison between
values predicted by the two models is shown in Table 2.
The theoretical ge values from the first-order kinetic
model deviated significantly from the experimental
values, and the correlation coefficients were lower. This
suggests that the first-order kinetic model does not
adequately describe the adsorption of Cr(VI) by nFe;O,-
PPBC/Alg. On the other hand, the correlation coefficients
for the linear plots of #/g: versus t in the second-order
model were very close to 1. The theoretical g values in
the second-order model were also very close to the
experimental values, indicating that the second-order
model fits the adsorption of Cr(VI) ions by nFe;Os-
PPBC/Alg quite well.

Models Linear equations Parameters
Langmuir Hanes-Woof linearization
c, C 1 QOm (mg/g) Kt (L/mg) R2 RL
e e
—=— 301.25 0.0146 0.9901 0.256
e Qm KLQm
a Scatchard linearization On (mg/g) Kt (L/mg) R2
C. = @Ky~ 4K 316.25 0.0135 0.9815
Freundlich I — Ink 1l c Kr (L/g) n R2
Mde = Iy 43 e 5958 1325 0.9825
D-R Ing, = InQ,,, — K, &*
1
€ =RTIn (1 + C—) On (mg/g) Ko(mol/kP?)  E(/mol) R
1 € 186.85 1.91x107 1.618 0.9266
E=
J2K,
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Table 2. Comparison of pseudo-first order and pseudo-second order
adsorption rate constants, along with calculated and experimental ge
values, for various initial Cr(VI) concentrations.

Pseudo-second order
k2

Pseudo-first order

(e exp k1 qe qe
Co (mg/L) - R? (g.mg R2
(mg/g) (min) (mg/g) mint) (mg/g)
100 8234 0.0131 5846 0.953 0.0003 90.91 0.996
200 155.57 0.0076 42.71 0.491 0.0004 158.73 0.995
300 21791 0.0134 100.15 0.863 0.0002 238.10 0.993
In(ge — qv) t 1 1
E . = Inqe — kit —Zﬁ‘l'—f
quations Linear plot of In(ge — qt) (de T2Ge e
vs. Linear plot of t/qt vs. ¢

3.10. Thermodynamic parameters

The impact of temperature on Cr(VI) adsorption was
examined over a range of temperatures (25 °C, 35 °C, 45
°C, and 55 °C) as shown in Fig. 10. At 25 °C, the negative
value of the free energy change (AG°) indicates that the
adsorption process occurs spontaneously, suggesting
that nFesO4-PPBC/Alg is effective for Cr(VI) ion
adsorption. The positive AH° value implies that the
adsorption process is endothermic. Meanwhile, the
positive AS° value indicates an increase in disorder at the
adsorbent-Cr(VI) interface during the adsorption of
Cr(VI) onto the surface of nFe;O4,-PPBC/Alg.

1.2 4

......

0 T T T 1
0.003 0.0031 PA}OSZ 0.0033 0.0034

Figure 10. Plot of In(Kc) - 1/T

3.11.
Table 4 compares the adsorption capacities reported in
the literature with those observed in our study. From the
analysis of these studies, it can be concluded that nFe;O4-
PPBC/Alg exhibits a high adsorption capacity for Cr(VI)
removal.

Comparison of adsorbent capacities

Table 3. Thermodynamic properties of Cr (VI) adsorption

AS° AH® AG° (J mol?)
(J K-'mol-) (J mol-) T=298 K T=308 K T=318 K T=328 K R?
26.935 5938.21 —2092.39-2361.74 -2 631.08 -2 900.43  0.979

Turk J Anal Chem, 7(1), 2025, 22-32

Table 4. Cr(VI) adsorbing capacities of different adsorbents
Adsorbent qe (mg/g) Ref.

Calcium cross-linked Alginate/Chitosan biocomposite 9.8

Iron cross-linked Alginate/Chitosan biocomposite 104 [5]
Zirconium cross-linked Alginate/Chitosan biocomposite ~ 14.8
Magnetic nano-hydroxyapatite encapsulated alginate 29 14 [26]
beads

Magnetic alginate beads 14.29 [27]
Carbonized manganese-crosslinked Sodium alginate ~ 104.50  [28]
Chitosan-humic acid-graphene oxide composite 83.64 [7]
Coffee grounds biochar/sodium alginate 30.66 [11]
Sugarcane bagasse biochar 15.73

Brinjal stem biochar 71.89 [29]
Citrus peel biochar 16.34
Cranberry kernel shell 6.81

Rosehip seed shell 15.17 [24]
Banana peel 10.42
nano-Fe;Os/pomegranate peel biochar/alginate beads ~ 316.25 sf:;s,y

3.12. Reusability
composite

nFe;O0,-PPBC/Algae composite for Cr(VI) removal must
be regenerated and reused. For this purpose, 0.01M
NaOH was employed in the desorption studies [30-32].
Fig. 11 displays the graph showing the data from
repeated adsorption/desorption cycles for Cr(VI) ions
after 7 cycles. The data from Fig. 11 reveal a slight
decrease in the adsorption capacity of nFe;O,-PPBC/Alg
with each cycle. After 7 regeneration cycles, the Cr(VI)
adsorption capacity of nFe;O,-PPBC/Alg only decreased
by 7.5%. These results suggest that nFe;O,-PPBC/Alg can
be effectively reused for Cr(VI) ion adsorption.

study of nFe;0,-PPBC/Alg
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Figure 11. Reusability study of nFe;O,-PPBC/Alg

4. Conclusions

In this study, nFe;O,PPBC/Alg was successfully
synthesized using a straightforward method. The
composite exhibited remarkable adsorption capacity,
stability, and reusability, positioning it as a promising
candidate for mitigating Cr(VI) pollution. The optimal
reaction conditions were found to be an initial
concentration of 2 mg/L, a pH of 2.0, an adsorbent dose
of 1 g/L, and a reaction time of 60 minutes. The Langmuir
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adsorption isotherm was found to be the most suitable
for describing the observed adsorption phenomena, with
the adsorption capacity of nFe;O4-PPBC/Alg determined
to be 316.25 mg/g for Cr(VI). The nFe;O4-PPBC/Alg
composite proves to be a highly effective for the removal
of Cr (VI) from the aqueous medium. The combined
effects of nano-Fe;O,, pomegranate peel biochar, and
alginate enhance the adsorption process through various
mechanisms such as electrostatic interactions, surface
binding, and the availability of functional groups.
Additionally, the use of nFe;O,-PPBC/Alg adds a
sustainable, cost-effective, and renewable component to
the adsorbents. This research underscores the potential
of such composite materials for treating industrial
wastewater and highlights the significance of
developing  efficient,  environmentally
adsorbent for sustainable environmental cleanup.

friendly
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Abstract

Sustainable and efficient waste management requires involvement of symbiotic solutions to various types of wastes, and so to achieve circular
economy. Through this motivation, in this study, combined thermochemical conversion (pyrolysis) of plastics, biomass and marble processing
effluents physicochemical treatment sludge (K1) were studied. In this combination, plastics were petroleum-based synthetic aromatic (PET) and
aliphatic (PP) organics, while olive pomace-OP was natural agricultural residue. K1 was mineral product, which was first introduced in the
literature as pyrolysis catalyst by the authors. In the study, co-pyrolysis of polymers and biomass was catalyzed by mineral waste containing
CaCOs. The effect of plastic type and pyrolyzed material mixture ratio on pyrolysis fractions were investigated. Moreover, material recovery
potential from pyrolysis fractions was discussed. In catalytic co-pyrolysis, by increasing the plastic ratio in the mixture, the pyrolytic liquid and
oligomer fraction increased while the solid (char) and gas fraction decreased. For 70%PP+15%0OP+15%K1 mixture, liquid product was dominant,
whereas with 60%PET+20%0OP+20%K1 much more pyrolytic gas fraction was produced. The thermal degradation of char products did not exceed
2-3% up to 600 °C and this stability continues up to approximately 700 °C reveals the potential of the char to be used in alternative areas as a
material with high thermal resistance, for example, as adsorbent, in cathodic electrode production, in compost or in composite. The catalytic co-
pyrolysis liquid products contain alkanes, alkenes, acids, phenols, benzene, aldehydes, esters, alcohols and ketones. Benzene, acid and alcohol
groups were dominant in liquids, while alkane, alkene and alkyne groups were dominant in gases.

Keywords: Biomass, catalytic co-pyrolysis, industrial symbiosis, marble sludge, plastic wastes

1. Introduction

Sustainable and efficient waste management requires
involvement of symbiotic solutions to various types of
wastes, and therefore, to achieve circular economy.
Among the major contributors to carbon footprint the
production assemblies and fuels play an important part.
Within the scope of circular economy carbon footprint
reduction efforts include the upcycling of wastes [1].
Biomass and plastic wastes are natural and synthetic
organics, respectively, and their efficient conversion
provides mitigation of the pollution caused by them.
Instead of produce-use-dispose approach of linear
economy, more sustainable approaches are getting
popular in terms of circular economy. In circular
economy the concept of upcycling is the conversion of
waste materials into materials of higher value/quality,

lower carbon footprint. Making waste management
providing better quality products with upcycling as a
more creative approach than recycling. It may be feasible
to examine the symbiotic recovery approaches for
wastes that can be converted to new generation low-
carbon products symbiotically. Post-consumer plastic
wastes, which are synthetic polymers make up a sizeable
portion of solid wastes. The volume of post-consumer
plastic waste is rising due to an increase in the use of
plastic in disposable consumer materials [2]. It is
projected that by 2050, either landfills or the natural
environment will receive about 12,000 Mt of plastic
waste [3]. In the two-phase olive oil extraction system
approximately 80% of the olive mass becomes OP which
is composed of olive pulp, skin, crushed pits and
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residual olive oil as well as a notable moisture content
(60-70%) [4]. Marble industry generates inorganic
marble particles (mainly in CaCOs structure) during
processing stages, and these are important pollutants
either in the air or in water.

Cycling of a single type of waste may produce new
products more valuable than the previous, yet, co-
processing of more than one type of waste may result in
more valuable upcycled products. Pyrolysis is reported
as a carbon negative process; the pyrolytic reactions
produce oil, gas and char fractions that are able to meet
the circular economy and hydrocarbons closed-loop
recycling [5]. Strategies for converting biomass and
plastic waste in achieving affordable and clean energy in
a sustainable manner, which denotes Sustainable
Development Goal 7 (SDG7) [6].

It can be emphasized that the industrial symbiosis
approach, which focuses on product and resource
recycling to create closed-loop systems that essentially
aim to produce less waste and consume fewer natural
resources, is very important to encourage advanced
recycling approaches. One of these approaches is the
pyrolysis process. During thermal decomposition, there
are chain-breaks and new molecules of different sizes are
formed. Since most of these molecules are radical in
character, they can turn into gas, liquid and solid
products by giving a series of reactions among
themselves. The pyrolysis reaction conditions can be
inert, oxidative or reductive, catalytic or non-catalytic.

The synergistic effects of co-pyrolysis (pyrolyzing
polymers and biomass mixtures together) can improve
products quality to valuable hydrocarbons [7-9]. Co-
pyrolysis offers an attractive pathway with high
potential for
requirements on waste separation [10,11]. The use of

mixed wastes by minimizing the

synthetic polymers with biomass in the co-pyrolysis
process can balance the elemental content in the
feedstock, improving the properties of degradation
products [12]. In their study, Ozsin and Piitiin [13] co-
pyrolyzed walnut shells (WS) and peach stones (PST)
were selected as biomass species. They reported that
positive or negative synergy depends on the type and
contact of components, pyrolysis duration, temperature
and heating rate, removal or equilibrium of volatiles
formed, and addition of solvents, catalysts, and
hydrogen-donors. Among these factors, the types of
blending feedstock are the major factor that can
significantly influence the synergistic effects [9].

Compared to synthetic polymers, biomass has lower
thermal stability and this promotes the degradation of
synthetic macromolecules [14]. Biomass is the green
source of renewable carbon, but its bio-0il contains a
mixture of complex oxygenated compounds such as
carboxylic acids, aldehydes, furans, anhydrosugars,
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ketones, esters, ethers and phenols which gives the bio-
oil undesirable properties making its use as a direct
substituent for fossil fuel difficult. Plastic wastes contain
high H/C ratio and relatively low O/C ratio while its vice
versa for biomass and this results in increased quality
and uniformity of the products [15]. During co-pyrolysis,
plastics serve as hydrogen donors. Hydrogen is
transferred to the biomass-derived radicals, which can
improve the oil quality and increase its quantity
[4,16-19]. Co-prolysis of plastics and OP biomass was
reported as innovative solution for sustainable results
[1]. By taking advantage of the unique chemical
composition of OP biomass
interactions with plastics, co-pyrolysis serves the
development of new functional materials and additives
with
credentials [1].

and its synergistic

improved performance and sustainability

Catalytic pyrolysis processes are widely used for
converting polymers into fuel or raw material
hydrocarbon mixtures. Catalysts have significant effects
on the yield and composition of thermal decomposition
products [6,20-22]. Abnisa and Daud [9], Hassan et al.
[23] and Zhang et al. [24] reviewed and summarized
non-catalytic and catalytic co-pyrolysis and their
benefits on biomass and waste plastics co-pyrolysis oil
product quality enhancement. Catalytic co-pyrolysis of
waste plastic and lignocellulosic biomass can provide
superior performance in upgrading pyrolysis oil e.g.
produce aromatics along with char reduction [10,23,24].
Catalytic co-pyrolysis of plastic and solid biomass can be
developed as in-situ (the catalyst is mixed with the
feedstock and placed in the same reactor) or ex-situ
(catalyst is separated from the feedstock into a separate
downstream reactor) catalysis [25]. The role of plastic to
biomass ratio, catalyst, feedstock to catalyst ratio,
reaction temperature and co-pyrolysis method are very
important in catalytic co-pyrolysis of plastic and solid
biomass [10,26]. Mo et al. [26] revealed that future
research should focus on the development of efficient
catalysts that can effectively convert biomass and plastic
waste into useful hydrocarbons. Additionally, research
should focus on improving the understanding of the
catalytic co-pyrolysis process and the effects of different
reaction conditions. Sanchez-Avila et al. [1] inferred that
additional research is needed to evaluate the synergistic
impact of varying mixing ratios of plastics and OP co-
pyrolysis.

Therefore, in this study, as
conversion, co-pyrolysis of polymers (PET and PP
wastes) and lignocellulosic biomass (OP) was catalyzed
by mineral waste containing CaCOs (marble processing
wastewater treatment sludge). By this approach, it was

thermochemical

aimed to contribute industrial symbiosis solutions. The
effect of plastic type and pyrolyzed material mixture
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Pyrolysis
Mixture compositions:
70%PP+15%0P+15%K1
70%PET+15%0P+15%K1
60%PP+20%0P+20%K1
60%PET+20%0P+20%K1

Figure 1. Experimental diagram of in-situ catalytic co-pyrolysis process

ratio on pyrolysis fractions were investigated. Moreover,
material recovery potential from pyrolysis fractions was
discussed.

2. Materials and method

Co-pyrolysis and catalytic pyrolysis of polymeric
material and biomass are among the widely studied
applications in the literature. In this study, catalytic co-
pyrolysis was applied using three wastes (PET/PP
wastes, K1 and OP wastes) and pyrolysis product
characterizations were presented. K1 was a mineral
product obtained from marble processing industry
effluent physicochemical treatment sludge. K1 was first
introduced in the literature as pyrolysis catalyst by the
authors [27-29]. Co-pyrolysis process was conducted at
fixed bed pyrolysis reactor (Fig. 1) at 500 °C pyrolysis
temperature with no retention at target temperature.
Total mass at each run was arranged as 100 g.

In the previous studies of the authors, it was
evaluated that in the catalytic pyrolysis of K1 with
plastics, the majority of the reactions were generally
completed at the pyrolysis temperature of 500 °C
(turning point) in the characterization findings, the most
stable pyrolysis products were generally obtained at this
temperature, the change in product characteristics was
less above 500 °C. Therefore, it was not necessary to
work at higher temperatures by spending more energy
[27-30]. For this reason, catalytic co-pyrolysis studies
were applied as non-retention pyrolysis at the target
pyrolysis temperature of 500 °C. In previous studies, it
was evaluated that 40% K1 dose in plastic+tK1 mixtures
provided sufficient maximum fragmentation and that no
significant difference was observed in pyrolysis chars at
50% K1 dose, and 40% K1 dose (60% plastic presence in
the environment) was recommended for pyrolysis
experiments with retention [27-30]. In this study,
plastics were selected as the main base material and two
different mixing ratios were studied for each plastic
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Pyrolytic

\Oil

(Fig. 1). The mixing ratios studied were 60% PET or PP
waste, and 70% PET or PP waste. In each plastic
percentages, OP and K1 ratios were kept equal, to
prevent changes due to proportional differences.

Char calorific values were determined by bomb
calorimeter. For comparison, theoretical calorific values
were calculated by using a simple mass balance
calculation, in which the calorific values of the char unit
mass were assumed to be linear and multiplied by the
ratios of the components in the mixture to calculate the
theoretically expected calorific values as; %Plastic in
mixture*Plastic's heat value + %OP in mixture*OP's heat
value = Theoretical cal/g

TGA analyses were performed for the thermal
characteristics of the pyrolysis chars and liquid
products. FTIR analyses were conducted to analyze the
structural differences in the chars and liquid. SEM
images were used for the characterization of surface
morphology of the pyrolysis chars. GC-MS/FID were
used for analyzing the organic compounds found in both
pyrolysis liquid and gas products.

3. Results and discussion

3.1. PET/PP+OP+K1 catalytic co-pyrolysis product
yields

The product fractions obtained as a result of catalytic co-
pyrolysis of PET and PP plastic waste types with OP and
K1 at 500 °C were shown in Fig. 2. In catalytic co-
pyrolysis with PET, the char and gas fractions decreased
while the liquid and oligomer fractions increased by
increasing the PET ratio from 60% to 70% and decreasing
the OP and K1 ratios from 20% to 15%. In the mixtures
containing PP instead of PET, char and gas decreased
and the liquid fraction increased with the increasing PP
dose. PP was effective in the formation of liquid product,
whereas in the mixtures containing PET, the gas product
was dominantly higher (Fig. 2). When the OP ratio in the
catalytic co-pyrolysis sample, i.e. the decrement of the
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lignocellulosic  structure, the phenolic compounds
originating from this structure will also decrease. In the
first stage of dehydration and demethylation reactions,
compounds with high molecular weight
condensation temperature are formed [31]. Accordingly,
since more fluid fraction is concentrated in samples

and

containing less OP, the liquid product yield is higher. It
can also be said that the reaction rate increases and the
amount of gas increases with more degradation in the
case of increment in the amount of K1 in the mixture. The
amount of higher solid product in samples containing
60% plastic was primarily related to the higher amount
of K1 in the mixture. The lower amount of char in PP
containing  mixtures interpreted as PP
disintegrating more in the presence of OP and the
This
situation was examined in characterization studies.
In terms of liquid product yield, it
recommended to perform catalytic co-pyrolysis in a
composition of 70%PP+15%O0P+15%K1, whereas,
60%PET+20%0OP+20%K1 with PET can be recommended
in processes where gaseous product is aimed to be
obtained (Fig. 2).

was

organic structures in the char were less.

can be

100% -
90% -
80%
70% -
60%
50%
40%
30%
20%
10% -

0%

Figure 2. Catalytic co-pyrolysis product yields

The composition of wastes significantly impacts the
efficiency and selectivity of catalytic co-pyrolysis.
Synergistic effect is the sum of the individual effects or
contributions of the co-feeding factors when two or more
factors interact. Biomass thermally decomposes through
a number of exothermic and endothermic reaction
mechanisms. Plastic pyrolysis occurs through radical
mechanisms involving initiation, propagation, and
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revocation  through  the use of  radicals’
disproportionation or recombination [26]. Different
types of plastics have different chemical structures and
properties, that affect their reaction during pyrolysis.
PET is aromatic structure which can produce a high yield
of aromatic hydrocarbon feedstocks used in the
production of plastics, fuels, and chemicals, whereas, PP
is aliphatic structure, these compounds can produce a
high yield of liquid fuels [23,26]. In their synergistic
interaction, biomass and plastics exchange radicals and
elemental particles during the co-pyrolysis process and
this interaction affects both the quality and quantity of
the products [26]. Catalysts exhibit a
deoxygenation effect on the products compared to the
non-catalytic co-pyrolysis process, changing in the
hydrocarbon content [4]. CaO, which is the component

minor

of catalyst in this study can effectively convert acidic
compounds into stable molecules by acting as an
absorbent, a reactant, and a catalyst. It can absorb CO:
from the gaseous product leading to an apparent
increase in the H2 content while reducing the gaseous
products [32] (Fig. 2).

In the literature, there has not been exactly similar
study with same waste blends and the same catalysts.
Grause et al [33] reported 30-50% oil product yield from
catalytc pyrolyses under the catalysis of CaO and
Ca(OH): and It was estimated that the effect of Ca forms
change with the type of material pyrolysed [34]. Gulab
et al, [35] reported 26.6% oil production in which CaCOs
pyrolysis favors formation of aromatic hydrocarbons.
Catalytic co-pyrolysis improve the bio-oil quality by
reducing oxygen content through hydro-deoxygenation
and liquid yield of 57.0 wt% was reported [36]. High
cracking and reforming effects of this low-cost, abundant
K1 with its mainly CaCO3 content was intended to
increase pyrolytic fluids (oil+gas) quality and quantity.
Tang et al [37] reported 32.8% gas, 46.8% oil and 20.4%
solid product yields at the same temperature with CaO
catalyst, indicating that the addition of CaO during the
pyrolysis of waste biomass and plastics significantly
enhances the catalytic thermal cracking reactions of tar
compounds. By using K1, in the PET catalytic co-
pyrolysis, gas product yield could be increased to above
70%, while the oil product yield was increased to above
56% for PP catalytic co-pyrolysis.

3.2. PET/PP+OP+K1

product characteristics
The solid products obtained from PET/PP+OP+K1
catalytic co-pyrolysis are expected to be structurally
dominated by carbon and calcium carbonate. According
to the findings of the authors' previous studies, the
surface acid values of the char products obtained from
the mixtures of PET+20%K1, PP+20%K1 and OP+20%K1

catalytic co-pyrolysis solid
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at 500 ° C pyrolysis temperature were determined as 0.16
mmol/g, 0.10 mmol/g and 0.06 mmol/g, respectively [30].
In PET+OP+K1 catalytic co-pyrolysis studies,
the chars obtained with 60PET+200P+20K1 and
70PET+150P+15K1 mixtures at the same temperature
had higher surface acid values (Table 1). In catalytic co-
pyrolysis, it was observed that the decrease in the ratio
of K1 in the alkaline structure caused a slight increase in
the surface acid value of the char sample. Surface acidity
represents the oxygenated components in the structure
of the sample and affects its thermal properties. High
acidity favors overreaction of reactants and increases
repolymerization of molecules leading to the formation
of poly-aromatics. In summary, acid sites promote
deoxidation, oligomerization, alkylation,
isomerization, cyclization and aromatization [4].

cleavage,

Table 1. Calorific values and ash contents of catalytic co-pyrolysis char
products at 500 °C

Char

Mixture, % Surface [Theoreticall Measured

Acidity, |Heat value|Heat value| Ash (%)

mmol/g (cal/g)! (cal/g)
60PET 200P [20K1 0.18 2905 3103.8 37.91
70PET [150P [15K1 0.24 3183 3669.5 34.04
60PP 200OP [20K1 0.05 640 818.3 72.43
70PP [150P [15K1 0.06 540 971.7 69.08

'0.6*4015 + 0.20*2480 = 2905 cal/g
0.7*4015 + 0.15*2480 = 3182.5 cal/g
0.6*239.8 +0.20*2480 = 640 cal/g

0.7*239.8 +0.15*2480 = 539.9 cal/g

The calorific values of chars were significantly higher
in mixtures containing PET compared to those
containing PP (Table 1). In the authors' previous studies,
the calorific values of char products obtained at 500 °C
pyrolysis temperature of PET+20%K1, PP+20%K1 and
OP+20%K1 mixtures were determined as 4015 cal/g,
239.8 cal/g and 2480 cal/g, respectively [30]. The char
obtained at 60%PET+200P+20K1-500 °C pyrolysis
condition had a calorific value of 3103.8 cal/g. It was
observed that the calorific value of the char product
obtained at 70%PET+150P+15K1-500 °C pyrolysis
condition increases slightly by increasing the PET ratio,
which provides higher calorific value, and decreasing
the OP and K1 ratios. With a simple mass balance
calculation, the calorific values of the char unit mass
were assumed to be linear and multiplied by the ratios
of the components in the mixture to calculate the
theoretically expected calorific values (Table 1). The
measured calorific values of the char were significantly
higher than the calculated values, and in addition, the
char calorific value of the sample containing 60% PP was
expected to be higher than the one containing 70% PP,
but it was lower (Table 1). Compared to the situation in
chars obtained in binary combinations of wastes, the fact
that the higher calorific value was reached when the OP
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in the mixture decreases when the three wastes were
pyrolyzed together indicates that the catalytic co-
pyrolysis reaction mechanisms operate differently. The
calorific value depends on the carbon, hydrogen and
oxygen content, as well as the H/C ratio. When plastics
were used in the reaction, this ratio increased due to the
contribution of the H atoms provided by the plastic and
accordingly the O atoms decreased, thus the calorific
value increased [38]. Co-pyrolysis of PET with biomass
can lead to complete suppression of crystallites in PET
and minimize the formation and growth of polycyclic
aromatic hydrocarbons (PAHs) at 500 °C. However, at
extreme temperatures, the formation and growth of
PAHs increases due to the increase in the concentration
of radicals. Radical formation on biomass is essential for
synergistic improvement of the calorific value of char by
affecting other carbon structures during co-pyrolysis
[39]. Similarly, the ash contents of char products
obtained from PET+%20K1, PP+%20K1 and OP+%20K1
mixtures were 30%, 56.6% and 57%, respectively.
Contrary to the calorific values, ash contents were higher
in ternary mixtures containing PP compared to those
containing PET (Table 1). It was observed that as the OP
and K1 ratio in the mixture increases, calorific values
decrease, and ash contents increase. A systematic
difference can also be mentioned between PET and PP.
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Figure 3. TGA-DTG curves and thermogravimetric findings of catalytic
co-pyrolysis chars
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Figure 4. SEM images of char products obtained from the catalytic co-pyrolysis of PET and PP with OP and K1

Thermochemical properties of the solid products were
presented in Fig. 3. With the increase in OP and K1 doses
in pyrolysis mixtures there was an increase in Tonset and
Tend values for PET and vice versa for PP plastics. In
mixtures with higher K1 doses, the char obtained
became more thermally resistant. The reason for this
situation can be explained as the increase in the amount
of mineral structured catalyst in the solid product and
the acceleration of the decomposition reaction, making
this product inert composition. This situation was also
observed in studies where mineral catalysts with a
similar structure to K1 were used [40,41]. At the same
time, the increase in OP amount plays a role in the
increase in thermal resistance for both plastic types. The
majority of hemicellulose, cellulose and volatile
substances in the OP decompose between 177-380 °C.
Hemicellulose decomposes between 157-357 °C under

the influence of volatile substances with low molecular
weight. Cellulose in the OP structure also begins to
decompose between 240-390 °C [42]. The amount of
residue left by all samples at 900 °C is more than 50%.
According to this residue value, it was determined that
the chars obtained in the catalytic co-pyrolysis carried
out with PET type plastic wastes were thermally more
resistant than PP. However, this finding in the final
residue value showed the opposite throughout the
degradation reaction. The thermogram of PP-60, which
progresses above all curves in Fig. 3 from 600 °C where
the decomposition starts, continued as the most resistant
char up to 850 °C, but resulted in the lowest residue at
the end of the decomposition. Similarly, the thermogram
of PET-60 was the second curve from the top, and it
resulted in a lower residue than PET-70 at the end. The
fact that the decomposition does not exceed 2-3% up to
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Figure 5. FTIR spectra of PET/PP+OP+K1 catalytic co-pyrolysis chars

600 °C in all thermograms and this stability continues up
to approximately 700 °C reveals the potential of the chars
obtained with the ternary mixture to be used in
alternative areas as a material with high thermal
resistance.

SEM images of chars were given in the Fig. 4. In SEM
images (Fig. 4), while the agglomeration was more in
samples containing PET and the sticky surface image
between particles was more apparent. However, in PP
chars, more separate and powdery surfaces were
noticeable. Char products of PET type plastics at 500 °C
for 15% OP and K1 doses, it was observed that the
particles were stuck to each other and had a granular
structure. It was determined that with the increase in the
dose of OP and K1, smaller agglomerations were formed
as a result of the non-degradable lignocellulosic
structures that caused the adhesion between the particles
and the better decomposition of PET fibers (Fig. 4). In the
pyrolysis of PP with 15% OP and K1, it was determined
that the particle distribution formed by the breakdown
of the polymer structure was more homogeneous than
PET; the surface roughness and agglomeration of the
char increased slightly with the increase of the OP and
K1 dose to 20% (Fig. 4). PP is an aliphatic polymer, and
the breakdown of PP is almost completed at 500 °C
[27-29], but the lignin ratio increases with the increase of
the OP ratio in the mixture and not all of the lignin is

broken down at this temperature. The increase in
agglomeration and surface roughness can be associated
with the increase in the lignin ratio remaining from the
breakdown in the char structure.

The structural differences in the chars obtained at
500°C catalytic co-pyrolysis of PET/PP+OP+K1 blends
were compared with their FTIR spectra (Fig. 5). The
bands belonging to the components in the calcite and
travertine structure seen at 712 cm?, 872 cm-!, 1795 cm'!
and 2509 cmin the FTIR spectra of the chars obtained
from the catalytic co-pyrolysis of 60PET+200P+20K1 and
60PP+200P+20K1 were an indication that the K1 initially
present in the mixture can be completely or partially
recovered. Disubstituted benzenes with carbonyl groups
at 756 cm-!, C-H bond at 673 ¢m-!, mono o-substituted
benzene at 756 cm!, trisubstituted double bond at 816
cml, mono p-substituted benzene at 847 cm!, C=C ring
stretching of lignin at 1397 cm, amine at 1557 cm”,
benzene ring C=C bond at 1574 and 1594 cm!, aromatic
C=C at 1600 cm, Si-O and Si-H stretching due to 1979
and 2027 were observed. Most of these bands were also
present in the odor spectrum of 70PET+150P+15K1
catalytic co-pyrolysis, but some band intensities are
decreased. The decrease in the band intensity of the C=C
ring stretching of lignin at 1397 cm-! can be interpreted as
the decrease in the OP ratio in the mixture; the decrease
in the band intensities at 872 cm™ and 712 cm! can be
interpreted as the decrease in the K1 ratio in the mixture.
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The formation of the new bands, the aromatic C-H at
1091 em™ and the alkyne group at 2161 cm!, may be due
to the higher PET ratio in the mixture (Fig. 5). In the
mixture of 60PP+200P+20K1, mono p-substituted
benzene at 848 cm™, C=C ring stretching of lignin at 1394
cm?, aromatic C=C at 1600 cm, alkyne at 2161 and 2511
cm?, and aromatic unsaturated compound at 2034 cm!
are observed (Fig. 5). The same bands belonging to the
catalytic co-pyrolysis char containing 60%PP were also
observed in the catalytic co-pyrolysis spectrum of
70PET+150P+15K1 and changes were observed in some
band intensities.

3.3. Sustainable utilization of pyrolysis solid products
Both carbon structure and K1 were present in pyrolysis
chars as mentioned in previous sections. For this reason,
in this section, the amounts of K1 initially put into the
reactor were deducted from the amounts of solid
products and the remaining masses were compared
(Fig. 6). The amount and quality of organic components
in the solid product affect the usage of the catalyst.
Fig. 6 shows how much difference there was in the solid
product content after pyrolysis, in addition to the
amount of catalyst used at the beginning. The char in the
PET+OP+K1 solid product content was higher than the
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PP+OP+K1 char. The degradation at high K1 doses was
also associated with the pyrolytic reactions of the excess
K1.

The presence of K1 in the solid product will ensure
the reusability of the catalyst. There are some studies
indicating that the catalyst must be separated from the
char for reusability [43]. On the other hand, some studies
in the literature emphasize that pyrolysis chars
themselves can be used as catalysts [44—46]. Moreover,
the effectiveness of char and CaO together as a catalyst
has also been emphasized in the literature [47]. Another
common application for pyrolysis solid product is
biochar derived from coprolysis holds promise as soil
amendment [1]. In the light of this information, two
alternative approaches can be mentioned: the separation
of char and K1 structures of solid products; or the use of
the solid product as it is.

Some preliminary experiments have been carried out
for the separation of K1 and carbon part of pyrolysis
solid products. It was put into water, mixed in an
ultrasonic bath and left to settle; the particles started to
settle in a short time as seen in Fig. 7. During settling, the
white K1 particles, which were heavier than the carbon
structures, first settled at the bottom and the carbon
structures formed a black layer phase on top. Although
it is important for this situation to appear as in Fig. 7 in
50 seconds in terms of ease of separation, it is highly
likely that the other structure will remain, especially
between the particle pores during this separation. For
this reason, it was evaluated that a short-term
ultrasound pretreatment would be beneficial.

3.4. PET/PP+OP+K1 catalytic co-pyrolysis oil product
characteristics

The calorific values of the pyrolytic liquid products
obtained under other conditions were presented in
Table 2.

t=10 seconds
Figure 7. Separation of pyrolysis solid products as they precipitate in water

t=30 seconds

t=50 seconds
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Table 2. Catalytic co-pyrolysis liquid product calorific values at 500 °C

Mixture, % [Tar/Oil Heat value (cal/g)
60PET ROOP 20K1 IN/A (oil not produced)
70PET 150P 15K1 36.2 (oil) 4448 (oligomer)
60PP R0OP POK1 9340

70PP 150P 15K1 10147

Separate measurements were made for the oligomer
and oil product obtained under the 70PET+150P+15K1
condition. The calorific values of the liquid product for
PP+20K1 and OP+20K1 pyrolysis at 500 °C were found
to be 10147 cal/g and 154.3 cal/g, respectively [29,30].
Approximately 10000 cal/g calorific value was measured
in PP+OP+K1 pyrolysis liquid products. It was seen in
Fig. 2 that the catalytic co-pyrolysis mixtures provided
high amounts of liquid product in the presence of PP. In
this case, it was shown that catalytic co-pyrolysis with
PP provided higher performance in terms of both
quantity and thermal content in the liquid product.

The thermal resistances of the liquid products
obtained from PET/PP+OP+Kl1 catalytic co-pyrolysis
were presented in Fig. 8. The curves were quite close to
each other. However, the difference in the location of the
peak point in the DTG curves shows the difference in the
degradation reaction. All liquid products started to
decompose at very low temperatures and were
exhausted before reaching 200 °C, leaving no residue.
The fact that the decomposition started at 30-35 °C can
be interpreted as the presence of excessive volatile
components in the liquid product. While the IDT and
SDT values of the liquid product for PET decrease with
the increase in the K1 and OP amounts, the opposite is
the case for PP. The reason for this increase in PP can be
explained by the fact that the increasing K1 dose creates
lower molecular weight groups in PP depolymerization.
For both K1 doses, the Ts, Tio and Tso values were quite
close to each other. The fact that the syringyl rings in the
lignin structure of OP were reduced and that it becomes
more stable in terms of degradation also supports the
increase in thermal resistance seen in the TGA curves of
PP chars.
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Figure 8. TGA-DTG curves and thermogravimetric findings of catalytic
co-pyrolysis liquids of PP/PET blends with OP and K1
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Volatile components have an important role in these
liquid products with low thermal resistance (Fig. 8).
Chemical structures were evaluated via FTIR spectra
(Fig. 9). The oil product of 60PET+200P+20K1 condition
was in too low quantity to characterize. In the FTIR
spectrum of the catalytic co-pyrolysis liquid of
70PET+150P+15K1 and 60%PP+200P+20K1 mixtures,
OH group at 3322 cm, alkyne group at 2161 cm, aryl
substituted C=C at 1634 cm!, -CHs group at 1386 cm,
vinylidene group C-H or aromatic ether aryl-O
stretching at 1278 cm™ were observed. These results
showed that the liquid product contains mainly olefinic
and aromatic hydrocarbons and oxygenated compounds
such as paraffinic and alcohol. According to the GC-MS
scans performed to detect this, the liquid product
formed by the 70%PET+150P+15K1 catalytic co-
pyrolysis contains alkane, alkene, acid, phenol, benzene,
aldehyde, ester, alcohol, ketone and other organic
compound groups (Fig. 10). Benzene groups with higher
carbon numbers were formed as a result of the
condensation of alkene groups in the gas product in the
liquid product and were richer in terms of the number of
compounds compared to other groups. CaO can react
with acids and other carboxyl groups to form calcium
carboxylates which would decompose at higher
temperatures to form linear ketones, CO2 and H20. As a
result, the ketones content of pure CaO increased [4].
While Propanoic acid (CsHeO2), Oxalic acid (C2H204) and
Benzoic acid (C/HeO2) were the acid compounds
encountered, the presence of alcohol and its derivatives
in the highest number and variety in pyrolysis liquids
can be mentioned. Ethanol, 2-chloro-,acetate (C2HsOH),
Mequinol (C7HsOz); 1-Heptanol, 2,4-diethyl (CoH200); 2-
Isopropyl-5-methyl-1-heptanol (CuiH20O); Tridecanol
(Ci3H280) were observed as important alcohol
compounds and Benzene (C6H6), Dotriacontyl
pentafluoropropionate (CssHesF502), Nonadecyl
heptafluorobutyrate (CxsHsoF7O2) were observed as
benzene group (Fig. 11). Consistent with the literature,
both the plastics, and biomass polymers crack to
produce small compounds involving short chain alkenes
and furan derivatives from cellulose and hemicellulose
which then react together to produce nonoxygenated
aromatic compounds [24]. It can be said that the calorific
value of these liquids is higher due to the presence of
more components in alkane and alkene groups in the
liquid product composition obtained from the catalytic
co-pyrolysis of PET waste compared to the liquid
product obtained from the catalytic co-pyrolysis of PET
waste (Table 2).

3.5. PET/PP+OP+K1 catalytic co-pyrolysis gas product
compositions

Considering the distribution of pyrolysis products
(Fig. 2), the gas product of the catalytic co-pyrolysis
condition, which can produce the highest amount of
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Figure 12. Organic composition of gaseous products obtained from
catalytic co-pyrolysis of PET/PP waste with OP and K1

gaseous product, was also the product with the highest
component diversity (Fig. 12). In the case of higher OP
and K1 doses in PET catalytic co-pyrolysis, an increment
in the number of alkane, alkene, terpene and ketone
group compounds was also observed. The alkane
compounds observed in the majority of the pyrolysis
gases obtained with different OP and K1 doses of PET
waste were Hexane 2-methyl (CsHis), Cyclohexane
methyl (C7Hus), Cyclopentane ethyl (C7Hi4), Cyclobutane
(1I-methylethylidene) (C7Hi2), Heptane 4-methyl (CsHas),
Cyclopentane 1,2,3-trimethyl (CsHis), Octane (CsHis),
Heptane 3,4,5-trimethyl (CioHz), Cyclohexane 1,3,5-
trimethyl (CoHis), Decane (CioHz) (Fig. 12 and Fig. 13).
In these pyrolysis experiments, the carbon numbers of
the gases with a high frequency varied between 7-10 (C7-
C10), while the carbon numbers of the gases observed
rarely were higher (Fig. 12). Again, with the increase in
OP and K1 doses for PET, the presence of the same
alkene group compounds was detected.

Although the carbon numbers of alkenes in gases
generally vary between 5-12 (C5-C12), the vast majority
have 7 and 8 (C7-C8) carbons. Compared to alkane
compounds, the carbon numbers of alkenes in gases
were lower. In addition to alkane and alkene
compounds, other aliphatic groups found in pyrolysis
gas were alkynes. Although alkyne groups do not have
a wide range of diversity as much as alkanes and
alkenes, the most common compounds in PET/OP/K1
catalytic co-pyrolysis gas are 1,1'-Bicyclohexyl and 1-
Cyclohexyl-1-propyne. New alkane, alkene, alkyne,
terpene, aldehyde, alcohol and ketone group
compounds were observed with the increase of OP and
K1 doses in PP catalytic co-pyrolysis (Fig. 12). The
carbon numbers of alkene compounds observed in the
pyrolysis gases of PP+K1 mixtures are between 2 and 13
(C2-C13). When the compositions of the liquid and gas
products of catalytic co-pyrolysis are compared with
each other, benzene, acid and alcohol groups were
predominant in liquids, while alkane, alkene and alkyne
groups were dominant in gases.
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The density of the pyrolysis gas of co-pyrolysis was
compared in the Fig. 14. In catalytic co-pyrolysis
experiments, as the plastic ratios in both PET+OP+K1
and PP+OP+K1 mixtures increase, the density of the gas
product decreases (Fig. 14). The higher density in both in
the presence of 60% plastic was related to the fact that
the number and variety of compounds in the gas product
were higher compared to the mixtures with 70% plastic.
In these pyrolysis experiments, the carbon numbers of
the gases with a high frequency of observation varied
between 7-10 (C7-C10), while the carbon numbers of the
rarely observed gases were higher. Compared to the
catalytic pyrolysis findings, high carbon numbers and
high-density values were decisive in the density of the
compound carbon numbers.
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Figure 14. Comparison of the densities of pyrolysis gases obtained by
PET/PP+OP catalytic co-pyrolysis

4. Conclusion

In this study, wastes of three different structures were
symbiotically recycled via catalytic co-pyrolysis. Two
types of polymers (PET and PP) were co-pyrolyzed with
lignocellulosic biomass (olive pomace) together with
catalytic contribution of marble processing effluent
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treatment sludge (K1). The effect of plastic type and
pyrolyzed material mixture ratio on pyrolysis fractions
were investigated. Waste PET or PP can be thermally
degraded together with OP and K1 via catalytic co-
pyrolysis. While pyrolytic liquid product was dominant
for 70%PP+15%0OP+15%K1
pyrolytic gas fraction was produced in the pyrolysis of
60%PET+20%0P+20%K1. The thermal stability of char
fractions reveals the potential of the char to be used in
alternative areas as a material with high thermal
resistance, for example, as adsorbent, cathodic electrode

mixture, much more

production, in compost or in composite. The studies on
the details of the conditions of char evaluation and
utilization are recommeded as further studies.

The catalytic co-pyrolysis liquid products contained
benzene, alcohols, acids dominantly. High number of
group components in the liquid product resulted in the
higher calorific value, indicating the potential of fuel
production. Dotriacontyl pentafluoropropionate, 9-
Cyclohexylnonadecane, Benzoic acid, 1-Octene3-Ethyl
and Methyl benzene were the chemicals that had the
highest recovery potential from catalytic co-pyrolysis
fluid fractions. Each of these potentially recoverable
chemicals were important feedstock chemicals in diverse
number of industries including cosmetics, chemicals etc.
The most important output of this study was
investigating the potential recovery products via
processing of three different types of wastes together.
This will help reducing carbon footprint, contribute to
achieve circular economy and increasing sustainability.
As further studies, the separation and purification
technologies for these chemicals need to be studied
under the criteria of low energy and material
consumption and low cost.
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Abstract

The QuUEChERS sample preparation method, coupled with gas chromatography-mass spectrometry (GC-MS), was optimized and validated for
pesticide determination in soil, water, and vegetables. Experimental parameters, such as mass of sample, volume of solvents, extraction time, and
sorbents, were optimized using Minitab statistical software. The GC-MS method showed excellent linearity, selectivity, and recovery, with
detection limits ranging from >0.001 pg/L and quantification limits from 0.003 ug/L. The analysis of pesticide samples revealed 17 identified
pesticides, with Endosulfan ether showing the highest residue concentration (1.41 mg/L) in soil Sample 2. Similar trends were observed in
Vegetable Samples 1 and 2, with residue concentrations ranging from 0.00-870.0 ug/kg and 0.00-110.00 pg/kg, respectively. No pesticide residues
were detected in soil Sample 1, water Samples 3 and 4. Additionally, heavy metal analysis (Cd, Pb, Zn, Cu, Ni, Co, As, and Fe) was conducted
using Atomic Absorption Spectroscopy (AAS) on soil, water, and vegetable samples collected from Asa-river farmland. The results showed
variations in metal content across samples, exceeding WHO guidelines, except for cadmium in water and plant samples and nickel in Soil Samples
4 and 6. These methods offer favorable toxicological, environmental, and economic benefits, making them ideal for routine monitoring of

pesticides and heavy metals in agricultural farm products.

Keywords: Design of experiment, heavy metals, pesticide residues, pollution, QUEChERS

1. Introduction

The rapid and

intensification of agricultural practices have led to

industrialization, urbanization,
unprecedented environmental pollution with heavy
metals and organic pollutants, such as pesticides. Since
the 1940s, the migration rate of these pollutants has
posing significant
environmental and health risks [1]. Heavy metal

increased dramatically,
pollution, in particular, has become a major concern due
to its harmful effects on ecosystems and human health
[2]. Agricultural activities have
compromised natural resources, including soil and
water, in many countries. Industrial processes have

and industrial

contributed substantially to elevated concentrations of
heavy metals in the environment [3]. These pollutants
persist in water, plants, soil, and ultimately, food,
leading to adverse human health effects, including
risks  [4].
Furthermore, exposure to contaminated underground

carcinogenic and  non-carcinogenic
water resources poses significant health risks [5]. The
persistence and bioaccumulation of heavy metals and

organic pollutants in the environment necessitate urgent

attention and effective mitigation strategies to protect
human health and ecosystem integrity.

Pesticides are chemical compounds, natural or synthetic,
used to control, prevent, or destroy crop pests and
vectors of plant diseases. These organic compounds
comprise various functional groups and isomeric forms,
playing a crucial role in agricultural pest management
[6]. The use of pesticides has led to significant increases
in food production, improved quality, and reduced
incidence of insect-borne diseases. However, the
substantial growth in pesticide use has raised concerns
about their toxicity [7]. Despite the benefits, occupational
and accidental exposure to pesticides has been linked to
chronic health effects, including endocrine disorders,
blood disorders, and genetic changes. It is essential to
address the risks associated with pesticide exposure and
explore safer alternatives [4].

The QuEChERS (Quick, Easy, Cheap, Effective, Rugged,
and Safe) extraction method is a widely accepted
technique for analyzing pesticide residues in food
chains, particularly fruits and vegetables [8]. This
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method involves a five-step process: crushing the
sample, using acetonitrile for extraction and separation,
adding MgSOs and other salts to remove water, and
utilizing adsorbents to remove impurities by leveraging
interactions between adsorbent fillers and matrix
impurities. Finally, the supernatant is analyzed using
GC-MS and LC-MS. According to [9], QUEChERS is ideal
for multi-class and multi-residue analysis of pesticide
residues.

Design of Experiment (DOE) is a chemometric approach
that optimizes experimental conditions by identifying
significant factors, estimating main and interaction
effects, and minimizing experimental runs. This efficient
approach
analysis time and enhancing sample throughput [10].
This study aims to develop a Quick, Easy, Cheap,
Effective, Rugged, and Safe (QuEChERS) method for
analyzing pesticides and digestion methods for heavy
metals in plant, soil, and water samples. Specifically,

streamlines  experimentation, reducing

Placket-Burman Design (PBD) and Central Composite
Design (CCD) are employed to determine the critical
factors influencing the effective and efficient extraction
of multiclass pesticide residues in vegetables, soil, and
water.

2. Materials and methods

2.1.Sample collection and preparation

The accurate analysis of heavy metals and pesticides in
environmental samples requires a systematic and
precise approach to sample collection and preparation
(Fig. 1).

Soil: Three (3) soil samples were collected using soil
augers or corers at 15
representation across the study area. Multiple samples
were collected from each location to account for spatial
variability and air dried. The collected soil samples were
grinded in a mortar with pestle to fineness and sieved

cm  depths, ensuring

thoroughly. The collected soil samples were grinded in a
mortar with pestle to fineness and sieved thoroughly.
Then 2.00 g was weigh using weighing balance with
sensitivity of (0.001 mg), and the sieved samples was
subjected to QuEChERS and wet acid digestion
procedures which were done in the laboratory.

Plants: Three (3) plant samples of Amaranthus hydridus
were carefully collected, considering factors such as
growth stage, and potential for bioaccumulation of
contaminants. The collected vegetable samples were
blended and homogenized, then 2.00 g was weigh using
weighing balance with sensitivity of (0.001 mg) and were
subjected to QUuUEChERS and wet acid digestion
procedures.
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Water: Three (3) water samples were collected from the
river used to irrigate the vegetables. The water samples
were collected at various depths and sufficient volume
was collected for the analysis and it been kept inside a
clean container.

Figure 1. A geographical map of Asa River segment showing study
area

2.2. QuEChERS procedure

A sample preparation protocol was employed to extract
and clean up the samples. For soil and vegetable
samples, 2.00 g of each was transferred to a 20 mL
centrifuge tube, while 2.00 mL of water sample was
used. Acetonitrile (10 mL) was added to each sample,
and the mixture was vortexed for 1 minute. This
extraction step was repeated with an additional 10 mL of
acetonitrile. Next, a mixture of salts and an internal
standard was added to the sample. Specifically, 6 g of
MgSO4, 1.5 g of sodium chloride, 1 g of sodium citrate,
and 100 uL of triphenyl phosphate (20 ug/mL) were
added. The mixture was vigorously stirred for 1 minute
and then centrifuged at 4000 rpm for 5 minutes.
Following centrifugation, 6 mL of the supernatant was
transferred to a Supel QuEChSPE kit (55437-U)
containing 900 mg of MgSO4 and 150 mg of primary-
secondary amine (PSA).
centrifuged again at 4000 rpm for 5 minutes.

The mixture was then

Finally, 5 mL of the supernatant was acidified with 50
uL of 5% formic acid (10 pL/mL of extract) in acetonitrile.
The resulting extract was analyzed using GC-MS,
adhering to the QUEChERS method and EN 15662-2008
guidelines.
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2.3. GC-MS analysis

The analysis was performed using a (Shimadzu QP2010
Series) GC-MS system operated in split/splitless mode at
an injection temperature of 270 °C. Separation of target
analytes was achieved on a DB-5MS fused capillary
column (30 m x 0.25 mm i.d. x 0.25 um film thickness)
and 95%

composed of 5% diphenyl

dimethylpolysiloxane.

The gas chromatography (GC) instrument conditions
were optimized for the analysis. A high-pressure Merlin
Microseal septumless injection kit and a salinized
narrow bore liner (78.5 mm x 6.5 mm o.d. x 0.75 mmi.d.)
were used. Helium served as the carrier gas, maintained
at a constant flow rate of 1.3 mL/min and linear velocity
of 42 cm/sec. The GC column oven temperature program
was carefully designed to ensure optimal separation and
detection. The temperature program consisted of an
initial hold at 60 °C for 2 minutes, followed by a series of
ramps: 30 °C/min to 180 °C, 3 °C/min to 210 °C, and 20
°C/min to 280 °C. The final temperature was held for 5
minutes, resulting in a total runtime of 24.50 minutes.
The MS operating conditions included a transfer line
temperature of 300 °C, ion source temperature of 200 °C,
of 70 eV. Method
optimization was performed in scan mode, while
quantitation was done in selected ion monitoring (SIM)
mode. A target ion (most abundant ion) and two
reference ions were monitored for each target analyte.

and electron ionization (EI)

Pesticide identification was achieved by matching
retention times with standards, comparing relative
abundance, and matching mass spectra with the NIST
library. The NIST library provided a list of best matches
based on abundant mass-to-charge ratios, enabling
identification of pesticides [11].

2.4. Validations of the methods

The validation was carried out according to EU
commission Detection. The method performance was
evaluated by the following parameters: matrix effect
study, establishment of matrix — matched calibration,
limit of detection (LOD).

2.5. Digestion of samples

A modified digestion method was employed for
preparing soil, water, and vegetable samples for Atomic
Absorption Spectroscopy (AAS) analysis. Soil sample
digestion was performed using a combination of heat
and acid treatment. Specifically, 1 g of oven-dried soil
sample was placed in a 250 mL digestion tube, and 10
mL of concentrated nitric acid (HNOs) was added. The
mixture was initially heated at 90 °C for 45 minutes,
followed by an increase in temperature to 150 °C, where
it was boiled for 6 hours until a clear solution was
obtained. During the digestion process, an additional 5
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mL of concentrated HNOs was added at least three times
to facilitate complete digestion. The process continued
until the volume of the solution was reduced to
approximately 1 mL. After digestion, the interior walls
of the tube were rinsed with distilled water, and the
contents were thoroughly mixed to prevent sample loss.
Once cooled, 5 mL of 1% HNOs was added, and the
solution was filtered sequentially through Whatman No.
42 paper and 0.45 pym Millipore membrane filters. The
filtered solution was then transferred to a 100 mL
volumetric flask and diluted to the mark with distilled
water.

For water sample digestion, 5 mL of concentrated
HNO:s was added to 100 mL of the water sample, and the
mixture was evaporated on a hot plate to a final volume
of 20 mL. After cooling, another 5 mL of concentrated
HNOs was added, covered with a watch glass, and
refluxed for 25 minutes. The mixture was then heated on
a hot plate while adding concentrated HNOs until it
became light in color and clear. The beaker wall and
watch glass were rinsed thoroughly with distilled water,
and the resulting digest was filtered through Whatman
No. 1 filter paper into a 100 mL volumetric flask and
made up to the mark with distilled water.

Vegetable sample digestion involved weighing 2 g of
sample into a beaker, adding 10 mL of analytical-grade
nitric acid, covering with a watch glass, and cold soaking
for 30 minutes. The beaker was then heated to 120 °C for
2 hours, cooled to room temperature, and transferred to
a 100 mL volumetric flask. The digest was made up to
the mark with distilled water. The resulting digests were
subjected to AAS analysis.

2.6. AAS measurement

The instrument was calibrated with NIST heavy metal
standards. Blank solutions were run with each digestion
to check for interference and contamination. Heavy
metal concentrations are reported as mg/kg dry weight
(soil and food) or mg/L (water). All samples were
analyzed in triplicate.

2.7. Statistical analysis

All experiment data was carefully analyzed using
MINITAB version 17 statistical software. Microsoft excel
was used for the calculation of standard deviation of
mean and relative standard deviation. Significant
differences between concentrations of the heavy metals
following the digestion methods were analyzed by
ANOVA using SPSS statistical software (Version 20).
Statistical significance was defined as p < 0.05.

2.8. Design of the experiment

In analytical chemistry, Design of Experiment (DOE)
plays a crucial role in optimizing key factors, ultimately
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enhancing the performance of analytical methods,
processes, DOE facilitates the
understanding of main interaction effects between
factors and models the relationships between factors and
all while minimizing the number of
experiments required. There are two primary DOE

and products.

responses,

approaches: univariate, which optimizes one factor at a
and
multivariate, which includes Central Composite Design
(CCD) and Plackett-Burman Design (PBD). These
multivariate designs, particularly CCD and PBD, are
widely factors
simultaneously, identifying significant factors and
interactions, modeling complex relationships, reducing
experimental requirements, and enhancing method
robustness [12].

time while holding other factors constant,

used to investigate multiple

3. Results and discussion

3.1. Design of experiment

3.1.1. Placket-Burman design (P-B design)

A multivariate method was developed for determining
pesticide residues in soil, water, and vegetable samples.
Plackett-Burman (P-B) design was employed to screen
the most factors influencing QuEChERS
efficiency and recovery [12]. This design enabled the
estimation of significant factors impacting efficiency and

critical

provided valuable insights into each variable with a
minimal number of experimental runs. The factors and
level of variable selected for P-B design are shown in
Table 1.

Table 1. Levels and factors used in P-B design for QuUEChERs

S/N Factor Level ;
Low (-) High (+)
1 Mass of Sample (mg) 1 2
2 Sample/water ratio (mg/mL) 1 2
3 Mass of MgSO4 (mg) 1 6
4 Volume of acetonitrile (mL) 5 10
Percentage of acetic acid in
5 i 0 2
acetonitrile (%)

6 Mass of NaCl (mg) 0 2
7 Centrifugation speed (rmp) 2000 4000
8 Centrifugation time (sec) 2 5

9 Mass of sodium citrate (mg) 0 2

The results of the 12 experimental runs of the
Plackett-Burman (P-B) design, examining nine factors at
two levels each, are visually represented in a Pareto chart
(Fig. 2) and a normal plot of standardized effects (Fig. 3).
These plots display horizontal bars for the screened
factors, with a red vertical line indicating the significance
level. Each factor's levels are denoted as + (higher level)
and - (lower level) as presented in (Table 2), providing a
clear illustration of the significance of each factor [13].
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Table 2. Design Table (randomized) for Plackett-Burman Design
Run BlockBlk) A B C€C D E F G H

1 1 - + + - + - - -
2 1 + - - - + o+ + -
3 1 - - - - - - - - -
4 1 + + - + o+ - + -
5 1 - + - - - + +
6 1 - - + + - + -
7 1 - - - + + - +
8 1 + - + - - - +
9 1 - - - - + + -
10 1 - + + - + - - -
11 1 + - + + - + - _
12 1 - + + + - + + - +

NB. A=mass of sample, B= sample/water C= mass of MgSO4,
D=volume of acetonitrile, E=mass of NaCl F=% of acetic in acetonitrile,
G=centrifugation speed, H=centrifugation time, J=mass of sodium
citrate,

The normal plot of standardized effect (Fig. 3) shows
that volume of acetonitrile (D) has the most significant
effect with about 90 %, followed by mass of NaCl (E)
(approx. 80%), centrifugation speed (G) and mass of
MgSOs (C) were below average effect (30 % and 20 %
respectively). volume of acetonitrile (D) has been
observed to have dual effect on extraction efficiency. It
enhances the transport of analytes and also causes a
decrease in distribution coefficient and therefore must be
carefully optimized.

3.1.2. Central composite design (CCD)

The Plackett-Burman design screening experiment
identified five factors with negligible impact on
extraction  efficiency: = volume of  acetonitrile,
centrifugation speed, centrifugation time, mass of
sodium citrate, and mass of sodium acetate. These
factors were subsequently fixed at their optimal values,
determined through univariate optimization. In
contrast, five significant variables - sample mass, MgSOx
mass, volume of acetonitrile, acetic acid percentage in
acetonitrile, and NaCl mass - were selected for further
optimization using a Central Composite Design (CCD)
and Response Surface Methodology (RSM), as presented
in (Table 3). This optimization significantly enhanced the
extraction and cleanup efficiencies of the QUEChERS
technique [14]. RSM screening identified significant
factors affecting extraction efficiency, visualized in the
Pareto chart (Fig. 2 and Fig. 3). Horizontal bars represent
screened factors, with the red vertical line indicating the
significance threshold It can be observed from (Fig. 2 and
Fig. 3) that the mass of the sample (A), percentage of
acetic acid in acetonitrile (F) and centrifuge time (H) did
not significantly affect extraction efficiency. Therefore,
they were fixed according to the optimal value estimated
using the one-factor-at-a-time (OFAT) approach. The

volume of acetonitrile (D), sample/water ratio (B), mass
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of MgSOs (C), mass of NaCl (F) and centrifugation speed
(G), which were found to significantly affect extraction
efficiency, were further optimized by the second-order
central composite design (CCD), utilizing response
surface methodology (RSM). These factors (Table 3)
increased the extraction and clean-up efficiencies of the
QuEChERS technique.

Table 3. The 2-level significant factors of QUEChERS methods

Level
S/N Factor Low O High ()
1 Mass of Sample (mg) 1 2
2 Mass of MgSO4 (mg) 1 6
3 Volume of acetonitrile (mL) 5 10
Percentage of acetic acid in
4 . 0 2
acetonitrile (%)
5 Mass of NaCl (mg) 0 2
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Figure 3. Normal plot of the standardized effects

3.2. Method Validation

The analytical data of the optimized Quencher method
was validated for the determination of 17 target
pesticides in soil sample (A) and vegetable sample (B) as
presented in (Table 4). The limits of quantitation (LOQ)
and detection (LOD) were determined experimentally.
The LOQ was calculated using a signal-to-noise ratio of
10, while the LOD was calculated using a signal-to-noise
ratio of 3. The standard deviation of the y-intercept of the
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regression line of the calibration curve was used for
these calculations. The calibration curve was constructed
using the internal standard method. The peak area ratio
of each target analyte to the internal standard was
plotted against the concentration of each analyte. The
resulting calibration curve exhibited the linearity ranges
from 5-500 pg/kg, the correlation coefficients (R?) were
around 0.99 for all the tested pesticide residues. The
LOD ranges (0.18-6.10 and 0.123-6.10) ug/kg for soil and
vegetable samples respectively, while the LOQ ranges
from (0.599-20.33 and 0.40-20.313) pg/kg for soil and
vegetable samples respectively. Validation procedures
were carried out to verify whether the analytical
procedure used is suitable. This is essential in ensuring
the optimal utilization of analytical resources [15]. The
concentration levels of each pesticide residues were
analyzed, and the calibration curve was constructed [15].
A set of calibration curves were prepared with
concentrations ranging from 5 to 500 pg/kg using an
external standard calibration method. The calibration
curve was linear over the tested concentration range
(Table 4).

Table 4. Linearity ranges (ug/kg), LOD and LOQ (ug/kg) of the
developed QUEChERS method

Linear LOD (ug/kg) LOQ (ug/kg)
Residues R? range Sample Sample Sample Sample

(ug/kg) A B A B
.alpha.-Lindane 1 5-500 0.76 0.23 2.53 0.76
.beta.-Lindane 0.99 5-500 0.983 1.0 3.27 3.33
.gamma.-Lindane 1 5-500 1.12 3.12 3.73 10.38
.delta.-Lindane 0.99 5-500 1.0 1.12 3.33 3.72
Endosulfan ether 1 5-500 1.41 8.71 4.69 29.00
Heptachlor 1 5-500 0.27 3.12 0.89 10.38
Aldrin 099 5-500 0.28 1.45 0.93 4.82
Heptachlor 1 5500 028 045 093 149
epoxide
DDMU 1 5-500 0.46 0.68 1.53 2.26
alpha.-
Endosulfan 0.99 5-500 0.18 0.38 0.59 1.26
p.p-DDE 1 5-500 0.26 0.46 0.86 1.53
Dieldrin 099 5-500 0.36 0.36 1.19 1.19
Endrin 1 5-500 0.43 0.123 1.43 0.409
beta.-Endosulfan 1 5-500 0.2 1.11 0.66 3.69
m,p'-DDD 099 5-500 2.14 2.10 713 6.993
p.p-DDT 1 5-500 5.12 5.2 17.06 17.316
Methoxychlor 0.99  5-500 6.1 6.1 20.33  20.31

The accuracy of the developed method was evaluated
by determining the relative recoveries of pesticide
standards spiked into different samples (Table 5). The
chromatograms of the samples, spiked at 100 pg/kg,
showed no matrix effect. The relative recoveries for
sample A ranged from 95.59% to 115.33%, while those
for sample B ranged from 96.40% to 116.13%.
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Table 5. Accuracy (relative recoveries) and precisions (relative
standard deviation) of the pesticides in samples

. Spiked  Soil sample Vegetable

Residues (ug/kg) Sample
%Rec %RSD %Rec %RSD

.alpha.-Lindane 100 97.5 1.2 96.7 0.3
.beta.-Lindane 100 98.2 1.6 99.3 1.6
.gamma.-Lindane 100 98.7 1.8 106.3 5.1
.delta.-Lindane 100 98.3 1.6 99.7 1.8
Endosulfan ether 100 99.6 2.3 1250 14.3
Heptachlor 100 95.8 04 1063 51
Aldrin 100 95.9 04 100.8 23
Heptachlor epoxide 100 95.9 04 97.4 0.7
DDMU 100 96.5 0.7 98.2 1.1
alpha.-Endosulfan 100 95.5 0.2 97.2 0.6
p,p-DDE 100 958 04 975 07
Dieldrin 100 96.1 0.5 97.1 0.5
Endrin 100 96.4 0.7 96.4 0.2
.beta.-Endosulfan 100 95.6 0.3 99.6 1.8
m,p'-DDD 100 102.1 35 102.9 34
p.p-DDT 100 112.0 8.4 113.3 8.5
Methoxychlor 100 1153 10.0 1163 10.0

RSD-= relative standard deviation, %Rec = relative recoveries

These results demonstrate the high accuracy and
reliability of the developed method. These are all
acceptable according to the SANCO guidelines [16],
which state that the method performance criteria require
that mean recoveries should be within the range of 70—
120% with precisions less than or equal to 20%. The
average recoveries obtained in this study align with the
report of [17] who obtained average recoveries ranging
from 83-99%, but as a result of the fact that the design of
experiments was employed to optimize factors, the
optimized factors gave improved results.

3.3. Analysis of real samples

The analysis of pesticide residues in soil, water, and
vegetable samples revealed varying concentrations. Fig.
4 presents the total mean concentration (ug/kg) of
pesticide residues in the samples. Notably, pesticide
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residues were not detected in Soil Sample 1, water
samples. In contrast, Soil Sample 2 contained 17
pesticides, with concentrations ranging from 0.00-1.41
mg/L. Endosulfan ether had the highest concentration
(141.0 pg/kg), followed by Methoxychlor (60.00 ug/kg),
while beta-Endosulfan had the lowest concentration
(<LOQ pg/kg). Aldrin and DDMU were not detected,
and Heptachlor, Heptachlor epoxide, alpha-Endosulfan,
p,p-DDE, Dieldrin,
calibration limit.

and Endrin were below the

In vegetable samples (1 & 2), pesticide residues were
detected within the range of <LOQ-870.0 ug/kg for
Sample 1 and <LOQ-110.00 ug/kg for Sample 2.
Endosulfan ether had the highest concentration (870.00
ug/kg) in vegetable sample 1, followed by delta-Lindane
(110.00 pg/kg), while Heptachlor epoxide and Endrin
below the LOQ. In Sample 2, delta-Lindane (110.00
ug/kg), had the highest concentration, followed by
Methoxychlor and p,p'-DDT with concentration of (60.00
and 50.00 pg/kg) respectively, while Heptachlor epoxide
and Endrin having the lowest concentrations (<LOQ
ug/kg). Heptachlor was not detected in vegetable sample
2, and several pesticides were below the calibration limit
in both vegetable samples.

3.4.Heavy metal concentration

3.4.1. Method validation

For the heavy metals considered in this study, the Limit
of Quantification (LOQ) and Limit of Detection Method
(LOD) were calculated using standard formulas: LOQ =
3 x SD and LOD = 10 x SD. The LOQ and LOD values
were specifically confirmed by sample and blank atomic
absorption spectrometers. The precision and reliability
of the heavy metals considered in this study are
displayed in (Table 6). The relative standard deviation
(RSD%) of the collected samples were analyzed.

10000 1

1000 A

100 A

ug/kg in Log 10

104 @ p

B .alpha.-Lindane
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.gamma.-Lindane
.delta.-Lindane
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Figure 4. Concentration (ug/kg in Log10) of pesticide residues in soil and vegetables
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Table 6. Data specification for AAS, LOD, LOQ and % RSD for the
heavy metals considered in this study.

METALS LOD (ug/L) LOQ (ug/L)  RSD% R?

As 2.1 21.2 7.1 0.9385
cd 0.1 1.0 1.0 0.9385
Cu 106 106.1 35 0.9385
Co 6.3 63.6 21 0.9385
Fe 12.7 127.2 42 0.9385
Ni 8.4 84.8 28 0.9385
Pb 6.3 63.6 21 0.9385
Zn 8.4 84.8 28 0.9385
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Table 7. Concentration of heavy metals in water sample

METALS Mean values * Std. WHO (2011)
(mg/L) deviation Guidelines for water
As 3.25+0.07 0.03

Cd 0.00£0.00 0.03

Cu 63.25+0.60 0.02

Co 22.25+0.02 0.08

Fe 307.00+4.00 0.3

Ni 10.50+0.02 0.1

Pb 58.25+0.20 0.01

Zn 95.50+0.20 5.00

3.4.2. The concentration of heavy metal in water

Heavy metals play a critical role in eco-chemistry and
eco-toxicology due to their toxicity at low concentrations
and tendency to bioaccumulate in human organs. To
mitigate the risks associated with heavy metal exposure,
establishing dietary limits for metals in food, vegetables,
and soil is essential. The Food and Agriculture
Organization/World Health Organization (FAO/WHO)
has established permissible limits for metals in soils,
waters, and plants.

This study aimed to investigate the mean concentrations
of nine heavy metals - cadmium (Cd), lead (Pb), zinc
(Zn), copper (Cu), nickel (Ni), cobalt (Co), arsenic (As),
and iron (Fe) - in soil, water, and plants within the study
area.

Table 7 shows that all the studied heavy metals in water
samples exceeded the WHO guidelines for drinking
water, except for cadmium (Cd), which was below the
limit. The highest concentration was recorded for iron
(Fe) at 307+4.00 mg/L, followed by zinc (Zn) at 95.5+0.6
mg/L. Arsenic (As) had the lowest concentration at
3.25+0.07 mg/L.

Water systems, including rivers, streams, and lakes,
are vulnerable to contamination through runoff,
drainage, and disposal via sediments or wastewater [18].
Groundwater is also impacted through leaching or
transport via mobile colloids. The release of heavy
metals into water environments poses a significant
threat to aquatic ecosystems. Due to their toxic and
accumulative properties, heavy metals can alter the
diversity of aquatic species and disrupt the delicate
balance of ecosystems [18]. This study found elevated
levels of copper (Cu) and iron (Fe) in waterholes, likely
resulting from copper-containing waste discharge and
anthropogenic wastewater effluents, respectively. These
findings align with [19], who reported high iron levels in
River Omo and Kainji Lake National Park waterholes.
Lead (Pb) and nickel (Ni) levels exceeded permissible
limits, potentially due to industrial waste discharges and
heavy-duty vehicle exhaust [20]. Cadmium (Cd)
levels surpassed guidelines, likely caused by fertilizer
and sewage sludge runoff from surrounding areas
[21]. Statistical analysis revealed a positive correlation

between metals (p = 0.04, p < 0.05), indicating that
changes in one metal's concentration are associated with
changes in others.

3.4.3. The concentration of heavy metal in plant

The analysis of heavy metal concentrations in plant
samples revealed that, except for iron (Fe) and nickel
(Ni), all studied metals were below World Health
Organization (WHO) recommended limits. Notably,
iron (Fe) and nickel (Ni) exceeded guidelines at
concentrations of 298+1.0 mg/kg and 7.25+0.007 mg/kg,
respectively as shown in (Table 8). Iron (Fe) had the
highest concentration (298+0.1 mg/kg) in plant samples,
followed by zinc (Zn) at 112.75+0.2 mg/kg. The levels of
iron (Fe) and zinc (Zn) in plants were significantly
influenced by their respective soil content and runoff, as
previously reported [21]. The presence of these metals in
the study area may be attributed to human activities,
including combustion of coal, residential wood
combustion, iron and steel production, and power plant
operations [22]. These findings suggest that
anthropogenic factors contribute to heavy metal
accumulation in plants, potentially impacting ecosystem
health.

Moreover, Cadmium (Cd) exhibited the lowest
concentration of 0.75+0.0007 mg/kg, while nickel (Ni)
had a concentration of 7.25+0.007 mg/kg in the study
area (Table 9). The presence of these metals in plants can
be attributed to factors such as the application of
fertilizers and pesticides, industrial waste disposal, and
atmospheric contaminant deposition. Furthermore,

statistical analysis revealed that the correlation between

Table 8. Concentration of heavy metals in plant sample

METALS Mean values * Std. WHO
(mg/kg) deviation recommended limits
As 6.50+0.01 0.2

Cd 0.75+0.00 0.2

Cu 56.75+0.04 10

Co 41.00+0.04 0.2

Fe 298.50+0.10 425.5

Ni 7.25+0.00 67.9

Pb 37.25+0.03 2.0

Zn 112.75+0.20 99.4
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Table 9. Concentration of heavy metals in soil samples

Turk J Anal Chem, 7(1), 2025, 46-54

SAMPLE

METALS (mg/kg)

As Cd Cu Co Fe Ni Pb Zn
Soil 1 4.50+0.0014 1.50+0.001 97.0+0.002 27.0+0.004 266.25+0.9 17.25+0.004 47.25+0.003 106.5+0.002
Soil 4 30.50+0.002 52.25+0.0007 297.0+0.006 81.0+0.004 19452+14.0 27.0+0.002 106.25+0.004 360.5+0.1
Soil 5 22.0+0.002 42.0+0.004 607.0+0.001 96.25+0002 21390.5+20.0 42.25+0.007 148.0+0.002 547.0+0.004
Soil 6 45.75+0.003 67.75+0,003 638.25+0.01 74.25+0.003 12974.25+19.0 31.25+0.002 91.75+0.003 323.0+0.004
WHO PL 20 | 0.8 36 0.2 50000 35 85 50

metal concentrations was not statistically significant (p =
0.87, p < 0.05), indicating a negative correlation. This
suggests that an increase in one metal's concentration
corresponds to a decrease in another.

3.4.4. The concentration of heavy metal in soil

The analysis of heavy metals in soil samples from areas
1, 4, 5, and 6 revealed varying concentrations. In Soil
Sample 1, only iron (Fe), arsenic (As), nickel (Ni), and
lead (Pb) were within the World Health Organization's
(WHO) maximum allowable limits, with concentrations
of 266.25+0.9, 4.50+0.0014, 17.25+0.004, and 47.25+0.003
mg/kg, respectively (Table 9). In contrast, Soil Samples 4
and 6 had only nickel (Ni) within the allowable limits,
with concentrations of 27.0+0.002 and 31.25+0.002
mg/kg, respectively. (Fe) had the highest
concentration in both samples, with 19,452+14 mg/kg in
Sample 4 and 12,974+19.0 mg/kg in Sample 6. Soil
Sample 5 exceeded WHO limits for all studied heavy
metals, with iron (Fe) having the highest concentration
(21,390+20.0 mg/kg) and nickel (Ni) the lowest. These
findings are consistent with [23], who noted that soils
and sediments serve as primary repositories for metal
contaminants in terrestrial and aquatic ecosystems,
respectively. Heavy metals in soils pose a significant

Iron

threat to human and animal health through the
consumption of contaminated plants. Analysis of soil
samples revealed that mean heavy metal levels exceeded
maximum allowable limits. Notably, iron (Fe), copper
(Cu), and zinc (Zn) concentrations suggest minimal
anthropogenic influence. Zinc, an essential trace element
for humans, animals, and plants, plays a crucial role in
combating skin issues like acne, boils, and sore throats
[24]. Copper enters soil through various means,
including contamination from pipes and wires, and algal
growth control measures. While copper is vital for
organism development, excessive or deficient levels can
be harmful [25]. surpass
permissible limits, the risk of heavy metal poisoning
through the food chain increases [26]. This highlights the
need for monitoring and mitigating heavy metal
contamination in soils.

As soil concentrations

3.5.Pearson correlation analysis of heavy metals

Table 10 revealed the Pearson correlative matrix of
heavy metals in all the samples. A positive correlation
PC is represented by green color with (PC < 1.00). The

correlation matrix of all heavy metals (Cd, Pb, Zn, Cu,
Ni, Co, As and Fe) in soil, water, and plants in the study
areas as seen in Table 10, shows a strong positive
correlation between (Cd, Pb, Zn, Cu, Ni, Co, As and Fe)
above (>0.500) and below (<1.00). This implies that there
is the possibility that heavy metals are emitted from
similar sources. The result agrees with the findings of
[27], who explained that common source of metals
contamination different

sampling sites in the same study area.

input is possible across

Table 10. Correlation matrix of all studied heavy metals in the farm
areas

As Cd Cu Co Fe Ni Pb Zn
As 1
Cd 09810 1
Cu 0.8477 0.8866 1
Co 0.7685 0.8586 0.8628 1
Fe 0.7373 0.8512 0.8147 0.9705 1
Ni 0.6996 0.8032 0.9224 0.8980 0.9075 1
Pb 0.6039 0.7394 0.8294 0.9131 0.9517 0.9451 1
Zn 0.6574 0.7775 0.8664 0.9665 0.9644 0.9542 0.9808 1

4. Conclusion

In conclusion, the importance of monitoring pesticide
residues in soil and plant-based foods has led to the
development of various sample preparation methods.
This study employed the QUEChERS-AOAC technique,
a rapid and environment-friendly method, for analyzing
pesticide residues in soil, water, and vegetable samples
along Asa-river farmland using GC-MS. The results
showed that pesticide residues were detected in soil and
vegetable samples, but not in water samples, with
concentrations below the maximum residue level.
Notably, Soil Sample 1 and water samples had no
detectable pesticide residues. However, heavy metal
analysis revealed variations in metal content across
samples, exceeding WHO guidelines, except for
cadmium (Cd) in soil and plant samples and nickel (Ni)
in Soil Samples 4 and 6. The study highlights the
importance of regular monitoring of pesticide residues
and heavy metals in soil, water, and vegetables to ensure
food safety and prevent environmental contamination.
Efforts should be made to reduce contamination in the
study area, and safe pesticide usage practices should be
promoted among farmers. The QUEChERS method has
proven to be a fast, accurate, and efficient sample
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preparation technique for pesticide residue analysis,
offering a simple and effective alternative to traditional
solid-phase extraction methods. Continued monitoring
and mitigation efforts are necessary to protect human
and environmental health.
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Abstract

In this study, fine granulated commercial hazelnut shell charcoal was mixed together with SBA-15 consist of family of mesoporous silica
nanoparticul (MSN) as a template, and then half of it carbonised again together in furnace at 900 °C in nitrogen atmosphere (FC). Other half of it
is used without carbonisation (F). Obtained ordered porous carbon material (FC) and obtained other carbon material (F) from hazelnut shell
charcoal were characterised by thermal gravimetry (TG/DTA), N2adsorption-desorption isotherm, X-ray powder diffraction, and SEM (scanning

electron microscopy).

As a result, SBA-15 showed very good template properties to obtain ordered mesoporous carbon material. Surface area ordered pore diameter,
and pore volume of FC were found to 9005.732 m?/g, 3220.2 nm and 1.003 cm?3/g, respectively. Obtained ordered mesoporous carbon material (FC)

should be suitable to use as activated nanocarbon material.

Keywords: Hazelnut shell charcoal, carbonisation, ordered porous carbon material, activated carbon, SBA-15, template

1. Introduction

Active carbon has quite a big surface area, is an excellent
amorphous adsorbent. It is produced by using natural
sources that contain carbon (root, stem, fruit, seed, shell
of plants, etc.), burning fossil fuels (soot), and coal. In
this purpose, any carbon source should be carbonised
first, then activated with chemically.

Generally, the production of activated carbon is
carried out in two stages: activation and carbonization.
The activation process is divided into two types:
physical activation and chemical activation. In physical
activation, activated carbon with a lower surface area,
typically used in large-scale industrial applications, is
produced at a lower cost. In the chemical activation
method, activated carbon with a high surface area,
which finds more specific application areas, is obtained
[1,2]. In recent years, ordered porous carbon materials
(OPCM) have critical applications in many important
fields because of their porous structure and huge specific
surface area. Some specific properties of ordered porous
carbon materials like low density, chemical stability,
strong mechanical strength, and very good electrical
conductivity provide for using them in specific and
advanced technological fields. They get extensive usage

in areas especially, as an electrode in electrochemistry,
storage, heterogeneous catalysis, gas
adsorption and as an adsorbent in separation processing.

hydrogen

Ordered porous materials are classified based on pore
radius (a) microporous (pore size <2 nm), mesoporous
(pore size >2 nm<50 nm) and macroporous (pore size >
50 nm).

One of the important agricultural products of our
country is hazelnut. After hazelnuts are harvested and
cracked of the inner shell, the remaining hazelnut shells
cannot be utilized for any significant purpose. Various
studies have been conducted to produce activated
carbon from hazelnut shells; however, even if the
desired surface area is achieved, the required hardness
has not been attained [3]. In Turkey, in spite of there are
articles about producing
commercial activated carbon [4,5], there is no scientific
article about ordered porous activated carbon.

considerable scientific

In 1992, researchers at the Mobil Group discovered a

family of large, regularly mesoporous
silica/aluminosilicate molecular sieves (M41S)
began producing them in their laboratories [6,7]. This

discovery led to mesoporous materials becoming a focal

and
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point of interest in the scientific community[8-11]. In
1998, SBA-15 (Santa Barbara Mesostructure No. 15) with
pore sizes ranging from 4.6 nm to 30 nm was produced.
SBA-15 mesoporous material not only possessed larger
pore sizes but also demonstrated thermal, mechanical,
and chemical stability, making it a preferred option for
use as a catalyst. Uniformly porous, order hexagonal
SBA-15 with pore sizes up to 30 nm has been synthesized
using amphiphilic triblock copolymers in a strongly
acidic environment [12-14].

SBA-15 was synthesized according to the literature
[15], and its surface properties were elucidated. Fig. 1
shows the porous structure of SBA-15.

Micropores '
(SBA-15) e
SBA-15: 6-10 nm
MCM-41: 2-5 nm

Figure 1. Representation of the pore shape and structure of MCM-41
and SBA-15 (Anonymous, 2018).

—
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Amount adsorbed ——»

Figure 2. According to the IUPAC classification, there are six types of
isotherms [16]

These six types of isotherms are shown in Fig. 2. Here,
Type I corresponds to microporous, Type II, III, and VI
correspond to non-porous or macroporous, and Type IV
and V correspond to mesoporous materials [17].

Adsorption-desorption isotherms are also related to
the pore structures of the materials. N2 adsorption-
desorption isotherm belongs to SBA-15 is given in Fig. 3.
According to this isotherm, SBA-15 shows type IV
isotherm curve so, it has mesoporous. Besides, porous
structure of SBA-15 is relevant to type H1. Type H1
shows cylindrical or spherical porous shapes in porous
materials.

In a review published by Lee and colleagues [18],
they examined the scientific papers published over the
past decade on the synthesis of porous carbon materials
up until 2006.

Turk J Anal Chem, 7(1), 2025, 55-60
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Figure 3. N2 adsorption-desorption isotherm of SBA-15.

In this review, it is reported that, porous carbon
materials have been synthesized using several different
experimental methods, with various pore sizes and pore
structures. For example, microporous activated carbons
were synthesized via direct activation processes, while
regular microporous activated carbon materials were
synthesized using a zeolite template. Irregular
mesoporous carbon materials have been synthesized
using several different methods [15]. These include
catalytic activation with various metals, carbonization of
polymer/polymer mixtures, carbonization of organic
aerogels, and template using

nanoparticles. Regular mesoporous carbon materials

synthesis silica
with various pore sizes have been synthesized using
mesoporous silica materials such as MCM-48, HMS,
SBA-15, MCF, and MSU-X as templates. Hierarchically
ordered mesoporous carbon materials have been
synthesized using silica templates prepared in various
pore sizes. It has been demonstrated that these
mesoporous carbon materials can be successfully used as
adsorbents for the adsorption of large (bulky) pollutants,
as electrodes for supercapacitors and fuel cells, as hosts
for enzyme immobilization, and for hydrogen storage
[19].

Eftekhari and Fan (2017), reported methods for
obtaining regular mesoporous carbon and their uses,
particularly in various electrochemical power sources
such as wultracapacitors, supercapacitors, battery
systems, fuel cells, and electrochemical hydrogen
storage systems in a review [20].

In this study, SBA-15 was used as a template to obtain
ordered mesoporous carbon material with higher-
surface area from hazelnut shell charcoal. SBA-15 forms
a template that imparts its porous structure to the carbon
material. So, fine granulated hazelnut shell coal was
mixed with SBA-15, and then half of it was carbonised
together in furnace at 900 °C in nitrogen atmosphere
(FC). Other half of it is used without carbonisation (F).
Obtained ordered porous carbon materials (FC and F)
from hazelnut shell coal were characterised by thermal
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gravimetry (TG/DTA), N: adsorption-desorption
isotherm, X-ray powder diffraction, and SEM (scanning
electron microscopy).

2. Materials and methods

2.1. Materials

The hazelnut shell charcoal was obtained from Nuts
Carbon company. SBA-15 (Santa Barbara Amorphous-
15) was synthesized according to the literature [15]. 48%
HF (hydrofluoric acid) was obtained from Alfa-easier
and used without further purification. The following
instruments were used for the experiments and analyses:
Precision Balance (OHAUS PA 214C, with a sensitivity
of 0.0001 g), Oven (WiseVen Fuzzy Control System),
Carbonization Furnace (Protherm furnace), XRD
(Europe XRD 600), Nitrogen Adsorption-Desorption
Device (MicroActive for TriStar II Plus Version 2.02), and
TG/DTA Device (SII EXSTAR6000 TG/DTA6200). SEM
images (JEOL6610).

2.2. Methods

The hazelnut shell charcoal was ground in a blender and
sieved through a 35-mesh sieve. 10.00 g of the charcoal
passing through the sieve was weighed and gradually
added to a mixture of 5.00 g SBA-15 and 50 mL of water,
which was stirred at a speed of 250 rpm. The final
mixture was stirred with a magnetic stirrer under a
reflux condenser in a reaction flask and boiled for
approximately 12 hours. The water from this mixture
was evaporated, and the residue was transferred to a
shallow ceramic crucible and dried in an oven at 250 °C.

The obtained solid (carbon-silica mixture) was
weighed (10.32 g) and divided into two portions. 5.00 g
was weighed from the first portion of the carbon-silica
mixture (CSM1). CSM1 was subjected to carbonization
in a furnace under N2 atmosphere, with temperature
control (initial temperature: 20.0 °C), ramp rate: 30.0
°C/hour, and final temperature: 900.0 °C for 20 minutes.
The carbonized CSM1 was weighed on a precision
balance (4.8 g) and then treated with 48% HF, stirred at
room temperature for 24 hours to dissolve the silica
template (SBA-15). The mixture was filtered to remove
all dissolved silica using a plastic funnel and blue band
filter paper. The solid remaining on the filter paper was
washed five times with deionized water at ambient
temperature. The obtained solid carbon material was
dried in an oven at 110 °C for 24 hours and then weighed
(3.2 g). This solid carbon material was labeled as CF.

The second portion of the carbon-silica mixture
(CSM2) was directly treated with 48% HF without
undergoing carbonization, resulting in the removal of
the silica template (SBA-15). This portion was labeled as
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F. The physicochemical and surface properties of CF and
F were compared in this paper.

SEM analyses, N2 adsorption-desorption isotherms,
XRD analysis, and TG/DTA analyses were performed on
the non-carbonized (F) and 900 °C carbonized (CF)
carbon materials. The synthesis of SBA-15 was carried
out according to the literature [15], Structure and surface
properties of FC and F were examined, and the results
are presented in Table 1.

SEI

SEI x20,000 1pm

Figure 4. SEM image of FC

3. Results and discussion

The final yield of FC was calculated 96% after
carbonisation at 900
template (SBA-15) by using HF. The physical and surface
properties of the obtained ordered mesoporous
nanocarbon material (FC) have been elucidated. The
reason for carbonisation at 900 °C was to maximize
template properties of SBA-15 and to integrate well with
hazelnut shell charcoal. Physical and surface properties

°C and removal of the silica
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of FC were compared with the carbon material (F) that
was obtained without carbonization.

3.1. SEM (Scanning Electron Microscope) analyses

Fig. 4 shows the SEM image of the ordered mesoporous
carbon material (FC) obtained from hazelnut shell
charcoal carbonized at 900 °C in the presence of the silica
template (SBA-15). In the SEM image of FC, ordered
micropores and mesopores are clearly visible.

SEI

o
¥10,000 1um

SEl  20kV

Figure 5. SEM image of F

Fig. 5 shows the SEM image of the carbon material (F)
obtained from the non-carbonized hazelnut shell
charcoal treated with the silica template. In these images,
some porosity can be observed, although the pores are
not as ordered or abundant as in FC.

In both SEM images, silica that has not been
sufficiently removed from the carbon material with HF
that visible as white. But at the same time, mesopore
structure of FC was seen in SEM image that the most
important goal of this paper was to obtain ordered
mesoporous carbon material.
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3.2. XRD analysis
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Figure 6. XRD pattern of the non-carbonized carbon material (F)

Fig. 6 shows the XRD pattern of the carbon material
obtained from hazelnut shell charcoal, which was mixed
with the silica template but not carbonized.
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Figure 7. XRD pattern of the carbon material carbonized at 900 °C (FC)

Fig. 7 shows the XRD pattern of the ordered
mesoporous carbon material (FC) obtained from
hazelnut shell charcoal carbonized at 900 °C in the
presence of the silica template.

The presence of broad peaks in the XRD patterns
indicates that the carbon material is ordered and
mesoporous. The 26 angle shows the (002) plane at
approximately 25° and the (004) plane at approximately
45°. According to the literature, these peaks are the ones
corresponding to pure carbon (graphite) [19]. When
comparing both XRD graphs, it can be observed that the
carbon material obtained by carbonization with SBA-15
at 900 °C exhibits a lower density. This indicates that the
carbon material exhibits a
homogeneous porosity.

denser and more
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3.3.N: adsorption-desorption (BET) isotherms
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Figure 8. N2 adsorption-desorption isotherm of the non-carbonized
carbon material (F)

The N2 adsorption-desorption isotherms of the non-
carbonized carbon material (F) are shown in
Fig. 8. According to these results, the surface area is 9.828
m?/g, the total pore volume is 0.02 cm?®/g, the pore
diameter is smaller than 2050.9 A (P/P0: 0.99531), and the
average pore volume is 40.7404 A. Surface area, pore
volume, and pore diameter of FC and F were given in
Table 1.
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Figure 9. N2 adsorption-desorption isotherm of the carbonized carbon
material (FC).

The N2 adsorption-desorption isotherms of the
carbonized carbon material (F) are shown in Fig. 9.
According to these results, the surface area is 9005.732
m?/g, the total pore volume is 1.003 cm?/g, the pore
diameter is smaller than 3220.2 A.
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It was seen that the surface area of ordered
mesoporus FC (9005.732 m?/g) is bigger than even
commercial amorphous activated carbon (937 m?/g) [22].

Table 1: BET Analysis Results of SBA-15 [21]
Surface Area Pore Diameter

Pore Volume

Sample (m?/g) (nm) (cm?/g)
SBA-15 786,8381 5,0763 0,9614
F 9.828 2050,9 0.0200
FC 9005,732 3220,2 1,003
3.4.TG/DTA analysis

TG analysis of F and FC were performed by atmospheric
pressure and rising temperature as 10 °C/min. between
30°C-900 °C.
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Figure 10. TG-DTA graph of FC (the carbonized carbon material at 900
OC)
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Figure 11. TG-DTA graph of F (the non-carbonized carbon material).

Upon examining the TG-DTA curves of the carbon
material carbonized at 900 °C (FC) and the non-
carbonized carbon material (F), it is evident that both
exhibit the characteristic thermal behavior associated
with porous carbon materials [23]. Total mass loss was
observed as 28.35 % for FC, and 41.46 % for F, so total
mass loss with increasing temperature is lower for FC
than F. It can be said that, F still has some non-carbonous
purities. Most probably, FC has a little silicious purities
that couldn’t be removed by HF treatment.
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4. Conclusions

In this study, ordered mesoporous carbon material was
obtained from hazelnut shell charcoal.

The ground raw hazelnut shell charcoal was treated
with SBA-15 at 250 °C in an air atmosphere (F) and at 900
°C in a nitrogen atmosphere (FC), seperately. Their
physicochemical and surface properties were
investigated. The yield of FC was found 96 % after all
experimental treatment. The surface area and nature of
porosity of F and FC was clarified. Structure of FC was
shown very good ordered mesoporous carbon material
properties.
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Abstract

This manuscript serves as a comprehensive review paper examining the theoretical potential and practical applications of artificial intelligence
(AI) and machine learning (ML) in molecular analysis. The purpose of this study is to synthesize existing knowledge, highlight advancements in
AI/ML algorithms for molecular structure prediction, and identify future directions in the field. The significance of this review lies in its focus on
bridging molecular data with AI/ML methodologies, aiming to accelerate chemical and biological research processes with enhanced accuracy.
This article examines how AI and ML techniques allow accelerating and improving the accuracy of chemical and biological processes. In
particular, these methods are used to predict the chemical structure, biological activity, and protein structure of molecules. Various data types
such as molecular dynamics simulations, spectroscopy, and cheminformatics data are discussed in relation to Al and ML algorithms. Additionally,
the revolutionary contributions of deep learning algorithms in areas such as molecular representations, drug design, and protein structure
prediction are highlighted. The effectiveness of reinforcement learning and graph-based models in the prediction and optimization of chemical
reactions is also discussed. In conclusion, the use of Al and ML in molecular analyses is expected to expand into broader areas of scientific and
industrial research in the future.

Keywords: Artificial intelligence, molecular analysis, machine learning, molecular analysis, deep learning, chemical reactions

1. Introduction

1.1. Definition of artificial intelligence and machine
learning

1.2. The power of machine learning algorithms
One of the advantages of ML algorithms is the ability to

Definition of Artificial Intelligence and Machine work effectively on large data sets. While traditional
Learning Artificial intelligence (Al) and machine data analysis methods are usually successful with
learning (ML) have become the focus of scientific limited sample sizes, ML algorithms go beyond these

research in recent years and have brought about
significant changes in complex and data-intensive
processes such as molecular analysis. Al is defined as the
imitation of complex tasks based on human intelligence
by computer systems, while machine learning refers to
the ability of these systems to improve themselves by
learning from data [1]. ML, as a sub-branch of Al,
enables computers to learn patterns and relationships
from data sets, thus enabling them to continuously
improve their performance on specific tasks. In
particular, supervised and unsupervised learning

methods are widely used in molecular analysis [2].

limitations and can process huge data pools [3].
Especially in molecular analysis, this means that
algorithms can analyze the chemical and physical
properties of thousands or even millions of molecules. In
addition, these algorithms play an active role in
predicting the potential behavior and reactions of
molecules [4].

However, ML algorithms continuously improve the
learning processes of artificial intelligence systems. For
example, deep learning techniques provide more
accurate results by better understanding structural
details in molecular image analysis [5]. This allows
molecular analysis to be more predictable, fast and
efficient.
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2. Historical development of artificial
intelligence and machine learning

2.1. Early studies

The concepts of artificial intelligence and machine
learning were born in the mid-20th century at the
intersection of mathematics, computer science, and
neurology. First, Alan Turing's "Turing Test" and John
von Neumann's theories of automatic computation
introduced the idea that computers could exhibit
human-like intelligence [6]. Simple algorithms
developed in the 1950s and 1960s worked with limited
data sets to perform specific tasks. Artificial intelligence
studies at the time focused more on symbolic logic and
rule-based systems [1].

Machine learning began to take shape in the late
1950s. Arthur Samuel first used the term "machine
learning” in 1959 while working at IBM to explain that
computers could learn from experience and improve [7].
Samuel's checkers-playing program embodied the basic
principles of ML in that it learned from its own mistakes
and improved its performance over time. This is
considered the first example of the ability to "learn”
which is the basis of today's machine learning
algorithms [8].

2.2. Current practices

Today's artificial intelligence and machine learning
technologies are quite different from the rule-based
systems of the early days. In particular, new generation
techniques such as deep learning and artificial neural
networks have made great strides thanks to their
capacity to handle large data sets. After the 2010s, deep
learning has achieved significant success in areas such as
image and voice recognition. In 2012, a deep learning
model called AlexNet revolutionized the field by
achieving great success in image recognition in the
ImageNet competition [9].

Machine learning algorithms have become widely
used, especially in bioinformatics and molecular
analysis. Methods such as artificial neural networks,
support vector machines, and random forest algorithms
have made great advances in areas such as the prediction
of properties of chemical compounds, protein structure
prediction, and drug discovery [10,11]. At the beginning
of the 21st century, the increase in computing power and
the availability of large datasets enabled the rapid
development of artificial intelligence and machine
learning technologies [12].
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3. Data types used in molecular analysis

3.1. Spectroscopy data
Spectroscopy is one of the most widely used techniques
in molecular analysis, and spectral data is used to
analyze the physical and chemical properties of
molecules. These data contain important information to
understand the molecule's energy, electron distribution,
and bond structures [13]. Traditionally, analyzing this
data can be time-consuming and error-prone. However,
when artificial intelligence and machine learning
algorithms have been used to process this data, the
results have become much faster and more accurate [14].
For example, Raman spectroscopy data can be
analyzed with machine learning algorithms and used for
molecular structure prediction. Such algorithms save
both time and cost by extracting meaningful patterns
from complex data [15]. In addition, the capacity of ML
algorithms to detect anomalies while analyzing spectral
data is an important factor that increases the accuracy of
molecular analysis.

3.2. Molecular dynamics data

Molecular dynamics is another important field that
studies the motion of molecules over time. The data
obtained in this field are of large size and complexity.
Molecular dynamics simulations are often used to
analyze the interactions of thousands of molecules, and
these analyses are computationally intensive [16].
Machine learning algorithms stand out as an excellent
tool for analyzing these complex data structures [17].

In particular, deep learning methods have been
effective in processing molecular dynamics data and
have provided important insights into new molecular
structures and dynamic behaviors [18]. By processing
this data, ML allows the prediction of molecular
behaviors and the prediction of the properties of new
molecules.

3.3. Cheminformatics data

Cheminformatics involves the use of computer
technologies to store, process, and analyze chemical
information for molecular analysis [19]. The data types
in this field are usually based on the structural properties
of molecules. Data representations such as ECFP
(Extended-Connectivity ~FingerPrint) and Morgan
FingerPrint are used to describe different structural
features of molecules. These data representations are
analyzed by artificial intelligence and machine learning
algorithms and used in areas such as classification of
molecular structures, drug discovery, and toxicity

prediction [20].
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ML algorithms are also used to identify similarities
and differences between molecules in cheminformatics
data. This is particularly important for identifying new
drug candidates and predicting chemical reactions. By
working with large cheminformatics datasets, Al
systems can predict the behavior of new molecules and
accelerate drug discovery processes [21].

4. Use of artificial intelligence and machine
learning algorithms in molecular analysis

4.1. Support Vector Machines (SVM)

Support Vector Machines (SVM) is a powerful machine
learning algorithm widely used for classification and
regression tasks. In molecular analysis, SVM algorithms
have been used with particular success in tasks such as
classifying molecular structures and predicting
molecular properties. Briefly, the algorithm draws a line
to separate points on the training data placed on a plane,
and this line is planned to be the maximum distance for
the points of the two classes to be separated (Fig. 1). SVM
works by creating a hyperplane to separate the data into
two classes and can model complex relationships
between molecules. It is a method frequently used in
molecular biology, especially in areas such as prediction
of protein-protein interactions and classification of drug

candidates [22].

Support Vector Machines

—— Hypearplane
S === Margin
Margin Area

Xz

Figure 1. Support Vector Machine Algorithm

One of the biggest advantages of SVM in molecular
analysis is that it can work effectively even with small
data sets. While molecular analyses usually involve large
datasets, in some rare cases there may be a limited
number of data samples. In such cases, SVM minimizes
the risk of overfitting and produces more accurate
results [23]. Especially in drug discovery studies with
small data sets, SVM stands out as an effective
classification method [24].
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4.2. Decision trees and random forests

Decision trees are an algorithm that extracts decision
rules by partitioning data sets and thus performing
classification or regression (Fig. 2). It is used in molecular
analysis, especially in areas such as classification of
compounds, toxicity prediction, and characterization of
biomolecules [1]. Decision trees make distinctions
between molecules based on each feature of the data set
and thus classify the results.

Decision Node '—b Root Node

e T

Decision Node
Sub-Tree

Leaf Node

Leaf Node Leaf Node

Leaf Node Leaf Node

Figure 2. Decision Tree Algorithm

Random forests are a machine learning algorithm in
which multiple decision trees work together to make
more accurate predictions (Fig. 3). The random forest
algorithm is widely used in molecular analysis, often
applied in toxicity prediction, predicting the activity of
new molecules and analyzing the dynamics of chemical
reactions [25]. The random forest algorithm shows high
performance on large datasets by analyzing a large
number of molecules simultaneously. Since the data
density in molecular analysis is quite high, the random
forest algorithm stands out as an important tool that can
work effectively with big data [26].
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Figure 3. Random Forest Algorithm

4.3. Artificial neural networks (ANN)

Artificial neural networks are an algorithm based on
data learning and classification that mimics the working
principles of nerve cells in the human brain (Fig. 4).
Artificial neural networks, which form the basis of deep
learning methods, have become a powerful tool in
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molecular analysis. In particular, multilayer perceptrons
(MLP) and deep learning methods are used for modeling
molecular  structures
relationships [5].

and predicting complex

hidden layers

output layer

\\// \\/
\

,«?

O @ . Neurons

Figure 4. Artificial Neural Networks (ANN)

MLP and deep neural networks can learn patterns in
molecular data through a large number of hidden layers.
Therefore, they are effectively used to analyze chemical
structures, protein relationships
between biomolecules. For example, neural networks are
highly successful

interactions, and

in modeling chemical reaction
dynamics, drug discovery and predicting the behavior of
biomolecules [27]. Moreover, the performance of deep
neural networks in analyzing complex structures makes
these algorithms indispensable for the future of
molecular analysis [28].

4.4. Deep learning and convolutional neural networks
(CNN)

Deep learning has achieved great success, especially in
analyzing large data sets. Convolutional
Networks (CNN) are particularly effective deep learning

Neural

algorithm for processing image data and are also used in
molecular analysis (Fig. 5). CNN gives successful results
in visualization of molecular structures, modeling of
protein structures, and biomolecular image analysis [29].

CNN algorithms are widely used for 3D structure
recognition and image analysis of biomolecules. In
particular, CNN plays an important role in analyzing the

Input Convolutional layers
................................................. %
r . r .
Convolutional Pooling
filter layer

Figure 5. Convolutional Neural Networks
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folding process of proteins,
simulations, and studying the interactions of drug

molecular dynamics

molecules with biomolecules [30]. Effective processing
and analysis of such big data in molecular analysis has
become possible with deep learning algorithms.

4.5. Reinforcement learning

Reinforcement learning is a machine learning
methodology based on interactions between an agent
(computer program) and its environment (Fig. 6). It is
used in molecular analysis, especially in areas such as
optimization of chemical reactions and design of new
molecules [31]. Reinforcement learning algorithms can
make better predictions about molecular structures and
chemical reactions by working on a reward and
punishment system. It is an effective method for finding
optimal solutions, especially in
biomolecular processes.

Environment

chemistry and

Reward

{ State % ‘ )
- \:;\_:‘ - /

Action

Agent

Figure 6. Reinforcement Learning

For example, during the discovery of new drug
molecules, reinforcement learning algorithms can help
identify the most efficient chemical structures by
optimizing molecular interactions. They can also be used
in molecular dynamics simulations to find the most
efficient paths of molecules during a given reaction [32].
The flexible nature and learning capabilities of these
algorithms can be widely applied in different areas of
molecular analysis.

Fully connected layers

----------------------------------------
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5. The role of artificial intelligence and
machine learning in predicting molecular
structures

5.1. Chemical structure prediction

Artificial intelligence and machine learning have an
increasing importance in the prediction of chemical
structures. In particular, the determination of molecular
structures and the association of these structures with
certain properties can be done more precisely and
quickly thanks to artificial intelligence algorithms. For
example, the high cost of calculations using quantum
chemistry methods can be greatly reduced by artificial
intelligence and machine learning algorithms.

In particular, graph-based machine learning
algorithms are widely used to predict structural
properties of molecules using graph representations of
chemical compounds. By analyzing molecular graph
representations by artificial intelligence models, the
structure and properties of new molecules can be
predicted. This offers great potential in areas such as
drug discovery and materials science [33].

5.2. Protein structure prediction

Protein structure prediction is one of the common uses
of artificial intelligence and machine learning algorithms
in biomolecular research. Especially the folding
processes of proteins and the prediction of 3D structures
pose great challenges in this field. However, deep
learning-based Al algorithms such as AlphaFold have
[30].
AlphaFold has contributed to the advancement of
biomolecular research by predicting the 3D structures of
proteins with high accuracy.

revolutionized protein structure prediction

Protein structure prediction plays a critical role,
especially in drug discovery and understanding
biological processes.
interactions, artificial intelligence algorithms allow the
better

By analyzing protein-protein

discovery of new biomolecules and a

understanding of biological processes [30].

6. Applications of artificial intelligence and
machine learning in molecular dynamics
simulations

Accurate prediction and optimization of molecular
properties is critical in drug discovery, materials science,
and biomolecular processes. Artificial intelligence (AI)
and machine learning (ML) techniques are used to
predict the chemical and biological properties of
molecules, providing effective results in these processes.
Especially in the fields of molecular dynamics, quantum
chemistry, and molecular design, Al and ML offer
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significant advantages in terms of speed and accuracy
compared to conventional methods [17,33].

6.1. Molecular activity prediction

Prediction of molecular activity plays a major role,
especially in drug discovery processes. Prediction of the
effects of molecules in biological systems can be time-
consuming and costly with traditional experimental
methods. To overcome these challenges, Al and ML
algorithms have been used to predict molecular
properties and biological activities [27].

One of the common methods used in molecular
activity prediction is to determine the electronic
structures of the molecule by quantum mechanics-based
calculations and analyze how these structures can be
related to biological activity. Artificial neural networks
and support vector machines (SVM) are powerful tools
for understanding the complex relationships between
molecular properties and biological activities [34]. For
example, QSPR (Quantitative  Structure-Activity
Relationship) models are widely used to determine the
relationships of molecular structures with biological
activities [35].

6.2. Molecule design and optimization

The design and optimization of new molecules is of vital
importance in fields such as drug discovery and
materials science. ML algorithms enable the analysis of
chemical properties and the generation of optimized
chemical structures that can be used in the design of new
molecules. Reinforcement learning and genetic
algorithms are some of the most popular methods used
in this field [32].

Reinforcement learning is used to optimize the
properties of molecules and design more effective
structures using a reward and punishment system. This
method can be effective in predicting the effects of new
molecules on biological systems. Reinforcement learning
algorithms are frequently used to create new chemical
structures and ensure that these structures exhibit
specific biological activities [36].

Especially in molecule design processes, artificial
intelligence and machine learning algorithms provide a
better understanding and optimization of chemical and
biological processes. Deep learning algorithms make
important contributions to the discovery of new
biomolecules by analyzing molecular structures [37].

6.3. Quantum chemistry and artificial intelligence

Quantum chemistry is a fundamental tool used to
determine the electronic properties
structures and to understand chemical reactions.
However, since such calculations often require high
computational power, Al and ML algorithms are used to

of molecular
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speed up quantum chemistry calculations and analyze
larger datasets [17].

In particular, deep learning methods are an effective
tool for optimizing quantum chemistry calculations of
molecular structures. Deep learning algorithms can be
used to predict molecular energy levels, orbital
structures, and other electronic properties. Such
algorithms reduce computational costs in quantum
chemistry, allowing for faster and more precise

predictions [18].

6.4. Molecular dynamics simulations

Molecular dynamics simulations are a technique used to
understand the motions and interactions of
biomolecules. These simulations play a major role in
analyzing biomolecular processes. However,
simulations are often very time-consuming and require

high computational power. Al and ML algorithms have

such

been used to accelerate molecular dynamics simulations
and analyze more complex biomolecular systems [38].

Al-based methods reduce simulation times by
predicting the motion of biomolecules. Deep learning
algorithms can predict the evolution of molecular
structures over time by learning the dynamics of
biomolecular processes [39]. Especially the simulation of
protein-protein drug-protein
interactions can be done faster and more precisely with
such algorithms.

interactions and

6.5. Optimization of chemical reactions
Optimization of chemical reactions is an important
challenge in chemistry and materials science. Artificial
intelligence and machine learning algorithms are used to
make chemical reactions more efficient and optimize
them. For example, ML algorithms can be used to predict
the probability and conditions under which a given
reaction will occur. Such algorithms optimize reaction
rates, making chemical processes more efficient [40].
ML algorithms are used to discover and optimize
new pathways, especially in chemical synthesis. In the
analysis of chemical reactions, deep learning methods
allow a better understanding of reaction mechanisms
and can be used to discover new reaction pathways [41].

7. The role of artificial intelligence and
machine learning in predicting chemical
reactions

Accurate prediction of chemical reactions is of great
importance in the fields of chemistry and biochemistry.
Al and ML are increasingly being used in these
prediction processes, offering new ways to better
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kinetics, and

mechanisms of reactions.

understand  the thermodynamics,

7.1. Chemical reaction kinetics and thermodynamics
Chemical reaction kinetics studies the rate of a reaction
and what factors influence this rate. While traditional
methods need experimental data to predict reaction
rates, artificial intelligence and machine learning can
predict these processes without the mneed for
experimental data. For example, deep learning models
are used to predict rate constants and energy barriers of
[40]. This greatly accelerates
experimental processes and provides a great advantage
for the discovery of new chemical reactions.

chemical reactions

Thermodynamic properties of chemical reactions can
also be predicted with machine learning algorithms. Free
energy calculations and thermodynamic equilibria can
be calculated faster and more accurately with ML
models [42]. Thermodynamic equilibrium determines
which products chemical reactions lead to and how
stable these products are. Such calculations can be much
less costly and time efficient than traditional methods.

7.2. Analysis of mechanisms of chemical reactions

The mechanisms of chemical reactions are processes that
explain how bonds between molecules are broken and
how new bonds are formed. Accurate modeling of these
mechanisms is of great importance, especially in areas
such as drug design and the discovery of new materials.
Artificial intelligence and machine learning algorithms
offer powerful tools for modeling and predicting the
mechanisms of chemical reactions. Graph-based models
and natural language processing (NLP) techniques can
contribute to a better understanding of chemical reaction
mechanisms [43].

By analyzing the steps of chemical reactions, graph-
based machine learning algorithms can accurately
predict which molecules will turn into which products.
These algorithms have accelerated the understanding of
organic reactions and the discovery of new chemical
pathways. This provides a significant advantage in the
discovery of new drugs and materials. At the same time,
NLP techniques automatically analyze the mechanisms
of chemical reactions found in the scientific literature,
making the understanding of these processes faster and
more efficient.

7.3. Optimization of chemical reactions

Optimization of chemical reactions
determining the conditions necessary to make a given
reaction more efficient. This includes optimizing

involves

temperature, pressure, catalyst usage, and other reaction
conditions. Artificial intelligence and machine learning
algorithms are becoming increasingly common in these
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optimization processes. In particular, reinforcement
learning algorithms are used to determine the optimal
conditions for chemical reactions [44].

Reinforcement learning helps to identify the optimal
conditions to increase the efficiency of a reaction using a
reward-punishment mechanism. For example, it is
possible to determine which catalyst performs best for a
chemical reaction to occur with maximum efficiency and
at what temperature the reaction proceeds fastest. These
optimization processes can lead to huge economic gains
by increasing efficiency, especially in areas such as
industrial chemistry and pharmaceutical production.

8. Contributions of deep learning to
molecular modeling

In recent years, deep learning (DL) algorithms have
made great progress in the fields of artificial intelligence
and machine learning and have revolutionized many
scientific fields. Molecular modeling is one of these
fields. Deep learning offers significant advantages in
modeling, prediction, and simulation of complex
molecular structures. In this chapter, the contributions of
deep learning methods in molecular modeling and
biomolecular processes will be discussed.

8.1. Use of deep learning in molecule representation
Accurately representing the structural properties of
molecules is a critical step for the success of artificial
intelligence and machine learning models. While
traditional molecular representation methods deal with
molecules in data formats such as simple line structures
or atomic coordinates, deep learning algorithms can
produce more complex and meaningful representations.
In particular, graph-based deep learning methods
represent the atomic and bond structure of molecules as
graph nodes and edges [33].

Such graph-based representations allow for more
accurate prediction of chemical reactions and biological
activities of molecules. Methods such as Message
Passing Neural Networks (MPNNs) can perform
learning based on graph representations of molecules
and model the properties of chemical structures. This is
recognized as an important innovation in molecular
simulations [18].

8.2. Prediction of molecular properties with deep
learning

Deep learning algorithms achieve successful results in
predicting the electronic and chemical properties of
molecules.  Especially in quantum chemistry
calculations, deep learning methods can predict the
energy levels, polarizations, and orbital structures of
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molecules. Such predictions are faster and less costly
compared to traditional computational methods[12].

For example, predicting molecular energy levels
using deep neural networks (DNNs) and convolutional
neural networks (CNNs) replaces quantum chemistry
calculations and accelerates the simulation of chemical
reactions. Such prediction models allow to more
accurately model the probability of chemical reactions
and their outcomes [18].

8.3. Drug design with deep learning

Drug design processes rely on accurate analysis of
chemical and biological interactions. Deep learning
algorithms play an important role in the design of new
drug molecules and the prediction of their interactions
with biological targets. Especially in de novo drug
design processes, deep learning methods accelerate and
optimize the discovery of new biologically active
molecules [32].

The genetic algorithms used in these processes can be
integrated with deep learning models to predict how
new molecules will function in biological systems. In
particular, generative models are used to create new
molecular structures suitable for biological targets. This
has ushered in a new era in the design of biomolecules
[37].

8.4. Protein structure prediction and deep learning

Protein structure prediction is an important field for
The three-
dimensional structures of proteins determine their
biological activity and function. Deep learning
algorithms have made great advances in the field of
protein structure prediction. In particular, deep learning
models such as AlphaFold have the capacity to

understanding biomolecular processes.

accurately predict the three-dimensional structure of
proteins [30].

AlphaFold has revolutionized the field of protein
structure prediction, achieving significant success in
solving the protein folding problem. This model uses
deep neural networks to predict the final three-
dimensional structure of proteins by analyzing protein
sequences. This has ushered in a new era in protein
design and understanding of biomolecular interactions
[30].

8.5. Accelerating molecular dynamics with deep
learning

Molecular dynamics simulations are a powerful
technique used to model the evolution of biological and
processes However, these
simulations often have high computational costs. Deep
learning algorithms offer effective tools to speed up
these simulations [39].

chemical over time.
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In particular, deep learning methods such as
convolutional neural networks and message passing
neural networks can predict the dynamic motions of
biomolecules and allow molecular dynamics simulations
to be made more efficient. This enables faster and more
accurate analysis of biomolecular processes [18]. Deep
learning also plays an important role in predicting
biomolecular interactions

reactions more accurately [39].

and modeling chemical

9. Performance comparison of algorithms

Machine exhibit
performances in molecular analysis for different data

learning  algorithms superior
types and application areas. The advantages of each
algorithm, the parameters used, and their success rates
are evaluated in a wide range of applications from
molecular dynamics simulations to protein structure

prediction.

Table 1 summarizes the effectiveness of different
algorithms in various applications and provides an
opportunity to compare performance. For example, SVM
work effectively on small data sets, while RF can achieve
high accuracy rates on large data sets and minimize the
risk of overlearning. Deep learning methods, on the
other hand, stand out with high success rates, especially
in the analysis of complex biomolecular structures.

This benchmark aims to guide researchers in
algorithm selection and facilitate the identification of the
most appropriate methods for molecular analysis.
Table 1 summarizes the performance of the algorithms
mentioned throughout the paper, providing the reader
with an application-oriented perspective.

This table compares the performance of different
machine learning algorithms in molecular analysis. It
contains information about the application areas of the
algorithms, the parameters used, and their success rates.
Researchers can use this table to select the most
appropriate algorithm for their own studies.

10. Conclusion

This article addresses the theoretical potential and
current applications of Al and ML in molecular analysis.
The examples reviewed show that Al and ML have
enabled a significant transformation in predicting the
chemical structures, biological activities, and protein
structures of molecules. In particular, these technologies
are characterized by increased speed and accuracy in
experimental processes. The success of deep learning,
reinforcement learning, and graph-based models in
modeling the  kinetics,
mechanisms of chemical reactions indicates that these
areas will become even more important in the future.

thermodynamics, and
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In the future, the impact of AI and ML in molecular
analyses will deepen even further. The integration of
quantum computing and AI models will offer a
significant improvement, especially in the simulation of
chemical processes. This integration will allow more
complex molecules and reactions to be simulated with
high accuracy, opening up new areas of discovery for
researchers. The proliferation of quantum artificial
intelligence algorithms could have groundbreaking
fields of and

consequences in the chemistry

biochemistry.

Furthermore, improvements in data diversity and
quality will increase the accuracy and generalizability of
Al and ML algorithms. Diversification of data sets used
in molecular analyses and the creation of larger data
pools will strengthen the performance and adaptability
of models. Especially in fields such as cheminformatics
and bioinformatics, the creation of large open-access
data sets will increase the wide applicability of Al

In addition, advances in the modeling of biological
systems will lead to significant innovations in areas such
as drug design and personalized therapy. Al and ML
algorithms will enable deeper analysis of the dynamic
processes of biomolecules, and accelerating these
processes will create significant opportunities in
biotechnology.

Ethical aspects of the application of artificial
intelligence and machine learning in molecular analyses
are of great importance to ensure the responsible use of
these technologies. Particularly in an era where
molecular and biological data are increasingly digitised
and shared, care should be taken to protect data
data

preparation or model training can lead to systematic

confidentiality. ~ Algorithmic  bias  during
errors that may undermine the validity of research
results. Furthermore, explainability, which refers to the
understandability of the decision-making processes of
Al models,

transparency of these technologies and build trust.

is a critical element to increase the
Addressing these ethical challenges is essential for the
sustainable development of Al and machine learning
applications and their widespread acceptance in
scientific research.

In conclusion, the role of Al and machine learning in
molecular analysis will expand even further in the
future, enabling new discoveries in chemistry and
biochemistry. Areas such as quantum artificial
intelligence, improving data quality, and more in-depth
modeling of biological processes will be key factors that
will determine the future development of these

technologies.
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Table 1. Performance Comparison of Machine Learning Algorithms

Turk J Anal Chem, 7(1), 2025, 61-70

Ref. Implemented Algorithm Parameters Used Metric Used Success Rate

[4] Molecular Docking Ligand flexibility RMSD 85% (binding accuracy)

[5] Deep Learning Deep neural networks Accuracy 91% (Different data set tests)

[7]  Reinforcement Learning Self-play algorithm Win Rate 90% (in Checker game)

[8]  Decision Tree, Neural Networks Different dataset Accuracy 82% (Overall forecast rate)

[9] Convolutional Neural Network (CNN) Depth, dropout, learning rate Top-1 Accuracy 84% (ImageNet dataset)

[10] Support Vector Machine (SVM) Kernel type (RBF), C value Accuracy 97% (RBF Kernel)

[11] Random Forest Number of trees F1-Score 90% (Complex data classification)

[12] Ensemble Methods Bagging and Boosting Precision, Recall 88% (Trend analysis)

[15] Raman Spectroscopy Spectrum analysis Ssjjr;sclltfll‘;tt}; 92% (Preliminary disease detection)

[16] Particle Mesh Ewald Ewald sums Energy Deviation 85% (Energy calculations)

[17] Kernel Ridge Regression (KRR) Atomic properties MAE 95.3% (MAE < 1 kcal/mol)

[18] Deep Tensor Neural Networks (DTNN) ~ *-tomic C:;’;fgi?;tes’ bond RMSE 98% (Quantum-chemical insights)

[19] Chemoinformatics Ligand basic parameters R2 87% (QSAR estimate)

[20] Extended-Connectivity Fingerprints MOlecu;ZOfiﬁi‘;Eﬂnﬁng Accuracy 89% (Chemical classification)

[21] Virtual Screening Molecular docking Docking Score 82% (Chemical screening)

[22] Support Vector Machine (SVM) Subcellular localization Accuracy 88% (Protein localization)

[23] Support Vector Machine (SVM) Kernel selection Accuracy 87% (Classification accuracy)

[24] Support Vector Machine (SVM) Kernel selection Accuracy 85% (Bioinformatics analysis)

[25] Random Forest Number Ofi;eti maximum MAE 93% (QSAR modeling)

[26] Ensemble Learning Boosting Accuracy 91% (Prediction model)

[27] Generative Models SMILES-based learning Validity 88% (De novo design)

[28] Genetic Algorithm + DNN Populatior;:}i]z;,snumber of Accuracy 92% (Chemical classification)

[29] U-Net Segmentation parameters  Dice Coefficient 95% (Biomedical imaging)

[30] Deep Learning (AlphaFold) Protein sequence length GDT_TS 92% (Protein structure prediction)

[31] Reinforcement Learning State and action space Reward Function 90% (Learning optimization)

[32] Deep Reinforcement Learning Latent space size Docking Score 86% (Molecular design)

[33] ?ﬁ;ﬁﬁ; Passing Neural Networks Atomic and bond properties MAE 96% (Quantum chemistry)

[34] Quantum Machine Learning Electronic structure R2 89% (Molecular activity)

[35] Neural Networks QSAR Accuracy 94% (Target identification)

[36] Deep Learning DDR1 inhibitor detection Accuracy 94% (Target identification)

[37] Generative Adversarial Networks (GANs) Latent spac:aiieze, learning Validity 88% (Molecular design)

[38] Neural Networks High-dimensional energy RMSE 95% (Quantum potential)

surfaces

[39] Machine Learning Molecular simulation MAE 90% (Physical chemistry model)
parameters

[40] Deep Neural Networks Chemical synthesis planning ~ Success Rate ~ 92% (Accurate synthesis prediction)

[41] Random Forest Chemical reaction outputs Accuracy 89% (Organic reaction)

[42] Quantum-based ML Electronic features R2 94% (Chemical compound space)

[43] Random Forest Reaction parameters F1-Score 90% (Organic synthesis model)

[44] Virtual Screening + Experimental OLED design optimization Yield 90% (Organic synthesis model)
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