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The present work is focused to predict probable hepatic metabolites (in vivo and in vitro rat) and to study their
reactivity mechanism (DNA and protein binding). The parent structure of the newly synthesized compound of
bexarotene and paracetamol can bind to DNA but it cannot bind to protein and experimental metabolic pathways of
action were not observed for rat in vivo and in vitro. The reactivity of predicted hepatic metabolites for both
conditions (in vivo and in vitro rat) have different mechanisms of action (An?, non-covalent interaction, non-specific,
radical mechanism, Sy' and Sy?) by DNA binding. The protein reactivity of the bexarotene derivative has the
following mechanisms of action (Michael addition, nucleophilic addition, Schiff base formation, Sx?).
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INTRODUCTION

The search for new drugs and approaches in the
treatment of oncological and infectious diseases is a
leading goal in medical and pharmaceutical practice
around the world.

Retinoids, a group of small lipophilic molecules,
are essential for a variety of biological processes.
Retinoids regulate gene transcription by binding to
the nuclear receptors, the retinoic acid (RA)
receptors (RARs), and the retinoid X receptors
(RXRs). RARs and RXRs are ligand-activated
transcription factors for the regulation of RA
responsive genes. The actions of RARs and RXRs
on gene transcription require a highly coordinated
interaction with a large number of coactivators and
corepressors [1].

Bexarotene, a third-generation retinoid, exhibits
its pharmacological effects through its interaction
with retinoid X receptors — RXR [1]. RXRs are
located primarily in visceral organs such as the
liver and kidneys. Activated RXRs form
homodimers or heterodimers with RAR (retinoic
acid receptors), vitamin D receptors, thyroid
receptors or peroxisome proliferator activator
receptors (PPAR) [1]. The ability of RXRs to form
heterodimers with different nuclear receptors
indicates that the biological activity of bexarotene
may be much more diverse than that of compounds
that activate only RARs [1].

In vitro, bexarotene inhibits the growth of tumor
cell lines. In vivo, bexarotene causes tumor
regression in some animal models and prevents
tumor induction in others [1].

* To whom all correspondence should be sent:
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At the heart of the toxic effects of bexarotene is
its retinoid nature. Like other members of the
retinoid group, it is characterized by extreme
teratogenicity. Some of the more specific side
effects of bexarotene therapy include central
hypothyroidism,  elevated  cholesterol  and
triglyceride levels [1].

Increases in liver function tests associated with
bexarotene use have been reported. Based on data
from ongoing clinical trials, elevations in liver
function tests suffered back development within
one month in 80% of patients after dose reduction
or discontinuation of treatment. Temporary or
permanent discontinuation of bexarotene should be
considered if the test results reach values three
times higher than the upper limit for normal values
of SGOT / AST, SGPT / ALT or for bilirubin [2].
Bexarotene is also contraindicated for patients with
hepatic failure [2].

Hydrazones have been demonstrated to possess,
among other, antimicrobial, anticonvulsant,
analgesic, antiinflammatory, antiplatelet,
antitubercular and antitumoral activities [3].

Paracetamol (acetaminophen) is one of the most
widely used of all drugs, with a wealth of
experience clearly establishing it as the standard
antipyretic and analgesic for mild to moderate pain
states [4]. Systematic use of high doses of
paracetamol can lead to increased liver failure and
is now the leading cause of acute liver failure and is
the second most common cause of liver failure
requiring transplantation [5]. During the 1960s and
1970s, increasing concern was raised about the
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toxicity of nonprescription analgesics, but in
normal use paracetamol exhibited a consistent
safety profile [4].

Hepatic metabolic stability is a key parameter in
drug discovery because it can prevent a drug from
attaining sufficient in vivo exposure, producing
short half-lives, poor oral bioavailability and low
plasma concentrations. It is essential to identify
metabolic liabilities early in drug discovery so they
can be addressed during lead optimization.
Metabolic stability is typically first measured in
vitro using liver microsomes and data from this
assay are used to guide structural modifications to
improve stability or select the best compounds for
in vivo pharmacokinetic (PK) and efficacy testing.
Liver microsomes are enriched with cytochrome P
(CYP) 450 enzymes, localized in the endoplasmic
reticulum membrane, which are responsible for the
metabolism of the majority (70-80%) of clinically
approved drugs [6, 7].

Hybrid molecules are new class drugs. The
advantages of these molecules are better
bioavailability at the target site, better effect with
minimal therapeutic doses, lower toxicity and cheap
preclinical evaluation. The OECD QSAR Toolbox
is a software designed to support hazard assessment
of chemicals, as well as to increase mechanistic and
other knowledge on chemical substances in a cost-
efficient way. It promotes the use of assessment
methods alternative to animals and minimizes
unnecessary animal testing without reducing the
safety of human health and environment [8].

At a glance, computational tools reduce the use
of animals in laboratory tests, reduce the cost for
testing and increase the number of chemicals which
are assessed for their effects upon human health
and the environment. The toxicity of substances can
be predicted even before they are produced,
facilitating sustainable product development and
green chemistry [8].

The aim of this work was to study the probable
reactivity of the parent structure of the newly
synthesized compound of bexarotene and
paracetamol and their generated hepatic metabolites
(for both conditions (rat in vivo and in vitro)) with
respect to DNA and protein binding.

The newly synthesized hydrazone derivative
was obtained according to the basic scheme of
synthesis of bexarotene analogs and its structure
was confirmed by its spectral data [9].

For the purpose of this study we synthesized a
new hydrazone derivative of the retinoid
bexarotene. The process consists of three major
steps — esterification of the carboxylic group,
hydrazinolysis and substitution of ketone to the
newly formed hydrazone group. The result of the
synthesis depends on the aldehyde or ketone used.
For the purpose of this study we used paracetamol
forming the new derivative of bexarotene shown in
Table 1 [9]. Currently, there are no literature data of
the mechanism of action of the newly synthesized
derivative. The newly synthesized bexarotene
derivative (N-[1-(4-hydroxyphenyl)amino
ethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-dihydro
naphtalen-2-yl)-ethenyl|phenylcarbohydrazide) is
presented in Table 1 [9, 10].

Organisation for Economic Co-operation and
Development (OECD) (Q)SAR Toolbox (version
4.3). (Quantitative) structure-activity relationships
[(Q)SARs] are methods for estimating properties of
a chemical from its molecular structure and have
the potential to provide information on the hazards
of chemicals, while reducing time, monetary costs
and animal testing currently needed. To facilitate
practical application of (Q)SAR approaches in
regulatory contexts by governments and industry
and to improve their regulatory acceptance, the
OECD (Q)SAR project has developed various
outcomes such as the principles for the validation
of (Q)SAR models, guidance documents as well as
the QSAR Toolbox [11].

Observed rat in vivo metabolism. The observed
(documented) metabolic pathways for 647
chemicals, extracted from the scientific literature,
and associated with the in vivo biotransformations
of xenobiotic chemicals in rodents (mostly rats) are
stored in a database format that allows easy
computer access to the metabolism information

[11].

Table 1. Name and structural formula of the newly synthesized derivative.

Name of compound

Structural formula

N-[1-(4-
hydroxyphenyl)aminoethilyden]-
4-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphtalen-2-yl)-
ethenyl]phenylcarbohydrazide
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MATERIAL AND METHODS

In vivo rat metabolism simulator. The current in
vivo rat liver metabolic simulator (transformation
table) represents electronically designed set of 671
structurally generalized, hierarchically arranged
abiotic and enzymatic transformation reactions,
which are characteristic for the metabolism for in
vivo experimental systems such as rodent (mostly
rat). The principal applicability of this simulator is
associated with the reproduction, as well as the
prediction of the metabolic activation reactions and
pathways of xenobiotic chemicals, which may elicit
in vivo genotoxicity effects [11].

Observed rat liver S9 metabolism. The
documented metabolic pathways for 261 chemicals
observed with the use of in vifro experimental
systems such as rodent (mostly rat) liver
microsomes and S9 fraction are stored in a database
format that allows easy computer access to the
metabolism information [11].

Rat liver S9 metabolism simulator. The current
in vitro rat liver metabolic  simulator
(transformation table) represents electronically
designed set of 551 structurally generalized,
hierarchically arranged biotransformation reactions,
which are characteristic for the metabolism for in
vitro experimental systems such as rodent (mostly
rat) liver microsomes and S9 fraction. The principal
applicability of this simulator is associated with the
reproduction, as well as the prediction of the
metabolic activation reactions and pathways of
xenobiotic chemicals, which may elicit in vitro
genotoxicity effects such as bacterial mutagenicity
and chromosomal aberrations [11].

DNA binding by OASIS. The profiler is based on
Ames mutagenicity model part of OASIS TIMES
system. The profiler consists of 85 structural alerts
responsible for interaction with DNA analyzed in
Ames mutagenicity model. The scope of the
profiler is to investigate presence of alerts within
target molecules which may interact with DNA
[11].

Protein binding by OASIS. The scope of the
profiler is to investigate the presence of alerts
within target molecules responsible for interaction
with proteins. The list of 112 structural alerts has
been separated into 11 mechanistic domains. Each
of the mechanistic domains has been separated into
more than 2 mechanistic alerts. The profiling result
outcome assigns a target to the corresponding
structural alert, mechanistic alerts and domain [11].

RESULTS AND DISCUSSION

QSAR Toolbox software (version 4.3) was used
for predicting possible metabolites of N-[1-(4-

hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-
ethenyl]phenylcarbohydrazide in the liver (in vivo
and in vitro rat) and its DNA and protein binding.
The parent structure of N-[1-(4-
hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]
phenylcarbohydrazide can bind to DNA with
mechanism of actions (Ax? (nucleophilic addition
reaction with cycloisomerization (hydrazine
derivatives)), non-covalent interactions (DNA
intercalation (DNA intercalators with carboxamide
and aminoalkylamine side chain)), radical
mechanism via ROS formation (hydrazine
derivatives) and Sy’ (direct nucleophilic attack on
diazonium cation (hydrazine derivatives))) and
cannot bind to protein. Experimental metabolic
pathways of activation were not observed for rat in
vivo and in vitro. In the liver metabolism simulator
(in vivo rat), twenty-four metabolites were
predicted. Results of hepatic prediction (in vivo rat)
of  N-[1-(4-hydroxyphenyl)aminoethilyden]-4-[1-
(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-
ethenyl]phenylcarbohydrazide are present in Table
2. The possible DNA binding by OASIS
(mechanism of reaction) of the predicted hepatic
metabolites for  N-[1-(4-hydroxyphenyl)amino
ethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphtalen-2-yl)-ethenyl|phenylcarbo
hydrazide was estimated by QSAR Toolbox
software. Results of DNA binding of the predicted
hepatic metabolites for N-[1-(4-hydroxyphenyl)
aminoethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphtalen-2-yl)-ethenyl]phenylcarbo
hydrazide are presented in Table 3.

Twenty-four metabolites are reactive, i.e. alerts
are found by DNA binding. Structural alerts

(quinoneimine, thionine and phenoxazinium
derivatives, hydrazine derivatives, DNA
intercalators with carboxamide and

aminoalkylamine side chain, specific imine and
thione derivatives, epoxides and aziridines) were
identified for twenty four metabolites in the
mechanistic domains (radical mechanism, Ax?, non-
covalent interaction and Sx?, Sx', non-specific) with
mechanistic alerts (Michael-type addition, quinoid
structures, nucleophilic addition reaction with
cycloisomerization, DNA intercalation,
incorporation into DNA/RNA, due to structural
analogy with nucleoside bases, radical mechanism
via ROS formation, ROS formation after GSH
depletion, nucleophilic substitution on diazonium
ion, direct nucleophilic attack on diazonium cation
and alkylation, direct acting epoxides and related).
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Table 2. Number and structure of the predicted hepatic metabolites (in vivo) of N-[1-(4-hydroxyphenyl)
aminoethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenylphenylcarbohydrazide =~ by QSAR
Toolbox.
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Table 3. DNA binding of hepatic metabolites for N-[1-(4-hydroxyphenyl) aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]phenylcarbohydrazide by QSAR Toolbox (liver in vivo metabolism

simulator)

Number of DNA binding by OASIS (Mechanism of reaction)
metabolite Structural alert Mechanistic alert Mechanistic domain
1-1-3,10,11 Quinoneimine, thionine and Michael-type addition, AN?
3,10,11 phenoxazinium derivatives quinoid structures
1-24 Hydrazine derivatives Nucleophilic addition AN?
reaction with
cycloisomerization
1-24 DNA intercalators with DNA intercalation Non-covalent
carboxamide and interaction
aminoalkylamine side chain
1-3, 10,11 Quinoneimine, thionine and DNA intercalation Non-covalent
phenoxazinium derivatives interaction
1-3, 10,11 Specific imine and thione Incorporation into Non specific
derivatives DNA/RNA, due to
structural analogy with
nucleoside bases
1-24 Hydrazine derivatives Radical mechanism via Radical
ROS formation
1-3,10,11 Specific imine and thione Radical mechanism via Radical
derivatives ROS formation
1-3, 10,11 Quinoneimine, thionine and ROS formation after GSH Radical
phenoxazinium derivatives depletion
1-3, 10,11 Specific imine and thione Nucleophilic substitution Sx!
derivatives on diazonium ion
1-24 Hydrazine derivatives Direct nucleophilic attack SN2
on diazonium cation
20-24 Epoxides and aziridines Alkylation, direct acting SN2
epoxides and related

The results of protein binding of the predicted
hepatic (liver in vivo) metabolites for N-[1-(4-
hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydro  naphtalen-2-yl)-ethenyl]
phenylcarbohydrazide are presented in Table 4.
Nine metabolites are not reactive and fifteen are
reactive, i.e. alerts are found by protein binding.

Structural alerts (quinone methide(s)/imines;
quinoide oxime structure; nitroquinones,
naphtaquinone(s)/imines, aldehydes, epoxides,

aziridines and sulfuranes) were identified for fifteen
metabolites in the mechanistic domains (Michael
addition, Nucleophilic addition, Schiff base
formation and S\?) with mechanistic alerts
(Michael addition on quinoid type compounds,
Addition to carbon-hetero double bond, Schiff base
formation with carbonyl compounds and Ring
opening Sn?> reaction). The possible liver
metabolites of N-[1-(4-hydroxyphenyl)
aminoethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphtalen-2-yl)-ethenyl|phenylcarbo
hydrazide that have been predicted by QSAR
Toolbox (in vitro rat metabolism simulator) are
thirteen. Results of hepatic prediction (in vitro rat)
of N-[1-(4-hydroxyphenyl)aminoethilyden]-4-[ 1-

(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-
ethenyl] phenylcarbohydrazide are presented in
Table 5. Results of DNA binding of the predicted
hepatic (liver in vitro) metabolites for N-[1-(4-
hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]
phenylcarbohydrazide are presented in Table 6.
Thirteen metabolites are reactive, i.e. alerts are

found by DNA binding. Structural alerts
(quinoneimine, thionine and phenoxazinium
derivatives, hydrazine derivatives, DNA
intercalators with carboxamide and

aminoalkylamine side chain, specific imine and
thione derivatives) were identified for thirteen
metabolites in the mechanistic domains (radical
mechanism, Ax?, non-covalent interaction, Sx?,
nonspecific, Sx') with mechanistic alerts (Michael-
type addition, quinoid structures, nucleophilic
addition reaction with cycloisomerization, DNA
intercalation, incorporation into DNA/RNA, due to
structural analogy with nucleoside bases, radical
mechanism via ROS formation, ROS formation
after GSH depletion, nucleophilic substitution on
diazonium ion and direct nucleophilic attack on
diazonium cation).
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Prediction results of protein binding of the
predicted hepatic (liver in vitro) metabolites for N-
[1-(4-hydroxyphenyl)aminoethilyden]-4-[ 1-
(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-
ethenyl|phenylcarbohydrazide are presented in
Table 7.

Seven metabolites are not reactive and six are
reactive, i.e. alerts are found by protein binding.
Structural alerts (quinone methide(s)/imines;
quinoide oxime structure; nitroquinones,

Table 4. Protein binding of hepatic metabolites for N-[1-(4-hydroxyphenyl) aminoethilyden]

naphtaquinone(s)/imines, ketones and aldehydes)
were identified for six metabolites in the
mechanistic domains (Michael addition, Schiff base
formation and nucleophilic addition) with
mechanistic alerts (Michael addition on quinoid
type compounds, addition to carbon-hetero double
bond and Schiff base formation with carbonyl
compounds).

4-[1-(3,5,5,8.8-

pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl] phenylcarbohydrazide by QSAR Toolbox (liver in vivo metabolism

simulator)
Number of Protein binding by OASIS (Mechanism of reaction)
metabolite Structural alert Mechanistic alert Mechanistic domain
5,7- No alert found - -
9,13,14,16,17,19
1-3,10,11 Quinone methide(s)/imines; Quinoide | Michael Addition on | Michael addition
oxime structure; Nitroquinones, quinoid type
Naphtaquinone(s)/imines compounds
4,6,12,15 Ketones Addition to carbon- Nucleophilic addition
hetero double bond
18 Aldehydes Schiff base Schiff base formation
formation with
carbonyl compounds
20-24 Epoxides, Aziridines and Sulfuranes Ring opening Sx? Sn?
reaction
Table 5. Number and structure of the predicted hepatic metabolites (in vitro) of N-[1-(4-
hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl|phenylcarbohydrazide
by QSAR Toolbox.
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Table 6. DNA binding of the hepatic metabolites for N-[1-(4-hydroxyphenyl) aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl] phenylcarbohydrazide by QSAR Toolbox (liver in vitro metabolism

simulator)
Number of DNA binding by OASIS (Mechanism of reaction)
metabolite Structural alert Mechanistic alert Mechanistic domain
2-4 Quinoneimine, thionine and Michael-type addition, AN
phenoxazinium derivatives quinoid structures
1-13 Hydrazine derivatives Nucleophilic addition AN
reaction with
cycloisomerization
1-13 DNA intercalators with DNA intercalation Non-covalent interaction
carboxamide and aminoalkylamine
side chain
2-4 Quinoneimine, thionine and DNA intercalation Non-covalent interaction
phenoxazinium derivatives
2-4 Incorporation into Non specific
DNA/RNA, due to
structural analogy with
nucleoside bases
2-4 Specific imine and thione Incorporation into Non specific
derivatives DNA/RNA, due to
structural analogy with
nucleoside bases
1-13 Hydrazine derivatives Radical mechanism via Radical
ROS formation
2-4 Specific imine and thione Radical mechanism via Radical
derivatives ROS formation
2-4 Quinoneimine, thionine and ROS formation after GSH | Radical
phenoxazinium derivatives depletion
2-4 Specific imine and thione Nucleophilic substitution S\!
derivatives on diazonium ion
1-13 Hydrazine derivatives Direct nucleophilic attack | Sx?
on diazonium cation

Table 7. Protein binding of hepatic metabolites for N-[1-(4-hydroxyphenyl) aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl] phenylcarbohydrazide by QSAR Toolbox (liver in vitro metabolism

simulator)
Number of Protein binding by OASIS (Mechanism of reaction)
metabolite Structural alert Mechanistic alert Mechanistic domain
1,6,7,9,11-13 No alert found
2-4 Quinone methide(s)/imines; Quinoide Michael Addition on | Michael addition
oxime structure; Nitroquinones, quinoid type
Naphtaquinone(s)/imines compounds
5,8 Ketones Addition to carbon- Nucleophilic addition
hetero double bond
10 Aldehydes Schiff base formation | Schiff base formation
with carbonyl
compounds

CONCLUSIONS

The parent (basic) structure of the newly
synthesized  derivative of bexarotene and
paracetamol after application of in silico methods
(QSAR Toolbox software for metabolic activation
in the liver of rats (in vivo and in vitro) to the
OECD) was found to generate hepatic metabolites
that exhibit different reactivity.

The metabolites were mainly formed through
different types of mechanism — Michael type
addition, nucleophilic addition, non-covalent
interaction, radical mechanism and both types of
nucleophilic substitution.

A total of twenty-four
predicted as positive.

The twenty-four predicted metabolites belong to
diverse chemical classes, including quinoneimine,
thionine, phenoxazinium derivatives, hydrazine

13

metabolites were
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derivatives, DNA intercalators with carboxamide
and aminoalkylamine side chain, specific imine and
thione derivatives, epoxides and aziridines.

The probable active metabolites (hepatic) may
be cytotoxic and enhance the potential antitumor
effect of the newly synthesized compound.

It was also predicted that the parent structure of
the newly synthesized derivative may be a substrate
for different CYP450 enzymes.
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hydrazones using in vitro and in vivo models’.
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The present work is structured to predict probable skin metabolites, their DNA and protein binding of the newly
synthesized compound of bexarotene and paracetamol. Predicted skin metabolites of the newly synthesized derivative
of bexarotene and paracetamol are three in the following mechanistic domains - Ax%, non-covalent interaction, non-
specific, radical mechanism, Sx' and Sx?> by DNA binding and two reactive metabolites in the mechanistic domain
(Michael addition) by protein binding. Metabolites containing structural alerts with a potential toxic effect may

complement the possible antitumor effect.

Keywords: bexarotene derivative, predict, metabolic activation, skin, QSAR Toolbox

INTRODUCTION

A leading goal in medical and pharmaceutical
practice around the world is the search for new
drugs and approaches in the treatment of
oncological and infectious diseases.

In this regard retinoic acids play an important
role in cell physiology. They are essential for
embryonic development, regulating organogenesis,
organ homeostasis and cell growth [1]. These
compounds bind to and activate one or more
nuclear retinoid receptors to modulate gene
expression. There are two known classes of retinoid
receptors, retinoic acid receptors (RARs) and
retinoid X receptors (RXRs) [2].

In keeping with their ability to induce cell
growth, differentiation and apoptosis, retinoic acids
have been studied and used as anti-tumor or tumor
preventive agents. Several retinoid acids are
currently approved by the US Food and Drug
Administration (FDA) for the treatment of certain
malignancies, or are in clinical trials to assess their
activities in various tumors [3, 4].

Bexarotene is a third generation retinoid. It is
referred to as a rexinoid as it is the first KR-
selective retinoid agonist to be studied in humans. It
has been approved in the USA for the treatment of
cutaneous T-cell lymphoma (CTCL) in patients
who are refractory to at least one prior systemic
therapy. There are also some data showing the
potential use of bexarotene in combination with
other currently available treatment modalities for
CTCL. Finally, bexarotene has been assessed for
potential use in solid tumors [2].

* To whom all correspondence should be sent:
E-mail: i iliev@abv.bg

The use of some retinoids has been associated
with photosensitivity. Patients should be advised to
minimize exposure to sunlight and to avoid the use
of tanning beds during treatment with bexarotene,
as in vitro data suggest that bexarotene may have a
potential photosensitizing effect [5].

The most common toxicity was dose-dependent
skin toxicity, with the majority being mild skin
dryness. Rarely skin dryness and peeling is dose
limiting at 650 mg/m*/day. Some patients report of
cracking of the lips [2].

Hydrazones represent an important class of
compounds for the development of new drugs.
Therefore, many researchers synthesize these
compounds as target structures and evaluate their
biological activity. They have been demonstrated to

possess, among other, antimicrobial,
anticonvulsant, analgesic, antiinflammatory,
antiplatelet,  antitubercular and  antitumoral

activities, but from all significant effects the
leading one is the antitumoral [6-9].

Hybrid molecules are defined as chemical
entities with two or more structural domains having
different biological functions and dual activity,
indicating that a hybrid molecule acts as two
distinct pharmacophores. Hybrid molecules can
modify pharmacological effects of the parent
structures. The advantages of these molecules are
better bioavailability at the target site, better effect
with minimal therapeutic doses, lower toxicity and
cheap preclinical evaluation.

Paracetamol (acetaminophen) has become one
of the most popular 'over-the-counter' non-narcotic
analgesic. It is an effective mild analgesic, suitable

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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for treating mild to moderate pain although it does
not appear to possess significant anti-inflammatory
activity. Paracetamol’s most troublesome side
effect (methaemoglobinaemia) is due to another
metabolite p-phenetidine. The mechanism of action
of paracetamol is poorly defined, although it has
been speculated that it may selectively inhibit
prostaglandin production in the central nervous
system, which would account for its
analgesic/antipyretic properties. The lack of any
significant influence on peripheral cyclooxygenase
would explain the absence of anti-inflammatory
activity [10].

There are no literature data of paracetamol being
used as a topical treatment for any skin disease.
There are no topical dosage forms.

The skin, like other organs in the human body,
contains numerous enzymes that are capable of
metabolizing  endogenous  substances  and
xenobiotics. In the past, the skin has been
considered only as a physical barrier. Nowadays, it
is well known that the skin also has the potential to
metabolize substances with a different nature.
Although the topical administration of drugs offers
several advantages compared to traditional routes it
is necessary to be well aware of the possibility of
metabolism in the skin. The study of skin
metabolism is of major importance not only in the
field of transdermal drug delivery systems but also
for the safe and efficient local skin treatment with
topically applied substances [11].

Skin metabolism, in turn, can affect a number of
processes, including skin toxicity, absorption,
maintenance of homeostasis, delivery of dermal
dosage forms, and efficacy. Due to the potentially
wide-ranging effects that skin metabolism may
affect, interest in it is increasing. This has led to the
development of in vitro methods for predicting the
potential of various substances to produce skin
metabolites [11].

Recently, the possibility of the metabolism of
medicinal products in the skin has been the subject
of numerous studies. The barrier functions,
absorption, and distribution of chemicals into and
through the skin have been studied long ago. Now
it is known that skin metabolism plays a key role in
toxicity processes [11].

To evaluate the risk of drug use, many factors
have to be considered. Of these, the absorption and
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permeability of the skin to different molecules, as
well as the possibility of metabolic changes, are of
particular importance. The risk of dermal
metabolite production should be thoroughly
monitored in order to assess the safety and
minimize the potential for toxic reactions [11].

The Organization for Economic Co-operation
and Development (OECD) (Q)SAR Application
Toolbox makes it possible to predict metabolic
changes and assess the risk based on the chemical
structure of the compounds. In many cases, the
parent chemical is not responsible for the
development of an adverse reaction or toxicity.
They are the result of their transformation and
activation (metabolic or chemical). When a
chemical changes as a result of metabolism, it may
form biologically active metabolites.
Experimentally identifying metabolism
opportunities is difficult, expensive, and often
incomplete. Therefore, the use of mathematical
models to predict metabolism opportunities is
increasing [12].

The present work is structured to predict
probable skin metabolites, their DNA and protein
binding of the newly synthesized compound of
bexarotene and paracetamol.

MATERIAL AND METHODS

The newly synthesized hydrazone derivative
was obtained according to the basic scheme of
synthesis of bexarotene analogs and its structure
was confirmed by its spectral data [13,15].

For the purpose of this study we synthesized a
new hydrazone derivative of the retinoid
bexarotene. The process contains 3 major steps —
esterification  of  the  carboxylic  group,
hydrazinolysis and substitution of ketone to the
newly formed hydrazone group. The result of the
synthesis depends on the aldehyde or ketone used.
For the purpose of this study we used paracetamol
forming the new derivative of bexarotene shown in
Table 1 [13].

Currently there’s no literature data on the
mechanism of action of the newly synthesized
derivative. The compound (a newly synthesized
bexarotene derivative  (N-[1-(4-hydroxyphenyl)
aminoethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphtalen-2-yl)-ethenyl]phenylcarbo
hydrazide)) is presented in Table 1 [13, 14].
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Table 1. Name and structural formula of the newly synthesized derivative.

Name of compound

Structural formula

(N-[1-(4-hydroxyphenyl)
aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-
yl)- ethenyl]phenylcarbohydrazide))

OH
CHs /©/
N}HN

NH

Organisation for Economic Co-operation and
Development (OECD) (Q)SAR Toolbox (version
4.3). (Quantitative) structure-activity relationships
[(Q)SARs] are methods for estimating properties of
a chemical from its molecular structure and have
the potential to provide information on the hazards
of chemicals, while reducing time, monetary costs
and animal testing currently needed. To facilitate
practical application of (Q)SAR approaches in
regulatory contexts by governments and industry
and to improve their regulatory acceptance, the
OECD (Q)SAR project has developed various
outcomes such as the principles for the validation
of (Q)SAR models, guidance documents as well as
the QSAR Toolbox [10].

Several profilers were used to predict hepatic
and skin metabolic activation (observed and
simulator) of the newly synthesized compound as
well as DNA and protein binding:

Skin metabolism simulator. Skin metabolism
simulator mimics the metabolism of chemicals in
the skin compartment. Given the lack of reported
skin metabolism data and the widespread
hypotheses is that skin enzymes can metabolize
absorbed xenobiotics via reactions analogous to
those determined in liver, the simulator was
developed as a simplified mammalian liver
metabolism simulator. The skin metabolism
simulator contains a list of hierarchically ordered
principal transformations, which can be divided
into two main types — rate-determining and non-
rate-determining [10].

DNA binding by OASIS. The profiler is based on
Ames Mutagenicity model part of OASIS TIMES
system. The profiler consists of 85 structural alerts
responsible for interaction with DNA analyzed in
Ames Mutagenicity model. The scope of the
profiler is to investigate presence of alerts within
target molecules which may interact with DNA
[10].

Protein binding by OASIS. The scope of the
profiler is to investigate presence of alerts within
target molecules responsible for interaction with
proteins. The list of 112 structural alerts has been
separated into 11 mechanistic domains. Each of the
mechanistic domains has been separated into more

than 2 mechanistic alerts. The profiling result
outcome assigns a target to the corresponding
structural alert, mechanistic alerts and domain [10].

RESULTS AND DISCUSSION

QSAR Toolbox software (version 4.3) has been
used for predicting possible metabolites of (N-[1-
(4-hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]
phenylcarbohydrazide)) in the skin and its DNA
and protein binding. The parent structure of (N-[1-
(4-hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]
phenylcarbohydrazide)) can bind to DNA with
mechanism of actions (Ax* (Nucleophilic addition
reaction with cycloisomerization (hydrazine
derivatives)), Non-covalent interactions (DNA
intercalation(DNA intercalators with carboxamide
and aminoalkylamine side chain)), radical
mechanism vie ROS formation (hydrazine
derivatives) and Sx*(direct nucleophilic attack on
diazonium cation (hydrazine derivatives))) and
cannot bind to protein. After metabolic activation
of the newly synthesized compound of bexarotene
in the skin (skin metabolism simulator), three
metabolites were predicted. Results of skin
prediction of (N-[1-(4-hydroxyphenyl) amino-
ethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-dihydro
naphtalen-2-yl)-ethenyl]phenylcarbo  hydrazide))
are presented in Table 2.

As shown on Table 2 the hydrazone functional
group doesn’t make the molecule act as a prodrug.
According to the QSAR the possible metabolic
pathways are oxidation of different functional
groups. The possible DNA binding by OASIS
(mechanism of reaction) of the skin metabolites for
(N-[1-(4-hydroxyphenyl)aminoethilyden]-4-[ 1-
(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-
ethenyl]phenylcarbohydrazide)) are predicted by
QSAR Toolbox software. Results of DNA binding
of the predicted skin metabolites for (N-[1-(4-
hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-
ethenyl|phenylcarbohydrazide)) are presented in
Table 3.
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Table 2. Number and structure of the predicted skin metabolites of (N-[1-(4-hydroxy phenyl)aminoethilyden]-4-[1-
(3,5,5,8,8-pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]phenylcarbohydrazide)) by QSAR Toolbox.
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Table 3. DNA binding of skin metabolites

for (N-[1-(4-hydroxyphenyl)aminoethilyden]-4-[1-(3,5,5,8,8-

pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl]phenylcarbo hydrazide)) by QSAR Toolbox.

Number of DNA binding by OASIS (Mechanism of reaction)
metabolite Structural alert Mechanistic alert Mechanistic domain
1,3 Quinoneimine, Thionine and Michael-type addition, AN?
Phenoxazinium derivatives quinoid structures
1-3 Hydrazine derivatives Nucleophilic addition AN?
reaction with
cycloisomerization
1-3 DNA intercalators with DNA intercalation Non-covalent
Carboxamide and interaction
Aminoalkylamine side chain
1,3 Quinoneimine, Thionine and DNA intercalation Non-covalent
Phenoxazinium derivatives interaction
1,3 - Incorporation into Non-specific
DNA/RNA, due to
structural analogy with
nucleoside bases
1,3 Specific imine and thione Incorporation into Non-specific
derivatives DNA/RNA, due to
structural analogy with
nucleoside bases
1-3 Specific imine and thione Nucleophilic substitution SN2
derivatives on diazonium ion
1-3 Hydrazine derivatives Radical mehanism via Radical
ROS formation (indirect)
1-3 Specific imine and thione Radical mehanism via Radical
derivatives ROS formation (indirect)

Table 4. Protein binding of skin metabolites for (N-[1-(4-hydroxyphenyl)amino ethilyden]-4-[1-(3,5,5,8,8-
pentamethyl-6,7-dihydronaphtalen-2-yl)-ethenyl|phenylcarbo hydrazide)) by QSAR Toolbox (skin metabolism

simulator).

Number of
metabolite

Protein binding by OASIS
Mechanism of reaction)

Structural alert

Mechanistic alert Mechanistic domain

2 No alert found

1,3 Quinone methide(s)/imines;
Quinoide oxime structure;
Nitroquinones,
Naphtaquinone(s)/imines

quinoid type compounds

Michael addition on Michael addition

Three metabolites are reactive, i.e. alerts are

found by DNA binding. Structural alerts
(quinoneimine, thionine and phenoxazinium
derivatives, hydrazine derivatives, DNA
intercalators with carboxamide and

aminoalkylamine side chain, specific imine and
thione derivativess) were identified for three
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metabolites in the mechanistic domains (radical
mechanism, Ax?, non-covalent interaction and Sx?,

non-specific) with mechanistic alerts (Michael-type
addition, quinoid structures, nucleophilic addition
reaction with cycloisomerization, DNA
intercalation, incorporation into DNA/RNA, due to
structural analogy with nucleoside bases, radical
mechanism via ROS formation).
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The results of protein binding of the predicted
skin metabolites for (N-[1-(4-hydroxyphenyl)
aminoethilyden]-4-[1-(3,5,5,8,8-pentamethyl-6,7-
dihydronaphtalen-2-yl)-ethenyl|phenylcarbo
hydrazide)) are presented in Table 4.

One metabolite is not reactive and two are
reactive, i.e. alerts are found by protein binding.
Structural alert (Quinone methide(s)/imines;
Quinoide  oxime  structure;  Nitroquinones,
Naphtaquinone(s)/imines) was identified for two
metabolites in the mechanistic domains (Michael
addition) with mechanistic alerts (Michael Addition
on quinoid type compounds).

The QSAR method is not yet validated with
other softwares or through biological testing and
the generated skin metabolites for the newly
synthesized derivative have not yet been
synthesized.

CONCLUSIONS

The parent (basic) structure of the newly
synthesized derivative of bexarotene and
paracetamol after application of in silico methods
(QSAR Toolbox software for metabolic activation
in the skin to the OECD) has been found to
generate skin metabolites that exhibit different
reactivity.

The possible adverse effects of skin active
metabolites of the bexarotene derivative are with
different mechanisms of action by protein and DNA
binding.

The metabolites were mainly formed through
different types of mechanisms — Michael type
addition, nucleophilic addition, non-covalent
interaction, radical mechanism and nucleophilic
substitution.

A total of three metabolites were predicted as
positive.

The three predicted metabolites belong to divers
chemical classes, including quinoneimine, thionine,
phenoxazinium derivatives, hydrazine derivatives,
DNA intercalators with carboxamide and
aminoalkylamine side chain, specific imine and
thione derivatives, quinone methide(s)/imines,
quinoide oxime structure, nitroquinones and
naphtaquinone(s)/imines.

The probable active metabolites (dermal) may
be cytotoxic and to enhance the potential antitumor
effect of the newly synthesized compound.
Acknowledgements: This study was financially
supported by the ‘Science Fund’ of Medical
university of Varna, Project number 20008/2021.
Project topic: ‘Study of the toxicity of bexarotene
hydrazones using in vitro and in vivo models’.
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In this study are presented the results from ex-situ physicochemical analyses of electrodes with synthesized
poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-co-HFP) used as binder in the active electrode mass of hybrid
supercapacitors. The cells based on biogenic activated carbon, af-Ni(OH), composite electrode, ionic liquid (1-ethyl-3-
methylimidazolium tetrafluoroborate) as electrolyte and P(VDF-co-HFP) exhibit improved capacitive characteristics. The
crystal structure of the electrodes is studied using X-ray diffraction analysis. The profiles of pristine Ni(OH), electrode
before and after the electrochemical tests are similar, however, decreases in peak intensity were observed in (001) and
(110) directions. In contrast, the peak intensity of (100) and (101) increased, suggesting the formation of more perfect
crystals. The electrode morphology is visualized by optical microscope and AFM techniques.

Keywords: hybrid supercapacitor, polymer binder, ionic liquid, electrochemical tests, ex-situ study

INTRODUCTION

The supercapacitors are a relatively new
generation of energy-storage devices. The function
of supercapacitors (SCs) is based on the reversible
adsorption of electrolyte ions into electrode
materials. The interaction involving the electrode
and electrolyte acts as an essential function in their
overall performance. Therefore, the appropriate
selection of electrode materials and electrolyte
determines the SC performance.

Ionic liquids (ILs) show an enormous potential in
electrochemistry due to the mobility and flexibility
of ions [1]. ILs are good candidates for
supercapacitors, particularly those working based on
the double layer charging [2, 3]. The primary task of
the electrolyte is to provide charge species at the
electrode/electrolyte interface instead of diffusion of
specific electroactive species. The specific energy
strongly depends on the potential window, which in
turn depends on the electrolyte used [4, 5]. For
aqueous electrolytes-based SCs the electrochemical
stability potential region is about 1.0-1.2 V, while
the organic electrolytes and ionic liquids (ILs)-based
SCs have the potential windows 2.7-3.0 V and 3.5—
4.0 V, respectively [6-10]. Therefore, the wide stable
potential window of ILs guarantees high energy
densities [11, 12].

Many ILs have lower conductivity, higher
viscosity and therefore a narrower operating limit at

* To whom all correspondence should be sent:
E-mail: boriana.karamanova@iees.bas.bg
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lower temperatures than aqueous and non-aqueous
electrolytes. However, compared to volatile aqueous
and organic electrolytes, they are much safer in SC
applications, especially in the case of high current
densities [13, 14]. All components of this system -
electrode materials and electrolyte, as well as
electrolyte additives are crucial for the development
of a supercapacitor with high energy and power
characteristics, as well as high Faraday efficiency
[15].

In spite of the potential of ILs and the growing
interest in their application in these systems, there is
still only a limited number of fundamental studies
(mostly theoretical) focused on the electrode /
electrolyte interface of supercapacitors in IL [16-19].
It is good to keep in mind that the complexity of ILs
is due to the novelty of these media compared to
conventional electrolytes.

In recent years, the P(VDF-co-HFP)
fluorocopolymers are attracting more attention and
depending on the HFP content they can act as
thermoplastics, elastomers or thermoplastic
elastomers [20]. P(VDF-co-HFP) copolymers
exhibit high thermostability, high hydrophobicity
and enhanced mechanical properties. These
copolymers have already been involved in numerous
applications, and more recently for various uses in
the field of energy (polymer electrolyte membranes
for fuel cells, Li-ion batteries, solar cells, etc.) [21].

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The aim of the present work is to develop a
hybrid supercapacitor with improved characteristics
by introducing an effective polymer binder
poly(vinylidene fluoride-co-hexafluoropropylene)
(P(VDF-co-HFP)) in the mass of the active
electrode, to perform impact conducting
electrochemical tests and ex-situ physicochemical
analyses of the electrodes.

EXPERIMENTAL
Reagents and Materials

The reagents used in the copolymerization
procedure were purchased from Sigma-Aldrich.
Vinylidene fluoride (VDF, = 99%) and
hexafluoropropylene (HFP, > 99%) were used as
received. Ammonium persulfate ((NH4)2S:03),
reagent grade, 98%) was recrystallized from distilled
water prior to use. lonic liquid (1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIMBFj),
Alfa Aesar, 98%) with acetonitrile (AN, Alfa Aesar,
99,7%) and polypropylene (PC, Alfa Aesar, 99%)
additives in different concentrations was used as an
electrolyte.

The active components in the electrode active
mass are commercial activated carbon (YP-50F,
Kurary Europe GmbH) and interstratified ofs-
Ni(OH),, prepared by precipitation from 0.5 M
NiSOs; solution with KOH at pH = 12 and
temperature 70-80 °C [22].

Synthesis of poly(vinylidene fluoride-co-
hexafluoropropylene) (P(VDF-co-HFP))

The copolymer synthesis was performed
according to a previously described procedure [23].
Briefly, a 0.16 M aqueous solution of the radical
initiator ammonium persulfate was introduced into
an autoclave, degassed and purged with 2 MPa of
nitrogen pressure. In the next step predetermined
amounts of VDF (0.156 mol) and HFP (0.034 mol)
at ratio 82/18 mol% were added and the
copolymerization was carried out at 85°C for 7 h
under pressure. Upon polymerization completion the
autoclave was cooled down to room temperature and
the emulsion was degassed in order to remove any
residual unreacted VDF and/or HFP. The reaction
mixture was frozen using liquid nitrogen and the
copolymer was recovered through lyophilization.

Preparation of supercapacitor cells

The composite electrodes are made of activated
carbon (AC) matrix with addition of afis-Ni(OH), in
content of 25%. The other electrode consists of only
AC. The mass ratio between the two electrodes is
1:1, the mass loading is about 0.018 — 0.020 g.
Graphite ABG 1005 EG1 (10 wt.%) and binder (10

wt. %) are added previously to the activated carbon
using standardized procedure. The formed sheet
electrodes are dried at 140°C for 12 h, pressed under
20 MPa and mounted in coin-type cell with Glassmat
separator.

Physicochemical and electrochemical
characterization

The capacitor cells were
galvanostatic  charge/discharge  using  Arbin
Instrument System BU-2000 electrochemical
equipment. The test program was carried out at
constant current mode at different current loads and
room temperature. Some cells were subjected to
continuous cycling charge/discharge at a current rate
of 240 mAg™! up to 5000 cycles.

The specific discharge capacitance (F g'!) was
calculated by the equation [24]:

C=(1xAt/(mxAV) (1),

subjected to

where I, At, m and A V are discharge current,
discharge time, mass of active material and voltage
window, respectively. On the basis of the specific
discharge capacitance, the energy density (E) can be
expressed as [25]:

E=CAV2/72 )

The surface and morphology changes in the
electrodes during supercapacitor testing were
analyzed by means of ex-situ XRD and optical
microscopy techniques. The crystal structure of the
samples was studied using X-ray diffraction (XRD)
analysis using the Bruker D8 Advance ECO
diffractometer in reflection mode with Ni-filtered Cu
Ko radiation over the 20 range of 5-60°.

Size exclusion chromatography (SEC) was
conducted on a combined SEC/multi-angle laser
light scattering (MALLS) system consisting of
Alliance €2695 HPLC separations module (Waters
Corp.), 2998 PDA (Waters Corp.), DAWN Heleos 11
MALLS and OptilabT-rEX DRI (Wyatt Tech.)
detectors. Chromatographic separation was achieved
by a set of three Novema GPC columns (PSS
Polymer Standards Service GmbH) with NH-
functionalized acrylate copolymer network with a
nominal pore size of 30, 1000 and 1000 A. Analyses
were performed in 0.2 mol formic acid aqueous
solution containing 100 mmol of NaCl as eluent at
40°C and flow rate of 1 mL.min"'.

The morphology of the electrode surface was
visualized with a Stemi 305 optical microscope.

The atomic-force microscopy (AFM)
observations were performed on three separate arcas
from each sample. The measurement conditions
were as follows: square zones with linear size 49.5
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um, equal to 2.459 nm? of surface area for each
observation; resolution equal to 256 points per line
for 256 lines; acquired imaging rate of 1 second per
line, only the reference sample required much lower
imaging rate of 10 s/per line; scanning in dynamic
regime at 17 kHz of cantilever vibration at amplitude
of 600 mV; images in scan forward mode per line,
and from down to up for image recording. The AFM
observations were conducted by AFM EasyScan 2
produced by Nanosurf (Switzerland), equipped by
TAP190AI-G.

The contact angle measurements were performed
on an Easy Drop DSA20E KRUSS GmbH
apparatus, Germany. Drops from the electrolyte with
a volume of 6.3 pl were deposited on the electrode
surface and the mean contact angle value was
obtained by averaging at least 5 measurements for
each sample.

RESULTS AND DISCUSSION

For the current investigations P(VDF-co-HFP)
was synthesized via free radical emulsion
copolymerization of vinylidene fluoride and
hexafluoropropylene initiated by (NH4)2S:0s [23]
(Fig. 1). The molar content of HFP was kept around
18% in order to ensure the thermoplastic properties
of the copolymer obtained. There was no need of
using emulsifier in the polymerization process since
the latex particles were stabilized by the ionic chain
ends of the macromolecules exposed on the
particles’ surfaces. The molar-mass characteristics
of the copolymer obtained were determined by size
exclusion chromatography (SEC). The SEC-
elugram reveals a monomodal molar mass
distribution for the copolymer with Mn = 78 400
g/mol (Fig. 2). The copolymer dispersity (Mw/Mn)
is 2.86 which is quite good result considering the
polymerization technique used for P(VDF-co-HFP)
preparation.

The synthesized poly(vinylidene fluoride-co-
hexafluoropropylene) P(VDF-co-HFP) was used as
a binder in the mass of the active electrode and was
compared with traditionally wused binders
(polytetrafluoroethylene (PTFE) and polyvinylidene
fluoride (PVDF)).

Figure 1. Synthetic route to P(VDF-co-HFP).
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Figure 3 compares the galvanostatic charge/
discharge curves of the supercapacitor cells with
different binders and electrolyte additives.

The results of Figure 3 demonstrate the effect of
electrolyte additives on one hand and the kind of
binders in active electrode masse on the other on the
supercapacitor properties. The comparison reveals
that capacitance on the SC in electrolyte contains 22
wt.% AN and P(VDF-co-HFP) show higher values.
The voltage profiles are typical for hybrid systems
(Fig. 3b), as the calculated values for iR-drop in
these SCs do not differ significantly (0.30 V for SC
with P(VDF-co-HFP) and 0.46 V - for SC with
PTFE).

The results obtained suggest that the binder acts
differently on the macro- and micropores of the
electrode materials and thus on their adsorption
ability.

From Figure 3 can be noticed that AN-additive
favors the SC characteristics. The reason for the
observed effect may be the increase in the
conductivity of the electrolyte. The next factor is the
wetting of the electrode determined by the contact
angle (listed in Table 1). In general, the electrolyte
with additives wet the composite electrode better in
comparison with electrolyte without additive. The
wettability of electrode with P(VDF-co-HFP)
copolymer as innovative binder is better (the contact
angle decreases twice). This can be related to the
improved performance of these SCs.

Although the contact angle in the electrolyte with
PC addition is lower than that in the electrolyte with
AN addition (Table 1), this SC shows worse
performance. This result shows that the ongoing
processes are complex and further electrochemical
studies and ex-situ physicochemical analyses are
needed for their more detailed interpretation.

The results demonstrate that the developed
hybrid supercapacitor based on activated carbon and
25 wt.% afp-Ni (OH)., polymer binder P(VDF-co-
HFP) and 22 wt.% AN in the electrolyte (EMIMBFy)
shows highest capacitance and stable behavior. For
5000 charge/discharge cycles, this SC displays only
10% drop in discharge capacitance and over 97%
efficiency (Fig. 4).

{NH4)25205

I—(?—I
m-0O-T
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Figure 2. Size exclusion chromatogram (SEC) of P(VDF-co-HFP)

Table 1. Contact angles of composite electrode

Electrolyte Contact angle of AC/ap-Ni(OH),
EMIMBF4(PTFE) 98.9°+253°
EMIMBF4+ 22 wt.% AN (PTFE) 61.9°+4.01°
EMIMBF4+ 22 wt.% AN (PVDF-co-HFP) 32.8°+2.10°
EMIMBF4+ 22 wt.% PC (PVDF-co-HFP) 19.1°+230°

a) —>— EMIVBF,, PTFE
—— EMIMBF + 22 wt.% AN, PTFE
—=— EMIMBF +10 wt.% AN, P(PVDF-Co-HFP)
EMIMBF + 22 wt.% AN, P(PVDF-Co-HFP)
—a— EMIMBF + 22 wt.% PC, P(PVDF-Co-HFP)

8388

Specific discharge capacitance, Fg"I
8

0 50 100 150 200 250 300 350
Current load, mAg'1

407 - ;
3.5 Ci=240 mAg

3.0

2.5
> 20-
5 15]
1.0
0.5
0.0

-0.5—— with PTFE binder
10 with P(PVDF-co-HFP) binder

3000 4000 5000 6000 7000
Time, s

Voltag

Figure 3. Discharge capacitance as a function of current load for hybrid supercapacitors (a) and galvanostatic
charge/discharge profiles of SCs with different binders (b) with different binders and electrolyte additives.
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Fig. 4. Specific capacitance as a function of cycle
number for SC with EMIMBFs+ 22 wt.% + P(VDF-
coHFP) (the inset figure shows the change in discharge
capacitance and cycling efficiency during prolonged

cycling)

Figure 5 compares the energy density values of
supercapacitors with traditional and innovative
binder. The data show a higher cell energy density
with the PVDF-co-HFP binder. In interpreting the
results of the electrochemical tests, it must be borne
in mind that the binder has a significant effect on the
pores of the activated carbon and hence on the
ongoing electrochemical processes. For example,
PVDF has been found to affect micro- and
macropores, while PTFE predominantly attacks
activated carbon macropores [26].

g

® EMIMBF,+ AN, PVDF
EMIMBF+ AN, PVDF-Co-HFP

g 8

Energy density, Whkg'
a

[ ]
104
°
0] %
*
0 T T T T T T T
0 200 400 600 800 1000
Current density, mAg"

Fig. 5. Energy density as a function of current load for
supercapacitors with different binders

Last but not least, the nature of the electrolyte
must be taken into account. Detailed ex-situ
physicochemical studies could serve to better clarify
the positive role of the synthesized binder P(VDF-
co-HFP) in the developed supercapacitor system and
its further successful application in others. For this
purpose, both the pristine electrodes (carbon and
composite) and those after electrochemical tests
were analysed.

Figure 6 compares the XRD patterns of the
pristine electrodes and electrodes cycled in ionic
liquid electrolyte with different binders. The XRD
patterns obtained for the electrodes before and after
electrochemical tests are shown in Fig. 6.

12000
C ;Leaks due to Ni(OH),
ih the electrode
10000 -
P- polymer
—_ C- carbon
S
s
= K«\M 1
@ L/
2
S
= 2
K\‘W\/
N
~ e
—
10 20 30 40 50 60
2-Theta (degree)

Fig. 6. XRD patterns of: 1) AC_Ni(OH),/P(VDF-co-HFP)- electrode, after electrochemical test; 2) AC Ni(OH)»/
P(VDF-co-HFP) - pristine electrode; 3) AC/ P(VDF-co-HFP) - pristine electrode; 4) AC/PVDF — pristine electrode; 5)
Ni(OH),; 6) AC/ P(VDF-co-HFP) - electrode, after electrochemical test
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The profile of pristine Ni(OH). exhibited 5
prominent peaks at 20 = 26.6°, 33.2°, 38.4°, 40.1°
and 44.8°, corresponding to (001), (110), (100),
(101), and (004) reflections of a- and B-Ni(OH)..
The diffraction pattern of Ni(OH), after
electrochemical testing is similar to that of pristine
a-, B-Ni(OH)2. However, decreases in peak intensity
were observed in (001) and (110) directions. In
contrast, the peak intensity of (100) and (101)
increased, suggesting the formation of more perfect
crystals of B-Ni(OH),. The a-Ni(OH), polymorph of
nickel hydroxide consists of layers of B-Ni(OH)a,
oriented parallel to the crystallographic ab-plane,
intercalated by water molecules. The intercalated
water molecules do not occupy fixed sites, but rather

they have some freedom to rotate and translate?
within the ab-plane. In addition to the two
fundamental phases of nickel hydroxide, there are
several possible types of structural disorder,
including the incorporation of foreign ions, variable
hydration and crystal defects including stacking
faults. The effects of the structural disorder can
impart very important properties. The XRD results
revealed the formation of preferentially disordered
B-Ni(OH), after electrochemical testing leading to
better electrochemical activity [27].

The changes in the morphology of the electrode
surface after the electrochemical examination are
shown in Fig. 7 (visualized with an optical
microscope).

Fig. 7. Optical image of pristine and electrodes after electrochemical tests: a) C/PVDF -pristine, b) C/ P(VDF-co-
HFP)- pristine, ¢) C Ni(OH),/ P(VDF-co-HFP) - pristine, d) C/ P(VDF-co-HFP)- after electrochemical test, e)

C_Ni(OH),/ P(VDF-co-HFP)- after electrochemical test.

Line fit 5pum
Line fit 5um

Fig. 8. 3D AFM image of the pristine electrodes: C/PVDF (left) and C/ P(VDF-co-HFP) (right)
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The images show that the surface of the P(VDF-
co-HFP)-modified carbon electrode is relatively
smoothest, especially after electrochemical tests.

To quantify the electrode roughness AFM
measurements were performed. Fig. 8 illustrates 3D
AFM images of pristine carbon electrodes with
classical and innovative co-polymer binders.

The results of the AFM topological observations
were quantitatively evaluated. As a measure of the
surface roughness are used the average value Sa,
expressed by the average sum of the module of
distances of all points from the measured surface, in
direction, perpendicular to the conditional plane.
The comparison of AFM images shows that the
roughness of electrode with polymer binder is lower,
Sa drops from 503.8 nm for electrode with
traditional binder to 439.13 nm for the electrode with
P(VDF-co-HFP). Electrode surface smoothing
reactions provide more homogeneous contact with
the electrolyte, resulting in higher capacitance. Ex-
situ AFM observations of electrochemically tested
carbon electrodes, as well as of composite electrodes
in hybrid supercapacitor cells are forthcoming.

CONCLUSION

A new hybrid supercapacitor is demonstrated
based on introduction of a synthesized specific
functional co-polymer as binder in the active mass in
electrode matrix. Its presence favors the wettability
of the electrode while smoothing its surface thus
ensuring easier penetration of IL into the pores of the
carbon material. Ex-situ physicochemical analyzes
show that the P(VDF-co-HFP) does not undergo a
change during the course of electrochemical tests in
contrast to the AC/Ni(OH), — part of crystals of a-
Ni(OH), polymorph morphology transforms into
disordered B-Ni(OH), thus playing a significant role
in improving the electrochemical characteristics of
the studied systems.
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Oil spills threaten the global and local environment in both short and long term. Therefore, the fate and
environmental impact of crude oil and its petroleum products requires serious study. Most of the studies at this stage
have focused on the main hydrocarbons in crude oil while a minor fraction of hydrocarbons containing heteroatoms
such as nitrogen (N), sulfur (S) and oxygen (O) have been neglected. However, these heterocyclic compounds may be
disproportionately important to ecosystem health, necessitating their study. Toxicological data of organosulfur
compounds in oil are limited. This necessitates the use of alternative methods to assess their toxicological properties. In
the present work, the probable reactivity of the parent structure (2,3-dimethyl-1-benzothiophene) and its generated
hepatic metabolites (for both conditions (rat in vivo and in vitro)) with respect to DNA and protein binding were studied
by the QSAR Toolbox software. The reactive hepatic metabolites in both conditions (rat in vivo and in vitro) have
different mechanisms of action (radical mechanism, An? and non-covalent interaction) with respect to DNA binding and
the following mechanisms of action (Michael addition and Schiff base formation) with respect to protein binding.

Keywords: 2,3-dimethyl-1-benzothiophene, predict, metabolic activation, hepatic, QSAR Toolbox

INTRODUCTION

An oil spill is the release of a liquid petroleum
hydrocarbon into the environment, especially the
marine ecosystem, due to human activity, and is a
form of pollution. The term is usually given to
marine oil spills, where oil is released into the
ocean or coastal waters. When oil is released into
the sea, not only it increases pollution, but it is also
difficult to clean. In fact, most of the methods for
cleaning oil spills are ineffective, and often damage
the marine life and environment. So these
countermeasures should be applied depending on
interrelated factors like ecological protection,
socioeconomic effects and health risks. Crude oil is
a mixture of hydrocarbons, but each kind has a
different composition of molecular compounds, for
example: sulfur, nitrogen, oxygen, metals, and
other elements [1].

The petroleum industry has continually been
troubled with various problems related to sulfur
compounds in petroleum and its products, such as
product odor and storage stability, catalyst
poisoning, corrosion of processing equipment, and
pollution emitted during usage. Sulfur is usually the
most abundant hetero element in petroleum. Most
of the sulfur present in crude oils is organically
bound sulfur while elemental sulfur and hydrogen
sulfide usually represent a very minor portion [2].
Furthermore, noxious sulfur dioxide is produced
during combustion of sulfur-containing fuels. As
such they are toxic and some of them are suspected
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mutagens and/or carcinogens. Better knowledge of
the forms in which sulfur occurs in fossil fuels
might aid the development of methods for its
removal [3].

The sulfur content is in the range of 0.1—3.0%
in most crudes [4] but can reach 8% in the vacuum
residue of heavy crudes [5]. Organic sulfur
compounds in crude oils are distributed over a wide
range of molecular structures: aliphatic thiols,
mono- and disulfides [6], as well as alkyl phenyl
disulfides [7], but a large amount occurs in

aromatic  structures, especially as alkylated
thiophene benzologues [8]. After distillation,
mercaptanes, sulfides, and thiophenes are

concentrated in the gasoline-range products [9]
while benzothiophenes (BTs), dibenzothiophene
(DBT), and alkylated dibenzothiophenes (DBTs)
are concentrated in the middle distillate fractions.
They may represent up to 70% of the sulfur present
in diesel fuel.

A major part of the organic sulfur present in
these materials occurs as thiophenic compounds,
which makes this an important class of sulfur
compounds to study. In petroleums the thiophene
ring is mostly present as part of ring systems
(primarily benzo- and dibenzothiophenes) [10-12]
but alkylated thiophenes also occur [13] and are the
most abundant thiophenic compounds present in
shale oils [14].

The presence of organosulfur compounds in
petroleum poses important production,
environmental and health problems. In 1998, the
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European Union first mandated new sulfur
specifications for drastically reduced levels that
started to be phased in from the year 2000 [15].
However, the knowledge about the possible
toxicities caused by this type of compounds is
limited, necessitating the application of alternative
methods (in silico) for their evaluation. Some
theoretical studies show that the parent compounds
(the basic structure) of organosulfur compounds are
not reactive, but under certain conditions (e.g. in
the liver) they can generate metabolites that are
reactive, i.e. can cause health problems [16, 17].
The aim of the present work is to study the
probable reactivity of the parent structure (2,3-
dimethyl-1-benzothiophene) and its generated
hepatic metabolites (for both conditions (rat in vivo
and in vitro)) with respect to DNA and protein
binding, using the QSAR Toolbox software.

MATERIAL AND METHODS

Compound. Heterocyclic sulfur compounds such
as alkyl benzothiophenes (2,3-dimethyl-1-benzo-
thiophene) are major sulfur components in the
hydrodesulfurized oil fractions because they are
highly recalcitrant to chemical catalysts [18]. The
structural formula of 2,3-dimethyl-1-benzothio-
phene with CAS number 4923-91-5 is presented in
Figure 1 [19].

Figure 1. Structural formula of 2,3-dimethyl-1-
benzothiophene

Organisation for Economic Co-operation and
Development (OECD) (Q)SAR Toolbox (version
4.3). (Quantitative) Structure - Activity Relation-
ships [(Q)SARs] are methods for estimating proper-
ties of a chemical from its molecular structure and
have the potential to provide information on the
hazards of chemicals, while reducing time,
monetary costs and animal testing currently needed
[20].

METAPATH is a software platform to manage
experimental data for the observed metabolism (in
vivo and in vitro), providing very powerful and

flexible search capabilities in identifying of
metabolites, biotransformations and
relative
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biotransformation rates observed in specific test
environments, as well as specific enzymes
responsible for a given biotransformation [20]. The
metabolism databases assembled in METAPATH
may be used as stand-alone datasets to increase
efficiency of metabolism data evaluation and
assessment by searching for specific compounds
and identification of metabolism commonalities
and, also, differences across chemical classes,
species and dose-groups. These databases can be
also employed for development and improvement
of existing metabolic simulators that are used to
perform metabolic predictions for chemical lists of
concern [20].

Observed rat in vivo metabolism. The observed
(documented) metabolic pathways for 647
chemicals, extracted from the scientific literature,
and associated with the in vivo biotransformations
of xenobiotic chemicals in rodents (mostly rats) are
stored in a database format that allows easy
computer access to the metabolism information.
This database includes structurally different
chemicals of various functionalities [20].

In vivo rat metabolism simulator. The current in
vivo rat liver metabolic simulator (transformation
table) represents an electronically designed set of
671  structurally  generalized, hierarchically
arranged abiotic and enzymatic transformation
reactions which are characteristic for the
metabolism for in vivo experimental systems such
as rodent (mostly rat). The principal applicability of
this simulator is associated with the reproduction,
as well as the prediction of the metabolic activation
reactions and pathways of xenobiotic chemicals,
which may elicit in vivo genotoxicity effects [20].

Observed rat liver S9 metabolism. The
documented metabolic pathways for 261 chemicals
observed with the use of in vifro experimental
systems such as rodent (mostly rat) liver
microsomes and S9 fraction are stored in a database
format that allows easy computer access to the
metabolism information. This database includes
structurally  different chemicals of various
functionalities and fields of application [20].

Rat liver S9 metabolism simulator. The current
in vitro rat liver metabolic simulator (transfor-
mation table) represents an electronically designed
set of 551 structurally generalized, hierarchically
arranged biotransformation reactions which are
characteristic for the metabolism for in vitro
experimental systems such as rodent (mostly rat)
liver microsomes and S9 fraction [20].

DNA binding by OASIS. The profiler is based on
Ames Mutagenicity model part of OASIS TIMES
system. The profiler consists of 85 structural alerts
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responsible for interaction with DNA analyzed in
Ames Mutagenicity model. The scope of the
profiler is to investigate the presence of alerts
within target molecules which may interact with
DNA [20].

Protein binding by OASIS. The scope of the
profiler is to investigate the presence of alerts
within target molecules responsible for interaction
with proteins. The list of 112 structural alerts has
been separated into 11 mechanistic domains. Each
of the mechanistic domains has been separated into
more than 2 mechanistic alerts. The profiling result
outcome assigns a target to the corresponding
structural alert, mechanistic alerts and domain [20].

RESULTS AND DISCUSSION

Toxicology is undergoing a paradigm shift, from
predominantly observational science (based on
animal testing), to predominantly predictive science
focusing on target-specific, mechanism-based
biological observations, contingent upon in vitro
data and in silico predictions, often referred to as
toxicology for the twenty-first century [21]. The
development and application of modern tools can
provide deeper insights into the molecular
mechanisms underlying toxicity in a high
throughput manner [22, 23]. Such developments are
being driven by the need to improve the safety
evaluation of chemicals in a more efficient, human-
relevant context [24] to meet changing regulations
and promote the use of non-animal models to
predict toxicity [25].

Generally, toxicity studies require large numbers
of animals, take several months to years to
complete, are usually very costly, and can only test
low numbers of compounds in a given time period.
Current animal testing is primarily performed in
rats and mice, and although these rodents exhibit
many of the same responses to chemicals as
humans, there are qualitative and particularly
quantitative differences [26].

The software QSAR Toolbox (version 4.3) was
applied to predict the possible metabolites of 2,3-
dimethyl-1-benzothiophene in the liver (rat in vivo
and in vitro) and their probable DNA and protein
binding. The parent structure of 2,3-dimethyl-1-
benzothiophene cannot bind to DNA and protein.
The experimental pathways of metabolic activation
were not observed in both conditions (rats in vivo
and in vitro). The generated hepatic metabolites of
2,3-dimethyl-1-benzothiophene in the software
QSAR Toolbox (rat in vivo) are presented in Table
1.

The possible DNA binding by OASIS (reaction
mechanism) of the generated hepatic metabolites of

2,3-dimethyl-1-benzothiophene was predicted using
the QSAR Toolbox software. The probable DNA
binding of the generated hepatic metabolites of 2,3-
dimethyl-1-benzothiophene is presented in Table 2.

Twenty metabolites are non-reactive and two are
reactive, i.e. structural alerts are found for DNA
binding. The structural alerts (quinones and
trihydroxybenzenes) of the two metabolites were
identified in the mechanistic domains (radical
mechanism, Ax? and non-covalent interaction) with
mechanistic alerts (radical mechanism via ROS
formation, = Michael-type  addition,  quinoid
structures and DNA intercalation). The probable
protein binding of the generated hepatic metabolites
(liver in vivo) of 2,3-dimethyl-1-benzothiophene is
presented in Table 3. Eleven metabolites are not
reactive and eleven are reactive, i.e. structural alerts
are found for protein binding. The structural alerts
(polarised alkenes — sulfinyl, di-substituted o,f3-
unsaturated aldehydes and aldehydes) of the eleven
metabolites were identified in the mechanistic
domains (Michael addition and Schiff base
formation) with mechanistic alerts (Michael
addition on polarized alkenes, direct acting Schiff
base formers and Schiff base formation with
carbonyl compounds).

The probable hepatic metabolites of 2,3-
dimethyl-1-benzothiophene that were generated
using the QSAR Toolbox (in vitro rat metabolism
simulator) are fourteen. The generated hepatic
metabolites of 2,3-dimethyl-1-benzothiophene in
the software QSAR Toolbox (rat in vitro) are
presented in Table 4.

The probable DNA binding of the generated
hepatic metabolites (in vitro) of 2,3-dimethyl-1-
benzothiophene is presented in Table 5. Twelve
metabolites are not reactive and two are reactive, i.e.
structural alerts are found for DNA binding. The
structural alerts (quinones and trihydroxybenzenes) of
the two metabolites were identified in the mechanistic
domains (radical mechanism, Ax?> and non-covalent
interaction) with mechanistic alerts (radical mechanism
via ROS formation, Michael-type addition, quinoid
structures and DNA intercalation).

The probable protein binding of the generated
hepatic metabolites (in vitro) of 2,3-dimethyl-1-
benzothiophene is presented in Table 6. Nine
metabolites are not reactive and five are reactive,
i.e. structural alerts are found for protein binding.
The structural alerts (polarized alkenes — sulfinyl
and aldehydes) of the five metabolites were
identified in the mechanistic domains (Michael
addition and Schiff base formation) with
mechanistic alerts (Michael addition on polarized
alkenes and Schiff base formation with carbonyl
compounds).
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Table 1. Number and structure of the generated hepatic metabolites (in vivo) of 2,3-dimethyl-1-benzothiophene

1 2 3 4 5
H3C ¥ ]OV O\ B i
“Fo Yo N ® o
6 7 8 9 10
11 12 13 14 15

16 17 18 19 20
0 7 1o, T'
99 e~ PO o SO
21 22

HO
\m/o OH
HaC

Table 2. DNA binding of hepatic metabolites of 2,3-dimethyl-1-benzothiophene by QSAR Toolbox (liver in vivo

metabolism simulator)

Number of DNA binding by OASIS
metabolite (Mechanism of reaction)
Structural alert Mechanistic alert Mechanistic domain
1-4,6,8-22 No alert found
5,7 Quinones and Radical mechanism via Radical mechanism
trihydroxybenzenes ROS formation
5,7 Quinones and Michael-type addition, AN?
trihydroxybenzenes quinoid structures
5,7 Quinones and DNA intercalation Non-covalent interaction
trihydroxybenzenes
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Table 3. Protein binding of hepatic metabolites of 2,3-dimethyl-1-benzothiophene by QSAR Toolbox (liver in vivo
metabolism simulator)

Number of Protein binding by OASIS
metabolite (Mechanism of reaction)
Structural alert Mechanistic alert Mechanistic domain
1,4-9,17,18,21,22 No alert found
2,3,10,13,14,19,20 Polarised alkenes - Michael addition on Michael addition
sulfinyl polarized alkenes
14 Di-substituted o,f3- Direct acting Schiff base Schiff base formation
unsaturated aldehydes formers
11-16 Aldehydes Schiff base formation Schiff base formation

with carbonyl compounds

Table 4. Number and structure of the predicted hepatic metabolites (in vitro) of 2,3-dimethyl-1-benzothiophene
1 2 3 4 5

HiC Hac OH Hyc
O=— HaC HyC H3C
"OH H3C

3

6 7 8 9 10
’O Hsc O\ H3C
11 12 13 14

’OV " IOV HO,
5 Yo o e
HO- HaC e H3C

Table 5. DNA binding of the hepatic metabolites of 2,3-dimethyl-1-benzothiophene by QSAR Toolbox (liver in
vitro metabolism simulator)

Number of DNA binding by OASIS
metabolite (Mechanism of reaction)
Structural alert Mechanistic alert Mechanistic domain
1,2,5-14 No alert found
3,4 Quinones and Radical mechanism via ROS Radical mechanism
trihydroxybenzenes formation
34 Quinones and Michael-type addition, quinoid AN
trihydroxybenzenes structures
3,4 Quinones and DNA intercalation Non-covalent interaction
trihydroxybenzenes

Table 6. Protein binding of hepatic metabolites of 2,3-dimethyl-1-benzothiophene by QSAR Toolbox (liver in vitro
metabolism simulator)
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Number of Protein binding by OASIS
metabolite (Mechanism of reaction)
Structural alert Mechanistic alert Mechanistic domain
1-5,9,10,13,14 No alert found
6,11,12 Polarised alkenes - Michael addition on Michael addition
sulfinyl polarized alkenes
7,8 Aldehydes Schiff base formation with Schiff base formation
carbonyl compounds
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Synthesis and characterization of carbon xerogels and MnO, as electrode materials
for energy storage systems
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The current investigation presents some results of the synthesis of carbon xerogels and MnO»-based materials with
predefined phase composition and surface for potential application as electrodes in supercapacitors. Organic xerogels
were prepared by polycondensation of resorcinol and formaldehyde. Two different methods were used for heat
treatment of the previously obtained solution: microwave heating and thermal treatment in vacuum. The obtained
materials were subsequently carbonized and activated in order to increase their specific surface. MnO,-based materials
were synthesized by chemical reduction in aqueous solution. All synthesized samples were structurally and
morphologically characterized. The results of the current analyses demonstrate differences in the phase composition and
structure of the obtained materials, reflecting on their surface properties. This creates prerequisites for in-depth study of
the influence of the synthesis method, which will reflect on the electrochemical characteristics of the studied and further

tested supercapacitors.

Keywords: carbon xerogels, MnO,, electrode materials, supercapacitors, physical and electrochemical study

INTRODUCTION

In recent years, the scientific interest in cheap
and environmentally friendly materials and their
application in energy storage systems has increased.
Their characteristics strongly depend on the
electrode materials used. For example, in
electrochemical supercapacitors mainly used are
carbon materials with specific parameters
corresponding to a number of requirements, as high
electrical conductivity, high surface area, controlled
surface morphology, good corrosion resistance and
thermal stability, good processability and low cost
of production [1, 2]. A promising carbon material is
the carbon xerogel, which possesses more than the
mentioned parameters - very high active surface
and electrical conductivity, significant micropore
volume and well-defined mesoporosity, tunable
according to the synthesis conditions, and a fast and
simple production process. These properties make it
an ideal electrode material in  various
electrochemical systems and in particular in
supercapacitors [3, 4].

The synthesis of carbon xerogel can be
performed using sol-gel technique by drying under
ambient conditions, as well as by pyrolysis of
organic gel obtained by polycondensation of
resorcinol and formaldehyde [5, 6]. The meso /
macroporosity of carbon gels can be designed by
modifying the synthesis conditions, and the
microporosity can be improved by subsequent
carbonization and activation treatments [7, 8§].

* To whom all correspondence should be sent:
E-mail: borislava.mladenova@iees.bas.bg

Carbonization and activation also lead to an
increase in the surface area of the xerogels, as well
as in their electrical conductivity which can be

further increased by introducing conductive
additives into its structure [9, 10].
Different working mechanisms of hybrid

supercapacitors are possible due to the electrode
materials used, which in this case are usually a
carbon electrode and a composite carbon matrix
electrode containing an electrochemically active
component. In this case, nanostructured oxides and
hydroxides, providing a high reaction area, and
high porosity in order to achieve better contact with
the electrolytes used are very suitable [11].

A very promising electrode material for
supercapacitor systems is MnQ,. This material is
characterized by a high specific theoretical capacity
(~ 1370 Fg'), low cost and environmental
friendliness [12]. The charge storage mechanism
for MnO, is based on the surface adsorption of
cations in the electrolyte. Due to its low electronic
conductivity (~ 10® Scm™), and in order to achieve
high theoretical specific capacity, MnO: has to be
used in combination with other materials with high
conductivity (e.g. carbon materials and metal
nanostructures, carbon nanotubes, etc.) [13].

MnO; exists in different crystal modifications
such as a-(hollandite), B-(pyrolusite), y-(nsutite), o-
(birnessite), k-(akhtenskite), etc. and only some of
them are suitable for a particular application [14-
17]. For example, according to the research of Song

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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[14] it has been established that a-MnO, shows
very good electrochemical properties as an
electrode material in electrochemical current
sources and especially in supercapacitors.
Depending on the synthesis methods used, different
structural modifications of MnQO, can be obtained.

The most commonly used methods for the
preparation of manganese dioxide are: microwave-
assisted reflux rapid synthesis [18], hydrothermal
process [19, 20], electrochemical method [21],
biosynthesis [22], co-precipitation method [23, 24],
sonochemical synthesis [25], etc.

The aim of the present work is to synthesize
carbon xerogel and MnQO; as electrode materials in
energy storage systems, as well as to trace the
effect of the synthesis conditions on the
morphology and structure of the obtained carbons.
Preliminary galvanostatic charge/ discharge tests in
a two-electrode symmetric supercapacitor cell will
be applied to evaluate the electrochemical
characteristics of the electrode materials and their
stability.

EXPERIMENTAL
Synthesis of materials

Carbon xerogels. Organic xerogels were
synthesized by polycondensation of mixtures of
resorcinol CgHesO> (99%, Valerus Co., Bulgaria)
and formalin (37% aqueous solution, Valerus Co.,
Bulgaria) in deionized water, following the
procedure described by Canal-Rodriguez et al. [26].
The pH of the solution is a very important factor
controlling the porosity of the final carbon and
therefore its precise control is very important [7]. In
this case, the pH of the solution was adjusted with
NaOH. Two different approaches were used for
gelling, curing and gel preparing: microwave
heating (treatment time about 25 minutes,
RFCA MW) and vacuum heat treatment (treatment
time about 50 hours, RFCA_TT).

Manganese  oxide was synthesized by
precipitation from an aqueous solution of potassium
permanganate (VI) KMnO. (Valerus Co.,
Bulgaria) and manganese (II) chloride MnCl:
(Valerus Co., Bulgaria) [27]. A solution containing
0.05SM MnCl, was added dropwise during 60
minutes under continuous stirring to a solution
containing 0.05SM KMnOs. The so-obtained
suspension was stirred for 6 h during which a
precipitate was formed. The liquid was decanted for
24 h and a suspension of two distinct phases was
formed consisting of a fine precipitate and a
supernatant liquor. The precipitate was washed with
deionized water. The formed precipitate was finally
dried at 80 °C under vacuum and then the
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manganese oxide powder was thermally treated at
200 °C.

The obtained materials were structurally
characterized by X-ray diffraction (XRD) using a
Philips X-ray diffractometer PW 10301030 having
0-20 Bragg-Brentano geometry, with Cu Ka
radiation (30 kV, 20 mA) at a wavelength A =
1.5418 A. The porous texture of the samples was
examined by low-temperature (77.4 K) nitrogen
adsorption using Quantachrome Autosorb iQ
Station 3 instrument. The specific surface area was
evaluated by the Brunauer-Emmett-Teller (BET)
method at a relative pressure p/p, in the range of
0.10-0.30. The total pore volume was calculated
according to Gurwitsch's rule at p/p, = 0.99. The
pore size distribution was estimated by using the
Barrett-Joyner-Halenda method.

The thermal behavior was investigated by
differential  thermal analysis (DTA) and
thermogravimetric (TG) technique by means of a
Perkin  Elmer-Diamond  apparatus, in  air
atmosphere and corundum crucibles. Powder
samples with weight of 10-12 mg were heat- treated
at 20 °C/min up to 1000 °C.

The samples morphology was observed by
transmission electron microscopy (TEM) on a
JEOL JEM 2100, 80-200 kV (Jeol Ltd. Japan) and
scanning electron microscopy (SEM) using SEM
Philips 515.

The obtained carbon xerogels were analysed by
galvanostatic experiments. The supercapacitor cell
comprised two identical electrodes containing
activated carbon (80 wt.%), graphite ABG 1005
EG-1 (10 wt.%) and polytetrafluoroethylene binder
(PTFE, 10 wt.%). The electrodes were assembled in
a cell using Viledon 700/18 F separator and basic
electrolyte 6 M KOH. The charge-discharge cycling
tests were performed using an Arbin Instrument
System BT-2000. The supercapacitor cells were
cycled between 0.05 and 1.2 V at a current load
increasing stepwise from 30 to 1200 mAg™! for 25
cycles per step. Selected cells were
charged/discharged up to 5000 cycles at a current
rate of 240 mAg .

The specific discharge capacitance (F g'') was
calculated by the Equation [28]:

C=(x At)(m x AV) (1)

where I, At, m and AV are discharge current,
discharge time, mass of active material and voltage
window, respectively. On the basis of the specific
discharge capacitance, the energy density (E) and
power density (P) can be expressed as [12]:

E=CAV2/72 )
P=FE/t 3.
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RESULTS AND DISCUSSION
Physicochemical characterization

Carbon xerogels. The thermal decomposition of
the two xerogels was analyzed by DTA / TG
experiments. Figure 1 compares the
thermogravimetric  and DTA  curves for
RFCA MW and RFCA TT. The results show that
at low temperatures, up to 300-400 °C, the carbon
materials stay almost unchanged with a slight mass
loss of 2-5 %, due to the presence of water. This
fact is supported by the small peak of DTA between
50-80 °C. It can also be seen that the complete
combustion of RFCA_RW takes place between 450
and 750 °C with only negligible residue (1%). For
RFCA_TT this range is narrower, in the range of
300 and 550 °C, i.e. RFCA_TT burns relatively
faster than RFCA_MW. The observed difference in
the thermal decomposition of carbon xerogels
obtained by different methods is probably related to
the difference in their structures. For RFCA MW,
it is more complex and obviously more difficult to
burn.
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Fig. 1. Thermogravimetric and DTA curves for
RFCA_MW (a) and and RFCA_TT (b)

To check the sample morphology, TEM
images were taken (Fig. 2). The micrographs of
both carbon xerogels show the formation of a
micro layered structure with crystalline and
amorphous  sections. The layers are
interconnected and overlap with each other.

Fig. 2. TEM micrographs of carbon xerogel obtained
by: microwave-induced synthesis (a, b) and vacuum heat
treatment (c, d)

Figure 3 gives the pore size distribution
curves for RFCA_ MW and RFCA_TT together
with  adsorption/desorption  curves.  The
calculated specific surface area and the total
pore volume for both carbons are listed on
Table 1. In general, both samples display high
specific ~ surface area, especially for
RFCA_ MW reaching a value higher than 660
m?g’!. The average pore diameter is very close
for both RFCA MW and RFCA TT: 3.8
versus 3.7 nm (Table 1). However, the pore
size distribution is different. For RFCA TT,
the distribution curve is extremely narrow with
a higher peak at about 6 nm, while for
RFCA MW the distribution curve shows two
peaks at 5.2 and 7.1 nm. Both isotherms are of
type II and III, which is characteristic of
macroporous structures [29].

Characterization of MnQO:

X-ray diffraction pattern of the synthesized
MnO; is shown in Fig. 4. The analysis shows
the presence of two broad peaks (211, 112)
located at 37 © and 66.5 °. These peaks indicate
the presence of a-MnO; with a crystalline
structure, which is confirmed by PCPDFMIN,
ICDD, 2021, Ne 00-044-0141 database [30].
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Table 1. Main texture parameters of the obtained carbon xerogels: specific surface area (Sger), micropore surface
area (Smicro), external surface area (Sext), total pore volume (Vy), micropore volume (Vmicro) and average pore diameter

(Dav)
Sample SBET’ Smicro, Sexla Vl, Vmicro Dav
2 me! me! 31 31 nm
m'g g g cm g cm g
RFCA MW 667 457 210 0.63 0.18 3.8
RFCA TT 482 291 191 0.45 0.12 3.7
MnO, 255 - 17 0.07 - 16
P 10.47 . 100
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Fig. 4: X-ray powder diffraction pattern of MnO,, Fig. S. Thermogravimetric and DTA curves for
MIlOz.

compared to a database PCPDFMIN, ICDD, 2021, Ne
00-044-0141.

The thermal decomposition of MnO, was
analyzed by DTA/TG experiments, and its
thermogravimetric and DTA curves are compared
in Figure 5. The results show that no intensive
combustion takes place in this case.

The loss of mass up to about 200 °C can be
explained by the separation of water from MnO;
nanoparticles. At higher temperatures, however, a
loss of about 5% of the sample mass is observed,
which indicates the presence of impurities in it. The
endothermic peak, observed on the DTA curve at ~
520 °C is, could be ascribed to a-MnQO; — y-MnO,
phase transition.
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The morphology of the samples was studied by
SEM and TEM. Figs. 6 and 7 show the morphology
of a-MnQO, nanoparticles at different magnification.
Fig. 6 shows that the prepared MnO; nanoparticles
are homogeneous with a spherical shape and
dimensions of about 50 nm. The formation of
individual agglomerates with sizes over 200 nm is
observed in places.

TEM images show particle aggregation, a
network, which is a prerequisite for a high surface
area and better electrical conductivity of the
material.
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Fig. 6. SEM image for a-MnO; nanoparticles at
different magnifications.

Fig. 7. TEM image for a-MnO; nanoparticles at
different magnifications.

The BET analysis and main texture parameters
of the obtained a-MnO; confirm this assumption.
The synthesized manganese oxide shows a high
specific surface area of 255 m’g’ (Table 1) with
isotherm type III [29] and a relatively low total pore
volume. There is a narrow pore size distribution
mainly in the range between 3 and 5 nm, as well as
presence of macropores with sizes over 50 nm (Fig.
8).

Electrochemical results

The results of the physicochemical analysis
indicate that the synthesis methods used are suitable
for the preparation of electrode materials applicable
in energy storage systems. It was also demonstrated

that the synthesis conditions affect the structural
and morphological characteristics of the obtained
carbon xerogels. The RFCA MW texture
parameters show a higher surface area and volume
of the micropores compared to the vacuum heat
treated carbon (RFCA_TT) (Table 1).
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Fig. 8. Pore size distribution curves for the obtained
MnO; (the inset shows the adsorption-desorption
isotherms).

This result gave us reason to start
electrochemical tests with carbon xerogel obtained
by microwave synthesis as an electrode material in
symmetrical supercapacitors. In Figure 9 its
capacitive behavior as a function of current density
in the current range from 60 to approximately 1200
mA g !, as well as the conducted long-term test can
be seen.

The results demonstrate that the developed
supercapacitor based on carbon  xerogel
RWCA MW shows stable discharge capacitance of
the charge-discharge process in the whole range of
current loads. As one can also see, the discharge
curve is clearly symmetric with its corresponding
charge counterparts that exhibit a negligible voltage
drop (iR-drop), indicating a rapid I-V response and
an excellent electrochemical reversibility. For 5000
charge/discharge cycles, this SC displays only 5-7
% drop in discharge capacitance and over 97%
efficiency (Fig. 9).
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Fig. 10. Ragone plot of a symmetric supercapacitor
with RWCA MW carbon xerogel.

To evaluate the electrochemical performance of
the synthesized xerogel, Figure 10 shows the
Ragone plot for the assembled supercapacitor. The
data indicate that the SC delivers a specific energy
density of 12Wh kg! at a power density of 50 W
kg!, and maintains a relatively high energy density
of 10 Wh kg! even at a high power density of 700
W  kg'. These values of energy density
are

38

comparable and, in some cases, higher than those
obtained for symmetric SCs in aqueous electrolyte,
summarized by Zhong et al. [31].

CONCLUSION

Carbon xerogels and a-MnO; were successfully
synthesized and structurally and morphologically
characterized. The results of the physicochemical
analysis indicate that the synthesized materials are
suitable for application as electrode materials in
supercapacitors. The carbon xerogels produced by
microwave heating show a larger surface area and
micropore volume compared to carbon materials
obtained by vacuum heat treatment (RFCA TT)
and therefore this material was subjected to
electrochemical test in symmetric supercapacitors.

The symmetrical supercapacitor based on
RFCA_MW in 6M KOH electrolyte demonstrates a
stable discharge capacitance and a high
effectiveness of charge-discharge process. These
results could be used as an initial research and a
guide for further improvement of the carbon
xerogels activation conditions in order to achieve a
larger surface area and a correspondingly higher
capacitance, as well as to develop a hybrid
supercapacitor with the a-MnO; obtained.
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The environment is still awaiting the development of better technologies, apparatus and equipment to reduce gas
emissions in the atmosphere, where one of the most hazardous atmospheric air pollutants is sulfur dioxide. The aim of
the present work is to study and evaluate the part of the mathematical modeling and software simulations for purification
of waste gases from SO; in the scientific literature in recent years. For this purpose, the selected articles are grouped and
analyzed according to the type of their content and directions of development in order to outline the current approaches
to sulfur dioxide removal. Some future development guidelines are also highlighted. The innovative approaches for SO,

purification of the Institute of Chemical Engineering, Bulgarian Academy of Sciences, are summarized too.

Keywords: SO, removal desulfurization of waste gas, mathematical modeling, software simulation.

INTRODUCTION

Prolonged global pollution with SO; is the cause
of various respiratory diseases and is one of the main
components of acid rain and urban smog. According
to World Health Organization’2021 the average
human exposure to SO, is 20 pg m™ per day or 500
ug m> for 10 min [1]. Anthropogenic sources of SO,
are fossil fuels with a substantial sulfur content and
pyrometallurgical processes; another 30% of global
SO, emissions are of natural origin in form of
volcanic eruptions and sea contribution. The annual
SO; loads from 2012 to 2015 over eastern China,
Mexico and South Africa are given in [2]. Losses in
Chinese agriculture and assessment of accumulated
sulfur concentrations in pine needles as a criterion
for SO, pollution were analyzed in [3] and [4],
respectively.

Approaches to reduce SO, emissions aim at
increasing the efficiency of standard or new
technologies by optimizing related processes and
environmental use of the raw materials, byproduct
and disposal products. In many cases, determining

better technology requires a detailed cost-
effectiveness analysis.
Increasingly, mathematical modeling and

software simulations are being used to generate an
effective  solution by optimizing existing
technologies or predicting the success of
innovations. Theoretical approaches are preferred
due to low cost, fast results, reduced number of
experiments and environmental safety. Some
mathematical models of technological processes are
so complex that only computer programs can solve

* To whom all correspondence should be sent:
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them.

The aim of the present work is to study and
evaluate the part of the of mathematical modeling
and software simulations for SO, removal in terms
of purification and desulfurization of waste or flue
gas in the scientific literature in recent years. The
scope of the study is focused on the scientific articles
from the years 2020 and 2021. Demand has been
extended until 2015, when some of the last limits of
permissible harmful emissions into the atmosphere
have been adopted. The selected articles are grouped
in several sections and are analyzed according to the
set criteria for content and direction of development.
Some modern presentations of scientific results
using software applications are also shown. The role
of the Institute of Chemical Engineering, Bulgarian
Academy of Sciences in the field of purification of
gases from SO, is summarized too.

RESULTS AND DISCUSSION
Report of the available literature on the topic

The study began with a search for articles on SO
purification in the last 2021 and 2020, including
mathematical modeling and software simulations.
Most of the first significant articles are only
experimental studies. Studies involving
mathematical modeling and software simulations are
less common, for the 200 articles reviewed, only 11.
Then the keywords modeling and simulation were
added to find more articles using theoretical
approaches in 2020/2021 and as a result of the search
18 more articles were found. The same approach was
implemented for the period down to 2014. As a
result of this search, 43 more articles were collected.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Some modern trends in the presentation of scientific
results for SO, purification are also listed.

Analyzes according to the type of content

The articles are divided into those containing
experiments, mathematical modeling, software
simulation and their combinations, a total of six

30

types, see Fig. 1. Fig. 1 shows that the articles are
mainly experimental studies with mathematical
models of the processes. Unfortunately, theoretical
approaches are rarely discussed in reviews, and are
found only in Dzhonova-Atanasova et al. [5] and
Wang et al. [6].

W Experiments (Exp)
Mathematical Modeling (MM)

20

10l
. Il .

Exp/MM Exp/MM/SS  EXP/SS

MM SS MM/SS

Fig. 1. All chosen articles on SO; purification during the years 2015 - 2021 in the study.

Scientific papers presenting only a theoretical
approach to new technology, the choice of apparatus
and the optimization of equipment for the
purification of waste gas from SO; and applications
of byproduct also occupy a significant part of the
considered articles.

There is a tendency to derive mathematical
models for each specific process, which allows
accurate predicting of future innovative proposals.
Valera et al. created a neural network to predict the
efficiency of SO, removal in a spray tower [7].
Models obtained by Vermeulen and an improved
linear driving force rate equation were studied for
the adsorption of SO; on activated carbon particles
of different sizes [8].

Mathematical modeling studies are published
independently and usually much later after the
experiments as the second stage of the research, for
example, the proposal of Guo et al. for accurate
modeling method to predict outlet concentration of
wet flue gas desulfurization (FGD) and
comprehensive cost model for real - time operational
cost estimation [9]. Also in the work of Boyadjiev et
al. a new approach of the convection-diffusion type
model in column apparatuses for gas purification at
a low SO, concentration in the thermal power plants
is proposed. The convection-diffusion type of
models allows to create models of average
concentration and to give a quantitative description
of the absorption processes [10-13]. The team of the
Institute of Chemical Engineering, Bulgarian
Academy of Sciences, has been working on
innovative approaches for SO purification since
+1965, leading to many patents and utility models,

some of which have been industrially applied, e.g. in
the copper mining plant, Elisejna, Bulgaria [14-21].
A waste-free technology for waste gases purification
from SO, has also been developed by means of
regenerable absorbent and adsorbent [22, 23].

Wang et al. summarized that compared to the
experimental method, the numerical simulation
method is more convenient, cheaper and easier to
evaluate the overall performances of the tower for
SO, purification [24]. Abdulrasheed et al. clearly
state that for further development and understanding
of adsorption or cost optimization, computational
tools are necessary such as density functional theory,
grand canonical Monte Carlo and reactive force field
and conductor [25].

The least represented are articles with
combinations using software simulation. The reason
is that software simulation studies have a rich
database of independent operation and reliability of
results as using literature data for verification.
ASPEN Plus is used for detailed reactor simulations
of CuO+CaO supported on inert SiC for coal
combustion and separation of the streams of CO, and
SO, and thermodynamic analysis of the process [26].
The energy-minimized structure models of boron
nitride nanoflake for hazardous SO, capturing are
created by a Gaussian program [27]. A disadvantage
of the current software simulation is that it is still
difficult to insert the established mathematical
dependencies for the specific processes in practice,
review of the CFD applications [28]. CFD
simulations are used when measurements are
difficult, relying mainly on generalized equations as
analyzing only part of the process. An example for
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this is the study by Tomanovi¢ et al. where the gas
phase is modeled in Eulerian field, while the
particles are tracked in Lagrangian field to predict a
boiler unit efficiency [29]. The population balance
model combined with CFD is used to characterize
the behavior of droplets in the venture scrubber [30].

Analyzes according to the directions of
development

The available technologies for SO, removal can
be divided into two main categories: non-
regenerable and regenerable processes. The
predominant process for flue gas desulfurization is
wet scrubbing using a lime or a limestone slurry.
This process can provide 90%-99% sulfur dioxide
removal using cheaper raw materials and marketable
byproducts (NHs3, gypsum, H,, N>O, N,). The
disadvantages are the high cost of installation and
large quantities of waste water. Where lower
removal efficiencies can be tolerated, spray drying
and dry injection processes are more economical.
Some improvements with a rare commercial
application are the combined removal processes of
SO2/NOx/CO,VOC. The disadvantages of the
available technologies are the regeneration of
catalysts or scrubbing solutions, clogging, corrosion
and the accumulation of other pollutants.

The considered articles using theoretical
approaches for purification of waste gases from
sulfur dioxide are presented in five directions of
development (DD), see Fig. 2 and Table 1: DD 1.
Innovation absorbents, adsorbents, membranes -
types, effective interface surface area, characteristic,
quantities; DD 2. Operating conditions - flow rate,
pressure drop, inlet and outlet sulfur dioxide
concentrations, pH, t, removal efficiency; DD 3.
Construction - ease and time of installation,
operating and maintenance labor and material, space
and sparing requirements; DD 4. New vs. retrofit
method/ technology/ constructions; DD 5. Cost

200 mDD 1

100

DD_2

material and Energy vs. Ecological risk. What
happens with disposal and byproducts after gas
purification?

The efforts of scientists are mainly focused on the
use of activated carbon as a proposal for renewable
engineering solutions [8, 25] and combined removal
processes of SO/ NOx/ CO»/ VOC [31-39]. The
found studies using seawater are for hybrid
technologies combined electron beam [9] and wet
scrubber to control SO, and NOx from a diesel
generator [40]. lonic liquids are characterized by
excellent chemical and thermal stability, low vapor
pressure and environmental properties. The
conclusions are that the costs of some kinds of ionic
liquids are extremely high and are still limited [41-
43]. Xin et al. present a membrane contactor
technology as a promising alternative technology for
capturing SO- using liquid absorbent [44]. Fig. 2 and
Table 1 show that mathematical modeling and
software simulation regarding operating conditions
at waste gas purification from SO, are used more
frequently. From the distribution of the selected
articles by type of content and directions of
development it can be seen that only mathematical
modeling for innovation material is not found, Table
1.

Our study shows that it is not a small part of the
scientific papers using mathematical modeling and
software simulation presenting an optimization of
the auxiliary equipment, cost material and energy
through environmentally friendly solutions.

Future directions of development on the topic

Future development guidelines suggest to use the
solar energy in the hybrid systems, as well as the
sustainable green conversion of waste into valuable
products in order to protect the environment.
Koralegedara et al. have summarized applications
using waste construction materials [80] as a raw
material for flue gas desulfurization.

DD _3mDD 4mDD_5

I
I
0

All Selected Articles

Fig. 2. All selected articles on SO; purification during the years 2015 - 2021 by the directions of development. DD 1
Innovation materials; DD 2 Operating conditions; DD 3 Construction adjustment; DD 4 New vs. retrofit; DD 5 Cost

material and Energy vs. Ecological risk.

Table 1. All selected articles on SO, purification during the years 2015 - 2021 distributed by the directions of

development and the content.
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DD 1 DD 2 DD 3 DD 4 DD 5
Exp/MM 8,32, 35,36,42, 43, 7, 8, 31, 32, 33, 34, | 7,8,33,3435,36, | 8 33, 40, 43, | 8,33,43,45,
47,57, 58, 63, 65, 66, | 35, 36 40, 43, 45, 47 | 40, 43, 45, 47, 57, | 47, 54 47, 63
80 53,57, 63,64, 65,66 | 65
Exp/MM/SS | 29, 30, 38, 51, 55, 60, | 29, 30, 38, 50, 55, 72, | 30, 50, 73 30 29, 30, 38,
72,73 73 51
Exp/SS 5,48,49, 78 5,39 5,39, 56 5,39, 56 5,56
MM no 9,67,75,76,77 10, 11 10, 11, 61 6,9,61,74,
75,76
SS 24,27,59,70,71 24, 46, 59, 68, 69, 70, | 24,26, 46, 68,69 | 46, 62, 69 26, 46, 62,
71 69
MM/SS 37 37,52 37 28,52 28
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,,“ ‘i—@ Coking -9 o %o ""-JJ O‘ ,
& 4 v J“ ‘J- * EI
Jy 9 : i
i Mn erosion ‘Q oF- o %0 2o i,
- : Slight deactivation ;
- o @ H Various byproducts i
> Cl deposition kL
o - - 4 o LR v, pore ise :
é ielhy ® Cyfe® B 23]
."J @ Sulfation ﬁ T = f‘ @ 1 --—A}, L4
- I';_-_--.-_-_-_-.-_~_-.-_~.~_-_-.-_-.~_-_-_-_~_-_-_~_~_-_~_~_-.-:'I=I L ':'“'rfﬁ;
. # iti i v -
@ Impro El@ - 'Irnhl‘:::;n-g co:::lcs : __J“'"__F*____
bd ——— .9 ::l;;:llai!li’;li::!c‘li\il} : _;,,;&:&:@iﬁ
it Ll R e R S P E s ; 5

(a)

(b)

Fig. 3. Presentation of innovation materials (a) Adsorption mechanism by Grand canonical Monte Carlo simulations
of'a 3D graphene sponge for flue gas stream, Maurya et al. [70]; (b) Results and 3D graphics of chlorobenzene oxidation
by oxygen and ozone over a simple Mn/Al,O; catalyst, Tseng and Li [82].

Some new applications in the field are for
fertilizer and soil amendment in agriculture and
water treatment. The bioscrubbers are proposed as
an environmentally friendly and economical
alternative for flue gas purification. Advanced
oxidation processes (AOPs) as with ozone, UV,
hydrogen peroxide are the alternative that is looking
for its place for a wider application in SO, adsorption.
Our team is trying to contribute to the development
of a waste gas purification process through a
technology using an integrated absorption-
adsorption process for waste-free decontamination
of gas containing SO, [81].

Some modern trends in presentation of scientific
results for SO, purification for adsorption
mechanism using computational tools are shown in
Fig. 3. The graphs are characterized by a good
visualization of the topic of studies and the
corresponding results.

CONCLUSIONS

Analysis was made of articles using
mathematical modeling and software simulations as
approaches to study of purification of waste gases
from SO, in the scientific literature in recent years.
The significance of mathematical modeling and
software simulations in terms of the type of content
and field of research are discussed and the results are
presented graphically and tabular. It seems that
among the first articles for sulfur dioxide removal
there are rarely articles using mathematical
modeling and software simulation, including
reviews. Studies still rarely rely on mathematical
modeling and software simulations, although they
save time and materials for experiments. When
laboratory tests cannot be performed, theoretical
approaches are used for larger and more difficult
objects and tasks.
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Our review of modern trends in science in the

field of purification of waste gases from SO, using
mathematical modeling and software simulations

provides
applications.

and
the

ideas
about

opportunities to gather
The main problems

considered multi-stage recycling system are: the
need for recovery of the materials after SO, removal
processes and the difficulty in finding practical
realization of the byproducts.
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Over the years, St. John's wort (Hypericum perforatum L.) has been shown to contain important bioactive ingredients
with substantial physiological and pharmacological activity. The present study aims to evaluate the healing intensity of
incised wounds on rats treated with a semi-solid hydrogel/organogel (bigel) formulation containing a hyperforin-rich
extract from St. John's wort. Three methods to obtain hyperforin-rich methanol extract from St. John's wort were applied
and evaluated for effectiveness — percolation method, ultrasonic extraction, and Soxhlet extraction. The extracted amount
of hyperforin was determined by reverse-phase HPLC analysis. The Soxhlet extraction technique was most appropriate
for this study's purposes (3.552 mg/mL). Hyperforin-rich methanol extract was included in a bigel as a semi-solid
formulation. The therapeutic potential of the developed formulation was evaluated for healing intensity and compared
with a commercial product. Both were applied for 10 days on incised wounds (50 mm) inflicted on rats. The efficacy
parameter is defined as the tensile strength applied on already healed wounds through a particular experimental setup. An
in vivo experiment was performed with 21 male Wistar rats, divided into three groups at random. Group A was not treated
with therapeutic products. Groups B and C were treated with a commercial product, and with bigel containing an extract
of St. John's wort, respectively. The tensile strength registered for group B ((3.7+0.2) N) was lower than that stated for
group C ((6.4+0.7) N). The obtained differences are statistically significant (p<0.05). As a result of the study accelerated
and most effective wound healing was found in the experimental group treated with bigel containing St. John's wort
extract rich in hyperforin.

Keywords: bigel, Hypericum perforatum L., hyperforin, tensile strength.

INTRODUCTION treatment of diseases of the gastrointestinal,
respiratory, and nervous systems (depression) [3].

SJW is the main source of active pharmaceutical
ingredients  (APIs) such as  hyperforins
(phloroglucinols) and  hypericins  (naphtho-
dianthrones), and many other BAS, as a broad range
of flavonoids (rutin, quercetin, miquelianin,
quercitrin, amentoflavone, hyperoside). It has been
found that the major BAS in SIW is hyperforin
(HPF). The highest HPF concentrations were found
in leaves, flowers, and fruits [4].

HPF belongs to the polycyclic polyprenylated
acylphloroglucinols family and has a wunique
architecture. HPF is a mixture of bicyclic
interconverting tautomers derived from SJW. The
structure contains asymmetric vicinal quaternary
centers and a densely functionalized tetracarbonyl

Plants have long been used as wound healing
agents, being a good source of diverse
phytocomponents that, compared to synthetic
molecules, are easily absorbed by humans and
animals and are therefore an alternative model for
drug development.

St. John's wort (SJW) has a rich historical
background, one of the oldest used in traditional
medicine and, therefore, the most extensively
investigated medicinal herbs [1]. The medicinal
properties of this species were known even back in
Hippocrates’ time due to its wound/burn healing and
anti-inflammatory action [2]. Modern methods of
qualitative and quantitative analysis prove the
content of a rich palette of biologically active
substances (BAS), which are used in the healing of
wounds and various skin disorders, as well as in the
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array (Fig. 1) [5]. HPF is poorly stable when exposed
to light and oxygen [6]. However, it is quite stable in
protic solvents such as methanol and in in vivo
systems, as well as at low temperatures, which to
some extent explains its broad therapeutic potential
[7, 8]. HPF exhibits good protective and potent
antioxidant and anti-inflammatory activity in topical

applications.

H3C CHs

HsC

CH3

CHj

o
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o

@]
T
o

HaC CH3 HaC CHj

Figure 1. Chemical structure of hyperforin.

Furthermore, HPF does not induce phototoxicity.
In dermal application, HPF is used for the treatment
of skin diseases, such as neurodermatitis. The
treatment with hyperforin-rich extract dermal
products leads to improvement of the stratum
corneum moisture, subjective skin parameters and
reduces skin surface dryness, indicating stabilization
and improvement of the barrier [9].

For effective administration of hyperforin, alone
or in combination, it is indispensable that an optimal
topical formulation has to be used. Furthermore, to
ensure the dermal carrier's compliance,
compatibility, and stability, it is desirable to consider
the lipophilic characteristics of hyperforin and the
necessary conditions for skin hydration [10]. In this
relation, in the interest of the study, an inherently
innovative hybrid dermal dosage form was chosen,
optimally meeting the listed criteria.

In the family of semi-solid formulations, bigels
are innovative structurally hybridized systems of
two different phases — hydrogel and organogel. The
symbiosis between these two types of gels allows
overcoming some of the main disadvantages of the
initial semi-solid systems, namely the limited ability
of the hydrogel to penetrate the skin's lipophilic
barriers and the low patient compliance of organogel
due to its stickiness and oily residues [11]. At the
same time, they expressly combine the advantages of
the two precursor forms: 1) the ability to include

both hydrophilic and lipophilic drug substances; 2)
enrichment of hydration of stratum corneum; 3)
provision of opportunities for local, transdermal, and
modified drug delivery; and 4) improved patient
compliance [12].

The present study evaluates the healing intensity
of incised wounds on rats treated with a bigel
formulation containing a hyperforin-rich extract
from SJW. The article describes extracts preparation
from SJW (flowers and leaves), determination of
HPF, obtaining a bigel for topical application, and
wound modeling and assessment.

MATERIALS AND METHODS
Materials

All materials used in the study including SJW
dried flowers and leaves powdered to approx. 2 mm
(Bilec Company, Bulgaria); methanol (>99.9%,
analytical grade, Fisher Chemical); hyperforin
standard (= 85%, HPLC grade, Merck, Germany);
acetonitrile (> 99.8%, HPLC grade, Fisher
Chemicals UK), phosphoric acid (HPLC grade,
Acros Organics Germany); double-distilled water
(Gesellschaft fiir Labortechnik mbH, Germany),
borago oil (Alteya Organics Bulgaria), poloxamer
407 (Sigma Life Science, USA), sorbitan
monostearate (Span® 60, Thermo Fisher Kandel
GmbH, Germany), ketamine 5% (Bremer Pharma
GmbH, Germany), xylazine 2% (Alfasan Int.,
Netherlands), jodseptadon 10% (Chemax Pharma
Ltd., Bulgaria), sodium chloride 0.9% solution (B.
Braun Melsungen AG, Germany) were of
pharmaceutical grade.

Methods

Preparation of the experimental extracts. Three
different methods for SJW extracts preparation were
used — percolation, sonication, and hot Soxhlet
extraction, as all of them were performed with
methanol in the absence of light.

Extract 1 (E1) was obtained by a percolation
method in a closed vessel for 24 hours. First, 1 g of
SJW was extracted at room temperature with 100
mL of MeOH. Next, the solvent was removed, and
the solid residue from the extraction process was
compressed to optimize yield. Finally, the liquid
obtained after the compression and the solvent
removed earlier were mixed and concentrated to a
final volume of 50 mL.

Extract 2 (E2) was obtained by a sonication
method. First, 1 g of dried SJW material was
extracted with 100 mL of MeOH for 30 minutes at
40°C in an ultrasonic bath. Then, the reagent used
was removed, and a new extraction was performed
with 100 mL of MeOH for 30 min at 40°C. Finally,
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the two extracts were combined and concentrated to
a final volume of 50 mL.

Extract 3 (E3) was obtained by the Soxhlet
extraction method. The plant material of SIW (5 g)
was extracted with MeOH (500 mL) for 5 h
(approximately nine cycles) in the Soxhlet apparatus
[8].

After the condensation, as a general procedure, 1
mL sample of each of the extracts was taken for
HPLC analysis, whereafter extracts obtained were
shielded from light in dark bottles and stored in a
refrigerator at -18°C until subsequent use.

HPF HPLC determination

Chromatographic conditions. The HPLC-UV
analysis of HPF was performed with a Thermo
Scientific UltiMate 3000 Analytical LC System,
equipped with a variable wavelength vibration
detector (Dionex UltiMate 3000 VWD) and a diode
array detector (Dionex UltiMate 3000 DAD-3000
Diode Array Detector) (Thermo Scientific, USA).
Thermo Scientific HYPERSIL GOLD AQ Cis (150
mm X 4.6 mm, 5 pm) analytical column, protected
by an HYPERSIL GOLD AQ Cis (10 mm x 4.6 mm,
5 um) guard-column, was used. The elution was in
isocratic mode with a mobile phase consisting of 0.3
% phosphoric acid and acetonitrile (10/90, v/v). The
flow rate was set at 0.8 mL/min, and the temperature
of the columns and the autosampler was maintained
at 25°C and 10°C, respectively. The wavelength of
the UV detector was set at 273 nm, and the injection
volume was 20.0 plL. Thermo Scientific™
Chromeleon™ 7.2 Chromatography Data System
software™ was used for the systemic control and
data analysis.

The  qualitative and the  quantitative
determination of HPF were made according to the
retention time and UV spectrum of the substance in
the standard samples. In addition, quantitative
analysis was performed using the method of external
standardization.

Sample preparation

Standard solutions — A standard stock solution of
HPF with concentration of 50.0 pg/mL was prepared
in methanol. During the development of the method
it was found that isocratic elution with acetonitrile
and 0.3% aqueous solution of phosphoric acid is
most suitable and provides sharp and symmetrical
peaks of HPF. After serial dilutions working
standard solutions with concentration of 50.0, 40.0,
30.0, 20.0, 10.0 and 1.0 ug/mL were obtained. They
were used for calibration curve construction (x =
concentration of the standard solutions [pug/mL] and
y = peak area [mAU*min]) and method validation.
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For method validation, the parameters proposed
by the International Conference on Harmonisation
(ICH) were evaluated [13].

Test solutions — samples of herbal extracts were
filtered with syringe filters Minisart® NY25 (0.2
um, d = 25.0 mm, Sartorius™, Germany). The so-
obtained samples were serially diluted with
methanol to obtain specimens with a final
concentration of 5.0 pg/mL. After that, six aliquots
of each extract were injected into the HPLC system.

Bigel preparation

The two phases (hydrophilic and lipophilic)
required for the bigel composition were prepared
separately. The hydrogel contains Poloxamer 407
25.0% and purified water 75.0 % (w/w). The
organogel contains borago oil 85.0 % (w/w) and
Span® 60 15.0 % (w/w). The weighed poloxamer
407 was dispersed in the purified water (25°C, 400
rpm). A stable hydrogel was formed. Span® 60 and
E3 (1 mL) were dissolved in borago oil (60°C, 100
rpm). A bigel was obtained at hydrogel/organogel
ratio of 70:30. The heated organogel was added step
by step to the hydrogel under continuous stirring
(500 rpm) to obtain a homogeneous mixture and cool
to ambient temperature. Color, homogeneity,
consistency, and phase separation of the bigel were
inspected visually [14].

Experimental animals

The study was performed on 21 male Wistar rats
weighing between 200 and 250g each, provided by
the Medical University of Varna, Bulgaria. The
animals were situated in plastic cages in a well-
ventilated room at a temperature of 22 + 1°C,
relative humidity about 55%, and a 12/12 light/dark
cycle was maintained. They were subjected to a
standard pellet diet and water ad libitum throughout
the experiment in the Vivarium of MU-Varna.

The experimental protocol was implemented
with the approval of the Commission for Ethical
Treatment of Animals at the Bulgarian Food Safety
Agency  (permit number:  265/02.06.2020).
Furthermore, all empirical procedures were
conducted according to the relevant institutional and
national rules and regulations following the
international guidelines (EU Directive, 2010/63/EU
for animal experiments), the Basel Declaration [15],
and the International Council for Laboratory Animal
Science ethical guideline for researchers [16].

Wound modeling by incision

The experimental animals were anesthetized by
intramuscular  application of 5% ketamine
(35.0 mg/kg) and 2% xylazine (5.0 mg/kg). The skin
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of the dorsum (thoracolumbar region) of each rat
was prepared for aseptic surgery by shaving and
sterilization with povidone-iodine (10% cutaneous
solution) [17]. Two paravertebral incisions, 5 cm
long, located 1.5 cm from the midline on both sides
of the rat, were made through the entire thickness of
the skin. The wounds were closed with three
interrupted surgical sutures and cleaned daily with
0.9% saline [18].

Experimental rats were randomly divided into
three experimental groups with 7 animals per group.
Group A was defined as a control group without
treatment. Group B was defined as a reference group
where rats were treated with a medicinal product —
multifunctional cream, a blend of herbal extracts
from Aloe Vera, Prunus amygdalus, Vitex negundo,
and Rubia cordifolia. Group C was defined as an
experimental group, and animals were treated with a
bigel contained SJW extract. The test formulations
were administered topically, once daily for a
research period of ten days. The sutures were
eliminated on the 9* day. On the 10™ day, the wound
healing strength was determined by measuring the
force required to disrupt its integrity. By tensiometer
was measured the tensile strength of the repaired
skin after simulated surgical wounds with an
experimental setup [19], which was constructed in
our laboratory (Fig. 2).

: .

L=

Figure 2. Experimental setup for determination of the
force of rupture of the wound.

Determination of the force of rupture of the
wound

The tensile strength of the treated restored skin is
considered a parameter for skin repairing. A force
gauge Halda Haldex AB 150 Switzerland, was used
to measure the rupture force of the wounds. A
calibration model was created to establish the range
of values measured with the force meter (y=0.2086x,
R*=0.9991).

Statistical analysis

All measurements during the in vivo experiment
were made seven times. The results shown in the
tables are averaged. The standard deviation is
calculated. The  experimental data  were
approximated by linear dependences, and the
coefficient of determination was obtained. ANOVA:
single factor analysis was performed. The rate for
statistical significance is defined as the accepted
significance level p <0.05.

RESULTS AND DISCUSSION

Three types of extracts were obtained by the
described methods and then concentrated to a final
volume of 50 mL. Their color and odor were
assessed for compliance with the investigated herb.
A validated HPLC method was used to quantify HPF
in the extracts samples.

Results from the HPLC-UYV analysis

Linearity in the range of 1.0 - 50.0 pg/mL was
assessed (sixfold analysis) by the straight-line
equation (y = 0.3028x - 0.0053) and the correlation
coefficient (R?> 0.999).

The LOQ of HPF was found to be 1.0 pug/mL
referring to a signal-to-noise ratio (S/N > 10). In
addition, the comparison of series blank and
standard samples showed the ability of the system to
detect the target analyte unequivocally (Fig. 3).
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Figure 3. Comparison between a standard sample of
HPF (black) and a blank sample (red).
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Table 2. Quantitative analysis of HPF in samples.

Ne | Name of the sample Peak area Sample concentration | Concentration of plant extract
[mAU*min] [ug/mL] [mg/mL]
El 3.33 11.01 2.20
2 E2 1.93 6.38 1.28
E3 5.37 17.76 3.55

The developed HPLC method was used to
evaluate the analytical yield of the extraction
procedures.

The presented results are an argument for the
choice of extract E3 obtained by the Soxhlet
extraction method, as it provides the highest
extraction yield of HPF (Fig. 4 and Table 2).

Bigel preparation

A stable biphasic semi-solid formulation (bigel)
for topical use as a vehicle of hyperforin-rich extract
of SJW was obtained. A tube inversion test
confirmed the gel formation. The bigel formulation
had a white color with a creamy appearance and a
pleasant scent of borage oil.
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Figure 4. Overlapped chromatograms of test samples
(E1 - black; E2 —red; E3 — blue).

Results from in vivo experiment

The effects of the bigel containing E3 extract of
SJW were tested over 10 days in an experimental
group of 7 rats. The average mass (m, g) required to
tear the wounds of rats and the average values for

calculated tensile forces (P, N) by groups and their
standard deviations are shown in Table 3.

Table 3. Average of tensile forces by groups

Group m, g P,N SD, N
A 397.55 3.95 0.20
B 382.26 3.75 0.23
C 666.67 6.41 0.70

Similar experimental results were found between
control group A (without treatment) and reference group
B (treatment with the commercial product). The average
values of tensile forces for these groups are similar,
because they lie in the same confidence interval. The
experimental group C, composed of rats treated with bigel
containing SJW extract, showed a significant difference
and greater forces required to tear the wounds compared
to the other 2 groups.

The results obtained from one-way analysis of
variance (ANOVA) are presented in Tables 4, 5 and 6.

A statistical difference was found between
control and experimental groups as well as between
reference and experimental groups. A comparison
was made between groups A and B. There is not a
statistically significant difference between groups A
and B (F,piticqr > F). The results demonstrate that
the hyperforin-rich SJW extract containing bigel
significantly increases the rupture resistance of the
healed wound more than in the control and reference
groups. These results complement the trends
identified in previous studies and confirm the role of
hyperforin as a potent anti-inflammatory and
antioxidant agent [20, 21]. Undoubtedly, the
included borage oil, which has been proven to have
broad therapeutic potential, also contributes to these
results [22].

Table 4. ANOVA analysis between control group A and reference group B

Source of Variation SS df MS F P-value F crit
Between Groups A and B 0.06 1 0.06 0.33 0.58 4.97
Within Groups A and B 1.85 10 0.19
Total 1.91 11
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Table 5. ANOVA analysis between control group A and experimental group C

Source of Variation SS df MS F P-value F crit
Between Groups A and C 21.12 1 21.12 19.91 0.0012 4.96
Within Groups A and C 10.60 10 1.06
Total 31.73 11

Table 6. ANOVA analysis between reference group B and experimental group C

Source of Variation SS df MS F P-value F crit
Between Groups B and C 23.44 1 23.44 19.81 0.0012 4.96
Within Groups B and C 11.83 10 1.18
Total 35.27 11

CONCLUSIONS

The lack of specific wound healing products
other than antibiotics, anti-inflammatory, and
analgesic medicinal products used in allopathic
treatment is one of the main reasons for the
continued search for effective alternative resources
for this purpose.

This study found accelerated and most effective
wound healing in the experimental group treated
with bigel containing SJW extract rich in HPF.
Further studies of SJW and hyperforin, respectively,
for its wound healing properties, will help determine
its efficacy and range of application.

Funding: This work was funded by the Medical
University of Varna "Prof. Dr. Paraskev Stoyanov",
Fund "Nauka" Project Ne 18027.
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The drinking water resources of South-West Bulgaria and particularly in the region of Blagoevgrad are discussed.
The main contaminants of tap water, spring water and ground water for drinking purposes are shown. Tap water is that
which we get directly from the tap and it may or may not be suitable for drinking purposes. It is used for household
purposes such as cleaning, cooking, gardening, laundry and more. The quality of drinking water must comply with the
rules set by local municipal authorities. The national and EC requirements for the quality of drinking water are presented.
The quality of drinking water is improved locally by filtration, reverse osmosis (RO) and UV disinfection. The
applications of local water purification systems as a 7-stage system with RO and UV disinfection and a simple system
with filtration, UV disinfection and pump are critically discussed. The 7-stage reverse osmosis system is a system that
removes up to 99% of all harmful impurities from water: fluorine, pesticides, chlorine, chloramines, heavy metals,
radioactive elements, microorganisms. After chemical analysis of water purification recommendations for a local

improving quality of water by applications of advanced innovative water purification systems are presented.

Keywords: Drinking water, Filtration, Reverse osmosis, UV disinfection, Water purification systems

INTRODUCTION

Water is one of the most important natural
resources on the Earth [1]. Although a large part of
our planet (71%) is covered with water, only a small
part can be used for drinking purposes (about 1%)
[2]. Water consumption depends on various factors.
The daily requirement of water for an adult male is
3 l/day, and for an adult female — 2.2 //day. Water
performs important functions to support the human
body:

e isa vital nutrient for the life of every cell in
the human body;

e regulates external body temperature through
sweating and breathing;

e metabolizes and transports in the blood
carbohydrates and proteins that the human body uses
as food;

e physiologically removes waste from the
human body through urination;

e lubricates the joints;

o forms saliva.

There are organic, inorganic and microbiological
contaminants in the water.

Organic pollution is related to the pollution of
water with organic matter. The latter comes from
domestic, agricultural or industrial sources. The
organic matter is then decomposed by
microorganisms and the process is accompanied by
the consumption of dissolved oxygen in the water.
Toxic metals and organic pollutants have become
serious  environment issues because these

* To whom all correspondence should be sent:
E-mail: mstoev@mail.bg
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contaminants can cause indelible damage to human
health and aquatic organisms [3]. Human activities
such as mining, coal burning, and manufacturing
(especially battery production) contribute to the
discharge of toxic metal pollutants into surrounding
water bodies, and there are negative health impacts
coming from intake of these pollutants even at low
concentrations [4, 5]. Organic pollutants threaten
human health and deteriorate water quality due to
their biotoxicity and carcinogenesis [6].

Microbiological - the contamination of water
with pathogenic bacteria, viruses, some fungi,
parasitic worms, etc.

Inorganic pollution is associated with the entry
into the water of minerals, chemicals and toxic
substances. The most serious sources of inorganic
pollutants are the enterprises of the metallurgical,
machine-building, ore-mining and coal-mining
industries; plants for the production of acids,
building materials and mineral fertilizers; the timber
industry and the woodworking industry; water
transport and others [7].

The composition of natural waters depends on the
geo - and biochemical characteristics of the region,
on the natural course of physical, chemical and
biological processes, as well as on human activity.
The chemical composition of natural waters depends
on their origin, climatic, chemical, geological and
biological characteristics of the region and ongoing
processes. Depending on the concentration, the
chemical elements are divided into:

Main (> 1 g/l) - Na, K, Mg, Ca,

CL S, C,O;
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P, Si, Sr, Mn;

Remains (< 10 g/l) - Pb, Cd, Ni, Co, Cr, etc. [8].

In recent years, due to the ever-increasing
pollution of water from human activity, the need to
find a way to its purification and protection is
constantly growing. However, some scientists
suggest that a "water crisis" is approaching. In order
to slow-down and even eliminate the possibility of a
water crisis, the following methods of water
purification have been developed:

e Physical purification (mechanical, primary);
Physico-chemical purification;

Dry cleaning;

Biological (secondary) treatment;
Purification (tertiary);
Decontamination;

Sludge treatment.

The choice of treatment method depends on the
nature of the contamination and the degree of
harmfulness of the impurities [9].

When consuming water with indicators above the
permissible limits, various pathogenic conditions are
observed. With prolonged consumption of water
with higher than the acceptable concentrations of
arsenic, it accumulates in the thyroid gland and
develops endemic goiter. Arsenic also affects the
nervous, cardiovascular and respiratory systems,
skin and other organs.

Chromium is a carcinogen. According to the
World Health Organization Guidelines for Drinking
Water Quality (2004), the permissible limit for
chromium in drinking water (0.05 mg/1) is indicative
only, as there is no conclusive evidence that
chromium entering human organism through
drinking water causes an immediate health risk [10].

In normal countries for arsenic-contaminated
areas drinking water treatment plants are built for the
purpose of continuous water quality monitoring and
sustainable guarantee of arsenic values in the water
below 10 pg/l. For example, to eliminate highly
toxic concentrations of arsenic and chromium from
water a three-layer filter is constructed, representing
ionosorption column [11]. There are also Bulgarian
funds for removal of arsenic from polluted waters
[12-15].

Nitrates are a major contaminant of groundwater
in Bulgaria. Excess levels of nitrates are the most
common problem in terms of the physicochemical
characteristics of drinking water. Excessive levels of
nitrates in the water can cause the development of
the disease "water-nitrate methemoglobinemia" in
infants and young children. In iodine-deficient areas,
it can lead to an increase in the frequency of endemic
goiter in adolescents. The methods for reducing
nitrates in the waters used for drinking and

household needs, known in practice, are ion
exchange and reverse osmosis [10].

If the acceptable concentration of fluorides is
exceeded, the disease dental fluorosis may be
developed, in which fluoride accumulates in the
teeth, changes their color, and damages their enamel,
which makes them brittle and crumbly. Prolonged
exposure to high levels of fluoride through drinking
water can also lead to the development of skeletal
fluorosis, which affects the entire skeletal system.
Several methods are known reducing the content of
fluorides in drinking water — filtration by reverse
osmosis, distillation filtration, activated carbon filter
for defluorination of aluminum and others.

Manganese belongs to the group of heavy metals.
Studies show that consuming water with manganese
exceeding the acceptable concentration of the metal
leads to a decrease in children's intellectual abilities.
Constant use of such water can provoke the
appearance of serious diseases of the skeletal
system. Manganese is an extremely toxic element
that has a destructive effect on the nervous and blood
systems.

Water chlorination is the most common way to
disinfect drinking water, using chlorine gas or
chlorine-containing compounds that react with water
or salts dissolved in it, but it is also very harmful to
the body. The use of chlorinated water during
pregnancy can lead to birth defects in children - in
particular, heart and brain defects. With prolonged
consumption of chlorinated water, different types of
diseases develop - cancer, endemic goiter, heart
disease, anemia, hypertension and others.

Drinking water is fresh water with a high degree
of purity. It must be free of heavy metals, pesticide
residues, hormones, antibiotics, bacteria, viruses and
other toxic impurities. The content of mineral
substances should not exceed the permissible limits
[16]. Chlorine compounds are used in the central
water supply for disinfection of water and pipelines
to destroy harmful microorganisms that cause
diseases.

Bulgaria is one of the countries in the world
richest in mineral waters of natural origin, with
unique composition and drinking qualities.
According to the National Register of the Ministry
of Health (2019) 22 companies bottle natural mineral
waters in Bulgaria [17].

In Bulgaria, the quality of water intended for
drinking and household purposes is controlled by
Ordinances 9 and 12 on the Quality of water for
drinking and household purposes [18, 19]. In recent
years, due to the ever-increasing water
contamination from human activity, the need for its
purification is constantly growing.
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There are various methods for water purification:

e Physical purification - used for coarse
substances separation;

e  Physico-chemical purification - used for
finely suspended particles in water;

e Chemical purification - used for pH
adjustment and removal of some solutes;

e  Biological purification - used for conversion
of biological substances from wastewater into
biomass;

o  Filtration - used for removal of suspended,
colloidal and dissolved contaminants;

e Disinfection - used for pathogenic bacteria
removal [9].

The hardness of water is due to the calcium and
magnesium ions contained in it, usually bound as
carbonates. Water hardness (Table 1) is most often
expressed as the equivalent of milligrams of CaCOs
per liter or measured in degrees ("dH). 1°dH = 17.8
mg / 1 CaCO;. Hardness can also be determined by
what salts remain in the water after boiling. The salts
determining the carbonate hardness fall to the
bottom as a precipitate. For example, for calcium:

Ca(HCO3)2 > CaCO3l + H,O + CO, )

CO; evaporates at boiling, and sparingly soluble
CaCQOs precipitates and forms white deposits on the
walls of the vessel.

Table 1. Scale for assessing water hardness [24]

Ca® +Mg¥ -4y

mg/l Hardness

0-17 0-4 Very soft water
17-60 4-5 Soft water

60-120 9-12 Medium hardness
120-180 19-25 Moderate hardness
>180 >25 Hard water

Sixty years ago, Kobayashi [20] reported a link
between water chemistry and the risk of
cardiovascular disease [21]. A lot of the data show
that harder water has a lower risk of disease and an
association may explain why heart disease deaths are
more common in the coastal areas of the United
States than in the Midwest [22].

Distilled water or demineralized water is that in
which the water has been subjected to a treatment
which removes all its minerals and salts by reverse
osmosis and distillation. This is an absolutely pure
form of water, but is not usually recommended for
drinking. It can cause mineral deficiency because it
is devoid of any salts and most of the natural
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minerals in the water have been removed as a result
of this process. Drinking this water can lead to rapid
loss of sodium, potassium, chloride and magnesium
[23].

In different regions of Bulgaria, the water has
different hardness (see Fig. 1).

The purpose of this research is quality
improvement of tap and spring water in Blagoevgrad
region for drinking purposes through the use of local
purification systems with filtration, reverse osmosis
and uv disinfection. Physico-chemical
characteristics of water from the water supply
network, drilling and spring waters in the
Blagoevgrad region were determined. A 7 - stage
system with reverse osmosis and UV disinfection for
tap water purification was used. Water filtration
system and UV disinfection for spring water
purification was used too. A cascade system for
spring water purification for drinking and technical
purposes was constructed and applied.

Reverse osmosis is increasingly used in drinking
water supply for treatment of fresh water sources
which can directly result in high-quality water. In
practice reverse osmosis is never applied directly on
fresh water sources, predominantly because of the
occurrence of membrane fouling [25].

MATERIALS AND METHODS

Eleven different water types were analyzed (see
Table 2). The tap water from Blagoevgrad was
additionally purified through a 7-stage reverse
osmosis system with UV disinfection (module 1).
Some of the waters have been treated by a filtration
and UV disinfection system (module 2). Some of the
samples also passed through a cascade system
(modules 1 and 2).

The groundwater from the villages of Bistritsa,
Kovachevica, Blagoevgrad District was not
subjected to the systems for additional purification
and quality of the driver, as it has very good
indicators and no improvement is necessary.

Drilling water from the village of Buchino - 6 m
depth was not further purified through the system as
it has a very high hardness and electrical
conductivity and after additional purification the
filters will have to be replaced with new ones
because they will be quite dirty.

For the same reason, tap water and drilling water
- 55 m depth from the village of Bozduganovo, Stara
Zagora District, were not allowed through the
systems.

For the bottled Pirinska mineral water
“PREDELA” only analyses of the physico-chemical
characteristics were made and then they were
compared with those of the groundwater from the
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“Predela” area. Some of the main physico-chemical The electrical conductivity was determined with
characteristics according to Ordinances 9 and 12 for a Hanna DIST 4 EC Tester conductometer with 0.01
Water quality for drinking and household purposes uS / em resolution - HI98303 calibrated with NaCl
of these waters were determined: physico-chemical solution.

characteristics: total hardness (*dH), Ca** (mg/l),
Mg?" (mg/1), pH; electrical conductivity.

-4 very soft

B 4B soft

M 5.2 medivm hard
M 1318 parg

B 1925 very hard
B 25+ extremely hard

Fig. 1. Water hardness map of Bulgaria, measured in "dH [24]

Table 2. Analyzed waters and systems for improving their quality.

Module 1 and
No Samples Module 1 Module 2 Module 2

1 Tap water located in Blagoevgrad yes - -
) Groundwater located in Park ,,Bachinovo”, i os os
Blagoevgrad y y
Groundwater located in the village of
3 Bistritsa, Kovachevitsa area, Blagoevgrad - - -
District

4 Groundwater located in the village of Belo i os os
Pole, Blagoevgrad District y y

5 Drilling water located in “Strumsko” Housing ) o o
Estate, Blagoevgrad, drilling - 11 m y y

6 Drilling water located in the village of )
Buchino, drilling - 33 m yes yes

Drilling water located in the village of

7 Buchino, drilling - 6 m ) ) )
3 Tap water located in the village of ) ) )
Bozduganovo, Stara Zagora District
9 Drilling water located in the town of Radnevo, ) ) )
Stara Zagora District, drilling - 55 m.
Groundwater (Rilska water) located in the
10 o " yes yes
Predela” area
11 Bottled Pirinska mineral water “PREDELA” - - -
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Fig. 3. Spring water purification system with filtration and UV — disinfection (Module 2).

The water hardness is related to the determination
of the concentration of Ca®" and Mg?". First, the total
concentration of the two ions was determined. Mg?*
was then precipitated in a separate sample by raising
the pH and only Ca*" was titrated in this solution.
The difference in the two titrations gives the amount
of Mg?". The hardness of water is calculated in
German degrees by the formula:

Vi NrEMcqo

Vor

100

where Vr is the volume of the titrant; Nt is the
normality of the titrant; EM ca0 - the equivalent mass
of CaO; Vpr - the volume of the sample. pH was
measured on a Hanna pH meter. Reverse osmosis
system with UV disinfection was used (see Fig. 2).
Additional  information is  presented in
Supplementary.

56

This sytem was delivered to the Department of
Chemistry, part of Faculty of Mathematics and
Natural Sciences at the South-West University
"Neofit Rilski” by “Pavirani” company. The 7-stage
reverse osmosis system with UV disinfection
purifies the water from all available contaminants
[26].

With the three pre-filters - a 20 micrometer filter,
an activated carbon filter and a 5 micrometer filter,
the water is purified from sludge and chlorine and
prepared for fine filtration with a reverse osmosis
membrane. After passing through the membrane, the
water is clean, without chemical compounds,
without heavy metals and other substances. Up to
this stage the so-called technical water is obtained -
it has not passed through the mineralizer. It is
suitable for technical purposes. In the next stage, the
water passes through a filter of activated carbon
from coconut shells, which aims to remove chlorine,
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pesticides, and organic compounds. The mineralizer
enriches the water with useful minerals such as
calcium and magnesium, giving the water the
qualities of slightly mineralized table water. The
system also contains an ionizer, a UV sterilizer and
a TDS meter [26, 27]. A spring groundwater
purification system with filtration and UV
disinfection, which consists of a reverse osmosis
diaphragm pump, necessary to supply water to the
system through a certain pressure; filter column with
mechanical filter of 20 and 5 micrometers, activated
carbon filter, UV lamp, TDS meter and tank for
collecting purified water are presented in Fig. 3.
Characteristics of the diaphragm pump for reverse
osmosis and of grid tie PV generator are presented
in Supplementary.

Figure 4 shows the cascade system (consisting of
two modules — Module 1 and Module 2) for spring
water purification, which is assembled by us. It is a
combination of the two systems - a system with
filtration and UV disinfection and a purification
system with reverse osmosis. The -electricity
consumed for the pump and UV lamps is "green"
from building integrated photovoltaic systems to the
laboratory. Thus, such a water purification system
together with the photovoltaic system can be used in
regions that are isolated from the energy system.

Fig. 4. Cascade spring water purification system

RESULTS AND DISCUSSION

The results of Blagoevgrad tap water (without
prior purification), water purified with a 7-stage
reverse osmosis system for obtaining drinking and
technical water and tap water from Bozduganovo are
presented in Fig. 5. The physico-chemical indicators
- total hardness (*dH), Ca*" (mg/1), Mg** (mg/1), pH
and the electrical conductivity are compared.

The technical water is a better solvent for
detergents, better extracts coffee and tea and leaves
no traces after washing glass surfaces.

From the analyses made technical water has the
lowest hardness (lowest content of Ca** and Mg*")
and conductivity compared to the other two waters.
This result is related to the fact that the technical

water hasn 't passed through the mineralizer, but only
through the three filters and the reverse osmosis
membrane.

The water from the pipeline in Blagoevgrad is
soft. After passing through the system, it is enriched
with Ca?* and Mg? " and purified.

The wastewater during the treatment of water
from the pipeline in Blagoevgrad has low
mineralization and this allows it to be collected and
fed into the cascade system for additional treatment.
This saves water.

104 9.84 Il T=p water
[l Drinking water
I Technical water

water hardness Ca2+ Mg2+ pH

Il Tap water
[l Drinking water
Il Technical water

70

60+
50+

40 h

30

uS/cm

conductivity
100
oes I 9
80 4
C
60 4
40
22.86
20 16.1
. 8
0 |
water hardness Ca2+ Mg2+ pH

Fig. 5. Blagoevgrad tap water (without prior
purification), purified with a 7-stage reverse osmosis
system for obtaining drinking and technical water: a)
Comparison of physico-chemical characteristics; b)
Comparison of the electrical conductivity; c¢) Tap water
from Bozduganovo — physico-chemical characteristics.
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There is a significant difference in the content of
Ca?", Mg**", total hardness and pH of tap water from
Blagoevgrad and Bozduganovo. The high levels of
these physico-chemical characteristics of the tap
water in the village of Bozduganovo in comparison
with those of the tap water from Blagoevgrad show
that the water is much harder.

The results of the  physico-chemical
characteristics and the electrical conductivity
research of groundwater located in the village of
Bistritsa, from Park “Bachinovo” and the village of
Belo Pole are presented in Figure 6. The
groundwater from the village of Bistritsa has the best
characteristics. It is softer compared to the water
from “Bachinovo” and the village of Belo Pole due
to the lower levels of Ca* and Mg?*. The water from
the village of Bistritsa has the lowest electrical
conductivity again, which makes it best for drinking
and for technical purposes in comparison with the
other two water sources.

40+ 38 Il Bistritsa
a Il Bachinovo
357 Il Belo Pole

water hardness Ca2+ Mg2+ pH
350
Il Bistritsa 316
3004 b [l Bachinovo
[l Belo Pole

250+

200+

uS/icm

150+

1004

50

conductivity

Fig. 6. Groundwater water: a) Comparison of physico-
chemical characteristics; b) Comparison of the electrical
conductivity.

The analyses of groundwater drilling water
located in the village of Buchino - 33 m depth of the
incoming water, revealed that the water has a high
electrical conductivity, a higher content of
magnesium than calcium ions and a high
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mineralization — medium-hard water. This water is
suitable for drinking needs for daily consumption.
Figure 7 shows the results of the physico-chemical
characteristics - total hardness (*dH), Ca*" (mg/l),
Mg (mg/1), pH analyses of drilling waters taken
from different sources. The water from groundwater
drilling in the village of Buchino - 6 m depth is the
hardest one and the water taken from the
groundwater drilling in the town of Radnevo (55 m
depth) is the softest due to several factors. For
instance: deep water is cold and the solubility of salts
is lower than in other water, which is at a higher
level. Water up to 6 m is more suitable for watering
than for drinking purposes, as there may be various
impurities due to soil fertilization. The EU is
considering a ban on the use of manure, as there are
no guaranteed ingredients, i.e. it may contain heavy
metals, which can lead to water contamination. And
to impose the use of fertilizer, which has a certain
composition.

45

Il 5uchino - 33 m

- Buchino - 6 m

- Strumsko - 11 m

- Radnevo - 55 m
1.74

40 e

35

30

25

20

water hardness Ca2+

Fig. 7. Drilling groundwater - physico-chemical
characteristics of a water located in the village of
Buchino, “Strumsko” Housing Estate, Town of Radnevo.

The groundwater water in Predela area is softer
compared to the Predel mineral water due to the
higher levels of Ca*" and Mg*" (see Fig. 8). The
electrical conductivity depends on the water
mineralization; the water purity is judged by the
electrical conductivity. For this purpose, there are
conductometers mounted on the system.

The conductivity of different water types (tap
water located in Blagoevgrad, tap water located in
the village of Bozduganovo, drilling located in the
village of Buchino - 33 m depth, drilling located in
the village of Buchino - 6 m depth, drilling located
in “Strumsko” Housing Estate - 11 m, drilling
located in the town of Radnevo - 55 m depth,
groundwater from ‘Predela” area and bottled
mineral water “PREDELA”) are presented in Figure
9.
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water hardness Ca2+ Mg2+ pH

Fig. 8. Comparison of
characteristics of groundwater.

physico-chemical

The drilling water from the town of Radnevo (55
m depth) has the highest electrical conductivity, and
the Pirin groundwater water from the “Predela” area
has the lowest one.
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Fig. 9. Comparison of the electrical conductivity.
CONCLUSION

Local purification of tap water with a 7 - stage
reverse osmosis system with UV disinfection
improves its quality for drinking and technical
purposes. The quality of groundwater for drinking
purposes is improved by means of a local
purification system with filtration and UV
disinfection. By using a cascade system with a
pump, powered by a photovoltaic generator in
isolated areas of the energy system, local
purification of groundwater for drinking purposes
with initial and lower mineralization, as well as
technical water is achieved. The most suitable waters
for drinking purposes in Blagoevgrad Region are:

(i) Groundwater located in the villages of
Bistritsa, Kovachevitsa, Blagoevgrad District;

(ii)) Groundwater located in Park ,,Bachinovo”,
Blagoevgrad;

(iii)) Groundwater (Rilska water) located in the
“Predela” area;
(iv)  Bottled Pirinska mineral water “PREDELA”;
(v) Blagoevgrad tap water after local purification
at home.

Suitable for drinking purposes, from drilled
ground waters, after local filtration and UV
disinfection are those located in the town of Radnevo
(55 m depth) and in the village of Belo Pole (33 m
depth).
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DFT investigation of the radical-scavenging activity of biogenic amines
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It is known that some biogenic amines reduce the level of active radicals in the body. On the other hand, they have a
catechol fragment in their molecule. The presence of this fragment is directly related to radical scavenging activity in
flavonoids and phenolic acids. To date, however, there is no comprehensive theoretical investigation of the structural
causes of such activity in biogenic amines. In this study, 13 biogenic amines were investigated using the DFT/UB3LYP
functional and the orbital basis 6-311++G(d,p). It was found that their radical scavenging activity is comparable and in
some cases greater than that of phenolic acids. The role of the side chain and of the amino group was evaluated.

Keywords: biogenic amines; radical-scavenging activity; DFT, enthalpy changes.

INTRODUCTION

Biogenic amines (BA) are polar or low-polar
nitrogen bases (Scheme 1) comprising an aliphatic
chain (putrescine, cadaverine, spermine, and
spermidine), a benzene (tyramine,
phenylethylamine) or heterocyclic ring (histamine,
pyrrolidine) [1]. According to their physiological
functions and the number of amino groups [2] they
can be divided into (i) monoamines — containing one
amino group and acting as neuromodulators or
neurotransmitters [3], their reduced level in the
organisms is a cause of neurodegenerative diseases
[4]; and (ii) polyamines — which own two or more
amino groups and are involved in physiological
processes such as cell growth and differentiation [5].

At neutral pH they form ammonium cations
which stabilize the structure of chromosomes and
membranes by electrostatic interactions with
negative charges of nucleic acids and phospholipids
[6-8]. These compounds can be toxic when present
in higher concentrations [9], but on the other hand,
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BAs are compounds that are crucial for maintaining
cell viability, as well as the right direction of the
organism's metabolic processes, such as protein
synthesis, hormone synthesis and DNA replication.

A possible antioxidant role of BA has been
reported in the literature. Catecholamines and their
metabolites appear to play a key role in the redox
balance for the formation of new synapses and the
removal of old ones [10], while melatonin and its
metabolites are involved in the reduction of
oxidative stress [11]. Among polyamines, it has been
found that spermine acts as a free radicals’ scavenger
in nuclei, mitochondria and brain [12-14] and as a
radical-scavenger in lipoperoxidation in vivo [15].

The ability of phenols to react directly with
radicals can be assessed by the enthalpy change of
the dissociation of its readily breakable O-H bonds.
Calculating the enthalpies of dissociation of the O-H
bond by different mechanisms shows the most
preferred among them and the proclivity of
compounds to participate in reactions with active
radicals — radical-scavenging activity.
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Scheme 1. Investigated BA
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Scheme 2. Mechanisms of O-H bond dissociation

The reaction between phenolic antioxidants and
active radicals can proceed following different
mechanisms, but three of them are most often
discussed in the literature [6-9] (Scheme 2): (i)
electron transfer from the phenol to the active
radical, which produces a cation-radical and the
radical is converted into an anion; the electron
transfer is followed by a proton transfer from the
cation-radical to the anion (SET-PT); (ii) direct
hydrogen atom transfer between the antioxidant and
the active radical (HAT); (iii) deprotonation of the
antioxidant followed by an electron transfer from the
resulting anion to the active radical; the next step is
the protonation of the anion produced by the active
radical (SPLET).

Since the selected BAs possess phenolic
hydroxyl groups, their radical scavenging potential
could be evaluated by the same way as the other
phenolic type radical-scavengers.

Computational details

The calculations were carried out using the
density functional theory (DFT) [16], as
implemented in the Gaussian09 program package
[17]. The optimization of the geometry was
performed with the Becke 3-parameter hybrid
exchange functional combined with the Lee-Yang-
Parr correlation functional (B3LYP) [18, 19] with
the standard 6-311++G(d,p) basis set [20]. All
possible intramolecular interactions were taken into
account in the initial geometries. For all structures
the harmonic vibrational frequencies were computed
to confirm the true minima on the calculated
potential surface.

Solvent effects on the calculated structures were
investigated with the self-consistent reaction field
(SCRF) method via the polarized continuum method
(PCM) [21].

The total enthalpies of the species X are usually
estimated from the equation:

H(X) = EO +ZPE + AHtrans + AHrot + AHvib + RT, (1)
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where Eo is the calculated total electronic energy,
ZPE stands for zero-point energy, AHirans, AHro, and
AHyi, are the translational, rotational and vibrational
contributions to the enthalpy. Finally, RT represents
the pV-work term added to convert the internal
energy into enthalpy. The total enthalpies were
calculated at T = 298 K. The ZPE values were not
scaled.

The enthalpy changes in the three possible
reaction mechanisms of an O-H bond dissociation
were calculated according to the scheme:

HAT
BA-O-H _». BA-O* + H-
SET-PT

BA-O-H _». BA-O-H +e¢-
BA-O-H —» BA-O- + H*
SPLET

BA-O-H _» BA-O- + H+
BA-O-_» BA-O- + e¢-

BDE = H(BA-O")+H(H") - H(BA-O-H)

IP = H(BA-O-H)+H(e") - H(BA-O-H)
PDE = 4(BA-O")+H(H") - H(BA-O-H)

PA=HBA-O")+H(H") - HBA-O-H)
ETE = H(BA-O")+H(e") - H(BA-O™)

Scheme 3. Possible mechanisms of O-H bond
dissociations and their corresponding enthalpy changes

The enthalpies of the hydrogen atom, proton and
electron in water are taken from the literature [22],
the used proton enthalpy (Hy+) in water is —1083.803
kJ.mol! (6.197 kJ.mol' in vacuum); the used
enthalpy of an electron (He) in water is —232.676
kJ.mol! (3.145 kJ.mol-1 in vacuum), the used
enthalpy of a hydrogen atom (Hy) in water is —
1316.479 kJ.mol! (-1312.479 kJ.mol ™! in vacuum).

RESULTS AND DISCUSSION

In vacuum

BDE

According to the O-H BDE values, the hydroxyl
groups of the studied BAs can be divided into three
groups. In the first group are hydroxyl groups with
low reactivity and BDE above 338 kJ.mol!. In the
second group are hydroxyl groups with BDE from
310 to 338 kJ.mol! and in the third group are
hydroxyl groups with high reactivity and BDE below
310 kJ.mol"'.
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Table 1. Calculated enthalpy changes in vacuum and in water (in kJ.mol™)

Vacuum Water

Compound BDE BDE P PDE PA ETE
3-methoxytyramine 338.99 326.52 312.34 5.00 74.38 242.77
adrenalone (3) 324.48 331.39 324.85 -2.65 105.74 216.28
adrenalone (4) 321.29 330.13 324.85 -3.91 90.06 230.71
D DOPA (3) 305.23 315.88 331.20 -24.51 118.14 188.47
D DOPA (4) 303.80 312.81 331.20 -27.58 118.89 184.55
dopamine (3) 307.47 314.28 322.77 -17.68 119.92 185.00
dopamine (4) 303.64 309.94 322.77 -22.03 121.16 179.41
D-tyrosine 340.53 341.27 354.97 -22.89 141.39 190.51
epinephrine (3) 306.17 315.47 327.97 -21.69 118.42 187.68
epinephrine (4) 304.09 312.70 327.97 -24.45 118.08 185.26
isoprenaline (3) 305.97 315.36 327.52 -21.35 118.56 187.43
isoprenaline (4) 303.72 312.48 327.52 -24.22 118.34 184.78
levonordefrin (3) 303.70 313.24 325.11 -21.06 119.62 184.25
levonordefrin (4) 302.74 313.09 325.11 -21.21 115.97 187.75
norepinephrine (3) 308.82 317.22 333.55 -25.52 118.44 189.41
norepinephrine (4) 305.81 313.35 333.55 -29.39 119.58 184.4
octopamine 340.35 342.05 348.39 -15.53 138.49 194.20
phenylephrine 345.60 348.25 363.58 -24.52 136.99 201.90
S-carbidopa (3) 305.92 314.82 330.42 -24.79 118.84 186.61
S-carbidopa (4) 304.37 312.72 330.42 -26.89 118.45 184.90
tyramine 339.38 341.31 333.28 -1.16 144.86 187.08

In the first group is the hydroxyl group of
phenylephrine, followed by octopamine, D-tyrosine,
tyramine and 3-methoxytyramine. All these
compounds own one phenolic hydroxyl group. Only
in 3-methoxytyramine, there is a second substituent
in the phenyl ring — a methoxy group at the 3rd
position in the phenyl ring. In phenylephrine, the
hydroxyl group is in the 3rd position relative to the
aliphatic side chain, while in all other first-group
BAs the hydroxyl group is in the 4th position.

The methoxy group in 3-methoxytyramine
increases the electron density in the aromatic system,
which usually reduces the O-H BDE of phenolic
hydroxyl groups, but on the other hand, the hydrogen
of the dissociable hydroxyl group is engaged in a
hydrogen bond with the oxygen of the methoxy
group, which stabilizes the compound and additional
energy is needed to be detached. Ultimately, the
positive mesomeric effect is in practice offset by the
negative effect of the hydrogen bond on the ability
of the O-H bond to dissociate to a radical and a
hydrogen atom.

The compound adrenalone has two phenolic
hydroxyl groups at adjacent positions in the phenyl
ring (catechol structure) and occupies an
intermediate place according to BDE. Their BDEs in
vacuum are 321.29 and 324.48 kJ.mol"', which is

significantly less than the BDE of the first-group
compounds. At the same time, this value is much
higher than the BDE values for the other catechol-
containing compounds. However, only adrenalone
has a carbonyl group attached directly to the
aromatic ring. Therefore, it is the only compound in
which the n-electron system is extended to the side
chain. Among the other compounds studied, there is
no one in which a functional group so effectively
draws electron density from the aromatic system.
The expansion of the system has a favorable effect
on reactivity, when anions are formed in the
reaction. This is not the case when radicals are
formed during the reaction. On the other hand,
however, the charge transfer in the aromatic system
stabilizes the input compound and increases the
BDE. This is the reason BDE in adrenalone to have
an intermediate value.

All other amines have a catechol ring. The
presence of such a fragment in the organic
compounds is sufficient for the manifestation of
radical scavenging properties. The least reactive
among the third group compounds is the hydroxyl
group at the 3rd position in norepinephrine (308.82
kJ.mol ™). The small differences in the reactivity of
these compounds are due to the influence of the side
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chain: the more efficiently it donates electron density
to the aromatic system, the lower the BDE value is.

Seven of the compounds have O-H BDE about
308 kJ.mol! and the most reactive hydroxyl group is
that at the 4th position in the phenol ring of
levonordefrine (302.74 kJ.mol™!). The side chain is
composed of three sp3-hybrid carbon atoms and an
amine group. All other compounds have a side chain
of two carbon atoms and one amine group. In the
structure of S-carbidopa and D-DOPA there is a
carboxyl group at the end of the side chain and there
is no hydroxyl group adjacent to the aromatic ring.
As a result, the O-H BDE of these compounds are
greater than the others.

In water

BDE

The polarizing effect of water affects the BDE of
the O-H bonds in different ways. There is a
significant decrease of BDE upon transition from
vacuum to an aqueous medium in  3-
methoxytyramine with 12.47 kJ.mol . In all other
compounds there is an increase of the BDE, which is
the expected change. Typically, the decrease in BDE
in any environment is due to greater radical
stabilization than the input compound. However, the
large decrease of O-H BDE in 3-methoxytyramine is
due to a decrease in the stability of the input
compound.

In an aqueous medium, the strength of the
intramolecular hydrogen bond in the compound
decreases. Hydrogen bonds in an aqueous medium
are weaker than in a vacuum, which reduces the
stability of the catecholic radicals (where the
stabilization effect of the hydrogen bond is more
essential) resulting in an increase of the BDEs. The
water alters the BDE of these compounds by the
strength of the hydrogen bonds in the compounds
and in the corresponding radicals.

The increase in BDE of the hydroxyl group at the
4th position of adrenalone by about 4 kJ.mol™! is due
to the additional polarization of the carbonyl group
and the stronger charge transfer from the aromatic
ring to this group. Withdrawal of electron density
from the aromatic ring always increases the BDE of
the OH bonds. Despite the significant difference in
the structure of this amine - the phenyl ring-
conjugated carbonyl group, there is no significant
difference in its properties.

The other amine that differs from the others is the
phenylephrine. It has one hydroxyl group at the 3rd
position relative to the side chain. Probably this is
why the phenylephrine has the highest BDE in
vacuum (345.60 kJ.mol') and in water (348.25
kJ.mol"), and the highest IP (363.58 kJ.mol ™).
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P

The ionization potential is a descriptor of the
compounds ability to donate electrons: to be a
reducing agent. However, oxy-reduction reactions
take place in polar solvents and the calculation of IP
in vacuum has less practical value. In fact, our
calculations show that the IP values of the
investigated compounds are by about 200 kJ.mol!
lower in water than in vacuum.

The three compounds with the highest IP in the
aqueous medium are: phenylephrine (363.58 kJ.mol
1, followed by D-tyrosine (354.97 kJ.mol') and
octopamine (348.39 kJ.mol!). These are the weakest
reducing agents among the studied amines.

The most reactive compound is  3-
methoxytyramine (312.34 kJ.mol!), followed by
dopamine (322.77 kJ.mol'), adrenalone (324.85
kJ.mol'), levonordefrine (325.11 kJ.mol"),
isoprenaline (327.52 kJ.mol!) and epinephrine
(327.97 kJ.mol'). The only compound with an
intermediate [P is the norepinephrine (333.55
kJ.mol ). The SET-PT mechanism was found to be
more probable than the HAT mechanism in aqueous
media for three of them: 3-methoxytyramine,
adrenalone and tyramine. For the other compounds,
the opposite is true - the HAT mechanism is more
probable.

PDE

Hence, the proton abstraction from the cation-
radical is not the rate determining step. In this step
of the SET-PT mechanism, the detachment of a
proton from the cation-radical implies a significantly
smaller positive (3-methoxytyramine) or negave (all
other compounds) change in enthalpy.

PDE reflects the electron density distribution of
the cation-radical and the uncharged radical that is
obtained from it after proton detachment. PDE is a
descriptor of the acidity of the cation-radical, but
because this process takes place with significantly
less change in enthalpy, it is much more probable.

Lowest acidity possesses the cation-radical of 3-
methoxytyramine (5.00 kJ.mol "), followed by the
cation-radical or tyramine (-1.16 kJ.mol') and
adrenalone (-2.65 kJ.mol"). The strongest proton
acids are the cation-radicals of norepinephrine, D-
DOPA and S-carbidopa (See Table 1).

With the exception of PDE of 3-
methoxytyramine (4.99 kJ.mol™), all others have
negative values for PDE, which indicates a
spontaneous deprotonation process at room
temperature.

PA

The strongest acids among the test compounds
are 3-methoxytyramine (74.38 kJ.mol') and
adrenalone ((4) 90.06 kJ.mol! and (3) 105.74
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kJ.mol!). They are followed by a series of
compounds with intermediate acidity (between 118
and 122 kJ.mol') and four compounds with PA
above 135 kJ.mol, all of them featuring a single O-
H-phenolic group.

It can be argued on the significance of this
descriptor, but we believe that the acidity of
hydroxyl groups is decisive for the behavior of a
phenolic radical scavenger. If the acidity of a phenol
is high enough and it maintains a sufficiently high
concentration of deprotonated phenolic hydroxyl
groups, this will almost certainly direct the reaction
to the SPLET mechanism instead the SET-PT
mechanism. The oxidation of an anion in the second
step is always easier than the oxidation of the
compound itself.

According to this logic, the listed compounds are
also candidates for interaction with radicals by the
SPLET mechanism. Other compounds may also
interact by this mechanism.

ETE

The anions are too unstable in a vacuum. When
the molecules are immersed in water (implicitly), the
anions they produce are much more stable. This is
the reason for a strong decrease in PA in water and
an increase in ETE to the range of 179.41 to 242
kJ.mol ™.

It turns out that from the strongest acid
(PA=74.38 kJ.mol!) in water (3-methoxytyramine)
is the most difficult to tear off an electron (242.77
kJ.mol ™). The next compound in this ranking is with
12 kJ/mol less ETE. All other compounds have an
ETE below 200 kJ.mol!. Three of them have an ETE
above 190 kJ.mol!, and the others, the most reactive,
have an ETE below 190 kJ.mol™'.

It is easiest to detach an electron from the anion
which is obtained after deprotonation of the
hydroxyl group at the 4th position in dopamine
(179.41 kJ.mol™"). And this is the strongest radical-
scavenger among the studied BAs.

CONCLUSION

Thirteen BA have been investigated using the
reliable DFT functional and a high theoretical level
orbital basis. It has been found that their radical
scavenging activity is comparable and in some cases
greater than that of phenolic acids from our previous
investigations. The role of the side chain amino
group was evaluated. It has the strongest impact on

their reducing properties and makes the SET-PT
mechanism much more likely compared to most of
the phenolic acids. However, after the deprotonation
of a hydroxyl group, the SPLET mechanism
provides the least change in the enthalpy of electron
detachment and this is the preferred mechanism for
all BAs.
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The work solves the problem of biodegradation of synthetic polymers that have exhausted the resource of their
work, and the choice of microorganisms that are capable of biodegradation. As synthetic polymers, the most common
ones used for the production of clothing, decorative and technical fabrics, etc., polyamides are taken. For research
purposes, polycaproamide (PCA) in the form of model porous-fibrous systems of different densities was used. As
objects of microbiological impact, bacterial cultures adaptive to PCA fibers (microflora of active wastewater sludge,
spontaneous microflora of nylon) were used. Bacillus subtilis kI was identified as the most active strain of PCA
biodegradable bacteria. The presumptive mechanism of degradation with e-aminocaproic acid release is established, in

which bacteria affect the weak amide bond in the macromolecular chain of polycaproamide.

Keywords: bacteria-biodegraders, g-aminocapronic acid, polycaproamide fibers

INTRODUCTION

Currently, elimination of polymer waste is an
urgent problem. Most synthetic polymers were
developed in due time as analogues of the well-
known natural materials, for example, glass or
metals, for the purpose of their full replacement
and, therefore, they have high structural strength,
hardness, durability, and biological resistance. In
recent years, as the service life of polymeric
materials depletes, the problem of their utilization
began to arise, which has become more urgent.
There are various recycling programs for this
purpose, but nevertheless, when polymer waste
enters the natural environment, the best way out is
to assimilate it to carbon dioxide and water, as it
happens with natural polymers. There are different
mechanisms for this process, and the most famous
is biodegradation. Biostability and biodegradability
are two fundamentally different properties of
materials in general, and polymers in particular. As
a rule, polymers are highly biostable that gives rise
to the problem of protecting the environment
against polymer waste. The biostability of polymers
can substantially be estimated by calculation
methods, for example, by the rate of aging or by
extrapolating  the  biodegradation  process.
Statements that polymers do not degrade for 200 to
400 years have not yet been verified as they are
industrially produced since the mid-XXth century.

* To whom all correspondence should be sent:
E-mail: Pekhtasheva. EL@rea.ru
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Biostability of fibrous textile materials,
including polyamide materials, has been studied in
many works [1-3]. It has also been established that
microorganisms can use synthetic polymers as a
source of energy and nutrition [4-10].

Chemical fibers, unlike natural ones, do not
have their own permanent and specific microflora.
Therefore, in the biodegradation of these materials,
the most common types of microorganisms
characterized by increased adaptability can play a
major role.

The emergence and progression of biological
degradation of polyamide fibers is largely due to
their properties and the properties of influencing
microorganisms and their species composition.
Basically, the type of microorganisms that damage
polyamide and other chemical fibers is determined
by the conditions of their operation that form the
microflora, and its adaptive capabilities.

Extraction, cultivation and use of such adaptive
strains is of both scientific and practical interest.
Using strains of bacteria adaptive to nylon, the
waste from polyamide production, products that
have become obsolete, and potentially toxic
substances, can be disposed which will make it
possible to obtain secondary raw materials and
solve the problem of environmental protection.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Indicators of physical and mechanical properties of nylon nonwoven needle-punched materials

. : 1 o
Sample Surface density, g/m’ Breaking load, N Breaking elongation, %
length width length width
No.1 535 (0.7 tex) 1050 486 94.8 118.6
No.2 250 (0.3 tex) 347 461 70.9 117.7
The purpose of this work is to study correspond to the initial changes in the fiber

biodegradation of synthetic polymers using an
example of polyamide fibers and to identify strains
of microorganisms that are capable of causing their
biodegradation. To reveal the mechanism of action
of microorganisms on synthetic fibers, nonwoven
fibrous materials obtained from poly-e-caproamide
(PCA) were selected.

EXPERIMENTAL

The study included fibrous nonwoven materials
from polycaproamide fibers obtained from the melt
of secondary PCA, with linear density of 0.7 tex
and 0.3 tex. The molecular weight of the polymer
was 30-35 kDa. The canvas was bound
mechanically by needle-punching machines. Table
1 shows the main parameters of nonwoven PCA
fabrics included in the study. As objects of
microbiological action on PCA materials, bacteria
extracted from PCA fibers previously inoculated
and damaged by microorganisms in activated
sludge of wastewater, as well as damaged by
spontaneous microflora formed on the fiber during
its exposure in a humid chamber to a relative
humidity of 100% and 30— 35 °C were used. PCA
fibers served as sources of energy and nutrition for
microorganisms in the metabolic process. Using the
method of batch cultivation, 11 cultures were
extracted from damaged polyamide fibers:

— cultures of bacteria extracted from fibers

damaged by spontaneous microflora: 6a; 62a;

63a; 64a;

— cultures of bacteria extracted from PCA fibers

damaged by microflora of active wastewater

sludge: 5 nylon 2, 5 nylon 5, 5 nylon 6.

The degree of biological damage was assessed
based on optical microscopy results by Yermilova’s
method [1] via quantifying the number of fiber
damages. Fiber damage was divided into three
categories: Class A — fouling by microorganisms
and their metabolic products; Class B — more
severe degradation: swelling, thinning, and wall
damage; Class C — strong and deep damage to
fibers by microorganisms: stratification and
disintegration of fibers to separate conglomerates.
Changes in the damage coefficient (degradation
index) of the fiber in the range of 0 to 0.3

surface, without affecting its internal structure. If
the coefficient falls within the range of 0.3 to 3.55,
degradation is observed both on the surface and in
the inner sections of the fibers, and at values ranged
within 3.55 to 42.25 deep biological degradation of
the fiber structure is observed at all its levels.

To assess the effect of bacteria on the structure
and properties of materials, the samples were
sterilized by UV-radiation for two hours and placed
in sterile desiccators. They were inoculated with an
aqueous suspension of daily pure cultures of
bacteria (1.1 billion cells per 1 ml), kept in a
thermostat at 35 °C to 37 °C and relative humidity
of 100%.

To assess the ability of bacteria to degrade PCA
fibers to e-aminocaproic acid, a polarographic
method was used. Fixed volumes of mineral media
containing PCA fibers as a carbon source were
sterilized. Then, they were inoculated with a daily
broth culture of bacteria in a volume of 31x10°
cells per 1 ml and incubated at 35 °C. Samples were
taken every day and the content of g-aminocaproic
acid formed was determined. The content of e-
aminocaproic acid was determined on the
polarograph PU-1 (Germany).

The amount of g-aminocaproic acid formed
under the action of bacteria was determined and
measured in the studied media (initial and after
inoculation for 10 days), as well as in the control
media without bacterial inoculation. The e-
aminocaproic acid content was determined from a
calibration curve. A method for determining the
sorption capacity of polyamide fibers (CE), which
is based on the neutralization reaction of basic or
acidic groups with a 0.IN acid or alkali solution
with back titration of the excess of acid or alkali
was also used.

RESULTS AND DISCUSSION

Table 2 shows the research results. The most
active culture turned out to be a bacterial strain
under the code designation "6a" extracted from
spontaneous microflora of nylon fibers. After 3
weeks of exposure, the biodegradation index (k =
0.52) verifies degradation of both the surface and
the inner sections of the fiber.
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Table 2. PCA-fiber damaging by bacteria *

Damage coefficient by classes:
Type of culture Exposure time, . _ _ B1odegradat1qn index
days A% B %2 c K, unit

Microflora of 7 4.7 0 0 0.009

active sludges:

5 nylon 2 21 5.9 0 0 0.012

5 nylon 5 7 7.9 1.5 0 0.053
21 24.2 5.4 0 0.183

5 nylon 6 7 15.5 1.3 0 0.064
21 53.1 4.5 0 0.219

Spontaneous 7 224 24 0 0.105

microflora of nylon:

6a 21 47.9 5.7 0 0.519

62a 7 5.3 0 0 0.011
21 9.1 0 0 0.018

63a 7 5.4 0 0 0.011
21 8.3 0 0 0.017
7 27.9 0 0 0.056

64a 21 64.2 0 0 0.128
21 73.7 0 0 0.199

*Developed by the authors

Table 3. Degree of biodegradation of nonwoven polycaproamide material fibers of different surface density by the

culture of the bacterium Bacillus subtilis kI1*

Sample Exposure _Damage Coef_ﬁcient by clasies: Total number of | Biodegradation index,
time, days A( X ), unit | B( X, ), unit | C( X3 ), unit damages, N, units K, units

Original - 0 0 0 0 0

No. 1 30 34.3 10.7 1.3 46.3 0.67
No. 2 30 61.3 6.3 1.3 68.9 0.63
No. 1 90 48.6 15.3 4.2 68.1 1.5
No. 2 90 83.5 16.4 5.6 105.5 2.01
No. 1 180 76.3 19.4 7.1 102.8 2.45
No. 2 180 115.1 28.3 10.2 153.6 3.54
No. 1 270 89.4 25.7 12.4 127.5 3.98
No. 2 270 122.3 33.5 17.1 172.9 5.44
No. 1 360 110.5 39.3 15.7 165.5 52
No. 2 360 155.7 49.9 233 228.9 7.5

*Developed by the authors

The purpose of further research was to identify
the bacterial strain that degrades PCA fibers, which
can be used to develop an express method for
assessing the bacteriological resistance of textile
materials  containing polycaproamide fibers.
According to Bergey’s Manual, the resulting strain
6a was identified as a strain of the species Bacillus
subtilis [11].

The degree of PCA biodegradation of fibrous
materials was assessed by Yermilova’s method
after inoculation of textile nonwoven PCA
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materials with the bacterial strain Bacillus subtilis
kIT1].

Table 3 shows the results of changes in the
degree of damage to polyamide nonwoven fabrics
No. 1 and No. 2 under the impact of the bacterium
Bacillus subtilis ki for 360 days. Control (initial)
samples of nonwoven materials that are not
damaged.

The nature and degree of bacterial degradation
of polycaproamide fibrous materials was studied on
nonwoven needle-punched polyamide fabrics with
surface density of 535 g/m? and fiber fineness of
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0.7 tex (No. 1), surface density of 250 g/m* and
fiber fineness of 0.3 tex (No. 2) using Bacillus
subtilis kI, the most active of bacteria-biodegraders
strain.

Nonwoven fabric No. 1 had a biodegradation
index of K = 067, and nonwoven fabric No. 2 had
K = 0.63 30 days after inoculation with a pure
culture of Bacillus subtilis k1 that indicates damage
on both the surface and in the inner sections of the
fibers. At the same time, a large amount of Class A
damage of the biomass fouling type was observed
in nonwoven fabric No. 2. Fibers of nonwoven
fabric No. 1 showed almost 2 times less fouling
and, at the same time, stronger structural changes,

such as damage to the fiber walls, were observed.
70 9

Amino caproic acid accumulation, mg/l

Exposure time, days

Figure 1. Change in a-amino caproic acid concentra-
tion during Bacillus subtilis kI development on PCA
material fibers: 1 — 0.7 tex; 2 — 0.3 tex. * Developed by
the authors.

After 360 days, the index of fiber
biodegradation in nonwoven fabric No. 2 was 1.4
times higher than that in fibers of material No. 1,
and this dependence was observed throughout the
entire study. This is apparently due to the fact that,
firstly, the nonwoven fabric No. 2 fiber fineness is
almost 2 times less than that of the nonwoven fabric
No. 1. (No. 1 — 7 tex, No. 2 — 0.3 tex), This is
related to the fact that thinner fibers have a more
developed porous structure and adsorb a larger
number of microorganisms, and, therefore, are
more intensively damaged. Secondly, the surface
density of the nonwoven material No. 2 itself
creates favorable conditions for the contact of fibers
with microorganisms, since its total surface of
interaction with microorganisms is 2 times greater.

To study the effect of microorganisms on the
chemical structure of PCA fibers and elucidate the
mechanism of degradation, the possibility of

accumulation of g-aminocaproic acid by Bacillus
subtilis kI culture was investigated. The control
was a mineral medium without carbon sources
inoculated with bacteria; a mineral medium with
carbon sources in the form of polycaproamide
nonwoven materials, but without inoculation; and a
mineral medium with a carbon source in the form
of g-aminocaproic acid (10 mg/l). In a mineral
medium with e-aminocaproic acid, it was not
detected after one day.

Figure 1 shows the results obtained. As follows
from the data obtained, the maximum amount of &-
aminocaproic acid affected by Bacillus subtilis kl
strain on PCA fibrous materials is released on the
fifth day: 32 mg/l, 66mg/l. Therefore, the proposed
Bacillus subtilis kI strain causes degradation of
polycaproamide fibrous materials with the
formation of e-aminocaproic acid.

Thus, basing of the data obtained inference
should be drawn that PCA fibers of 0.3 tex are
more accessible to microorganisms, which is
confirmed by the data of microscopic studies. The
results obtained also indicate the possibility of
using Bacillus subtilis kI strain for the disposal of
polycaproamide fibrous materials in order to obtain
g-aminocaproic acid as a secondary raw material
and in order to protect the environment against
pollution by over-age polyamide materials. The
mechanism of PCA fibrous materials degradation
releasing g-aminocaproic acid was established.
Apparently, when the amide bond is broken,
terminal amino and carboxyl groups are formed.
Based on this assumption, an attempt was made to
prove the increase in the number of active terminal
carboxyl and amino groups by the sorption capacity
method.

Analysis of the results obtained indicates (Table
4) that as PCA fiber is exposed to Bacillus subtilis
kIl bacterium, the sorption capacity increases.
Bacteria impacting a weak amide bond in the
macromolecular chain of nylon break it and release
g-aminocaproic acid. This translates to an increase
of active terminal carboxyl and amino groups. In
this case, cationic and anionic sorption capacities
increase. It should be emphasized that after 12
months of exposure, the anionic sorption capacity
increased 2.0 times for 0.7 tex PCA fibers, while
the cationic capacity of 0.7 tex fibers increased 1.2
times and for 0.3 tex fibers it increased 1.4 times.
Therefore, the sorption capacity of 0.3 tex fibers
increases more intensively, which is confirmed by
data on the degradation level of nonwoven
materials.
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Table 4. Variation in static exchange capacity of PCA fibers impacted by Bacillus subtilis kI culture (in mol/g)*

Time of infection End group content . End group content
’ Exposure time, days

days

—COOH —NH; —COOH —NH»

30 2.76 1.06 270 3.30 1.49

90 2.95 1.37 360 3.50 1.53

180 3.14 1.41 Original 2.47 0.61

Note: the relative precision ranged from 3 to 5%. *Developed by the authors.
This method can be used to study dynamics of effect of microorganisms, VSP International

the biological damage and to identify the ability of
microorganisms to affect the polymer.

CONCLUSION
As determined by the studies, the culture of the
bacterium  Bacillus  subtilis ki affects

polycaproamide fibers, both the structure of fibers
at the supramolecular level and the chemical
structure of the fibers at the molecular level.
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Because of their ability to maintain high energy density over long distances due to the small cross sections and low
optical losses the fused quartz fibers are very appropriate media for observation of nonlinear optical effects. In this article
the possibility is examined of using non-linear optical processes occurring in the fused quartz fibers to determine their

geometrical parameters.
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INTRODUCTION

One of the most rapidly advancing areas in optics
during the last few decades was non-linear optics. As
a result, not only the fundamental dependencies of
the non-linear processes were explained but also a
lot of applied devices were developed. The non-
linear optics gives wide possibilities for frequency
conversion of coherent radiation thus strongly
enlarging the laser technology abilities to create new
coherent sources of light. We can hardly imagine the
modern scientific researches without using the
parametric light generators, without generating
second and third harmonic, Raman lasers [1] and a
lot of other devices [2]. Due to several reasons which
we will discuss later the fused quartz fibers turn out
to be very appropriate media for observation of the
nonlinear optical processes. The following article is
devoted to clarifying the possibilities for
determining the geometrical parameters of the fibers
by means of occurring non-linear optical processes.
The proposed method is based on the fact that the
frequency of the spectral components arising as a
result of the four-photon mixing process directly
depends on the fiber parameters. The method was
experimentally verified.

Geometrical parameters of the fused quartz

fibers

In its simplest form an optical fiber consists of a
cylindrical core of silica glass surrounded by a
cladding whose refractive index is lower than that of
the core. This requirement is needed to ensure total
internal reflection of the light on the core-cladding
interface. The entire structure is covered by a

* To whom all correspondence should be sent:
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protected jacket. Because of an abrupt index change
at the core-cladding interface, such fibers are called
step index fibers.

The fibers are characterized with their
geometrical parameters such as core diameter 2aq,
cladding diameter 2b, core refractive index ny,
cladding refractive index n., and respectively, core
cladding refractive index difference An = n; - no.
These parameters are very important because they
determine the fiber communication parameters, in
particular the information speed. There is a most
important integral parameter that describes the fiber
properties. It is called normalized frequency or
simply V parameter and is defined as:

szmelnlz —n3 z27m1/2nlAn (1)

We have to mention that two fibers with different
geometrical parameters are identical if their V
parameters are equal. It means that their information
properties are the same.

During its propagation through the fiber, light
forms waveguide modes that have a different
effective propagation constant . The number of
excited waveguide modes depends on the parameter
V. When a parameter 7 is less than 2.405 only one
mode is formed in the fiber. Such fibers are called
single-mode fibers. With parameter 7 > 2.405 more
than one mode gets excited and these fibers are
classified as multi-mode fibers. As can be seen from
formula (1) each fiber can be single-mode for one
wave length and multi-mode for other shorter wave
length. Therefore, with appropriate choice of the
light launched into the fiber multiple modes can get
excited.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. Normalized propagation constant (a) and field distribution (b) for first two fibers modes.

The propagation constants for the different
modes can be calculated in dependence to the V
parameter of the fiber. The result is shown in Fig. 1a.
Furthermore, the wave analysis gives information
about the distribution of the light intensity in the
cross section of the fiber. Fig. 1b shows the results
for the first two modes marked as LPy; and LP;;. As
can be seen at the figure the axially symmetrical LPy;
mode has maximum intensity at the center of the
core. This conclusion turns out to be true for all the
axially symmetrical modes (all modes with first
index 0). On the contrary, axially nonsymmetrical
mode LP;; has minimum intensity at the center of the
fiber. This also turns out to be correct for all the other
modes with first index different from zero.

Fused quartz fibers as nonlinear media

It is well known that fused quartz has a very low
coefficient of nonlinearity in comparison to the other
conventional nonlinear media. This fact is the main
disadvantage of quartz as a nonlinear medium.
However, the fibers have a lot of other advantages.
The small cross sections of the cores of the fibers
give them the ability to maintain high density of the
energy. Also, the small losses and the great lengths
of the fibers guarantee a great interaction length
between the waves. As a result, in the fibers the
product of the coefficient of nonlinearity and the
length of interaction which determines the
effectiveness of the nonlinear process exceeds many
times those of the volumetric media. This makes the
fibers very effective media for non-linear processes
[3]. The non-linear processes occurring in the fibers
are quite numerous. We will focus our attention on
two of them — stimulated Raman scattering (SRS)
and four-wave mixing (FWM) with an accent on the
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second one which, we believe, allows determining
the geometrical parameters of the fibers. The Raman
scattering is a non-linear process where a new wave
length in the Stokes area is generated which
frequency shift from the pumping radiation
corresponds to the maximum in the spontaneous
vibrational spectrum of the nonlinear medium. The
amplification line of spontaneous Raman scattering
in the fused quartz is quite wide but has a maximum
at Av = 440 cm'. That is why the occurring
stimulated Raman scattering has this frequency shift.
The process is very effective because phase
synchronism is not required.

As it is well known, the stimulated FWM is a
non-linear process, when two pump photons of
frequency v, are transformed in Stokes and anti-
Stokes pair of frequency, respectively vs and va,
which obey the energy balance:

V, =V, =V,—V,

The process is efficient if the phase matching
condition is fulfilled:

Ak = k(v,) +k(v,) = 2k(v,) = 0

Perfect phase-matching cannot be achieved in
volumetric optical glasses because in the normal
(anomalous) dispersion region Ak is always greater
(less) than zero. Exact phase-matching is possible in
optical fibers, when the material dispersion is
compensated by the modal dispersion for a suitable
combination of the modes [4, 5] (Fig. 1a), i.e.

Aﬂ:ﬂpl+ﬁp2_ﬂ0_ﬂs' (2)

The dynamics of both processes versus the pump
power is shown on Fig. 2. The fiber is pumped with

second harmonic radiation of Q switched Nd:YAG
laser.
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Fig. 2. Dynamics of SRS and FWM processes versus the power of the pumping pulses.

In Fig. 2a the power of the pump radiation is low
and at the out of the fiber only the pumping radiation
is registered. With increasing of the pumping power
radiation (Fig. 2b) several new components
symmetrical to the pump frequency appear. These
spectrum lines occur as a result of the FWM process.
The energy of the Stokes and anti-Stokes
components is approximately equal. Further
increasing of the pumping power (Fig. 2¢) leads to
increased power of the Stokes components because
they get additional amplification as a result of the
SRS process because these lines are within the
spontaneous Raman amplification. The last Fig. 2d
presents the spectrum of a very high pumping power.
In this case the SRS process occurs. The energy of
the pumping frequency almost completely
transforms into Raman line and there is not enough
energy left for the FWM process.

Non-linear method for determining of fiber
parameters

The frequencies generated by the FWM process
can be exactly predicted, if the parameters of the
fiber are known. Our aim is the solving of the inverse
problem — to find the fiber parameters from the given
FMW frequencies.

For the case of weakly guided fibers [6] in a
divided pump process (that is the Stokes and one of
the pump waves propagate in one fiber mode, while
the anti-Stokes and other pump wave propagate in
another fiber mode) the frequency shift Av is

determined by fiber parameters and can be written as
follows:

_ d(bVs)  d(bVas)

MviD(Ay) = an |["T2 L] 3

where V' is the normalized frequency, /Ip is the

pump wavelength, D) = Az[hJ is the core
i

differential mode delays of the propagating Stokes
and anti-Stokes waves. For two distinct
combinations of modes the following characteristic
equation for the parameter V' can be written [7]:

material dispersion and the expression

(1) (€]
awvs?y awvyy)
v —

=R(V) (4)

@ T awv®y apv®)
av___ av

Indices 1 and 2 denote the first and the second modal
combination, respectively. The right side of eq. 4
depends only on the V parameter. This fact
established the possibility to obtain /' parameter, and
then the other fiber parameters.

Fig. 3 shows the dependencies R(V) for the
rectangular refractive index profile for three
different combinations of the pump wave modes,
including 0, 1 and 2 axially symmetrical modes,
respectively. Curve 1 corresponds to Av ) obtained
with the pair LP3; - LP>; and to Av @ obtained with
LP>;— LP;;, curve 2 to Av ) obtained with LP;; -
LP;; and Av @ obtained with LP;;— LPy;, curve 3 to
Av OV obtained with LPg>— LP;; and Av @ obtained
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with LP;; — LPy;. It is interesting to mention that
these are combinations of the lowest order modes.
1.5
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Fig. 3. Dependencies R(V) for rectangular refractive
index profile of the fiber. curve 1 — Av() obtained with
LP;3;; — LP;;, and to Av® obtained with LP2; — LP;y;
curve 2 - Av) obtained with LP>; — LPj;, and Av®
obtained with LP;; — LPy;; curve 3 - AV obtained with
LPy>— LP;; and Av® obtained with LP;;— LPy;

From Fig. 3 it is seen that R(V) has zeros for
certain values of V. Consequently, for those values
of V'the normalized group delays participating in the
numerator of eq. 4 are equal. The negative value of
R(V) corresponds to the case when the anti-Stokes
wave of the modal combination in the numerator of
eq. 4 propagates in a higher mode than the Stokes
wave. The positive values correspond respectively to
the case when the Stokes wave is in the higher mode.

If the V parameter is already known, the
determination of the other parameters (core radius a
and core cladding refractive index difference An)
requires information about the doping composition
of the fiber. As its concentration is very small we can
use the data for the pure fused quartz and obtain good
accuracy.

In order to examine experimentally the
possibility of determining the fiber parameter using
FWM process, we studied a fiber with known V'
parameter, which was approximately 3.9 at pump
wavelength A, = 532 nm. An experimental set up,
which is widely used for studying non-linear
phenomena in optical fibers, was employed for
obtaining the stimulated FWM spectra. The fiber
was pumped by the second harmonic of a Q-
switched and mode-locked CW Nd:YAG laser. The
fiber had pure silica cladding and Ge-doped core.

In the experiments the excitation of the different
groups of modes was accomplished by varying the
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launching conditions for the pump beam. The modal
structure of the generated radiation was identified
visually, after splitting a fraction of the fiber output
with a grating. FWM frequencies were recorded by
OMA.

In Fig. 4 the anti-Stokes sides of the FMW
spectra are shown. The Stokes sector of the spectra
expects the symmetrical Stokes frequency, contains
also the stimulated Raman scattering (SRS) line. It
seriously complicates the spectra. This figure shows
also the modal combination of the Stokes and anti-
Stokes components for the respective frequency.

100 == r—
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Fig. 4. Anti-Stokes components of the experimental
FWM spectrum.

For this sample we used as first line the one with
AV = 722 ¢cm! obtained for modal combination
LP>;— LP;; and as second line that with Av® = 1089
cm’! for modal combination LP;; — LPy;. The
frequency shift Av() =722 cm' was obtained when
the anti-Stokes component was in the higher mode.
That’s why we take this value as a negative. Using
eq. 4 we found that the V' value of the pump
wavelength is 3.96.

Using this value, the parameters of the fiber were
easily calculated. The standard optical fibers are
made from pure silica with Ge-doped core. But the
doping concentration weakly affects the core
refractive index n,, core material dispersion
D) = /12(;[,12;[} and differential mode delays L)
[8]. Then if we use the data for pure silica the error
will be negligible. Solving eq. 3 we obtain for the
core-cladding refractive index difference An =
3.04x102. From eq. 1 we find out for the core
diameter 2a = 2.25 um. We have to mention that the
passport data are correspondingly An = 3.2x10% and
2a = 2.2 um.
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CONCLUSION

In conclusion, a method based on a nonlinear
optical process is proposed for the first time to
determine the geometrical parameters of optical
quartz fibers. The method is based on the
dependence of the frequency shift of the spectral
components arising as a result of the four-photon
mixing process on the fiber parameters. Unlike the
others classical methods, the proposed method
allows simultaneous determination of all practically
important parameters of light guides - core radius,
core refractive index, difference in refractive index
between the core and the sheath, and the
corresponding normalized frequency. These
parameters directly determine the information
capacity of optical communication lines. The
method was experimentally demonstrated. The

accuracy of the obtained results is completely
satisfactory.
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The electron beam welding (EBW) is one of the few technologies that allow welding of materials with different
thermophysical characteristics. This paper presents the results of the study of the structure and the mechanical
properties of electron beam welded samples of copper and stainless steel. The samples were welded with different
source power, changing the beam current. The specimens were examined by X-ray diffraction and scanning electron
microscopy. They were also subjected to mechanical tests, such as hardness and tensile strength measurement. The
welded zone is a solid solution of copper and y-iron with inclusions of pure copper and a small amount of a-iron.
Higher values of the beam power lead to finer microstructure of the weld. It was found that an increase in the beam

power leads to improvement in the mechanical properties.

Keywords: electron beam welding, dissimilar materials, copper, stainless steel

Many methods and techniques were developed
for joining of similar materials [1-3]. However,
more and more often in practice there is a need for
welding of dissimilar materials. Heavy all-steel
structures are being replaced by lighter ones
containing welded steel parts with copper,
aluminium, titanium, etc., leading to energy savings
and improved mechanical properties. Complex
joints of different materials are used in a number of
industries such as automotive, shipping and
aerospace [4]. Obtaining a strong compound of two
materials with very different thermophysical
properties and behavior is a difficult task and a real
challenge for scientists and engineers.

Studies of welds of copper and stainless steel
produced via explosion welding [5, 6], laser
welding [7-9], and electron beam welding [10, 11]
are reported. The authors of [5] summarized the
possibilities of joining the similar and dissimilar
materials by explosive welding. They discussed the
joining of copper to steel with respect to the
technological conditions. The intermetallic phases
were not found in the investigations [6]. The
analysis shows that diffusion did not take place
between bonding plates, and diffusion was
observed after annealing of the bonded samples [5,
6]. The laser welding is widely studied and used in
practice. It allows joining of materials with tiny
geometry and different optical and thermal
properties. The authors of [8] investigated the
influence of the laser process conditions on the

* To whom all correspondence should be sent:
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properties of the copper-stainless steel welds. The
joining mode was transformed to welding-brazing
from fusion welding. The welding-brazing mode
joins liquid stainless steel to solid copper, whereas
the fusion zone mode joins stainless steel and
copper by melting and mixing both metals. The
melting of the copper can be effectively suppressed
by offsetting and inclining the laser beam to the
stainless steel. The microstructure and the tensile
characteristics of EBW and TIG welded samples of
copper and stainless steel were compared in [9]. It
is marked that the main advantages of EBW in the
case of dissimilar metal joints are lack of fusion,
lack of penetration and no heat loss which in turn
improves the weld quality. EBW of copper and
three kinds of austenitic stainless steel was
presented in [10]. The authors reported a complex
heterogeneous fusion zone with porosity and
microfissures due to the process with rapid cooling
and poor mixing of the materials and due to the
geometry parameters. They draw the conclusion
that dissimilar metal welding can be very critical
and sound welds can be obtained only if an accurate
optimisation of the process parameters is
performed. EBW with beam oscillation improves
the mechanical properties of the copper-stainless
steel welds in comparison with non-oscillating
beam [11]. This improvement is due to the adequate
mixing of copper in the welded zone and the
backfilling of the microcracks on stainless steel by
copper.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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However, investigations of the structure and
mechanical properties of EBW of copper and 304L
stainless steel, as well as of the influence of the
beam power on the discussed functional properties
are currently less well investigated. Therefore, this
paper presents the results of the study of the
structure and the mechanical properties of electron
beam welded samples of copper and 304L stainless
steel. The results are discussed concerning the
applied technological conditions of electron-beam
welding procedure.

EXPERIMENTAL

Three kinds of welded specimens of copper and
AISI 304L stainless steel (SS) with the following
chemical composition (wt %): 0.03% C; 2.0% Mn;
0.75% Si; 0.045% P; 0.030% S; 17.5 — 19.5% Cr;
8.0 — 12.0% Ni; 0.10% N, were examined. The
samples were flat plates with sizes of 100 x 50 x 8
mm.

Electron beam welding (EBW) was carried out
on the EvoBeam Cube 400 welding machine. Fig. 1
shows the scheme of the process. The technological
conditions of the EBW process were the following:
accelerating voltage U = 60 kV; welding speed v =
0.5 cm/s; beam current /; = 30 mA (sample 1), I, =
40 mA (sample 2), and I3 = 50 mA (sample 3),
corresponding to a beam power of P;= 1800 W, P;
= 2400 W, and P; = 3000 W, respectively. A
stationary electron beam without deflection was
used.

electron heam

—)

b kAR =

/ 304 L SS V.
L - o

Figure 1. Scheme of the experiment of EBW of
copper and stainless steel AIST 304L.

The phase analysis was conducted on a X-ray
diffractometer “Bruker D8 Advance”. The used
method was “Coupled Two Theta”, using Co Ka
radiation with wavelength 1.78897 A and line focus
orientation. The range of the research was from 40°
to 120°, the X-ray generator current was 40 mA and
the used voltage was 35 kV. Other characteristics of
the test were 0.05° step size and 0.25 s time for the
step. The standard database used to identify

diffraction peaks was
Database (COD).

Scanning electron microscopy (SEM) was used
for the investigation of the structure of the welded
specimens. Secondary electrons were employed.
The distribution of chemical elements in the fusion
zone and near the fusion zone was analysed by
energy-dispersive X-ray spectroscopy (EDX).

The mechanical properties were investigated by
a machine for static and dynamic tests ZWICK
Vibrophore 100. Tensile specimens were tested,
which were welded at a different power of the
beam. The test was performed in accordance with
the requirements of ISO 6892-1 Method B. Also,
samples made of pure copper and 304 L SS were
investigated for comparison.

The microhardness experiment was performed
on a semi-automatic microhardness tester
ZWICK/Indentec - ZHVp-S. Metallographic cross-
sections of specimens were made of welded
materials in the transverse direction of the weld.
The line along which the microhardness was
measured was located in the middle of the weld
seam. A load force of 0.49 N was used for all
experimental points.

RESULTS AND DISCUSSION

The application of the technological conditions
of sample 1 lead to partial joint penetration weld,
while the use of the conditions related to the
specimens 2 and 3 lead to complete joint
penetration depth.

In Fig. 2 the X-ray diffraction patterns of the
investigated samples are shown. The XRD phase
exhibits a solid solution of copper and y-iron in the
form of face-centred cubic (fcc), as well as a-iron
with  body-centred cubic  structure  (bcc).
Additionally, considering the welds formed by a
beam current of 30 and 40 mA, peaks
corresponding to pure Cu were detected. This
means that at these specimens, the copper has not
been completely dissolved into the steel matrix.
Prerequisites for the formation of a solid solution
are the close atomic radii and the same crystal
lattice of copper and y-iron (fcc crystal structure),
which is in agreement with the results obtained in
the present study. The a-iron phase is formed due to
the high temperature in the EBW process. The bcc
phase is metastable at room temperature, and can be
formed at 1200 °C. Obviously, this temperature has
been obtained during the welding process, meaning
that the bec structure has been successfully formed.
Also, at the electron-beam welding process, the
thermal cycling gradient is very high, and the
solidification behaviour is non-equilibrium. This

Crystallography Open
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means that metastable phases, such as the bcc
structure of a-iron, can be obtained [12, 13]. It is
clear that the peak corresponding to bec phase has a
different height at different technological
conditions. It is highest for the sample welded by a
beam c/urrent of 50 mA, and consequently this
sample has the highest amount of a-iron. This could
be attributed to the highest cooling rate at the EBW
process. The highest value of electron beam power
leads to the greatest temperature gradient.
Therefore, these statements are consistent with the
results obtained in our study.

i sample 1, I, =30mA
sample 2, I, = 40 mA
=1 EQ sample 3, I, = 50 mA
i 2
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5 3 & £ 8
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Figure 2. X-ray diffraction patterns of the welded
joints.

In Fig. 3 cross-sectional SEM images of the
welded specimen are shown. Fig. 3(a) shows the
microstructure of the fusion zone of sample 1. Fig.
3 (b) presents the microstructure of the fusion zone
of sample 2 and Fig. 3 (c) — the microstructure of
the fusion zone of sample 3. According to the
authors of [14], the increase in the beam current
leads to the formation of finer microstructure of the
weld. As already mentioned higher values of the
discussed technological parameter cause a larger
cooling rate. In the same time, the cooling rate is of
significant importance for the formed weld
structure, where larger values of the thermal
cycling gradient lead to the formation of finer
microstructure. Therefore, the highest value of the
beam current leads to the largest cooling rate and
the finest microstructure. These statements are
completely in agreement with our results.

The results of the tensile test of welded samples
of copper and steel are presented in Table 1.
Tensile experiments were also carried out of pure
copper and 304 L SS for comparison. As already
mentioned, for sample 1 the beam power is not
enough to form a complete joint penetration depth
of the welded plates. This affects the mechanical
properties, as the yield strength is by approximately
20% lower than that of the pure copper, the tensile
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strength is by 43% lower and the elongation is by
39% lower than these of copper.

SEM HY: 20.00 kv
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Figure 3. Cross-sectional SEM images of the fusion
zone of sample 1 (a), sample 2 (b) and sample 3 (c).

As the electron beam current increases, a weld is
available along the entire depth of the welded
plates. The mechanical parameters also increase
and for sample 3 they reach a tensile limit, a tensile
strength and a relative elongation of 35%, 79%, and
87% of the values obtained for pure copper,
respectively. As already mentioned, the presence of
a larger amount of the bcc phase in sample 3 may
explain its better mechanical properties.
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Table 1. Results of the tensile test of welded
dissimilar samples of copper and stainless steel and pure

Cuand 304 L SS.
Yield Tensile Eloneation
Sample strength strength Zg v, ©
Rypo2, MPa | Ry, MPa b 70
Cu 267 275 16.8
AISI
304L 298 608 35.8
Sample 1 52 119 6.5
Sample 2 78 137 7.7
Sample 3 93 218 14.6
In Fig. 4 the results of the measured

microhardness in a cross-section of the weld are
shown. The microhardness of non heat-affected
areas of the copper and the stainless steel is 60-100
uHV and 250-350 uHYV, respectively. In the fusion
zone there is no difference in the microhardness
values for the three samples. In sample 1 a
significant increase in microhardness is observed
on approaching the welded zone, in contrast to the
other two samples. In the heat-affected area on the
side of the copper, a decrease in microhardness is
observed compared to heat-unaffected pure copper.
This decrease for samples 1 and 3 is approximately
35%, for sample 2 it is 3.2%. This reduction in the
microhardness of the heat-affected zone at the Cu
side could be a reason for the deteriorated
mechanical parameters in the tensile test.

boundary between
welded:materials
wHY =T
350 ——40 mA
300 I~ AT\ —8-50 mA
—] )
250 h\
200
150 AISI[304L { Cu
100 \
50 %ET—
; |

10 8 6 4 2 0 2 4 6 8 mm

Figure 4. Distribution of the microhardness along the
line perpendicular to the welding seam in the middle of
the depth of the welded samples.

CONCLUSIONS

1. Copper and 304L stainless steel specimens
have been successfully welded using electron beam
welding technology. A beam power of 1800 W is
sufficient to weld 8 mm thick specimens in partial
joint penetration weld. At a beam power of 2400
and 3000 W complete penetration weld has been
formed at the same sample thickness.

2. The welded zone is a solid solution of copper

and y-iron with inclusions of pure copper and a
small amount of o-iron. The technological
conditions have a significant effect on the
microstructure of the welded samples. Higher
values of the beam power lead to finer
microstructure of the weld.

3. Higher values of the beam power lead to
better mechanical properties. In the sample welded
with the highest power of 3000 W, the highest
values of yield strength and tensile strength were
measured - 93 MPa and 218 MPa, respectively.

4. There is no difference in the microhardness
values for the three samples in the fusion zone. In
the heat-affected area on the copper side, a decrease
in microhardness is observed compared to heat-
unaffected pure copper. It is the reduced
microhardness in the heat affected zone on the
copper side that is one of the reasons for the
deteriorated mechanical parameters in the tensile
test.
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Influence of humidity on surface potential decay of gamma irradiated polypropylene
and poly(ethylene terephthalate) electrets
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In the present paper gamma irradiated polypropylene (PP) and poly(ethylene terephthalate) (PET) electrets stored at
different humidity levels were studied. Polymer films were irradiated in air by a *°Co source with total doses of 5 kGy
accumulated in a single step at a dose rate of 0.25 kGy/h. After irradiation, the samples were charged in a corona discharge
system, which consists of a corona electrode, a grounded plate electrode, and a metal grid placed between them at two
polarities - positive or negative. All investigated samples were stored in desiccators at different humidity levels (0%, 55%
and 100%). After that, the surface potential was measured periodically out of the desiccators by the method of the
vibrating electrode with compensation. Time storage dependences of electrets surface potential at different relative
humidity levels for all samples were investigated. The results obtained were analyzed with the percolation model. The
percolation model was used to consider the surface potential decay of electrets. The model allowed to analyze the surface
potential decay of the gamma irradiated electrets, caused by the influence of the humidity at which they were stored. It

was established that the higher values of the relative humidity led to a faster decay of the surface potential.

Keywords: polypropylene, poly(ethylene terephthalate), electrets, humidity, gamma irradiated

INTRODUCTION

Electrets are dielectric materials capable to retain
electric charges over a long period of time and to
create an external quasistatic electric field. They
have been a field of investigations for many years [1,
2]. Over the years, considerable interest has been
shown in the surface potential decay of corona
charged polymeric materials. Besides the electrets
materials and conditions of producing electrets the
surface potential decay depends on a number of
factors under which the electrets have been stored or
used, for example temperature, humidity, pressure,
gamma irradiation, etc. [3-6]. For the formation of
electrets  different polymeric  materials as
polypropylene and poly(ethylene terephthalate) are
widely used, because of their important commercial
significance, structure and appropriate mechanical
and electrical properties [7-9].

The influence of gamma irradiation of 5 kGy and
25 kGy on the stability of electret characteristics of
corona charged PP and PET films was investigated
by following the surface potential decay with time
and with sample's storage temperature [10].
Significant changes in the electrets behavior of the
polymer films after gamma irradiation were
established. The surface potential decay depended

* To whom all correspondence should be sent:
E-mail: iviaeva@yahoo.com;
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on factors such as the corona polarity, the type of
material and the irradiation dose. At 25 kGy the
gamma irradiation induced enhancement of the
electrets efficiency of the PP films which achieved
the highest value. The possible mechanisms of
surface potential decay responsible for the observed
irradiation dependent behavior are discussed.

The aim of this paper is to investigate the
influence of relative humidity on the surface
potential decay of non-irradiated and gamma
irradiated PP and PET corona electrets.

EXPERIMENTAL
Sample preparation

Isotactic polypropylene films with thickness of
20 pum (Assenova Krepost LTD, Bulgaria) and
poly(ethylene terephthalate) films with thickness of
40 um (Hostaphan RNK, Mitsubishi Polyester Films
GmbH, Germany) were used. The polymer films
were cleaned in an ultrasonic bath with ethanol for
four minutes then washed in distilled water and dried
on filter paper under room conditions. Samples of 30
mm diameter were cut from the clean films and
subjected to gamma irradiation treatment.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Gamma irradiation of the samples

Right after the samples were prepared, they were
gamma irradiated. The samples were placed in
special holders inside a metal tube under the *“°Co
gamma source. The irradiation was performed in air
at room temperature by a **Co source with total dose
of 5 kGy at dose rates of 0.25 kGy/h. It was checked
by thermometric control that the sample
temperatures during the irradiation did not
appreciably increase above room temperature. This
was expected because of the low dose rate of the
irradiation.

Corona charging and surface potential
measurements

The samples obtained were charged in a corona
discharge. The experimental set up described in [11]
consists of a corona electrode (needle), a grounded
plate electrode and a grid placed between them. The
samples of the non-irradiated (0 kGy) and gamma
irradiated (5 kGy) PP and PET films were charged at
a room temperature for 1 minute. Positive or
negative 5 kV voltage was applied to the corona
electrode. 1 kV voltage of the same polarity as that
of the corona electrode was applied to the grid. The
electrets surface potential of the charged samples
was measured by the vibrating electrode method
with compensation by which the estimated error was
better than 5%.

Storage of the samples at different relative humidity

After charging, all investigated samples were
stored in desiccators at different relative humidity
(RH = 0%, RH = 55% and RH = 100%) for 200 days
at room temperature. The relative humidity in the
desiccators was measured with hygrometers. The
surface potential was measured periodically out of
the desiccators.

The values of the relative humidity were obtained
by chemical solutions shown in Table 1.

Table 1. Relative humidity.

Number of the

0,
desiccator RH, %
1 dry air 0
water solution
2 of Mg(NO3); 33
3 water 100

Computer analysis

The percolation model was used to analyze the
experimental results obtained. A model that allows
to analyze electrets surface discharge and to reveal
the significant influence of the humidity level at

which they have been stored is the model proposed
by Kuzmin and Tairov [12, 13] based on the
simultaneous utilization of the percolation theory,
and the Kolmogorov’s concept for the 2D kinetics of
nuclei formation.

A computer program based on the percolation
model was developed. The program selects the most
appropriate parameters for which possible ranges of
values have been created. Five parameters
determining the relaxation of the electrets charge
were obtained:

X = o(?) — the rate of nuclei formation per unit
time and unit area;

X2 = q(r) — the part of the electrets surface
remaining free from such nuclei at the time of
completion of electrification;

X3 = Vy; and X4 = V> — the rate of growth of the
adsorbed nuclei as V() = Vo exp (= t/7) + Voo,

Xs = flg, where f = V — the steady state values of
the surface potential and g = Vp — initial surface
potential.

RESULTS AND DISCUSSION

Time storage influence on the electrets surface
potential decay

The dependences of the normalized surface
potential on time storage for positively and
negatively charged non-irradiated and gamma
irradiated PP and PET films were studied for 200
days. The surface potential was measured
periodically once in a week for the first 80 days when
the charge was rapidly decaying. After this period,
steady state values of the surface potential were
established for all investigated samples. Time
dependences of the normalized surface potential for
positively and negatively charged non-irradiated and
gamma irradiated PP samples are presented in Figs.
1 and 2, respectively.

In Figs. 3 and 4 the time dependences of the
normalized surface potential for positively and
negatively charged non-irradiated and gamma
irradiated PET samples are presented.

Each point in the figures is a mean value of 5
samples. The calculated standard deviation was
better than 5% of the mean value with confidence
level 95%.

The experimental results presented in Figures 1—
4 show that:

v" The values of the normalized surface
potential are initially decaying exponentially for the
first 80 days after which they are slowly decreasing
and are practically stabilized at 200 days. In the
initial period of time the surface potential decreases
rapidly due to the release of poorly captured charges
from the shallow energy states. After that the steady

&3
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state value is reached caused by the tightly captured
charges in the deep energy traps. This was observed
for all investigated samples. Similarly, exponential
decay of the electrets charge was observed in [14].

v' The steady state values of the normalized
surface potential for the samples charged in a
negative corona are lower than those for the samples
charged in a positive corona independently of
material type, gamma irradiation and relative
humidity.

Probably this is due to the fact that in case of a
positive corona the dominant ions are H*(H2O), and
the ones for a negative corona - CO*. Those ions are
bound in traps of various depths and they are

—d

< * - 00
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& 07 m e, RH = 100%
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released from them depending on the surrounding
conditions.

v' The steady state values of the normalized
surface potential depend on the relative humidity. It
was established that the steady state values of the
normalized surface potential are lowest for the
RH = 100%, independently of material type, gamma
irradiation and corona polarity.

We assume that on the electrets surface an
adsorption of water molecules happens, additionally
stimulated by the electrets own electric field. The
higher humidity of the medium in which the electrets
are stored leads to the higher rate of adsorption.
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Fig. 1. Time dependences of the normalized surface potential for PP non-irradiated samples at both types corona

charging: a) positive and b) negative.
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Fig. 2. Time dependences of the normalized surface potential for PP gamma irradiated samples at both types corona

charging: a) positive and b) negative.
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Fig. 3. Time dependences of the normalized surface potential for PET non-irradiated samples at both types corona

charging: a) positive and b) negative.
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Fig. 4. Time dependences of the normalized surface potential for PET gamma irradiated samples at both types corona

charging: a) positive and b) negative.
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Fig. 5. Time dependences of the normalized surface potential for PP gamma irradiated samples, charged in a positive

corona and stored at RH = 100%.

Comparison of the theoretical and experimental
time dependences of the normalized surface
potential

The experimental results obtained were analyzed
by a computer program based on the percolation
model. Experimental and theoretical curves for
gamma irradiated PP and PET samples charged in a
positive corona and stored at relative humidity 100%
are presented in Figs. 5 and 6. Analogous curves

were obtained for all investigated samples. The
results presented in Figs. 5 and 6 show very good
coincidence of the experimental and theoretical data.
Therefore, the percolation model describes very well
the influence of relative humidity for all investigated
electrets.

The values of the five parameters determining the
relaxation of the electrets charge obtained after the
computer processing of the experimental results for
PET samples are presented in Table 2.
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Fig. 6. Time dependences of the normalized surface potential for PET gamma irradiated samples, charged in a positive

corona and stored at RH = 100%.

Table 2. Parameters determining the relaxation of electrets charge for non-irradiated and gamma irradiated PET

samples, stored at RH = 0% and RH = 100%.

Samples a.10° , m2g! q

Vo 10752 mst 7,107 ms?!

flg

Positive corona,
non-irradiated,
RH=0%
Negative corona,
non-irradiated,
RH=0%
Positive corona,
gamma irradiated,
RH =0%
Negative corona,
gamma irradiated,
RH =0%
Positive corona,
non-irradiated,
RH =100%
Negative corona,
non-irradiated,
RH =100%
Positive corona,
gamma irradiated,
RH =100%
Negative corona,
gamma irradiated,
RH =100%

0.033 0.570

0.194 0.570
0.071 0.570
0,089 0.570
0.173 0.570
0.332 0.570
0.373 0.570

0/.384 0.570

0.079

0.005

0.003

0.003

0.055

0.052

0.072

0.063

0.065 0.650

0.003 0.550
0.068 0.500
0.042 0.460
0.032 0.029
0.022 0.027
0.001 0.035

0.003 0,031

Analogous data were obtained for all investigated
samples. The results presented in Table 2 show that:

v The values of parameter X, are equal for all
investigated samples, i.e. the part of the electrets
surface remaining free of the adsorbed phase until
charging is complete is the same. We suppose that
the adsorption on the electrets surface and the
formation of clusters is significantly stimulated
during electrification. However, it is obvious that the
charging conditions of the electrets (positive and
negative corona) do not affect the amount of
adsorbed phase.
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v' The rate of growth of the adsorbed nuclei
depends on the parameters X3 and X4. X3 has a
determining role at the initial moment after charging,
and X4 determines the electrets behavior after a
sufficiently long time.

v' The parameter Xs depends on the relative
humidity. It was established that Xs is lowest for the
RH = 100%, independently of material type, gamma
irradiation and corona polarity. Therefore, the higher
humidity in which the electrets were stored leads to
the greater rate of adsorption.
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CONCLUSION

The influence of different relative humidity
levels on surface potential decay of PP and PET non-
irradiated and gamma irradiated films were studied.
It was established that the higher values of the
relative humidity led to a faster decay of the surface
potential. The percolation model allowed to analyze
electrets surface discharge, and to reveal the
significant influence of the humidity level at which
they have been stored. This is extremely important,
and should be taken into account in the study of the
stability of electret sensors and devices that are used
at room temperature and function under real
conditions involving various humidity levels.
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Aimed chemical biosensor applications, we have experimentally studied the electrical impedimetric response of
Langmuir-Blodgett (LB) nano-thin monomolecular films of phospholipid dipalmitoyl-phosphatidyl-ethanolamine
(DPPE) to methanol vapors. DPPE LB films were deposited on planar interdigital electrodes. The ability of such
sensing element based on LB films with a thickness of about 3 nm to detect methanol vapors at ambient temperature
was estimated by measurements with electrochemical impedance spectroscopy in the frequency range 0.1 Hz — 100
KHz of the applied electric field. DPPE LB films were exposed to methanol vapors at concentrations in the range from
80 to 320 mg/dm’. Being in contact with methanol vapors, a significant decrease in the surface resistance of the studied
LB films was observed. This effect was reversible. The results also showed a clear change in dielectric properties of the

DPPE LB films affected by methanol vapors.

Keywords: electrochemical impedance spectroscopy (EIS); gas detection; Langmuir-Blodgett films; methanol vapors;

phospholipids.
INTRODUCTION

Methanol is widely used in various industries
(organic synthesis, pharmaceutical and plastics
industry) for the production of e.g. dyes, drugs,
detergents, pesticides, explosives. Methanol is a
toxic compound, in particular by inhalation of its
vapors and can injure the eyes. Furthermore, the
methanol vapors are flammable and explosive. That
is why the detection of the presence of methanol
vapors is very important for protection of both
human health and the environment. For detection of
methanol and for safety purpose, various methods
can be used. Most of the high-performance
analytical methods currently used, e.g. gas
chromatography or mass spectroscopy, are
laboratory methods for measurement and thorough
analyses. More desirable option is the use of an
appropriate sensor because of the possibility of
quick measurement in the place of potential threat.
Among the large variety of sensor elements, micro-
devices and systems for chemical sensing, are those
based on films prepared by Langmuir-Blodgett
(LB) technique [1-7]. In particular, LB films have
been employed as active layers for gas sensing [8],
including surface-acoustic-wave resonator (SAWR)
sensors for methanol vapors [9]. The application of
lipid LB films to design biosensors for harmful
gases is of research and practical interest. In this
direction, besides the optical methods, appropriate
and advantageous is the use of electrochemical
impedance spectroscopy technique (EIS) as an
electrical method of detection.

* To whom all correspondence should be sent:
E-mail: georgibh@issp.bas.bg
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The employment of interdigitated array electrodes
is promising for bio- and chemical sensor
applications because in this case the detection
sensitivity becomes much higher than the sensing
by use of conventional configuration of two
metallic electrodes [10—14]. Such microelectrode
arrays are very suitable for gas sensor and
biosensor applications, and for construction of
micro-sensor devices owing to their simple
structural design and ease of fabrication [10, 15].
Interdigitated microelectrodes and EIS have been
used as chemical sensors and to identify odors [11,
16]. Very recently, a measuring technique using
surface acoustic-wave resonators and gravimetric
method for detection were successfully applied to
assess the impact of vapors of several volatile
organic compounds on LB films of phospholipid
dipalmitoyl-phosphatidyl-ethanolamine (DPPE)
deposited on interdigitated microelectrode arrays
[17]. In particular, the influence of the adsorbed
methanol on the properties of such mass-sensitive
sensor element was studied [17]. In the present
work, we tested DPPE LB nano-thin LB molecular
monolayers deposited on interdigitated
microelectrodes to detect and quantify methanol
vapors by means of EIS. DPPE molecule is
appropriate  and  promising for  biosensor
applications owing to the two long hydrocarbon
tails with 15 CH» groups each (Fig. 1a) that may
provide excellent adsorption of some gases (such as
methanol) with possible high sensitivity by sensor
applications.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. (a) Chemical structure of DPPE; (b) a sketch of the experimental set-up.

EXPERIMENTAL

LB molecular monolayer of phospholipid DPPE
with a nanometer thickness [17] was deposited on
the surface area of patterned planar interdigitated
gold  microelectrodes.  For the  purpose,
microelectrode array structure of SAWR [17, 18]
was used. The substrate material of SAWR was
quartz. The mean thickness of the studied DPPE LB
films was estimated to be about 3 nm according to
the measurements by small-angle X-ray diffraction
(similar to those described in [19]), as well as
measured with atomic force microscopy [17, 18].
The use of interdigitatal electrodes (two metallic
electrodes in a comb shape, Fig. 1b) aims at
considerably enhanced sensitivity of the electrical
detection. In our case, they had a height (thickness)
of 100 nm and a width of 1.7 um, the electrode
spacing (separation gap) was 1.7 um (Fig. 1a). The
other technical parameters and the topology of the
planar interdigitated microelectrode array are given
in details in [20]. EIS combined with similar
microelectrode structures is advantageous for
electrical sensing [10, 15].

The experimental set-up used in the present
work is illustrated in Fig. 1(b). The examined gas
detector element, composed of DPPE LB film
deposited on interdigitated microelectrodes was
placed inside a glass exicator and connected to an
electrical impedance-meter (outside the exicator).
Liquid methanol in a Petri dish was evaporated at
constant temperature in the exicator. The
concentration of methanol vapor in the exicator
volume was varied from 80 to 320 mg/dm®. The
vapor  concentration was  determined by
measurement of the weight loss of the liquid
methanol in the dish by means of sensitive
clectronic balance. The experiments were
conducted after temperature stabilization of the
exicator. During the measurements, the temperature
was kept fixed at 26 = 0.1 °C, outside as well as
inside the exicator. A sensitive thermo-couple

inside the exicator was used as a reference sensor
interfaced to an electronic device for additional
control of the interior temperature in the
measurement chamber.

The electrical impedimetric behavior of the
DPPE LB molecular monolayer upon exposure to
methanol vapors was studied by EIS technique in
the frequency range 0.1 Hz — 100 kHz. This range
was selected because no clearly observable effect of
methanol vapors on the impedances was observed
at frequency above 100 kHz in our tests under the
present experimental conditions. EIS measurements
were performed at room temperature, with an
electrical impedance meter SP-200 (BioLogic
Science Instruments, France) controlled by a
computer. The frequency spectra of complex
electrical impedance in the plane of the LB film
were recorded at AC sinusoidal probe voltage of
amplitude 1 V (RMS). The measurements were
performed in a grounded Faraday cage to avoid the
interference of the external field strength with the
measured electrical signal.

RESULTS AND DISCUSSION

By EIS technique [21-23], the raw experimental
data - both real and imaginary parts of the complex
electrical impedance, ReZ and ImZ, respectively,
were simultaneously measured as a function of the
frequency f of the AC electric field applied on the
sample. Fig. 2 presents the frequency spectra of
ReZ and ImZ measured for the studied DPPE LB
film exposed to methanol vapors at various
concentrations. It can be seen that in the presence
of methanol vapors, the impedance values of the
DPPE LB monolayer may greatly decrease. By
gradually increasing  concentration of methanol
vapors, gradually reduced impedances are
registered in the low-frequency region of the
spectra. The effect is more clearly pronounced for
ImZ spectra. It is well known that the decrease in
ReZ(f) and ImZ(f) values toward the zero frequency
is related to the decrease of the Ohmic resistance
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and the electrical capacitance, respectively [21-23].
By dielectric in capacitor-like geometry, the
decrease in ReZ(f) and ImZ(f) values toward the
zero frequency is caused by the electrode
polarization (EP) effect. At low frequencies, this
process dominates over the other dielectric
polarization processes. EP is an accumulation of
long-distance traveled charges at the interfaces
between the electrode and the dielectric film. The
strong contribution of EP could be expected by the

interdigital microelectrode arrays like the
configuration used in this work.
10"
10" % (a) 210 mg/dm®
10" R —— 270 mg/dm®
E 188 320 mg/dm3
N 107 S
¢ 10°] ——0
10°4 ——80 mg/dm®
183 —150 mg/dm3

_ImZ[9]

f1Hz]

Fig. 2. Frequency spectra of real ReZ (a) and

imaginary ImZ (b) parts of complex -electrical
impedances measured for DPPE LB film deposited on
interdigital electrodes, being exposed to methanol
vapors. The concentrations (mg/dm?®) of the vapors are
given; 0 corresponds to methanol gas-free case. The
temperature was 26 °C.

The observed changes of the impedance
behavior were reproducible and reversible — by
removal of methanol both ReZ and /mZ impedances
return to the spectra corresponding to the initial
vapors-free case. Because of considerable methanol
gas-induced change, the impedimetric response of
the examined DPPE LB films can be used for
detection of methanol in gas phase.

Fig. 3 shows the Nyquist plots (-ImZ versus
ReZ) for the DPPE LB film. The depressed
semicircles in the high to medium frequency
regions of the analyzed frequency range in these
complex impedance diagrams point out an
electrical conduction process [21-23]. The
conduction can be attributed to the adsorption of
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the methanol gas molecules on the surface of the
DPPE LB film. The adsorption of methanol gas
molecules on the surface of the DPPE LB film
deposited on interdigital microelectrodes was
evidenced by a gravimetric method of detection
where the mass of the adsorbed gas is directly
measured [17, 18]. The mechanism of interaction
between methanol gas molecules and phospholipid
DPPE LB molecular monolayer is rather
complicated because of the competition between
the rates of adsorption and desorption of the gas
molecules. Generally, the stable detection of
methanol vapors by the considered DPPE LB films
should be achieved at the equilibrium of the rates of
adsorption and desorption (the equilibrium is hard
to be described by mathematical equations).

In our case, the adsorption of the methanol gas
molecules on the surface of the phospholipid DPPE
LB film is assisted by the electrostatic interactions
at the surface or near the surface [24, 25] of the
phospholipidic LB film, namely electric dipole-
dipole intermolecular interactions between the polar
head of phospholipid DPPE molecular structure and
the dipolar methanol molecules. As known, the
permanent electric dipole moment of methanol
molecule in the gas phase at room temperature is
1.7 D. As a result, an increase of the concentration
of adsorbed methanol gas molecules leads to a
strong effect on the electrical impedances of the
DPPE LB molecular monolayer, expressed in an
increase of its electrical surface conductivity.

Methanol
mg/dm3

2x10"1 (@)

—80
—150
210
—270
—320

1x10"" 1

-ImZ [Q]

0 > -
0 5.0x10"° 1.0x10"" 1.5x10"

(b) Methanol
mg/dm3

.9. 10" —380
NE —150
210
h 109_ —270
—320

LLRLLLI LU LLL L LLL BRI B
10°  10° 10" 10"
ReZ [Q]

Fig. 3. Nyquist plots for complex electrical
impedance measured for DPPE LB film exposed to
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methanol vapors at various concentrations: (a) and (b)
are the plots in linear and logarithmic scale, respectively.

From the Nyquist plots one can see that the
diameter of the semicircles decreases with
methanol concentration. The points of interception
of the semicircles, or their extrapolations, with the
ReZ-axis move to the lower impedance values as
the concentration of methanol vapors increases
(Fig. 3). This large change can be clearly registered
by EIS. In particular, the reduction of ReZ values is
related to a decrease of electrical resistivity of the
DPPE LB film, in our case the surface resistivity.
Hence, the influence of methanol gas on the
impedance of DPPE LB film deposited on
interdigital microelectrodes studied here can be
used for reliable detection and quantification of
methanol vapors by means of EIS. Note that the
decrease of surface resistivity is relevant to an
increase of the in-plane electrical conductivity of
the DPPE LB film. The LB film can be considered
to have a domain structure like many slabs that are
closely located at the LB film surface and have
close but somewhat different dielectric properties.
The electrical current rises due to the flow of free
electric charges across each slab, and the capacitive
current rises due to the accumulation of charges at
the boundaries between the slabs [26, 27].

In Fig. 3 it is also seen that at low frequencies
the large depressed semicircle is followed by a
loop. The latter is due to capacitive charging of
gold interdigital microelectrodes and corresponding
decrease in LB film resistance at low frequencies.
Actually, the loops that takes place in the two-
electrode setup applied in the present study result
from the change in the resistance of the LB film
due to diffusion of mobile electric charges into the
LB film.

Clearly, the wvariations in the frequency-
dependent electrical impedance values due to the
impact of the methanol vapors is relevant to the
modification of dielectric properties of the LB film,
i.e., the change in its complex dielectric
permittivity. The semicircles in Nyquist plots (Fig.
3) contain information on the change of dielectric
properties of the studied DPPE LB film. The
spectral changes seen in Fig. 2(a,b) suggest changes
of dielectric relaxations [28-31] in the LB
monolayer exposed to methanol vapors. This
response of the LB film is related to the
modification of its dielectric properties due to
adsorbed  methanol gas molecules. Such
modification can be correlated with the frequency
fuax corresponding to the characteristic local
maximum in each of the /mZ(f) spectra recorded for
DPPE LB films in the presence of the methanol

vapors (Fig. 2b). As seen from Fig. 2(b), the
observed peak in ImZ(f) spectra is shifted towards
the higher frequencies as the concentration of the
methanol vapors increases. This frequency shift
(Fig. 4) can be also used for detection and
quantification of methanol vapors by EIS
technique.

Additionally, the tangent loss (tand) can also be
used to characterize the change of the dielectric
properties of the studied DPPE LB monolayer
affected by methanol vapors. The value of tand can
be determined from the measured impedances: tand
= Ime/Ree = ReZ/(-ImZ), where ¢ is the complex
dielectric permittivity of the studied LB layer. Note,
the values of ¢ for the tested conditions could be
very difficult to be exactly determined owing to the
complicated geometry of the electrodes and the
geometry of the deposited LB layer.

As a demonstration of the change in the
dielectric properties of the studied DPPE LB
monolayer affected by methanol vapors, Fig. 4(b)
presents the calculated zand vs the frequency of the
applied electric field. In contrast to the measured
impedances (recall Fig. 2), the sensing effect is well
pronounced in a larger frequency range, in our case
0.1 Hz < f < 1 kHz), where a straightforward
increase of fand value with the increase of methanol
gas concentration takes place (Fig. 4b). Clearly, in
this way one can perform a secondary
quantification of the methanol gas concentration by
use of DPPE LB molecular monolayer and EIS.

104
1(a) o
¥ -
= 14 -
o o
£
0.1 T T T T
100 200 300

Methanol vapors [mg/dm3]

Methanol ——0
5 ——80

mg/dm~ ——150
210

—270
——1320

(b)
001 RLRLLLL BELELRLLLL LR BNLELRLLLL BRLBLRLLLL LY

10" 10° 10" 10> 10° 10* 10°
fHzZ]

Fig. 4. (a) Frequency f... determined for the studied
DPPE LB film vs the concentration of methanol vapors;
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(b) Tangent loss for DPPE LB film vs the frequency of
the applied electric field.

The full description and physical interpretation
of the modification of the electrical and dielectric
properties of the DPPE LB film exposed to
methanol vapors requires data obtained by
modeling of the complex electrical impedance and
complex dielectric spectra, as well data from
complementary electrical measurements, e.g., by
use of linear voltage sweeping voltammetry and
cyclic voltammetry. Since the LB film morphology
could affect the process of adsorption of methanol
gas molecules on the film surface, the structural
properties of the LB film at macro- to nano-level
have to be also taken into account, hence the
physical  interpretation would be  rather
complicated. In particular, the LB film morphology
will strongly affect the analysis of impedance
spectra for extraction of numerical information by
fitting an equivalent electrical circuit [27, 32]
assembled by resistors and capacitors representing
the dominant components of the studied LB film
[26, 27].

CONCLUSIONS

In summary, the electrical impedimetric
response of a phospholipid DPPE LB film to
methanol vapors was studied at room temperature
by applying electrochemical impedance
spectroscopy (EIS). DPPE LB film deposited on
interdigitated microelectrodes was examined at
various concentrations of methanol vapors. The
results show that the changes in the complex
electrical impedance of DPPE LB film due to
adsorption of methanol gas molecules are well
detectable. In particular, the reduction of the
surface resistivity of the DPPE LB film deposited
on interdigitated microelectrodes can be used for
detection of methanol vapors. Besides the electrical
impedance characteristics of the DPPE LB film, the
adsorbed methanol gas molecules lead to
frequency-dependent variations in its dielectric
properties. Such changes of the impedimetric
response can be also used to detect methanol
vapors.

The results obtained from this study are
certainly promising and the methodology will be
further investigated, e.g., by measurements with a
four-electrode setup of EIS. Combining EIS and
phospholipid LB films one can develop
electrochemical biosensor micro-devices. Further,
EIS measurements can provide information on the
electrical and dielectric properties of phospholipid
LB films in the in-plane direction, as well as on
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their change upon vapors of volatile organic
compounds, such as methanol.
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Online education is based on modern ICTs, the potential of which is being revealed more and more recently. During
the long-distance learning in the pandemic conditions of COVID-19 in Bulgaria, we decided to explore the potential for
creating video lessons on YouTube and to explore some attitudes among students. A YouTube physics training channel
was set up, and students had to answer a few questions. The report presents an algorithm for creating an educational
YouTube channel and video lessons in physics, as well as summarized results of the survey among students. The questions
in the survey are designed to assess the effectiveness, visibility, and accessibility of video lessons, as well as the

motivation of students to learn from YouTube.

Keywords: Online education, physics, YouTube, video lessons

INTRODUCTION

There is an active introduction of modern
information and communication technologies (ICTs)
in modern distance learning. ICTs benefit the
presentation of teaching materials, the interaction of
teachers with their students, and the intermediate and
final control of students' advancement [1].

One of the most suitable learning tools is video
tutorials. They allow to make the lesson more
interesting, dynamic, and convincing, and a huge
flow of information is easily accessible. Such a
methodological technique as video learning allows
to better visualize the learning material and can be
an important tool for students' self-learning. This
approach can also be used as a form of distance
learning.

The relevance of the introduction of video
lessons in education is determined for several
reasons:

e  When studying the teaching material in
video format, the student can regulate the learning
process, namely to review the video from the
required place, to pause for viewing, thus studying
in detail incomprehensible (complex) or especially
important moments for him.

e The effectiveness of video lessons is
increased by the fact that the student perceives the
material given to him by two senses - sight and
hearing, therefore such material contains more
information than a single text presentation or audio
reproduction and comments.

e  The training can be held at any convenient
time and place while creating in the student a sense
of personal presence in class.

* To whom all correspondence should be sent:
E-mail: niki.nikolow87@gmail.com

As a result, it can be concluded that maintaining
an educational information channel for video lessons
is extremely important.

The creation of educational video films today is
impossible without the use of modern methods and
technologies for video data processing and initial
video recording skills. Unfortunately, not all
teachers know where to start the process of creating
a video lesson, how to write a script (or to make a
scenario of the lesson), and how to make the video
lesson more attractive according to the requirements
of the students. Based on this, one of the ways to
improve the educational process is to create
guidelines for teachers to develop video lessons.

RESEARCH METHODS

The research questions we asked ourselves at the
beginning of this study were related to the
opportunities that YouTube provides for the
development of educational channels and what are
the attitudes of students to learning from YouTube.
We also initially looked at articles on these issues.
Some of them address issues related to the potential
benefits, advantages, and disadvantages of YouTube
in the classroom [2-5], while others are more specific
concerning certain disciplines [6-9]. As a result of
our theoretical research, we concluded that there is a
need for more research, especially in connection
with the attitude of students to the educational
opportunities of YouTube.

Thus, our research work went through the
following stages:

(1) Creating a YouTube channel for the needs of
physics education in seventh grade;

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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(2) Developing a questionnaire to study attitudes
and motivation among students;
(3) Processing and analysis of the survey results.

Creating a YouTube channel

When creating your own YouTube video
channel, you have several tutorials available, such as
[10], or you can simply use YouTube itself to do so
(creatoracademy.youtube.com/page/home). The
YouTube video-sharing platform has its pedagogical
benefits in several ways:

* creating specific playlists with materials on a
given subject. This supports the learning of the
students and is a convenience for the teacher;

» creating video lessons that are recorded outside
the classroom,;

 students are taught to follow the rules for
sharing content on relevant platforms, not to violate
copyright laws, to be ethical and fair to others;

* "learning by doing" method can be
implemented to encourage students’ creativity by
creating their videos with an educational goal.

The structure of a lesson and a video lesson may
vary in some stages. According to the structure of the
modern lesson and the requirements for each stage
in the creation of educational videos, the following
points must be taken into account:

1) Stage of motivation for learning activities - a
necessary component of learning that must be
maintained throughout the lesson. Of great
importance is the clearly defined goal that is set for
students.

2) Setting a training goal - the student from the
very beginning of working with a multimedia
didactic tool must know what is required of him.
Learning objectives should be clearly stated during
the lesson.

3) Stage of updating - creating prerequisites that
support the perception of the learning material.

4) Stage of choosing a strategy to achieve the
goal.

5) Stage of initial consolidation - students solve
typical problems using the new method of action
shown in the video lesson.

6) Summary of the lesson - there must be a
connection between the set goal and the obtained
results. Additional goals of the activity may be
outlined.

It is necessary to create video lessons which
should be expressed in simple language, without
using complex definitions and formulas. This is
because when a person watches video fragments, he
first perceives the visual information and only then
the auditory information. It is also not advisable to
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create long video tutorials. It is recommended that
the duration be up to 10-15 minutes.

It should be noted that the effectiveness of video
courses on a YouTube channel is directly dependent
on the quality of the video lessons and the technical
means used. The video method places great demands
on the organization of the learning process, which
must be characterized by clarity, thoughtfulness, and
expediency. A teacher using the video method is
required to develop the ability to introduce students
to the range of studied problems, direct their
activities, and draw general conclusions.

After getting acquainted in detail with the
possibilities of YouTube for creating and
maintaining the channel, we created a short guide to
help teachers who would benefit from this. In
conclusion of our work on creating the channel (we
have chosen the video logo to be PHYSICS TV), we
can say that it is within everyone's ability to maintain
their channel.

When recording the lessons, we used
BANDICAM - a multimedia program that records
actions on a computer screen, audio, and more
(www.bandicam.com) and is easy to use. A specific
feature of the program is that it can record for up to
12 minutes for free.

Survey and target groups

For our study, we chose to make a lesson on
"Sound and Hearing" from the physics program for
7™ grade. The duration of the video lesson is about
10 minutes and it includes explanations from the
physics textbook that students study and also
contains embedded videos. The link to this video
lesson is given in [11]. You can subscribe to the
channel and see the other lessons as well. The target
audience is seventh-graders from 119. Secondary
school "Acad. Mihail Arnaudov”, Sofia and the
video tutorial is available on the Internet for
everyone. Creating a similar video lesson is within a
day.

After the students watched the video lesson, they
were asked to fill out an online questionnaire
consisting of a total of 7 questions, of which 4 with
optional answers and 3 open. The survey is
anonymous and involved 40 students.

RESULTS AND DISCUSSION

Here are the questions and the summarized
results. We provide only descriptive statistics due to
the small sample size.

Question 1: How often do you visit YouTube?

v' Very rarely -1 student;
v" Rather a several times a week - 10 students;
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v' Every day - 29 students.

The answer “Every day” was most often chosen
(=73%), followed by the answer “Rather a several
times a week” (=25%), and finally, the answer “Very
rarely” was chosen by only one person (=2 %)
(Figure 1).

How often do you visit Youtube?

M Very rarely

Rather a several
times a week

M Every day

Figure 1. Answers to Question 1

These results confirm the global statistics,
according to which YouTube is the second most
visited site on the Internet after Google. It is
therefore interesting to find out for what purpose
students visit YouTube most often.

Question 2: For what purpose do you visit
YouTube?

This question is open, but the answers allowed
them to be grouped into three main groups:

v" Music and movies - 28 students;

v I'mlooking for information about something
- 9 students;

v Education - 3 students.

This means that for the largest percentage of
students (approximately 70%), YouTube is a source
of entertainment. For approximately 22% YouTube
is a source of information and for only 8% it is a
learning tool (Figure 2).

For what purpose do you visit Youtube?

B Music and
movies

I'm looking for
information
about something

M Education

Figure 2. Answers to Question 2

The purpose of Question 3 of the survey is to
assess the educational opportunities of YouTube
according to the opinion of the students, after
watching the video lesson "Sound and Hearing". The
question has 5 optional answers, which are designed
to evaluate 4 main characteristics of video lessons:
a) effectiveness; b) clarity; c) repeatability
(information is not lost); d) accessibility. It is
possible also to choose a neutral position (only 1
student found it difficult to choose from the other
options). The summarized results are the following:

Question 3: Which of the following statements
most accurately reflects your view of YouTube's
educational opportunities after watching the Sound
and Hearing video tutorial?

v" Video lessons save time for self-preparation
- 4 students;

v' The information is
understandable - 18 students;

v'If something is not clear, I can watch the
lesson again - 5 students;

v The lesson is
anywhere - 11 students;

v" 1 do not have a clearly defined opinion - 1
student.

clearer and more

available anytime and

From these results, we see that the most students
rate the clarity and comprehensibility of video
lessons (almost 46%). Almost the same percentage
(if we combine answers 2 and 3, as they are close in
meaning) receive the other characteristics -
repeatability and accessibility (41%). Only 10%
believe that video tutorials would save time for self-
preparation. Finally, the conclusion is that video
lessons are more a means of better visibility and
comprehensibility of information, but can also be
part of students' self-preparation (Figure 3).

Question Ne 4 assesses students' attitudes towards
video lessons, and the answers (see below) can guide
students' attitudes if teachers use such lessons.

Which of the following statements most accurately reflects
your view of YouTube's educational opportunities after
watching the Sound and Hearing video tutorial?

m Video lessons save time for
self-preparation

The information is clearer and
more understandable

u If something is not clear, | can
watch the lesson again

W The lesson is available anytime
and anywhere

| do not have a clearly defined
opinion

Figure 3. Answers to Question 3
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Question 4: Which of the following statements

most accurately reflects your attitude towards

video tutorials?

v They are more interesting - 20 students;

v' They motivate me to study - 6 students;

v 1like them the most - 4 students;

v" There should be more such lessons - 10
students;

v Thave no definite attitude - 0 students.

There is not a single student who has found it
difficult to choose a position. Half of the students
find this type of lesson more interesting. Twice
fewer students (25%) are adamant that there should
be more such lessons. 15% will be motivated to learn
if there are such lessons, and 10% are adamant that
they like this type of lesson the most (Figure 4).

Which of the following statements most
accurately reflects your attitude towards
video tutorials?

M They are more
interesting

They motivate
me to study

M | like them the
most

B There should be
more such
lessons

M | have no
definite attitude

Figure 4. Answers to Question 4

Question 5 was open-ended, but the answers
allowed them to be grouped into 4 main categories:

Question 5: Indicate what you liked the most in
the lesson you watched.

v Everything - 7 students;

v" There is 3D - 5 students;

v The presentation of the lesson as a whole -
20 students;

v" Its duration — 8 students.

Half of the students liked the idea that the lesson
could be presented in the form of a video and the
video itself. 20% believe that the duration (about 10
minutes) is optimal for this type of lesson; 17% liked
everything and 13% liked the 3D (Figure 5).
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Indicate what you liked the most in the
lesson you watched

M Everything

There is 3D

20% | 17%

B The
presentation of
the lesson as a
whole

M Its duration

Figure 5. Answers to Question 5

And on Question 6: What did you not like in the
lesson?" 36 students (90%) have no remarks, two -
speaking more slowly and two more - write down the
unit of decibel.

To the last Question 7, would they give any
recommendations to the teachers who want to create
similar video lessons (or what they expect the most
from such video lessons), almost half of the students
(17 in number) do not have recommendations, 12 in
number express a wish to have more such lessons
and 11 in number, the video lessons to be of similar
duration.

CONCLUSION

At present, the problems and issues related to
distance learning are extremely relevant, and the
final product of this thesis - the created information
and education channel, is an appropriate solution.
Adding to the technological and informational
capabilities of YouTube, more work should be done
in the future to develop video tutorials, especially
since this opinion was also expressed by the majority
of surveyed students.

We hope that the modest research we have done
will motivate many teachers who are willing to
improve the quality of education and increase
students' interest in the subjects they teach to benefit
from the potential of YouTube as a learning tool.
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Analysis of problem-based learning in physics from the perspective of integrated
STEM education
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Problem-based learning is a specific instructional strategy that applies to the teaching of a variety of scientific content
in school. In this article, we analyze the main characteristics of problem-based learning and argue that it is one of the
most appropriate practices for integrated STEM education. Our arguments are based on several key concepts and
principles that are common to problem-based learning and the integrated approach to STEM. In addition, we find common
difficulties in the implementation of problem-based learning and the integrated approach, which are also discussed. This
offers new perspectives for problem-based learning in connection with the future development of integrated STEM

education.

Keywords: problem-based learning, integrated STEM education, physics

INTRODUCTION

Recently, in science education, the focus has
been on the world-famous STEM (science-
technology-engineering-mathematics) education. As
a result of several years of research on this
phenomenon called STEM, we have gained a very
thorough knowledge of its origin, its impact on
education, and the approaches and models through
which it is applied in education. The modern analysis
of the approaches and models in STEM education
reveals a tendency towards the improvement of the
integral approach. In recent years, the integral
approach in STEM has been developing under the
pressure of influential international organizations of
engineers and technologists. The question of where
"T" and "E" are in STEM education is quite fair and
standards for technological literacy are consequently
developed [1, 2]. Let us remember that the ideas of
active learning and learning by doing are inherent in
technology education and let's admit that problem-
based learning began to develop in the early 20%
century through the work of John Dewey precisely
in connection with technology education [3]. So it's
no surprise that we're looking for intersections
between problem-based learning (hereinafter
referred to as PBL) and integrated STEM
(hereinafter referred to as [-STEM).

PBL is the focus of many universities, which aim
to modernize their curricula and programs and shift
the burden from teacher-centered instruction to
student-centered learning. Other reasons to focus on
PBL are, that learning is more enjoyable with PBL.
PBL helps you learn ‘how to learn’ and critical skills
for the workplace are developed with PBL [4].

* To whom all correspondence should be sent:
E-mail: iva_georgieva@phys.uni-sofia.bg
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It is also interesting, “what employers want to see
from new graduates entering the workplace” [4]. The
author George Watson refers to a Sigma Pi Sigma
Survey of “Skills Used Frequently by Physics
Bachelors in Selected Employment Sectors, 19947
and although it was done in the distant 1994, the
listed characteristics are even more relevant: high
level of communication skills, ability to define
problems, gather and evaluate information, good
teamwork skills and the ability to work with others,
and the ability to use all of the above to address
problems and find solutions in a complex real-world
setting. It is interesting that in the list of self-reported
skills used frequently by physics bachelors in
selected employment sectors - industry, government
laboratories, and high school teaching, knowledge of
physics is placed just before advanced mathematics
in one of the last places, and not surprisingly,
problem-solving is put in the first place [4].

METHODS OF RESEARCH

This is primarily an exploratory report, the
purpose of which is to analyze PBL in physics
education but from the perspective of I-STEM
education because PBL and context-based real-life
problems in themselves or the interdisciplinary
approach are not a novelty to physics education [5-
10]. This implies a good knowledge of the
characteristics and trends of both the PBL and the
integrated STEM. Based on the available sources in
PBL and STEM education (not all of them are cited
here), we have formed our point of view on some
current issues of physics (and STEM) education in
general.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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In the analysis, we also take into account two
additional facts - that PBL and I-STEM intersect
with the new 21%-century paradigm in education,
namely the emphasis on developing certain skills on
the one hand, and the highest taxonomic level in
Andersen's taxonomy — creativity, on the other hand.

Characteristics of PBL

The basis of PBL is the research of a problem
most often through teamwork. Problems can be
clearly defined by the teacher, or unstructured by
defining different levels of problem definition [11].
Problems are also divided into routine (with a clear
decision procedure) and non-routine (without a clear
decision procedure). They can be in only one subject
area or they can be integral - combining knowledge
from different areas. PBL is a student-centered
approach in which, instead of memorizing
knowledge and solving such problems, oriented to
the use of this knowledge, a real problem is posed
and information necessary to solve this problem is
collected by the students. This approach also forms
skills for teamwork and research and develops
critical thinking and lifelong learning skills [12]. The
motivation to learn increases due to the challenge of
finding the necessary information, not just applying
what is learned in class. Seeking information also
contributes to strengthening the motivational
element in learning, strengthening the student's self-
confidence and building a sense of competence. The
reflection related to the self-assessment of the
student's activity and the evaluation of the work of
the other students is also brought up.
Communication skills, skills for presenting and
defending positions, defined as soft skills, are
formed at the stage of presenting decisions and
sharing with others their own decisions.

Some authors determine that the use of PBL has
the following main advantages: the student's
responsibility for his own achievements increases,
the learning also has an emotional character, the
skills for group activity in the distribution of roles in
the team improve, the comprehension of content is
facilitated [13].

The most difficult thing for the teacher when
applying PBL is to determine within the studied
curriculum a real significant problem suitable for
research. It must be consistent with the age of the
students and the competencies declared in the
curriculum. A preliminary analysis of the problem is
needed regarding the difficulties and challenges that
students may encounter. The different roles in the
teams, as well as the resources available to the
students should be defined. It is also necessary to

plan feedback with students at each stage when
solving the problem.

Characteristics of I-STEM

In the integrated approach in STEM, the
disciplines are studied as one discipline, without
barriers between them. This approach requires the
integration of at least two disciplines, and in recent
years there have been models of integration in all
four areas of STEM [14, 15]. This is made possible
by the entry of engineering design into curricula and
the understanding, supported by the Next Generation
Science Standards (NGSS), that the study of
practical applications of science can provide a
framework for integrated STEM education. This
new generation of standards has three dimensions
involved in teaching at all levels: (1) basic ideas
derived from the specific content of individual
disciplines; (2) scientific and engineering practices
(students are expected not only to study content but
also to understand the methods that scientists and
engineers use in their practice); (3) crosscutting
concepts applicable in all areas, such as pattern,
cause and effect, scale, proportion, quantity, systems
and system models, energy and matter, structure and
function, stability and change [16].

We see that an important element of these
standards is the integration between content and
scientific and engineering practices. It should be
noted that NGSS focuses equally on engineering
design and scientific inquiry. The entry of
engineering and technological design greatly
changes the landscape of STEM education. While in
science education students learn ideas about the
world previously accepted by science, this is not the
case with technology and engineering. Technology
and engineering acquire knowledge through design
starting from a technological problem and there are
elements of trial and error in this process.
Technological knowledge is predetermined by the
nature of the problem. The information needed to
solve a technological problem constitutes this new
knowledge, which must be acquired and which is
therefore not known before an analysis of the
problem is made. Hence the conclusion is that
content cannot be studied without a design problem
[17].

The different epistemologies of science,
technology, engineering, and mathematics are the
biggest challenge to I-STEM [17]. This
predetermines the different connections that science,
technology, engineering, and mathematics can have
in pairs. This must be taken into account in any
model of the integral approach [14]. Yet integration
can be achieved based on the goal that has been set
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and the goal is not only to acquire knowledge but
also to develop certain skills.

Intersections with 21° century skills

Both PBL and I-STEM have intersections with
21%-century skills. The skills of the 21% century,
which are fundamental to shaping the prosperity of
future generations, are defined by the National
Research Council of the United States and more
specifically, by the Board on Science Education at a
workshop in May 2007 as follows:

» adaptability - sustainable behavior in a

changing and uncertain environment;

» social and communicative skills — a
manifestation of tolerance, empathy, and
acceptance of the different;

»  non-routine problem solving - recognizing
and defining the problem, developing a
strategy for solving it, searching for new
solutions;

»  self-control - exercise of reflection, need to
learn, self-assessment;

»  systems thinking - the ability to understand
how things work, how the parts are
connected to the whole, how they interact
and how they change, and how to improve
and refine the system [18, 19].

Two of these skills - systems thinking and non-
routine problem solving - are related to science
education, in particular physics. The PBL strategy
can be integrated to achieve effectiveness in terms of
these two qualitative characteristics of personal
behavior. Systems and non-routine thinking are the
basis for the formation of the cognitive level of
creativity in physics education.

Systems thinking is formed in science education
as a system of knowledge that is classified in the
process of its creation and is based on the use of
conceptual apparatus, models and laws — the core of
science. Systems thinking requires knowledge of the
structure of scientific theory, the limits of the models
we use, and the methods of scientific research. This
is knowledge of epistemological and procedural
nature, defined in the PISA programs [20].

Scientific knowledge, part of which is studied in
school, is structured - there is a system of concepts,
laws, models, and theories. It has a collective
character and develops by changing models. Its
purpose is to reach a conceptual description,
explanation, and prediction of facts and phenomena.
Through systems thinking we can distinguish the
different categories of knowledge - facts, concepts,
laws, and models, which are in different
relationships and different degrees of generalization.
For example, physical laws have great predictive
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power, and the theory explains the facts. The
formation of systems thinking in the study of physics
is also presupposed by its object of study - natural
phenomena and processes that take place in different
systems [21].

The conditions in which the systems exist
determine the causes and consequences of natural
phenomena.  Understanding how  changing
conditions affect consequences is an important
element of systems thinking and is the basis for
understanding how systems work. Nature itself
teaches us to think systematically when we study it.
It sustains life by creating and operating systems.
Understanding that the behavior of systems in nature
depends on all its parts, and that the lack or
imbalance in one part of the system affects the
normal functioning of others, is a basic idea in the
formation of systems thinking in students. Important
concepts here are the modeling and visualization of
systems, as well as defining the boundaries within
which they exist.

PBL is an approach through which systems
thinking can be formed by organizing learning so
that in the process of solving physics problems
clearly distinguish the individual elements of
scientific knowledge - fact, concept, law, model,
theory, etc. This also forms competencies related to
the application of procedural and epistemological
knowledge, defined as important in the study of
natural sciences.

Non-routine  problem  solving  requires
researching a wide range of information, recognizing
existing models and developing a strategy,
integrating seemingly unrelated information, as well
as generating new solutions, and switching to
another strategy if the developed one works no
longer [22]. It also requires creative thinking, which
is the highest cognitive level in Anderson's
taxonomy [23].

In connection with I-STEM and creativity, some
authors believe that Anderson's taxonomy is more
relevant and helpful for engineering and
technological education because “creating lies at the
heart of engineering and technology” [24]. We
further agree that developing metacognitive
knowledge which is the fourth category in Anderson
& Krathwohl’s knowledge dimension is a basis for
active learning not only in engineering but in I-
STEM and PBL as well. Both Bloom’s and the
revised Bloom’s taxonomies are appropriate to
develop the levels in the PST — the problem-solving
taxonomy [24, 25]. We can also refer to a PPST — a
physics problem-solving taxonomy presented as a
useful instructional tool to teachers [26].
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CONCLUSION

Both PBL and I-STEM are rooted in
constructivism which means developing new
knowledge rather than learning by heart. But other
characteristics connect PBL in physics education
and [I-STEM. These are teamwork and developing
other 21%-century skills. PBL is sometimes
described as an instructional strategy in which
students confront conceptually ill-structured
problems and this type of task is very typical for
engineering and consequently for I-STEM. IlI-
structured problems are very often rooted in real-life
situations and require meaningful solutions (not
always unambiguous). Strategies for solving this
kind of problem are developed in both PBL and I-
STEM.

Both PBL and I-STEM have great potential to
improve education in general but there are some
challenges to their implementation. As oriented
towards higher cognitive levels, they require new
strategies at the policy and management level and
flexible curricula that provide the time needed to
accomplish goals and objectives. Certain changes in
the educational space are necessary to facilitate
teamwork regarding PBL and cooperation with
communities of practice regarding I-STEM. Content
that covers different areas of knowledge and
competencies is based on both PBL and I-STEM and
has to be found and included in cognitive problems.
This also leads to changes in teachers’ professional
development and implementation of new
instructional methods, like design-based methods,
for example. Despite these difficulties, the
challenges of the 21 century make us think that PBL
and [-STEM should and will develop and the trends
we notice prove it.

Acknowledgement: This work was supported by the
Research Fund of Sofia University under contract
number 80-10-142/26.03.2021.
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Many large educational institutions and international studies point out that collaborative problem solving is a key
competence for the successful integration of students into society and the workforce. Therefore, teachers need to apply
methods and activities that develop students' teamwork skills. But for two school years now, we have been facing the
challenges of distance learning because of the coronavirus crisis. Lacking the possibility of full attendance of students in
the classroom, there is a need for an innovative and flexible approach to be applied by teachers to be able to cope with
this emergency. This report examines the possibilities for implementing collaborative activities in the high school physics
course during the hybrid model of learning. Surveys were conducted among students from ninth to eleventh grade to
investigate whether there is an increase in interest in physics and STEM disciplines if collaborative activities are

implemented in high school physics courses during the hybrid model of learning.

Keywords: collaborative activities, hybrid learning, collaborative problem solving, physics education

INTRODUCTION

There is no doubt that education systems around
the world face enormous challenges. The
coronavirus has caused huge changes around the
world. Education is one of the most affected
systems.

But even before the coronavirus, educational
systems had to meet new challenges and change so
that students could successfully integrate into the
future world of innovation and technological
change. Leading world organizations such as
UNESCO at the UN, the European Parliament, the
Council of Europe, the PISA program at the OECD,
and others recommend focusing teaching efforts on
developing the skills and competencies needed by
today's students to live in the challenges of the 21st
century [1, 2]. To achieve this goal, education
systems are expected to provide high-quality
education, training, and lifelong learning for all, as
well as to assist teachers in implementing
competency-based learning approaches [3].

The main competencies that students need for
their successful integration into society and for their
successful professional realization are critical
thinking, creativity, collaboration, and
communication [4].

Collaborative problem solving was chosen by the
Organization for Economic Co-operation and
Development (OECD) as a new competence, which
was explored in the PISA international study in
2015. There are many reasons for collaborative
problem solving to be in focus. International studies
indicate that collaborative problem solving is a key

* To whom all correspondence should be sent:

E-mail: fabien.kunis@gmail.com
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competence for the successful integration of
adolescents into society and the workforce. It is also
believed that much of the planning, and problem-
solving decision-making will be done by teams and
teamwork [5].

The implementation and application of the new
competencies are important for the Bulgarian
educational system. In the PISA assessment from
2012 of the module problem solving of 43
participants, Bulgarian students were in 42nd place,
and in 2015 in the PISA assessment of the module
collaborative problem solving of 51 participants,
Bulgarian students were in 40th place [6]. These
examples show that serious changes are needed in
the Bulgarian learning environment to lead to a
qualitative improvement of skills and competencies
of the 21st century.

BENEFITS

Teamwork is a key competence that students
must possess to be successful in the 21st century.
Therefore, it is important to have sufficient quantity
and quality practices in the learning process for
students to work in a team. In this way, we can
guarantee with a high probability that students will
develop their teamwork skills through appropriately
selected team activities. Collaborative learning does
not only develop students' teamwork skills. Many
studies show different benefits of collaborative
learning [7-12].

According to research, students show a higher
level of knowledge if they have participated in team
activities.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:fabien.kunis@gmail.com

F. Kunis et al.: Applying collaborative activities in high school physics course during a hybrid model of learning

Research usually compares a group of students
who have participated in collaborative learning and
an active form of learning with a group of students
who have only listened to a lecture. The differences
in the achieved results vary, but there is a significant
difference in the results. The explanation is that
students should be an active part in discussing the
problem when working together. This stimulates
them more and makes them think more about the
problem. Whereas if they only listen to a lecture,
they are in a passive role. This passive role does not
allow them to delve into the problem and therefore
it is difficult to acquire quality and long-lasting
knowledge.

CHALLENGES

Collaborative learning has many challenges and
is not easy to implement in the curriculum. To
successfully implement collaborative learning, it is
necessary to have a proficient teacher. Many
teachers do not feel confident enough to leave their
comfort zone and try new teaching methods and
techniques.

Unfortunately, many students have “group hate”
[13]. Some students do not want to work in groups.
This can be due to various factors. Some students
are introverted. These students don't feel
comfortable talking to other people. They usually
remain silent and do not take part in discussing the
problem. The other team members begin to ignore
them and thus the opposite effect occurs. These
students are increasingly starting to dislike
teamwork [14]. In order not to get into such
situations, the teacher must know the students and
be able to make the groups feel comfortable. That's
not easy. A teacher is required to know the students
and to have some experience in managing
teamwork.

Another challenge is loafing. There are usually
students who don't take responsibility for their role,
even if it is the smallest role in the group [15]. This
leads to conflicts within the group. Students expect
everyone to do their job conscientiously. In order
not to get into such situations, the teacher should
carefully monitor the progress of the groups and, if
necessary, intervene.

An important issue in collaborative learning and
common projects is evaluation. To avoid conflicts,
the teacher from the very beginning must be sure
that the work is fairly divided between the
individual participants. Individual team members
must have agreed from the outset on how the work
will be divided. In the process of performing the
tasks, the teacher must ensure that each member of
the team performs his/her duties. The assessment

should be formed based on the individual
performance of the tasks by the student and the
demonstrated skills for teamwork. Students need to
know the criteria and agree to the procedure from
the outset.

Our research in the presented report is oriented
to study the attitudes of students to work in a team
in a hybrid form learning environment using two
methods - Peer instruction and JIGSAW. The main
method of research is a survey, which is conducted
twice - during the first term without the use of both
methods and during the second term, after training
students in employing the suggested methods.

We defined the research tasks as follows:

1. Compiling and evaluating questions to
survey attitude to teamwork.

2. Analyzing survey data after the first term.

3. Developing methodological cases that apply
methods of teamwork for three groups of classes.

4. Evaluating the results of the survey after
applying the methods of Peer instruction and
JIGSAW in the same sample of students in the
second term.

5. Performing comparative statistical analysis
for estimating the differences in attitudes based on
the results of the two surveys.

EXPERIMENT

During the 2020-2021 school year, the learning
process took place in a hybrid form that is alternated
periods of face-to-face education and those in an
online environment. In the online environment, the
lessons were conducted via online video meetings,
using the Google G Suite platform for education.
During the study, the possibilities of information
and communication technologies were used to see if
collaborative learning could be used effectively by
teachers in an online environment. For this purpose,
we focused on two methods of collaborative
learning. These methods are Peer instruction and
JIGSAW. Many resources describe the
implementation of Peer instruction and JIGSAW in
a learning environment. But these resources
describe face-to-face education. Therefore, we
wanted to implement these methodologies in an
online environment and see where the difficulties
are.

To achieve the objectives of our study, we
implemented both methodologies for cooperative
learning during the second term of the 2020-2021
school year. During the first term, students did not
have a learning process that used the methodologies
of Peer instruction or Jigsaw. The students were in a
hybrid form of learning. During online learning,
students had cooperative projects. These
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cooperative projects consisted in making joint
presentations or posters on a particular topic. During
the first term, students used the following software
to conduct online classes: Google G Suite for
Education, Google Meet, Google Slides, Google
Sheets, Google Docs, and Jam Board. At the
beginning of the second term, before implementing
the two methodologies, we asked the students
questions through the Likert scale. A five-point
Likert scale was used for evaluation. The following
scale was used: not at all (1), no (2), neutral (3), yes
(4), and very much (5). After completing the
educational process using both methodologies at the
end of the second term, we asked the same questions
again. The questions are:

Q1. Did you like the physics course?

Q2. Did you like the team projects during in-
person learning?

Q3. Did you like the team projects during online
learning?

Q4. Did you like the software tools?

Q5. Would you like to have more team
activities?

Two ninth-grade classes, two tenth-grade
classes, and one eleventh-grade class were included
in the survey. The number of participants was 109,
of which 49 were in ninth grade, 41 were in tenth
grade and 19 were in eleventh grade. In ninth and
tenth grade, one class majors in mathematics and
physics, while the other has a humanities profile. In
the eleventh grade, only the class with majors in
mathematics and physics participated, because the
humanities class does not study physics in a
curriculum. Peer instruction is a very popular
method for collaborative learning developed by
Mazur [16]. The teacher prepares materials on the
given topic in advance. These materials can be short
text or video. The teacher then gives these materials
to the students to get to know them before class.
Students get acquainted with the materials and mark
or comment on things that are unclear to them.
Based on the comments, the teacher chooses what to
specify in the short lecture. He/she then asks
questions to test students' knowledge and
understanding. Students have a short time to answer
questions, usually one minute per question. It should
be noted here that they respond individually. They
then gather in groups of up to five people. In the
group, students discuss the questions and discuss
which answers are correct. They usually have three
to five minutes to discuss. The teacher then asks the
same questions again. Students again answer
individually. The results are compared and
depending on the number of correct answers the
teacher decides whether additional explanations are
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needed or can move on to the next topic. This
method has proven its effectiveness in the
educational process. Here we will note that the
method has been tested in Bulgaria and found to
give good results [17].

At first, we thought it would be very difficult to
implement Peer instruction in online learning. But
later we were even amazed at how easy and
convenient it is to implement this method in online
learning. The technologies we mainly used were
Google G Suite for Education, Google Docs,
Kahoot, VideoAnt, and Edpuzzle. Schools in
Bulgaria mainly use Google G Suite for Education
or Microsoft Teams for online learning. Google G
Suite for Education is being used at Boyan Penev
High School. Therefore, we had to implement a Peer
instruction methodology so that it could be used
through Google G Suite for Education. Before the
beginning of each class, we posted materials on the
topic and asked questions on the topic using Google
docs for text information and VideoAnt and
Edpuzzle for videos. Students answered questions
or remarked on what they did not understand. We
noticed that even with the comments on the
questions, interesting discussions arose between the
students. Based on these answers and notes, we
created the conceptual questions to ask during the
class. The technology we used to ask questions and
poll is Kahoot. This proved to be very effective
during online training. Teachers are used to judging
by the reactions of their students whether they
understand the material and whether additional
explanations or additional examples are needed. But
during online learning, it is very difficult to see the
reactions of students. Therefore, we find this method
very useful and at the same time, it engages students
in the learning process. To make the most of our
time, we asked a series of questions. We then
divided the students into groups through breakout
rooms. Then we asked the same questions and what
we noticed was that the number of correct answers
increased significantly. This indicates that students
were able to better understand the material by
communicating with each other. For each class, we
did five lessons based on Peer instruction. Jigsaw is
also a very popular method for collaborative
learning. There are different variations of Jigsaw but
we chose to focus on Aronson’s concept [18].

The teacher introduces the strategy and the topic
to be studied. She or he divides the students into
groups. Typically, the groups consist of 3 to 5
students. These groups are commonly referred to as
home groups or basic groups. The separation can be
done at random or at the discretion of the teacher.
The goal is to get equal groups. The teacher divides
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the topic into several topics. Each student receives a
specific topic to study. Usually, the students
distribute the topics in the group themselves. The
teacher then creates the so-called expert groups.
Each expert group is responsible for a specific topic
and consists of students from the home groups who
are responsible for this topic. Students work
collaboratively in expert groups. They discuss the
problem together. Together they come to the
formulation of the problem. They are looking for the
necessary information to solve the problem. Each
student is encouraged to make a hypothesis on the
given problem and the  corresponding
argumentation. Then each student accepts or rejects
the given hypothesis by presenting his arguments.
Typically, the students in the expert groups unite
around one working solution. The students then turn
to their home groups. There, each student presents
his’/her topic and helps his/her classmates to
understand it if there are any ambiguities. The
overall solution to the problem is to combine the
solutions of the individual subtopics. Again,
students enter a discussion in shaping the overall
solution. Finally, they must reach a general solution
to the problem or a final product. Each group then
presents its overall solution or product.

The implementation of this method in the
Bulgarian educational system is a challenge. The
main problem is that the lessons are 40 minutes. The
other challenge is that teachers should be able to
combine several lessons into one larger topic. Then
divide this topic into sub-topics of the individual
students. For the implementation in the online
environment, we used the same technologies as in
Peer instruction. We usually use Jigsaw when we
give larger research projects, for example, the
colonization of Mars. We divide the class into
groups of three to five students. We divide the topic
into separate parts. An expert group is responsible
for each part. Each expert group receives materials
and is also free to find materials on its own. In the
online environment, each expert group works in
separate breakout rooms and makes notes in Google
docs. Students then return to their home groups. If
we are in an online environment again in different
breakout rooms students take notes and discuss
issues in Google docs. Finally, the whole class
comes together. Each home group presents its
solution. We ask them questions and they answer
using Kahoot. For each class, we did two lessons
based on Jigsaw.

RESULTS AND DISCUSSION

The descriptive statistics (mean, standard
deviation, and standard error) for both surveys (pre-

test and post-test) are given in Table 1. The
unidimensional reliability test shows an excellent
value of Cronbach’s alpha (0.974) in Table 2.

The exploratory factor analysis also confirms the
high reliability of the scale and its one-
dimensionality (Tables 3a, 3b).

Table 1. Descriptives

N Mean SD SE
Questionl
(Pre-Test) 109 2.945 1.145 0.110
Questionl
(Post-Test) 109 3.422 1.030 0.099
Question2
(Pre-Test) 109 3.174 1177 0.113
Question2
(Post-Test) 109 3.661 0.983 0.094
Question3
(Pre-Test) 109 3.101 1.178 0.113
Question3 109 3569 1003 0,006
(Post-Test) : - .
Question4
(Pre-Test) 109 3.101 1.146 0.110
Question4
(Post-Test) | 1% 3.550 | 0.995 | 0.095
Question5
(Pre-Test) 109 3.147 1.193 0.114
Question5 109 3.651 0.975 0.093
(Post-Test)

Table 2. Frequentist Scale Reliability Statistics

Estimate Cronbach's a
Point estimate 0.974
95% CI lower bound 0.966
95% CI upper bound 0.981

Table 3a. Factor Loadings for Pre-Test Scores

Factor 1 Uniqueness
Question3 (Pre-Test) 0.956 0.086
Question4 (Pre-Test) 0.946 0.105
Question2 (Pre-Test) 0.941 0.114
Question5 (Pre-Test) 0.937 0.122
Question] (Pre-Test) 0.920 0.153

Table 3b. Factor Loadings for Post-Test Scores

Factor 1 Uniqueness
Question3 (Post-Test) 0.943 0.112
Question2 (Post-Test) 0.912 0.167
Question5 (Post-Test) 0911 0.170
Question] (Post-Test) 0.904 0.183
Question4 (Post-Test) 0.904 0.183

Only one variable (one factor) is observed in both
pre-test and post-test factor analysis. An interesting
result is that Question 3 (Did you like the team
projects during online learning?) has the greatest
weight in the factor in both the pre-test and the post-
test factor analysis. Question 2 (Did you like the
team projects during in-person learning?) almost

109



F. Kunis et al.: Applying collaborative activities in high school physics course during a hybrid model of learning

retains its position. The same can be said for
Question 1 (Did you like the physics course?), which
ranks last and penultimate, respectively. Here it is
necessary to make more detailed research as to why
there is a big difference in the weights that the group
activities and the physics course have in determining
the factor. We will return to this question when we
discuss the mean differences and the effect size in
Table 5. For now, it is sufficient to say that the

according to Table 5. We do not check for
homogeneity variances with Levene’s test like
within the Independent T-test because we test the
same group of students.

The descriptive statistics (mean, standard
deviation, and standard error) for both of the surveys

(pre-test and post-test) are given in Table 1.
Table 4. Test of Normality (Shapiro-Wilk)

attitude towards the physics course has a little bit : : W p
improved (the weight of Question 1 increased from Questionl | Questionl 0.844 <001
5% to 4% position comparing Tables 3a and 3b). The (Pre'TeStg (POSt'_Teszt)
desire for more team activities has also increased, Question Question 0.790 <.001
. . . (Pre-Test) | (Post-Test)
i.e., Question 5 (Would you like to have more team Question3 | Question3
activities?) raised its weight from position 4 to (Pre-Test) | (Post-Test) 0.824 <.001
position 3 in Tables 3a and 3b. The largest shift in Questiond | Questiond
weights is observed for Question 4 (Did you like the (P 0.834 <.001
re-Test) | (Post-Test)
software tools?). Its weight dropped from the second Question5 | Question5
position in Table 3a to the last position in Table 3b. (Pre-Test) | (Post-Test) 0.845 <001
The mean differences in the results of the pre-test Note. Significant results suggest a deviation from
and the post-test scores will be analyzed for normality.
significance by the Paired Samples T-Test later
Table 5. Paired samples T-Test
Measure 1 Measure 2 Test Statistic df p Location SE Diff.  |Effect Size
Parameter
Question] | Questionl i i
(Pre-Test) | (Post-Test) Student 67.500 5.582 | 108 <.001 1.000 0.071
Wilcoxon | -6.837 <.001 | -0.468 -0.746
Question2 | Question2 ) i i
(Pre-Test) | (Post-Test) Student 192.500 | -5.227 | 108 <.001 1.000 0.066 0.706
Wilcoxon | -6.578 <.001 | -0.450 -0.898
Question3 | Question3 ) i i
(Pre-Test) | (Post-Test) Student 216.000 | -5.050 | 108 <.001 1.000 0.068 0.655
Wilcoxon | -6.884 <.001 | -0.505 -0.782
Question4 | Question4 ) 108 i i
(Pre-Test) | (Post-Test) Student 168.000 | -5.323 <.001 1.000 0.068 0.630
Wilcoxon <.001 | -1.000 -0.756
Question5 | Question5
(Pre-Test) | (Post-Test) Student 108 <.001 | -0.468 0.073 -0.659
Wilcoxon -1.000 -0.804
Note. For the Student t-test, the effect size is given by Cohen's d. For the Wilcoxon test, the effect size is given by the
matched rank biserial correlation.
Note. For the Student t-test, the location parameter is given by mean difference d. For the Wilcoxon test, the effect size is
given by the Hodges-Lehmann estimate.
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The unidimensional reliability test shows an
excellent value of Cronbach’s alpha (0.974) in
Table 2. Therefore, the non-parametric Wilcoxon
Signed Rank Test is preferred to the Student’s t-test
(Table 5). Again, the p-value is less than 0.05 for
all five questions and we conclude that the
differences in the mean values are statistically
significant. The absolute value of the effect size
given by the Hodges-Lehmann estimate for the
Wilcoxon test shows how big the mean differences
are. In descending order of the magnitude of the
effect, we arrange the questions as follows: Q2, Q5,
Q3, Q4, and Q1This means that the largest effects
of the intervention between pre-and post-tests are
the positive changes in the attitudes towards the
team projects during in-person learning (Q2) and
the willingness for more team activities (Q5). On
the other hand, the intervention made the lowest
effect on the attitude to the physics course and the
software tools.

CONCLUSIONS

The article evaluates the change in students'
attitudes towards teamwork in a hybrid learning
environment for two terms using the Peer
instruction and Jigsaw methods for teamwork
during the second term.

After the statistical analysis of the results
obtained through a survey of attitudes, the
following conclusions can be drawn.

The questions from the survey show a great deal
of consistency (Cronbach's alpha is above 0.9). All
questions show a change with a different statistical
difference. The use of both methods has a positive
effect on attitudes towards teamwork. Students
prefer face-to-face learning with a will to use more
diverse methods, one of which is teamwork. The
use of different software products does not affect
the attitudes toward teamwork as this generation of
students generally wants to work with computer
technology regardless of the methods their teachers
use. There is no significant change in the attitude
towards physics as a subject. The attitude towards
teamwork during the online training is the most
significant change and a positive one that we can
notice.

The use of surveys as a tool for establishing
attitudes towards certain teaching methods and
activities such as teamwork is a reliable method for
research in education. These give better valid
results with the statistical method of dependent
samples. It can serve as a diagnosis of the
effectiveness of the learning process and a basis for
decision-making related to learning objectives.

These results give us a reason to conclude that
the proposed methods can be used by teachers to
increase students' interest and motivation for the
acquisition of long-lasting skills and competencies
in the 21st century in a different educational
environment.
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The paper presents a variant for integrating knowledge about the physical nature of colors and knowledge about the
color as one of the basic artistic means in painting. The performing of real and virtual experiment provides the opportunity
to introduce and compare on the qualitative level two different models of gaining color perception: (i) Obtaining light in
random color by mixing in different proportions the light beams of three primary colors: red, green and blue; (ii) Obtaining
new colors by the mechanical mixing of paints, as in this model the three primary colors are red, yellow and blue. Specific
attention is paid to the practical application of the discussed models. The importance of the integrated lessons for the
formation of an overall world picture in the students’ minds is emphasized.

Keywords: physics education, painting, light, color, integrated approach

INTRODUCTION

According to the current syllabus, the topic of
“Light and Colors” (section “Light and Sound”) is
an important part of the 7th grade Physics and
Astronomy learning content in junior high school. It
is planned to be studied in the framework of two
lessons. The main goal is to clarify the physical
nature of colors, which is closely related to grasping
the new physical concept — light spectrum. The
curricular of study are: the colors in the spectrum of
white light; the primary colors and the result of their
mixing; the possibilities for changing the white light
through color filters and the answer to the question:
when and why bodies change their color [1].

The current study was provoked by a common
situation in the teaching practice of this particular
learning content. When the physics teacher clarifies
that the primary colors are three: red, green and
blue, the students react that this fact contradicts their
knowledge acquired in the curricular of art — the
three main colors are red, yellow and blue. 1t is
obvious that this contradiction must be resolved, and
this requires the teacher to be prepared in advance in
order to implement an adequate integrative approach
in the learning process. This paper presents a
methodological suggestion for studying part of the
learning content on the topic, which helps students
to acquire the necessary knowledge about the
physical nature and origin of colors and o
understand and solve the problem themselves. It is
important to note that from a didactic point of view
the situation is very favorable, as the modern concept
of integration in education involves not only
unification, complementing educational elements

* To whom all correspondence should be sent:
E-mail: radostivi@abv.bg
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from different curricular areas, but also creating a
product of new quality (idea, meaning, element, etc.)
on the basis of resolving contradictions [2]. This fact
reflects the specifics of integration in learning
compared to interdisciplinary links.

As a matter of fact, the literature review shows that
neither pedagogical knowledge nor the knowledge
of teaching methodologies offers a unanimously
accepted definition of the concept of integration, as
well as the related concepts integrative approach
and integrative education. For the purposes of this
study, interdisciplinary integration in educational
practice is considered a process of connecting
separate elements (knowledge, relations, evens
modes of thought) into a whole by way of meaningful
and stable associations, which satisfies a specific
educational goal. A new system is formed as a result
which has the following main characteristics —
continuity and expedience [3]. The integrative
approach combines the paths and means of
establishing integration and its realization results in
a type of education that can be viewed both as a
system and as a process of forming integrative
associations.

Up until the middle of the 20 ¢. the conceptions
of integration concern the level of interdisciplinary
connections and most authors regard these as [4]:

- a didactic means of increasing the
effectiveness of knowledge, skill, and habit
acquisition;

- acondition for the development of cognitive
activity and autonomy, for the formation of
cognitive interests;

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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- a means of realizing the principles of
systematicity and science or as an
independent principle of education;

- a means of achieving unity of mainstream
and professional education and forming
professional skills;

- as a condition for enhancing the scientific
level of knowledge, etc.

Other researchers define interdisciplinary
connections as a didactic phenomenon reflecting
connections between sciences in education; as a
didactic condition for the provision of coherence
among syllabi and course books in various subjects;
as a didactic process or principle pertinent to holistic
knowledge of nature and society; as an independent
sphere of didactics characterized by specific
psychological and pedagogical rationale, principles,
methods, means used to form qualitatively new
knowledge — interdisciplinary one [5].

Scientific literature offers definitions of wider
scope which reflect specific characteristics of
integration considering it as a process and a result at
the same time [6, 7, 8].

Importantly, a large number of researchers side
with the idea that the core of integration in education
cannot be limited to mechanic amalgamation of
inter-subject and intra-subject connections. Unlike
interdisciplinary connections, integration implies a
transition from coherence in the teaching of different
subjects towards their deep interaction. In
connection with this idea, it is worth noting the
works of M. N. Berulava. He defines three main
levels of realization and integration of instructional
content [9]:

- the level of interdisciplinary connections —
associated  with  the  actualization,
generalization and  systematicity  of
knowledge (content integration);

- the level of didactic synthesis — it is
characterized not only by the content
integration of the subjects, but also by the
integration of the forms of educational
activity (procedural integration);

- the level of completeness — it ends with the
formation of a new subject of an integrative
character.

The level of didactic synthesis is productive with
respect to the improvement of the educational
process. It reflects the interaction among the
subjects taught, gives a comprehensive idea of the
objects, phenomena and processes in the
surrounding world and aids the realization of person-
centered education.

The integrative lesson is among the most
commonly used contemporary forms of educational

activities which is conducive to the realization of
didactic synthesis. The goal of integrative lessons is
to achieve high systematicity of the instructional
content, to create conditions for multi-faceted
consideration of the objects of study solving didactic
tasks coming from two or more subjects in the
meantime. To plan such a lesson, it is crucial for the
teacher to choose the integrative factor correctly —
the rationale for the amalgamation of the elements
into a unity. The role of such an integrative factor
can be fulfilled by a phenomenon, an idea, a concept,
an object, a technology, a method, etc. Pertinent to
the nature of the present study is the situation when
a specific problem serves as an integrative factor
(integrator) which is related to controversial aspects
of the instructional content. In other words, it is the
problem that unites, groups heterogeneous content.
And it is a widely known truth that involving
students in the processes of uncovering and solving
educational problems puts them into the shoes of
explorers — an important factor improving the
characteristics of their overall cognitive and
practical activity.

PRACTICAL IMPLEMENTATION OF AN
INTEGRATIVE APPROACH IN TEACHING
THE TOPIC OF LIGHT AND COLORS

When introducing the topic, the teacher needs to
emphasize the fact that until the 17th century there
had not existed a scientific theory of the origin and
nature of colors. The physical foundation of color
science was laid by Isaac Newton with the discovery
of the spectral composition of light. Therefore, the
basis for structuring the learning content on the topic
is Newton's experiment from 1671, which ought to
be introduced to the students beforehand through a
real or virtual experiment. As it is well known,
Newton directed a beam of white sunlight at a
triangular glass prism. On a screen placed behind the
prism, he observed stripes of different colors,
flowing from red to purple and arranged in a strictly
defined order. Thus he proved that white light is
actually a mixture of many colors. He introduced the
term “spectrum” — the rays of all colors that are part
of white light form the so called /ight spectrum. Here
comes the logical question: what is the cause for the
observed phenomenon, i.e. why does the glass prism
decompose the white light into its constituent colors?
From a methodological point of view, it is
appropriate to hold a short discussion, using the
students' knowledge about the phenomenon of
refraction of light. The analysis of the experiment
shows that in its passing through the glass prism the
light is refracted twice: on entering the prism (on the
air — glass border) and on leaving it (on the glass —
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air border). In addition, it is obvious that the rays of
the different colors are refracted differently (at
different angles). The screen behind the prism shows
clearly that the violet light is refracted the most and
the red light the least. In this way the prism separates
the rays, i.e. decomposes white light into its
constituent colors, and behind it the light spectrum is
observed. For the better acquisition of this
knowledge, it is appropriate to make an analogy
between Newton's experiment and the beautiful
natural phenomenon of the rainbow, explaining the
reasons and conditions for its formation.

The next important step is to make students
understand that just as white light can be
decomposed into its constituent colors, the mixing of
all the spectrum colors can produce white light.
However, is it possible to achieve this result by
mixing a smaller number of colors? How many
colors are needed at the least? To answer these
questions, the following experiment can be
performed [10]. In a darkened room, beams of red,
green and blue light emitted by three spotlights
simultaneously are directed to the same place on a
white screen. A white circle is formed where the rays
fall. In the same way, the light beams from any two
spotlights can be used and the effect of mixing each
pair of colors can be traced. The image of Fig. 1
illustrates this.

Fig. 1. Additive color mixing — RGB-model

Thus, students discover that white light can be
obtained by mixing three spectral colors — red, green
and blue. It is important for the teacher to emphasize
that depending on the proportions in which they are
mixed, different colors and their shades can be
obtained, but red, green and blue cannot be obtained
by mixing other colors. That is why these three
colors are called primary. This fact is closely related
to the peculiarities of human color vision. Here the
teacher needs to explain that the millions of light-
sensitive cells that cover the retina of the human eye
are responsible for color vision and that they are of
three types: some are sensitive to red light, others to
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green, and still others to blue. Light detectors in
these cells are special molecules that receive
incoming light signals, convert them into electrical
ones and direct them along the optic nerve to the
brain. Thus, in the visual center of the brain, our
visual perceptions are formed. Therefore, when red,
green, and blue lights enter the eye at the same time,
and the contributions of these three primary colors
are the same, after processing the signals, the brain
forms a perception of white light. If only two of the
primary colors enter the eye at a time, we see
respectively: red and green — yellow; red and blue —
magenta; blue and green — cyan (Fig. 1). Yellow,
magenta and cyan are called secondary colors. It is
necessary to mention the fact that there is no such
combination of primary colors that evokes the
perception of black. In this case, black is the absence
of any light falling into the eye.

Now the students' attention is focused on the
following experiment: in three glasses there is the
same amount of water, colored in red, green and
blue, respectively. Watercolor paints can be used for
this purpose. The question is whether mixing the
three liquids colored in the primary colors will
produce a white liquid. The experiment clearly
demonstrates that a black liquid is obtained. Why is
the visual perception obtained as a result of mixing
red, green and blue different in the two cases? Thus,
students' attention is focused on clarifying the basic
question: how bodies that are not sources of light get
their color. When answering this question, the
teacher should remember that, as a rule, we judge the
color of bodies when they are illuminated with white
light. The following two cases are analyzed:

1) Let us choose a transparent object. In this case,
it absorbs some of the colors of the light that falls on
it and transmits the rest. The color of transparent
bodies is determined by the color of the light they
transmit. The feature of transparent bodies to
transmit light selectively is used in so-called color
filters. Through them we can separate (receive) the
light of a certain color from the white light. After
perceiving this information, students may realize by
themselves that in this experiment we see the liquid
in a glass as red, because it absorbs all the colors of
light passing through it, and transmits only the red
color. The liquid in the second glass is green because
it absorbs all the colors of light passing through it,
except green. It is the same with the blue color of the
liquid in the third glass. When the three liquids mix,
they absorb all the light (all colors) and we see a
liquid that is black.

2) Let us choose an object that is not transparent.
In this case, it absorbs some of the colors of the
white light that falls on it, and the components
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reflected in the eye determine its color. The color of
non-transparent bodies is determined by the color of
the light they reflect. Therefore, the red hat reflects
only red and absorbs the other colors, the white sheet
of paper reflects all colors equally, and the black
jacket absorbs all colors. In explaining this learning
content, the teacher can use videos of interesting
physical experiments that cannot be carried out in
the classroom. For example, the experiments with
colorful balloons and red laser beam presented in
[11] are very attractive. Through a discussion with
students, they provoke the answer to a number of
questions related to the concept of color from a
physical point of view.

As a result of the experiments made so far, the
following important conclusions can be drawn:

1. It is not the objects that generate the colors, but
the color is the result of the interaction of the objects
with the light.

2. No matter whether the bodies are transparent
or non-transparent, what is important is the fact that
the color of an object depends mainly on which
components of white light are “subtracted” from it
due to absorption.

3. Visual perception when mixing colors may be
different because it can be formed in different ways:

- by adding (summing) colors from white
light (additive color mixing)

- by “subtracting” colors from white light
(subtractive color mixing).

The first option is the case when the light emitted
from light sources, such as TV screens, computer
monitors, color displays of mobile phones, etc. falls
directly into the eye. In such devices, the variety of
colors is obtained as a result of superimposition of
the three primary colors — red, green and blue in
different proportions. This is an additive model of
color perception, known in practice as the RGB-
model (Fig. 1).

The second option is the case when we perceive
light not directly from its sources, but the light that
is reflected from different objects, as in our
perception of works of artists, color photographs,
color images in works of printing, etc. This requires
the use of subtractive models of color perception, i.e.
models that consider the formation of color images
based on the “subtraction” of colors from white
light, in which the three primary colors are different
from those of the RGB-model. For example, in
printing, a model is often used in which cyan,
magenta and yellow (secondary in the RGB-model)
are considered primary colors. In practice, it is
called the CMY-model.

After these discussions, the students have the
necessary preparation to answer the question why

the primary colors in physics are different from the
primary colors known from their art classes. They
have already realized that the light of any color can
be obtained by mixing light beams with three
primary colors: red, green and blue. In this case we
are talking about the so-called optical mixing of
colors. However, it is completely different from the
mechanical mixing of colors, which is realized when
we mix paints in different proportions on a palette,
canvas or sheet of paper to get new colors. This type
of practical activity has been repeatedly performed
by the students, creating a variety of drawings. When
white light falls on a drawing, some colors are
absorbed, while others are reflected, and after a
contact with the eyes, the corresponding color
perception is formed. Obviously, in this case it is a
matter of subtractive mixing of colors, i.e. the color
image is obtained by “subtracting” those colors from
the white light that are absorbed by the colors in the
drawing. As practice shows, in this model of color
perception (originated centuries ago) the main colors
are red, yellow and blue [12].

The image of Fig. 2 illustrates the result of
mixing these primary colors.

Fig. 2. Subtractive color mixing — RYB-model

It is visible that from blue and red, for example,
purple is obtained, from yellow and red — orange,
and from blue and yellow — green. These three colors
are called secondary. From the mixing of primary
and secondary colors, tertiary colors are obtained,
etc. Another feature is that the mixing of the three
primary colors gives a black color. Thus, by using a
rich variety of appropriately combined colors, artists
create (achieve) the aesthetic and emotional impact
of their paintings.

CONCLUSIONS

The proposed teaching strategy regarding part of
the topic “Light and Colors” requires the use of
information about the practical application of some
models of color perception. However, it is important
to note that this additional information is not
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compulsory. Its aim is merely to help students
understand and acquire better the knowledge about
the physical nature and origin of colors. The
proposed teaching suggestion has a significant
advantage — it allows students by integrating
knowledge from different curricular areas - physics
and art, to resolve a contradiction they initially face
by themselves. Such situations are beneficial to the
educational process. In this way, students form a
complete picture of the world, develop their thinking
and increase their motivation to participate in
learning.

The elaboration of the conception of education
discussed here in view of its practical realization
implies the design of a suitable inventory for the
evaluation of educational results. Since integrative
knowledge and skills are being tackled, it will be
highly productive if ways are sought to use the so
called authentic evaluation, along with traditional
methods.
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In this article, a heat flux meter is considered for diagnosing the state of thermal insulation of underground
pipelines by measuring the surface distributions of the heat radiation density over the laying. The heat flux meter is an
indicator of the state of the underground heat pipeline by the nature of changes in heat losses or the temperature of the
ground surface above the researched object. The developed heat flow meter is based on the principle of using an
“auxiliary wall”. On the transducer of heat flux, which is applied to the surface of the enclosing structure, a temperature
difference is created in the steady-state heat exchange mode, proportional to the density of the heat flux passing through
the barrier. This heat flux meter consists of a thermometric unit, which is based on a battery-operated thermoelectric
transducer. The battery sensor is a sealed laminated round disk, which is mounted in a stainless steel ring with an
internal groove and filled with epoxy resin. The lamp soot is added to the epoxy resin to increase the level of disc
absorption. The disk provides the same conditions for heating the sensor element by the radiation flow and the electric
current passed through the heater. This allows the equivalent heating of the sensor element by the radiation current
flow. The developed device is designed to analyze the state of thermal insulation of underground pipelines of heat

networks.

Keywords: heat flux meter, heat flow, thermometric unit, battery-operated thermoelectric transducer

INTRODUCTION

Research and modernization of thermal power
plants and energy-intensive technologies are now
particularly relevant in connection with energy and
resource conservation issues. In these conditions,
measurements, operational control and regulation
of thermal parameters are essential, among which a
significant place is occupied by heat flow, which
has become today the same informative parameter
as temperature, pressure, consumption, etc.

Measurements of heat flow density are of great
importance in engineering, they are necessary in
thermophysical experiments devoted to the study of
the properties of substances and heat exchange
processes, as well as for the diagnosis of industrial
thermal power equipment and technological
processes and control of its operation modes. The
methods of heat measurement can be successfully
used for the operational quality control of thermal
insulation of power plants and pipelines and
determination of heat-protective properties of
building structures. Such control contributes, on the
one hand, to the rational use of insulating materials
and, on the other, to the saving of thermal energy.
Therefore, the new course in the field of energy
development is aimed at increasing, promoting and
introducing new methods and devices aimed at
reducing heat losses [1].

In order to increase the efficiency of the
Republic of Kazakhstan’s heat supply and reduce

* To whom all correspondence should be sent:
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the shortage of thermal energy, the use of devices
for operational quality control of heating
installations and heating networks, as well as
modernization of production at existing capacities
and expansion of the possibilities of modern
methods of heat saving is needed.

Numerous studies have shown that the methods
of non-destructive testing, which are based on the
observation and automated registration of the
temperature state of processes, currently meet all
the requirements of technical diagnostics of heating
networks and technological facilities. The
experience of foreign countries shows the effective
use of heat flow meters of non-destructive testing
for the purposes of the normative state of objects
and construction structures [2].

Heat flow devices are used not only for research
but also for control and regulation of processes in
various fields of science and technology. In devices
of heat flow measuring, the basis of all
achievements is a thermoelectric battery converter,
where the auxiliary wall method is used.

This  article  discusses the  developed
modifications of devices for measuring the heat
flow. A distinctive design of the heat flow device is
that it contains a thermoelectric battery converter
and a receiving plate, additionally equipped with a
temperature-dependent heating element. In this
case, the thermoelectric battery converter is
combined with the heating element, and its “hot”
junctions are combined with the receiving plate,
and the “cold” junctions are brought into thermal

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

119


mailto:karabekova71@mail.ru

P. Kissabekova et al.: Investigation of the operation of a thermoelectric converter

contact with the heating element. The article is
devoted to the principle and creation of the main
clement of the device, a battery thermoelectric
converter [3].

The heat flow converter is embodied in the form
of an auxiliary wall and consists of a battery of
identical galvanic thermoelectric conductors which
are connected in parallel according to the measured
heat flow and in series according to the electrical
signal being generated. The monolithic converter in
a rigid or flexible design is provided by a pouring
electrical insulation compound. When operating a
converter installed on the surface of the object
under study, in a stationary heat exchange mode, a
temperature drop proportional to the measured
density of the passing heat flow occurs on opposite
flat surfaces of the converter, due to which a
thermo-EMF is generated in the battery of
thermoelements [4].

The principle of operation of a thermocouple is
the thermoelectric effect, or the Seebeck effect,
which is based on the occurrence of a potential
difference in conductors, so the metals of
thermoelectrodes should differ in chemical and
physical characteristics.

EXPERIMENTAL

In the Ilaboratory ‘“Measurement of
thermophysical quantities” of the Department of
Engineering Thermophysics named after Professor
Zh. S. Akylbayev of the Faculty of Physics and
Technology of E. A. Buketov Karaganda
University a device for measuring heat flow for
recording and measuring heat flows was developed.

Heat flow instruments are used not only for
research but also for the control and regulation of
processes in a wide variety of fields of science and
technology. In heat flow measuring devices, the
basis of all achievements is a thermoelectric battery
converter, where the auxiliary wall method is used.

The heat flow converter is a disk with a
thickness of 1.80 mm and a diameter of 26 mm.
There is a battery of galvanic thermoelements,
which are rigidly held in a given position by an
epoxy compound placed between the end surfaces.
The technology for producing galvanic laminated
sensors is carried out on the winding machine of
two wires with filament insulation on a celluloid
strip. The wire is served by rubber rollers. The wire
is winded on a spool which rotates around a
celluloid strip in the form of a spiral of a bifilar
winding in the form of a circle. The pitch is
approximately 2-2.5 times the diameter of the wire.
The length of the covered 20-30 m is limited to the
capacity of the spool. For a size of 20x20 mm, the
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length of the necessary blank must be 800 mm,
which is approximately more than 50 pairs of
elementary junctions. Further control takes place by
electric resistance of the fixed wire, strips of strips
are twice covered with zapon. The battery
transducer shall be dried after each coating for one
hour and installed in a special mist box. During the
copper plating process, the frame is lowered into a
galvanic bath to precipitate copper. About 1% if
ethyl alcohol is added to the electrolyte, which
improves the density and strength of the coating.
For copper-constant wires with a diameter of 0.7
mm, the thickness of the coating should be between
6 and 6.5 um. The copper-plated celluloid base and
the zapon are dissolved in acetone, the helix is
varnished and kept at room temperature for 60
minutes. A helix coated with varnish is placed in
the drying oven and conditioned at a temperature of
70-90°C for 150 minutes. The resultant blank is
lubricated with an ED-6 resin hardener and a
FAED-13 furano-epoxy resin, the operating
temperature of the converter can be increased to
130°C and placed in the mold and compressed on
all sides, respectively, is heated in a thermostat up
to 100°C and held for 5 hours for glue
polymerization (Figure 1).

Figure 1. Appearance of the thermoelectric battery
converter: 1,3 - upper and lower disc; 2 - thermoelectric
battery converter.

As a result, a compact laminated round disc is
obtained, the quality being evaluated on a grading
board, where the values of its operating coefficients
are determined [5].

The resulting disc is mounted in a ring made of
stainless steel with an internal duct and is filled
with epoxy resin, into which lamp soot is added in
order to increase the degree of absorption.
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RESULTS AND DISCUSSION

Previously, we carried out experimental work on
the calibration of thermocouples used to determine
the temperature change in the ground and
calculating the calibration coefficient, which relates
the value of the thermo-EMF of thermocouples
with the temperature value in Celsius [6]. The
laboratory stand for the calibration of

thermocouples is shown in Figure 2.

Figure 2. Calibration of thermocouples: 1 -
thermostat, 2 - thermocouple switch, 3 - measuring
device

Temperature changes were investigated using an
earlier developed heat flow meter [7] with a device
for measuring heat flow [8]. Based on the results of
experimental data, a calibration graph of the
thermocouple was constructed (Figure 3).

g,MB

30 34 3% 42 46 50 54 8 6 66 70 74 78 t°C

Figure 3. Graph of the calibration thermocouple: 1 —
heat flow meter [8]; 2 - device for measuring heat flow

[9].

In the device for measuring the heat flow [§],
the sensitivity of the device has been increased, that
is increase the number of hot junctions in the
thermal battery per unit area of the sensing element.
The obtained studies of the thermal batteries of
these converters showed (Fig. 3) that by increasing
the number of hot junctions, we increased the
sensitivity of the newly developed sensor.

CONCLUSIONS

Numerous studies of the converter have shown
that the manufactured heat flow device has a high
sensitivity, which allows it to be used for measuring
heat flows of not only high, but also low intensity.
Heat flow devices are of great interest, since they
do not need an additional power source, therefore,
the appearance of current noise characteristic of
others is excluded. These methods made it possible
to increase the sensitivity and reduce the
temperature measurement error. The analysis of
errors in measuring the energy parameters of
radiation is carried out. It is shown that the relative
non-excluded error of measuring energy parameters
using the developed devices and methods does not
exceed 2.0% [9, 10].

Thus, the control and measurement of heat flows
are of interest for many branches of science,
technology and industry, but, above all, for solving
issues of rational use of energy resources.
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Sulfides and nitrates are dangerous environmental pollutants with sources both natural and anthropogenic. The search
for cheaper wastewater treatment techniques and alternative energy sources has led to a new branch of scientific interest
— fuel cells for wastewater treatment. The present research is dedicated to remediation of sulfide- and nitrate-polluted
fluxes in the anodic and cathodic compartments, respectively, of a membraneless fuel cell of our own design. The core of
the fuel cell is a cylindrical tube of activated carbon, playing the role of both an electrode and a non-selective membrane.
Both abiotic and microbial fuel cells (FCs and MFCs, respectively) are being investigated for their efficiency at
neutralization of contaminated fluxes with different initial concentrations of sulfide and nitrate ions, as well as their
electrical power output. Pseudomonas putida 1046 is used in the MFC for sulfide oxidation.

Keywords: Membraneless fuel cell, remediation of contaminated fluxes, sulfides, nitrates, Pseudomonas putida.

INTRODUCTION

The constant reduction of fossil fuel sources and
quantities makes the search for new renewable
energy sources a priority. Another major problem
facing humanity is the generation of increasing
amounts of wastes —in liquid, solid, or gaseous form.
Fuel cells, although still not widely implemented in
this context, represent a good prospect for redox
waste  disposal, combined with electricity
generation.

Generally, a fuel cell (FC) consists of anode and
cathode with catalysts incorporated into them and
separated by a membrane [1]. A lot of the scientific
efforts in the field are focused on increasing the FC
power output, directly proportional to the rate of the
oxidation / reduction of the fuel, and in the case of
FCs for waste decontamination of the polluted
fluxes. To this end, research is dedicated to
increasing the efficiency of the catalysts for different
redox reactions [2], their incorporation on the
electrode surface [3], the configuration of the
electrodes within the FC and the characteristics of
the membranes used. The latter are an essential
component for both high electricity yields and waste
disposal. The main difficulties lie in their reliable
installation and especially the preservation of their
properties during operation. Of scientific interest is
the degradation of the membrane’s electrochemical
characteristics during operation and under varying
conditions [4, 5, 6, 7, 8]. Another limitation of the
polymer membranes are their operating
temperatures — polymer electrolyte membrane
(PEM) fuel cells typically operate at temperatures no

* To whom all correspondence should be sent:
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higher than 60-80 °C due to structural limitations of
the membranes, though attempts are made for
elevation of the operation temperature of the PEM
fuel cells [9]. Factors such as durability and cost still
remain as major barriers to fuel cell
commercialization [7].

An interesting and innovative approach in the
development of FCs is the construction, design and
investigation of membraneless fuel cells [10, 11, 12].

The aim of the present study is the preliminary
investigation of a membraneless FC constructed
from a tube of activated carbon that serves both as a
semi-permeable non-selective membrane and an
electrode.

Sulfide- and nitrate-contaminated fluxes are
chosen as pollutants to be remediated into the anodic
and the cathodic compartments of the FC,
respectively. As there are a lot of sources of these
severe pollutants (both anthropogenic and natural)
and the classical methods wused for their
neutralization and disposal are expensive and energy
intensive, they are appropriate candidates to be
processed in FCs.

The most effective and widely applied method
for efficiency increase for classical FCs is the
incorporation of catalysts. Another way to increase
the efficiency is the use of microorganisms instead
of conventional catalysts in the so called microbial
fuel cells (MFCs). Pseudomonas sp. are known to
oxidize sulfides [13, 14] so Pseudomonas putida is
chosen for comparison between  abiotic
membraneless FC  without  catalyst and
membraneless MFC.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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MATERIALS AND METHODS
Experimental set-up

A scheme of the laboratory-scale fuel cell is
presented on Fig. 1A. The core of the fuel cell is a
pyrolyzed cylindrical carbon tube (Fig. 1B), used as
both electrode and semi-permeable non-selective
membrane. The initial material for pyrolysis of the
tubes are cellulose rolls. The once pyrolyzed tube is
plugged at one end, thus forming two separate spaces
(internal (30 mL) and external (130 mL)) that can be
used as the cathodic and anodic compartments of the
fuel cell. Additionally, the inner compartment is
fitted with a standard graphite rod (SGR, Fig. 2A)
attached firmly to the wall of the tube to be used as
a current collector for the compartment. The tube is
pyrolyzed by a patented technology with
simultaneous activation [15]. The process allows
easy incorporation of different catalysts, making the
design very flexible.

(o |
Fig. 1A. Scheme of the membraneless fuel cell: C 1 —
Compartment 1 (external); C 2 — Compartment 2

(internal); 1 — pyrolyzed carbon tube; 2 — graphite
electrode (of Comp. 2), 3 — graphite electrode (of Comp.
1); 4 — external electrical wiring; 5 — (optional) pyrolyzed
carbon felt.

Different electrode configurations for the anodic
compartment are investigated: 1) three standard
graphite rods; and ii) two pyrolyzed and activated
carbon felts (ACFs, Fig. 2B) and three SGRs (used
as a current collectors). The source material of the
felts is commercially available as PAN carbon felt
SCF510001000 and is pyrolyzed and activated by
the same technology as the tubes [15]. The ACFs are
situated in the external compartment next to the
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pyrolyzed carbon tube and the SGRs pierce the felt,
ensuring good electrical connection. To evaluate the
influence of an increased surface area of the cathodic
electrode some of the experiments (Experiments Ne
[12-18], Table 1) were performed with 15 g (30 mL)
of activated carbon (AC, Fujikasau®, Japan, 680
m?-g") added in the cathodic compartment.

Fig. 1B. Pyrolyzed cylindrical carbon tube.

15kV X500  50um

~._ 1020 SEI
Fig. 2B. Activated carbon felt (ACF, SEM image).

The main reactions taking place in the anodic and
in the cathodic compartment are as follows:

Anode:

S2~ 4+ 60H™ - SO2~ + 3H,0 + 6e~ (1)

SO2Z~ + 20H™ - SOZ™ + H,0 + 2e~ )
Net anode reaction:

S2" + 80H™ - SO?™ + 4H,0 + 8e™ 3)
Cathode:

2NO5 + 2H,0 + 4e~ — 2NO; + 40H~ (4)

2NO; + 4H,0 + 6e~ — N, T +80H" (5)
Net cathode reaction:

2NO; + 6H,0 + 10e™ —» N, T +120H" (6)
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Table 1. Experimental parameters.

Cell Anodic Cathodic
No Res1§;ance, Concentration Concentration
0 1 Electrode Initial, | FFD | Final, | Depletion, Electrode Initial, | FFD | Final, | Depletion,

hour | hour mg- L' | level | mgL"! % mgL! | level | mg'L! %
1 250 | 163 3 SGR 60 (-1) 2 96.67 1 SGR 500 (+1) 497 0.60
2 327 | 254 3 SGR 60 (-1) 28 53.33 1 SGR 100 (-1) 99 1.00
3 334 | 244 3 SGR 150 (0) 95 36.67 1 SGR 100 (-1) 99 1.00
4 333 | 190 3 SGR 240 (+1) 136 43.33 1 SGR 100 (-1) 99 1.00
5 357 | 215 3 SGR 60 (-1) 29 51.67 1 SGR 300 (0) 284 5.33
6 347 | 194 3 SGR 150 (0) 70 53.33 1 SGR 300 (0) 299 0.33
7 204 | 169 3 SGR 240 (+1) 137 42.92 1 SGR 300 (0) 299 0.33
8 238 | 171 3 SGR 60 (-1) 28 53.33 1 SGR 500 +1) 499 0.20
9 296 | 168 3 SGR 150 (0) 86 42.67 1 SGR 500 (+1) 498 0.40
10 | 238 | 168 3 SGR 240 (+1) 155 35.42 1 SGR 500 (+1) 493 1.40
11 | 322 | 191 3 SGR 150 (0) 85 43.33 1 SGR 1000 4 960 4.00
12' | 96 94 | Wet ACF 742 4 94.59 AC+1 SGR 504 - -
13 74 65 Dry ACF 567 Traces 100.00 AC+1 SGR 504 673 86.71
14 | 103 98 | Wet ACF 652 3 95.38 AC+1 SGR 504 - -
15 | 107 95 Dry ACF 68 - - AC+1 SGR 500 1323 73.60
16 | 128 | 119 | Wet ACF 63 - - AC+1 SGR 500 713 85.80
17 59 55 Dry ACF 612 3 95.08 AC+1 SGR 502 341 32.07
18' | 70 60 | Wet ACF 622 3 95.16 AC+1 SGR 505 390 22.77

! Microbial fuel cell (MFC); 2 Sulfide solution with phosphate buffer; * Concentration at 24" hour mark; # Nitrate
concentration twice higher than the highest examined in the full factorial design.

Analytical procedures

The anodic and cathodic solutions were prepared
by dissolving the appropriate amounts of analytical
grade Na,S-9H,O and KNO; (Sigma Aldrich),
respectively. For improving the conductivity of both
solutions, NaCl (analytical grade) with
concentration of 16.5 gL' was used for all
experiments. For the experiments with constant pH
of the anodic (sulfide) solution phosphate buffer was
used (Experiments Ne [12-14] and [17-18], Table 1).

The concentration of the sulfide ions was
determined photometrically by converting them to
methylene blue by addition of N,N-p-
phenylenediamine [16], and the concentration of
nitrates was determined by UV photometry
following the method of Goldman & Jacobs [17]. All
analyses of the concentration of the sulfide and
nitrate ions were performed for the initial solutions
and at the 2™ hour mark, except in the cases
explicitly stated otherwise.

Electrical measurements

Current and voltage output of the FC at a fixed
load (100 Q) were measured simultaneously during
operation. Prior to the initiation of the experiment
and after one hour of work, by varying the external
resistance in the range [ - 1 Q] the resistance of the
fuel cell was calculated as the slope of the curve U =
f () and is presented in Table 1.

Pseudomonas putida 1046 cultivation and
immobilization

Pseudomonas putida 1046 was chosen as an
electrogenic strain capable of oxidizing sulfide ions
[13, 14]. The medium used for its cultivation was: 10
g'L"! meat extract, 10 g-L! peptone and 5 g-L"! NaCl
and the cultivation was performed for 24 hours at 30
°C on a shaker (50 rpm).

The pyrolyzed carbon felt was immersed into the
pre-cultured bacterial suspension. It was then
transferred to shaking flasks and incubated at 30 °C
for 48 hours. Following this methodology the
immobilized cells of the Pseudomonas putida strain
are able to produce exo-polysaccharides, which
serve as binding agents between the microbial cells
and the carbon felt [18].

RESULTS AND DISCUSSION

Electrical power output and depletion of sulfides
and nitrates with graphite rods used as electrodes
in membraneless FC

In order to evaluate the influence of the initial
concentration of both contaminants a full factorial
design (3%) (FFD) was performed (Experiments Ne
[2-10]), varying the concentration of sulfide (60, 150
and 240 mg-L"! as levels -1, 0 and +1, respectively)
and nitrate (100, 300 and 500 mg-L™"! as levels -1, 0
and +1, respectively) ions. The concentration ranges
were chosen based on previous experience of the
research group [19, 20]. A preliminary run
(Experiment Ne 1) was performed to assess the
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influence of the volume of each solution (with the
anodic compartment being the internal one (30 mL)
and the cathodic being the external one (130 mL)).
When comparing Experiments Ne 1 and Ne § (same
concentrations, but the anodic compartment being
130 mL and the cathodic — 30 mL) the latter vastly
exceeds the former in terms of electrical
characteristics. Following this evaluation a decision
was made that all the experiments from the factorial
design, as well as the additional ones presented in

25

P, W'm-3 catholyte

Table 1 will be performed with the anodic
compartment being the larger (external) one.

The electrical power output per unit volume of
the catholyte of selected experiments is presented in
Fig. 3. The experimental conditions are described in
Table 1. Although the concentration ranges being
investigated are relatively wide, the electrical
performance of the FC does not differ significantly
except for the initial output at higher concentrations.
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Fig. 3. Power output of the FC per unit volume of catholyte — selected experiments.
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Fig. 4. Power output per unit volume of catholyte for membraneless FC with activated carbon felt electrode: dry ACF

(empty symbols), wet ACF (filled symbols).

The depletion of the ions of the investigated
configurations in Fig. 3. is presented in Table 1. The
oxidation of sulfide ions corresponds closely to the
electrical output obtained and is in the range of [35-
55] % at the 2" hour mark. The outlying fast
oxidation of the sulfides of Experiment Ne 1 is due
to the fact that the volume of the sulfide solution
used in this experiment is only 30 mL (as opposed to
all others experiments — 130 mL), making the
amount of sulfide ions about 4 times less. The
reduction of nitrates does not exceed 6 % in all cases
for 2 hours of work as a FC, in accordance with the
chemical characteristics of nitrate ions — a very
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stable and hard to reduce pollutant, in contrast to the
very active and easily oxidized sulfide ions.

Electrical power output and depletion of sulfides
and nitrates with pyrolyzed carbon felts used as
electrodes in the anodic compartment of
membraneless FC.

In order to increase the electrical power output of
the FC a different type of electrodes were used —
pyrolyzed activated carbon felt. Two square-shaped
felts (100 cm? each) were used as anode.
Additionally, to increase the surface area of the
cathode 15 g (30 mL) of activated carbon was added
in the cathodic compartment. The power output of
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the cell per unit volume of catholyte vs time is given
on Fig. 4. The experimental conditions are
summarized in Table 1, Experiments Ne [12-16].
Previous work of the research team [19] has shown
that Pseudomonas putida is a viable microorganism
for use in sulfide-driven microbial fuel cells. The
research also showed that substantial substrate
inhibition occurs at sulfide concentrations over 70
mg-L!, so for this part of the study sulfide
concentrations were limited to about 70 mg-L!. In
order to further compare the results for the FC and
MFC two sets of experiments were conducted — with
dry (Experiment Ne 15) and wet (Experiment Ne 16)
ACFs. The felts with immobilized P. putida for the
MFC were stored in saline solution (0.9 % NaCl),
meaning they are always wet, while those for the FC
can be either dry or wetted (with sterile saline
solution) prior to being put into the fuel cell. The
higher initial power output of the experiments with
dry AFCs is due to fact that the dry AFCs adsorb
immediately a large quantity of the sulfide ions,
substantially increasing the local concentration of
the sulfides in the pores of the felt.

On the other hand, the experiments with wet felts
show lower resistance drops between the initial cell
resistance and the 1 hour one. We attribute this to the
fact that the felts are already soaked with conducting
saline solution and the resistance drop is a
consequence of the substitution of the saline solution
with the more conducting anolyte (9 gL' vs 16.5
gL' NaCl, respectively, plus the additional
conductivity provided by the sulfide ions present).
This effect is even more prominent for the
experiments with dry carbon tube and graphite rods,
where the tube is the only adsorbing material — it
takes a lot longer to soak than the felts, hence the
difference in the internal resistance reaches up to 40
% (Experiments Ne [1-11]). Additional experiments
with buffered sulfide solutions were performed
(Experiments Ne [13-14]) in order to assess the
viability of the configuration at lower (and stable)
pH values and to compare it to the MFC, which
operates at pH = 7.00. As can be seen on Fig. 4. the
electrical output of the FC with buffered anodic
solutions is lower which is partly due to the fact that
at this pH value (7.00) part of the sulfide ions are in
the form of hydrogen sulfide and they desorb from
the anodic solution, lowering the concentration of
the “fuel” [21]. Regardless of this effect the highest
power output was obtained with the MFC
(Experiment Ne 12), showing the viability of the
MFC in generating energy in addition to the
decontamination of polluted fluxes. The depletion of
the ions follows the same tendency as the

experiments without buffered solutions
(Experiments Ne [12-14] vs Ne [15, 16]), although in
contrast to the experiments with only SGR used as
electrodes  (Experiments Ne  [1-11])  the
neutralization of sulfide ions is twice as effective,
reaching up to [94 — 100] % (compared to [35-50] %
for the SGR ones). The reduction of nitrates, on the
other hand, reaches up to [73-87] % for 24 hours,
while that of the SGR experiments is in the range of
[0.2-5.3] % for 2 hours of work. Part of the depletion
of nitrate ions concentration may be due to
adsorption by the activated carbon used to increase
the surface area of the cathode — this has the added
benefit of boosting the electrical and electrochemical
parameters of the FC (by increasing the local
concentration of ions contacting the cathode), but at
the same time impairs the direct and accurate
determination of nitrate ions concentration.

Comparison between classical PEM FC and
membraneless FC

In order to evaluate the viability of the
membraneless FC design investigated in this work
we compared its electrical and chemical parameters
with those of a classical PEM FC (using Fumapem®
membrane) from our previous work (Experiments Ne
[17-19]). The initial concentrations for both
experiments were identical — 65 mg-L™! sulfide ions
and 500 mgL' nitrate ions. The reference
membrane FC was designed with equal anodic and
cathodic compartments of 300 mL, in contrast to the
disproportional compartments of the membraneless
FC evaluated in this study (130 mL for the anodic
and 30 mL for the cathodic), but when the power
output was normalized to a unit volume the two
designs showed comparable values (Fig. 5).
Additionally, in terms of oxidation of sulfide ions the
depletion percent for the FC (with carbon felt used
as anode) shows identical results and the FC with
standard graphite rods is half as effective as the PEM
FC for 2 hours of operation. In terms of nitrate ions
reduction, though, the PEM FC outperforms both
set-ups of membraneless FC presented, achieving
[23-32] % depletion in 2 hours, while for the SGR
set-up the depletion was in the range of [0.2-5.3] %
for the same amount of time and for the ACF it was
in the range of [74-87] % for 24 hours of operation.

These results prove that the proposed
membraneless fuel cell design is competitive in
terms of energy harvest and sulfide oxidation to
established FC designs and at the same time
eliminates one of the classical PEM FCs main
disadvantages — the very expensive and delicate
membranes.
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Fig. 5. Power output per unit volume of the catholyte: membraneless FC with graphite rods (Exp. 8); membraneless
MFC (Exp. 12) and FC (Exp. 14) with carbon felt; PEM FC (Exp. 17) and PEM MFC (Exp. 18).

Additionally, the carbon felt electrodes improve
both electricity generation and oxidation/ reduction
of the investigated pollutants when compared to pure
graphite electrodes.

Coulombic efficiency of the fuel cell

Based on the main reactions presented in Eq. [1-
6] and the experimental results obtained the
Coulombic efficiency for the anodic and cathodic
reactions was calculated and is presented in Table 2.

Table 2. Coulombic efficiency of the fuel cell for
anodic and cathodic reactions.

Exp. No Anodic Cathodic
T Reaction ! Reaction 2
1 1.25 7.04
2 1.58 235.58
3 0.90 230.72
4 0.57 273.67
5 1.51 13.61
6 0.78 290.56
7 0.65 310.68
8 1.61 238.97
9 0.92 137.41
10 0.74 41.76
11 091 6.86
12 4.26 2.75
13 2.72 1.62
14 2.15 1.23
15 3.90 341
16 3.65 2.52
17 11.39 19.08
18 15.78 37.66

16 electron transfer by Eq. (1); 2 10 electron transfer
by Eq. (6).

Qualitative analysis performed on the anodic
solution proved that no elemental sulfur was present
in the solution or deposited onto the anode during
operation of the FC, while the presence of sulfite and
sulfate ions in the anolyte was confirmed (with
sulfite ones being more prominent than sulfate ones).
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Thus, the Coulombic efficiency presented
corresponds to the sulfide-to-sulfite reaction (S* —
SOs%, Eq. (1)) and the transfer of 6 electrons. In
terms of electrical efficiency, the results for
Experiments Ne [1-11] were low [0.6-1.6] % but a 2
to 3 times increase was observed for the experiments
with carbon felt (Experiments Ne [12-16]) and up to
[11-16] % efficiency was achieved by the membrane
FC (Experiments Ne [17-18]). Highest efficiencies
(in their respective sets) were achieved by the MFCs
compared to the same condition FCs (Experiments
Ne 12 vs Ne 14 and Experiments Ne 18 vs Ne 17, with
4.26 % vs 2.15 % and 15.78 % vs 11.39 % efficiency,
respectively). Still, in terms of ecological parameters
for the anodic solution neutralization the novel
design of the FC (with activated carbon felts used as
anode) showed comparable results with traditional
PEM FC.

The Coulombic efficiency for the reduction
reaction is based on Eq. (6) with 10 electrons
transferred. When examining the results presented in
Table 2 an interesting phenomenon is observed — the
first batch of experiments (Experiments Ne [1-11]
with just graphite electrodes) show efficiencies over
the maximum theoretical values, especially the
lower initial nitrate concentrations (100 and 300
mg-L). We attribute this to two factors: 1) at lower
nitrate concentrations reduction of dissolved oxygen
in the catholyte is also contributing to the cathodic
reactions, while for the higher concentration
examined (500 mg-L ") the majority of the electron
transfer is related to nitrate reduction; and ii) as
nitrate ions are very stable ions it takes a lot longer
to reduce them than to oxidize the sulfide ones in the
anodic compartment. This is evident from the
depletion percent presented in Table 1 — for 2 hours
of operation of the FC only [0.2-5.3] % of the nitrates
present are reduced, compared to [73-87] % for 24
hours of operation of the FC, albeit with different
electrodes used (Experiments Ne [1-11] ws
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Experiments Ne [12-16]). The addition of activated
carbon in the cathodic compartment, while
increasing the power output, drastically reduces the
cathodic efficiency. Both of these effects are
consequence of the adsorption of the nitrate ions
onto the surface of the carbon — on one hand the
adsorption increases the local concentration on the
surface of the electrode, thus the power output; while
on the other hand as the nitrate ions are very stable
the reduction rate is low, thus part of the ions are still
not converted to nitrogen, yet they are not in the
solution and because the chemical analysis cannot
account for this adsorbed quantity the actual amount
of converted ions is most likely lower than the
analyses show.

CONCLUSIONS

A membraneless fuel cell for remediation of
contaminated fluxes is presented and investigated.
Compared to a classical membrane fuel cell it shows
comparable characteristics. Its advantage is the
elimination of the expensive and difficult for
exploitation polymer membrane. Additional
advantages are the possibility to work at elevated
temperatures and the relatively cheap manufacture
and exploitation costs.

From an ecological standpoint the innovative FC
design has a couple of advantages — it converts a
waste (the carbon tube) into a product that further
helps remediate sulfide- and nitrate-contaminated
fluxes, effectively applying the principles of the
circular economy. Depending on the initial
concentrations [35-53] % of the sulfide ions present
are remediated in the first two hours of operation
when standard graphite rods are used as electrodes
and [94-100] % are converted when activated carbon
felt is used as an electrode in addition to the graphite
one over the same time period. In terms of nitrate
reduction the conversion rate is low when only SGR
are used for two hours of work [0.2-5.3] %, while
when activated carbon is employed in addition to the
SGR as cathode and activated carbon felt is used as
an anode reduction of up to 87 % can be achieved at
the 24™ hour mark.

All experiments show a drop in the internal cell
resistance of the FC after 1 hour of operation due to
the fact that conducting solution enters the pores of
the electrodes. This effect is more prominent when
the only adsorbent material is the pyrolyzed tube
itself (up to 40 % resistance drop), though the use of
pyrolyzed felt as anode lowers the internal resistance
of the FC two to three times, making it comparable
to a membrane FC.

Coulombic efficiency for the anodic reaction is
low when SGR are used as anode [0.6-1.6] % but the

use of carbon felts as anode increases the efficiency
to [2.1-4.3] %. These results are still far from the
ones obtained by a traditional PEM FC [11.4-15.8]
%. MFCs show better efficiencies than FCs of the
same design and at the same conditions (4.3 % vs 2.1
% and 15.8 % vs 11.4 % efficiency for the
membraneless and PEM MFC vs FC, respectively).

The Coulombic efficiency for the cathodic
reaction with SGR shows that additional reaction
takes place, most likely reduction of dissolved
oxygen. This can be avoided by using higher initial
concentrations of nitrate ions. The electrical
efficiency drops to [1.2-3.4] % for 24 hours of
operation, yet the depletion percent increases from
[0.2-5.3] % to [74-87] %. Similar to the anodic
efficiency, MFCs show better cathodic efficiency
than the corresponding FCs.

Microbial fuel cells (both membraneless and
classical ~membrane  ones) show  better
electrochemical characteristics than regular FCs of
the same design. The use of immobilized
electrogenic cells in the anodic compartment allows
their repeated use, on one hand, and on the other
hand, it lessens the effect of substrate inhibition at
higher concentrations of sulfide ions, thus expanding
the range of application of the MFC.

Based on all the results obtained a process can be
designed to tap into the advantages of the rapid and
not so electrochemically effective oxidation of
sulfide ions and the steady, efficient reduction of
nitrate ones — fresh anolyte can be fed to the anodic
compartment while a static, nitrate-rich catholyte
can be used to realize an effective fuel cell for
remediation of sulfide- and nitrate-contaminated
fluxes.
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