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INSTRUCTIONS FOR AUTHORS (2021)

GENERAL

The Journal of the Serbian Chemical Society (the Journal in further text) is an international journal
publishing papers from all fields of chemistry and related disciplines. Twelve issues are published
annually. The Editorial Board expects the editors, reviewers, and authors to respect the well-known
standard of professional ethics.

Types of Contributions

Original scientific papers ~ (up to 15 typewritten pages, including Figures, Tables and References)
report original research which must not have been previously published.

Short communications (up to 8 pages) report unpublished preliminary results of sufficient
importance to merit rapid publication.

Notes (up to 5 pages) report unpublished results of short, but complete, original
research

Authors’ reviews (up to 40 pages) present an overview of the author’s current research with
comparison to data of other scientists working in the field

Reviews? (up to 40 pages) present a concise and critical survey of a specific research
area. Generally, these are prepared at the invitation of the Editor

Surveys (about 25 pages) communicate a short review of a specific research area.

Book and Web site reviews (1 - 2 pages)

Extended abstracts (about 4 pages) of Lectures given at meetings of the Serbian Chemical
Society Divisions

Letters to the Editor report miscellaneous topics directed directly to the Editor

®Generally, Authors’ reviews, Reviews and Surveys are prepared at the invitation of the Editor.

Submission of manuscripts

Manuscripts should be submitted using the OnLine Submission Form, available on the JSCS Web
Site (http://www.shd-pub.org.rs/index.php/JSCS). The manuscript must be uploaded as a Word.doc or
artf file, with tables and figures (including the corresponding captions — above Tables and below
Figures), placed within the text to follow the paragraph in which they were mentioned for the first time.

Please note that Full Names (First Name, Last Name), Full Affiliation and Country (from drop
down menu) of ALL OF AUTHORS (written in accordance with English spelling rules - the first letter
capitalized) must be entered in the manuscript Submission Form (Step 3). Manuscript Title, authors’
names and affiliations, as well as the Abstract, WILL APPEAR in the article listing, as well as in
BIBLIOGRAPHIC DATABASES (WoS, SCOPUS...), in the form and in the order entered in the
author details

Graphical abstract
Graphical abstract is a one-image file containing the main depiction of the authors work and/or
conclusion and must be supplied along with the manuscript. It must enable readers to quickly gain the
main message of the paper and to encourage browsing, help readers identify which papers are most
relevant to their research interests. Authors must provide an image that clearly represents the research
described in the paper. The most relevant figure from the work, which summarizes the content, can also
be submitted. The image should be submitted as a separate file in Online Submission Form - Step 2.
Specifications: The graphical abstract should have a clear start and end, reading from top to bottom
or left to right. Please omit unnecessary distractions as much as possible.
Image size: minimum of 500x800 pixels (WxH) and a minimum resolution of 300 dpi. If a larger image is sent,
then please use the same ratio: 16 wide x 9 high. Please note that your image will be scaled proportionally to fit
in the available window in TOC; a 150x240 pixel rectangle. Please be sure that the quality of an image cannot
be increased by changing the resolution from lower to higher, but only by rescanning or exporting the image
with a higher resolution, which can be set in usual "settings" option.
e  Font: Please use Calibri and Symbol font with a large enough font size, so it is readable even from the image of
a smaller size (150 x 240 px) in TOC.
e  File type: JPG and PNG only.
No additional text, outline or synopsis should be included. Please do not use white space or any heading within
the image.



Cover Letter

Manuscripts must be accompanied by a cover letter (strictly uploaded in Online Submission Step
2) in which the type of the submitted manuscript and a warranty as given below are given. The Author(s)
has(have) to warranty that the manuscript submitted to the Journal for review is original, has been
written by the stated author(s) and has not been published elsewhere; is currently not being considered
for publication by any other journal and will not be submitted for such a review while under review by
the Journal; the manuscript contains no libellous or other unlawful statements and does not contain any
materials that violate any personal or proprietary rights of any other person or entity. All manuscripts
will be acknowledged on receipt (by e-mail).

Ilustrations

[lustrations (Figs, schemes, photos...) in TIF or EPS format (JPG format is acceptable for colour
and greyscale photos, only), must be additionally uploaded (Online Submission Step 2) as a separate file
or one archived (.zip, .rar or .arj) file. Figures and/or Schemes should be prepared according to the
Artwork Instructions - http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf!

For any difficulties and questions related to OnLine Submission Form - https://www.shd-
pub.org.rs/index.php/JSCS/submission/wizard, please refer to User Guide - https://openjournal-
systems.com/ojs-3-user-guide/ , Chapter Submitting an Article - https://openjournalsystems.com/ojs-3-
user-guide/submitting-an-article/. If difficulties still persist, please contact JSCS Editorial Office at
JSCS@shd.org.rs

A manuscript not prepared according to these instructions will be returned for resubmission

without being assigned a reference number.

Conflict-of-Interest Statement*: Public trust in the peer review process and the credibility of
published articles depend in part on how well a conflict of interest is handled during writing, peer
review, and editorial decision making. A conflict of interest exists when an author (or the author's
institution), reviewer, or editor has financial or personal relationships that inappropriately influence
(bias) his or her actions (such relationships are also known as dual commitments, competing interests, or
competing loyalties). These relationships vary from those with negligible potential to those with great
potential to influence judgment, and not all relationships represent true conflict of interest. The potential
for a conflict of interest can exist whether or not an individual believes that the relationship affects his or
her scientific judgment. Financial relationships (such as employment, consultancies, stock ownership,
honoraria, paid expert testimony) are the most easily identifiable conflicts of interest and the most likely
to undermine the credibility of the journal, the authors, and of science itself. However, conflicts can
occur for other reasons, such as personal relationships, academic competition, and intellectual passion.

Informed Consent Statement*: Patients have a right to privacy that should not be infringed without
informed consent. Identifying information, including patients' names, initials, or hospital numbers, should
not be published in written descriptions, photographs, and pedigrees unless the information is essential for
scientific purposes and the patient (or parent or guardian) gives written informed consent for publication.
Informed consent for this purpose requires that a patient who is identifiable be shown the manuscript to be
published. Authors should identify Individuals who provide writing assistance and disclose the funding
source for this assistance. ldentifying details should be omitted if they are not essential. Complete
anonymity is difficult to achieve, however, and informed consent should be obtained if there is any doubt.
For example, masking the eye region in photographs of patients is inadequate protection of anonymity. If
identifying characteristics are altered to protect anonymity, such as in genetic pedigrees, authors should
provide assurance that alterations do not distort scientific meaning and editors should so note. The
requirement for informed consent should be included in the journal's instructions for authors. When
informed consent has been obtained it should be indicated in the published article.

Human and Animal Rights Statement* When reporting experiments on human subjects, authors
should indicate whether the procedures followed were in accordance with the ethical standards of the
responsible committee on human experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000 (5). If doubt exists whether the research was conducted in
accordance with the Helsinki Declaration, the authors must explain the rationale for their approach, and
demonstrate that the institutional review body explicitly approved the doubtful aspects of the study.
When reporting experiments on animals, authors should be asked to indicate whether the institutional
and national guide for the care and use of laboratory animals was followed.

*International Committee of Medical Journal Editors (“Uniform Requirements for Manuscripts Submitted to Biomedical Journals™), February 2006
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PROCEDURE

All contributions will be peer reviewed and only those deemed worthy and suitable will be
accepted for publication. The Editor has the final decision. To facilitate the reviewing process, authors
are encouraged to suggest up to three persons competent to review their manuscript. Such suggestions
will be taken into consideration but not always accepted. If authors would prefer a specific person not be
a reviewer, this should be announced. The Cover Letter must be accompanied by these suggestions.
Manuscripts requiring revision should be returned according to the requirement of the Editor, within 60
days upon reception of the reviewing comments by e-mail.

The Journal maintains its policy and takes the liberty of correcting the English as well as false content
of manuscripts provisionally accepted for publication in the first stage of reviewing process. In this second
stage of manuscript preparation by JSCS Editorial Office, the author(s) may be required to supply some
additional clarifications and corrections. This procedure will be executed during copyediting actions,
with a demand to author(s) to perform corrections of unclear parts before the manuscript would be
published OnLine as finally accepted manuscript (OLF Section of the JSCS website). Please note that
the manuscript can receive the status of final rejection if the author’s corrections would not be satisfactory.

When finally accepted manuscript is ready for printing, the corresponding author will receive a request
for proof reading, which should be performed within 2 days. Failure to do so will be taken as the authors agree
with any alteration which may have occurred during the preparation of the manuscript for printing.

Accepted manuscripts of active members of the Serbian Chemical Society (all authors) have
publishing priority.

MANUSCRIPT PRESENTATION

Manuscripts should be typed in English (either standard British or American English, but consistent
throughout) with 1.5 spacing (12 points Times New Roman; Greek letters in the character font Symbol)
in A4 format leaving 2.5 cm for margins. For Regional specific, non-standard characters that may appear
in the text, save documents with Embed fonts Word option: Save as -> (Tools) -> Save Options... ->
Embed fonts in the text.

The authors are requested to seek the assistance of competent English language expert, if necessary,
to ensure their English is of a reasonable standard. The Serbian Chemical Society can provide this
service in advance of submission of the manuscript. If this service is required, please contact the office of
the Society by e-mail (jscs-info@shd.org.rs).

Tables, figures and/or schemes must be embedded in the main text of the manuscript and should
follow the paragraph in which they are mentioned for the first time. Tables must be prepared with the aid
of the WORD table function, without vertical lines. The minimum size of the font in the tables should
be 10 pt. Table columns must not be formatted using multiple spaces. Table rows must not be formatted
using any returns (enter key; - key) and are limited to 12 cm width. Tables should not be incorporated
as graphical objects. Footnotes to Tables should follow them and are to be indicated consequently (in a
single line) in superscript letters and separated by semi-column.

Table caption must be placed above corresponding Table, while Captions of the Illustrations
(Figs. Schemes...) must follow the corresponding item. The captions, either for Tables or
llustrations, should make the items comprehensible without reading of the main text (but clearly
referenced in), must follow numerical order (Roman for Tables, Arabic for Illustrations), and should not
be provided on separate sheets or as separate files.

High resolution Illustrations (named as Fig. 1, Fig. 2... and/or Scheme 1, Scheme 2...) in TIF or
EPS format (JPG format is acceptable for photos, only) must be additionally uploaded as a separate
files or one archived (.zip, .rar) file.

Illustrations should be prepared according to the ARTWORK INSTRUCTIONS -
http://www.shd.org.rs/JSCS/jscs-pdf/Artwork_Instructions.pdf. !

All pages of the manuscript must be numbered continuously.

DESIGNATION OF PHYSICAL QUANTITIES AND UNITS

IUPAC recommendations for the naming of compounds should be followed. Sl units, or other
permissible units, should be employed. The designation of physical quantities must be in italic throughout
the text (including figures, tables and equations), whereas the units and indexes (except for indexes having
the meaning of physical quantities) are in upright letters. They should be in Times New Roman font. In
graphs and tables, a slash should be used to separate the designation of a physical quantity from the unit
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(example: p / kPa, j / mA cm?,t/ °C, To/ K, z/h, In(j/mA cm?)...). Designations such as: p (kPa),
t [min]..., are not acceptable. However, if the full name of a physical quantity is unavoidable, it should be
given in upright letters and separated from the unit by a comma (example: Pressure, kPa; Temperature, K;
Current density, mA cm...). Please do not use the axes of graphs for additional explanations; these should
be mentioned in the figure captions and/or the manuscript (example: “pressure at the inlet of the system,
kPa” should be avoided). The axis name should follow the direction of the axis (the name of y-axis should
be rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely necessary.

Latin words, as well as the names of species, should be in italic, as for example: i.e., e.g., in vivo,
ibid, Calendula officinalis L., etc. The branching of organic compound should also be indicated in italic,
for example, n-butanol, tert-butanol, etc.

Decimal numbers must have decimal points and not commas in the text (except in the Serbian
abstract), tables and axis labels in graphical presentations of results. Thousands are separated, if at all, by
a comma and not a point.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and
labels). Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as
well as insertion of equation objects within paragraph text IS NOT ALLOWED.

ARTICLE STRUCTURE

e TITLE PAGE;

e MAIN TEXT - including Tables and Illustrations with corresponding captions;
e SUPPLEMENTARY MATERIAL (optional)

Title page

e Title in bold letters, should be clear and concise, preferably 12 words or less. The use of non-
standard abbreviations, symbols and formulae is discouraged.

e AUTHORS’ NAMES in capital letters with the full first name, initials of further names separated
by a space and surname. Commas should separate the author’s names except for the last two names
when ‘and’ is to be used. In multi-affiliation manuscripts, the author’s affiliation should be
indicated by an Arabic number placed in superscript after the name and before the affiliation. Use *
to denote the corresponding author(s).

o Affiliations should be written in italic. The e-mail address of the corresponding author should be
given after the affiliation(s).

e  Abstract: A one-paragraph abstract written of 150 — 200 words in an impersonal form indicating the
aims of the work, the main results and conclusions should be given and clearly set off from the text.
Domestic authors should also submit, on a separate page, an Abstract - Izvod, the author’s name(s)
and affiliation(s) in Serbian (Cyrillic letters). (Jomahu aytopu wmopajy mnocraButu M3Bon
(yxpyuyjyhu umeHa aytopa M aduimjanujy) Ha CpPICKOM je3HMKy, HCIMCaHe hHpUIHIIOM, H3a
3axBasHHIEe, a pe cnucka pedepeni.) For authors outside Serbia, the Editorial Board will provide
a Serbian translation of their English abstract.

e  Keywords: Up to 6 keywords should be given. Do not use words appearing in the manuscript title

e RUNNING TITLE: A one line (maximum five words) short title in capital letters should be
provided.

Main text — should have the form:
e INTRODUCTION,
EXPERIMENTAL (RESULTS AND DISCUSSION),
RESULTS AND DISCUSSION (EXPERIMENTAL),
CONCLUSIONS,
NOMENCLATURE (optional) and
Acknowledgements: If any.
REFERENCES (Citation of recent papers published in chemistry journals that highlight the
significance of work to the general readership is encouraged.)
The sections should be arranged in a sequence generally accepted for publication in the respective
fields. They subtitles should be in capital letters, centred and NOT numbered.



e The INTRODUCTION should include the aim of the research and a concise description of
background information and related studies directly connected to the paper.

e The EXPERIMENTAL section should give the purity and source of all employed materials, as
well as details of the instruments used. The employed methods should be described in
sufficient detail to enable experienced persons to repeat them. Standard procedures should be
referenced and only modifications described in detail. On no account should results be
included in the experimental section.

Chemistry

Detailed information about instruments and general experimental techniques should be given in all
necessary details. If special treatment for solvents or chemical purification were applied that must be
emphasized.
Example: Melting points were determined on a Boetius PMHK or a Mel-Temp apparatus and were not
corrected. Optical rotations were measured on a Rudolph Research Analytical automatic polarimeter,
Autopol 1V in dichloromethane (DCM) or methanol (MeOH) as solvent. IR spectra were recorded on a
Perkin-Elmer spectrophotometer FT-IR 1725X. *H and ¥C NMR spectra were recorded on a Varian
Gemini-200 spectrometer (at 200 and 50 MHz, respectively), and on a Bruker Ultrashield Advance 111
spectrometer (at 500 and 125 MHz, respectively) employing indicated solvents (vide infra) using TMS as
the internal standard. Chemical shifts are expressed in ppm (J / ppm) values and coupling constants in
Hz (J / Hz). ESI-MS spectra were recorded on Agilent Technologies 6210 Time-Of-Flight LC-MS
instrument in positive ion mode with CHsCN/H20 1/1 with 0.2 % HCOOH as the carrying solvent
solution. Samples were dissolved in CH3CN or MeOH (HPLC grade purity). The selected values were as
follows: capillary voltage = 4 kV, gas temperature = 350 °C, drying gas flow 12 L min™?, nebulizer
pressure = 310 kPa, fragmentator voltage = 70 V.The elemental analysis was performed on the Vario EL
I11- C,H,N,S/O Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau-Germany). Thin-layer
chromatography (TLC) was performed on precoated Merck silica gel 60 F254 and RP-18 F254 plates.
Column chromatography was performed on Lobar LichroPrep Si 60 (40-63 um), RP-18 (40-63 pm)
columns coupled to a Waters RI 401 detector, and on Biotage SP1 system with UV detector and FLASH
12+, FLASH 25+ or FLASH 40+ columns pre packed with KP-SIL [40-63 um, pore diameter 6 nm (60
A)], KP-C18-HS (40-63 um, pore diameter 9 nm (90 A) or KP-NH [40-63 um, pore diameter 10 nm
(100 A)] as adsorbent. Compounds were analyzed for purity (HPLC) using a Waters 1525 HPLC dual
pump system equipped with an Alltech, Select degasser system, and dual 1 2487 UV-VIS detector. For
data processing, Empower software was used (methods A and B). Methods C and D: Agylent
Technologies 1260 Liquid Chromatograph equipped with Quat Pump (G1311B), Injector (G1329B)
1260 ALS, TCC 1260 (G1316A) and Detector 1260 DAD VL+ (G1315C). For data processing, LC
OpenLab CDS ChemStation software was used. For details, see Supporting Information.

1. Synthesis experiments

Each paragraph describing a synthesis experiment should begin with the name of the product and any
structure number assigned to the compound in the Results and Discussions section. Thereafter, the
compound should be identified by its structure number. Use of standard abbreviations or unambiguous
molecular formulas for reagents and solvents, and of structure numbers rather than chemical names to
identify starting materials and intermediates, is encouraged.

When a new or improved synthetic method is described, the yields reported in key experimental
examples, and yields used for comparison with existing methods, should represent amounts of isolated
and purified products, rather than chromategraphically or spectroscopically determined yields. Reactant
quantities should be reported in weight and molar units and for product yields should be reported in
weight units; percentage yields should only be reported for materials of demonstrated purity. When
chromatography is used for product purification, both the support and solvent should be identified.

2. Microwave experiments

Reports of syntheses conducted in microwave reactors must clearly indicate whether sealed or open
reaction vessels were used and must document the manufacturer and model of the reactor, the method of
monitoring the reaction mixture temperature, and the temperature-time profile. Reporting a wattage
rating or power setting is not an acceptable alternative to providing temperature data. Manuscripts
describing work done with domestic (kitchen) microwave ovens will not be accepted except for studies
where the unit is used for heating reaction mixtures at atmospheric pressure.



3. Compound characterization

The Journal upholds a high standard for compound characterization to ensure that substances being
added to the chemical literature have been correctly identified and can be synthesized in known yield and
purity by the reported preparation and isolation methods. For all new compounds, evidence adequate to
establish both identity and degree of purity (homogeneity) must be provided.

Identity - Melting point. All homogeneous solid products (e.g. not mixtures of isomers) should be
characterized by melting or decomposition points. The colors and morphologies of the products should
also be noted.

Specific rotations. Specific rotations based on the equation [a]';D = (100 «) / (I ¢) should be reported as
unitless numbers as in the following example: [¢]?%; D = -25.4 (¢ 1.93, CHCIs3), where ¢/gmL? is
concentration and I / dm is path length. The units of the specific rotation, (deg mL) / (g dm), are implicit
and are not included with the reported value.

Spectra/Spectral Data. Important IR adsorptions should be given.

For all new diamagnetic substances, NMR data should be reported (*H, 13C, and relevant heteronuclei).
'H NMR chemical shifts should be given with two digits after the decimal point. Include the number of
protons represented by the signal, signal multiplicity, and coupling constants as needed (J italicized,
reported with up to one digit after the decimal). The number of bonds through which the coupling is
operative, *J, may be specified by the author if known with a high degree of certainty. **C NMR signal
shifts should be rounded to the nearest 0.01 ppm unless greater precision is needed to distinguish closely
spaced signals. Field strength should be noted for each spectrum, not as a comment in the general
experimental section. Hydrogen multiplicity (C, CH, CH2, CHs) information obtained from routine
DEPT spectra should be included. If detailed signal assignments are made, the type of NOESY or COSY
methods used to establish atom connectivity and spatial relationships should be identified in the
Supporting Information. Copies of spectra should also be included where structure assignments of
complex molecules depend heavily on NMR interpretation. Numbering system used for assignments of
signals should be given in the Supporting Information with corresponding general structural formula of
named derivative.

HPLC/LCMS can be substituted for biochemistry papers where the main focus is not on compound
synthesis.

HRMS/elemental analysis. To support the molecular formula assignment, HRMS data accurate within 5
ppm, or combustion elemental analysis [carbon and hydrogen (and nitrogen, if present)] data accurate
within 0.5 %, should be reported for new compounds. HRMS data should be given in format as is usually
given for combustion analysis: calculated mass for given formula following with observed mass: (+)ESI-
HRMS m/z: [molecular formula + H]* calculated mass, observed mass. Example: (+)ESI-HRMS m/z:
calculated for [C13HgBrCI2N + H*] 327.92899, observed 327.92792.

NOTE: in certain cases, a crystal structure may be an acceptable substitute for HRMS/elemental
analysis.

Biomacromolecules. The structures of biomacromolecules may be established by providing evidence
about sequence and mass. Sequences may be inferred from the experimental order of amino acid,
saccharide, or nucleotide coupling, from known sequences of templates in enzyme-mediated syntheses,
or through standard sequencing techniques. Typically, a sequence will be accompanied by MS data that
establish the molecular weight.

Example: Product was isolated upon column chromatography [dry flash (SiO2, eluent EA, EA/MeOH
gradient 95/5 — 9/1, EA/MeOH/NHj3 gradient 18/0.5/0.5 — 9/1/1, and flash chromatography (Biotage SP1,
RP column, eluent MeOH/H20 gradient 75/25 — 95/5, N-H column, eluent EA/Hex gradient 6/3 — EA).
was obtained after flash column chromatography (Biotage SP NH column, eluent hexane/EA 4:6 — 2:6).
Yield 968.4 mg (95 %). Colorless foam softens at 96-101 °C. [«]®; D = +0,163 (¢ =2.0x10" g/mL,
CHzClb). IR (ATR): 3376w, 2949m, 2868w, 2802w, 1731s, 1611w, 1581s, 1528m, 1452m, 1374s, 1331w,
1246s, 1171m, 1063w, 1023m, 965w, 940w, 881w, 850w, 807w, cm™. *H NMR (500 MHz, CDCls, §):
8.46 (d, 1H, J=5.4, H-2"), 7.89 (s, 1H, J = 2.0, H-8"), 7.71 (d, 1H, J = 8.9, H-5"), 7.30 (dd, 1H,
J1=8.8,J2=2.1, H-6%), 6.33 (d, 1H, J = 5.4, H-3"), 6.07 (s, HN-Boc, exchangeable with D20), 5.06 (s, 1H,
H-12), 4.92-4.88 (m, 1H, H-7), 4.42 (bs, H-3), 3.45 (s,CHs-N), 3.33 (bs, H-9°), 3.05-2.95 (m, 2H, H-11"),
2.70-2.43 (m, 2H, H-24) and HN, exchangeable with D20), 2.07 (s, CH3sCOO), 2.04 (s, CH3COO), 1.42 (s,
9H, (CHs)sC-N(Boc)), 0.88 (s, 3H, CH3-10), 0.79 (d, 3H,J = 6.6, CH3-20), 0.68 (s, 3H, CH3-13). 1*C NMR
(125 MHz, CDCls, §): 170.34, 170.27, 151.80, 149.92, 148.87, 134.77, 128.36, 125.11, 121.43, 117.29,
99.98, 75.41, 70.82, 50.43, 49.66, 47.60, 47.33, 44.97, 43.30, 41.83, 41.48, 37.65, 36.35, 35.44, 34.89,



34.19, 33.23, 31.24, 28.79, 28.35, 27.25, 26.45, 25.45, 22.74, 22.63, 21.57, 21.31, 17.85, 12.15. (+)ESI-

HRMS (m/z): calculated for [CasHes7CIN4Os + H]* 795.48219, observed 795.48185. Combustion analysis

for CasHe7CIN4Os: Calculated. C 67.94, H 8.49, N 7.04; found C 67.72, H 8.63, N 6.75. HPLC purity:

method A: RT 1.994, area 99.12 %; method C: RT 9.936, area 98.20 %.

Purity - Evidence for documenting compound purity should include one or more of the following:

a) Well-resolved high field 1D *H NMR spectrum showing at most only trace peaks not attributable to
the assigned structure and a standard 1D proton-decoupled 3C NMR spectrum. Copies of the spectra
should be included as figures in the Supporting Information.

b) Quantitative gas chromatographic analytical data for distilled or vacuum-transferred samples, or
quantitative HPLC analytical data for materials isolated by column chromatography or separation
from a solid support. HPLC analyses should be performed in two diverse systems. The stationary
phase, solvents (HPLC), detector type, and percentage of total chromatogram integration should be
reported; a copy of the chromatograms may be included as a figure in the Supporting Information.

¢) Electrophoretic analytical data obtained under conditions that permit observing impurities present at
the 5 % level.

HRMS data may be used to support a molecular formula assignment but cannot be used as a criterion
of purity.
4. Biological Data
Quantitative biological data are required for all tested compounds. Biological test methods must be
referenced or described in sufficient detail to permit the experiments to be repeated by others. Detailed
descriptions of biological methods should be placed in the experimental section. Standard compounds or
established drugs should be tested in the same system for comparison. Data may be presented as
numerical expressions or in graphical form; biological data for extensive series of compounds should be
presented in tabular form. Tables consisting primarily of negative data will not usually be accepted;
however, for purposes of documentation they may be submitted as supporting information. Active
compounds obtained from combinatorial syntheses should be resynthesized and retested to verify that the
biology conforms to the initial observation.

Statistical limits (statistical significance) for the biological data are usually required. If statistical limits

cannot be provided, the number of determinations and some indication of the variability and reliability of

the results should be given. References to statistical methods of calculation should be included. Doses
and concentrations should be expressed as molar quantities (e.g., mol/kg, pmol/kg, M, mM). The routes
of administration of test compounds and vehicles used should be indicated, and any salt forms used

(hydrochlorides, sulfates, etc.) should be noted. The physical state of the compound dosed (crystalline,

amorphous; solution, suspension) and the formulation for dosing (micronized, jet-milled, nanoparticles)

should be indicated. For those compounds found to be inactive, the highest concentration (in vitro) or
dose level (in vivo) tested should be indicated.

e The RESULTS AND DISCUSSION should include concisely presented results and there signi-
ficance discussed and compared to relevant literature data. The results and discussion may be
combined or kept separate.

e The inclusion of a CONCLUSION section, which briefly summarizes the principal conclusions, is
recommended.

o NOMENCLATURE is optional but, if the authors wish, a list of employed symbols may be included.

e REFERENCES should be numbered sequentially as they appear in the text. Please note that any
reference numbers appearing in the Illustrations and/or Tables and corresponding captions must
follow the numbering sequence of the paragraph in which they appear for the first time. When cited,
the reference number should be superscripted in Font 12, following any punctuation mark. In the
reference list, they should be in normal position followed by a full stop. Reference entry must not be
formatted using Carriage returns (enter key; < key) or multiple space key. The formatting of
references to published work should follow the Journal’s style as follows:



Journals®;  A. B. Surnamel, C. D. Surname2, J. Serb. Chem. Soc. Vol (Year) first page Number
(https://doi.org/doi)°

Books: A. B. Surnamel, C. D. Surname2, Name of Book, Publisher, City, Year, pp. 100-101
(https://doi.org/doi)°

Compilations:A. B. Surnamel, C. D. Surname2, in Name of Compilation, A. Editorl, C. Editor2, Ed(s).,
Publisher, City, Year, p. 100 (https:/doi.org/doi)°

Proceedings: A. B. Surnamel, C. D. Surname2, in Proceedings of Name of the Conference or
Symposium, (Year), Place of the Conference, Country, Title of the Proceeding, Publisher,
City, Year, p. or Abstract No. 100

Patents: A. B. Inventorl, C. D. Inventor2, (Holder), Country Code and patent number (registration
year)

Chemical A. B. Surnamel, C. D. Surname2, Chem. Abstr. CA 234 567a; For non-readily available

Abstracts: literature, the Chemical Abstracts reference should be given in square brackets: [C.A.

139/2003 357348t] after the reference
Standards:  EN ISO 250: Name of the Standard (Year)

Websites:  Title of the website, URL in full (date accessed)

& When citing Journals, the International Library Journal abbreviation is required. Please consult, e.g.,
https://images.webofknowledge.com/WOK46/help/WOS/A_abrvjt.html

® doi should be replaced by doi number of the Article, for example: http://dx.doi.org/10.2298/JSC161212085B (as
active link). If doi do not exist, provide the link to the online version of the publication.

Only the last entry in the reference list should end with a full stop.

The names of all authors should be given in the list of references; the abbreviation et al. may only
be used in the text. The original journal title is to be retained in the case of publications published in any
language other than English (please denote the language in parenthesis after the reference). Titles of
publications in non-Latin alphabets should be transliterated. Russian references are to be transliterated
using the following transcriptions:

k—zh, x—kh, n—ts, y—ch, mr—sh, m—shch, 1>y, 0—yu, 1s—ya, 3—e, ii—i, b—’.

Supplementary material

Authors are encouraged to presentthe information and results non-essential to the understanding of
their paper as SUPPLEMENTARY MATERIAL (can be uploaded inStep 4 of Online Submission). This
material may include as a rule, but is not limited to, the presentation of analytical and spectral data
demonstrating the identity and purity of synthesized compounds, tables containing raw data on which
calculations were based, series of figures where one example would remain in the main text, etc. The
Editorial Board retain the right to assign such information and results to the Supplementary material
when deemed fit. Supplementary material does not appear in printed form but can be downloaded from
the web site of the JSCS.

Mathematical and chemical equations should be given in separate lines and must be numbered,
Arabic numbers, consecutively in parenthesis at the end of the line. All equations should be embedded in
the text Complex equations (fractions, integrals, matrix...) should be prepared with the aid of the
Microsoft Equation 3.0 (or higher) or MathType (Do not use them to create simple equations and labels).
Using the Insert -> Equation option, integrated in MS Office 2010 and MS Office 2013, as well as
insertion of equation objects within paragraph text IS NOT ALLOWED.

Deposition of crystallographic data

Prior to submission, the crystallographic data included in a manuscript presenting such data should
be deposited at the appropriate database. Crystallographic data associated with organic and metal-organic
structures should be deposited at the Cambridge Crystallographic Data Centre (CCDC) by e-mail to
deposit@ccdc.cam.ac.uk

Crystallographic data associated with inorganic structures should be deposited with the
Fachinformationszentrum Karlsruhe (FIZ) by e-mail to crysdata@fiz-karlsruhe.de. A deposition
number will then be provided, which should be added to the reference section of the manuscript.

For detailed instructions please visit the JSCS website:
https://www.shd-pub.org.rs/index.php/JSCS/Instructions
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ARTWORK INSTRUCTIONS

JSCS accepts only TIFF or EPS formats, as well as JPEG format (only for colour and
greyscale photographs) for electronic artwork and graphic files. MS files (Word, PowerPoint,
Excel, Visio) NOT acceptable. Generally, scanned instrument data sheets should be avoided.
Authors are responsible for the quality of their submitted artwork. Every single Figure or
Scheme, as well as any part of the Figure (A, B, C...) should be prepared according to following
instructions (every part of the figure, A, B, C..., must be submitted as an independent single
graphic file):

TIFF
Virtually all common artwork and graphic creation software is capable of saving files in
TIFF format. This ‘'option' can normally be found under ‘the 'Save As..." or 'Export..."
commands in the 'File' menu.
TIFF (Tagged Image File Format) is the recommended file format for bitmap, greyscale
and colour images.
=  Colour images should be in the RGB mode
=  When supplying TIFF files, please ensure that the files are supplied at the correct
resolution:
1. Line artwork: minimum of 1000 dpi
2. RGB image: minimum of 300 dpi
3. Greyscale image: minimum of 300 dpi
4. Combination artwork (line/greyscale/RGB): minimum of 500 dpi
= Images should be tightly cropped, without frame and any caption.
= |If applicable please re-label artwork with a font supported by JSCS (Arial, Helvetica,
Times, Symbol) and ensure it is of an appropriate font size.
= Save an image in TIFF format with LZW compression applied.
= Itis recommended to remove Alpha channels before submitting TIFF files.
= Itis recommended to flatten layers before submitting TIFF files.

Please be sure that quality of an image cannot be increased by changing the resolution
from lower to higher, but only by rescanning or exporting the image with higher resolution,
which can be set in usual "settings" facilities.

EPS
Virtually all common artwork creation software, such as Canvas, ChemDraw, CorelDraw,
SigmaPlot, Origin Lab..., are capable of saving files in EPS format. This ‘option' can normally
be found under the 'Save As..." or 'Export...' commands in the 'File' menu.
For vector graphics, EPS (Encapsulated PostScript) files are the preferred format as long as
they are provided in accordance with the following conditions:
= when they contain bitmap images, the bitmaps should be of good resolution (see
instructions for TIFF files)
= when colour is involved, it should be encoded as RGB
= an 8-bit preview/header at a resolution of 72 dpi should always be included
= embed fonts should always included and only the following fonts should be used in
artwork: Arial, Helvetica, Times, Symbol
= the vertical space between the parts of an illustration should be limited to the bare
necessity for visual clarity
» no data should be present outside the actual illustration area
= line weights should range from 0.35 pt to 1.5 pt
= when using layers, they should be reduced to one layer before saving the image (Flatten
Artwork)



JPEG

Virtually all common artwork and graphic creation software is capable of saving files in JPEG format.
This 'option’ can normally be found under ‘the 'Save As..." or 'Export..." commands in the 'File' menu.

JPEG (Joint Photographic Experts Group) is the acceptable file format only for colour and
greyscale photographs. JPEG can be created with respect to photo quality (low, medium, high; from 1
to 10), ensuring file sizes are kept to a minimum to aid easy file transfer. Images should have a minimum
resolution of 300 dpi. Image width: minimum 3.0 cm; maximum 12.0 cm.

Please be sure that quality of an image cannot be increased by changing the resolution from
lower to higher, but only by rescanning or exporting the image with higher resolution, which can
be set in usual *"settings™ facilities.

SIZING OF ARTWORK

= JSCS aspires to have a uniform look for all artwork contained in a single article. Hence, it is
important to be aware of the style of the journal.

= Figures should be submitted in black and white or, if required, colour (charged). If coloured
figures or photographs are required, this must be stated in the cover letter and arrangements
made for payment through the office of the Serbian Chemical Society.

= As a general rule, the lettering on an artwork should have a finished, printed size of 11 pt for
normal text and no smaller than 7 pt for subscript and superscript characters. Smaller
lettering will yield a text that is barely legible. This is a rule-of-thumb rather than a strict
rule. There are instances where other factors in the artwork, (for example, tints and shadings)
dictate a finished size of perhaps 10 pt. Lines should be of at least 1 pt thickness.

= When deciding on the size of a line art graphic, in addition to the lettering, there are several
other factors to address. These all have a bearing on the reproducibility/readability of the
final artwork. Tints and shadings have to be printable at the finished size. All relevant detail
in the illustration, the graph symbols (squares, triangles, circles, etc.) and a key to the
diagram (to explain the explanation of the graph symbols used) must be discernible.

= The sizing of halftones (photographs, micrographs,...) normally causes more problems than
line art. It is sometimes difficult to know what an author is trying to emphasize on a
photograph, so you can help us by identifying the important parts of the image, perhaps by
highlighting the relevant areas on a photocopy. The best advice that can be given to graphics
suppliers is not to over-reduce halftones. Attention should also be paid to magnification
factors or scale bars on the artwork and they should be compared with the details inside. If a
set of artwork contains more than one halftone, again please ensure that there is consistency
in size between similar diagrams.

General sizing of illustrations which can be used for the Journal of the Serbian Chemical
Society:

= Minimum fig. size: 30 mm width

= Small fig. size - 60 mm width

= Large fig. size - 90 mm width

=  Maximum fig. size - 120 mm width

Pixel requirements (width) per print size and resolution for bitmap images:

Image width A B C
Minimal size 30 mm 354 591 1181
Small size 60 mm 709 1181 2362
Large size 90 mm 1063 1772 3543
Maximal size 120 mm 1417 2362 4724

A: 300 dpi > RGB or Greyscale image
B: 500 dpi > Combination artwork (line/greyscale/RGB)
C: 1000 dpi> Line artwork



The designation of physical quantities and graphs formatting

The designation of physical quantities on figures must be in italic, whereas the units are in
upright letters. They should be in Times New Roman font. In graphs a slash should be used to
separate the designation of a physical quantity from the unit (example: p / kPa, t °C, To/K,
z/h, In (j/ mA cm?)...). Designations such as: p (kPa), t [min]..., are not acceptable. However,
if the full name of a physical quantity is unavoiable, it should be given in upright letters and
separated from the unit by a comma (example: Pressure, kPa, Temperature, K...). Please do not
use the axes of graphs for additional explanations; these should be mentioned in the figure
captions and/or the manuscript (example: “pressure at the inlet of the system, kPa” should be
avoided). The axis name should follow the direction of the axis (the hame of y-axis should be
rotated by 90°). Top and right axes should be avoided in diagrams, unless they are absolutely
necessary. Decimal numbers must have decimal points and not commas in the axis labels in
graphical presentations of results. Thousands are separated, if at all, by a comma and not a point.

\ 3w amw® am0® amw? 3wt jam” :,4»;/‘

log K

INCORRECT
087 & 0.10 mol dm® NaOH
® 0.50 mol dm™ NaOH
4.2
‘TA .
© 1.6
X
£ ®
2.0
2.4 T T T T T v 1
3.10 3.20 3.30 3.40
i K

CORRECT



Journal of

the Serbian
i Chemical Society
%%gg”“m'“\’\*’\e\;&; JSCS-info@shd.org.rs » www.shd.org.rs/JSCS

J. Serb. Chem. Soc. Vol. 86, No. 7-8 (2021)

CONTENTS*

Organic Chemistry

1L G. Stankova, R. L. Chayrov, M. Schmidtke, D. L. Danalev, L. N. Ognichenko, A. G.
Artemenko, V. A. Shapkin and V. E. Kuz'min: Quantitative structure—activity relat-
ionship modelling of influenza M2 ion channels inhibitors..........ccccovevvevvenrenieienenns 625

M. R. Simi¢, S. Eri¢, I. Bori¢, A. Lubelska, G. Latacz, K. Kiec-Kononowicz, S. Vojnovic,
J. Nikodinovi¢-Runi¢ and V. M. Savic: Synthesis and biological profiling of novel
isocoumarin derivatives and related cOmpoOUNds...........cocevererenenenenenenenieieene 639

Biochemistry and Biotechnology

K. R. Mihajlovski, M. Mili¢, D. Pecarski and S. 1. Dimitrijevi¢-Brankovic: Statistical
optimization of bioethanol production from waste bread hydrolysate ................c...... 651

Inorganic Chemistry

S. Z. Kovac, P. Z. Dabic¢ and A. S. Kremenovic: Crystal structure of K;EuSi,Os................ 663

Theoretical Chemistry

A. Bouakkadia, N. Kertiou, R. Amiri, Y. Driouche and D. Messadi: Use of GA-ANN and
GA-SVM for a QSPR study on the aqueous solubility of pesticides .......c...cccceeeunenne 673

Z. Faramarzi, F. Abbasitabar, H. J. Jahromi and M. Noei: New structure-based models
for the prediction of normal boiling point temperature of ternary azeotropes............. 685

Physical Chemistry

V. Anicijevi¢, M. Jeli¢, A. Z. Jovanovi¢, N. Potkonjak, I. A. Pasti and T. D. Lazarevi¢
Pasti: Organophosphorous pesticide removal from water by graphene-based mater-
ials — Only adsorption or something else as Well? .........coceviriininiiniincniineeeeee, 699

Analytical Chemistry

E. Keskin, S. Allahverdiyeva, H. 1. Ozok, O. Yunusoglu and Y. Yardim: Voltammetric
quantification of the anesthetic drug propofol (2,6-diisopropylphenol) in pharma-
ceutical formulations on a boron-doped diamond electrode ............cecceveeveeieneeinne 711

Polymers

S. Omari, M. Nedjhioui, N. Hamidi, O. Benkortbi and N. Bouarra: Response surface
methodology for the study of interactions between components in a micellar system
FOrMUIALION. ...ttt ettt et st 725

Chemical Engineering

M. Rankov Sicar, R. Mic¢i¢, M. Tomié and N. Purisié-Mladenovié: Efficiency of different
additives in the improvement of the oxidation stability of fatty acid methyl esters
With different ProPeIties. . ..c..coeruerrerierierieriereet ettt 739

Environmental

Z. N. Todorovi¢, J. M. Radulovié¢, I. D. Sredovi¢ Ignjatovié, Lj. M. Ignjatovi¢ and A. E.
Onjia: Ambient air particles: The use of ion chromatography and multivariate
techniques in the analysis of water-soluble substances...........cccccoceevervieneenenienennen. 753

S. M. Rehan Ullah, E. Zahir and M. A. Asghar: A prudent approach for the removal of
copper (II) and cadmium (II) ions from aqueous solutions using indigenous Mactra
AeqUISUICATA SNCILS ......ooiiiiiiiei e 767

Published by the Serbian Chemical Society
Karnegijeva 4/111, P.O. Box 36, 11120 Belgrade, Serbia
Printed by the Faculty of Technology and Metallurgy
Karnegijeva 4, P.O. Box 35-03, 11120 Belgrade, Serbia

* For colored figures in this issue please see electronic version at the Journal Home Page:
http://www.shd.org.rs/JSCS/

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.




Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 86 (7-8) 625-637 (2021) Original scientific paper
JSCS-5449

Quantitative structure-activity relationship modelling of influenza
M2 ion channels inhibitors

IVANKA G. STANKOVA!*, RADOSLAV L. CHAYROV!, MICHAELA SCHMIDTKE?,
DANCHO L. DANALEV3** LIUDMILA N. OGNICHENKO*, ANATOLY G.
ARTEMENKO* VALERY A. SHAPKIN? and VICTOR E. KUZ'MIN*

!Department of Chemistry, South-West University “NeofitRilski”, Blagoevgrad, 2700,
Bulgaria, Friedrich Schiller University, Department of Virology and Antiviral Therapy, Jena,
207745, Germany, 3University of Chemical Technology and Metallurgy, Biotechnology
Department, 1756 Sofia, 8 blvd. Kliment Ohridski, Bulgaria, “A.V. Bogatsky Physico-
-Chemical Institute of Ukrainian National Academy of Sciences, Department of Molecular
Structure and Chemoinformatics, 86, Lustdorfskaya doroga, Odessa, 65080, Ukraine and
Department of Department of Theoretical Foundations of Chemistry, Odessa National
Polytechnic University, 1, Shevchenko ave., Odessa 65044, Ukraine

(Received 9 May 2020, revised 15 March, accepted 5 May 2021)

Abstract: A series of adamantane derivatives (rimantadine and amantadine)
incorporating amino-acid residues are investigated by simplex representation
of molecular structure (SiRMS) approach in order to found correlation between
chemical structures of investigated compounds and obtained data for antiviral
activity and cytotoxicity. The obtained data from QSAR analysis show that
adamantane derivatives containing amino acids with short aliphatic non-polar
residues in the lateral chain will have good antiviral activity against the tested
virus A/H3N2, strain Hong Kong/68 with low cytotoxicity. QSAR experiments
and in vitro data also show good correlation and reveal that modified adaman-
tine derivatives including guanidated in the lateral chain amino acid and f-
-amino acids as substituents show low to none activity.

Keywords: QSAR study; molecular simplex; adamantine derivatives; aman-
tadine; rimantadine; amino acids.

INTRODUCTION

Adamantane derivatives have been used successfully for the prevention and
treatment of influenza A virus infection for more than 30 years.!-2 The aminoada-
mantanes (amantadine and rimantadine) block M2 proton channel and thus stop
virus replication. However, they are no longer effective because of widespread
drug resistance. S31N is the predominant and amantadine-resistant M2 mutant,
present in almost all of the circulating influenza A strains as well as in the pan-
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demic 2009 HIN1 and the highly pathogenic H5N1 flu strains.3 Structural and
biochemical studies of the S3IN mutant showed that replacing 31Ser, which is
located in the helix—helix interface, with the bulkier Asn results insubstantially
weaker helix—helix packing. Since the pocket is composed of residues from two
adjacent TM helices, the stability and physical properties of the pocket depend on
the dynamics and conformation of helical packing.# The M2 proton channel from
influenza A virus, a prototype for a class of viral ion channels known as viro-
porins, conducts protons along a chain of water molecules and ionizable side-
chains, including 37His. Drugs inhibit proton conduction by binding to an aque-
ous cavity adjacent to M2's proton-selective filter, thereby blocking access of
proton to the filter, and altering the energetic landscape of the channel and the
energetics of proton-binding to 37His. According to Gaiday et al. studied cage
compounds inhibit the M2 ion channel by binding to the 37His residue. The ada-
mantane cage fits into a pocket formed by 4!Trp residue, while the hydrogen
bond is formed between hydrogen atom of ammonium nitrogen and the nitrogen
of histidine residue.® One of the possible approaches to restore the antiviral pro-
perties of this class of compounds is to incorporate more than one functional
group in their molecule. Amino acids and peptides are promising alternative for
such kind of modification because of their multi functionality.

Herein, we report the QSAR analysis of some adamantanes modified with
different substituents and the role of specific modifications on the biological act-
ivity.

EXPERIMENTAL
Chemical synthesis

Compounds aimed to this study were previously synthesized according to Scheme 1.

The synthetic protocol of target compounds was as follow: 3 mmol of 2-(1H-ben-
zotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) was dissolved in 15
mL CH,Cl,. Further, the corresponding Boc-*N-protected amino acid (3 mmol) and DIPEA
(3.1 mmol) were added to a solution of TBTU. The obtained mixture was stirred at room tem-
perature for 30 min and 3 mmol of rimantadine or amantadine and 3 mmol N,N-dimethyl-
aminopyridine (DMAP) were also added. This mixture was stirred at room temperature for
another 3 h, and then evaporated to dryness. After evaporation the obtained oil was purified by
flash chromatography in system ethyl acetate:n-hexan (50:50 volume ratio).

1 eq. of Boc-*N-Aaa-amantadine or Boc-*N-Aaa-rimantadine was dissolved in 10-fold
excess of trifuoroacetic acid (TFA) at 0 °C. The reaction mixture was stirred until fully depro-
tection of Boc-group under chromatographic control in systems chloroform-methanol (95:5
volume ratio). The excess of TFA evaporated and the obtained oil was dissolved in 10 mL
methanol. Further 25 % ammonium hydroxide was added until the pH reached around 8. The
solvent was evaporated under vacuum. Tha obtained crystals were dissolved in ethyl acetate
and washed with 3x25 mL water. The organic layers were combined, dried on anhydrous
Na,S0, and solvent removed under vacuum. The yield of all compounds as well as 'H- and
I3C-.NMR analysis confirming their structures are given in Chayrov et al.!’

For guanidated analogues synthesis the following procedure was used.
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Scheme 1. Synthesis of amino acid derivatives of adamantine; R = —NH, is amantadine (Am),
R = CH;CHNH, is rimantadine (Rim), Aaa = amino acid; for amantadine Aaa = Ala; Phe;
Phe(4-F); Val; for rimantadine Aaa = Ala; Gly; Ile; Leu; Phe; D-Phe(4-F); L-Phe(4-F); Val;
beta-Ala; Tyr.

0.67 mmol of Boc-deprotected Aaa-rimantadine or Aaa-amantadine was dissolved in 2
mL of acetonitrile. Further to the obtained solution 1.00 mmol of 1H-pyrazole-1-carboxami-
dine hydrochloride and 2.0 mmol triethylamine were added. The reaction was run for 48 h at
room temperature. At the end of the reaction time the solvent was evaporated under vacuum.
The obtained crude oil was dissolved in 25 mL chloroform and washed several times with 5 %
NaHSO,4 (pH 3). The organic layers were combined, dried with anhydrous Na,SO,4 and sol-
vent was evaporated under vacuum. The residue was crystalized in methanol/diethyl ether.
Biological studies

The results obtained by the realized biological tests!” are presented in Table 1.

TABLE 1. Data of biological tests of studied compounds; CC is cytotoxic concentration;

HNTC is high-nontoxic concentration

No.  Structural formula of CCso/ UM HNTC/pM  ICso/ uM log (ICso / pM)
compound (abbreviation) MDCK cells ~ MDCK cells ~ Against A/Hong Kong/68

Average Class Average Class Average -
numb. numb.

1 NH F 19.91 1 6.23 1 100.00 2.00
2
Rim\'_r‘“ /©/
2 NH, >100 0 9.97 1 0.52 -0.28
O

(L-Tyr-Rim)
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TABLE I. Continued

No.  Structural formula of CCso/ uM HNTC/pM  ICso/ uM log (ICso / pM)

compound (abbreviation) MDCK cells ~ MDCK cells  Against A/Hong Kong/68

Average Class Average Class Average -

numb. numb.
3 NH, 21.93 1 4.75 1 100.00 2.00
Rim
(0]
(L-Phe-Rim)
4 NH, 70.33 1 10.20 1 100.00 2.00
Rim
O
(L-Val-Rim)
5 NH, > 100 0 11.66 1 0.75 -0.12
RimM
O
(L-Leu-Rim)
6 NH, 58.35 1 5.33 1 100.00 2.00
Rim‘(r%/\
o
(L-Ile-Rim)
7 NH, > 100 0 13.89 1 0.11 -0.96
Rim‘[‘H
O
(L-Gly-Rim)
8 NH, >100 0 14.65 1 1.53 0.18
Rim‘ﬂ/k
(@]
(L-Ala-Rim)
9 Rimj]—\ > 100 0 20.78 1 15.72 1.20
0 NH,
(B-Ala-Rim)
10 Hz"‘): > 100 0 36.69 1 8.19 0.91
NH
HN
RimTK/Q/OH
o}
(Gua-L-Tyr-Rim)
11 H > 100 0 > 100 0 41.90 1.62

H~n

" Jen
Rim%
(0]

(Gua-L-Ala-Rim)

T
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TABLE I. Continued

No.  Structural formula of CCso/ uM HNTC/pM  ICso/ uM log (ICso / pM)
compound (abbreviation) MDCK cells ~ MDCK cells  Against A/Hong Kong/68
Average Class Average Class Average -

numb. numb.
12 > 100 0 >100 0 100.00 2.00
ﬂ >1NH
(6]
(Gua-L-f- Ala-le)
13 NH, 83.61 1 15.35 1 0.81 -0.09
Am
(0]

(L-Phe(4-F)-Am)

14 NH, > 100 0 >100 0 3.93 0.59
{: 7/OH
Am
(e}

15 NH 89.40 1 15.10 1 0.75 —0.12

16 > 100 0 > 100 0 1.32 0.12

17 > 100 0 > 100 0 1.41 0.15

(
18 H, > 100 0 > 100 0 59.71 1.78

(Gua-L-Tyr-Am)

19 H‘N/H >100 0 >100 0 17.13 1.23

HN%N\H

Am
(0]

(Gua-L-Val-Am)
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TABLE I. Continued

No.  Structural formula of CCso/ uM HNTC/pM  ICso/ uM log (ICso / pM)
compound (abbreviation) MDCK cells ~ MDCK cells  Against A/Hong Kong/68
Average Class Average Class Average -

numb. numb.
20 H\N/H > 100 0 > 100 0 18.37 1.26
HN):N\
H
AmTfk
o
(Gua-L-Ala-Am)
21 Am-H > 100 0 n/a 0 0.39 -0.41
22 Rim-H — — — — 0.06 -1.25
OSAR calculations

In the present study the simplex representation of molecular structure (SiRMS)
approach”® was used for calculation of structural descriptors for all investigated compounds.
The simplex approach is based on isolating and counting the number of molecular fragments
(pairs, triples, quadruples of atoms).

Any molecule in the framework of SIRMS can be represented as a system of different
specific fragments (simplexes) of fixed composition and topology. Various atomic charac-
teristics can be used for the vertex differentiation in the simplex, such as the uniqueness of the
atom (atom nature or a more detailed type), electronegativity, partial charge, lipophilicity,
electronic polarizability (refraction), H-bond donor/acceptor potential, van der Waals interact-
ions, efc. For atomic characteristics having real values (electronegativity, lipophilicity efc.) at
the preliminary stage the range of values is divided into a certain number of groups G (G is a
tuning parameter of models and can vary, as a rule from 3 to 7; see the example showing how
using vertexes differentiation by atomic charges in Supplementary materials).

In addition, electronegativity, refraction, molecular weight and octan-1-ol-water partition
coefficient (Log P) are calculated as integral characteristics that describe the whole molecule.

The calculation of descriptors was carried out at the 2D level of molecular structure rep-
resentation. The 2D-QSAR models are the most popular in structure-property studies.”$ In
this case only molecular topology is taken into account, i.e. all information is extracted from
the structural formula.

The relationships between the calculated molecular descriptors and the studied properties
of investigated molecules were established by methods of partial least squares (PLS)® and
random forest (RF).10

The removal of highly correlated and constant descriptors, the trend vector method, !
genetic algorithm (GA)!2 and the automatic variable selection (AVS) strategy’ have all been
used to select the descriptors in PLS. The removal of highly correlated descriptors is not
necessary for PLS analysis since descriptors are reduced to a series of uncorrelated latent vari-
ables. This procedure frequently helps to obtain more adequate models. During this procedure
one descriptor from each pair having a pair correlation coefficient r satistying |+>0.90 is eli-
minated. It was previously discovered!? that descriptors involved in the best Trend Vector
models (several decades of models with approximately identical quality) form a good subset
for their subsequent usage in PLS. The noise elimination can be one of the more probable
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explanations of the success of the trend vector procedure. GA is used as a tool for the select-
ion of adequate PLS models. We used the small set of following algorithm parameters as mut-
ation rate = 0.3, crossingover rate = 0.7, type of crossingover is double. Descriptors, from the
best model obtained by a preliminary AVS procedure, are normally used as the starting
“population”. In this work we run GA only once. The GA is definitely not a tool for the elu-
cidation of the global maximum or minimum, and very often subsequent AVS procedures and
different enumerative techniques allow one to increase the quality of the PLS models obtained.

According to the QSAR/QSPR OECD principles,'# applicability domain (AD) of dev-
eloped models was estimated. A ellipsoid model of structural space,” Williams plot!> and tree
AD approach!® were used for AD estimation.

Within the framework of SIRMS approach it is possible to define the relative influence
of the different physical and chemical factors on the character of the molecules interaction
with the biological target.”: For this purpose it is necessary to sum and compare absolute values
of PLS regression coefficients of descriptors for all groups used for atom differentiation.

The clear interpretation is one of the advantages of SiRMS approach.® On the basis of
developed QSAR models the influence of each atom over a particular property can be calcul-
ated. The contribution of each atom in the molecule can be defined as the ratio of the sum of
PLS regression coefficients for all simplexes containing this atom to the number of atoms in
the simplex. The atomic contribution depends on the number of simplexes that include this
atom. The number of simplexes is not constant. It varies in different molecules depending on
other constituents. Thus, this contribution is non-additive. The analysis of such information
allows selecting different fragments which have negative or positive influence on a considered
property.

The descriptors calculation and data analysis were performed using HITQSAR software,’
which was developed in the department of molecular structure and chemoinformatics of the A.
V. Bogatsky Physico-chemical institute of National Academy of Sciences of Ukraine.

RESULTS AND DISCUSSION

During the first step of synthetic scheme Boc-*N-protected amino acid are
bonded to rimantadine or amantadine. Next step is reaction of Boc-group depro-
tection with treatment with 10 fold excess of TFA. Finally target compounds are
obtained as a free bases on their amino functions by treatment with 25 % ammo-
nium hydroxide till pH around 8.

Thus using structures and results from biological investigations of target
rimantadine and amantadine analogues QSAR analysis was carried out and the
effects of the substituent on the in vitro cytotoxicity (CCsg), HNTC and antiviral
activity (against human influenza virus A/H3N2 strain/Hong Kong/68) were also
investigated.!”

In this study we used a dataset consisting of 22 derivatives (13 are riman-
tadine derivatives and 9 — amantadine derivatives, Table I).

In addition, the derivatives Tyr-rimantadine, Ala-rimantadine, S-ala-Riman-
tadine, and Ala-amantadine, Val-amantadine, which exhibit the lowest cytotoxic-
ity were guanidated using 1H-pyrazole-1-carboxamidine reagent (Scheme 1).18

All compounds were tested against human influenza virus A/H3N2 strain
Hong Kong/68 and their activity is described by Chayrov et al.!”7 The antiviral
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activity against influenza virus strain A/H3N2 strain Hong Kong/68 in vitro of
new analogs of amantadine and rimantadine conjugated with amino acids reveal
that the highest antiviral activity combined with low cytotoxicity was demon-
strated by the rimantadine derivative conjugated with the simplest in structure
glycine. Moreover, glycyl-rimantadine presented a high stability profile after
incubation in human plasma for 24 h. Interestingly, the analogues of amantadine
with the amino acids L-phenylalanine and L-(4-F)-phenylalanine exhibited high
activity although lower than those of the amantadine in the same concentration.
In addition, amantadine and rimantadine analogues conjugated with guanidine
showed low toxicity but they also exhibited low activity. The various aliphatic
and aromatic amino acids as substitutes in the rimantadine molecule have no sig-
nificant effect on antiviral activity. The use of P-alanine reduces antiviral act-
ivity. Guanidation of the rimantadine and amantadine analogues do not increase
antiviral activity unlike guanidated oseltamivir analogues.

Using SiRMS approach for calculation of structural descriptors a total of
about 2000 different structural characteristics were calculated for the investigated
compounds.

The ranges of dividing the atom properties into intervals are, as already men-
tioned above, tuning characteristics and the following schemes were used in the
calculation of simplex descriptors: electronegativity: A <2.19 <B<25<C<3<
< D, refraction: A < 1.5 <B <3 <C <8 <D, atomic charge: A <-0.16 <B <
<-0.10<C<-0.04<D<0.01 <E<0.07<F <0.13 <G, lipophilicity: A <
-1.51<B<-09%<C<-042<D<0.13<E<0.68<F<1.23<G, VDW
attraction: A <50 <B <100 <C<250<D <400 <E <650 <F <2000 <G,
VDW repulsion: A <20.000 <B <32.000 <C <50.000 <D < 100.000.

All atoms corresponding to the simplex vertices were also divided into three
groups: A — acceptors of potential H-bond, D — donors of potential H-bond and |
— indifferent ones.

On the first stage of this study, 2D QSAR model reflecting the structural inf-
luence of investigated compounds on their antiviral activity against human inf-
luenza (virus A/H3N2 strain Hong Kong/68) was developed. This model (Model
A1) was used for interpretation, i.e., for estimation of influence of different struc-
tural factors on investigated activity (on value of log /Csg), but this model was
not intended for prediction of activity. Model A1 was built using the PLS method
with two latent variables (based on 9 descriptors in the final) and with the follow-
ing statistical characteristics: determination coefficient for the training set RZ =
= (.88, coefficient of determination for cross-validation (leave-one-out) 02 = 0.77,
standard error S(ws) = 0.35, S(cv) = 0.52 for training set and cross-validation,
respectively. A “randomization” procedure (Y-Scrambling) was used to confirm
the “non-randomness” of the developed QSAR model.” The statistical character-
istics obtained using the Y-Scrambling procedure were lower in indices than in
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the final model: R2 (Y-scr) = 0.26 £ 0.03, Q? (Y-scr) = 0.10 + 0.03. Thus, the non-
-randomness of the established relationship between the structure of the inves-
tigated compounds and their antiviral activity can be stated (see Supplementary
material to this paper).

The analysis of obtained Model Al testifies that, electrostatic (atomic
charges) factors and lipophilicity have the largest influence on changing of anti-
viral activity (41 and 37 %, respectively). The relative influence of atom nature is
22 %.

As already mentioned above, on the basis of developed QSAR models the
contribution of each atom in the molecule can be calculated. The analysis of such
information allows selecting different fragments which have negative or positive
influence on a considered property.

The sequence of mean relative influence of various substituents (R) for
amantadine and rimantadine derivatives on antiviral activity (log /Csq) is shown
on Fig. 1.

0
H
H-N H,N
HN N fN\H | NH, " NH
—”—\_ >=NH ‘rk ‘H/SA WOH
© N o} 0o o]
(R1) < (R2) < (R3) < (R4) <
N2 NH, NH,
o | O “—NH,
<RS)< (R6)< (R7)< (R8) <
NH, NH, NH NH,
C >/0H j‘/k J
o} o)
<(R9) < (R10) < R11) < (R12)

Fig. 1. Averaged relative influence of substituents (R) for amantadine and rimantadine
derivatives on antiinfluenza activity (log ICs,) by the Model Al.

In addition, the influence of identical substituents for amantadine and riman-
tadine derivatives was estimated separately:
a) for amantadine: R2 <R4 <R5 <R6 <R7 <R9 <RI10;
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b) for rimantadine:R2 <R5 <R6 <R7 <R4 <R10 <RO9.

In general, the sequence of changes in the relative influence of the substi-
tuents is the same for derivatives of amantadine and rimantadine, a noticable dif-
ference can only be noted for hydroxyl-containing substituents R4 and R9. Aver-
aged relative influence of Rim- and Am-centers on antiinfluenza activity by the
Model A1 equals 0.75 and —0.19, respectively.

RF model was developed for estimation of the predictive ability of the
QSAR model. RF models were constructed according to the described original
RF algorithm.!0 RF is an ensemble of single decision trees.!® Each tree has been
grown as: a) A bootstrap sample, which will be a training set for the current tree,
is produced from the whole training set of N compounds. Compounds which are
not in the current tree training set are placed in an out-of-bag (OOB) set (OOB
set size is ~N/3); b) the best split by classification and regression tree (CART)
algorithm!9 among the m randomly selected descriptors from whole set of M
ones in each node is chosen. The value of m is just one tuning parameter for
which RF models are sensitive; c) each tree is grown to the largest possible
extent (there is no pruning).

RF model (Model A2) was built using the descriptor’s set from Model Al.
Obtained model (trees count = 50, randomly selected descriptors count = 3) has
following statistical characteristics: determination coefficient for the training set
RZ(WS) = 0.95, coefficient of determination for out-of-bag (OOB) set RQ(OOB) =
= 0.65, RMSE(ys) = 0.26, RMSE (oob) = 0.62. The characteristics of the OOB just
reflect the predictive ability of the QSAR model, which can be considered satis-
factory. The greater accuracy of prediction is observed for compounds with
medium activity (see Supplementary material).

Further in this study, QSAR models reflecting the structural influence of the
investigated compounds on their cytotoxicity (CCsg) and HNTC were developed.
The cytotoxicity data (CCsg) show (Table I) that among the 21 compounds, only
6 exhibit cytotoxicity (CCsg values are less than 100). For HNTC data were
found that among the 21 compounds, only 12 exhibit activity (property values are
less than 100).

Thus, the original activity values were coded as follows: 1-active (property <
< 100) and O-inactive (property > 100). In these cases RF method was used for
decision of classification tasks.

For the first case since the dataset is unbalanced, i.e., the count of active and
inactive molecules is significantly different, a special procedure for balance was
used. The count of inactive molecules was constant (15 molecules) and the count
of active ones was duplicated. In the first series, 6 active molecules (all of active
and inactive — 21 molecules) were used for developed Model B1 (trees count =
100, randomly selected descriptors count = 5); in the second series the count of
active molecules was increased twofold, i.e., 12 active molecules (a total of 27
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molecules) were used for developed Model B2 (trees count = 150, randomly sel-
ected descriptors count = 13). The resulting QSAR models for the training set
showed an unmistakable classification. The predictive ability of the QSAR
models was evaluated using the “out-of-bag” (OOB) procedure. The quality of
the classification models was assessed according to the following statistical char-
acteristics: Matthew’s correlation coefficient (MCC), specify (SPC), accuracy
(ACCQ) and sensitivity (SEN):

(TP-TN + FP-FN)

MCC =
J(TP + FP)TP+ FN)(TN + FP)(TN + FN)
N
C=—"""
(TN + FP)
(TP +TN) . TP

= 5 N:—
(TP+TN + FP+ FN) (TP+ FN)

where TP — true positive, TN — true negative, F/P — false positive, F'N — false neg-
ative.
The obtained data are presented in Table II.

TABLE II. Statistical parameters for classification models for CCs, (Models B1 and B2) and
HNTC (Model B3) for “out-of-bag” set

Model Set MCC ACC SPC SEN
Bl 6+15=21 0.77 0.90 0.88 1

B2 12+15=27 0.86 0.93 0.93 0.92
B3 12+9=21 0.81 0.90 0.89 0.91

As it can be seen from Table II, the balancing of models leads to a signific-
ant quality improvement. Model B2 could be considered as the most appropriate.

For HNTC data the duplication procedure was not used, since the dataset is
more balanced (active molecules 12 and inactive 9). Model B3 (trees count =
= 150, randomly selected descriptors count = 20) was also built for HNTC data-
set, statistical parameters are shown in Table II.

As can be seen from this table, the statistical characteristics of models B1—
—B3 are quite acceptable.

It should be noted that all molecules are in domain applicability (DA) of
Models A1, A2 and B1-B3.

CONCLUSION

The realized QSAR studies have found good compliance between theoretical
predictions and in vitro revealed activity and cytotoxicity. Compounds 2, 5 and 7
have both good antiviral activity against tested virus A/H3N2, strain Hong Kong/68
combined with low cytotoxicity which is in a perfect correlation with QSAR pre-
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diction studies. All guanidated derivatives have lower activity according to both
QSAR investigation and in vitro assay. Based on the obtained results we can con-
clude that more bulky side chain residues are not tolerated by the mechanism of
interaction with M2 ion channels of influenza virus. Unfortunately, the same con-
clusion is revealed for structures creating less conformational freedom including
p-amino acids as moiety in the lateral chain of amantadine and rimantadine.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https:/
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.

U3BOL
MOJEJIOBAILE KBAHTUTATUBHOI OJHOCA CTPYKTYPA-AKTHUBHOCT MHXUBUTOPA
M2 JOHCKOI' KAHAJIA BUPYCA T'PHUITA

IVANKA G. STANKOVA', RADOSLAV L. CHAYROV', MICHAELA SCHMIDTKE?, DANCHO L. DANALEV?,
LIUDMILA N. OGNICHENKO', ANATOLY G. ARTEMENKO', VALERY A. SHAPKIN® 1 VICTOR E. KUZ'MIN*

"Department of Chemistry, South-West University “NeofitRilski”, Blagoevgrad, 2700, Bulgaria, *Friedrich
Schiller University, Department of Virology and Antiviral Therapy, Jena, 207745, Germany, 3University of
Chemical Technology and Metallurgy, Bio-technology Department, 1756 Sofia, 8 blvd. Kliment Ohridski, Bul-
garia, *A.V. Bogatsky Physico-Chemical Institute of Ukrainian National Academy of Sciences, Department of
Molecular Structure and Chemoinformatics, 86, Lustdorfskaya doroga, Odessa, 65080, Ukraine u 4Depart—
ment of Department of Theoretical Foundations of Chemistry, Odessa National Polytechnic University, 1,
Shevchenko ave., Odessa 65044, Ukraine

Cepyja HOBUX JiepMBaTa aflaMaHTaHa KOju cajgp:xe (parMeHTe aMHUHOKUCENIHWHA HCIH-
TaHa je KopucTehu MeTon CUMIUIEKC MpelcTaBbakba MONEKYJICKHX CTPYKTypa (eHr. simplex
representation of molecular structure, SIRMS) ca uuwbeM fa ce yTBpaH ofgHoc u3melhy xemuj-
CKe CTPYKTYpe HUCIHUTHBAHUX jeNuibera U pesyiTaTa aHTUBHUDAIHE W LIUTOTOKCUYHE aKTHB-
HocTH. Jobujenu pesynrtati QSAR aHamuse nokxasyjy na he mepuBaTH ajamaHTaHa KOjU Ca-
IpXKe aMUHOKHCEIMHe KPaTKUX HEeNOoNapHUX anu@aTUYHUX Ipyna y OOYHOM HM3y HUMaTH
nobpe aHTHBUpanHe akTuBHOCTH mpema A/H3N2 cojy Hong Kong/68 Bupyca xao U many
UUTOTOKCHYHOCT. QSAR eKCIepUMEHTH U pe3yiTaTH in Vvitro akTHBHOCTH MNOKasyjy H0Opy
KOpeJalLujy U yKkasyjy [la JepHUBaTH KOjU CafpiKe ryaHHU#o GparMeHT y DOUHOM HH3Y U f-aMu-
HOKHCEJIMHY Kao CyNCTUTYEHT, UMajy Maily WIH He [oKa3yjy akTHUBHOCT.

(ITpummeno 9. maja 2020, pesuaupano 15. mapra, npuxsaheno 6. maja 2021)
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Fig. S-1 depicts the example showing how, using vertexes differentiation by
atomic charges, the simplexes descriptors are generated at 2D level.

The contribution of each of nine SIRMS descriptors used in the Model Al is
represented in Table S-1.

The distribution of prediction errors (AY = mod(Ypredicted — Yobserved))
demonstrates that a greater accuracy of prediction is observed for compounds
with medium (Fig. S-3).
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TABLE S-1. Structural parameters and their VIP scores

N Type differentiation Structural fragment VIP scores
o vertexes simplexes
Atom charge A—F=D 0.78
1
C.
Type NUPARN 0.45
) ¢’ ~c
He
Atom charge A=G—E 0.44
3
F-
i ilici 0.41
A lipophilicity D. o _ D ~ G
type N. C ~ 0.41
5 e C
|
. lipophilicity . D 5 _ E 0.39
G
7 lipophilicity D—C 0.33
Atom charge (l) 0.30
8
C—D—D
lipophilicity E—D—G 0.23
9
C
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TABLE S-II. Predicted classes of activity by models B1 — B3 for “out-of-bag” set

STANKOVA et al.

Compound name

CCjs class

HNTC class

Observed

Predicted
(Model B1)

Predicted
(Model B2)

Observed

Predicted
(Model B3)

L-Val-Rim

0

1

1

L-Phe-Am

L-Phe(4-F)-Am

L-Val-Am

Gua-L-Val-Am

L-Tyr-Am

Gua-L-Tyr-Am

L-Gly-Rim

L-Ile-Rim

L-Leu-Rim

L-Phe-Rim

B-Ala-Rim

D-Phe(4-F)-Rim

Amantadine

Gua-L-B-Ala-Rim

L-Tyr-Rim

Gua-L-Tyr-Rim

L-Ala-Rim

Gua-L-Ala-Rim

L-Ala-Am

Gua-L-Ala-Am
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Abstract: In the continuation of our study of substituted isocoumarins a series
of novel 3-azolyl isocoumarin and their thio derivatives, including some related
lactone compounds was prepared and biologically profiled against C. albicans
showing moderate activity with MIC values in range of 4-60 pg mL"!, in gen-
eral. The additional characterisation of selected compounds was carried out by
exploring their activity on CYP3A4 and CYP2D6 enzymes, while experiments
on mutagenicity were performed by AMES test. The representative isocoum-
arins 3b, 4a and 4b showed lower inhibitory activity on CYP enzymes, when
compared to the reference inhibitors, ketoconazole and quinidine. Compound
4a showed a higher mutagenic potential than the other two compounds. Further
characterization included cytotoxicity profiling against normal MRCS5 cells.

Keywords: antifungal compounds; isocoumarins; Candida albicans; CYP enz-
ymes; AMES.

INTRODUCTION

Isocoumarin derivatives have been intensively studied in recent decades.!3
In synthetic chemistry, they have been widely explored as starting compounds for
the preparation of other heterocyclic derivatives.#> Furthermore, these com-
pounds have been subject of detailed research in medicinal chemistry due to their
promising general biological potential.®8 Isocoumarin skeleton can be con-

* Corresponding author. E-mail: milena@pharmacy.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC201201025S
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640 SIMIC ez al.

sidered as a privileged structure, as it is frequently encountered in naturally
occurring compounds and also in plethora of synthetic derivatives exhibiting
whole array of physiological properties. Natural isocoumarins may or may not
have C(3) double bond but are rarely unsubstituted. They possess various sub-
stituents diversely positioned around the core, although most frequent substi-
tution pattern, represented by structures in Fig. 1, is characterized by the oxygen-
ated aromatic ring and functionality at C(3).

segliceaalseaNeses:

Gymnopalyne A Dracumerm (+)-Epoxyartemidin Dlorosthornoumarln

Fig. 1. Structures of some natural isocoumarins.

The C(3)-derived isocoumarins, either natural or synthetic, are known to
have broad range of biological activities, such as anti-inflammatory, antimalarial,
antimicrobial, antifungal, cytotoxic, antiangiogenic.~8 We have disclosed earlier
a novel class of these derivatives possessing a heterocyclic ring at C(3).2 Those
compounds showed excellent antifungal properties, in some instances even better
than voriconazole, which was used as a standard. Some derivatives demonstrated
activity against azole resistant strains such as Candida krusei and Candida para-
psilosis. Brief exploration of the mechanism of action suggested that the selected
compounds did not cause any degradation or any interactions with Candida albi-
cans DNA, implying that the origin of the biological profile of studied isocoum-
arins is not related to structural modifications of DNA molecules.

In order to explore further the structure—activity relationship (SAR) for this
class of compounds and perform wider biological characterisation, a small series
of additional isocoumarin derivatives and related compounds were synthesised and
tested for antifungal activity on C. albicans. Further biological profiling was car-
ried out by exploring cytotoxicity on healthy human MRCS5 cells, inhibitory pot-
ential on cytochrome P450 (CYP) enzymes, and mutagenicity using AMES assay.

EXPERIMENTAL
General

The NMR spectra were recorded on Bruker Ascend 400 (400 MHz) and Bruker Avance
IIT (500 MHz) spectrometers. Chemical shifts are given in parts per million (J) downfield
from tetramethylsilane as the internal standard. Deuterochloroform was used as a solvent,
unless otherwise stated. Mass spectral data were recorded using Agilent Techologies 6520
Q-TOF spectrometer coupled with Agilent 1200 HPLC or Agilent Technologies 5975C MS
coupled with Agilent Technologies 6890N GC. IR spectra were recorded on IR Termo Scien-
tific Nicolet iS10 (4950) spectrometer. Melting points were determined using Boetius PHMK
05 apparatus without correction. Flash chromatography was carried out using silica gel 60
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BIOLOGICAL STUDY OF AZOLYL-ISOCOUMARINS 64 1

(230400 mesh) while thin layer chromatography was carried out using alumina plates with
0.25 mm silica layer (Kieselgel 60 F,s4, Merck). Compounds were seen by staining with pot-
assium permanganate solution and Dragendorff reagent. The solvents were purified by distil-
lation before use.

Analytical and spectral data, as well as additional experimental details are given in the
Supplementary material to this paper.

General procedure for synthesis of thioisocoumarins

Thioisocoumarins were synthesised following literature procedure.!? To a solution of
isocoumarin (0.12 mmol) in dry toluene (2 mL) Lawesson’s reagent (48.5 mg, 0.12 mmol)
was added under nitrogen atmosphere and the mixture was refluxed for 12 h. After the react-
ion was complete, as indicated by TLC, the mixture was cooled to room temperature and sol-
vent was removed under reduced pressure. The residue was purified by flash chromatography
in order to get the clean the product.

General procedure for synthesis of azolyl-methylisocoumarins

Azolyl-methylisocoumarins were synthesised from 3-bromomethylisocoumarin and cor-
responding azoles following literature procedure.!!:12

General procedure for synthesis of 3-azolyl-phthalides

Starting compound, 3-bromophthalide (7) was prepared from phthalide and NBS.!3
3-Azolyl-phthalides 8a—c were synthesised from 3-bromophthalide and corresponding azoles
following the procedure from literature. !4
Biology

Antifungal activity. Standard disc diffusion assay was done for the preliminary screen
using 0.25 mg of test compounds per disc. Briefly, late stationary phase cells of C. albicans
ATCC 10231 were spread on potato dextrose agar plates (HiMedia Laboratories, Mumbai,
India) and sterile cellulose discs (6 mm diameter) were applied to the surface (HiMedia Lab-
oratories, Mumbai, India). Plates were incubated at 37 °C and zones of inhibition were mea-
sured. As a control, voriconazole (0.25 and 0.025 mg/disc) was also included in disc diffusion
assay. Broth microdilution assays were carried out in RPMI medium (Sigma Aldrich, Ger-
many) according to the standard NCCLS M27-A2 with the highest concentration of 0.5 mg
mL! applied.!5:16

Cytotoxicity. Cytotoxicity of the compounds was assessed against human lung fibroblast
MRCS cell line obtained from the American Type Culture Collection (ATCC) using MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) reduction assay.!” The highest
concentration of the compounds used was 0.25 mg mL"!. The MTT assay was performed after
48 h treatment with compounds three times in three replicates and the /Cs, values (concen-
trations at which 50 % cell growth inhibition occurred) were calculated in comparison to con-
trol (untreated cells) that were arbitrarily set to 100 %.

In vitro inhibition of CYP344 and CYP2D6 enzymes. The study was performed using
commercial tests CYP3A4 P450-Glo™ and CYP2D6 P450-Glo™ provided by Promega
(Madison, WI, USA). These assays use the luminescent measurement of the potential inhibit-
ion effect on the conversion of the beetle D-luciferin derivative into D-luciferin by respective
CYP isoform.!® The tests were performed in white polystyrene, flat-bottom Nunc™ MicroWell™
96-well microplates (Thermo Scientific, Waltham, MA, USA). The bioluminescence signal
was measured with the microplate reader Perkin Elmer (Waltham, MA, USA) in luminescence
mode. Ketoconazole (KE) and quinidine (QD) used as the positive controls were obtained
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from Sigma—Aldrich. The isocoumarin derivatives were tested in triplicate in concentration
range 0.01-25 pM, whereas reference inhibitors 0.0001-0.1 (QD) and 0.01-10 uM (KE), res-
pectively.

AMES test. Ames microplate fluctuation protocol (MPF) assay was performed with Sal-
monella typhimurium TA100 strain, enabling the detection of base substitution mutations.!?
The bacterial strain, as well as exposure and indicator medium, were purchased from Xeno-
metrix AG (Allschwil, Switzerland). S. #yphimurium TA100 bacteria were exposed to 2 con-
centrations (1 and 10 puM) of a test agent, the reference was mutagen nonyl-4-hydroxy-
quinoline-N-oxide (4-NQNO, 0.5 uM) and a negative control (1 % DMSO) for 90 min in the
medium containing sufficient histidine to support approximately two cell divisions. After 90
min, the exposure cultures were diluted in pH indicator medium lacking histidine, and ali-
quoted into 48 wells of a 384-well plate. Within two days, cells which have undergone the
reversion to histidine prototrophy (revertants) reduced the pH of the indicator medium. The
colour change (from purple to yellow) was detected visually by the microplate reader EnSpire
Perkin Elmer (Waltham, MA, USA) at 420 nm. The number of wells containing revertants
were counted for each dose and compared to the medium control baseline, which is an average
of mean revertants from negative control (1 vol.% DMSO) plus the standard deviation. The
two-fold increase in number of positive wells, over the medium control baseline indicated the
mutagenicity borderline.

RESULTS AND DISCUSSION
Chemistry

Various synthetic methods for the preparation of isocoumarin derivatives
have been reported in the literature.20-24 Scheme 1 shows our general approach
to the synthesis of these compounds.” We employed the general Pd-catalysed
processes for the functionalisation of the C(3) position of isocoumarin core.25-27
The common intermediates, which provided access to several classes of com-
pounds, were bromo derivatives 2a/b (Scheme 1), synthesised from homophthalic
anhydride.28:29 The sulphur-containing derivatives such as 2¢ and 4a/b were pre-
pared by the reaction of appropriate starting material and Lawesson’s reagent
under typical conditions (Scheme 1). The heterocyclic derivatives were synthe-
sized via well-established Pd-promoted aminations, combining bromoisocoum-
arin scaffold and a distinctive antifungal pharmacophores such as the various
azole rings (Scheme 1).30-33

O 3 Br N
6 B het N
/©;\Of 2 (0] azole, b > i c > )
R i R™7 g f R R
R=H, 1a R=H, 2a © o s
R=NO,. 1b R=NO, 2b lc R=H, Npg= pyrazolyl 3a R=H, Npe= pyrazolyi 4a
’ R=H, Npg= triazolyl 3b R=H, Npet= triazolyl 4b

Br ;
= R=NOy, Npee= triazolyl 3¢
(o]
R Conditions: a. PBry 170 °C, 6 h, 20 %; b. Pdy(dba); (5 mol%),

Xantphos (10 mol%}, K,CO3 (2 eq), toluene, 80 °C, 16 h;
R=H, 2¢ c. Lawesson's reagent (1 eq), toluene, 110 °C, 12 h.

Scheme 1. Synthesis of 3-substituted isocoumarins.
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For further structure—activity studies (SAR), several compounds possessing
the methylene linker between the isocoumarin scaffold and the azole moiety were
prepared using bromination/nucleophilic substitution sequence following the lite-
rature procedure (Scheme 2).12

azole,

Br_KpCO3_ Nhet 6 a. pyrazol-1-y 45 %
b. 4-chloropyrazol-1-yl 81 %
0014 rix D"fg h” c. 1,2, 4-triazol-1-yl 61 %

3- methyhsocoumann

Scheme 2. Synthesm of 3-azolylmethylisocoumarins.

With the intention to explore more chemical space defined by the above
mentioned isocoumarins, an additional related class of compounds possessing
phthalide moiety, was also prepared. Some phthalides previously demonstrated to
have antifungal activity against plant pathogens.3* Therefore we chose for a
small series of azole containing phthalides in order to supplement SAR inform-
ation (Scheme 3). 14,35

8 a. pyrazol-1-yl 78%
azole, EtN b. 4-chloropyrazol-1-yl 61%
CCI4 MeCN, r.t. c. 1,2 4-triazol-1-yl 50%
16 h

Scheme 3. Synthesis of 3-azolylphthalides.

phthallde

Biology

Antifungal activity and cytotoxicity. The antifungal and cytotoxic properties
of isocoumarins from our current study and three compounds from our previous
work for comparison are presented in Table 1. The preliminary biological charac-
terisation was carried out against C. albicans using disc diffusion assay with 250
ug of compound per disc.15:16 For the determination of minimum inhibitory con-
centration (MIC) of the active compounds, in comparison with the clinically used
voriconazole, the broth dilution method was applied. MIC was not determined for
the compounds that showed poor activity against C. albicans in the disc diffusion
assay. Together with the antifungal properties the cytotoxicity was also deter-
mined using human MRCS5 cells and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay,!”7 which is also presented in Table 1. The dif-
ference between the activities of nitro derivatives 2b and 3¢ (entries 2 and 6,
Table I) and the corresponding compounds without this capability 2a and 3b
(entries 1 and 5, Table I) is notable. The effect of thiocarbonyl group in place of
carbonyl on the biological profile was also briefly explored. This structural
alteration was expected to be important if the lacton moiety was involved in the
shaping of biological character of this class of compounds. Indeed, the derivat-
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ives of this type 2c, 4a, 4b (entries 3, 7, 8, Table I) showed good activity, in
particular 2c¢, suggesting that this structural features should be considered in
designing novel isocoumarin antifungals. It should be also noted that azolyl-thio-
isocoumarins, although showing comparable antifungal activity against C. albi-
cans, seem to have slightly higher toxicity against normal cells when compared
to the parent O-analogues. Unfortunately, none of derivatives possessing more
flexible azole moiety such as 6a—c (entries 9—11, Table I) showed any activity
against C. albicans. Further explored class, 3-azolyl phthalides, compounds 8a—c,
have also shown that they were completely inactive (entries 12—14, Table I) in
this study. Analysing the structural properties of the active compounds, in parti-
cular comparing the isocoumarin and phthalide derivatives, but also isocoumarins
with and without directly attached azoles, it seems that the activity might be
related to the electrophilicity of the lactone carbonyl.

Table I. Antifungal and cytotoxic properties of isocoumarins and derivatives; — MIC was not
determined; *: compounds synthesised in our previous work

Entry Compound MIC/ug mL! (C. albicans) ICsy/ug mL! (MRCS5)
1 2a* 15.6 20
2 2b 60.0 100
3 2¢ 4.0 7

4 3a* 31.2 30
5 3b* 20 40
6 3c >500 70
7 4a 20 5

8 4b 20 15
9 6a - -
10 6b - -
11 6¢c - -
12 8a >400 >100
13 8b >400 >100
14 8c >400 >100
15 9 >500 20
16 10 40 90
17 Voriconazole 7.8 40

Therefore, the susceptibilities of active compounds 2a and 3b towards nuc-
leophilic species30 such as hydrazine and 2-phenylethylamine (Scheme 4) were
studied. Both compounds underwent ring opening reaction under mild conditions
at room temperature. Although the SAR suggested this possibility it was not a
pleasing outcome, as it suggests possible mode of action of these compounds,
because it would make them promiscuous towards various biological targets and
might also support the compounds toxicity against MRC5 cell lines. However,
the differences in C. albicans/MRCS activities for some of the tested compounds
suggest the involvement of more specific mechanism of action as well. The ring
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opening products were also tested for antifungal activity against C. albicans and
while the compound 9 did not show any antifungal activity, the compound 10
was moderately active (entries 15 and 16, Table I).

H
O, N\/\
Ph
\H NH,NH,
H Ph/\/ 2 KzCO3
No~pn DCErt DCE rt
0
9 0% 6%

(or 3b)
Scheme 4. Ring opening of bioactive isocoumarins.

Interaction with CYP3A4A4 and CYP2D6. The profiling of novel biologically
active compounds against CYP enzymes is very important due to the fact that
these enzymes have in metabolism of xenobiotics. The most active compounds
surround the azole pharmacophore, a potential ligand for Fe3*, containing the
cytochrome P450 family of enzymes, prompted the study in this direction. Majo-
rity of drugs are metabolised by only few of CYP enzymes, amongst which
CYP3A4 and CYP2D6 are perhaps the most important. Studying in vitro pro-
perties of the synthesised novel compounds as the inhibitors of these two iso-
forms in particular is a good basis for predicting their interactions in vivo.37-38
Two compounds from our current (4a, b), and one (3b) from our previous work,
were selected for this investigation because they showed the same antifungal
activity on C. albicans, but also various cytotoxicity. The inhibition potential of
compounds was established using the luminescent assay in comparison to keto-
conazole for CYP3A4 and quinidine for CYP2D6. The results outlined in Fig. 2
suggest that all three compounds, 3b and 4a and b, have significantly lower
inhibition capacity towards CYP3A4 than ketoconazole. While ketoconazole at
0.1 uM concentration has strong inhibitory effect, the tested compounds, in par-
ticular 4b, are significantly less potent. The calculated /Csg values supported this
observation (/Cso: 4a > 25 uM, 4b, 16.8 uM, 3b, 16.4 uM, ketoconazole, 0.14 uM).

™= ketoconazole 0.1 pM
= 4a 0.1 upM
= 4b 0.1 yM
™= 3b 0.1 pM
120
100
80
60
40

20

CYP3A4 activity, %

Fig. 2. Inhibition of CYP3A4 enzyme by selected com-
keto -
conazole 4a 4b  3bp pounds and standard inhibitor.
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Further study of our compounds related to CYP2D6 resulted in similar out-
come, Fig. 3. The comparison of inhibition effect of 4a and b and 3b with
quinidine revealed very mild influence of our compounds on CYP2D6 activity.
While quinidine at 0.1 uM concentration reduced activity of CYP2D6 for >80 %,
all other tested compounds showed almost negligible effect. /Csy values found
for all tested compounds 4a and b and 3b were >25 pM, whereas for quinidine
were 0.01 uM).

m quinidine 0.1 pM
m 4a 0.1 yM
== 4b 0.1 pM
= 3b 0.1 pM

60 1
40

53
=

CYP2D6 activity, %

Fig. 3. Inhibition of CYP2D6 enzyme by selected com-
pounds and standard inhibitor.

(=}
I

quinidine 4a 4b 3b

Mutagenicity (AMES test). Further profiling of the previously selected com-
pounds 4a and b and 3b involved the determination of their mutagenic potential
by the AMES mutagenicity assay with Salmonella typhimurium TA100 strain,
which allows for the detection of mutagens that cause base-pair substitution and
nonyl-4-hydroxyquinoline-N-oxide (NQNO), as a standard compound. This test
developed few decades ago shows bacterial mutagenicity, and, consequently,
may indicate carcinogenic properties of studied compounds. The profiling results
summarised in Fig. 4 suggest that compounds 3b and 4b do not possess muta-
genic properties either at 1 or 10 uM concentration (red dotted line shows muta-

w
=)

= DMSO 1% == DMSO 1 %
= 3b1mM 40 == 4b1mM
= 3b 10 mM = 4b 10 mM

w
=)

= 4-NQNO 0.5 mM = 4-NQNO 0.5 mM

[N
S

Number of revertants
=

S

DMSO 3b 3b  4-NQNO DMSO 4b  4b 4-NQNO

%3
S

= DMSO 1 %
" 4a 1 mM

" 4210 mM
= 4-NQNO 0.5 mM

—_ D W
58 8 &

Number of revertants

o

DMSO 4a 4a 4-NQNO

Fig. 4. Evaluation of mutagenic potential of selected compounds by AMES test. DMSO
(1 vol.% in growth medium) was used as negative control.
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genicity borderline).

Contrary to these, compound 4a at 1 UM concentration showed mutagen-
icity, while at 10 uM the number of revertants observed were below the control
level of DMSO and thus may indicate the toxic effect of this compound on S.
typhimurium strain.

CONCLUSION

As an addition to our previous research, a series of azolyl-isocoumarins and
related compounds were synthesised and tested against C. albicans. Novel azo-
lyl-thioisocoumarin derivatives showed moderate antifungal activity, while azo-
lyl-isocoumarins with the methylene linkers, andazolylphthalides, were inactive
in this assay. Further profiling showed that the isocoumarin derivatives 4a and b
and 3b demonstrated lower inhibitory activity on CYP3A4 and CYP2D6 enz-
ymes when compared to ketoconazole and quinidine as reference inhibitors. The
same compounds were tested by AMES assay and only 4a showed activity at the
border of mutagenicity. The presented results will be useful in further modific-
ation of isocoumarins in order to search for more efficient antifungal derivatives
of this class of compounds.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website:.https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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U3BOL
CHHTE3A U BUOJIOIIKO IMTPO®UTHUCAILE HOBUX U30KYMAPHUHCKUX NIEPUBATA U
C/IMYHUX JENJUILEHA

MWIEHA P. CHMUR', CJIABULIA EPUR’, UBAH BOPUR’, ANNAMARIA LUBELSKA®, GNIEWOMIR LATACZ",
KATARZYNA KIEC-KONONOWICZ*, CAH/IPA BOJHOBHR®, JACMMHA HUKOJJUHOBUR-PYHUR’
u BTAJUMHUP M. CABUR'

’Ynueep3uu76u7 y Beoipagy, ®apmaueyiicku paxynimein, Katiegpa 3a opiancky xemujy, Bojsoge Citietie 450,
11221 Beoipag, ZYHueepsumem y Beoipagy, ®apmaueyticku paxyniteii, Katiegpa 3a Gpapmaveyiicky
xemujy, Bojeoge Cinesie 450, 11221 Beoipag, ’IQVIA, Clinical Department, Pygnuuxa 2, 11000 Beoipag,
*Jagiellonian University, Medical College, Department of Technology and Biotechnology of Drugs, Medyczna
9, 30-688 Krakéw, Poland u SYHusepsumem y Beoipagy, Unciiuitiywi 3a MONEKYNAPHY TeHEWUKY U
TeHeTUUKO UHMEHEPCTIB0, JTadopamiopuja 3a MoSeKyNapHy TEHETAUKY U eK0TI0TUjy MUKpoopianHuzamd,
Bojsoge Cinetie 444a, 11042 Beoipag

CHHTeTHCaHa je cepHja HOBUX 3-a30/MI-U30KyMapHHa U CIMYHUX JIAKTOHCKHUX IepUBaTa
W eBalyMpaHa je BUX0Ba aHTU(YHraaHa akTWBHOCT Ha Candida albicans, roe cy mokasanu
yMepeHy akTuBHOCT (MIC 4-60 ug mL™"). Ucniurana je ¥ uHTepaxuuja ofabpaHUX U30KyMa-
puHCcKkuX nepuBara ca xymaHuM CYP3A4 u CYP2D6 eHsumuma nomohy JTyMHUHHCLEHTHOT
TecTa, JOK UM je MyTareHd noreHudjan ogpehen AMES tecrom. MciMTHBaHU M30KyMapHUHH
3b, 4a u 4b He noxa3yjy 3HauajHy UHTepaKUMjy ca HaBefeHUM CYP ensumuma y nopehemwy ca
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pedepeHTHUM UHXUOUTOpPUMaA. Jenumene 4a nokasyje Behu MyTareHd NMOTEHLHjan y 0JHOCY
Ha Jipyra jgBa. [JonatHa OuosolIka KapakTepusalnuja je yKkbyduiaa ofpehuBame LUTOTOKCHY-
HOCTH TpeMa HopManHum MRC5 henujama.
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SYNTHETIC PROCEDURES AND CHARACTERIZATION DATA OF SYNTHESISED
COMPOUNDS

3-Bromo-7-nitro-1H-isochromen-1-one (2b)

Compound as synthesised from 4-nitro homophthalic

~r® | anhydride following the modified literature procedure.!-2
02N/©;(\°( Flash chromatography (SiO,, 7:3 v/v petroleum ether-
° diethyl ether, Rf=0.30) afforded 2b (20 %) as a pale
yellow amorphous solid, mp = 143-145 °C. IR (ATR) cm1:
1743, 1617, 1511, 1344, 1056, 741, 680; 'H NMR (400 MHz, CDCl3): § 9.09 (s,
1H), 8.54 (d, 1H, J = 8.8 Hz), 7.54 (d, 1H, J = 8.8 Hz), 6.83 (s, 1H); 13C NMR
(100 MHz, CDCl3) o 158.9, 147.2, 141.9, 136.3, 129.7, 126.3, 126.2, 119.9,
108.7; MS (EI): m/z 268.9 [M]*, 224.9, 189.9, 174.0, 134.0.

3-Bromo-1H-isochromene-1-thione (2c¢)

Compound as synthesised from 2a following the
B general procedure for synthesis of thioisocoumarins. Flash
(:[;or chromatography (SiO,, 9:0.5:0.5 v/v petroleum ether-
S diethyl ether-dichloromethane, Rf = 0.35) afforded the
product 2¢ (7 mg, 27 %) as a yellow amorphous solid,

* Corresponding author. E-mail: milena@pharmacy.bg.ac.rs
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mp = 111-113 °C; IR (ATR) cm~1: 1613, 1546, 1468, 1327, 1298, 835, 879, 766:
IH NMR (400 MHz, CDCl3) 6 8.61 (d, 1H, J= 8.4 Hz), 7.71 (t, 1H, J= 7.6 Hz),
7.50 (t, 1H, J=7.6 Hz), 7.32 (d, 1H, J=7.6 Hz), 6.85 (s, 1H); 13C NMR (101
MHz, CDCls) § 199.5, 135.4, 133.9, 133.1, 132.2, 129.7, 129.6, 125.2, 112.2;
MS (EI): m/z 239.8 [M]", 225.9, 213.9, 160.9, 133.0, 105.9, 89.0; HRMS
(ESI/Q-TOF) m/zcalcd for [CoHsBrOS + H*]: 240.9323, found 240.9322.

7-Nitro-3-(1H-1,2,4-triazol-1-yl)- IH-isochromen- 1-one (3c)

Compound was synthesised from 3-bromo-7-nitro-
NN | isocoumarine (2b) and 1, 2, 4-triazole following the
/@?g general procedure for Buchwald-Hartwig reaction.3 Flash
O2N chromatography (SiO», 9:1 v/v diethyl ether-petroleum
0 ether, Rf = 0.29) afforded the product 3¢ (10 mg, 48 %)
as a pale yellow amorphous solid, mp = 208-211 °C. IR (ATR) cm™!: 1755,
1652, 1611, 1341, 1218, 985, 869, 665; IH NMR ( 400 MHz, CDCl3 ): 6 9.16 (s,
1H), 8.88 (s, 1H), 8.58 (d, 1H, J= 8.8 Hz), 8.18 (s, 1H), 7.73 (d, 1H, J= 8.8 Hz),
7.15 (s, 1H); 13C (100 MHz, CDCl3) 6 157.3, 154.0, 147.0, 146.6, 142.3, 141.9,
129.9, 127.9, 126.3, 119.8, 90.9; MS (EI): m/z 258.0 [M]*,230.0, 188.9, 149.0,
134.0, 88.0; HRMS (ESI/Q-TOF) m/z calcd for [C11HgN4O4 + H']: 259.1467,
found 259.0468.
3-(IH-pyrazol-1-yl)-1H-isochromene-I-thione (4a)
N= Compound was synthesised from 3a following the
} general procedure for synthesis of thioisocoumarins.
Flash chromatography (SiOz, 8:1:1 v/v petroleum
ether-diethyl ether-dichloromethane, Rf=0.28)
afforded the product 4a (18 mg, 67 %) as a yellow
needles, mp = 107-109 °C. IR (ATR) cm~!: 1657, 1551, 1480, 1457, 1288, 1160,
823, 760; 'H NMR (400 MHz, CDCl3) ¢ 8.64 (d, 1H, J= 8.0 Hz), 8.30 (s, 1H),
7.78 (s, 1H), 7.71 (t, 1H, J=7.6 Hz), 7.48-7.42 (m, 2H), 7.15 (s, 1H), 6.52 (d,
1H, J=1.2 Hz); 13C NMR (101 MHz, CDCl3) 6 197.2, 149.3, 143.4, 135.6,
133.2, 133.1, 129.3, 128.5, 127.8, 126.5, 108.5, 92.9; MS (EI): m/z 228.0 [M]*,
199.0, 168.0, 146.0, 133.0, 89.0; HRMS (ESI/Q-TOF) m/z calcd for
[C12HgN,0S + H*]: 229.0436, found 229.0435.
3-(1H-1,2,4-triazol-1-yl)- IH-isochromene- I -thione (4b)

Compound was synthesised from 3b following the
general procedure for synthesis of thioisocoumarins.
Flash chromatography (SiOj, 7:3 v/v petroleum ether-
ethyl acetate, Rf = 0.35) afforded the product 4b (50 %)

as a yellow amorphous solid, mp = 60-63 °C.IR (ATR)
cm~1: 1665, 1506, 1480, 1286, 1163, 1100, 1055, 996, 742, 685; 'H NMR (400
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MHz, CDCl3): 6 8.99 (s, 1H), 8.65 (d, 1H, J = 8.4 Hz), 8.19 (s, 1H), 7.77 (t, 1H,
J = 7.6 Hz), 7.54-7.51 (m, 2H) 7.16 (s, 1H) ppm; 13C (100 MHz, CDCl3) ¢
196.3, 153.1, 146.4, 141.7, 135.8, 133.3, 131.8, 129.9, 129.6, 126.9, 95.1
ppm;MS (EI): m/z 229.0 [M]*, 200.9, 185.0, 146.9, 132.9, 120.0, 89.0; HRMS
(ESI/Q-TOF) m/z calcd for [C1;H7N30S + H*]: 230.0388, found 230.0388.

3-Pyrazol-1-ylmethyl-isochromen-1-one (6a)

Compound 6a was synthesised from 3-brom-
methylisocoumarin and pyrazole following the general
procedure. Flash chromatography (SiO,, 7:3 v/v diethyl
ether-petroleum ether, Rf = 0.29) afforded the product
6a (45 %) as a colourless solid, mp=110-
111 °C. IR(ATR) ecm~1: 1721, 1283, 1051, 1021, 755, 687; 'H NMR (500 MHz,
CDCl3) 6 8.23 (d, 1H, J = 7.9 Hz), 7.70 — 7.64 (m, 1H), 7.59 (dd, 2H, J = 10.7,
1.7 Hz), 7.50 - 7.46 (m, 1H), 7.34 (d, 1H, J = 7.8 Hz), 6.33 (t, 1H, J = 2.0 Hz),
6.27 (s, 1H), 5.14 (s, 2H). 13C NMR (126 MHz, CDCl3) 6 161.8, 151.6, 140.4,
136.4, 134.9, 130.4, 129.6, 128.7, 125.9, 120.6, 106.5, 104.8, 52.9; MS (EI): m/z
226.0 [M]*, 198.0, 184.0, 169.0, 143.0, 130.0, 117.0, 89.0; HRMS (ESI/Q-TOF)
m/z caled for [C13H o N2O, + H']: 227.0821, found 227.0821.

3-(4-Chloro-pyrazol-1-ylmethyl)-isochromen-1-one (6b)

Compound 6b was synthesised from 3-brom-
methylisocoumarin and 4-chloropyrazole following
the general procedure. Flash chromatography (SiOj,
6:4 v/v diethyl ether-petroleum ether, Rf=0.28)
afforded the product 6b (81 %) as a colourless solid,
mp = 160-163 °C. IR (ATR) em~1: 1722, 1400, 1378,
938, 833, 757, 688; IH NMR (500 MHz, CDCl3) 6 8.26 (d, 1H, J = 4.0 Hz), 7.72
(t, IH, J=8.0 Hz), 7.61-7.50 (m, 3H), 7.40, d, 1H, J= 8.0 Hz), 6.37 (s, 1H), 5.08
(s, 2H); 13C NMR (126 MHz, CDCl3) § 161.7, 150.5, 138.9, 136.1, 135.1, 129.8,
129.0, 128.2, 126.0, 120.7, 111.0, 105.4, 53.7; MS (EI): m/z 260.0 [M]", 232.0,
218.0, 169.0, 89.0; HRMS (ESI/Q-TOF) m/z calcd for [C13H9CIN,O, + HT]:
261.0431, found 261.0432.

3-[1,2,4] Triazol-1-ylmethyl-isochromen-1-one (6¢)

Compound 6¢ was synthesised from 3-brom-
methylisocoumarin and 1,2,4-triazole following the
general procedure. Flash chromatography (SiO», 1:1
v/v ethyl acetate/diethyl ether, Rf =0.21) afforded
the product 6¢ (61 %) as a colourless solid,
mp = 153-157°C.IR (ATR) cm~!: 1720, 1504, 1267,
1058, 1015, 768, 677; TH NMR (400 MHz, CDCl3) 6 8.31 (s, 1H), 8.27 (d, 1H, J
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= 8.0 Hz), 8.01 (s, 1H), 7.73 (d, 1H, J = 8.0 Hz), 7.55 (t, 1H, J = 8.0Hz), 7.42 (d,
1H, J = 8.0 Hz), 6.46 (s, 1H), 5.20 (s, 2H); 13C NMR (101 MHz, CDCl3) &
161.4, 152.6, 149.4, 144.0, 135.9, 135.2, 129.9, 129.2, 126.0, 120.8, 106.0, 50.6;
MS (ED): m/z 227.0 [M]", 198.9, 185.0, 169.9, 144.9, 117.0, 89.0, HRMS
(ESI/Q-TOF) m/z caled for [C1Hg N3O, + H']: 228.0773, found 228.0773.

3-Pyrazol-1-yl-3H-isobenzofuran-1-one (8a)

; Compound 8a was synthesised from 3-bromophthalide

N@ and pyrazole following the general procedure. Flash
chromatography (SiO, 6:4 v/v diethyl ether-petroleum ether,

CQO Rf = 0.28) afforded the product 8a (78 %) as a colourless
o) solid, mp = 58-59 °C. IR (ATR) cm™!: 1768, 1437, 1283,
1061, 947, 732; 'H NMR (400 MHz, CDCl3) 6 8,02 (d, 1H, J

=7.6 Hz), 7.85 (dt, 1H, J="7.6 and 1.2 Hz), 7.71 (t, 1H, J = 7.6 Hz), 7.66 (d, 1H,
1.6 Hz), 7.54 (s, 1H), 7.51 (d, 1H, J = 0.4 Hz), 7.36 (d, 1H, J = 2.4 Hz), 7.35 (s,
1H); 13C NMR (101 MHz, CDCls) 6 167.8, 143.7, 141.9, 134.9, 131.3, 128.9,
126.9, 126.0, 123.7, 108.0, 87.5; MS (EI): m/z 200.0 [M]*, 171.0, 166.0, 133.0,
105.0, 77.0; HRMS (ESI/Q-TOF) m/z caled for [C1Hg NoO, + H]: 201.0659,
found 201.0659.

3-(4-Chloro-pyrazol-1-yl)-3H-isobenzofuran-1-one (8b)

Compound 8b was synthesised from 3-bromophthalide
and 4-chloropyrazole following the general procedure. Flash
chromatography (SiO», 6:4 v/v petroleum ether-diethyl ether,
Rf = 0.29) afforded the product 8b (61 %) as a colourless
solid, mp = 104-106 °C. IR (ATR) cm™!: 1773, 1430, 1284,
1060, 950, 732; 'H NMR (400 MHz, CDCl3) 6 8.02 (d, 1H, J
=17.2 Hz), 7.80 (t, 1H, J=7.2 Hz), 7.73 (t, 1H, J= 7.2 Hz), 7.58 (s, 1H), 7.54 (d,
1H, J = 7.6 Hz), 7.31 (s, 1H), 7.25 (d, 1H, J = 6.4 Hz); 13C NMR (101 MHz,
CDCl3) 0 167.5, 142.9, 140.4, 135.2, 131.6, 126.8, 126.6, 126.1, 123.8, 112.8,
87.7; MS (EI): m/z 234.0 [M]*, 190.0, 133.0, 105.0, 77.0; HRMS (ESI/Q-TOF)
m/z calcd for [C11H7C1 NyOo+ H']: 235.0274, found 235.0271.

3-[1,2,4] Triazol-1-yl-3H-isobenzofuran-1-one (8c)

Compound 8¢ was synthesised from3-bromophthalide
and 1,2,4-triazole following the general procedure. Flash

7N
N‘N ]
chromatography (SiO, 1:1 v/v diethyl ether-ethylacetate, Rf
o}
o

= 0.42) afforded the product 8¢ (50 %) as a colourless solid,
mp = 133-136 °C. IR (ATR) cm~!: 1769, 1432, 1301, 1139,
965, 739; 1H NMR (400 MHz, CDCl3) 6 8.15 (s, 1H), 7.98
(d, 1H, J=17.6 Hz), 7.96 (s, 1H), 7.75 (dt, 1H, J= 7.6 and 1.2 Hz), 7.68 (t, 1H, J
=17.6 Hz), 7.48 (dd, 1H, J= 7.6 and 0.8 Hz), 7.30 (s, 1H); 13C NMR (101 MHz,
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CDCl3) 6 167.1, 153.1, 143.4, 142.6, 135.3, 131.8, 126.4, 126.3, 123.6, 84.7; MS
(EI): m/z 201.0 [M]*, 172.0, 133.0, 105.0, 77.0; HRMS (ESI/Q-TOF) m/z calcd
for [C1oH7 N3O, + H*]: 202.0608, found 202.0608.

N-Phenethyl-2-(phenethylcarbamoyl-methyl)-benzamide (9)

H To a solution of 3-bromoisocoumarin (23 mg, 0.10
O Npn mmol) in dichloromethane (2 mL) 2-phenylethylamine
(44 mg, 0.36 mmol) was added at r.t. The mixture was
n\/\Ph stirred at r.t. overnight. Solvent was removed under
o reduced pressure and crude mixture was purified by flash
chro0Omatography (SiO,, diethyl ether, Rf = 0.35) to
afford the product 9 (50 %) as a colourless solid, mp = 197-198 °C. IR (ATR)
cm~1: 1637, 1535, 1319, 744, 695; 'H NMR (400 MHz, CDCl3) § 7.41-7.16 (m,
15 H), 7.04 (d, 2H, J = 7.2 Hz), 6.59 (s, 1H), 3.70 (q, 2H, J = 6.8 Hz), 3.47 (s,
2H), 3.42 (q, 2H, J = 6.8 Hz), 2.94 (t, 2H, J= 6.8 Hz), 2.75 (t, 2H, J = 6.8 Hz);
I13C NMR (101 MHz, CDCl3) 6 171.1, 169.9, 139.1, 138.6, 135.9, 134.5, 130.8,
130.7, 128.8, 128.7 (2C), 128.4, 127.4, 127.1, 126.7, 126.2, 41.6, 41.1, 40.9,
35.6, 35.5; HRMS (ESI/Q-TOF) m/z caled for [CoHpgN,Oy + HY]: 387.2072,
found 387.2072.
Reaction of compound 3b with phenylethylamine also gave 9, confirmed
only by H NMR spectrum of crude product.

2-Amino-4H-isoquinoline-1,3-dione (10)

To a solution of 3-bromoisocoumarin (26 mg, 0.12
mmol) in dichloromethane (2 mL) hydrazine hydrate
(6.5 mg, 0.13 mmol) and K»>CO3 (16 mg, 0.12 mmol)
were added at room temperature. The mixture was
stirred at r.t. for 1h. After completion of the reaction
indicated by TLC, the mixture was diluted with DCM, washed with water and
dried over MgSQy4. Solvent was removed under reduced pressure. The crude
mixture was purified by flash chromatography (SiO», diethyl ether, Rf = 0.33) to
afford the product 10 (56 %) as a colourless solid, mp = 48-150 °C. IR (ATR)
em~1: 1719, 1637, 1548, 1387, 1194, 919, 746; 'H NMR (400 MHz, CDCl3) 6
8.22 (d, 1H, J=8.0 Hz), 7.61 (t, IH, J=7.6 Hz), 7.47 (t, 1H, J=8.0 Hz), 7.30
(d, 1H, J= 7.6 Hz), 5.29 (s, 2H), 4.13 (s, 2H); 13C NMR (101 MHz, CDCl3) 6
166.2, 161.8, 133.7, 133.3, 128.9, 127.9, 127.3, 124.6, 36.0; MS (EI): m/z 176.0
[M]*, 161.0, 145.0, 132.0, 118.0, 104.0, 90.0, 77.0, 63.0; HRMS (ESI/Q-TOF)
m/z caled for [CoHg NoOy + H]: 177.0664, found 177.0659.
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Abstract: A recent trend in sustainable bioethanol production is the use of agri-
cultural waste or food waste as an inexpensive and the most available feed-
stock. Bread waste is the major food waste that could be successfully used for
the production of bioethanol. The aim of this study was to optimize ethanol
production by the response surface methodology (RSM) using waste bread
hydrolysate. Waste bread hydrolysate was obtained using crude hydrolytic enz-
ymes that produce bacterial isolate Hymenobacter sp. CKS3. The influence of
time of fermentation (24—72 h) and waste brewer’s yeast inoculum (1-4 %) on
ethanol production was studied. The optimal conditions, obtained by central
composite design (CCD), were 48.6 h of fermentation and 2.85 % of inoculum.
Under these conditions, a maximum of 2.06 % of ethanol concentration was
reached. The obtained ethanol concentration was in good correlation, coef-
ficient of 0.858, with yeast cell yield. The results obtained in this study imply
that waste bread hydrolysate could be used as a biomass source for biofuel
production with multiple benefits relating to environmental protection, reduct-
ion of production costs, and saving fossil fuels.

Keywords: waste bread; bioethanol; waste brewer’s yeast; optimization; res-
ponse surface methodology.

INTRODUCTION

During the last few decades, biofuels have gained more attention as an alter-
native to petroleum-based fuels.!-2 Globalization and industrialization worldwide
caused the depletion of fossil fuels that are major environmental pollutants. To
reduce the negative environmental impact on climate changes caused by environ-
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mental pollutions, researchers over the world are searching for alternative and
renewable energy resources that could replace the use of fossil fuels.3

Bioethanol is one of the dominant biofuel worldwide and especially in the
transportation sector.# Mixing bioethanol and gasoline leads to reduction of
greenhouse gas and carbon dioxide emission.> It was estimated that by 2030, fuel
ethanol will displace 10-20 % of the gasoline demand.®

Bioethanol is produced by fermentation of simple sugars present in biomass
or sugars obtained by prior chemical or enzymatic treatment of the biomass. As
the biomass or feedstock for bioethanol production, different agricultural raw
materials that contain appreciable amounts of sugar like molasses or starch (corn,
wheat, rice, potatoes, etc.) and lignocellulosic raw materials (straw, grasses, efc.)
could be converted into sugar and then fermented into ethanol.”-8 In Europe,
starch-based materials are currently most utilized for bioethanol production® but
starchy raw materials are very costly.!9 To overcome this problem, utilization of
food waste, rather than waste bread, for bioethanol production is very attractive.
Bread is the most used food in many countries worldwide but, unfortunately, it
becomes a major part of food waste. Apart from its good nutritional value, bread
is one of the most wasted foods. Although a good part of the waste bread is used
as animal fodder, a high amount is still wasted annually.!! Therefore, the utiliz-
ation of this organic waste for the production of fermentable sugars could be an
option to reduce the costs of bioethanol production. In addition, by generating a
value-added product from waste biomass (waste bread ), the principles of a cir-
cular economy are respected while solid waste disposal is reduced.!2

Bread contains a significant amount of starch that is hydrolyzed to simple
sugars using enzymes amylases.!3 Additionally, proteins in bread after enzymatic
hydrolysis to peptides and amino acids could be used for yeast growth and fer-
mentation to obtain bioethanol.!3:14

To develop an economically feasible process of enzymatic hydrolysis and
thus bioethanol production, it is necessary to replace the commercial enzymes
with in-house produced enzymes by adequate microorganisms. Today, there is a
large number of microorganisms, natural isolates, that produce industrially imp-
ortant enzymes.!> These microorganisms can use different agricultural by-pro-
ducts for their growth and to produce desired enzymes which are then used in the
process of hydrolysis. From a large number of unexplored genera, special atten-
tion is drawn to the genus Hymenobacter, the enzymatic potential of which has
not been revealed. It has previously been shown that the CKS3 strain, previously
isolated from soil, possesses the ability to produce crude enzyme amylase as well
as other industrially important enzymes.1© In line with this, this study presents a
continuation of previous research. Thus, enzymatically treated waste bread, by
crude CKS3 amylase, was used in the optimization of bioethanol production
using waste brewer’s yeast. For this purpose, a statistical tool, response surface
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methodology (RSM), was used to describe the optimization of fermentation etha-
nol production. The parameters used in this optimization were the time of fer-
mentation and yeast inoculum. Waste brewer’s yeast, previously isolated from yeast
biomass from the brewing industry, served as the inoculum for fermentation.

EXPERIMENTAL
Materials

Waste bread was kindly donated by the bakery “Skroz dobra pekara”, Belgrade, Serbia.
This waste bread (after shelf-life and without mold) was cut into cubes (2 cmx2 cm (£0.5 cm)).

Hydrolysis of waste bread

Enzymatic hydrolysis of waste bread was previously performed by crude enzyme amyl-
ase produced by Hymenobacter sp. CKS3, described in a previous work.!® Hydrolysis was
performed in an Erlenmeyer flask (300 mL) that contained 30 g of waste bread in 45 mL of
0.1 M acetate buffer pH 4.80. After sterilization (15 min, 120 °C), 75 mL of crude amylase
was added at 50 °C. After 100 h of hydrolysis on an orbital shaker (200 rpm), the sample was
centrifuged and the reducing sugars were quantified according to the method by Miller.!?

Inoculum for ethanol fermentation

Waste brewer’s yeast Saccharomyces cerevisiae was used for ethanol fermentation. The
inoculum was prepared as described in a previous work by growing the yeast in malt extract
broth (20 g L-! malt extract) at 30 °C for 24 h.1® A different amount of inoculum was used for
ethanol fermentation according to the central composite design.

Optimization of ethanol production — central composite design

For ethanol production, waste bread hydrolysate was used. CCD was employed to eval-
uate the influence of two independent parameters: time of fermentation (4 / h) and yeast
inoculum concentration (B / %) on two dependent responses: ethanol production concentration
(Y1 /%) and yeast cell yield (Y2, expressed as log (CFU / mL™"). Each variable was studied at
3 different levels (Table I) and a set of 13 experiments were run (Table II).

TABLE I. Process parameters (ranges and levels) used in the CCD

Variable -1 0 +1
A/h 24 48 72
B/ % 1 2.5 4

The results showed that experimental data could be fitted with a quadratic polynomial
model.
Analytical methods

The ethanol concentration was determined based on the density of alcohol distillate at 20
°C and expressed in wt. %.1°

The number of viable yeast cells was determined by the indirect counting method — pour
plate technique on malt extract agar plates. Serial dilutions of the samples were prepared, and
after incubation at 30 °C for 48 h, the colonies were counted on malt extract agar plates. The
changes in the viable cell number were calculated as:

log (CFU/ mL"") = log (CFU / mL*!), — (CFU / mL™"),) (1)
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where (CFU / mL™"); is the number viable cell per milliliter after fermentation and
(CFU / mL1), is the number viable cell per milliliter before fermentation.

TABLE II. CCD of RSM for ethanol production with actual (experimental) values

Run Variable Experimental values
A/h B/ % Y1/ % Y2, as log (CFU / mL})
1 24 1 0.24 8.87
2 48 2.5 2.04 9.69
3 72 4 1.11 9.36
4 48 2.5 1.96 9.72
5 24 2.5 1.65 9.49
6 48 2.5 2.12 9.58
7 48 4 1.63 9.48
8 72 2.5 1.74 9.66
9 48 2.5 1.92 9.75
10 24 4 1.34 9.53
11 48 1 0.82 9.23
12 48 2.5 2.03 9.66
13 72 1 0.75 9.47
RESULTS AND DISCUSSION

Optimization of ethanol production — central composite design

Yeast fermentation using waste bread hydrolysate is a process in which bio-
ethanol, as a value-added product, is obtained. In order to obtain maximum etha-
nol concentration, it is necessary to optimize the production process using simul-
taneously different parameters with a small number of experiments. In line with
this, RSM was used as a very powerful tool for understanding the interactions
between the independent parameters on one or several responses.

Ethanol production was optimized using a waste bread hydrolysate with a
reducing sugar yield of 19.89 g L-!, obtained in a previous study.!® A set of 13
experiments were performed according to a designed matrix for CCD (Table II).
The equations that relate ethanol concentration (Y7 / %) and yeast cell yield (Y2
expressed as log (CFU / mL-1)) as dependent variables to the independent vari-
ables time of fermentation (4 / h) and inoculum concentration (B / %) could be
expressed as follows:

Y1 =2.02+0.0624 + 0.388 — 0.184B — 0.3442 — 0.8152 ()
Y2=9.67+0.104 + 0.13B — 0.1948 — 0.07742 — 0.30B82 (3)

An analysis of variance ANOVA was performed to determine the signific-
ance of the regression model for the two responses (Table I1I). The robustness of
the two models was determined by calculating the determination coefficient R?
and for the first response — ethanol concentration (Y1), it was 0.9933 and for the
second response — yeast cell yield (¥2), R? was 0.9710. The high values of both
R? (values close to 1) suggested that the models were reliable and could explain
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more than 99.33 and 97.10 %, respectively, of all variations. An adequate pre-
cision value higher than 4 (41.114 for Y/ and 22.574 for Y2) indicate that the
models could be used to predict the values for the responses.20

TABLE III. ANOVA table of the experimental results of the CCD (ethanol production); sig-
nificant coefficient: P < 0.05

Source Yl Y2
Fvalue P value— Prob>F Fvalue P value— Prob>F

Model 207.54 0.0001 46.95 0.0001

A/h 5.63 0.0493 20.83 0.0026

B/ % 212.08 0.0001 37.03 0.0005

AB/h % 33.81 0.0007 51.46 0.0002

A%/ h? 79.41 0.0001 5.72 0.0480

B2/ %2 448.83 0.0001 84.71 0.0001

Lack of fit 0.25 0.8602 0.25 0.8593

R? 0.9933 0.9710

Adjusted R? 0.9885 0.9504

Predicted R2 0.9823 0.9291

Coefficient of variation, % 428 0.56

Adequate precision 41.114 22.574

The relatively high adjusted determination coefficient adjusted R? (0.9885
for Y1 and 0.9504 for Y2) refers to the significance of the tested models. Both
response surface models for predicting ethanol production and yeast cell yield
may be considered satisfactory.

The normal probability plot of the residuals versus externally studentized
residuals for both models showed normally distributed points around a straight
line, indicating that the models were suitable for use (Fig. 1a and b). The exter-
nally studentized residuals is a form of a Student’s ¢-statistic, with the estimate of
error varying between points, resulting from the division of a residual and its
standard deviation.20

The regression analysis of the data (Table III) showed that ethanol product-
ion (Y1) was significantly affected by both tested parameters. The factors 4 and B
were statistically significant (P < 0.05) as well as its quadratic coefficient and
their interaction AB (time of fermentation-inoculum concentration). The influ-
ence of factors 4 and B on the response Y/ (ethanol production) is presented on
the perturbation plot (Fig. 2).

The quadratic coefficients 42 and B2 presented the maximum of the quad-
ratic function indicating that ethanol production was highly influenced by these
tested parameters. According to Eq. (2), parameter B (inoculum concentration)
had the main influence on ethanol production, which describes a parabola with a
pronounced maximum. With the increasing inoculum concentration up to 2.50 %,
the ethanol production also increased. Higher inoculum concentration (2.5-2.85
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%) also showed increasing ethanol production but after reaching a maximum of
2.85 %, the ethanol concentration decreased.
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Fig.1. Normal probability plot of the residuals for: a) ethanol production (Y7) and

b) yeast cell yield (Y2).
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Fig. 2. Plot of the perturbation of time of fermentation (4) and inoculum concentration (B) on:
a) ethanol production (Y7) and b) yeast cell yield (Y2).

The amount of inoculum for yeast fermentation is one of the crucial factors
that influence ethanol production.2! The increase in inoculum concentration leads
to better utilization of reducing sugars by yeast, an increase in viable yeast bio-
mass, and therefore the production of bioethanol.2! However, further increase in
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inoculum concentration above the optimum results in reducing the number of
viable yeast cells that are directly related to ethanol production.22 Similar to this
result, Izmirlioglu and Demirci?3 reported that 3 % of yeast inoculum was opti-
mal for obtaining maximum ethanol production from waste potato mash. Further-
more, for maximum ethanol production from carob extract, a 3 % inoculum of S.
cerevisiae was used. However, a higher inoculum concentration (up to 10 %) was
also reported in the literature.24.25

The time of fermentation (4) also had a statistically positive influence on
ethanol production (Table III). Compared with parameter B, the time of ferment-
ation, A4 had a slightly curved line but a positive influence on ethanol production
(Fig. 2a). Increasing the time of fermentation (4), the ethanol concentration inc-
reased, reaching a maximum at 48 h after which the ethanol concentration dec-
reased. Observing the interaction 4B (time of fermentation and inoculum fer-
mentation, Fig. 3), increasing the time of fermentation (4) and inoculum con-
centration (B), ethanol concentration also increased, reaching a maximum and
after further increasing of both variables, the ethanol concentration was dec-
reased. The close relationship of these factors on the ethanol production could be
confirmed. Namely, the time of fermentation affected the growth of the yeast
cell. If the fermentation time is short and inoculum is low, there are not enough
cells to multiply and fermentation is incomplete, while longer fermentation time
and higher inoculum than optimal values, gave too many cells. Furthermore, the
obtained ethanol under these fermentation conditions had a toxic effect on yeast
cells and caused cell death.24
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Fig. 3. The surface plot of time of fermentation and inoculum concentration on: a) ethanol
production (Y7) and b) yeast cell yield (¥2).

During ethanol fermentation, the production of by-products (organic acids
and higher alcohols) could decrease ethanol production by affecting some gly-
colytic intermediates in the corresponding metabolic pathways.25 In addition, the
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effect of “environmental stresses” on yeast cells could cause yeast cell inhibition
and further ethanol production.2>

On the industrial scale, a prolonged fermentation time could increase ethanol
production costs due to the higher energy consumption.2! A fermentation time
longer than 48 h obtained in this study was reported in the work of Awolu and
coworkers.26 They obtained 1.8 % of ethanol after 7 days of fermentation of
waste bread using baker’s yeast S. caerevisiae.26 A shorter fermentation time
with optimal ethanol yield is preferable from an economic point of view.

Datta and coworkers27 obtained a higher concentration of ethanol 5.4 % than
2.12 % obtained in this study. They used an enzyme mixture that contained glu-
coamylase and protease, produced by the fungus Aspergillus niger, for enzymatic
hydrolysis of waste bread and obtained 145 g L1 glucose. This concentration of
glucose was higher than 19.89 g L-! of reducing sugars obtained in waste bread
hydrolysate which was used for yeast fermentation and thus the ethanol concen-
tration was lower. In most the published studies, enzymatic hydrolysis of waste
bread was performed using commercial enzymes. In this study, waste bread hyd-
rolysate was obtained by crude hydrolytic enzymes, mainly amylase, that pro-
duced a bacterial isolate Hymenobacter sp. CKS3. Our previous study showed
that waste bread hydrolysis to fermentable sugars by CKS3 crude amylase was
not complete and the end products of starch (waste bread) hydrolysis were
mainly dextrins with the addition of maltotriose, maltose, and glucose.!® There-
fore, other published studies reported higher values of obtained ethanol concen-
tration. In line with this, 10 % of the ethanol from bread residues was reported in
the work of Ebrahimi and co-workers28 while 8.31 % of ethanol was obtained
using wheat-rye bread hydrolysate.2% In both published studies,?8-29 commercial
amylases were used for waste bread hydrolyze that released a higher amount of
reducing sugar that is necessary for yeast fermentation and obtained higher etha-
nol concentration than in the present study (2.12 %). However, the use of raw
enzymes in hydrolysis is a cheaper and cleaner process. Moreover, it is worth
mentioning that this is one of the first studies that deals with the statistical opti-
mization of bioethanol production using waste bread hydrolysate obtained by the
hydrolytic enzymes produced by Hymenobacter sp. CKS3.

At lower ethanol concentrations, higher growth of yeast cells was detected,
while with the achievement of maximum concentrations of ethanol of 2.12 % a
decreased number of yeast cells was noted. Even earlier, Lind and coworkers3?
reported that ethanol altered the polarity of the cell membrane thus inhibiting the
viability of yeast cells.

According to the regression analysis, the yeast cell yield was affected by the
time of fermentation and inoculum concentration. Both parameters, their inter-
action, and their quadratic coefficients were statistically significant. The pertur-
bation plot (Fig. 2b) shows the influence of factors 4 and B on yeast cell yield.
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The yeast cell yield gradually increased with increasing inoculum concentration
but after reaching a maximum of 2.80 %, the yeast cell yield decreased (Fig. 2b).
The time of fermentation had a positive influence on yeast cell yield (Fig. 2b). As
could be noted from Table II (run 9), the maximum yeast cell yield
(9.75log (CFU / mL-1)) was reached after 48 h of incubation and after that time,
the yeast cell yield decreased. During fermentation, the yeast cells grow and mul-
tiply that lead to higher biomass (yeast cell yield).3! The primary aim of a yeast
cell is to reproduce and to produce cell biomass rather than produce ethanol.32
Without significant yeast cell growth, ethanol cannot be produced.32 On the other
hand, yeast cells are sensitive to higher ethanol concentrations. As could be seen
from Table II (run 6), after reaching a maximum concentration of produced etha-
nol (2.12 %), the yeast cell yield decreased. As mentioned before, a prolonged
time of fermentation also had a negative effect on yeast cells, due to the accumul-
ation of some toxic products.24

The high correlation coefficient of 0.890 between ethanol production (Y1)
and yeast cell yield (¥2) showed that similar conditions affected both responses
(Fig. 4). According to Bai2> and Walker,32 ethanol production is tightly linked
with yeast cell growth.
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Under the optimized conditions obtained from numerical optimization, the
maximum ethanol production of 2.06 % was obtained after 48.68 h of fermen-
tation with 2.85 % of inoculum. For this optimization, using software Design
Expert 12, the criteria were to obtain maximum ethanol production with a
selection of yeast cell yield “in range”.
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Validation of the models

As mentioned before, the main goal of this study was to optimize the con-
ditions that favor maximum ethanol production. Validation of the experiments
was performed under the optimized conditions obtained from the desirability
function: 48.86 h of fermentation and 2.85 % of inoculum. For these parameters,
additional experiments were performed. The obtained ethanol concentration
2.06+0.10 % and yeast cell yield, log (CFU / mL-1) = 9.72+0.1, fitted within the
95 % prediction intervals (PI) for ethanol production (1.90-2.23) and yeast cell
yield (9.55-9.83). These results demonstrated that both models were reliable and
acceptable for use.

CONCLUSIONS

An increasing interest worldwide in an alternative source of energy conse-
quently leads to the use of various waste substrates in bioethanol production.
Valorization of waste bread for bioethanol production is very promising due to its
large availability, non-cost and protection from environmental pollution. For ind-
ustrial demand, it is important to use low-cost waste substrates and “in house”
produced enzymes that are economically very accepted. In this study, a statistical
design — CCD was used to optimize the culture conditions for yeast fermentation,
using for the first time waste bread hydrolysate previously obtained using hydro-
lytic enzymes produced by Hymenobacter sp. CKS3. Under optimal conditions,
the maximum of produced ethanol was 2.06 %. This is the first study that deals
with the optimization of ethanol production on waste bread hydrolysate, previ-
ously obtained using hydrolytic enzymes produced by Hymenobacter sp. CKS3,
in the biotechnological process of obtaining bioethanol with the aim to reduce the
number of wastes. In addition, the enzymatic potential of a novel strain of Hym-
enobacter may contribute to the development of the production of biofuels.
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H3BOJ
OIITUMU3ALIUJA ITPOU3BOIALE BUOETAHOJIA TIOMORY XJIEBHOT XUIPOJIN3ATA

KATAPMHA P. MUXAJIOBCKH', MAPHJA MUJTUR', TAHHJEJIA TIELIAPCKH®
1 CY3AHA 1. [TUMUTPUJEBUR-BPAHKOBUR'

"Yuusepsuimeim y Beoipagy, Texnonouxo—memanypuiku Gaxyniiedd, Kaifiegpa 3a SU0XeMUJCKO UHIKEHEPCTLBO
u duotexnonoiujy, Kapneiujesa 4, Beoipag u “Beoipageka axagemuja upodecuonanuux ciiyguja, Bucoka
3gpagcinieena wixoaa clupyxosnux ciiyguja y beoipagy, Llapa Jywana 254, Beoipag

HepaBHU TpeHI y OAp’KHMBOj MPOU3BOIHY OHMOETaHo/a je Kopullhewe MOo/bONPUBPENHOT
OTHazla WK OTIIaZa OO XpaHE Kao jedeHHe U JIaKO NOCTYyNMHE CUPOBHUHE. OTl'Ia,E[HI/I XJ'[eﬁ, Kao
IJIaBHU OTHAJ Off XpaHe, Cé MO)Ke BeoMa YCIeLTHO KOPUCTHUTH 3a IPOU3BOAKY OHOETaHoIa.
Llnse oBor paga duo je onTUMHU3aLHja YCJI0OBa NPOM3BOAKE DHOETAHOIA €TAHOIMHOM (hepMeH-
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TallUjOM, ODHOCHO (hepMEHTALIHjOM KBaClla, HA OTIIATHOM XJIeOHOM XHUAPOIU3ATY, TPUMEHOM
CTaTUCTHUUKe MeTofe onsuBHe nospunHe (RSM). Otnaguu xupponusat xieda je MpeTxogHo
no0HjeH XUAPOIU30M OTHALHOT Xneda momMohy CHPOBUX XUAPOIUTHYKUX €H3MMa, KOje TPOH3-
BoOM daxTepujcku uzonat Hymenobacter sp. CKS3. Y oBoM pagmy, UCIHUTAH je yTHLaj BpeMeHa
(pepMmeHTanMje OTMAgHOT MUBCKOT KBacua (24-72 h) M KoHIeHTpalyje HHOKYIyMa OTHaJHOT
MUBCKOT kBacua (1—-4 %) Ha NPOM3BOAKY eTaHoJIa KOpUcTehy OoTHafiHU X/IeOHU XUIPOu3aT.
OnTHMaHy yCI0BY, KOjH Cy JOOUjeHU TPUMEHOM LIEHTPaTHOT KOMNO3UTHOT Au3ajHa (CCD) y
OKBUPY CTaTUCTHYKE METOJie OJ3WBHe INoBpIuHHe, dunu cy 48,6 h depmentauuje u 2,85 %
WMHOKyIyMa KBacua. ITos oBuUM ycioBMMa fodMjeHa je MakcHMMasaHa KOHLEHTpalyja eTaHosa
Koja usHocH 2,06 %. OBa KOHIIEHTpalLHja eTaHosa duia je y nodpom koedHUIHjeHTy Kopena-
uuje 0,858 ca npuHocom henuja kBacua. JJodujeHu pesynTatd, y 0BOj CTYAHjH, yKa3yjy Ha TO
Iia ce XUOPOoNM3aT OTMamHOr Xjieda MOKE BEOMa YCIELIHO KOPUCTUTH, Kao0 U3BOD OTHAfHE
duomace, 3a mpousBoawy OduoropuBa. OBakBa IMPOH3BOAKA OUOTOPHBA je €KOJIOIIKU U eKO-
HOMCKH ONPaBIaHa ¥ yTHUE HA CMabeme MOTPOIlkhe (OCHITHUX TOPHBA.

(ITpummeno 8. mapTa, pesuaupano 20. anpuna, mpuxsaheno 22. anpuna 2021)
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Abstract: As part of research on the flux technique for growing alkali rare-earth
elements (REE) containing silicates, tripotassium europium disilicate, K3;EuSi, O,
was synthesized and characterized by single-crystal X-ray diffraction. It crys-
tallizes in the space group P6s/mcm. In the crystal structure of the title com-
pound, one part of the Eu cations are in a slightly distorted octahedral coor-
dination and the other part are in an ideal trigonal prismatic coordination envi-
ronment. The disilicate Si,O; groups connect four EuOg4 octahedra and one
EuOg trigonal prism. Three differently coordinated potassium cations are loc-
ated between them. Silicates containing the larger rare earth elements usually
crystallize in a structure that contains the rare-earth cation in both a slightly
distorted octahedral and an ideal trigonal prismatic coordination environment.

Keywords: alkali rare-earth silicates; crystal structure; flux synthesis; single-
-crystal X-ray diffraction.

INTRODUCTION

Silicates containing rare-earth elements (REE silicates) have been the subject
of intense research in recent decades. Many studies were performed on REE
silicates because of their wide range of optical and magnetic properties combined
with high thermal stability,!= which make them very interesting and promising
materials for different applications. REE silicates also exhibit broad structural
diversity.10 A highly adaptive framework can incorporate almost all REEs and
this opens the possibility of synthesizing numerous structures and structural
series of REE-containing silicates. Small but systematic variations in the cation
radii among the lanthanides allow extensive cation substitutions.

Several ternary potassium—REE silicates with the stoichiometric composition
K3REESi»07 that crystallize in the space groups P63/mcm and P63/mmc have
hitherto been described: K3EuSi,07,!! K3NdSir07,12 K3REESi,O7 (REE = Gd—

* Corresponding author. E-mail: sabina.kovac@rgf.bg.ac.rs
https://doi.org/10.2298/JSC210218026K
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664 KOVAC, DABIC and KREMENOVIC

—Lu),!3 K3S¢Siy07,14 K3YSip07 (2 polymorphs),® K3SmSi,077 and K3ErSi,O7
(2 polymorphs).15

During our investigations focused on the synthesis of new potassium-REE
silicates, single crystals of K3EuSi»O7 were obtained. K3EuSipO7 crystallizes in
the hexagonal space group P63/mcm (No. 193) and is isostructural with
K3NdSir07,12 K3REESi»O7 (REE = Gd-Yb),!3 K3YSi»07,6 K3SmSi,O77 and
K3ErSiyO7.15 The reported compound was already known in the literature. Bon-
dar and co-authors!! stated the existence of this phase, however, they reported
only the unit cell parameters (a = 9.98(1), c = 14.44(2) A), space group (P63/mcm),
chemical composition and described the morphology of crystals. Myers!® out-
lined the successful synthesis of K3REESi»O7 (REE =Eu, Y, Sc), but without
any peer-reviewed data for K3EuSirO7. Thus, the crystal structure of this com-
pound, K3EuSi»O7, has not hitherto been described in the literature.

EXPERIMENTAL
Materials and measurements

All the materials were of analytical reagent grade and used as received without further
purification. The crystal structure of K3;EuSi,O; was analyzed by the single-crystal X-ray dif-
fraction method. Diffraction experiments were conducted on a Gemini S (Oxford Diffraction)
four-circle diffractometer equipped with a Mo-anode sealed tube and a Sapphire3 CCD detec-
tor. Diffraction data were processed with CrysAlisP™.17 The synthesized products were tested
using X-ray powder diffraction (XRPD). A small amount of material was finely ground and
tested on a Philips PW1710 X-ray powder diffractometer at room temperature using Bragg—
—Brentano geometry and CuKa radiation. The diffractometer was operated at 40 kV and 30
mA, while the 26 scan range was from 3 to 60°, with a step size of 0.02° and time per step of
1.25 s. PDXL 2 software'® was used for analysis of the powder diffraction data. Scanning
electron microscopy (SEM) was used for the morphological characterization. The analyses
were performed on a single crystal using a JEOL JSM-6610LV instrument equipped with an
Oxford INCA Energy 350 EDS detector.

Synthesis and crystallization

The following chemicals were used in the high-temperature flux synthesis experiment:
Eu,05 (Sigma—Aldrich, 99.99 %), SiO, (Merck, p.a.) and KF (Centrohem, 99 %). A total of
0.055 g of a mixture of Eu,O5; and SiO, in a molar ratio of 1:4 was added to 1 g of KF. The
resulting mixture was homogenized in an agate mortar, transferred to a platinum crucible
covered with a platinum lid and placed in a resistance-heated furnace. The mixture was heated
to 1173 K at a rate of 200 K h'! and kept for 10 h at that temperature. The temperature was
lowered to 973 K at a rate of 2 K h'! and then the furnace was switched off. After cooling to
room temperature, the resulting material was manually removed from the crucible, washed
with distilled water and dried in air. Bow-tie aggregate colorless crystals up to 300 um in size
embedded in a polycrystalline matrix were observed.

X-Ray structure determination

A selected elongated prismatic colorless single crystal was fixed on glass fiber using nail
polish as glue and X-ray diffraction data were collected at room-temperature. Relevant infor-
mation on the crystal data, data collection and structure refinement are compiled in Table L.

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



665

CRYSTAL STRUCTURE OF K3EuSi,07

An analytical absorption correction based on indexed crystal faces using the procedure of
Clark & Reid!'® in combination with an empirical absorption correction using spherical har-
monics (implemented in SCALE3 ABSPACK scaling algorithm) was applied during the data
reduction. The K3EuSi,O5 crystallizes in the space group P6s/mcm. Since it is isostructural
with K5ErSi,O5,!3 atomic coordinates of this structural analogue were used as a starting model
for structure refinement. When Er3* was replaced with Eu3", the model converged rapidly, and
the crystal structure was refined to R = 3.5 %. The structure was refined on F? by full-matrix
least-squares techniques using SHELXL programs.20 Selected bond lengths and angles are
presented in Table II. All figures of the crystal structures were prepared using the Vesta
program.2!

TABLE I. Experimental details

Crystal data Data collection
Chemical K;EuSi, 04 Diffractometer Gemini S (Oxford
formula Diffraction)
M, 437.44 Absorption correction Analytical + empirical
Crystal system Hexagonal Measured reflections 10007
Space group P65/mcm Independent reflections 528
Temperature, K 298 Observed (> 20(0)) reflections 392
al A 9.9512(3) | Ry 0.077
cl/A 14.4480 (4) | (sin 0/2)pax / A7! 0.641
al® 90 Refinement
y/° 120 R[F%> 20(F?)] 0.035
V/A3 1239.05 (8) | wR(F?) 0.069
VA 6 S 1.13
Radiation type MoK No. of reflections 528
4/ mm-! 9.39 No. of parameters 40
Crystal size, mm  0.27x0.04x0.04 | Apyaxs Apmin / € A3 1.01, -0.69

TABLE II. Selected geometric parameters for K3;EuSi;O;. Symmetry codes: Y=y, =y, z;

oyl xoy, zp liowt ], —xty, 2 Yy, —xby, 2 Vx xp, oz Y], ey, —z 12 Vi,
—z+t1/2; Yy, x=1, 2 Ry, x—1, —z+1/2; *=xty, y, =z, Xy, x, z; M-y, —x, —z; M, -y, -z My,
x—1, —z; N=x+1, =y, —z; My, x, —z+1/2; Wiy, y, —z+1/2; BVl ] ) 2

Bond Bond length, A Bond Bond length, A
K1-01 2.770(5) K3-0O2xi 2.754(7)
K1-01i 2.770(5) K3—02xiii 2.754(7)
K1-02i 2.962(3) K3-02 2.754(7)
K1-02 2.962(3) Eul-01V 2.282(4)
K1-O1i 3.006(6) Eul-Oli 2.282(4)
K1-O1iii 3.006(6) Eul-O1xv 2.282(4)
K1-O1%v 3.049(5) Eul-O1ii 2.282(4)
K1-01Y 3.049(5) Eul-O1viii 2.282(4)
K2-01i 2.923(4) Eul-O1*Y 2.282(4)
K2-0O1vi 2.923(4) Eu2-02vii 2.334(7)
K2-O1Vi 2.923(4) Eu2-02 2.334(7)
K2-O1iii 2.923(4) Eu2-02x 2.334(7)
K201 viil 2.923(4) Eu2-02i 2.334(7)
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TABLE II. Continued

Bond Bond length, A Bond Bond length, A
K2-01ix 2.923(4) Eu2-02xvi 2.334(7)
K2-03viii 3.029(3) Eu2-O2xvii 2.334(7)
K2-03 3.029(3) Si1-O1ii 1.616(5)
K2-03iii 3.029(3) Si1-O1i 1.616(5)
K3-02i 2.754(7) Sil—-Q2xviii 1.622(7)
K3-02% 2.754(7) Si1-03 1.661(4)
K3-02x 2.754(7)
Bond Bond angle, ° Bond Bond angle, °
O1ii_Sj1-O1ii 111.0(4) 0O1i-Si1-03 106.7(2)
O1iii_§j]—O2xviii 110.92) 02xvii_gj1-03 110.5(4)
O1ii_8j]—Q2xviii 110.9(2) Sil1—-03-Sjxvii 136.7(6)
011i-8j1-03 106.7(2)

RESULTS AND DISCUSSION

Description of the crystal structure

As a result of an extensive study of the flux technique for growing new
alkali rare-earth elements (REE) containing silicates, K3EuSiO7 was synthe-
sized and characterized by single-crystal X-ray diffraction. The compound crys-
tallizes in the space group P63/mcm and is isostructural with disilicates
K3ErSirO713 and K3YbSi»07.22 The crystal structure is comparable to the soro-
silicate structure type reported earlier by Vidican and co-authors.!3

The crystal structure of the title compound consists of Si;O7 groups and EuOg
polyhedra that form a 3D framework with potassium ions in the holes (Fig. 1).

0 TPR-6

X, Zx.ﬂxm

Fig. 1. The framework of the crystal structure of K;EuSi,O5 along [001]. Color code: K atoms
and polyhedra are black, EuOg polyhedra are grey (octahedra: OC-6; trigonal prisms: TPR-6),
Si atoms are dark grey and O atoms are white.

O, (O
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CRYSTAL STRUCTURE OF K3EuSi,07 667

The disilicate groups SipO7 connect four EuOg octahedra (OC-6), as well as
one EuOg trigonal prism (TPR-6, Fig. 2). Three differently coordinated potas-
sium cations are located between them. The structure can also be described as
regular alternation of two types of layers, which are parallel to the (001) plane:
(D) octahedral layers and (II) sorosilicate layers, formed by a mixture of SipO7
groups and K2 Og+3 polyhedra (Fig. 3).

oc-sm \O\ \O\
. "‘vj‘ : '

S <
TPR6 —= o O
4 Fig. 2. The SiO; groups and EuOg poly-

O—&TFRO_S RO R
i g / i hedra (octahedra: OC-6; trigonal prisms:
m o j o y TPR-6) in the crystal structure of K3EuSi,O;
o " S If):v < - oriented approximately along [120] (c-axis
is vertical) showing their connections. Pot-

assium cations have been omitted for clar-
ity. Color code: Eu atoms and polyhedra

S o
0.

N S e
IC VQ \ O\ \ O\ are grey, Si atoms are dark grey and O
a b ‘ atoms are white.

o o

Fig. 3. Projection of structure along [120] showing two types of regularly alternating layers,
which are parallel to the (001) plane: (I) octahedral layers and (I) sorosilicate layers. K atoms
and polyhedra are black, Eu atoms and polyhedra are grey, SiO4 polyhedra are dark grey and
O atoms are white.

The structure is characterized by two crystallographically distinct six-coor-
dinated sites occupied by Eul and Eu2: EulOg is an octahedron (OC-6) and
Eu20g is a trigonal prism (TPR-6). Two types of polyhedra around europium
cations are distinguished by a small difference in the Eu—O distances: all Eul-O
distances are 2.282(4) A, while all Eu2-O bond lengths are 2.334(7) A. Each
Eul0Og octahedron (OC-6) shares its six corners with six different SioO7 groups,
while each EryOg trigonal prism (TPR-6) also shares six corners, but only with
three different Si;O7 groups.
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Each Si;0O7 group is connected to five different cations, i.e., four Eul and
one Eu2. The disilicate group consists of two SiOy4 tetrahedra sharing an O atom,
denoted O3, with a bridging bond angle Si—-O-Si of 136.7(6)°. The observed
individual Si—O distances are within the acceptable range for silicate structures.
The bridging Si—O bond (1.661(4) A) is expectedly longer than the nonbridging
Si—O bonds (1.616(5) and 1.622(7) A). The O-Si—O bond angles range from
106.7(2) to 111.0(4)°.

The three potassium cations show three different coordination environments.
The coordination sphere of K1 includes eight oxygen ions and forms a K10244+2
coordination polyhedron that could be described as a distorted hexagonal pyra-
mid with a split apex (distances range from 2.770(5) to 3.049(5) A). The K2
atom is coordinated by nine oxygen atoms with distances from 2.923(4) to
3.029(3) A providing a regular tricapped trigonal prism (K20Og+3). The coordin-
ation of the K3 atom (CN=6) could be described as an undistorted trigonal anti-
prism (K-O length = 2.754 (7) A).

Bond-valence calculations showed that the bond valences are well balanced
and the K—O, Eu-O and Si—O bond lengths are consistent with the presence of
K*, Eu3*, Si** and O%~ in the structure. Only the bond-valence sum for Eul is
oversaturated (3.42 v.u.), which could be attributed to the environment of the
EulOg octahedron. All oxygen atoms from the EulOg octahedron are common to
all adjacent polyhedra around the K1 and K2 atoms for which BVS shows
slightly undersaturated values. This means that slightly deviating bonds are
formed in order to satisfy the local valence disagreement due to structural dis-
order. These values are in accordance with the literature data for K3REESi,O713
that contains the rare-earth cation in both slightly distorted octahedral and an
ideal trigonal prismatic coordination environment. The results of bond-valence-
sum calculations (VaList software;23 bond valence parameters: Brown & Alter-
matt?4 and Brese & O’Keeffe23), are presented in Table IIL.

TABLE III. Bond valence sums for the cations and anions in K3EuSi,O,

Bond valence, v. u.

Atom - Zvi/v.u.
K12 K22 K32 Eul? Eu22 Sib )
01 0.178x2  0.118x6 0.57%6 1.022x2 2.066
0.094x2
0.084x2
02 0.106x2 0.186x6 0.495x6  1.005 1.898
03 0.089x3 0.905 1.988
Tvy/ V. u. 0.924 0.975 1.116 3.42 2.97 3.954

aBrown & Altermatt24; bBrese & O’Keeffe?d
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X-Ray powder diffraction (XRPD)

Collected XRPD data are shown in Fig. 4. A diffraction pattern calculated
using the CIF file obtained from the single-crystal data of K3EuSi,O7 was over-
laid. The experimental XRPD patterns are in good agreement with those cal-
culated from the CIF.

| . |. | .}IJ... Ll .IL o

50 60
20 /°
Fig. 4. X-ray powder diffraction pattern of K5;EuSi,O. Upper pattern represents experimental
data while lower pattern represents overlaid positions of Bragg’s peaks calculated from
K3EuSiQO7 CIF.
Scanning electron microscopy (SEM)

The crystal morphology of a single K3EuSi;O7 crystal obtained by SEM is
shown in Fig. 5. An elongated prismatic crystal is clearly visible. The crystal

Fig. 5. A scanning electron microscope (SEM)

BEC 20kV

UsRoF picture of a K3EuSi,O; crystal.
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appears to be homogeneous. Similar crystal morphology was also reported by
Bondar and co-authors,!! although their crystals were much thicker and less
elongated.

CONCLUSIONS

Single crystals of K3EuSi,O7 were prepared by high-temperature flux crystal
growth and characterized by single-crystal X-ray diffraction, powder X-ray dif-
fraction and SEM analysis. The compound crystallizes like disilicates containing
larger REEs, i.e., Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Y, with the
exception of Er and Y, which can crystallize as polymorphs in space groups
P63/mcm and P63/mmc. Their effective ionic radii ranged from 0.983 A for
VINd3* to 0.868 A for VIYb3* (VIEu3* = 0.947 A).26 The structure of these com-
pounds contain the rare-earth cation in both a slightly distorted octahedral and an
ideal trigonal prismatic coordination environment.
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The crystallographic data for this paper have been deposited at the Cambridge Crystallo-
graphic Data Centre under deposition number CCDC 2062974.
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U3BOL
KPHUCTATHA CTPYKTYPA KsEuSi20y
CABWHA 3. KOBAY, ITPEZIPAT 3. IABUR u AIEKCAHIAP C. KPEMEHOBWR
Yuueep3utiei y Beoipagy, Pygapcko—ieonowxu ¢axyniteii, Jedapuman 3a MUHepanoiujy,
Kpucianoipadujy, uemponoiujy u ieoxemujy, Jlabopawopuja 3a kpucmanoipadujy,
Bywuna 7, 11000 Beoipag

Y OKkBHpY HCIIUTHBa®ba aTKaTHUX CUJIMKATa eJIEMEHAaTa PETKUX 3eMasba JOOHjEeHUX METO-
IoM (iykca M3 pacTolna, CUHTETHCaH je TpUKalIujyM eyponujym pucunukar, K3EuSi)0;.
KpucranHa crpykrypa ozxpeheHa je mMeTomom peHAreHcke nudpaxivje Ha MOHOKpPHCTAIy.
Kpucranuiie y npoctopHoj rpynu P6z/mcm. Y KpUCTaqHOj CTPYKTYPU WCIMTHUBAHOT jenu-
Bewa, Jeo Eu kaTjoHa je y dnaro nedopricaHoj oKTaefAapckoj KOOpAUHALMjH, @ OPYTH JIe0 je y
UJIea/IHOM TPUIOHAIHO-TIPU3MAaTHYHOM KOODJIUHALMOHOM OKpYKewy. JJucuiIvKaTHe rpymne
Si, 07 nose3syjy uetupu EuOg oktaenpa u jenny EuOg TpuroHanny npusmy. Usmehy mwux ce
HaJla3e TPY Pa3/MMYMTO KOOPIOMHHUCAHA KaTjoHa kanujyma. Cunvkatd Koju cappxe Behe jone
PEeTKHX 3eMaba UMajy CTPYKTypY Koja caip)kM KaTjoH PeTKe 3eMJbe Y [1Ba pa3INyuTa KOOpAu-
HallMOHA OKpYy)Xemwa: y 01aro MCKPUB/BEHOM OKTAaegpy U Y HIealHOM TPUTOHATHO-TIPHU3Ma-
TUYHOM OKDYXEmy.

(ITpumspero 18. dedpyapa, pesunupaHo 15. MmapTa, npuxsaheno 31. maprta 2021)
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Abstract: The partitioning tendency of pesticides, in this study herbicides in
particular, into different environmental compartments depends mainly of the
physicochemical properties of the pesticides itself. Aqueous solubility (S) indi-
cates the tendency of a pesticide to be removed from soil by runoff or irrigation
and to reach surface water. The experimental procedure for determining the
aqueous solubility of pesticides is very expensive and difficult. QSPR methods
are often used to estimate the aqueous solubility of herbicides. The artificial
neural network (ANN) and support vector machine (SVM) methods, always
associated with selection of a genetic algorithm (GA) of the most important
variable, were used to develop QSPR models to predict the aqueous solubility
of a series of 80 herbicides. The values of log S of the studied compounds were
well correlated with the descriptors. Considering the pertinent descriptors, a
Pearson correlation squared coefficient (R2) of 0.8 was obtained for the ANN
model with a structure of 5-3-1 and 0.8 was obtained for the SVM model using
the RBF function for the optimal parameters values: C=11.12; 6=0.1111 and
e=0.222.

Keywords: genetic algorithm; agrochemicals; descriptors; statistical methods.

INTRODUCTION

Pesticide distribution and fate in various environmental media and compart-
ments is strongly influenced by the inherent properties of the compounds them-
selves, particularly by the basic physicochemical properties, such as solubility in
water, vapor pressure (py) and partitioning coefficients between the organic
matter (in soil or sediment) and water. !
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https://doi.org/10.2298/JSC200618066B
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The water solubility reflects the maximum amount of a chemical that will
dissolve in pure water at a given temperature. The water solubility is one of the
most important physicochemical properties in ecological hazard and exposure
assessments, including environmental fate. The spatial and temporal movement
(mobility) of a substance within and between the environmental compartments of
soil, water and air depends largely on its solubility in water.

The knowledge of the solubility in water is essential when estimating bio-
logical degradation, bioaccumulation, hydrolysis, adsorption and the octanol/
/water partition coefficient. Highly water-soluble chemicals are potentially easier
distributed by the hydrologic cycle, as they tend to have relatively low adsorption
coefficients (i.e., low adsorption to soil and sediment).2 However, due to the
complexity of analytical methods and the high cost of experiments, the applic-
ation of theoretical predictive methods, which are fast, convenient and cost-
effective, for preliminary assessment and estimation of aqueous solubility of pes-
ticides have gained much attention.

Quantitative structure—property relationships (QSPR) models are found on
the basis of the correlation between the experimental values of the physico-
chemical properties and descriptors reflecting the molecular structure of the com-
pounds. In QSPR studies, a regression model of the form (y =Xb + ¢) may be
used to describe a set of predictor variables (X) with a predicted variable (y) by
means of a regression vector (b).3

The objective of the present study was to develop valid QSPR models for the
aqueous solubility, S, of pesticides. Artificial neural network (ANN) and support
vector machine (SVM) were applied for modeling the quantitative relationship
between the aqueous solubility and the structural descriptors of pesticides.
Previous to the generation of the ANN and SVM models, a genetic algorithm
(GA) was used for descriptor selection. The strength and the predictive perform-
ance of the proposed models were verified using both internal (cross-validation
and Y-scrambling) and external statistical validations.

EXPERIMENTAL
Data set

The data set in this study comprises diverse chemical classes of 80 pesticides. The data
were collected from the literature,? and were compiled in the units of mg L1, and presented as
the logarithm of S, the values of which ranged from -1.04576 to 5.90091.

The data set was randomly divided into a training set of 58 compounds and a test set of
22 compounds. The names of the compound and their aqueous solubility are given in Table S-I
of the Supplementary material to this paper.

Software

Geometry optimization was performed using HyperChem 6.03.# Dragon software was
utilized to calculate the molecular descriptors. ANN and SVM regression were performed in
the Molegro software.?
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Molecular optimization and descriptor generation

The molecular modeling software HyperChem 6.03* was used to represent the molecules
and then, the semi-empirical AM1 method was used to obtain the final geometry. All calcul-
ations were performed under RHF formalism® without configuration interaction. The mole-
cular structures were optimized using the Polak—Ribiere algorithm for criterion with a root
mean square gradient of 0.001 kcal* mol !, The optimized geometries were then transferred to
the Dragon computer software Version 5.37 to calculate 1201 descriptors belonging to differ-
ent classes. Using the corresponding DRAGON software options, constant values of the des-
criptors (standard deviations less than 0.0001), which provide no information, were eliminated
first and then those that were highly correlated (R > 0.95) as they convey redundant inform-
ation. For each pair of correlated descriptors, the one with the highest cross-correlation with
other descriptors was automatically eliminated. In this work, the genetic algorithm (GA) vari-
able subset selection method in the MOBYDIGS release of Todischini® was used for the sel-
ection of the most relevant descriptors from the pool of remaining descriptors. These descrip-
tors were used as inputs of ANN and SVM for the construction of QSPR models, as in similar
work.?

Genetic algorithm

Modeling of the genetic process initiated the development of genetic algorithms, which
could be exploited in a variety of optimization problems.!%1! In this case, a potential solution
is considered as an individual in a population. The value of the cost function associated with a
measurement solution “adaptation” of the individual related to its environment. A genetic
algorithm simulates the evolution, over several generations, of an initial population whose
individuals are poorly adapted using genetic operators of reproductions and mutations. After a
number of generations, the population consists of well adapted individuals, i.e., the supposed
“good” solutions to the optimization problem. From a statistical view point, the ratio of the
number of samples () to the number of descriptors () should not be too low. Usually, it is
recommended that n/m > 5.12 The GA was stopped when increasing the model size did not
significantly increase the Q7 value.

Artificial neural networks

An artificial neural network is modeled on the biological neural networks found in the
central nervous system of animals.!3 An artificial neural network is a mathematical and num-
erical method based on biological neural networks. An ANN consists of some connected
neurons and process information. A network is made of one input layer, one output layer and
may also consist of some hidden layers. Each layer is made of some neurons connected to
other neurons in previous and subsequent layers. A neuron has an input, an output and a
transfer function. The sigmoidal transfer function is one of the performed functions, expressed
by the following equation:

1
- (1)
1+e™5
where a; is the output of the j™ neuron and S; is the input of the j™ neuron, produced by
outputs of the previous layer. S is given as:

S; =2 (wya)+b; )

i=1

aj

*1kcal=4184 ]
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where a; are the outputs of the i neuron from the previous layer, w;; presents the weights
applied to the connection of the iM and jth neuron, and b; is a bias number. !4

An ANN is an adaptive network that changes its structure based on external or internal
information that flows through the network during the learning (training) phase. Estimation of
optimum weights and biases of network needs an algorithm, called the propagation method.
Several kinds of propagation methods are available and back propagation (BP) is the easiest
and simple one with enough reliability. BP and other usual propagation methods are explained
completely in mathematical literatures.!3-16

Artificial neural networks are capable of recognizing highly non-linear relationships
contrary to MLR. When compared with the traditional statistical methods, the flexibility of an
ANN enables more complex relationships in the experimental data to be discoverd.!”

Support vector machine

SVM is a new and very promising classification and regression method developed by
Vapnik.!8 SVMs were originally developed for classification problems; they can also be ext-
ended to solve nonlinear regression problems by the introduction of an g-insensitive loss func-
tion. In the support vector regression, input x is first mapped into a higher dimensional feature
space by using a kernel function, and then a linear model is constructed in this feature space.
The kernel functions often used in SVM include linear, polynomial, radial basis function, and

sigmoid function. The general form of the SVR-based regression function can be written
.19,20
as:'”

(o — " K (x;.0;) +b (3)

M=

f(X,W)=f(x,al-,al.*)=

where both a; and ¢;" are Lagrange multipliers. According to the Karush-Kuhn-Tucker con-
ditions, only a minority sample coefficients are non-zero values, the data points corresponding
to them are called support vectors. These support vectors are the samples that can determine
the hyper plane.!3-2! K(x,x,) is the Kernel function.?2 Any function satisfying the Mercer con-
dition can be used as the Kernel function.?3 In this work, the Gaussian radial basis function
(RBF) Kernel was used in the SVM as below:

K(x,x;) = e Tl /0
x,x;)=e “4

where ¢ is the width of the Gaussian function, so C and o that are the relative weights of the
regression error and the kernel parameter of the RBF kernel, should be optimized by the user,
to obtain the support vector. The parameters of SVMR were optimized by systemically
changing their values in the training step and calculating the RMSE and accuracy of the model
using 5-fold cross-validation. The optimized values of C, o and ¢ were 11.12, 0.1111 and
0.222, respectively, obtained based on the minimum RMSE and maximum accuracy of the
model.

A detailed description of the theory of SVM can be found in several excellent books and
tutorials.2+23

An additional external validation according to Golbraikh and Tropsha?® was applied
solely to the test set. According to the recommended criteria of Tropsha et al., a predictive
QSPR model must meet the following conditions:2”

Q%xr>0.5 5
R2>0.6 (6)
(R-R2%)/R? < 0.6 and 0.85 < k < 1.15 )
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or
(szR’zo)/R2 <0.6and 0.85<k’<1.15 ®)
where
R= Z(yi_;)(}i_);)_z R() _Z(J’i_)’io)
\/Z()’i _J_’)ZZ(J;I' —}7)

= ~2 0T 2

2.(3) ()
where R is the correlation coefficient between the calculated and experimental values in the
test set; R (calculated vs. observed values) and R} (observed vs. calculated values) are the

coefficients of determination; & and k' are slopes of regression lines through the origin of
calculated vs. observed and observed vs. calculated, respectively; ¥ and p/ are defined as:

v =ky )
and
0 =ky (6)

respectively; and the summations are over all samples in the test set.
The reason to use R and require k values that are close to 1 is that when actual vs. pre-
dicted properties are compared, an exact fit is required, not just a correlation.

RESULTS AND DISCUSSION

The GA parameters that were used in this study are: population size 100 and
maximum generations 100. Five descriptors were selected by GA (Table S-II of
the Supplementary material), which are: MATS8m, RNCG, AlogP2, MAXDN
and Mor26u. Table I gives e short descriptions of these descriptors.

TABLE I. Description of the selected descriptors by GA

No Symbol Class Meaning
1 MATS8m 2D autocorrelation indices Moran autocorrelation — lag 8 / weighted by
atomic masses

2 RNCG Charge descriptors Relative negative charge

AlogP2 Molecular properties Squared Ghose—Crippen octanol-water
partition coeff. log P?

4 MAXDN Topological descriptors Maximal electrotopological negative variation

5 Mor26u 3D-MoRSE descriptors 3D-MoRSE — signal 26 / unweighted

w

Artificial neural network

The inputs of the ANN were a subset of the descriptors selection by genetic
algorithm from a large set of descriptors. The input layer comprised five des-
criptors. Usually one hidden layer is enough. After several trials, a hidden layer
with three neurons was selected; Fig. 1 explains this choice. The calculated sol-
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ubility values (log S) constitute the output layer (e.g., the NN architecture is
5-3-1). A sigmoid transfer function 1/(1+e*) was used. After 212 epochs, a cor-
relation coefficient of 0.86 (n = 58) between calculated and observed log (S / mg
L-1) was obtained.

e

)
—a3 0.59

——4 7‘8%‘%

=AED 0.58 -

0.63 - '\-/'
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Fig. 1. A— RMSE and B — RMSEgxt values vs. number of neurons of the hidden layer and
the number of epochs.

The general statistical parameters selected to evaluate the prediction ability
of the constructed model are: root mean squared error for the training set
(RMSE), root mean squared error for the external data set (RMSEgRxT), cross
validated squared CC (Q?) and the Pearson correlation squared (R?).

Thus, a 5-3-1 architecture was obtained, the statistic parameters of the final
optimal model are given in Table II.

TABLE II. Results and statistical parameters of GA-ANN and GA-SVM

Parameter Set GA-ANN GA-SVM
Number of neurons - 3 -
Epochs - 212 -
C - - 11.12
E - - 0.222
) — - 0.1111
Q%00 - 0.7748 0.7125
R? Training set 0.8097 0.8403
Validation set 0.7412 0.7068
RMSE Training set 0.5968 0.5933
Validation set 0.5823 0.5782

The plot shown in Fig. 2 indicates that there was a significative correlation
between calculated and observed log S values (Table S-II of the Supplementary
material), which shows a weak dispersion of the points around the first bisectrix,
which confirm the acceptable performance especially for rough estimations.
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Support vector machine

The quality of SVM for the regression depends on several parameters,
namely, kernel type k, which determines the sample distribution in the mapping
space, and its corresponding parameter o, capacity parameter C, and e-insensitive
loss function. Optimization of the SVM parameters was performed by system-
atically changing their values in the training set and calculating the RMSE of the
model using 5-fold cross validation.

First, with the value of C fixed and the epsilon value and ¢ value varied, a
minimal RMSE corresponds to optimal values of ¢ and ¢. Once ¢ and o are opti-
mized, the regularization parameter C that controls the trade-off between maxi-
mizing the margin and minimizing the training error is optimized. To find an
optimal value of C, the RMSE of SVM models with different C values was cal-
culated. The variation of RMSE vs. C values was plotted in Fig. 3. As shown in
this figure, the optimal value of C was 11.12. The optimal values of the three
parameters and the final optimal model were determined and are given in Table II.
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The predicted log S values are plotted against the experimental values (Table
S-II of the Supplementary materials) in Fig. 4. The predicted values are, in
general, in good agreement with the corresponding experimental values.
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Experimental log (S/mg I'") sets.

The statistical parameters show that the models established a strong correl-
ation between the five selected variables and the studied property, characterized
by excellent parameters 0?1 oo > 0.5.28 in addition to a good standard error
(RMSEANN = 0.5968, RMSEgyv = 0.5933). All statistical parameters of the
model are satisfactory and prove that the models are stable, robust and predictive.
Then, the built models were used to predict the test set data.

Analysis of descriptors contribution in the ANN model and interpretation

To evaluate the influence of each descriptor on the calculated solubility, the
relevance score was used. The relevance score is calculated by following all
paths from the input neuron to the output neuron (including hidden layers). For
each path, the product of all the connection weights (in absolute values) were
added to the score. Afterwards, all relevance scores are normalized to be in the
range between 0 and 100.5

The relative value of contributions of the five descriptors of the model was
determined (Table III). These values of contributions allow the following class-
ification: RNCG > AlogP2 > MAXDN > MATS8m > Mor26u. It should be noted
that the difference in the descriptor contribution between any two descriptors
used in the model is not significant, indicating that all of the descriptors are
indispensable in generating the predictive model.

These values confirm the great effect of the RNCG and AlogP2 on the sol-
ubility. Another advantage of this method is the determination of the impact of
each descriptor on the aqueous solubility.

The relative negative charge (RNCG), the first important descriptor, is the
charge of the most negative atom divided by the total negative charge (Oneg)- The
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charge density of the ions plays an important role in the interactions of these ions
and the water molecule, which reflects the influence of the negative charge on the
aqueous solubility. The second important descriptor, the squared Ghose—Crip-
pen—Viswanadhan octanol-water partition coefficient (AlogP2) is calculated
from a regression equation based on the hydrophobic character of the molecule.
It reflects both the interactions of the solute with the bulk of the surrounding
solvent (macroscopic or non-specific solvent effects) and the specific bonding
between the solute and individual solvent molecules (microscopic or specific sol-
vent effects).2?

TABLE III. Relevance score

Index Name Relevance score
0 RNCG 100

1 ALOGP2 76

2 MAXDN 39

3 MATS8m 32

4 Mor26u 28

MAXDN, a topological descriptor, is the maximal electrotopological negat-
ive variation (MAXDN) is calculated as the maximum negative value of DJ
(topologic distance) in the molecule.

Mats8m is a 2D autocorrelation indices that is calculated by applying the
Moran coefficient to the molecular graph.’

Mor26u is a descriptor of the 3D-MoRSE descriptor class, the 3D-MoRSE
descriptors are 3D molecular representations of structure based on electron dif-
fraction descriptor,3031 that are calculated by summing atomic weights viewed
by a different angular scattering function. The values of these descriptor func-
tions are calculated at 32 evenly distributed values of scattering angle (s) in the
range of 0-31 A from the three-dimensional atomic coordinates of a molecule.
The 3D-MoRSE descriptor is calculated using following expression:

nAT-1 nAT
Morsw = Z z AZH (sin(srij) / Sl”l-j) (16)
=1 j=i+l

where s is the scattering angle, nAT is the number of atoms, r;; is the inter-
atomic distance between the ith and the jth atoms, w is an atomic property, inc-
luding atomic number, masses, van der Waals volumes, Sanderson electronegat-
ivities and polarizabilities.

The statistical parameters obtained for the test set,32 demonstrate the power
of the predictivity of the models.

Comparison of the results with other modeling methods

The present results were compared with those obtained in previous public-
ations using other modeling methods. The comparisons are summarized in Table
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IV, which shows that the presented SVM model gives better predictions than
most of the other methods, because fewer descriptors were used than in the the
other models, and an almost similar result was obtained. In addition, the herein
presented models were evaluated using different statistical parameters compared
with the other model in the literature.33

TABLE IV. Comparison of the presented results with those obtained using other modeling
methods

Test  Training Number of

Reference Method R2tr R2test RMSE

set set descriptors
Our results ANN 22 58 5 80.97 74.12 0.5968
SVM 22 58 5 84.03 70.68 0.5933
Deeb and Goodarzi®  PLS - 219 22 79.98  79.44 -
PC-ANN - 219 22 8435 8193 -
Bouakkadia e al.?® MLR 19 58 6 88.95 85.11 0.5200

The difference between this work and the previously published work on this
data set is that the number of compounds in the validation set was not the same
and also the two training and validation sets did not contain the same compounds,
because the method of separation was not the same. Additionally, the descriptors
selected by the genetic algorithm are different except for AlogP2.

CONCLUSIONS

A quantitative structure—property relationship analysis was performed on the
logarithm of the solubility in water for 80 pesticide compounds using ANN and
SVM. The built models clearly demonstrate good correlations between the struc-
ture and aqueous solubility of the studied compounds. Five descriptors were sel-
ected with genetic algorithm. The selected descriptors, i.e., MATS8m, RNCG,
AlogP2, MAXDN and Mor26u, were found to be important factors controlling
the aqueous solubility. Comparison between the ANN and SVM methods demon-
strates that the performance of SVM model is better than that of ANN, but the
ANN model is more general than SVM because of the great value of R2.The
proposed models will help identifying new pesticides and provide insight to
guide their development and may be useful for predicting their solubility.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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U3BOJ
KOPHUIIREE GA-ANN U GA-SVM 3A QSPR CTYIUJY PACTBOPJBMBOCTHU
NECTUIUIA Y BOOU

AMEL BOUAKKADIA" NOUREDDINE KERTIOU"* RANA AMIRI', YOUSSOUF DRIOUCHE' 1 DJELLOUL MESSADI'

"Environmental and Food Safety Laboratory, Department of Chemistry, Badji Mokhtar University — Annaba,
BP. 12, 23000 Annaba, Algeria u *Abbes Laghrour University, Faculty of Sciences and Technology —
Khenchela, BP 1252 Route de Batna, 40004 Khenchela, Algeria

Texmwa necTMLUAa, Y 0BOj CTyOHjU HAPOUYUTO XepOULUaA, 3a Paclojely Mo pasTuuuTHM
oIieJbLIIMa KUBOTHE CpPeJVHe, 3aBUCH YITIaBHOM OJf GHU3NUYKOXEMHUjCKUX 0CODMHA CaMHX Iec-
tununa. PactBopsuBOCT ¥ BonH (S) ykasdyje Ha TeHIEHIH]y MEeCcTULHAA [a Ce YKJIOHe HCIU-
pameM WX UPUTalMjoM Ia OU 3aBPLIMIH y MOBPIIHHCKUM Bofama. EKcriepuMeHTaIHH MOCTy-
mak 3a ongpehuBame pacTBOP/BUBOCTH TECTHIHIA V BOOU je BeoMa CKynm M Texak. QSPR
METOJie CE YECTO KOPUCTE 3a NIPOLIEHy pacTBOP/bUBOCTH XEPOULIUIA Y BOAU. MeTone BemTauke
HeypoHcke mpexe (ANN) u BekTOpcke MmaliuHe 3a nogpuky (SVM), cBaky myT mosesaHe ca
cenexnujom nmomohy reHetuukor anroputma (GA) 3a usbop Haj3HauajHUje Bapujadie, dume cy
kopuurheHe 3a pa3Boj QSPR mopena 3a npensuhame pacTBOP/BUBOCTH Y BOAU cepyje on 80
xepbununa. Bpennoctu log S nmpoyyaBaHUX jenumera JoOpoO Cy KopenucaHe ca JJeCKpUITO-
puma. Pasmatpajyhu moromHe jmeckpunrtope, kBaapaTHu ITupcoHoB koeduumjeHt (R?) 0,8
nobujen je 3a ANN mogen 3a cTpykTypy 5-3-1, a 0,8 je nobujen 3a SVM mopen xopucrehu
RBF ¢yHkuujy 3a onTumainse BpegHocty napamerapa: C = 11,12; 0 =0,1111 u e = 0,222.

(ITpummeno 18. jyna, pesupupano 19. asrycra, npuxsaheHno 6. okrodpa 2020)
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J. Serb. Chem. Soc. 86 (7-8) (2021) 673684

TABLE S-I. Pesticides compounds used in this study and their solubility

No Name log (S/mgLh
1 2-ethylamino-4-(isopropylamino)-6-(methylthio)-s triazine 2.27
2 methyl a-[(4,6-dimethoxypyrimidin-2-ylcarbamoyl) sulfamoyl]-o-toluate 2.08
3 S-Ethyldiisobutylcarbamothioate 1.64
4 ethyl 2-(4-chloro-6-methoxypyrimidin-2-ylcarbamoylsulfamoyl) benzoate 3.08
5 3-[4-(4-chlorophenoxy)phenyl]-1,1-dimethyl-urea 0.4
6 1-(2-chlorophenylsulfonyl)-3-(4-methoxy-6-methyl-1,3,5-triazin-2-yl)urea 4.45
7 3,6-dichloropyridine-2-carboxylic acid 5.16
8 (2-hydroxyethyl)ammonium 3,6-dichloropyridine-2-carboxylate 5.75
9  2-{[4-chloro-6-(ethylamino)-1,3,5-triazin-2-yl]Jamino}-2-methylpropanenitrile 2.23
10 S-ethyl N-cyclohexyl-N-ethylcarbamothioate 1.98
11 2,4-Dichlorophenoxyacetic acid 2.95
12 diethylammonium (2,4-dichlorophenoxy) acetate 5.9
13 methyl 2-(2,4-dichlorophenoxy)acetate 2
14 2,3,6-trichlorobenzoic acid 3.89
15 ethyl 3-phenylcarbamoyloxycarbanilate 0.95
16 (2R)-2-(2,4-dichlorophenoxy)propionic acid 2.77
17 3-[4-(4-methoxyphenoxy)phenyl]-1,1-dimethylurea 1.3
18 6-ethylthio-N2,N*-diisopropyl-1,3,5-triazine-2,4-diamine 1.2
19 3-(3,4-dichlorophenyl)-1,1-dimethylurea 1.62
20 S-ethyl dipropyl(thiocarbamate) 2.54
21 methyl 2-[(4-ethoxy-6-methylamino-1,3,5-triazin-2-yl)carbamoylsulfa- 17
moyl]benzoate )
22 ethyl (RS)-2-[4-(6-chloro-1,3-benzoxazol-2-yloxy)phenoxy] propionate -0.1

* Corresponding author. E-mail: amelbouakkadia@yahoo.fr
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TABLE S-I. Continued

23 butyl (RS)-2-{4-[5-(trifluoromethyl)-2-pyridyloxy]phenoxy } propionate 0
24 butyl (R)-2-{4-[5-(trifluoromethyl)-2-pyridyloxy]phenoxy } propionate 0.3
25 (RS)-1-methylheptyl 4-amino-3,5-dichloro-6-fluoro-2-pyridyloxyacetate -1.05
26 N-(phosphonomethyl) glycine 4.08
27 (R%)—Z- {4-[3-chloro-5-(trifluoromethyl)-2-pyridyloxy Jphenoxy } propionic 1.64
aci
28 3-(4-isopropylphenyl)-1,1-dimethylurea 1.81
29 3-cyclohexyl-1,5,6,7-tetrahydrocyclopentapyrimidine-2,4(3H)-dione 0.78
30 3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea 1.88
31 4-(4-chloro-o-tolyloxy)butyric acid 1.64
32 (RS)-2-(4-chloro-o-tolyloxy)propionic acid 2.87
33 4-amino-4,5-dihydro-3-methyl-6-phenyl-1,2,4-triazin-5-on 3.23
34 2-(3,4-dichlorophenyl)-4-methyl-1,2,4-oxadiazolidine-3,5-dion 0.18
35 3-(3-chloro-4-methoxyphenyl)-1,1-dimethylurea 2.83
36 methyl 2-(4-methoxy-6-methyl-1,3,5-triazin-2-
ylcarbamoylsulfamoyl)benzoate 398
37 (RS)-N,N-diethyl-2-(1-naphthyloxy)propionamide 1.87
38 S-propyl butyl(ethyl) thiocarbamate 2
39 4-amino-3,5,6-trichloropyridine-2-carboxylic acid 2.63
40 N2 N*-diisopropyl-6-methoxy-1,3,5-triazine-2,4-diamine 2.86
41 N2 N*-diisopropyl-6-methylthio-1,3,5-triazine-2,4-diamine 1.52
42 6-chloro-N2, N*-diisopropyl-1,3,5-triazine-2,4-diamine 0.93
43 S-benzyl dipropyl (thiocarbamate) 1.12
44 ethyl (2RS)-2-[4-(6-chloroquinoxalin-2-yloxy)phenoxy] propionate -0.51
45 1-(4,6-dimethoxypyrimidin-2-yl)-3-(3-ethylsulfonyl-2-pyridylsulfonyl)urea 3.86
46 6-chloro-N2 N*-diethyl-1,3,5-triazine-2 4-diamine 0.79
47 1-(5-tert-butyl-1,3 4-thiadiazol-2-yl)-1,3-dimethylurea 34
48 3-tert-butyl-5-chloro-6-methyluracil 2.85
49 N2-tert-butyl-N*-ethyl-6-methylthio-1,3,5-triazine-2,4-diamine 1.34
50 methyl 3-(4-methoxy-6-methyl-1,3,5-triazin-2-ylcarbamoylsulfamoyl)thio- 33
phene-2-carboxylate )
51 S-4-chlorobenzyl diethyl(thiocarbamate) 1.45
52 §-2,3,3-trichloroallyl diisopropyl(thiocarbamate) 0.6
53 methyl 2-[4-methoxy-6-methyl-1,3,5-triazin-2- 318
yl(methyl)carbamoylsulfamoyl] benzoate )
54 3,5,6-trichloro-2-pyridyloxyacetic acid 391
55 2-butoxyethyl 3,5,6-trichloro-2-pyridyloxyacetate 1.36
56 methyl 2-[4-dimethylamino-6-(2,2,2-trifluoroethoxy)-1,3,5-triazin-2-ylcarba- 204
moylsulfamoyl] totoutoluate )
57 1,1-dimethyl-3-(a,0,0-trifluoro-m-tolyl)urea 2.04
58 iso-octyl 4-chloro-o-tolyloxyacetate 0.7
59* methyl 2-[4,6-bis(difluoromethoxy)pyrimidin-2-ylcarbamoylsulfamoyl] 239
benzoate )
60* 1-(2-methylcyclohexyl)-3-phenylurea 1.26
61* 6-chloro-N-ethyl-N'-isopropyl-1,3,5-triazin-2,4-diamine 1.52
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TABLE S-I. Continued

62* 5-bromo-3-(butan-2-yl)-6-methylpyrimidine-2,4(1H,3H)-dione 2.85
63* (R)-1-(Ethylcarbamoyl)ethylcarbanilate 3.54
64* isopropyl (3-chlorophenyl)carbamate 1.95
65* 4-(2,4-dichlorophenoxy)butanoicacid 1.66
66* (2,4,5-trichlorophenoxy)acetic acid 2.18
67* N2-isopropyl-N*-methyl-6-methylthio-1,3,5-triazine-2,4-diamine 2.76
68* (2RS)-2-(2,4-dichlorophenoxy)propionic acid 2.54
69* Haloxyfopethoxyethyl 0.11
70* 4-chloro-o-tolyloxyacetic acid 2.87
71* (R)-2-(4-chloro-o-tolyloxy)propionic acid 2.93
72* 1-(1,3-benzothiazol-2-yl)-1,3-dimethylurea 1.77
73* 4-amino-6-tert-butyl-4,5-dihydro-3-methylthio-1,2,4-triazin-5-one 3.09
74* methyl 3-(3-methylcarbaniloyloxy)carbanilate 0.67
75% 1-(4-methoxy-6-methyl-1,3,5-triazin-2-yl)-3-[2-(3,3,3-

trifluoropropyl)phenylsulfonyl] urea 3.6
76% N2-tert-butyl-6-chloro-N*-ethyl-1,3,5-triazine-2,4-diamine 0.93
77* 1-[2-(2-chloroethoxy)phenylsulfonyl]-3-(4-methoxy-6-methyl-1,3,5-triazin- 291

2-yl) urea )
78* S-propyl dipropyl(thiocarbamate) 2.03
79* (RS)-3-(3,5-dichlorophenyl)-5-methyl-5-vinyloxazolidine-2,4-dione 0.53
80* 2-isopropylideneaminooxyethyl (R)-2-[4-(6-chloroquinoxalin-2-yloxy)phe- 02

noxy| propionate

*Validation set

TABLE S-1II. Experimental, predicted values of log S, and descriptors values for the training
and validation sets

10g (Spred / mg 1—1)

N° 10g (Sexp / mg 1) MATS8m RNCG ALOGP2 MAXDN Mor26u

ANN SVM

1 2.27 1.97007  2.04153 0.166 0.141 7.524 1.042 0.495
2 2.07918 2.80591  2.84972 0.1 0.136 3.054 5.054 —0.081
3 1.64345 1.93482  2.03343 0 0.161 12.345 1.435 0.635
4 3.07918 2.98359  2.8582 —0.004 0.143 5.956 5.299 0.103
5 0.39794 0.800011 0.700217 —0.277 0.153 11403 1.837 -0.136
6 4.4456 3.18637  3.12269 —0.042 0.162 3.456 5.049  -0.053
7 5.15534 4.23823  4.63397 0 0.333 5.064 2.85 —0.088
8 5.74819 4.72705  6.22588 0 0.422 1.409 1.403 0.05

9 2.23 1.72042  1.45922 0.123 0.134 5.456 2.006  —0.003
10 1.97772 1.85824  1.78546 0.13 0.167 11.136  1.387 0.349
11 2.94939 3.18143  2.97726 -0.15 0.262 7.907 2.717 -0.17
12 5.90091 4.34909  5.12943 0 0.349 0.232 0.406 0.139
13 2 3.03824  2.78796 0.049 0.251 9.381 2.129  -0.011
14 3.88649 3.71569  3.90686 0 0.33 11.748 2.854 —0.213
15 0.95424 1.27221 1.30116 0.685 0.115 10.775 2.278 —0.057
16 2.77085 2.2878  1.99897 —0.064 0.208 10.172 2.712  -0.126
17 1.30103 1.0429  0.869131 —0.452 0.14 7.268 1.834  —0.041
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TABLE S-II. Continued

18 1.2 1.08567 1.57748 0.144 0.109  12.036  1.033 0.615
19 1.62325 1.83547 1.67145 -1.18 0.222 6.155 1.872  —0.088
20 2.53656 2.3036 2.1091 0 0.187 8.265 1.429 0.263
21 1.69897 291823 2091128 —0.157 0.133 3.143 5.299 0.02

22 —0.09691 —0.127375 —0.117151  —0.107 0.132  22.584 2.076  -0.05
23 0 0.116869 0.503699 —0.135 0.099 28423  5.696 0.176
24 0.30103 0.116869 0.503699 —0.135 0.099  28.423  5.696 0.176
25 -1.04576  —0.252303 -0.273216  —0.017 0.114  28.798  2.679 0.285
26 4.07918 3.90895 3.96613 0 0.242 4.273 4902  —0.112
27 1.63749 0.900297 1.70448 —0.002 0.118 19.501 5.797 -0.174
28 1.81291 1.94637  1.76373 —0.595 0.168 5.506 1.771 0.243
29 0.77815 1.93203  1.64045 0.269 0.133 4.686 1.859 0.05

30 1.87506 2.29495  1.96685 —0.564 0.2 5.414 2.059 0.029
31 1.64345 2.04425 1.72174 —0.246 0.184 8.938 2.466 0.036
32 2.8657 2.68557  2.29279 0.842 0.183 9.067 2.653 -0.131
33 3.23 3.26032  2.69202 0.429 0.188 0.284 2.006  -0.032
34 0.17609 1.40374  1.18311 —0.665 0.188 8.466 2406  —0.249
35 2.83123 2.84747 242529 —0.079 0.198 3.241 1.865 0.067
36 3.97772 3.53736  3.24333 —0.069 0.142 1.103 5.273 0.269
37 1.86923 1.0971  1.00116 0.023 0.137 10.733  1.805 0.059
38 2 1.93799  1.82598 0.141 0.173  11.096  1.419 0.319
39 2.63347 3.51021  3.27951 0 0.256  4.701 2977  -0.203
40 2.86 2.23532  2.0885 0.516 0.13 6.565 1.36 0.449
41 1.52 1.67701  1.93075 0.154 0.131 9.738 1.044 0.593
42 0.934 1.54919  1.47091 0.151 0.134 8.487 1.476 0.25

43 1.12057 0.544881 0.618408 0.104 0.152  16.889 1.461 -0.001
44 -0.50864 -0.298238 -0.16316 0.023 0.12 21.98 2.07 -0.285
45 3.86332 2.64188  2.9698 -0.125 0.103 1.32 5.522  -0.083
46 0.792 2.3567  2.01921 0.178 0.164  4.658 1.47 0.153
47 3.39794 3.40434  3.06829 0.187 0.159 2.054 1.855 0.748
48 2.85126 2.54508  2.07957 0 0.151 1.016 2.111 0.074
49 1.34 1.40891  1.43875 0.154 0.126 8.601 1.305 0.301
50 3.79727 3.38015  3.17407 -0.06 0.136 1.007 5.219 0.183
51 1.44716 1.28912  1.2225 0.13 0.182 13.888 1.528  -0.038

52 0.60206 0.645302 0.943595 -1.126 0.186  15.682  1.683 0.242

53 3.17609 3.08267  3.19066 -0.075 0.143 1.578 5285 -0.122

54 3.90849 3.10932  2.99134 -0.415 0.274 9.449 2.797  -0.114

55 1.36173 0.609083 0.590257 -0.068 0.159  20.456 2.21 0.174

56 2.04139 243526  2.38896 -1.27 0.167 4.387 5.654  -0.093
57 0.69897 -0.319298 -0.0707111 0.337 0.129  34.033  1.992 0.418
58 2.04139 2.14982  2.2675 -0.34 0.122  10.701  5.922 0.123
59* 1.52 2.10053  1.9355 0.163 0.143 6.43 1.473 0.362
60* 2.8451 2.35458 193893 0 0.146 1.99 2.009 0.096

61%* 3.54407 3.14343  2.65957 0.368 0.135 0.899 2.281 0.475

62* 1.94939 1.15193 1.07316 -0.042 0.148  10.255 2.59 -0.233
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TABLE S-II. Continued

63* 1.66276 2.2624  1.95081 -0.122 0.205 10.036  2.499  -0.034
64* 2.17609 2.79982  2.72653 -0.383 0.275 12.085 2.757 -0.172
65* 2.76 2.32061  2.35449 0 0.152 5.732 1.076 0.557
66* 2.54407 2.2878  1.99897 -0.064 0.208 10.172  2.712  -0.126
67* 0.11394 0.558332  1.07797 0.028 0.101  23.862  5.797 0.082
68%* 2.8657 3.45844  2.9976 0.681 0.228 6.936 2.658  -0.058

69%* 2.92942 2.68557  2.29279 0.842 0.183 9.067 2.653  -0.131

70%* 1.77085 2.57556  2.12201 0.163 0.171 3.16 1.825 0.029

71* 3.09 3.46152  3.13894 0 0.177 2.15 1.947 0.688
72% 0.6721 1.15908 1.27212 0.767 0.116  11.696 2.277  -0.122
73* 3.60206 256352  2.75728 -0.086 0.137 8.116 5.697  -0.039
74* 0.929 2.03968 1.98117 0.151 0.136 7.511 1.479 0.494
75% 291116 3.07567  3.00836 -0.063 0.148 3.395 5.116  -0.003
76* 2.03342 1.90878  1.81662 0.141 0.173 11.55 1.412 0.338

77* 0.53148 0.304822 0.214497 -0.789 0.14 13412 2.605  -0.164

78%* -0.20066 0.0957958 0.142756 -0.006 0.102  17.699 2.16 0.077

79%* 2.38561 2.2525 2.3682 0.047 0.129 11456  5.561 0.053

80* 1.25527 1.04243  0.975408 0.186 0.141 9.759 1.755  -0.189

*Validation set
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Abstract: Recently, development of the QSPR models for mixtures has rec-
eived much attention. The QSPR modelling of mixtures requires the use of the
appropriate mixture descriptors. In this study, 12 mathematical equations were
considered to compute mixture descriptors from the individual components for
the prediction of normal boiling points of 78 ternary azeotropic mixtures. Mul-
tiple linear regression (MLR) was employed to build all QSPR models. Mem-
orized ACO algorithm was employed for subset variable selection. An
ensemble model was also constructed using averaging strategy to improve the
predictability of the final QSAR model. The models have been validated by a
test set comprised of 24 ternary azeotropes and by different statistical tests. The
resulted ensemble QSPR model had thmming, R2. and g2 of 0.97, 0.95, and
0.96, respectively. The mean absolute error (MAE), as a good indicator of
model performance, were found to be 3.06 and 3.52 for training and testing
sets, respectively.

Keywords: QSPR modelling; azeotropic mixture; memorized ant colony opti-
mization; mixture descriptors; ensemble multiple linear regression analysis.

INTRODUCTION

Azeotropes are among mixtures which exibit nonideal solution behaviour.
They both present challenges and opportunities related to separation processes.
Azeotropes cannot be separated easily, however, some certain separations would
be carried out by means of the formation of an azeotrope. The ordinary distil-
lation cannot be used directly to separate azeotropes due to the absence of an
interphase compositional differential. Several special distillation methods includ-
ing azeotropic distillation,!=3 extractive distillation,*> and pressure swing distil-
lation® have been used for the azeotrope separation. The understanding of the
azeotropic properties including the boiling point is important for the preliminary

* Corresponding author. E-mail: fabbasitabar@gmail.com
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evaluations aimed at designing of the distillation process. With this background,
the use of computer programs for accurate estimation of boiling points of azeo-
tropes becomes highly effective.

There are a variety of tools available for the prediction of mixture behaviour,
including group contribution methods (e.g., ASOG’, UNIFAC and diverse modi-
fied UNIFAC versions8:9), methods derived from the regular solution theory,10
linear solvation relationships (LSER),!! statistical thermodynamics!2 and solvat-
ion thermodynamics.!3 These methods are time—consuming and expensive espe-
cially when dealing about ternary mixtures. The intermolecular interactions in
these mixtures are very complex and cannot be precisely represented by quantum
chemistry or molecular dynamics because the demand for CPU is still significatly
high (taking many days or even weeks of the computation). Therefore, a better
alternative seems to be the use of quantitative structure—property relationships
(QSPR).

QSPR models using computational molecular descriptors have been deve-
loped to predict various molecular properties. Few QSPR studies have been car-
ried out to estimate properties of mixtures.!415 Computing of mixture descriptors
is the most important problem facing in the QSPR study of mixtures. One sol-
ution to this problem is the combination of the molecular descriptors calculated
for the individual constitutes via a specific mathematical formula,!6-13 Previ-
ously, we developed QSPR models of the prediction of normal boiling points of
binary azeotropes.!® 22 different mixing rules were applied to compute mixture
descriptors. It was shown that twelve mixing rules resulted in satisfied QSPR
models. The aim of this study is to develop QSPR models for the prediction of
the boiling points of ternary azeotropes. In order to compute the mixture descrip-
tors, 12 different mathematical formulas are employed. To the best of our know-
ledge, this is the first report of the QSPR studied for ternary azeotropes in which
mixture descriptors are calculated from those of individual constitutes.

MATERIALS AND METHODS

Normal boiling point data used in this study were taken from literature.29 Experimental
boiling points along with the molecular compositions of all azeotrope mixtures are given in
Tables S-I and S-II of the Supplementary material to this paper. Azeotropic compositions of
this data have been characterized by molar fractions. Molecular structures of compounds con-
stituting each mixtures were drawn in 2D ChemDraw.2! After creating the corresponding 3D
structures in CS Chem3D Ultra, the geometry optimization was performed in the molecular
operation software (MOE) using the AM1 procedure.2? For each compound, to characterize
the molecular structure, a total of 3475 descriptors including 251 MOE descriptors and 3224
Dragon descriptors were calculated?® and then classified into 22 different descriptor blocks.
These descriptors were firstly investigated to find and remove those having missing values or
containing small variation. Next, the correlations between descriptors were calculated and
from a set of highly correlated descriptors the one with the best correlation with the boiling
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points of ternary azeotropes was maintained and the others were eliminated. After these
pretreatments, 328 molecular descriptors were obtained for each individual constituent.

Mixture descriptors

Commercial softwares are able to calculate the molecular descriptors for individual com-
pounds. To perform QSPR studies for the property of mixtures, the mixture descriptors can be
computed from the molecular descriptors of individuals using different approaches.!®24 In this
study, twenty—two different types of mixture descriptors obtained from the molecular descrip-
tors of individuals were used.! This 22 formulas contained both non-linear and linear mathe-
matical formulas (Table I). From these 22 mathematical formulas, only twelve ones could be
employed for ternary mixtures and those that involved minus in their mathematical formulas
were ignored. These twelve mixture descriptors were classified into three distinct blocks: 1)
those that not require any experimental data; 2) those in which mole fraction data is needed; 3)
those which require information about potential energy and/or mole fraction. Information
about the potential energies were extracted from MOE software based on the following illus-
tration: consider a ternary azeotrope contains three individuals, namely, A, B and C. The aim
is to compare potential energy of a system contains ternary azeotrope, e.g., ABC to three sys-
tems each of which contains only one of individuals. In order to make better comparison, the
potential energy of ABC system is separately compared to AAA, BBB and CCC. If the poten-
tial energy of ABC is close, for example, to that of AAA, it is then assumed that A has the
highest contribution in the stability of the ternary mixture and therefore A should be weighted

TABLE 1. Types of mixture descriptors, description and their formulas; the parameters ¢, x
and D refer to potential coefficient, mole fraction and molecular descriptor, respectively

Descriptor symbol Formula Description
Centroid (Dp+Dgt+Dc)/3 Mean of descriptors of pure compounds
fmol-sum xaDpatxgDgtxcDc Sum of weighted descriptors by mol
fractions
sqr—fmol xXAZD p+xp2Dyg +xc?De Sum of weighted descriptors by square of
mol fractions
root—fmol Jx.D.+{x,Dy+x.D. Sum of weighted descriptors by root of mol
fractions
sqr—fmol-sum (xaADa+xpDg+xcDe) Square sum of weighted descriptors by mol
fractions
norm—cont \/( w.D.) +leaDs) (D) Norm of mole fraction contribution
descriptors
poten—sum caDatcgDptecDe Sum of weighted descriptors by potential
coefficients
sqr—poten ca2D py+cg2Dgtec?De Sum of weighted descriptors by square of
potential coefficients
root—poten JeaDaHes Do+ eeDe Sum of weighted descriptors by root of
potential coefficients
sqr—poten—sum (caADa+cgDyptecDe) Square sum of weighted descriptors by
potential coefficients
poten—norm—cont \/( e DA)Z +(cs DB)2 +(ce Dc)z Norm of potential coefficients contribution
descriptors
fmol-poten—sum xacaDatxgegDptxcecDe Sum of weighted descriptors by both mol

fractions and potential coefficients
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more than the other two individuals in the mixture descriptor calculation process. The pot-
ential energy coefficients, which show the contribution of each individual component in the
stability of a ternary mixture, were obtained from Egs. (1)—(3):

_ (Easc — Eana)’
(Eac —Eaan)’ +(Easc — Esps)’ +(Easc — Ecce)’
op = _ (Eagc _EBBB)Z . @)
(Eagc —Eaaa)” +(Eapc —Esss)” +(Eapc — Eccc)
e - . (Eapc —Eccc )z . 3)
(Eagc —Eaaa)” +(Eapc —Espg)” +(Eac — Eccc)

where Expc, Eaaa, Epps, and Eqce are the total potential energies, kcal* mol™!, for the
systems including ABC, AAA, BBB and CCC, respectively. MNDO Hamiltonian gives rough

estimates of these potential energies. A brief description along with the mathematical for-
mulas for all types of mixture descriptors is shown in Table 1.

(M

CA

Model construction and descriptor selection method

In this study, QSPR models for the prediction of the boiling points of ternary azeotropes
were established by the multiple linear regression (MLR). MLR has several advantages inc-
luding its simple form, fast construction, and easily interpretation. However, the need for an
effective tool to select an appropriate subset of descriptors is the main disadvantage of MLR.
In this study, the memorized ant colony optimization algorithm as a powerful descriptor sel-
ection tool (memorized ACO) was used.2’> To read more about this algorithm, readers are
referred to our previous papers.!?25-27 The reliability of the final models, constructed based on
the descriptors selected by memorized ACO, algorithm would be investigated by using inter-
nal and external validations. Also, the statistical parameters of thraining, R2,.y, and ¢? are used
to compare the models. thminmg and R? indicate the squared correlation coefficients of
training and test sets, respectively. g2 is the squared correlation coefficient obtained via leave-
-one-out cross-validation (LOO-CV) procedure. Moreover, 5-fold cross-validation (5-CV),?’
Monte Carlo cross-validation (MCCV)28 and double-cross validation (D-CV)?° are considered
for further validation of the resulted QSPR models.

RESULTS AND DISCUSSION

In the present work, twelve types of mixture descriptors were used to char-
acterize the ternary azeotropes. These mixture descriptors are different in their
mathematical formulas and all are calculated from the individuals’ descriptors.
The applicability of the proposed mixture descriptors in developing QSPR
models for the prediction of boiling points of ternary azeotropes were inves-
tigated. Table I represents the required information about these mixture descrip-
tors.

The comparison between different types of mixture descriptors would be
easily performed, provided that a linear regression is applied. Consequently,
MLR combined to the memorized ACO algorithm was used to establish the

*1kcal=4184 ]
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QSPR models. Fig. 1 shows the calculated g2 values for MLR models developed
for all types of mixture descriptors.

Fig. 1. ¢* values for QSPR models with different sizes constructed on the basis of different
types of mixture descriptors.

It is worthy to note that MLR models with different sizes are generated for
each type of mixture descriptor. That is, the momorized ACO algorithm is run
several times for each descriptor type while each time a specific number of des-
criptors is selected. MLR models of sizes 2—10 are investigated. Graphs related to
thraining and R2 are given in Figs. S-1 and S-2 of the Supplementary material.
The statistical parameters for all types of QSPR models having different sizes are
presented in Table S-III of the Supplementary material. More statistics for the
each type of QSPR model can be found in Tables S-IV-S-XIII of the Supple-
mentary material.

Analyzing Fig. 1 showed that all types of mixture descriptors proposed in
this study are able in accessing predictive QSPR models. The values of thraining
and R?g of the best MLR models for each type of mixture descriptor were
between 0.87 to 0.96 and 0.84 to 0.94, respectively. The value of g2 was found to
be in the range of 0.82-0.94. The training and the test sets had the values of
MAE of 4.59 and 5.04 K, respectively, indicating the good prediction power of
the best model. Based on the statistical parameters of the models, as it can be
seen in Fig. 1, the goodness of the proposed mixture descriptors was as follows:
sqr—fmol-sum > centroid > root—fmol > fmol-sum > norm—cont > sqr—fmol >
sqr—poten—sum > poten—sum > fmol—poten—sum > root—poten > poten—norm-—
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—cont > sqr—poten. The best mixture descriptor in characterizing and developing
predictive QSPR model for ternary azeotropic mixture was found to be sqr—
—fmol-sum. It should be emphasized again that all of the proposed mixture des-
criptors showed more or less similar results regarding the statistical parameters.
For deep inspection, statistical parameters for QSPR models constructed on the
basis of sqr—fmol-sum and sqr—poten are given in Tables II and III, respectively.
The best QSPR model was constructed with six and seven descriptors for sqr—
—fmol—sum and sqr—poten descriptor types, respectively. Statistics of the resulted
models for both types were good and found to be 0.96 and 0.87 for thraininga
0.94 and 0.84 for RZ;, respectively. Statistical parameters for all other deve-
loped QSPR models are given in Tables S-IV-S-XIII.

TABLE II. Statistical parameters of the QSPR models based on sqr—fmol-sum descriptors; F
stands for Fischer test

No. of des- ,, RMSE- , RMSE-__ 5-CV MCCV RMSE-

2

criptors training _Training T cv 4> RMSE R ining thestR test _Test F

2 0.79 9.37 0.76 998 0.75 10.15 0.79 0.73 0.74 11.29 94.42
3 0.85 7.83 0.82 8.63 0.82 8.70 085 0.82 0.85 6.70 9546
4 0.92 572 091 624 090 6.38 092 0.86 093 4.16 142.36
5 0.95 470 093 534 093 549 095 092 092 451 16946
6 0.96 4.27 094 490 0.94 5.01 096 0.92 0.94 4.90 169.62
7 0.96 393 094 487 094 5.07 096 093 094 453 169.12
8 0.96 384 095 461 094 483 0.97 093 095 3.83 152.15
9 0.98 307 096 381 096 4.04 098 096 097 3.64 209.62
10 0.97 339 096 426 095 448 097 093 097 296 150.12

TABLE III. Statistical parameters of the QSPR models based on sqr—poten descriptors

No. of des- thmmmg RMSE- ¢* RMSE- 5-CV MCCV  R%., RMSE- F
criptors -Training -CV 4?2 RMSE thraining R2q -Test

2 0.77 9.80 0.74 10.40 0.73 10.65 0.77 0.74 0.75 10.81 84.16
3 0.79 9.31 0.76 10.05 0.75 10.26 0.79 0.73 0.78 10.19 62.67
4 0.82 872 0.77 9.82 0.75 10.08 0.81 0.77 0.81 9.69 54.16
5 0.83 842 0.78 9.42 0.78 9.65 0.83 0.77 0.81 10.09 46.31
6 0.84 8.09 0.80 9.11 0.79 9.33 0.85 0.79 0.80 10.28 41.58
7 0.87 744 0.82 8.63 0.81 8.91 0.87 0.82 0.84 11.31 42.46
8 0.87 7.31 0.82 8.65 0.81 9.02 0.88 0.80 0.87 9.16 44.19
9 0.88 7.14 0.82 8.51 0.81 879 0.88 0.82 0.84 9.08 39.86
10 0.88 7.03 0.83 848 0.80 9.36 0.89 0.80 0.87 12.31 31.58

It is worth to further analyze the best QSPR model that has been constructed
on the basis of sqr—fmol-sum. For this model that contained six descriptors,
MAEs of training and test sets were 3.39 and 3.69 K, respectively. More
statistical parameters of this QSPR model are given in Table IV. The model is
statistically sound since all ¢ values are significant, ¢ stands for #-student value at
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95 % confidence interval. Variance inflation factors (VIFs) calculated for con-
sidered descriptors in the model are all less than 10, indicating the lack of col-
linearities among them.30 The external validation of the model was further veri-
fied using Q%F1, 0%F2, 0?F3, 72, and CCC (concordance correlation coeffi-
cient).31:32 For an acceptable model, the O%p1, O%F>, and Q2f3 values should be
greater than 0.6, 2, greater than 0.5, and CCC greater than 0.85. The values of
0%p1, 022, 02p3, 2y, and CCC for the sqr—fmol-sum based QSPR model were
found to be 0.92, 0.90, 0.94, 0.91, and 0.97, respectively. The corresponding
values for other types of QSPR models are tabulated in Table S-XIV. To test the
risk of chance correlation in this QSPR model, y-randomization test was emp-
loyed. In this test, the vector containing information about the boiling points of
ternary azeotropes is scrambled and then a MLR model with the same descriptors
used is developed.

TABLE IV. Statistics for the best QSPR model based on sqr—fmol-sum descriptors

Descriptor Definition beta t  p-value VIF
Constant - 349.75 561.81 <1032 -

ZM2V Second Zagreb index by valence vertex degrees ~ 8.59 8.50 5x10°11 258
X0A Average connectivity index chi—0 -7.22  -5.00 8x10° 529
E2e 2" component accessibility directional WHIM ~ 5.25 424  1x10* 3.88

index / weighted by Sanderson electronegativity
HATS3u Leverage-weighted autocorrelation of lag 3 / 3.49 472 2x10° 138

unweighted
Rlut+ R maximal autocorrelation of lag 1 / unweighted 15.69  9.54 1x102 6.85
vsurf W1 Hydrophilic volume at —0.2 kcal mol™ 23.16 13.04 3x10'7 7.99

This iterative algorithm usually repeats 100 times. Next, the squared correl-
a—ti—on coefficients for the models produced in this test are collected in a vector
and compared to that for the best MLR model. The results are shown as bar plot
in Fig. 2.

0.8

training set
=
>

2
=
=

02

Fig. 2. Y-randomization test applied to
i l L ow dulm the sqr—fmol-sum based QSAR model;
0.0 e L
20 40

0 60 80 00 the first bar shows the thraming value
Trials for the original model.
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Note that the first column represents thraining for the best QSPR model. It is
clear that all of the models with scrambled property have poor quality. The same
plots were provided for other types of mixture descriptors, given in Fig. S-3.
These figures obviously showed that all the mixture descriptors proposed in this
study had good ability to characterize mixture structures.

The presence of any outlier was checked through defining applicability dom-
ains (AD) of QSPR models. AD is a theoretical working space within which the
property of a new compound can be accurately predicted. Several QSPR models
with different type of descriptors that are capable to characterized ternary azeo-
tropic mixtures were developed. Each QSPR model has been constructed on the
basis of its own descriptor type, they would have different ADs. Different stra-
tegies have been introduced to define AD. The standardization approach reported
by Roy et al. is the simplest one that was used in this study.28:33 In this approach,
the descriptor matrix of training set is autoscaled. The maximum and the mini-
mum values of the autoscaled descriptors for each mixture are detected. If the
minimum value exceeds 3, that compound should be treated as outlier. If the
maximum value exceeds 3 and the minimum value is lower than 3, then a new
measure (/) is to be computed for that compound by the following equation:

I=d+128sq (4)

where d and sq are the average and standard deviation of descriptor values for a
compound, respectively. If the computed / value is more than 3, then that com-
pound is an outlier.

No outliers within training set were detected for all types of QSPR models
except for that constructed on the basis of sqr—poten—sum. Two mixtures (mix-
ture numbers 6 and 39) were highlighted as outliers for the sqr—poten—sum
model. Mixtures 6 and 39 contain water/carbon disulfide/ethanol and water/etha-
nol/hexane, respectively. The QSPR models had more complex behaviours reg-
arding to the detected outs of domain. All samples in the test set were found to be
within applicability domain for the root—sum based QSPR model whilst for other
cases, one or two samples were detected out of domain. Mixture 7 was found to
be out of applicability domain for seven QSPR models. This mixture contains
water, carbon disulfide, and acetone. It is interesting that there are two mixtures
in the data set in which carbon disulfide participated. They are mixtures 6 and 7.
The former belongs to the training set and the later to the test set. Both of them
were detected as outliers.

Plots of the actual versus predicted boiling points by all types of QSPR
models for training and test sets are depicted in Fig. 3. According to this figure, a
good correlation can be found between the experimental boiling points of ternary
azeotropes and the predicted ones for all types of QSPR models developed in this
study.
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Fig. 3. Plot of observed vs. predicted boiling points by different QSPR models.

It was shown previously that prediction by an ensemble model would be
more accurate than a single model.!9-34:35 Through a simple averaging strategy,
an ensemble model was constructed using all of the QSPR models. thrainingv
R2et and g2 of the ensemble model were found to be 0.96, 0.94, and 0.95,
respectively. MAEs of training and test sets for the ensemble model were found
to be 3.06 and 3.52, respectively. In comparison to the sqr—fmol-sum based
QSPR model, that has been found to be the best QSPR model, the prediction by
the ensemble model was improved.

A fit plot of experimental versus predicted boiling points of ternary azeo-
tropes by the ensemble model for the training and test sets is shown in Fig. 4. The
two outliers can be identified by visual inspection; one belongs to the training set
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and the other to the test set. The constituent molecules of these outliers are water/
/carbon disulfide/acetone and water/carbon disulfide/ethanol. Both of them con-
tain carbon disulfide. Since only these outliers contain carbon disulfide, maybe
carbon disulfide can cause these mixtures to be outliers. Carbon disulfide has a
linear structure and is a nonpolar compound with low basicity and zero acidity
properties. Other statistical parameters of the ensemble model can be found in
Table S-XIV.

To understand the predictive power of the resulted QSPR models better, the
obtained models were compared with those published previously. Up to now, to
the best of our knowledge, there is only one reported QSPR study for the pre-
diction of boiling points of ternary azeotropes.!4 In this paper, the universal sol-
vation equation and artificial neural network to predict boiling points of ternary
azeotropes was used. MLR was also used for QSPR model development based on
the universal solvation equation. Unfortunately, the MLR model over the whole
data set of 78 azeotropes and no test set was considered successful. So, for better
comparison the MLR models on the same training set were developed. The
resulted statistical parameters along with those reported previously are given in
Table V. The thraining value for training set were reported 0.873 which was
increased to 0.909 after the removal of two outliers. Since we used multiple
linear regression with few independent variables, this comparison shows the
preference of our models to the previously reported, in which non-linear fitting
with large number of independent variables have been used.14:36.37

TABLE V. Comparison of statistics for the QSPR models with the previously reported

No. of des- RMSE- RMSE-

2 . 2
Ref. Model criptors R training ¢ _Training -CV

This study fmol_sum 5 0928 0913 18576 5.17 5.67

sqr_fmol 6 0910 0.890 119.54 579 6.39
root_fmol 8 0954 0.939 177.18 4.15 475
sqr_fmol sum 6 0.949 0.939 22046 435 4.77
norm_cont 6 0932 0912 16237 5.02 572
poten_sum 6 0.854 0.825 6924 736 8.07
sqr_poten 6 0.810 0.758 5037 841 949
root_poten 7 0.875 0.844 69.78 6.82 7.62
sqr_poten_sum 5 0.856 0.836 8585 731 7.8l
poten_norm_cont 6 0.865 0.832 7594 7.08 790
fmol poten_sum 5 0.868 0.837 9485 7.00 7.77
Oliferenk ef al.'* Universal solvation 10 0.873 - - - -

equation

Details of the best model

The mathematical equation of the best QSPR model developed for each type
of mixture descriptor is given in Table S-XIV. The best single QSPR model for
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the prediction of boiling points of ternary azeotropes was found to be the one
constructed on the basis of the sqr—fmol-sum mixture descriptor. This model
consists of six descriptors including ZM2V, X0A, E2e, HATS3u, Rlu+ and
vsurf W1>

T=349.75 + 8.59(+1.01)ZMV2 — 7.22(+1.44)XOA + 5.25(+1.24)E2e +
+3.49(+ 0.74)HATS3u + 15.69(+ 1.64)R1u + 23.16(+ 1.78)vsurf W1  (5)

The vsurf W1 has positive influence on the boiling points of ternary azeo-
tropes since it pertinent to polarity, which means that the individual constitutes
with more polarity result in a mixture with higher boiling point.38 X0A which is
corresponded to the molecular branching properties is a topological descriptor.3?
It has negative sign in Eq. (5), indicating that the more branching the individuals,
the lower the boiling point of the resulted azeotrope.

ZM2V is the second Zagreb index by valence degrees. ZM2V is related to
molecular branching. However, the sign of this descriptor in the QSPR model is
positive because not only the molecular branching but also the valence degrees
affect the amount of this descriptor. For example, ZM2V for 1-heptene and
n-heptane were calculated as 26 and 20, respectively. The positive sign of ZM2V
indicated that individual constitutes with unsaturated bonds cause to increase the
boiling point of the resulted azeotrope.

E2e corresponds to 24 component accessibility directional WHIM index/
/weighted by atomic Sanderson electronegativities. WHIM descriptors are built
in such a way as to capture relevant 3D structural knowledge about molecular
size, symmetry, shape, and distribution of atoms in relation to reference frames.
Since E2e has positive sign in Eq. (5), it is concluded that by increasing the size
and symmetry of the molecule, along with the presence of electronegative atoms,
the boiling point increases.

HATS3u and R1u+ correspond to leverage—weighted autocorrelation of lag
3/unweighted and to R maximal autocorrelation of lag 1/unweighted, respect-
ively. Both belong to the GETAWAY category. GETAWAYSs are geometrical
descriptors encode information on structural fragments and, to some extent,
account for the information on molecular shape and size and for the specific
atomic properties, as well. It was shown that they also encode information about
the effective position of fragments and/or substituents in the molecular space.28:40
Both of them have positive effects on the boiling points of ternary azeotropes.

CONCLUSIONS

Between mixtures, azeotropes exhibit non-ideal behaviour. Azeotropes
cannot be separated using conventional distillation due to the lack of a combined
phase differential. The estimation of boiling points of azeotropes for initial
evaluation is very effective in the design of the distillation process.
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In the present study, new and reliable boiling point prediction models for the
ternary azeotropes were developed, based on different types of mixture descrip-
tors. The mixture descriptors were calculated according to the molecular descrip-
tors of the individual pure components involved in the mixture and their molar
fraction using 12 different mixing rules. The subset of mixture descriptors was
selected using memorized ACO algorithm. Moreover, the multiple linear regres-
sion as a simple technique with easy interpretation was also employed to develop
models based on selected mixture descriptors. The best QSPR model was found
to be the one constructed on the basis of sqr—fmol-sum mixture descriptor. Due
to the good predictive power of all models, all of them were considered in the
construction of an ensemble model through a simple averaging strategy. The
ensemble model prediction improved when compared to the best QSPR model.
The validity of the proposed models was examined by the applying of internal
and external validations together with the different statistical analysis. The results
showed that the proposed models based on the mixed rules have a good ability to
predict the boiling points of 78 ternary azeotropes studied. The proposed models
for the prediction of the boiling points of ternary azeotropes were obtained using
only the information about the molar fraction and the molecular structure of pure
components and without any other information, including the boiling points of
pure components of azeotropic mixtures.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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U3BOJ
HOBHU MOJEJIYU 3A ITPEIBUBAILE TEMITEPATYPE HOPMAJTHUX TAYKU KIbYHYABA
TEPHEPHUX A3BEOTPOITA 3ACHOBAHHU HA CTPYKTYPHU

ZOHREH FARAMARZI', FATEMEH ABBASITABAR? HOSSEIN JALALI JAHROMI' u MAZIAR NOEI'

'Department of Chemistry, Mahshahr Branch, Islamic Azad University, Mahshahr, Iran u “Department of
Chemistry, Marvdasht Branch, Islamic Azad University, Marvdasht, Iran

Y HOBHje BpeMe je MHOTO Makibe MpUByKao pa3Boj QSPR mopena 3a cmemre. QSPR mone-
JI0OBame CMella 3axTeBa kopuirhemwme oArosapajyhux geckpumropa cMella. Y oBOj CTYAUjH je
pasmarpaHo 12 MaTeMaTHYKHX jefHauHWHA 3a U3pavyyHaBame JeCKPUITOpa CMella U3 Mojenu-
HaYHUX KOMIIOHEHTH Y LW/by NefBulaba HOpMalHUX TaukH K/byyama 3a 78 TEPHEPHUX a3€0-
TPOIICKMX cMella. BumecTpyka nuHeapHa perpecdja (MLR) kopuurhena je 3a npaB/bembe CBUX
QSPR mogena. ,Memorized_ACO" anropuTam IpuMemeH je 3a ogadup nopckymna BapHjadiu.
Takohe je xoHcTpyucaH aHcamdn Mmofen kopulrhemeM CTpaTerdje yrmpoceydBama ja Ou ce
nmodospiana Moh mpeTckasuBama koHayHor QSAR mozena. Mozpenu cy BaluIUPaHU TECT CKY-
NIOM KOjH canp»ky 24 TepHEpHa a3eoTpolla ¥ IyTeM pa3IMYHHUX CTaTUCTUYKUX TecToBa. Jodu-
jenn QSPR aHcambm Mogmen je uMao RZiainings R’est M g% om 0,97, 0,95, omHocHO 0,96.
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Cpenma arnconyTHa rpeika (MAE) je nodap WHOMKATOP Ba/baHOCTH MoJena U HaheHo je ma je
3,06 u 3,52 3a npobHe TecToBe.
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Fig. S-1. thrammg values for QSPR models with different sizes constructed on the basis of
different types of mixture descriptors.
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Table S-I1. Composition of mixtures appeared in the training set together with the observed
and calculated boiling points by different QSPR models

Mixture composition Calculated
- ) =
9 £ — 5 |~ g £ = 5 |z ] k)
2| || L] s|Se|l E| &8 %] &|Ee|BE|lee| 2
S| 8| E| F| e |%g| 2| 8| g e|%z|2EEF] &
Water dCi:lf]bf‘l);C Ethanol (3144 [313.7 [309.8 {316.9 |313.6 [316.8 |315.1 336.8 |337.6 |334.7 [339.3 |314.3 [332.9 |323.5
A:ZEC Pyridine O-xylene 4053 [401.9 |398.6 |390.2 [411.3 |403.4 [395.4 [408.5 |402.6 [401.7 |405.0 [408.7 |400.5 |402.3
Water | Nitromethane| _ Dodecane 3563 |367.6 |349.4 [353.9 |358.6 |356.7 | 348.8 [365.1 |369.6 [366.7 |358.0 |361.8 [344.0 [358.4
Methanol I:éi?;tycl Cyclohexane |323.9 [331.4 (3343 [341.8 {330.4 |334.0 [324.6 |326.2 [331.3 |332.5 [331.9 {333.0 |339.1 [332.6
A:ZEC Pyridine Octane 388.8 [390.2 |381.9 [389.3 |382.1 [386.9 |381.9 |391.4 [390.3 |390.5 [388.1 |384.4 |396.9 [387.8
Water | Acetonitrile Ethanol __ [346.0_[350.0 |339.5 [343.0 [340.0 [341.2 [342.0 | 345.8 [335.9 |330.3 [342.1 |334.9 [334.1 [339.9
Water c Tert-butanol  [337.8 |342.3 [337.5 |335.5 |340.8 [341.6 |337.3 [337.9 |337.8 [336.1 |336.9 |340.9 [336.7 |338.4
tetrachloride
A:ZEC Benzene Cyclohexane |350.3 |360.5 |347.1 [337.6 |353.1 |346.9 |347.0 |349.8 [352.6 |353.7 [349.2 |355.8 |337.2 [349.2
Water Butanol Nonane __ |363.1_|355.8 |351.8 |368.5 |355.3 |363.9 |360.3 |359.9 [359.7 |358.2 [359.2 [358.6 | 358.1 [359.1
A::ig“ Pyridine Decane  |407.2 |402.3 |409.4 [408.8 |403.6 |402.3 |412.6 |386.3 [387.9 |394.2 [404.2 |396.4 |387.8 [399.7
Water | Chloroform Methanol __ [325.4 |324.2 |320.5 |327.6 |326.4 |325.2 [328.9 [331.5 [330.6 |333.1 |334.8 |336.3 |331.2 [329.2
Butanol | Pyridine Toluene __ [381.8 [376.4 [377.5 |392.3 [379.1 |385.9 [385.5 |378.7 |378.1 |387.9 |379.8 |382.7 |375.2 |381.6
Water Butanol Hexane _ |334.6_|336.5 |337.5 |339.6 |339.8 |338.7 [341.5 [335.9 [339.2 [341.1 | 346.4 |343.6 |345.0 |340.4
Water | Nitromethane Octane 350.8 [344.3 [351.4 [351.9 [348.0 |354.2 [351.6 |355.6 [351.9 |355.7 | 349.6 |348.7 |355.1 [351.5
Water | 2-butanone Benzene _ |342.0 [339.3 |346.2 [340.2 [345.8 | 342.8 [343.4 |341.1 [339.7 |342.8 | 344.0 [348.8 [341.3 [343.0
Water Pyridine Octane 359.8 |356.8 |361.7 |357.7 |358.4 |352.8 |361.2 |361.1 |358.7 |360.3 |354.4 [350.2 [363.4 [358.0
Water e Ethanol 3349 (33843377 [336.0 |337.6 |339.0 [337.6 |342.0 [337.1 |338.9 [339.9 [338.2 |335.4 [338.1
tetrachloride
Water Pyridine Decanc 3654 [368.9 [364.7 [360.4 [367.2 |357.1 [363.4 |364.8 [368.3 [362.9 |365.0 [371.6 |359.3 |364.5
Water | Nitromethane | Undecane 3559 |362.1 |349.9 [353.7 |357.2 |356.9 | 349.4 [360.3 |364.3 [359.8 [361.4 |364.4 [346.3 [357.1
Water 'Z‘;f;’]g}'l Toluene 3494 (3552 (3534 352.1|349.7|347.0 |357.3 |349.2 |352.6 |356.6 |344.6 [347.3 [359.2 352.0
Chlorofor
o Methanol | Methyl acetate [329.5 [329.4 |325.0 [333.9 {326.3 |325.4 |324.8 |319.4 [326.5 |331.6 [326.0 |325.6 |334.3 [327.4
Trichloro .
Water cthylone Acetonitrile  |340.1 |340.4 [342.9 {338.7 [337.2 [339.8 |341.4 [350.1 |344.6 [343.9 |344.9 |336.9 343.1 |342.0
Chlorofor
o Ethanol Acetone (3413 (3363 [331.7 [336.0 |337.7 [332.4 |339.7 |343.5 [329.9 |332.5 [340.7 |333.7 |330.8 [335.4
Water | Acetonitrile Benzene __ [339.1 |341.2 [341.5 |338.8 |336.6 |337.7 |341.8 | 340.7 [350.9 |340.6 [339.2 [348.2 [340.2 [341.5
Water | Nitromethane |_Propyl alcohol [355.4 |348.4 [349.1 [347.8 |350.8 [352.7 | 343.9 [338.3 | 342.7 [337.5 |335.7 | 343.6 |348.7 | 344.0
Water Butanol Octane 3592 [349.6 [351.7 |366.5 [351.0 |361.5 [360.0 [357.9 [354.4 [359.0 |352.5 [349.2 [360.3 |356.1
Water | Isobutanol Toluene __ [354.4 [355.8 |357.0 |363.3 [351.8 |349.4 [361.6 |343.1 |342.9 |355.7 |342.1 |349.0 [360.3 |352.7
lﬁgg;’l‘:{l 2-butanone | Cyclohexane |342.0 [343.9 |343.2336.1 |337.5 |343.1|337.0 |350.0 |333.5 |346.6 |344.4 [328.5 [336.6 [340.0
Water gﬁ'c‘:;’ Propyl alcohol |344.7 [341.8 [347.9 |339.2 [345.6 |344.6 |340.7 [346.2 |342.6 [342.1 |339.8 |340.1 [347.7 |343.2
Water Butanol Heptane _ |351.2 |343.4 |349.9 [360.2 |349.1 |354.6 |355.7 |342.7 |343.7 |348.3 |347.5 |343.3 |356.7 |349.6
Water e Sec-butanol  [338.1 |342.0 |336.6 [335.6 |338.3 [340.0 {335.7 |337.9 |337.8 |336.2 [336.8 |340.9 |338.4 [338.0
tetrachloride
‘:C:ig“ Pyridine | Ethylbenzene |402.2 [404.5(400.1 |393.4 [404.5 |405.0 [397.3 |402.9 [406.7 [400.4 |401.5 [397.4 |404.3 |401.5
Water | Nitromethane | I-decene __ [355.6 |360.6 |351.2 |354.6 |357.2 |356.1 |352.9 [361.5 |362.0 [357.0 |357.8 |365.7 |354.1 |357.6
Water | Tert-butanol | Cyclohexane [338.1 |339.8 [342.9 [338.1 |337.6 |333.4 |335.9 [340.1 |338.3 |344.1 |337.5 |344.4 [342.0 [339.5
Water Ethanol Cyclohexane _[335.7 |335.9 |341.6 |336.8 |335.1 |336.3 [334.3 [337.3 [340.0 [329.4 |336.1 [340.5 [339.5 [336.9
Water | Nitromethane Nonane __ [353.8 3504 |352.1 [352.7 |354.5 |356.1 [352.5 |358.1 [357.2 |356.8 |356.9 |357.2 |355.7 |355.0
Water _| Nitromethane | Isopropyl alcohol [351.1_|350.3 |346.0 [342.1 [351.2 |350.5 | 346.4 [338.2 | 342.7 [337.7 |335.6 | 343.6 [339.9 |343.7
Water_|_Chloroform Acetone___|333.5_[325.5 |335.5 [340.6 [339.0 |329.4 [345.4 [332.2 [334.2 [331.2 |335.7 |339.6 |334.1 [335.2
Water Ethanol Hexane _ |329.5 [334.3 |330.7 |325.1 |335.0 |337.7 [334.1 |333.5 [345.5 |325.0 |354.0 [333.3 |321.4 |334.1
Water 12‘1’55;‘;{1 2-butanone  [346.5 |349.4 [354.4 |354.5 |352.5 [346.2 |356.3 [341.8 |339.6 |342.6 [343.0 |352.0 [344.5 [348.1
Water gﬁ'c‘:;’ Isopropyl alcohol |342.5  [343.7346.6 |339.1 [344.9 |343.7 [341.4 |346.2 |342.6 [342.1 |339.8 [340.1 |345.7 |343.0
Water | Nitromethane | 3-pentanone 3555 |349.8 |356.6 |346.3 |347.3 |353.0 | 346.4 [342.9 |340.2 [347.1 |344.5 |341.4 [350.3 |347.1
Chl‘;;"f‘“ Methanol Acetone  [330.6 |326.6 |326.6 [334.3|326.1 324.2 |328.0 |323.4 [327.9 |326.7 330.2 |330.1 |332.0 [328.0
Methanol | _ Acetone Cyclohexane_[324.2 |328.6 [335.0 |338.8 [329.2 [331.1 [332.4 [323.2 [330.4 [324.9 |327.3 |323.1 |333.8 [329.8
Water Ethanol Heptane 3419 |341.2 [345.6 [343.5 |341.8 |346.8 | 346.1 [351.9 |358.7 |342.8 |353.8 | 346.9 [339.3 |346.5
Acetic | Pyridine Nonane __|401.1 |396.4 [401.9 [398.6 [399.2 [399.7 |402.5 [387.3 |387.6 [391.0 |400.5 |392.9 [407.4 [397.1
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acid
Water Butanol Butylacetate_ [362.5_|365.8 [368.9 [361.5 |368.2 [362.0 [366.9 |369.8 [370.3 |368.4 |362.0 [369.3 [357.9 [365.9
Water Ethanol Acrylonitrile|342.6_|345.2 [357.2 |343.6 |347.7 |349.0 | 349.5 [337.0 |338.1 [340.5 [339.4 | 3465 [340.5 |344.5
Water | Nitromethane | I-heptene __ |342.8 |341.9 |349.7 |348.9 [343.1 |350.2 |348.0 |343.2 |343.7 |344.3 |341.0 |345.4 |350.7 |345.8
Water ;2‘;‘]’1{)11 Cyclohexane |339.7 |335.2343.0 [337.6 |335.7 |332.5 [333.7335.4 [339.2336.7 [338.3 |341.6 |342.9 [337.6
IZ‘I’E;‘}"E)]YI Benzene Cyclohexane  [342.2 [339.1 [341.0 [335.9 |337.0 |341.4 |339.0 |345.9 |339.6 |340.1 |340.5 |348.5 |338.8 |340.6
Water | Nitromethane l-octene __ |350.5 |348.9 |353.7 |352.7 |354.1 |356.1 [352.6 |358.0 [352.1 |356.9 |347.1 |349.7 |358.0 |353.3
Water | Chloroform Ethanol 3284 [333.9 |324.1 |326.9 |337.0 |329.2 [334.3 |333.2 |332.4 [333.1 |335.7 |3374 |332.7 |332.5
Water Ethanol | Triethylamine |347.8 |349.2 [345.7 |347.7 |348.5 |342.1 |343.3 |345.7 |342.5 |355.7 |344.9 [340.3 [345.1 345.9

Table S-II. Composition of mixtures appeared in the test set together with the observed and
calculated boiling points by different QSPR models

Mixture composition Calculated
=]
: = 3| ¢
A B c |3 el |=|2lzlzel=|s|2|E]8]e
R IHEHEHHHE R
2| E|s| S| 2| S|E|B8|%|%| 8|83 3
51 5|E|l5|8|5|lclels|l2|ls|eldl s
o 3] L=} 2 = 2 =] o 2 = 2 o o)
Water |Carbon tetrachloride| Propyl alcohol [338.5|337.8340.0(336.8(337.3|338.5(337.1(339.6|337.4(338.5(337.9|339.1(337.7(338.1
Water |Carbon tetrachloride 2-butanone 338.8(334.4|342.7|338.5(339.5|344.6|341.2338.2|337.7|335.2(337.0|340.5|335.7|338.8
Water Carbon disulfide Acetone 311.2(305.3|316.6(325.6(317.8|319.8(325.2(331.3|326.4|330.5(333.6|336.7|330.2(324.9
Water Nitromethane 1-hexene 328.6(336.6(336.9(325.9(338.6|342.4|333.8(336.2|340.8|333.1 (338.2|342.8337.8(336.9
Water Nitromethane Hexane 330.0(331.2|332.8(327.5(339.4|338.3|332.9(335.2|340.6|333.6(339.5|342.1|336.7|335.8
Water Nitromethane Heptane 343.7(338.1|347.8|346.0(348.5|350.6|344.4 [341.3|342.9|343.0(343.2|343.6|344.6|344.5
Water Nitromethane 1-nonene 354.2(354.8352.7|353.1(355.8|356.2|353.2(361.0|358.1|357.8353.8|356.7|357.1(355.9
Water Nitromethane Decane 355.6(356.4|350.91353.4(354.9(356.3351.5(361.1362.5|359.5(360.5|366.7|351.9|357.1
Water Acetonitrile Triethylamine |341.7|347.1|343.1(351.0(346.6|344.1|336.7(346.7 [343.2|356.3|347.4|347.5(345.0 [346.2
Water 1,2 dichloeroethane Ethanol 340.9(342.6|342.0(332.8(339.8|346.2|337.8(339.7|328.8|332.6 [346.5|336.2|340.5|338.8
Water 1,2 dichloeroethane |Isopropyl alcohol [342.8|343.9|342.4|333.0(340.1 (343.7|336.9(336.9(334.0(337.5|343.7|342.1|341.7|339.7
Water Ethanol Ethyl acrylate [350.2(363.3(354.0|344.9|353.7|354.4(346.6|363.7|364.6|352.4(355.6 [361.0|344.9|354.9
Water Ethanol Chlorobenzene |350.4(362.4(346.4(349.41358.0(349.6(352.5|361.6(375.3(363.7]|355.1|357.0(340.0 (355.9
Water Ethanol Benzene 338.0(343.3343.9(339.2(343.9|341.6|342.6[337.6|344.3|340.1 [338.5|339.6|341.3 |341.3
Water Ethanol Toluene 347.5(353.9352.6(352.3(349.2|348.2|358.3(358.2|369.4|355.3(353.8352.5|362.9(355.6
Water Isopropyl alcohol Benzene 339.6(344.6|344.1|338.8(344.6|341.6|341.5(335.2|339.8|345.4(338.0|343.2|341.1 |341.5
Water Isopropyl alcohol Cyclohexane |337.4(337.1|342.4(337.2(335.1|333.4|334.2(335.2(339.2|337.0|337.2|341.2(341.6[337.6
Water Propyl alcohol Benzene 340.1(342.7|344.6|339.2(345.9|342.3341.6(335.7|339.8|345.1 (339.9|344.5|341.4(341.9
Water 2-butanone Cyclohexane |336.7]331.9(346.5(339.41336.9(338.8(339.0|338.7(339.2(338.0|342.0|346.3 [338.8(339.6
Water Butanol Benzene 342.1(345.6|344.6|340.8[350.5|341.4|342.2(339.3|338.4|349.2 (344.8|349.0|341.4(343.9
Water Tert-butanol Benzene 340.4(347.2(344.6|339.7|346.9|342.3(342.7(342.9|337.8|349.3|337.5 [343.8|341.3|343.0
Water Pyridine Nonane 363.6(362.9(361.9]1360.9(365.5|357.0(363.2(362.5|363.5|357.4(361.9|361.0|362.5[361.7
Chloroform Ethanol Hexane 330.4(326.8324.2(328.5(327.1|333.5|332.3(349.7|331.5|329.4 (340.8|329.2|331.4(332.0
Acetic acid Pyridine P-xylene 402.31404.21390.7(398.8 [401.6|404.0|395.1(413.7 [421.6|418.9|422.6|415.6 [413.5 [408.4

Table S-1II. R?pining: R%est» and ¢* of MLR models with different

different mixture descriptors

sizes developed based on

—_ | =] =) =] | = £

- g 3 ) % E H g 2 g g 2

'3 i £ = =) I | 3 o S LT |l

Model g = b X & £ 5 & X > 5 E = 8

N =1 = i <] L g =1 2 &L <] €L £ 2 g g 2

size 8 £ g g g3 2 2 g e g2 22 E &
R ainin

2 0.79 0.77 0.57 0.79 0.79 0.69 0.75 0.77 0.75 0.82 0.73 0.75

3 0.88 0.89 0.79 0.86 0.85 0.83 0.80 0.79 0.81 0.85 0.82 0.83

4 0.89 0.90 0.84 0.9 0.92 0.88 0.82 0.82 0.83 0.85 0.84 0.86

5 0.91 0.93 0.9 0.92 0.95 0.92 0.83 0.83 0.86 0.87 0.86 0.87

6 0.95 0.94 0.91 0.93 0.96 0.94 0.87 0.84 0.86 0.88 0.89 0.88

7 0.95 0.95 0.93 0.95 0.96 0.94 0.88 0.87 0.89 0.89 0.89 0.88

8 0.96 0.95 0.93 0.95 0.96 0.95 0.89 0.87 0.9 0.91 0.9 0.92

9 0.96 0.96 0.94 0.96 0.98 0.95 0.93 0.88 0.9 0.91 0.9 0.91

10 0.97 0.96 0.95 0.96 0.97 0.95 0.91 0.88 0.92 0.92 091 0.92

Ry
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= 3 e < g E 8 g g g E
Model ?g: kj £ “E - é 5 2 % 2 5 é y
E 5 e sE ¢ H 5 e & S E:
2 0.88 0.68 0.55 0.71 0.74 0.73 0.79 0.75 0.75 0.81 0.76 0.71
3 0.86 0.85 0.74 0.82 0.85 0.81 0.78 0.78 0.82 0.83 0.78 0.82
4 0.9 0.89 0.86 0.88 0.93 0.87 0.80 0.81 0.81 0.84 0.84 0.82
5 0.91 0.93 0.89 0.9 0.92 0.89 0.81 0.81 0.82 0.87 0.86 0.85
6 0.92 0.92 0.91 0.93 0.94 0.92 0.83 0.80 0.87 0.88 0.84 0.86
7 0.94 0.95 0.91 0.92 0.94 0.93 0.84 0.84 0.85 0.87 0.84 0.87
8 0.95 0.96 0.92 0.94 0.95 0.94 0.87 0.87 0.87 0.89 0.86 0.87
9 0.95 0.95 0.1 0.96 0.97 0.95 0.88 0.84 0.88 0.9 0.88 0.87
10 0.95 0.96 0.94 0.96 0.97 0.93 0.89 0.87 0.9 0.92 0.87 0.9
2
q
2 0.7 0.73 0.46 0.77 0.76 0.63 0.71 0.74 0.71 0.81 0.69 0.7
3 0.86 0.87 0.74 0.84 0.82 0.81 0.7 0.76 0.7 0.83 0.79 0.79
4 0.87 0.88 0.78 0.87 091 0.86 0.79 0.77 08 0.83 0.81 0.81
5 0.89 091 0.86 0.9 0.93 0.9 0.79 0.78 0.82 0.85 0.83 0.83
6 0.93 0.91 0.87 0.91 0.94 0.91 0.83 08 0.82 0.85 0.86 0.84
7 0.93 0.92 0.89 0.93 0.94 0.91 0.84 0.82 0.85 0.87 0.86 0.84
8 0.94 0.93 0.9 0.94 0.95 0.92 0.84 0.82 0.86 0.89 0.86 0.88
9 0.94 0.93 0.91 0.94 0.96 0.93 0.89 0.82 0.86 0.89 0.87 0.87
10 0.95 0.94 0.93 0.95 0.96 0.93 0.86 0.83 0.8 0.89 0.87 0.87
Table S-IV. Statistical parameters of the QSPR models based on centroid descriptors
5-CVA Mccvb B
v wn
§ %D . %D L>.) m g é)
o =
S @ -~ « -~ - =
S35 & 2E [~ & [ T o & 2 S
2 0.79 9.26 0.77 9.83 0.76 9.94 0.79 0.75 0.88 6.44 97.09
3 0.88 6.91 0.86 7.54 0.86 7.65 0.88 0.84 0.86 7.29 127.2
4 0.89 6.75 0.87 7.40 0.86 7.53 0.89 0.84 0.90 6.53 98.74
5 0.91 6.00 0.89 6.77 0.88 6.90 0.91 0.87 0.91 5.13 100.4
6 0.95 4.68 0.93 5.38 0.93 5.49 0.95 0.91 0.92 5.40 139.7
7 0.95 4.47 0.93 5.28 0.93 542 0.95 0.91 0.94 5.00 128.9
8 0.96 4.20 0.94 5.06 0.93 5.20 0.96 0.92 0.95 391 125.6
9 0.96 4.07 0.94 5.06 0.93 5.20 0.96 0.92 0.95 3.57 116.7
10 0.97 3.71 0.95 4.64 0.94 4.89 0.97 0.94 0.95 3.44 124.4
*The reported values are average of 100 repetitions of 5-fold CV
°The reported values are average of 100 repetitions of MCCV
Table S-V. Statistical parameters of the QSPR models based on fmol-sum descriptors
5-cva Mccvb -
E 2 3 - 7 &
= o y g .
55 § g Z 2 : 5 i g
. 2 A g & 2 2
28 L BE L [ & 5 ~ ~ & [ Ln
2 0.77 974 0.73 10.56  0.73 10.59 0.77 0.73 0.68 9.18 85.46
3 0.89 6.75 0.87 7.31 0.87 7.46 0.89 0.83 0.85 6.27 134.32
4 0.90 638  0.88 7.02 0.88 7.20 0.90 0.85 0.89 5.21 112.04
5 0.93 5.31 0.91 5.99 0.91 6.10 0.93 0.89 093  5.09 130.96
6 0.94 5.06 091 6.04 0.91 6.22 0.94 0.89 0.92  4.66 118.40
7 0.95 4.68 0.92 5.72 0.91 6.12 0.95 0.91 095 4.04 117.12
8 0.95 4.57 093 547 0.92 5.62 0.95 0.90 0.96  3.57 123.10
9 096 429 093 5.27 0.93 5.46 0.96 0.91 0.95 445 120.31

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



SUPPLEMENTARY MATERIAL S 14 1

10 096 393 094 4.90 0.94 5.11 0.96 0.93 096 3.96 110.68

“The reported values are average of 100 repetitions of 5-fold CV
°The reported values are average of 100 repetitions of MCCV

Table S-VI. Statistical parameters of the QSPR models based on sqr-fmol descriptors

2 e > 5Cve Mccyb Z
g2 FE . ot E =
28 % e % 5 & 5 % P % %« 5 9

2 057 1328 046 1491 045 1529 057 045 055 11.64 34.12
3 079 933 074 1033 074 1047 079 070 074 953 6239
4 0.84 818 078 949 075 1022 084 073 086 600  63.26
5 090 646 086 762 084 8.02 090 083 089 535 8521
6 091 619 087 737 0.85 7.85 091 083 091 488  76.62
7 093 537 089 666 087 7.29 093 086 091 486 8743
8 093 524 090 648  0.89 6.80 094 086 092 444 7899

9 0.94 5.08 0.91 6.15 0.89 6.59 0.94 0.86 0.91 5.08 73.17

10 0.95 4.52 0.93 5.50 0.90 6.35 0.95 0.88 0.94 5.17 82.42

“The reported values are average of 100 repetitions of 5-fold CV
"The reported values are average of 100 repetitions of MCCV

Table S-VII. Statistical parameters of the QSPR models based on root-fmol descriptors

5-CV* MCCV®

@ > %
2 .o Q =
Zo § i E E & 5 & 5 75: ?’: ng E =

2 0.79 924 0.77 9.69 0.77 9.75 0.79 0.74 0.71 885 97.83
3 0.86 7.47 0.84 8.08 0.84 8.17 0.86 0.81 0.82 732 106.71
4 090 6.27 0.87 7.23 0.87 7.35 0.90 0.84 0.88 5.71 116.50
5 092 577 090 647 0.89 6.62 0.92 0.86 0.90 5.13 109.24
6 093 542 091 6.07 091 6.25 0.93 0.88 0.93 445 102.21
7 095 4.67 093 548 0.92 5.77 0.95 0.90 092 470 117.74
8 096 4.09 094 494 094 5.01 0.96 0.93 094 496 133.34
9 096 4.16 094 513 0.93 5.32 0.96 0.90 096 3.69 111.86

10 096 384 095 474 094 4.88 0.97 0.93 096 392 116.17

“The reported values are average of 100 repetitions of 5-fold CV.
"The reported values are average of 100 repetitions of MCCV.

Table S-VIII. Statistical parameters of the QSPR models based on norm-count descriptors

5-CV* MCCV®

z > 2
2 . oeh Q =
5 B Y [SalR= m m Y m
S8 x 2E& v 2w B w % % B2
2 069 1124 0.63 1236 0.2 1261 069 060 073 860 5777
3 083 829 081 876 08I 3.85 083 079 081 726  83.46
4 088 703 086 762 085 7.80 088 082 087 582  89.89
5 092 559 090 636 090 6.61 092 088 089 550 117.02
6 094 517 091 612 090 6.47 094 089 092 484 113.09
7 094 516 091 605 0.0 6.39 094 090 093 418 9511
8 095 460 092 566 092 5.82 095 091 094 483 10415
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9 0.95 4.39 0.93 5.33 0.92 5.64 0.95 0.91 095 4.28 100.01
10 0.95 4.51 0.93 5.30 0.92 5.67 0.95 0.89 093  4.20 82.74
*The reported values are average of 100 repetitions of 5-fold CV
"The reported values are average of 100 repetitions of MCCV
Table S-IX. Sttistical parameters of the QSPR models based on Poten-sum descriptors
5-CV* MCCV® B
<) > 3
2 ) Q =
- & o c
5 E v £ %) 2] E " " )
s & . = B - = - = & o o =
Z o = ~ = > ~ = ~ = < x ~ R
2 075 1023 071 10.85  0.71 10.95 0.74 0.69 0.79 939 7511
3 0.80 9.17 0.77 9.79 0.76 9.92 0.80 0.75 0.78 10.12 65.10
4 0.82 8.54 0.79 9.32 0.78 9.47 0.83 0.77 080 10.62  56.99
5 0.83 8.45 0.79 9.27 0.79 9.41 0.83 0.78 0.81 8.73 45.85
6 0.87 7.38 0.83 8.29 0.83 8.50 0.87 0.82 0.83 8.22 51.52
7 0.88 6.94 0.84 8.05 0.84 8.24 0.89 0.83 084 791 49.77
8 0.89 6.87 0.84 8.07 0.83 8.34 0.89 0.84 0.88 7.61 43.60
9 0.93 5.48 0.89 6.82 0.86 7.87 0.93 0.87 0.87 737 6219
10 0.91 6.14 0.86 7.56 0.85 7.89 0.91 0.84 0.89 6.82  48.63
“The reported values are average of 100 repetitions of 5-fold CV
"The reported values are average of 100 repetitions of MCCV
Table S-X. Statistical parameters of the QSPR models based on root-Poten descriptors.
@ > 5-CV* MCCV® 2
£ s ¥ ot 2 i
55 £ @E % 7 ; .7
S B oF = B o = o = o o2 of b
Z S = &= = =4 = =4 =< =4 =4 =4 9
2 0.75 1008 071 10.87 0.71 11.00 0.76 0.72 0.75 8.64 78.10
3 0.81 8.84 0.77 9.65 0.77 9.78 0.81 0.77 082 745 7142
4 0.83 8.32 0.80 9.14 0.79 9.30 0.83 0.78 0.81 853  60.82
5 0.86 7.63 0.82 8.56 0.82 8.71 0.86 0.79 082 785 5848
6 0.86 7.57 0.82 8.55 0.82 8.74 0.87 0.78 0.87 747 4851
7 0.89 6.75 0.85 7.95 0.84 8.09 0.89 0.82 085 793 5291
8 0.90 6.32 0.86 7.66 0.85 7.85 0.91 0.83 087 635 52.56
9 0.90 6.31 0.86 7.58 0.85 7.86 0.90 0.84 088 7.67 52.59
10 0.92 5.91 0.88 7.18 0.87 7.39 0.92 0.86 090 7.50 52.84

* The reported values are average of 100 repetitions of 5-fold CV
® The reported values are average of 100 repetitions of MCCV

Table S-XI. Statistical parameters of the QSPR models based on sqr-Poten-sum descriptors

5-CV* MCCV® =

2 > 3

2 - Q N

5 & 2 m g m m 2 m
28 % BE o s & & & % > 2,
2 0.82 854 081 88 081 894 0.82 0.75 0.81 898 11891
3 0.85 800 083 845 082 855 0.85 0.77 0.83 9.2 90.92
4 085 780 083 831 083 840 0.85 0.76 084  9.32 70.92
5 0.87 743 085 7.88 085 7.96 0.86 0.78 087  7.73 62.09
6 088 715 085 792 084 8.07 0.88 0.79 088  6.95 55.35
7 089 682 087 743 086 7.70 0.89 0.82 087 847 51.70
8 091 603 089 662 089  6.89 0.91 0.85 089  7.23 58.16
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9

0.91

6.24

0.89

6.86

0.88

7.19

0.91

0.84

0.90

7.25

53.91

10

0.92

5.86

0.89

6.75

0.89

6.90

0.92

0.85

0.92

6.76

61.88

“The reported values are average of 100 repetitions of 5-fold CV

"The reported values are average of 100 repetitions of MCCV

Table S-XII. Statistical parameters of the QSPR models based on Poten-norm-cont descriptors

5-CV*

MCCV®

z > 2

g . o e

5 B z m . m m z m

5 g ©n £ ©n 2] g " " »n

S & oF = & = - > oF o of >
Z © A< o = > =4 > ~ & 9 & =4 9
2 0.73 10.64 0.69 11.32 0.68 11.46 0.72 0.66 0.76 11.32 67.40
3 0.82 8.70 0.79 9.35 0.79 9.42 0.82 0.78 0.78 8.63 74.18
4 0.84 8.11 0.81 8.84 0.80 8.98 0.84 0.77 0.84 8.20 64.58
5 0.86 7.70 0.83 8.47 0.82 8.63 0.86 0.78 0.86 7.68 57.24
6 0.89 6.81 0.86 7.69 0.85 8.01 0.89 0.82 0.84 8.56 61.78
7 0.89 6.65 0.86 7.58 0.85 7.95 0.89 0.82 0.84 8.49 54.77
8 0.90 6.44 0.86 7.57 0.85 8.06 0.90 0.81 0.86 8.39 50.26
9 0.90 6.34 0.87 7.38 0.83 8.53 0.90 0.80 0.88 7.64 45.30
10 0.91 6.22 0.87 7.46 0.78 10.10 091 0.80 0.87 8.01 41.52

“The reported values are average of 100 repetitions of 5-fold CV
°The reported values are average of 100 repetitions of MCCV

Table S-XIII. Statistical parameters of the QSPR models based on fmol-Poten-sum descriptors

5-CV* MCCV® -
2 < -

QS. § :%f’ % jé 7 7 :°§f’ . - %

2 é 72'; 5 E & E = E '\5: &2 75:) 5 K,
2 075 1024 070 1118 069 1149 075 066 071 951 7484
3 0.83 8.45 0.79 9.33 0.78 9.76 083 079 082 744  79.60
4 0.86 7.64 0.81 8.82 0.81 9.07 086 083 082 714 7436
5 0.87 7.29 0.83 8.34 0.81 8.91 087 080 085 670 6501
6 0.88 6.98 0.84 8.21 0.82 8.75 088 079 086 678 5860
7 0.88 6.92 0.84 8.17 0.83 8.47 089 084 087 698 5008
8 0.92 5.91 0.88 6.92 0.88 7.16 092 088 087 710 8472
9 0.91 6.03 0.87 7.43 0.85 7.87 091 082 087 728 5811
10 092 5.74 0.87 7.30 0.86 7.66 092 082 090 654 5624

*The reported values are average of 100 repetitions of 5-fold CV
"The reported values are average of 100 repetitions of MCCV

Table S-XIV. QSPR equation formulas established by MLR analysis for different types of
mixture descriptors along with their statistical parameters

mixture
descriptor

QSPR equation

2
R training| ¢

2 |2
R tes| Or1

Q2F2 Q2F3

CCC

So
E]

centroid

3=349.75 + 7.35 (1.094) Ss + 11.04 (1.060) piPCO5 -

- 4.70(x£0.986) MATS2e + 8.75 (+0.869) a_donacc -

- 8.65 (20.978) GCUT_SMR_0 + 6.65 (+1.302) vsurf_D7

0.91 10.89

0.91/0.90

0.88(0.93

0.9610.90

fmol-sum

y=349.75 -6.33 (£0.966) BAC + 4.47 (£1.485) E2e +
+31.26 (£2.404) HATS lu + 5.4 (+1.262) vsurf HL2 +
+36.20 (£2.637) vsurf W1

0.9 10.88

0.89(0.91

0.90/0.94

0.9510.87
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sqr—fimol

3=349.75 -9.11 (£0.976) MSD + 9.92 (£1.107) piPC06 +
+5.79 (+1.016) DP17 -5.80 (+0.984) GCUT_PEOE _1 -
-2.49 (+1.202) PEOE_VSA+1 + 10.89 (+1.059) vsurf HL2

0.9

0.86

0.89

0.92

0.91

0.94

0.95

0.82

root—fmol

3=349.75 + 9.60 (+1.499) ZM2V -5.86 (+1.143) MSD +
+1.38 (£1.025) piPC06 -5.36 (£1.110) Ele -3.60 (£0.854) G2s +
+4.49 (£0.973) Rlm + 5.61 (£0.815) vsurf DD23 +
+10.29 (£1.079) vsurf HL2

0.95

0.93

0.92

0.92

0.90

0.94]

0.98

0.92

sqr-fmol-sum

y=349.75+8.59 (£1.010) ZM2V -7.22 (£1.445) X0A +
+5.25 (£1.238) E2e + 3.49 (+0.739) HATS3u +
+15.69 (£1.645) Rlu+ + 23.16 (£1.776) vsurf_ W1

0.95

0.93

0.92

0.92

0.90

0.94]

0.97

0.91

norm-—cont

y=2349.75 + 7.06 (£0.918) piPC06 + 3.87 (£0.975) DP17 +
23.40 (£2.465) Rlu+ + 337 (£0.875) FCASA -
- 17.87 (£2.529) Q_VSA_FPPOS + 11.55 (+1.109) vsurf HL2

0.92

0.89

0.92

0.91

0.94

0.95

0.87

poten—sum

) =349.75 + 18.52 (£2.646) SRW10 -6.76 (£2.317) X5A +
+8.35 (£1.411) BIC2 -2.87 (+1.859) RDF045v +
+7.47 (£1.658) E2e + 10.65 (+1.790) R7v+

0.83

0.79

0.81

0.77

0.73

0.84]

0.92

0.75

sqr—poten

y=349.75 + 8.44 (£1.964) piPC06 + 5.88 (£2.093) Morl Im
-4.92 (+1.589) Els + 7.22 (+1.599) R7v+ +
+4.07 (+1.858) DCASA - 6.06 (+1.994) vsurf EDmin3

0.79

0.81

0.64

0.58

0.74

0.88

0.70

root—poten

3y =349.75 + 3.10 (£2.067) SPI + 19.34 (+2.881) SRWOI -
- 8.49 (+2.903) X5A -6.48 (+1.663) X2Av -
-8.87 (+1.534) Mor32y + 7.70 (£2.123) R7v+ +
+3.07 (£1.447) Q_PC+

0.82

0.87

0.78

0.75

0.85

0.93

0.79

sqr—poten—sum

y=349.75 +10.13 (+3.632) EEig01x + 15.22 (+2.486) EEig02r -
-6.02 (£1.365) EEig06r + 1.77 (£1.165) JGI2 + 8.83 (+2.494)
E2e

0.85

0.83

0.84

0.79

0.76

0.86

0.94

0.74

poten—norm-cont

' =349.75 -19.70 (+2.358) SIC5 -9.62 (+1.468) EEig05d +
+4.80 (£1.560) GGI4 -4.14 (+1.046) L/Bw -
7.65 (+1.424) VAJ]Eq - 3.13 (£1.706) vsurf IW1

0.83

0.86

0.75

0.71

0.82

0.93

0.78

fmol-poten—sum

3 =2349.75 + 12.48 (£1.634) piPC06 + 3.52 (£1.611) GGI2 +
+14.84 (+1.446) DP17 -7.37 (+1.939) Mor26e +
+4.67 (£1.272) Q PC+

0.86

0.81

0.82

0.85

0.82

0.89

0.93

0.75

Ensemble model

0.97

0.96

0.95

0.92

0.91

0.95

0.98

0.87
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Abstract: The extensive use of pesticides requires innovative approaches to
remove these compounds from the environment. Carbon materials are tradit-
ionally used as adsorbents for removing pesticides, and the development of the
new sorts of carbon materials allows more advanced approaches in environ-
mental applications. Using density functional calculations, we have predicted
chemical reaction between the S(O)=P moieties of the organophosphates with
point defects in graphene — single vacancies, Stone—Wales defects and epoxy-
-groups. The reaction was confirmed using ultra high performance chromato-
graphy for two graphene oxide samples and dimethoate as a representative of
organophosphates. The exact reaction mechanism is still elusive, but it is
unambiguously confirmed that no selective oxidation of dimethoate to more
toxic oxo-analog occurs. The presented results can help to develop novel sys-
tems for the irreversible conversion of organophosphates to non-toxic com-
pounds, without using aggressive chemical agents or external physical factors
like UV radiation.

Keywords: graphene; pesticide; removal; adsorption; chemical reaction.

INTRODUCTION

The growing world population caused enlarged food production, which, on
the other hand, requires different strategies to boost the yield. One of the stra-
tegies is to use different pesticides to protect crops and increase the amounts of
obtained plant products. Today, different classes of pesticides exist, differing by
their action and level of sophistication. However, less developed countries still
use some older families of pesticides, which can have a significant impact, not

* Corresponding author. E-mail: igor@ffh.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC210108012A
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only on their target species, but also on humans and the living world in general.!
The mentioned fact particularly relates to the use of organophosphorus pesticides
(OPs), which rely their action on the inhibition of acetylcholine-esterase
(AChE).2 This enzyme is present in mammals, and the extensive exposure to OPs
can cause severe neurotoxic effects.3

To reduce the health and the environmental impact of OPs, there are differ-
ent remediation strategies. These include either removing OPs via suitable sub-
strates, or their degradation using chemical, physical or biological agents,438
some of them being potentially rather aggressive. The adsorption of OPs on dif-
ferent substrates requires high surface are adsorbents, which have to be environ-
mentally friendly and affordable for large scale use. Among many possible can-
didates, the carbon materials seem to be perfect due to the (generally) large sur-
face area, the ability to tune the surface chemistry and low costs.~11 Typically,
the activated carbons are used, but a fundamental understanding of OPs adsorp-
tion on carbon materials requires well-defined adsorbates, allowing one to res-
olve crucial factors in OPs adsorption on carbon materials.

Considering the facts stated above, graphene and graphene-based materials
are excellent candidates, as model adsorbents for OPs removal. We have pre-
viously shown that different graphene-based materials display different adsorp-
tion properties towards the removing of OPs via adsorption from aqueous solut-
ions.# Depending on the type of OP (aromatic or aliphatic), the removal of OPs
will be governed by the concentration of defects and surface functionalities in
graphene-based materials and the existence of extended sp2-hybridized domains
in the graphene basal plane.

The majority of our knowledge about the adsorption of OPs on carbon mate-
rials comes from experimental studies. However, theoretical analysis can provide
us with valuable pieces of information as the model systems can be controlled at
a high level. However, theoretical studies are rather scarce.!?2 We believe that this
is caused by the complexity of the systems and large sizes of OP molecules,
making the direct electronic structure calculations heavy and time-consuming.

Nevertheless, we emphasize that the theoretical modelling can help us under-
stand general trends, and certain approximations introduced in the model could
allow us to perform the analysis, which could be very difficult, if not impossible,
in the laboratory. In this contribution, we studied OPs adsorption on four differ-
ent graphene model surfaces. As we have previously found that the S=P and O=P
moieties of OPs dominate the adsorption on carbon materials, we simplify the
models of OPs as S=PH3 and O=PH3. To control the electron density at S=P and
O=P moieties, we replaced hydrogen atoms with highly electronegative fluorine
atoms and consider S=PF3 and O=PF3 model OPs as well. In most cases, we
found that the OPs adsorption is physical, but certain model molecules could also
get chemically decomposed on the defective graphene surfaces. Chemical trans-
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formations were also observed experimentally using UPLC analysis, while the
preferential oxidation of thiophosphates into their highly toxic oxo-analogs was
excluded by the direct evaluation of neurotoxicity of OP solution after the treat-
ment with graphene oxide samples.

EXPERIMENTAL
Theoretical calculations

DFT calculations were done using QuantumESPRESSO code!3 at the GGA level.!* The
ultrasoft pseudopotentials were used, and the plane-wave basis set was expanded to 600 eV.
The dispersion interactions were accounted for using the DFT-D3 approach of Grimme.! The
graphene surfaces were modelled in a 4x4 cell, originally containing 32 carbon atoms. The
vacuum size was set to 20 A to prevent the coupling of periodic images along the z-axis of the
cell. First Brillouin zone was sampled using the 10x10x1 Monkhorst—Pack k-point set.1® The
relaxation of all the atoms in the cell was allowed until the forces acting on atoms were below
0.01 eV AL, Adsorption energies (E,q4) were calculated as:

E,4s = Eo(OP+graphene) — Ey(graphene) — Ey(OP) (N

where E((OP+graphene), E(graphene), and Ey(OP) stand for the total energies of: i) the
graphene surface with adsorbed OP, ii) the clean graphene surface and iii) the isolate OP
model molecule, respectively.

Materials

For the present study, we chose two commercial graphene oxide (GO) materials and
dimethoate (DMT) as a representative of OPs. This combination of OP and adsorbents was
justified because GO is not a very good adsorbent for removing DMT but possesses many
different surface functional groups and defects. Hence, the possible chemical conversion of
DMT via reactions with the surface functional groups is easier to observe, when compared to
the situation when extremely effective adsorbents are used. Namely, in that scenario, all DMT
would be adsorbed, and it would not be possible to see the reaction products. We specifically
used GRAPHENEA GO,!7 denoted hereafter as GNA GO and Graphene Supermarket GO!8
denoted further as SM GO. GNA GO has 4956 % of carbon and 41-50 % oxygen, with small
amounts of hydrogen, nitrogen and sulphur. It also has a high concentration of epoxy groups,
as confirmed by the manufacturer using XPS. SM GO has a higher carbon-to-oxygen ratio (79
to 20 %).

Adsorption measurements

The investigated adsorbents were dispersed in double-distilled water, and the desired
amount of DMT stock solution (Pestanal, Sigma Aldrich, Denmark) was added to provide the
targeted concentration of the adsorbent and DMT. The vessel containing the adsorbent+tDMT
mixture was then placed on a laboratory shaker (Orbital Shaker-Incubator ES-20, Grant-Bio)
and left for 21 h at 25 °C to ensure reaching the equilibrium. After the equilibrium was
reached, the mixture was centrifuged for 10 min at 14500 rpm, and the supernatant was fil-
tered through the nylon filter membrane. The concentration of DMT after adsorption (Ceq)
was determined using UPLC analysis. The control experiments were performed identically,
but without the carbon adsorbents, and confirmed that there is no DMT degradation within the
timeframes of the described experiments. From the described batch adsorption measurements,
we calculated uptake for the investigated DMT on all the studied adsorbents, varying the
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adsorbent dose and for fixed DMT concentration (Cy = 5x107™* M). The removal was cal-
culated as:

Removal = 100(Cy — Ceq)/Cy = 100C,44/Cy 2
UPLC analysis

The Waters ACQUITY ultra performance liquid chromatography (UPLC) system
coupled with a tunable UV detector controlled by the Empower software was used. The
chromatographic separations were run on an ACQUITY UPLC™ BEH C,g column, with the
dimensions 1.7 pm, 100 mmx 2.1 mm (Waters). The DMT analysis was done under isocratic
conditions, with the mobile phase consisting of acetonitrile (phase A, 20 vol.%) and 20 vol.%
acetonitrile in water (phase B, 80 vol.%). The eluent flow rate was 0.25 mL min’!, and the
injection volume was 10 pL. The optical detection was done using a photodiode array detec-
tor. Under the described conditions, the retention time of DMT was 3.02+0.05 min.

Neurotoxicity measurements

Regarding their (neuro)toxicity, the physiological effects of treated DMT solutions were
tested using AChE inhibition measurements. AChE activity was assayed according to
Ellman’s procedure.!® The in vitro experiments were performed by the exposure of 2.5 IU
commercially purified AChE from electric eel to the OP solutions obtained in the adsorption
experiments (batch adsorption or filtration) at 37 °C in 50 mM PB pH 8.0 (final volume 0.650
mL). The enzymatic reaction was started by the addition of acetylcholine-iodide (AChI) in
combination with DTNB as a chromogenic reagent and allowed to proceed for 8 min until
stopped by 10 % sodium dodecyl sulfate (SDS). The enzymatic reaction product, thiocholine,
reacts with DTNB and forms 5-thio-2-nitrobenzoate, whose optical adsorption was measured
at 412 nm. It should be noted that in these measurements, the enzyme concentration was
constant and set to give an optimal spectrophotometric signal. Physiological effects were
quantified as AChE inhibition given as:

ACHE inhibition =100 AOA_ A (3)
0

where A, and A4 stand for the AChE activity in the absence of OP and the one measured after
the exposure to a given OP.
RESULTS AND DISCUSSION

Model OPs

All the studied (O)SPH3(F3) have C3y symmetry. When hydrogen atoms are
replaced with the electron-withdrawing fluorine atoms, the O=P and S=P bonds
were contracted. O=P bond, the length is reduced from 1.49 to 1.46 A, while for
the S=P bond, the length reduces from 1.94 to 1.88 A. These results demonstrate
that the idea to control the electron density at the O=P and S=P moieties by
changing hydrogen with fluorine was correct.

Model graphene-based surfaces

To investigate the effects of different graphene-based surfaces on the adsorp-
tion processes of model OPs, we considered four different surfaces. These are
pristine graphene surface, graphene surface with a single vacancy, graphene sur-
face with Stone—Wales (SW) defect and graphene surface with one epoxy
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group.20 We do not describe these surfaces in detail, but here are provided their
densities of states (DOS) and their optimized structures (Fig. 1).

[ Jtotal V
C 2s states
e C 2p states A

[ Jtotal
——C 2s states
e C 2p states

pristine graphen?\/

-20 -15 -10 -5 0 5 10 -25 -20 -15 -10 5 0 5 10
E-EgleV E-EgleV

Density of states, states eV-!
L L f

&
]

[ total
——C 2s states
e C 2p states

wiar
B oxygen states
C 2s states
| =——C2pstates

Density of states, states eV-!
f | L

single vacan

epoxy group \ I/\
2 45 A0 5 0 25 20 45 0 5 0o 5 10
E-EcleV E-EcleV

&
]

Fig. 1. Densities of states (DOS) and the optimized structures of considered model graphene
surfaces. For graphene with the single vacancy and Stone—Wales (SW) defect, the defects are
indicated in the corresponding structures.

The introduction of considered defects causes the large electronic structure
disruptions, when compared to the electronic structure of pristine graphene. Gra-
phene with a single vacancy remains flat, like pristine graphene. However, the
dangling bonds are formed upon removing one C atom, and the corresponding
states are located around the Fermi level.

There are pronounced DOS changes around the Fermi level for the SW
defects, as the formation of the SW defect is preceded by the rehybridization of
carbon atoms and the local bending. This local bending expands further to the
entire basal plane for the studied concentration of SW defects. The addition of
the epoxy group on the graphene basal plane causes sp? to sp> rehybridization of
the carbon atoms bonded to oxygen. Hence, in this case, too, there is a local
deformation of the basal plane. While one cannot expect that pristine graphene
should show significant chemical reactivity, the introduction of defects can
change the situation dramatically.

Interaction of model OPs with model graphene-based surfaces

The next step performed was the analysis of model OPs interactions with the
described graphene-based surfaces. Molecules were soft-landed on the surfaces,
and the systems were completely relaxed without any restrictions during the
structural optimization. In line with our previous experimental findings,? we con-
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cluded that the interaction is via S=P or O=P moiety. Moreover, the calculated
adsorption energies indicated physisorption, when no chemical reaction between

model OPs and the studied adsorbates occurs. The results are summarized in
Table 1.

TABLE I. Calculated adsorption energies (eV) for model OPs on four considered graphene-
based surfaces. When “reaction” is stated, no structures with intact model OPs were observed
upon the relaxation

Substrat Surface

ubstrate S=PH, S=PF, O-PH;  O-PF,
Pristine graphene -0.18 -0.14 -0.16 —-0.15
Graphene with Stone—Wales defect —-0.26 -0.19 -0.28 -0.19
Graphene with a single vacancy Reaction Reaction -0.27 -0.22
Epoxy graphene Reaction Reaction Reaction Reaction

These few numbers presented in Table I tell a story of importance. As exp-
ected, the pristine graphene interacts weakly with model OPs. However, when
the SW defect has been introduced, the interactions, which are still weak, become
stronger. As for pristine graphene, the F-substituted molecules interact weaker
with the SW graphene surface.

When the model OPs interacted with the graphene with the single vacancy,
we observed that tio-forms always reacted with the graphene surface. However,
for oxo-forms, we identified the cases where model OPs were intact after the ads-
orption. The adsorption energies calculated for these cases were similar to that in
the case of SW graphene. This result showed that the oxo-forms were more stable
than tio-forms, which is in accordance with our previous results about DMT
oxidation and the product of the oxidation — omethoate, is more stable and more
persistent to chemical modifications than its parental tio-form DMT. Finally, all
the considered model OPs undergo chemical transformations when interacted
with epoxy-group on graphene.

Physisorption of model OPs is clearly seen in DOS plots of studied systems
where no model OPs react. Such a situation is shown for OPH3 and OPF3 on the
SW graphene surface in Fig. 2.

The electronic states of OPH3 and OPF3 simply add up to the electronic states
of the surface, which is almost unchanged when compared to the DOS of the clean
surface (Fig. 1). Also, by comparing the DOSes presented in Fig. 2, one can see
that the states of carbon atoms are almost identical for OPH3 and OPF3 adsorbates.

Except for the pristine graphene surface, some chemical reactions between
the model OPs and the defects in the surfaces were observed in all the other
cases, in addition to the physisorption events reported in Table I. This will not be
described in many details, as it is not certain that all these reactions might not
occur with a real OP molecule due to steric hindrances. However, the general
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conclusions follow. For the epoxy graphene surfaces, the O atom from the epoxy
function always reacts with model OPs. As a rule, this process is followed by
incorporating O, S or P molecules into the graphene lattice, with the significant
reordering of the hexagonal carbon network. For the SW graphene and the gra-
phene with a single vacancy, these topological defects are reactive sites. The O, S
and P atoms of the model OPs incorporate easily into the graphene lattice, and
the result is the graphene doped with one of these heteroatoms or (S,P)-co-doped
graphene. Such a scenario is presented in Fig. 3, where, upon the landing of SPF3
on the SW graphene surface, both S and P are incorporated into the SW lattice
site. The states of S and P get fully hybridized with the states of carbon atoms. As
a side note, this seems like a rather effective way to dope the graphene lattice
with S and P, which opens many possibilities for using such doped graphene.

[ Jtotal DOS

C states H states O states P states

Density of states, states eV~!

[ ]total DOS

—
iy

C sta1es F states O states P states

Density of states, states eV~!
L |

Al :

E-E:leV

Fig. 2. Densities of states (DOS) and the optimized structures of model OPs interacting with
the SW graphene surfaces.

total F states P states S states —— C states
| v o

Density of states, states eV~!

Fig. 3. Densities of states (DOS) and the optimized structure of SPF; upon the reaction with
the SW graphene surface.
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It is emphasized that the observed chemical reactions are spontaneous and,
as a rule, disrupt the O=P or S=P moiety, which is directly responsible for the
neurotoxicity of OPs.

Experimental results — UPLC analysis and neurotoxicity

To investigate the possible chemical reactions between OPs and graphene-
-based materials, we have performed a series of batch adsorption experiments
using DMT and two commercial GO materials. The choice of GO as an adsorb-
ent was explained previously. Upon the detailed analysis of UPLC chromato-
grams, we have identified one prominent signal that depends on the adsorbent
mass (Fig. 4). This signal is located at a low retention time (R7 = 0.877 min) and
is well separated from the main DMT peak that appears at RT = 3.02 min. The
signal at RT = 0.877 min is not present for the pure DMT solution and is not seen
for the filtrate of pure GO adsorbents, which we have used as a background. The
time evolution of this signal during the extended exposure to adsorbents is not
very obvious, but it is visible. Moreover, there are slight variations in the reten-
tion time of the two chromatographic peaks. We suspect that the observed time
variation can be understood as a balance between the chemical reaction giving
the product with this specific signal in UPLC and its adsorption on GO, as well
as the formation of more complex adducts.
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Fig. 4. UPLC chromatograms of DMT solution upon the batch adsorption experiment using

SM GO (top left) and GNA GO (top right) for different masses of adsorbents. In the bottom

row, the time evolution of the signal is presented for extended batch adsorption experiments
using SM GO and DMT. The concentration of DMT was 5x10™* mol dm™.
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The observed signal is further analyzed, and the UV—Vis spectra were ext-
racted (Fig. 5). This new signal shows broad adsorption, with the adsorption
maximum at 199.2 nm. Contrary to that, a rather sharp absorption of DMT maxi-
mum is seen at 193.8 nm.
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Fig. 5. Normalized UV spectra of the fraction corresponding to the retention time of 0.87 min
and the UV spectra of DMT (RT = 3.02 min) upon the batch adsorption experiments using
DMT (C = 5x10"* mol dm3) and the concentration GO materials amounting to 0.01 mg ml"!
(upper row). In the bottom row, photodiode array signals (PDA) versus the retention time are
provided for both GO used.

et
w©

5

The only possible way to determine the exact mechanism of the DMT
decomposition via GO substrates is the use of mass spectrometry coupled with
UPLC. However, for the time being, this demanding task is left aside. Namely,
we suspect that for other OPs one could expect different reaction mechanisms
depending on the complexity of a given molecule. DMT is a rather simple ali-
phatic molecule, so deriving specific conclusions built up based on its case is
risky. However, our main goal here was to communicate the chemical conversion
of DMT with graphene oxide. Moreover, based on DFT calculation, we expected
that the S=P moiety of OP molecules take part in chemical conversion and that
this part of the molecule gets degraded. Hence, this reaction should reduce the

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



708 ANICIEVIC et al.

toxicity of the DMT solution after the treatment with a GO sample, being in
favour for the remediation of OPs.

It is noted that the amount of chemically converted DMT is rather small, so
the main removal mechanism could still be adsorption. The relatively low effi-
ciency of GO materials as adsorbents for DMT is discernible from the data pre-
sented in Table II. The removal is characterized by equilibrium, with up to 10 %
of DMT being adsorbed/reacted on GO materials. While the performed UPLC
analysis showed no DMT conversion to its oxo-analog, we have performed an
additional check using the AChE inhibition measurements. The reduction of AChE
inhibition is a joint effect of adsorption (which is highly dominant) and chemical
degradation of DMT caused by GO samples as adsorbents. In all the cases, the
reduced AChE inhibition after the batch adsorption measurements was con-
firmed, so DMT-oxon (omethoate) formation can be securely excluded. Namely,
if only a small fraction of DMT is converted to oxon, the AChE inhibition would
increase as the oxon is approximately 1000 times more toxic than DMT.?

TABLE II. The calculated equilibrium concentration (Ceq) and DMT uptakes for three dif-
ferent DMT concentrations in the batch adsorption experiments using SM GO and GNA GO
as adsorbent. AChE inhibition is evaluated for the filtrates after the experiments. The uncer-
tainty of reported results is within 5 %

DMT concentration, mol dm Adsorbent Ceq/ 10 mol dm™ Removal, % AChE inhibition, %

10-3 None 10.0 - 46
SM GO 9.52 4.81 28

GNA GO 9.59 4.1 29

104 None 1.00 / 12
SM GO 0.920 8.0 7

GNA GO 0.942 5.8 8

105 None 0.100 - 6
SM GO 0.0908 9.2 0

GNA GO 0.0889 11.1 0

CONCLUSION

Based on the DFT calculations of the interactions of different graphene-
-based surfaces and model organophosphorus molecules, a chemical reaction
between point defects in graphene basal plane (single vacancy, Stone—Wales
defect and epoxy group) and the S(O)=P moieties of organophosphorus com-
pounds is expected. Using UPLC analysis, this reaction is confirmed for two
commercial graphene oxide samples and for DMT as a representative of organo-
phosphorous pesticides. While DMT adsorption is still a dominant mechanism of
the pesticide removal from aqueous solutions on studied GO materials, although
very small, this reaction also contributes to the reduction of neurotoxicity of the
graphene oxide-treated samples. The presented results could lead to the develop-
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ment of novel systems for the irreversible conversion of organophosphates to
non-toxic compounds.
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U3BOL
YKIABABE OPTAHO®OCPOPHHUX ITECTULIUIA U3 BOJE KOPUITRELEM
MATEPHUJAJIA HA BA3U T'PA®EHA — CAMO AJCOPLIMJA WIH JOII HELITO?

BJIAIIAH AHURHJEBUR', MAPKO JEJTUR?, AIEKCAHJIAP 3. JOBAHOBUR®, HEBOJIIIA TIOTKOHAK?,
WIOP A. TIAIITH® u TAMAPA [I. JIASAPEBHUR-TTALITH

'Bojno wmexnuuxu uncummymi (BTH), Painixa Pecanosuha 1, 11132 Beoipag, ZHHCL_uuWyL_u 30 HYKJIEAPHE HAYKE
Vinca — Hayuonannu uncwiutilyii og 3nauaja 3a Petiydnuxy Cpdujy, Yrnueep3uiiieini y Beoipagy, Muxajna
ITetuposuha Anaca 12—14, Beoipag u SYHueepsumem y Beoipagy — ®axynitei 3a Quauuky xemujy,
Cinygeniucku wipi 12—16, 11158 Beoipag

IITupoxa ynoTpeda MecTULUA 3axXTeBa HHOBATHUBHE NIPUCTYIIE yKIakakhy OBUX jeqUbermha
U3 )KMBOTHE CpejuHe. YI/beHUYHH MaTepHjaly Cce TpaJUullMOHaIHO KOPUCTE Kao afcopOeHTH
3a yKJIamame [IeCTULINIA, a pa3B0j HOBUX BPCTa YITbeHUUHUX MaTepujana omoryhasa Hanpen-
HHje MPUCTYTe Y BUX0BOj MPUMEHH Y XKUBOTHOj cpepuHH. Kopucrehu mpopauyse Sasupane
Ha TeopHju QyHKUMOHA/IA TYCTUHe, TpeBUieHa je xemujcka peakudja usmehy S(O)=P rpyna
opraHocdocdara ca TaukacTum gedexktuma y rpadeHy — NOjefUHayHMM BaKaHLHjama,
Crone—Bejnc (Stone-Wales) nedexarta u enokcupHuxX rpymna. Peaxkuuja je morBpheHa xpo-
marorpadujom yiTpa BUCOKMX Iep(opMaHCH 3a ABa y3opka rpadeH-okcuna ¥ AUMEToara
Kao IpefcTaBHUKA opraHodocdopHux necruuuna. TauaH peaklIMOHM MeXaHH3aM je jolI yBeK
Hepas3jallbeH, all je HEIBOCMUCIIEHO TOTBPHEHO f1a ce He jaBsba CENeKTUBHA OKCHAalUja oH-
MeToaTa y TOKCUYHHUjH OKCO-aHasor. [IpeseHTOBaHU pe3ynTaTé Mory noMmohu y pasBojy HOBUX
CUCTEeMa 3a UpeBep3ndUIHy KOHBep3ujy opraHo@ochOopHUX MEeCTHIUIA Y HETOKCHYHA jequ-
mewa de3 ynorpede arpecUBHUX X€MHjCKUX areHaca, WK CIO/bHUX (U3WYKUX (aKkTopa HOMyT
UV 3pauemna.

(ITpummeno 8. janyapa, pesunupaHo 11. dedpyapa, mpuxsaheno 12. dedpyapa 2021)
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Abstract: In this paper, the detailed electrochemistry of propofol (PRO), which
is one of the intravenous agents commonly used for sedative-hypnotic pur-
poses, was examined. In cyclic voltammetry, the agent showed one irreversible
and diffusion-controlled oxidation peak, resulting in the formation of a couple
with a reduction and re-oxidation wave at less positive potentials. The effect
of electrode pretreatment procedures on the electrochemical response of PRO
was investigated using square wave voltammetry (SWV) and the optimum pro-
cedure was used to improve the signal response in subsequent studies. Quan-
tification of PRO was realized based on the first oxidation peak using SWV.
After optimization of all variables, the linear working range of PRO was found
to be between 2.5 pg mL! (1.4x10-5 mol L'!) and 160.0 pg mL-! (1.1x10-3 mol
L, n = 15) with a detection limit 0.71 pg mL! (3.9x10% mol L-"). No note-
worthy interference effect was detected. Furthermore, the developed method
was used for quantification of PRO in pharmaceutical samples.

Keywords: propofol; boron-doped diamond electrode; voltammetry; pharma-
ceutical formulation.

INTRODUCTION

The use of anesthetics agents for creating reversible unconsciousness was a
huge breakthrough in medical procedures. Among these agents, intravenous ones
are often used for sedative-hypnotic purposes in surgical operations due to their
safety and rapid effectiveness. The propofol (PRO, 2,6-diisopropylphenol) agent
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in this group is one of the most preferred anesthetic agents in the western world
due to advantages such as low drug interactions and relative benign side effects!
(Fig. 1). Because of its high lipophilic character, it penetrates and distributes on
the central nervous system, quickly. This allows more effective control over the
onset of sedation and the thereafter recovery processes.

CH, OH CH,

HsC
3 CH,

Fig. 1. Chemical structure of propofol.

The sedative and hypnotic activity of PRO is related to its concentration in
plasma. So, the therapeutic concentration in plasma should be in the range of
0.5-1.5 ug mL-! for sedation and 2-5 ug mL-! for anesthesia.2 On the other
hand, it is a well-known fact that PRO is used for drug abuse as well as anes-
thetic purposes.3 As a result of its misuse, death cases have been reported in dif-
ferent parts of the world, especially among healthcare professionals, such as doc-
tors and nurses.* Therefore, a simple, fast, and sensitive analytical approach is
required for the determination of PRO in pharmaceutical formulations. To date,
many studies have been conducted for the determination of PRO in biological
fluids, such as blood and urine. These studies included the use of various analyt-
ical methodologies, such as spectrophotometric,? high-performance liquid chro-
matography (HPLC),5~9 gas chromatography—mass spectrometry (GC-MS),10.11
liquid chromatography—mass spectrometry (LC-MS)!2-19 and capillary electro-
phoresis.20 However, there are a limited number of studies in the scientific litera-
ture on the electrochemical analysis of PRO. In one of the non-quantitative stu-
dies, the researchers investigated the performance of differently produced pencil
graphite electrodes (PGE) against electrode fouling in PRO monitoring.2! In
another study of the same research group, electrode cleaning procedures were
developed to eliminate the fouling effect caused by propofol oxidation on rot-
ating disk boron-doped diamond (BDD)/silica substrate material and PGE. Due
to the low-adsorption capability of the BDD electrode, they used for quantitative
analysis of PRO only at the PGE electrode following these cleaning procedures.
After optimizing the experimental parameters, they reached a detection limit of
0.82 uM on PGE.22 In an other electrochemical study, the performance of a bare
GC electrode as substrate material was evaluated by using different electrochem-
ical techniques. In this study, the obtained sensitivity levels based on both the
reduction and oxidation peak of PRO were found as 5.5 and 3.2 uM, respect-
ively.23 In addition, Thiagarajan et al. reached a sensitivity of 0.08 uM thanks to
anodized screen-printed carbon electrode (SPCE) formed as a result of pretreat-
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ing the SPCE in the HySOj4 solution.24 In addition, it the study in the literature
reporting the electrochemical behavior of PRO in organic film-coated glassy car-
bon (GC) electrode should be highlighted.25 However, this procedure has the dif-
ficulty of forming a uniform organic film on the electrode.

Electrochemical methods differ from other analytical methods in their speed,
ease of application, reliability and simplicity. In addition, they offer considerable
sensitivity and selectivity depending on the type of working electrode and the
technique used.2® Undoubtedly, another outstanding feature is that they clarify
the redox behavior of the related species.?’ It is a known fact that the type of
electrode used in the analysis performed by these methods, the pretreatment pro-
cedures, and the modification steps applied to the electrode play great roles in the
electrochemical behavior of the analyte.28-30

A boron-doped diamond (BDD) electrode is a carbonaceous electrode mat-
erial that offers distinctive features, such as wide working window (both in the
cathodic and anodic direction), low ground current, low signal noise ratio, oper-
ation in corrosive environments and giving reproducible responses to electro-
chemical analysis.31-34 Moreover, electroactive species that cannot be examined
with conventional metal and other carbon electrodes can be analyzed with the
wide working window of this electrode material.3> However, a BDD electrode
allows limited modification with modifying agents compared to electrode mat-
erials such as glassy carbon. The main reason for this is the low adsorption of
both the analyte and the modifying agent to the surface of the BDD electrode
material 36

As for the electrochemical pretreatment step, it is one of the most widely
used techniques to increase the sensitivity of the BDD electrode. This procedure
applies a certain potential to the BDD electrode in the anodic or cathodic direct-
ion for a certain period of time. These pretreatment steps applied to the electrode
could be performed anodically or cathodically, anodically followed by cathodic-
ally or vice versa. Many electrochemical approaches based on BDD electrodes
have increased the electrode sensitivity using such steps.37—9

In a recent paper, the performance of a BDD electrode together with PGE
has been investigated in the effectiveness of electrode cleaning strategies in long-
-term PRO monitoring.22 However, the quantitative analytical aspect of this
study is based on PGE. As far as is known, no approach has been found in the
literature for quantitative purposes in PRO analysis using the BDD electrode. In
this article, a simple approach to the subject was implemented for quantitative
analysis of PRO with just a simple pretreatment step on an unmodified BDD
electrode. Its practical applicability was applied to commercial pharmaceutical
dosages.
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EXPERIMENTAL
Chemicals

PRO standard (Reagent Plus®, >99.82 %, liquid) was purchased from ChemScene LLC
(USA) and used as received. A stock standard solution of 1 mg mL"! of PRO was prepared by
dissolving in methanol and storing in a volumetric flask in a refrigerator at 4-6 °C in order to
avoid degradation when not in use. Analytical-grade reagents and purified water from a Milli-
pore Milli-Q system (Millipore, resistivity >18.2 MQ cm) were used for the preparation of
Britton—Robinson (BR, 0.1 mol L1, pH 2-9), phosphate buffer (0.1 mol L'!, pH 2.5 and 7.4),
acetate buffer (0.1 mol L', pH 4.7), HCIO, (0.1 mol L") and H,SO, (0.1 mol L!) solutions.
The working and calibration solutions of PRO were prepared from the stock solution before
use with appropriate diluting with the selected supporting electrolyte. All analysis and
voltammetric measurements were realized under laboratory conditions.

Apparatus and measurements

Electrochemical measurements were performed with an pAutolab Type III (Metrohm
Autolab B.V., Utrecht, The Netherlands) controlled with GPES software (version 4.9). All
square wave voltammograms were smoothed using a Savicky and Golay algorithm and base-
line-corrected by the moving average algorithm filtering technique (peak width of 0.01 V). A
conventional three-electrode setup in the electrochemical cell was used, consisting of a BDD
working electrode (diameter of 3 mm, boron doping level of 1000 ppm, Windsor Scientific
Ltd., Slough, UK), an Ag/AgCl/3 mol L! NaCl reference electrode (BAS, Model RE-1, USA)
and a Pt counter electrode (BAS, MW-4130, USA). All potentials mentioned in the paper are
refered to Ag/AgCl/3 mol L-! NaCl reference electrode unless othervise stated. The pH was
measured at 25 °C using a model WTW inoLab720 pH meter equipped with a combined glass
electrode (Xylem, New York, USA).

At the beginning of each experiment day, an anodic pretreatment procedure was per-
formed by applying a potential of 1.8 V to the BDD electrode in 0.5 mol L-! H,SO, solution
for 180 s. After this process, a potential of —1.8 V was applied to the BDD electrode for the
same period and in the same solution. As a result of these steps, the BDD electrode surface
acquired a oxygen and hydrogen-terminated property.

First, the cyclic voltammetry (CV) technique was used to elucidate the electrochemical
behavior of PRO and determine the reaction kinetics on the BDD electrode in the selected
supporting electrolyte. Then, optimizations of the experimental parameters, such as supporting
electrolyte and square wave voltammetric parameters, were conducted in order to improve the
selectivity and sensitivity of the PRO analysis.

The quantitative analysis of PRO with the square wave voltammetry (SWV) technique
was first started by immersing three electrodes into voltammetric cells containing PRO in the
HCIO, solution. After this step, anodic scanning was performed from 0 to 1.6 V. The quan-
titative analysis of PRO was carried out using an optimized 50 Hz frequency, 40 mV pulse
amplitude, and 12 mV step potential values of the SWV technique.

Preparation of samples

The pharmaceutical formulations (Propofol-®Lipuro, labeled 10 mg mL™! per ampoule)
were obtained from a local hospital. A defined volume (10 pL) of this ampoule solution was
transferred to 10 mL electrochemical cells containing 0.1 mol of L' HCIO, solution. The
PRO content in pharmaceutical formulation was determined by adding standard PRO concen-
trations to the drug sample.
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RESULTS AND DISCUSSION
Electrochemical behavior of PRO on BDD electrode

The electrochemical behavior of PRO on the BDD electrode surface was
examined by CV method. Three consecutive CVs for 100 ug mL-1 PRO between
—0.7 and 1.7 V potentials were recorded in 0.1 mol L~! HCIO4 solution at a pot-
ential scanning rate of 100 mV s~1. As can be seen in Fig. 2A, upon first scan-
ning in the oxidative direction, PRO exhibited one well-defined anodic peak, Pa,
with a maximum at about 1.28 V. In the reverse scan, a reduction peak, P'c, was
obtained at about —0.27 V, which was accompanied by the appearance of a small
additional anodic peak, P'a, at a less positive potential than the main oxidation
peak, Pa, during the second and subsequent scans. It should be noted that the
peaks P'c/P’a did not appear in the CV curves if the potential was started at 0.0 V
and ended at 1.7 V. As the number of scans increased, the peak height of P dec-
reased, while the intensity of P'c/P's increased very slightly. From these obser-
vations, it could be infered that P was an irreversible and P'c/P’s were a pair of
redox peaks, which could be attributed to the products formed in the main elec-
trooxidation step.

.0.75 -0.50 -0.25 0.00 025 0.50 075 1.00 1.25 1.50 1.75 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 150 175
E IV (vs. AgiAgCl) E IV (vs. Ag/AgCI)

Fig. 2. The repetitive cyclic voltammograms at scan rate of 100 mV s'! (A), and the cyclic
voltammograms at different scan rates, 50, 75, 100, 150, 200, 300 and 400 mV s (B), of

100 ug mL! propofol in 0.1 mol L' HCIO, solution at the BDD; A: dashed lines represent
background current; B: inset depicts the plot of peak current vs. square root of scan rate.

To determine the kinetics of the BDD electrode, the effect of the potential
scan rates (v) on the anodic peak current response for 100 pg mL-! PRO was
examined by the CV technique 0.1 mol L-! HCIO4 solution at 50-400 mV s!
scan rates (Fig. 2B). The relationship between the square root scan rate (v/2) and
anodic peak current (ipp) of PRO was found to be linear according to the equat-
ion, ipp = (0.279+0.011)v1/2 + (3.92+0.188), r = 0.994. A similar linear correl-
ation was found between log i, and log v, as shown in Eq. (1):

log ipa= (0.230+0.09)log v + (0.370+0.019), = 0.992 (1)
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These results could be evaluated as clear evidence that the kinetics of a BDD
electrode are mainly diffusion controlled in the oxidation of PRO.

In order to ascertain the electron number (n) involved in the PRO oxidation
process at a BDD electrode, the n value was determined from the CV voltammo-
grams using the equation an= 47.7/(Ep—Ep/2). In this study, the value of
Ey—Ep/2 was 151 mV, thus the value of an was calculated as 0.32. Generally, a
(charge transfer coefficient) is assumed to be 0.5 in a totally irreversible elec-
trode process. Hence, the n value was found to be 0.64 (=1).

Although it is difficult to predict the general oxidation mechanism of PRO
occurring on a BDD electrode surface, it is known that the mechanism that
causes fouling on the electrode surface occurs through radical intermediate spe-
cies polymerized similarly to the electrochemical oxidation of other phenolic
compounds?! and remain adsorbed at the electrode surface. Scheme 1 shows that
electrochemical oxidation of PRO on the BDD electrode occurs first by the form-
ation of phenoxy radicals and then by polymer formation.

OH .
[e] [e] o]

ol

\_ /

Polymerization

Scheme 1. Possible redox mechanism of PRO at the BDD electrode in 0.1 mol L' HCIO,4
solution.

Influence of the electrode pretreatment procedure

Before the voltammetric analysis of PRO, preliminary studies showed that
the unpretreated BDD electrode could not be effective against passivation prob-
lems, especially at high PRO concentrations. This undesired situation caused the
unpretreated BDD electrode to produce unsatisfactory results in terms of sensi-
tivity and reproducibility. To overcome this and optimize the pretreatment proce-
dures on the BDD electrode, the effectiveness of three different pretreatment pro-
cedures were investigated for 30 pg mL-! PRO in HCIO4 solution by SWV.
First, the performance of an anodic pretreated BDD electrode in voltammetric
studies was examined. Secondly, the performance of a cathodic pretreated BDD
electrode was investigated. Finally, anodic and cathodic pretreatment steps were
applied sequentially to the BDD electrode and their performances in voltam-

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



VOLTAMMETRIC DETERMINATION OF PROPOFOL 7 1 7

metric analysis were recorded (Fig. 3). More sensitive and reproducible results
were obtained in the analysis of PRO when the final pretreatment procedure was
applied to the BDD electrode. For this reason, this procedure was chosen as the
optimum pretreatment procedure and applied to the electrode at the beginning of
each experiment day.

4.0 a) anodically/cathodically pretreated @
a 5| b) cathodically pretreated

3.0 c) anodically pretreated
i 2.5
—
~ 2.0

1.5

1.0

0.5

——
0.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50
E IV (vs. Ag/AgCl)

Fig. 3. SW voltammograms of 30 pg mL"! propofol in 0.1 mol L-! HCIO, solution on BDD
electrode after different electrochemical pretreatments. SWV parameters: frequency, 50 Hz;
step potential, 8§ mV; pulse amplitude, 30 mV.

Effect of pH

The effect of pH on oxidation peak currents and potentials of PRO was
investigated by SWV on the BDD electrode using different supporting electro-
lytes at various pH values in order to obtain the best voltammetric response for
analytical purposes., The baseline corrected SW voltammograms are depicted in
Fig. 4A within the pH range 2.0-9.0 in BR buffer (0.1 mol L-1) on 30 pg mL!
PRO solution, within the potential range from 0 to 1.6 V.

3.5 . 401 a)HCIO,

3.0 35] b)H,S0,

25 30| ¢)PBS (pH 2.5)
_S: 20 pH <.25] 4)ABS (4.7)
~ = 20

15 e) PBS (PH 7.4)
1.5

1.0
1.0

0.5 ) 05
0.0 J—
A 0.0 B
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
E IV (vs. AQ/AQCI) E IV (vs. Ag/AgCI)

Fig. 4. SW voltammograms of 30 pg mL"! propofol in BR buffer pH 2.0-9.0 (A), and in
various supporting electrolytes at different pH values (B) on a BDD electrode.
Other operating conditions were as indicated in Fig. 3.
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Furthermore, it could be seen in Fig. 4A that PRO has one oxidation peak
within the pH range 2.0-9.0 studied in the working potential range. In addition, it
is clearly seen that with increasing solution pH, the potential of the oxidation
peak becomes nearly pH-independent (from 1.25 to 1.22 V), indicating that no
proton transfer steps occur before the rate-determining electron transfer step at
these pH values. The SW voltammograms in various supporting electrolytes are
depicted in Fig. 4B. Using 0.1 mol L~ HC1Oy4, H»SOy4, phosphate buffer (pH 2.5
and 7.4) and acetate buffer (pH 4.7), the oxidation peak potentials of PRO became
nearly pH independent.

The evolution of peak currents with pH shows that this parameter reached
the highest values in 0.1 mol L-1 HCIO4. Thus, ongoing studies will be per-
formed in this solution.

Effect of SWV parameters

Another important factor affecting the sensitivity of PRO is optimization of
the pulse parameters, such as frequency (f), pulse amplitude (AEgy), and step
potential (AEs). This optimization step was realized by changing one of the pulse
parameters while keeping the other two parameters constant and by recording the
obtained signal. First, the f variable was examined in the range of 25-125 Hz,
while AEg,, and AEg parameters were kept constant at 30 and 8 mV, respect-
ively. So, the best sensitivity and peak shape for this pulse variable was recorded
at 50 Hz. Next, the AEq,, value was changed between 30 and 60 mV, while the
AFEg and f'values were kept constant at 8 mV and 50 Hz, respectively. The same
optimization process was carried out by keeping f'and AF,, constant and exam-
ining the values of AEgs between 6 and 12 mV. As a result, the best SWV ins-
trumental parameters on the BDD electrode for 7.5 ug mL-! PRO in 0.1 mol L-!
HCIOy4 solution (not shown) were obtained at values f, 50 Hz; AE, 10 mV;
AEgy, 40 mV.

Analytical performance evaluation

The applicability of the developed SWV method based of the BDD electrode
was tested under the optimized experimental and instrumental conditions. The
increase in the anodic currents obtained as a function of the added PRO standards
in the range from 2.5 (1.4x1075) to 160.0 ug mL~1 (1.1x10-3 mol L-1) in 0.1 mol
L-! HCIOy4 solution is shown in Fig. 5. The highly linear relationship between
the SW voltammograms procured in response to these successively added PRO
concentrations is given in Eq. (2):

ip = (0.173+0.07 C + (0.045+0.002) (» = 0.999, n = 15) 2)

where i}, is the peak current, C the concentration, » the correlation coefficient, and
n the number of experiments.
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Fig. 5. SW voltammograms for propofol levels of (1-15) 2.5, 5.0, 7.5, 10, 15, 20, 30, 40, 50,
60, 80, 100, 120, 140 and 160 pg mL"! in 0.1 mol L-! HC1O,4 solution (A); B: the
corresponding calibration plot for the quantitation of propofol. SWV parameters:

frequency, 50 Hz; step potential, 10 mV; pulse amplitude, 40 mV.

The developed methodology reached 0.71 pg mL-! (3.98x10-6 mol L-1)
LOD, and 2.36 pg mL~! (1.32x10-5 mol L-1) LOQ levels with a simple pretreat-
ment step applied to the electrode.

The LOD value was calculated according to the 3s/m formula where s and m
are the standard deviation of ten consecutive measurements of the lowest concen-
tration in the calibration range and the slope of the corresponding calibration
curve, respectively. This LOD value proves that the sensitivity of the method is
good enough and could be applied to real samples.

As for the comparison of the method with other techniques, Table I gives the
performance of the BDD electrode with a limited number of other carbon-based
electrochemical studies in the literature. The presented methods in Table I
reached similar sensitivity levels except for the SPCE-based electrode.

TABLE 1. Comparison of published electroanalytical methods for PRO detection; working
electrodes: BDD, boron-doped diamond electrode; PGE, pencil graphite electrode; GCE,
glassy carbon electrode; SPCE, screen printed carbon electrode; PVC/GCE, PVC membrane
coated glassy carbon electrode; techniques: CV, cyclic voltammetry; DPV, differential pulse
voltammetry; CSV, cathodic stripping voltammetry; CA, chronoamperometry; SWV, square-
-wave voltammetry

WE Technique E,/V Linearrange, UM LOD /UM Analyzed sample Reference
BDD,PGE CV,DPV 04,0.7 - 2.38-8.1 Serum 2
GCE CV,CSV  0.70 0-30 5.5 - B
SPCE )% 0.56 0.09-0.9 0.08 Lab. samples 2
PVC/GCE CA - 0-56.6 0.03 - »
BDD SWV 1.25 14-1100 3.9 Pharm. formulation This work

Furthermore, the proposed methodology has the level of sensitivity that
could sense the level of PRO in plasma (between 1-60 uM) and the speed
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required to analyze PRO in forensic cases. It is also very advantageous in terms
of the stability of the electrode response in comparison with other electrodes.
Moreover, another aspect that distinguishes the proposed method from the few
electrochemical methods performed is that the PRO determination is realized at
high positive potentials.

To test the precision the method, at a concentration of 2.5 pg mL-! PRO, the
intra-day (ten replicate) and inter-days (three days) reproducibility was examined
under the same conditions and the relative standard deviation (RSD) values were
calculated as 8.03 and 9.13 %, respectively. These values indicated that the BDD
electrode produces sufficiently reproducible results in PRO measurements.

Effect of interfering compounds

Prior to the analyses of real samples, the selectivity of the proposed SWV
protocol was also investigated in the presence of some species, such as lactose,
sucrose, fructose, glucose, ascorbic acid, dopamine, uric acid and ions such as
Ti4*, Fe3*, Zn2t, Mg2*, CaZ*, K*, Na*, NO3~, CI-, SO42~ and some agents pre-
sent in pharmaceutical formulations, such as starch, talc, cornstarch and mag-
nesium stearate. The interfering effect on the PRO signal was examined at 1:1,
1:10 and 1:100 (PRO: interference species) molar ratios in supporting electrolyte
containing 2.5 ug mL-! PRO. The signal obtained from the mixture of PRO and
the interfering species was compared with the signals obtained from the solution
containing only PRO. The maximum concentration of a foreign substance that
affected the PRO signal less than 7 % was described as the tolerance limit. Metal
ions had no significant effect on the quantitative determination of PRO. This
behavior could be explained by the emergence of metal ion signals in negative
potentials but PRO signals in positive potential. The effects of interfering species
such as starch, talc, cornstarch and magnesium stearate on the oxidation signal of
PRO showed a negligible effect, even at over 100 times concentration. Species
such as lactose, sucrose, fructose and glucose did not show a significant inter-
fering effect for the quantitative determination of PRO even at 100 times the
PRO concentration. However, it was not possible to analyze PRO together with
dopamine and uric acid when their concentration was 10 times the concentration
of PRO or ascorbic acid at concentrations 20 times higher than that of PRO. In
order to analyze these compounds together, either a pre-separation method, such
as chromatography or a chemometric method should be used. To conclude, the
proposed voltammetric protocol is sufficiently selective and can perform PRO
analysis in complex matrices.

Analytical application

The accuracy and practical usability of the proposed electroanalytical
methodology was tested in commercially pharmaceutical formulations by using
the multiple standard addition method. The sample preparation procedures are
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described in the relevant section in detail. At this stage, it should be stressed that
the sample was used directly without any dilution, pre-separation, filtering, or
evaporation steps. Different volumes of standard PRO stock solution were trans-
ferred to the electrochemical cell containing the drug sample. As a result of these
successive transfers, the final concentrations of PRO in the cell were adjusted to
be 5, 7.5, 10, 15, 20, 30, 40 and 50 pg mL-!. The overlapping voltammograms
obtained from the drug sample after each added concentration are shown in Fig.
6. The appearing peak at approximately 1.23 V belonging to PRO oxidation inc-
reased linearly with increasing concentration of the added standards. Each Pro-
pofol-®Lipuro, ampoule was calculated to contain an average of 9.52 mg mL-!
PRO (RSD of 5.05 %) when evaluated based on these successive additions. This
result also complies with the manufacturer's declaration claiming to contain 10
mg mL-! per ampoule. As for testing the validity of the proposed method, this
stage was assessed by the calibration curve and recovery method. The recovery
values obtained by the SWV procedure are presented in Table II. These results
proved that PRO analyzes can be performed safely without significant inter-
ference from commercial drug samples.

9.0

65| 55 "

I/ pA
I/
.

Fig. 6. SW voltammograms of the diluted
drug sample (dashed line) and after stan-
dard additions of 5.0, 7.5, 10, 15, 20, 30,
40 and 50 pg mL! propofol (1-8) in 0.1
mol L1 HCIO, solution. Inset depicts the
result of analysis by the standard addition
000 o025 o050 o075 100 125 150 method for the oxidation peak. Other

E IV (vs. Ag/AgCI) operating conditions as indicated in Fig. 5.

4.0

10 0 10 20 30 4 50 60 Wi
15 ¢ /pgmL? /g

TABLE II. Recovery values of pharmaceutical formulations samples spiked with standard sol-
utions of propofol using the developed voltammetric method

c/ug mL! o
Added? Expected? Found®P Recovery £ RSD. %
0 — 9.52 -
5.0 14.52 15.20 104.7+6.07
7.5 17.02 16.37 96.2+5.43
10.0 19.52 18.64 95.5+5.13

. L) -
Concentration in the measured solution; "average of three replicate measurements

CONCLUSIONS

Within the scope of this article, the useability of a bare BDD electrode for
the quantitative analysis of PRO was demonstrated. The electrochemical
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behavior and electrode kinetics of PRO were revealed based on this electrode. As
a result of the pretreatment procedures on the electrode, the change of PRO sig-
nals was examined and the optimum procedure was determined. To obtain the
best voltammetric response, chemical variables, such as supporting electrolyte
and pH, and puls variables, such as frequency, pulse amplitude, and step pot-
ential, were also optimized. Linearity was achieved between 2.5 and 160.0 pg
mL-! (1.4x1075-1.1x10-3 mol L-!) under these optimized conditions while the
LOD was calculated as 0.71 pg mL-1 (3.9x10-6 mol L-1). The application of the
method has been successfully demonstrated in the commercial drug formulation.
The methodology proposed here is a good alternative to existing methods with its
practical use, speed, and sensitivity.

H3BOJ
BOJITAMMETPUJCKA KBAHTUOUKAITUJA AHECTETUKA ITPOITO®OJIA
(2,6-DMU30ITPOITUII®EHON) Y PAPMALEYTCKHUM OBJIMIIUMA TTIPUMEHOM
BOPOM JIOITUPAHE IUJAMAHTCKE EJIEKTPOJE

ERTUGRUL KESKIN', SHABNAM ALLAHVERDIYEVA', HANDE iZEM 0ZOK?®, ORUC YUNUSOGLU*
1 YAVUZ YARDIM?®

'Adiyaman University, Faculty of Pharmacy, Department of Analytical Chemistry, 02040 Adiyaman, Turkey,
*Van Yiiziincii Y1l University, Faculty of Science, Department of Biochemistry, 65080 Van, Turkey, *Van
Yiiziincii Y1l University, Faculty of Pharmacy, Department of Analytical Chemistry, 65080 Van, Turkey u

*Van Yiiziincii Y1l University, Faculty of Medicine, Department of Pharmacology, 65080 Van, Turkey

Y oBOM pazy je WCHUTAHO eleKTPoXeMHjcko MoHauawe npomnodgosna (PRO), jenHor of
yecTo KopuirheHuX HHTPaBEeHO3HHUX areHaca Koju Jiesyje cefaTUBHO-XUIMHOTHYKHU. Y LTUKINY-
HOj BOJITAMETPH]jH, areHc nokasyje jenan upeBep3ndusiaH ¥ JUQY3MOHO KOHTPOJIUCAH OKCUIA-
UUOHH UK Y JUPEKTHOM, Kao U jeNaH PeNyKIMOHH IHK Y MOBPATHOM CKeHY. [JajboM LIUKIH-
3allijoM, IO Mame [TO3UTHUBHOI MOTEeHIIMjala, jaB/ba Ce HOBM MUK Kao IOCIefulla Pe-OKCH-
Jauuje pegykoBaHe popMe nexa. McnurusaH je yTunaj npouenype NpUIPEMe eleKTpofie Ha
ogroeop PRO pmodujeH mpuMeHOM BONTaMETpHje MpaBOyraoHMX Tanaca (SWV), ca numem
NI0CTH3amwa ONTUMaIHE Npoledype pagy nodosblliama CUrHala 04r0BOpa Y HapeAHUM UCITUTH-
BamuMa. KBanTudukanuja PRO je n3BeneHa Ha OCHOBY IPBOT OKCUAALMOHOT MHKA TPUMEHOM
SWV. Ilocne ontumusauuje onpeheHux mapamerapa, HoOHjeH je TUHeapaH pafHHU OICer 3a
PRO Hsmehy 2,5 ug mL1 (1,4x107> mol L'!) u 160,0 ug mL (1,1x103 mol L'}, n = 15), ca
rpanunom metexnmje o 0,71 pg mL™! (3,9x10¢ mol L1). Hucy merexToBaHe 3HauajHHje
uHTepdepenuyje. Ocum Tora, pa3BHjeHa MeTOofa je MpHUMemeHa 3a kBaHTUGUKanujy PRO y
(apmaneyTckum y3opuuma.

(TTpummero 19. oxkrodpa 2020, peupupano 7 pedpyapa, mpuxsaheno 4. mapra 2021)
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Abstract: This work was aimed at the examination of the interaction of certain
physicochemical properties on micellar systems constituting of a polymer
(sodium alginate), two surfactants (CTAB and tween 80), and Algerian olive
oil. Response surface modelling (RSM) was applied to study the combined
effects of systems containing each type of surfactant. The monitoring of four
independent parameters, i.e., the interfacial tension (Y;), the conductivity (1),
the viscosity (Y3) and the turbidity (Y4) as responses for the experimental
design model, allowed the determination of the performance of the established
models. Based on statistical analyzes, the coefficients R? and Q? for the inter-
facial tension, the conductivity, the viscosity and the turbidity are: 0.998 and
0.805; 0.982 and 0.742; 0.976 and 0.734, and 0.985 and 0.723, respectively.
The obtained results indicate that these models showed a good predictive
power for an optimal system composed of CTAB, Tween 80, AlgNa, and olive
oil. For the CTAB/AlgNa and CTAB/olive oil systems, interfacial tension
values of 33.85 and 34.39 mN m!, respectively, and maximum conductivity
values of 4.126 and 4.064 mScm!, respectively, were obtained. For viscous
compounds consisting of AlgNa/Olive Oil and AlgNa/Tween 80, maximum
viscosity values of 202.5 and 196.6 mPa s, respectively, were obtained. For the
same systems as those for viscosity, turbidity values of 300 and 304 NTU, res-
pectively, were obtained.

Keywords: polymer; modelling; interfacial tension; conductivity; viscosity;
turbidity.
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INTRODUCTION

In recent years, the combined effects between a polymer and a surfactant
have aroused great interest due to their multiple applications. In the petroleum
industry, and more particularly, in improving the recovery of petroleum, the
droplets of oils trapped in porous media could be displaced under the combined
effect of viscous and interfacial forces. It is therefore important to have a system
allowing very low interfacial tensions to be reached and to maintain high visco-
sities to be able to transport the oil present in the pores.!-2 Solutions containing
polymers and surfactants can give rise to molecular interactions liable to affect
their rheological and physicochemical properties.3 In addition, these interactions
have characteristics that depend on the electrical charges of the polymer, the
surfactant, the hydrophobicity, the conformation, the flexibility of the polymer,
and the presence of additives.#-> Most studies in this area have focused on com-
plexes of anionic surfactants with polymers.6-8

The interactions between the polymer and the surfactant could be inves-
tigated in two ways: first, the polymer is considered to be the substance influ-
enced by the surfactant adsorbed on the sites of the polymer that disrupt the
formation of the micelles. Second, the surfactant is considered to be the sub-
stance influenced by the polymer. In this case, the association of surfactant mole-
cules with macromolecules facilitates the phenomenon of micellization.%10 The
evolution of the physicochemical and rheological properties as a function of the
chemical nature and the concentrations of components allows the establishment
of relations between these factors and the responses of the system, such as
conductivity, turbidity, and critical micellar concentration.

The use of the experiment plan method allows predictive models of the
studied responses to be obtained as well as the optimal conditions with the mini-
mum number of tests and a maximum of credibility. Given the assigned objective
(determination of the effects of three constituents), the most adequate experi-
mental planning strategy is based on a response surface modelling (RSM) by a
two-order model taking into account all the interactions between the factors. In
the industrial field, the use of the experimental design is constantly evolving and
can be used to support the optimization of manufacturing and control processes,
as well as the formulation of products. The method consists in gathering a set of
statistical techniques intended to analyze the behaviour of an experimental sys-
tem to understand and improve its functioning.!!

The experimental plans allow the organization of the tests to be optimized,
which makes it possible to obtain both a maximum of information with the mini-
mum of number of experiments and with the best possible precision on the
modelling of the results. This method is based on strict mathematical rules and
requires a rigorous approach on the part of the experimenter. 12
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Several authors have used one factor at a time, which not only consumes
time and increases costs, but also neglects the effect of the interaction between
the factors. Although the traditional orthogonal method is able to consider several
factors at once, it cannot give a function expression between the factors and the
response values.

Response surface modeling (RSM) is a statistical method that uses quan-
titative data from appropriate experiments to determine several regression equat-
ions between factors and experimental results. The main advantage of this
method compared to other methods of experimental statistical design is the red-
uced number of experimental tests necessary to evaluate several parameters and
their interactions.!3

This study aims to assess the effects of four factors, i.e., a cationic surf-
actant, CTAB, non-ionic surfactant, Tween 80, Algerian olive oil and sodium
alginate as a polymer on the physicochemical properties. Properties of aqueous
solutions, such as turbidity, conductivity, viscosity, and turbidity, were used as
responses for the experimental design model through a response surface method-
ology, namely D-optimal design.

EXPERIMENTAL
Experimental design

A D-optimal design was used to study the main effects of four independent factors such
as the concentration of CTAB (X)), the concentration of Tween 80 (X3), olive oil (X3) and the
concentration of alginate sodium (X;). The D-optimal criterion was developed to select the
design points to minimize the variance associated with the estimates of the specified model
coefficients.!* This method is useful more than the central composite design method, which
requires fewer experiments to be carried out, and it can also address the categorical factors
included in the design of the experiments.!5:1¢ The high D value plans were constructed from
the data by a computer algorithm. The variables were subsequently coded according to Eq. (1):

X _Ui-Uy°

i AT, (D

where X; is the independent variable coded value; U, independent variable: real value; U;°
independent variable: real value on the centre point; and AUj is the step change value (Table
S-1 of the Supplementary material to this paper).

Materials and methods

The cationic surfactant (CTAB) was purchased from Fluka (Switzerland), the non-
anionic surfactant (Tween 80), and the sodium alginate polymer (AlgNa) were supplied from
Panreac Chimica (Spain). The sodium alginate used in this study was in the form of a white to
creamy white powder; it is odorless, tasteless, and very soluble in water. The density of Alg-
erian olive oil was 0.92 g cm3, it was mainly composed of 99 % fat divided into a fat-soluble
fraction (triglycerides and 1 % fatty acids) and non-fat-soluble (secondary components).!7-19
The interfacial tensions and the critical micellar concentrations of the mixtures were measured
at a room temperature of 22 °C with a Du Noiiy tensiometer (model 70545). The turbidimetry
was measured using a turbidimeter (turbo 550 IR, reference 600110) to determine the degree
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of turbidity of a suspension in solution. The conductivity of the solutions was determined
using a Hanna EC 214 type conductivity meter with a cell constant of 0.475 cm'!. The Haak
RVTS type viscometer with a rotating mobile was used to determine the viscosity of New-
tonian liquids. This device is equipped with six mobiles of different shapes and geometries,
where each mobile is used within a well-defined range of viscosity and sheer speed. Polymer
dispersions were prepared by dissolving the polymer in water with moderate stirring at room
temperature. After 24 h, different amounts of surfactant and oil were added to the polymer
solutions. The surfactant was dissolved under slow mixing of 30 rpm in a propeller mixer
(Heidolph RZR 2020, Germany). Depending on the case, the surfactant concentrations were
chosen to be equal to, greater than or less than the critical micellar concentration (CMC) of the
surfactant. However, the polymer concentrations were chosen to give variations in the visco-
simetric and turbidimetric properties of the solution.20-22
Establishment of the experimental matrix

The D-optimal matrix type experience was used. It responds to the error minimization
strategy in the estimation of the coefficients and the overall error. The matrix contains 16 tests
in different zones, to minimize the error and to estimate the standard deviation of the natural
values. Table I shows the matrix of experiments based on this strategy, in which the factors
(X;) and the responses (Y;) are defined as follows. X;: mass concentration of CTAB, which
varied between 0.0land 0.2 %; X,: mass concentration of Tween 80, which varied between
0.01 and 0.04 %; X3: mass concentration of sodium alginate, which varied between 0.3 and
0.8 %; X,4: mass concentration of the olive oil range of 0.1 and 0.3 %; Y;: interfacial tension,
mN m!; ¥,: conductivity, mS cml; Y3: viscosity, mPa s; ¥,: turbidity, NTU.

RESULTS AND DISCUSSION
Statistical analysis

First, a first-order experimental plan was created:

3
Yi=by+ ) b X; )

i=1
The results obtained were analyzed using first-order linear models. This
design was rejected due to a mismatch between predicted and experimental
values. The lack of fit is significant and the model error was significantly larger
than the pure error (reproducibility). Using multiple regression analysis, the res-
ponses were correlated with the three design factors via a second-order poly-

nomial:

3 3 3 3
2
i=1 i=1 i=1j=2

where by, b;, b;; and b;; are constant regression coefficients of the model, while
Xj, X; are the independent variables. The statistical significance of the regression
coefficients was determined by Fisher’s analysis of variance, F-test and the pro-
portion of variance explained by the model obtained was given by the multiple
coefficients of determination, R2.
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Establishment of responses according to formulation factors

The values obtained from Q? and R? show that the established model could
be predictive (Table S-II of the Supplementary material). The coefficients of the
polynomial model were determined by the multilinear regression method (MLR).

Table S-II shows the values of R? and Q2, the stress, the interfacial tension,
and the conductivity. The quality of the results obtained after adjustments was
determined by the coefficient of determination R? and the coefficient of pre-
diction Q2.

A value close to 1 means that the predicted values are in very good agree-
ment with the observed values and a 02 value greater than 0.7 indicates that the
model has good predictive power. The arrangements for D-optimal experiments
are listed in Table S-III, which includes 16 sets of experiments.

The quadratic regression model for interfacial tension (Y7), conductivity
(Y>), viscosity (Y3) and turbidity (Y4) in terms of coded factors are given as fol-
lows:

Y] =35.56 +0.57X +0.15X, — 1.125X3 — 1.55X4 — 0.16X1.X2 +

+0.18X1.X3 — 0.012X1.Xs + 0.88X5X5 + 0.71.X2X4 — 0.78X3.X4 (4)
Yy = 386.87 + 13.12X] + 13.75X, + 18.75X3 + 15.62X4 — 74X 1 X —
—6.24X1X; + 3.12X1.X4 + 6.87X0 X5 — 1.41.X2X4 — 2.50X3X4 (5)
Y3 = 162.43 +9.68X] + 15.31X, + 24.93X; + 24.93X, — 44X, X, +
+0.93X1X; + 1.56X1 X + 2.81X5X3 — 0.06X3X4 (6)
Ya=271+15.25X] + 18.25X, + 26.87X3 + 0.75X4 — 3.12X1.X;5 —
—0.62X1 X3 + 2.3X1X1 — 2.87X0X5 + 14.75X3X4 (7)

ANOVA analysis of the models used to estimate the interfacial tension, the
conductivity, the viscosity, and the turbidity versus the concentrations of CTAB,
Tween 80, olive oil and sodium alginate are represented in Table S-IV of the
Supplementary material.

The statistical significance of the second-order model was assessed by the
analysis of variance of the Fisher test (F-test), which revealed that this regression
was statistically significant (P < 0.001) at the 95 % confidence level. For inter-
facial tension, the model presented the highest coefficient of determination (R2 =
=0.998) showing 99.8 % validity in the response.

For conductivity, the regression was less significant, it has a good coefficient
of determination (R? = 0.982) showing 98.2 % of the validity of the response.
The model used for the estimation of the viscosity showed the very strong signi-
ficance of the model (P = 0.001) and presents a good coefficient of determination
(R2 =0.976), indicating that only 2.4 % of the total variations were not explained
by the model. For turbidity, the value of the adjusted coefficient of determination
Rz(adj) = 0.976 was also very high and indicates the great importance of the
model. The values of Q2 obtained were of the order of 0.723 for the turbidity and
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0.805 for the interfacial tension, which makes it possible to conclude that the
model has an acceptable predictive power.!1-16 The results obtained are given in
Table S-1V.

Influence of factors on interfacial tension: IFT

The interaction of water-soluble polymers with anionic surfactants is
generally controlled by surface tension and specific or equivalent conductivity
measurements depending on the concentration of surfactant.23 The IFT method is
also used to explain the process of micellization of surfactant solutions, as well as
the distribution of molecules in the presence of an additive, the surface activity,
and the micelle formation of ionic surfactants in combination with a charged
polymer and salt. The behavior in surface tension of a multi-component system
can be obtained from classical thermodynamic relationships for interfacial pro-

perties. The formulation adopted is that due to Gibbs equation and is represented
by:2425

dy=-) Iidy ®)
where yis the surface tension or the interfacial tension; /7, is the surface excess
component, y; is the chemical potential of the component defined as follows:

4 =44 + RTn a; ©)
where 1;© is the standard chemical potential and a; is the activity of the com-
ponent i.

Eq. (10) was obtained assuming for dilute solution a; = C; and the sub-
stitution of Eq. (9) in Eq. (8):

dy=-RT) . I';dInC; (10)

In a mixed multicomponent system of constant composition, C can be
written as:

CI=KC=KC3=... (11)
Differentiation of the logarithm of C leads to:
dinCy =dInCy =dInC3 =... (12)

The Gibbs adsorption equation for a system containing three components
becomes:

dy=-RT (I'cTAB * I Tweens0 + I'AlgNa t L olive oildIn Cy (13)

For ionic compounds, complete dissociation of CTAB (CTAB = CTA" + Br,
AlgNa =Alg~ + Na" ) was assumed, and the dissociation of Tween 80 and olive
oil were negligited, hence:

TI'ctaB=1TcTA® + I'Br and I'algNa = FAlgNa T T Alg™ (14)
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This hypothesis allows the adsorption process to be consider as being posi-
tive in nature. Thus, only the solute occupies the surface (the superficial excess
of pure solvent (water)). The variation of /" due to the variation in concentration
of one of the components leads to the evaluation of the total excess:

Ttot = I'cTAB + I'Tween 80 + I AlgNa + L olive oil (15)

A sample of iso-response plots for IFT at different coded values of CTAB

and AlgNa is shown in Fig. 1. Tween 80 and olive oil are kept at their zero

levels: 0.25 % for the Tween 80 and 0.20 % for the olive oil. It could be observed

that the IFT values decrease with increasing concentration of CTAB and increase
with increasing concentration of sodium alginate.

(b)
1.0

(a) Interfacial tension, mN m!

0 Interfacial tension, mN m™

0.5

f=4
o
o
o

Coded values of AlgNa

o
o

C(‘deed values of Olive Oil
[

T T -1.0
-1.0 -0.5 0.0 05 1.0 -1.0 -0.5 0.0
Coded values of CTAB Coded values of CTAB

0.5 1.0

Fig. 1. Contour plots of independent variables: coded values of CTAB, AlgNa and olive oil on
the interfacial tension.

Furthermore, the minimum of the IFT 33.85 mN m~!, was obtained near the
concentration of CTAB 0.8 g L1 and for the concentration of AlgNa close to
0.125 in the coded values. The critical micellar concentration of CTAB decreased
in the presence of AlgNa, and the number of aggregations of individual micelles
increased with the polymer concentrations. Likewise, the addition of polymer to
the CTAB solution allowed to decrease the concentration of critical aggregation
(CAC) and to increase the number of sizes of the micellar aggregates which
attach to the polymer coil. This indicates that the significant effect of the pre-
sence of a surfactant is to be expected in the solution with the polymer. On the
other hand, an excess of sodium ions in solution should filter the electrostatic
repulsions between the micellar aggregates attached to the polymer chain, thus
reducing the degree of expansion of the latter.

Despite the electrolytic affinity of the dissolved AlgNa molecule, the pre-
sence of Na' does not affect an extension of the thickening behaviour of the
solution.
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Moreover, Fig. 1b shows the iso-responses of the surface tension at different
coded values of CTAB and olive oil. The AlgNa and the Tween 80 were main-
tained at their zero levels: 0.55 and 0.025 %, respectively. The IFT values dec-
reased with increasing concentrations of CTAB and olive oil (minimum IFT
34.39 mN m~! was obtained for CTAB (0.5) and concentration of olive oil close
to 0.75 in the coded values). The decrease of IFT could be explained in the same
way as in Fig. 1a, at constant concentrations of AlgNa 0.55 % and Tween 0.025 %.

Influence of factors on conductivity

Conductivity measurements have been widely used to study the interactions
between polymers and surfactants in an aqueous solution that are very important
for the evaluation of electrostatic interactions in solutions when charged sub-
stances such as ionic surfactants, charged polymers, and electrolytes are used.
This method was used by Goddard?26 to study the effect of salt on the interaction
between the polymer (polyethylene oxide and SDS) and by Sovilj et al27 to
study the influence of hydroxypropyl methylcellulose-SDS interactions.

The specific conductivity curves obtained from Eq. (5) are given in Fig. 2a
and b. They represent the plots of isoresponses at different coded values of
CTAB, Tween 80, AlgNa and olive oil. The obtained graphs show the effects of
two factors while the other two factors are kept constant at their zero levels.
Assuming that the total conductivity of the free ions is independent of any elec-
trolyte present in the solution, the specific conductivity of each species at any
calculated concentration is the sum of the conductivity of each ion present.Given
this assumption, the specific conductivity of the solution containing total sodium
oNa' is the sum of the conductivity of the charged polymer AlgNa, CTAB,
Tween 80 and olive oil:

_ _ +
0=0CTA" + OB+ OTween 80 T OAlg” T ONa' + O0liveoil (16)

Conductivity, mS em’!

Conductivity, mS cm™!
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Fig. 2. Contour plots of independent variables: coded values of CTAB, AlgNa and olive oil on
the conductivity.
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In this context, only the total conductivity of the solution, o, was obtained
from the conductivity measurements. The effect of the factors on the conductivity
is illustrated in Fig. 2. The curves obtained show the effects of the concentrations
in coded values of CTAB and AlgNa on the conductivity when the concentrat-
ions of Tween 80 and olive oil are kept constant at their level zero. As expected,
the presence of AlgNa (charged polymer) slightly increases the conductivity
values with increasing CTAB at a constant concentration of Tween 80 (0.025 %)
and olive oil (0.2 %).

By adding AlgNa to CTAB solutions at constant concentrations of Tween 80
and olive oil, the total conductivity of the solution strongly depends on the con-
centration of CTAB, as indicated by the model presented in Eq. (15). In this case,
it could be supposed that complete dissociation of all the ionic species in solution
occurred because Tween 80 and olive oil were at their constant concentrations.

The effects of the concentrations CTAB and olive oil, as coded values, on
the conductivity when the concentrations of Tween 80 of (0.025 %) and AlgNa
(0.55 %) were kept constant at their zero levels are shown in Fig. 2a and b. From
these figures, it could be noted that the presence of olive oil with CTAB inc-
reased the conductivity in a less pronounced manner compared to the previous
case. The conductivity varies from 3552 mS cm~! for low concentrations to 4064
mS cm! for values close to the maximum concentrations of CTAB and olive oil.
By adding olive oil to CTAB solutions at constant concentrations of Tween 80
and AlgNa, the total conductivity of the solution strongly depended on the
charged surfactant (CTAB) and the charged polymer (AlgNa). As in the previous
case, complete dissociation of all the ionic species in the solution was assumed
because Tween 80 and the polymer were at their constant concentrations.

Effect of factors on viscosity

The behavior of the viscosity was mainly due to the presence of polymers
and viscosimetric compounds, such as olive oil. Viscosity measurements are a
practical way to study the hydrodynamic volume in the solution. The viscosity
values of the solutions lower and higher than the concentrations of critical aggre-
gations were determined and presented in the form of values of apparent visco-
sity. The surface response curves obtained from Eq. (6) for the viscosity at dif-
ferent coded values of CTAB, Tween 80, AlgNa, and olive oil are presented in
Fig. 3aand b.

The viscosity values increased with increasing concentrations of AlgNa and
Tween 80, as seen in Fig. 3a. The maximum viscosity value of 196.6 mPa s was
obtained at concentrations of AlgNa and Tween 80 close to 0.8 and 0.4 in olive
oil in incoded values corresponding to coded values of 0.2 % and CTAB of 0.105
%. Furthermore, this figure showes that the maximum value obtained of viscosity
is less than the maximum value for the viscosity of 202.5 mPa s obtained in the
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previous case. This could be explained by the high viscosity of olive oil com-
pared to that of Tween 80.

(a)

Viscosty, mPa s (b) Viscosity, mPa s
1.0 &

o
o

o
=3
1

Coded values of Tween 80
Coded values of Olive oil

-1.0 -05 0.0 0.5 1.0
Coded values of AlgNa Coded values of AlgNa

0.0

Fig. 3. Contour plots of independent variables: coded values of AlgNa, Tween 80 and olive
oil, on the viscosity.

As shown in Fig. 3b, the apparent viscosity values increase with increasing
concentrations of AlgNa and olive oil. The maximum viscosity value of 202.5
mPa s was obtained for olive oil concentration close to 0.75 in coded values at
constant concentrations of CTAB of 0.105 % and of Tween 80 of 0.025 %.This
behavior could be explained by the dispersion of the molecules of the charged
polymer in the presence of the viscous oil, which shows significant changes in
viscosity values with increasing concentrations of AlgNa and olive oil. In this
region (maximum viscosity), the behavior could be attributed to the interactions
of surfactant micelles with the polymer chains?8:29 and the associative interaction
between the CTAB micelles and the polymer chains may be responsible for lead-
ing to the formation of another type of molecules called composite micelles.

Influence of factors on turbidity

Turbidity designates the content of the fluid in the materials that disturb it. In
rivers, it is usually caused by suspended matter and colloidal particles that abs-
orb, scatter, or reflect light. In eutrophic waters, it could also be bacteria and mic-
ro-algae. The transmittances of solutions containing various amounts of charged
polymer, cationic, and nonionic surfactant in the presence of oil could be deter-
mined by the turbidimetric method.

The turbidity curves obtained from Eq. (7) are shown in Fig. 4a, which rep-
resents plots of iso-response at different coded values of AlgNa and olive oil,
with the constants amounts of Tween 80 (0.025 %) and CTAB (0.105 %). The
iso-response curves show the effects of these concentrations while the two others
were kept constant. The curves show that the minimum turbidity of 200 NTU
was obtained for the lowest concentrations of 0.3 % of AlgNa and of 0.1 of olive
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oil. The turbidity increases with increase in the cloudiness of the solution, with
the increase in the concentration indicated by the curves in Fig. 4a and the maxi-
mum turbidity of 300 NTU was obtained for the maximum concentrations of
AlgNa and olive oil.

(a)1 N Turbidity, NTU (b)

Turbidity, NTU

(=4
o

Coded values of Olive oil

Coded values of Tween 80
S
o

5 1.0 "0 0

10 )

05 1.0

.5 0.0
Coded values of AlgNa

.5 0.0 [
Coded values of AlgNa

Fig. 4. Contour plots of independent variables: coded values of AlgNa, olive oil and Tween 80
on the turbidity.

The turbidity curves obtained from Eq (7) are illustrated in Fig. 4b, which
represents the plots of isoresponse at different coded values of AlgNa and Tween
80 at constants olive oil of 0.2 % and CTAB of 0.105 %. The iso-response curves
show the effect of these variable concentrations while the two others were kept
constant. The curves show that the minimum turbidity of 200 NTU was obtained
as expected at the lowest concentrations of 0.3 % of AlgNa and of 0.4 % of
Tween 80. This is expected since the turbidity increases with increasing cloud-
iness of the solution. This is verified by the curves of Fig. 4b and by the obtained
maximum value of the turbidity of 300 NTU.

CONCLUSIONS

The combined effects of the concentrations of CTAB, Tween 80, sodium
alginate and olive oil on the physicochemical and viscosimetric properties (inter-
facial tension, conductivity, viscosity and turbidity) of aqueous solutions were
studied using an RSM statistical experimental model to determine if interaction
could occur. The study of polymer/surfactants/oil interactions allowed the fol-
lowing conclusions to be drawn:

The conductivity results showed that the tested factors strongly influence
this property due to a loading of these factors whenever an increase in conduct-
ivity is observed. For the interfacial tension, the obtained values of RZ and Q2
were 0.998 and 0.805, respectively. However, the analysis of variance for the
model used to estimate the conductivity gave an R? value of 0.982 (explaining
98.2 % of the validity of the response) and a Q2 value of 0.742.
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Analysis of the variance for the model obtained for viscosity presented a
good R? value of 0.976, indicating that only 2.4 % of the total variations were not
explained by the model and a Q2 value of 0.734. For turbidity, the values of the
adjusted coefficients of determination R? and Q2 were 0.985 and 0.723, respect-
ively. These values indicate that the model exhibits a good predictive power. For
IFT, systems composed of CTAB/AlgNa and CTAB/olive oil, minimum values
of 33.85 and 34.39 mN m~! were obtained, respectively. For the same samples,
the maximum conductivity values were of 4.126 and 4.064 mS cm™!, respect-
ively. In the case of systems composed of AlgNa/olive oil and AlgNa/Tween80,
the maximum viscosity values were 202.5 and 196.6 mPa s, respectively. For the
same systems, the maximum turbidity values were 300 and 304 NTU, respect-
ively.

U3BOJ
METOZOJIOTHUJA OJ3VBA ITOBPIIIMHE 3A ITPOYYABAIGE MHTEPAKIIUJA Y
OOPMYJIALINJY MULTEJTAPHOT CUCTEMA

KATAPHMHA PSOUHILA OMARI', MOHAMED NEDJHIOUI', NADJIA HAMIDI', OTHMANE BENKORTBI?
1 NABIL BOUARRA®

'Materials and Environment Laboratory (LME), Department of Chemical Engineering and Environment,
Faculty of Technology, Yahia Feres University, 26000 Medea, Algeria, *Biomaterials and Transport
Phenomena Laboratory (LBMPT), Department of Chemical Engineering and Environment, Faculty of
Technology, Yahia Feres University, 26000 Medea, Algeria u *Centre de Recherche Scientifique et Technique
en Analyses Physico—Chimiques, BP 384, Zone Industrielle Bou-Ismail, 42004 Tipaza, Algeria

Llwm oBoOr je y uCIUTHBake UHTepakuuje onpeheHnx GUsHUKO—XeMHjCKUX CBOjCTaBa Ha
MMUIIeTapHUM CUCTEMHMMa KOjU Ce CacToje Of MoiuMepa (HaTpujym-airvHar), gBa TeH3una
(CTAB u Tween 80) u a/DKUPCKOT MacCJIMHOBOT yiba. Mogmenupame on3uBa nospiunHe (RSM)
NPUMEBEHO j€ 3a Ipoy4yaBame KOMOMHOBAHUX eeKkaTa CUCTEMA KOjU Canp ke Ce BPCTy TOBP-
IIMHCKY aKTUBHUX cpencraBa. [Ipaheme yeTupu HesaBUCHA ITapaMeTpa Kao LITO Cy MOBPLIMH-
cku HamoH (Y7), mpoBoaseuBocTt (Y3), BuckosHocT (Y3) u Typdunurter (Y,), u ynopehusame ca
€KCIIEPUMEHTAIHUM MOME/IOM Ju3ajHa OMOTyhUIM cy Oa ce yTBpAe nepdopmMaHce yCIOoCTaB-
JbeHHX Mozena. Ha OCHOBY CTaTHCTHUKMX aHanu3a, koedwurujenty R2 u K2 3a MOBPIIMHCKHA
HaIlOH, IPOBOIJ/BUBOCT, BUCKO3HOCT U Typdunutet cy: 0,998 u 0,805; 0,982 u 0,742; 0,976 n
0,734 u 0,985 u 0,723, penom. JlobujeHu pesynTaTd ykasyjy a Cy OBM MOJENIH IOKasaliu
nobpo mpensuhame 3a ONTHMaaaH cucteM cacrasibeH o CTAB, Tween 80, AlgNa u maciu-
HoBor yma. 3a cucreme CTAB/AlgNa u CTAB/MacnuHOBO ysbe, BPEJHOCTH IMOBPIIHHCKOT
HamoHa on 33,85 u 34,39 mN ml. Taxohe cy mobujeHe MaKkcHMasHe BPEJHOCTH MPOBOI-
muBoCTH off 4,126 1 4,064 mS cm™!. 3a Bucko3He cucTeMe koju ce cactoje of AlgNa/macmu-
Hosor yiba 1 AlgNa/Tween 80, nobujene cy makcumasnHe BpeJHOCTH BUCKO3HOCTH of 202,5 u
196,6 mPa s. 3a ucre cucreme, fodujeHe cy BpegHocTy Typounureta of 300 u 304 NTU.

(ITpummeno 16. mapra, pesuaupano 28. anpuna, npuxsaheno 29. anpuna 2021)
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TABLE S-I. Matrix of coded values X;

Exp No. Expname Run order Incl/Excl CTAB Twece(;dg(()i Valgfisvfioﬂ Alg Na
1 N1 12 Incl -1 -1 -1 -1
2 N2 15 Incl 1 -1 -1 -1
3 N3 8 Incl -1 1 -1 -1
4 N4 16 Incl 1 1 -1 -1
5 NS5 4 Incl -1 -1 1 -1
6 N6 5 Incl 1 -1 1 -1
7 N7 9 Incl -1 1 1 -1
8 N8 7 Incl 1 1 1 -1
9 N9 11 Incl -1 -1 -1 1
10 N10 2 Incl 1 -1 -1 1
11 N1l 6 Incl -1 1 -1 1
12 N12 1 Incl 1 1 -1 1
13 N13 14 Incl -1 -1 1 1
14 N14 10 Incl 1 -1 1 1
15 N15 13 Incl -1 1 1 1
16 N16 3 Incl 1 1 1 1

* Corresponding author. E-mail: benkortbi_oth@yahoo.fr
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TABLE S-II. Coefficient of determination and of prediction obtained from the experimental
results

R Ry o SD RS N

Interfacial tension 0.99 0.99 0.80 2.53 0.17 16
Conductivity 0.98 0.94 0.74 0.34 0.08 16
Viscosity 0.97 0.93 0.73 41.86 8.43 16
Turbidity 0.98 0.95 0.72 54.18 11.37 16

SD: standard deviation; RS: residual

TABLE S-III. Levels of independent variables in uncoded form and responses

Exp N° Content, % Interfacial 1 Conductivlity, Viscosity, Turbidity,
CTAB Tween 80 Olive oil AlgNa tension, mN m’ mS cm’ mPa s NTU
1 0.01 0.01 0.10 030 37.90 3.00 100 150
2 0.20 0.01 0.10 030 37.00 3.55 110 184
3 0.01 0.04 0.10 030 38.40 3.65 115 195
4 0.20 0.04 0.10 030 36.50 3.80 125 251
5 0.01 0.01 030 030 35.40 3.85 125 268
6 0.20 0.01 030 030 34.70 3.90 165 290
7 0.01 0.04 030 030 39.00 3.95 175 300
8 0.20 0.04 030 030 38.00 4.00 185 315
9 0.01 0.01 0.10  0.80 38.00 3.45 120 250
10 0.20 0.01 0.10  0.80 36.80 3.90 165 280
11 0.01 0.04 0.10  0.80 35.50 3.85 180 278
12 0.20 0.04 0.10  0.80 33.40 4.25 185 305
13 0.01 0.01 030  0.80 32.00 3.95 187 285
14 0.20 0.01 030  0.80 31.50 4.25 205 315
15 0.01 0.04 030 0.80 32.90 4.20 220 320
16 0.20 0.04 030  0.80 32.00 4.35 237 350

TABLE S-IV. ANOVA analysis for the regression of the model representing interfacial
tension, conductivity, viscosity and turbidity using coded values

DF SS MS F p SD
Interfacial tension, mN m"!
Regression 10 95.97 9.59 336.75 0 3.10
Residual 5 0.14 0.030 0.17
Lack of fit 5
Pure error
Total 16 20.33 12.70
Total corrected 15 96.11 6.41 2.53
R*=0.99
R(gn = 0.99
0?=0.80
Conductivity, mS cm’!
Regression 10 1.72 0.17 26.94 0.001 0.41
Residual 5 0.032 0.006 0.08
Lack of fit 5
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TABLE S-IV. Continued

Pure error 0
Total 16 241.22 15.10
Total corrected 15 1.75 0.17 0.34
R2=0.98
R2(41) = 0.94
0?=0.74
Viscosity, mPa s
Regression 10 1.72 0.17 26.94 0.001 0.41
Residual 5 0.032 0.006 0.08
Lack of fit 5
Pure error 0
Total 16 241.22 15.07
Total corrected 15 1.75 0.12 41.86
R2=0097
R2(447) = 0.93
0?=0.73
Turbidity, NTU
Regression 10 43387.50  4338.75 33.55 0.001 65.87
Residual 5 646.50 129.30 11.37
Lack of fit 5
Pure error 0
Total 16 1.21e006 76193.10
Total corrected 15 44034 2935.60 54.18
R2=0,98
R = 0,95
0?=0.72

DF: degree of freedom; SS: sum of squares; MS: mean square; F: Fisher test; p: probability;
SD: standard deviation.
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Abstract: This study evaluates six formulations in improving the oxidation sta-
bility of different fatty acid methyl esters (MEs). Two MEs differed in the
unsaturation levels as they were synthesized from different feedstock: a blend
of soybean and sunflower oils, and waste cooking oil; they did not fulfill the
requirements of the EN 14214 standard concerning their oxidation stability
(=0.6 h) and some impurities. The third MEs (SoSuME-EN) were fully com-
pliant with the standard. Five formulations were phenolic-based, containing
single or mixed antioxidant compounds of different molecular structures; one
was amine-based. Different dosages of the formulations were added to the ME
samples (corresponding to the addition range 5048300 ppm). The MEs sta-
bility expressed as induction periods, /P, determined by the Rancimat method,
were used for the calculation of stabilization factors, SF, indicating the effi-
ciency of the applied formulation. The formulation containing 2-(1,1-dimethyl-
ethyl)-1,4-benzenediol was the most efficient concerning the lowest consump-
tion rate and the highest SF' achieved for the low quality ME. 2,2'-Methylene-
-bis-(4-methyl-6-tert-butylphenol) was linked with higher antioxidant potency
than the amine-based formulation and the phenolic compounds with two bulky
tert-butyl groups. Among the 4 selected phenolic additives, butylated hydroxy-
toluene and 2,2'-methylene-bis-(4-methyl-6-tert-butylphenol) had similar effi-
ciency in SoOSUME-EN (at =500 ppm they produced SF = 2), while it took
twice of this amount for mixed butylphenols to achieve the same effect.

Keywords: biodiesel; phenolic antioxidants; amine-based additive; oxidation
stability; Rancimat induction period.
INTRODUCTION

Fatty acid methyl esters (MEs) are main constituents of biodiesel fuels, con-
sidered as one of the most promising petroleum diesel fuel substitutes. One of the

* Corresponding author. E-mail: natasadjm@tf.uns.ac.rs; natasa.mladenovic@uns.ac.rs
https://doi.org/10.2298/JSC210209029R
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most important characteristics of biodiesel is oxidation stability, which describes
its susceptibility to oxidation that results in degradation of the composition and
consequently of the fuel properties.! In fact, poor oxidation stability is one of
main shortages of biodiesel fuels compared to conventional diesel. This is why
oxidation stability has been addressed in biodiesel quality standards, such as the
European standard EN 14214 and the American standard ASTM D6751. Accord-
ing to the standard EN 14214 from 2012 that defines quality of MEs as auto-
motive fuels, the minimum required value for the oxidation stability expressed as
an induction period (or induction time), /P, determined by the Rancimat method
(EN 14112) is 8 h, which is more rigorous than the previous requirement of 6 h
(EN 14214 from 2005). The /P represents the time during which changes in the
MEs composition induced under elevated temperature (110 °C) and intensive
contact with air (accelerated oxidation) in the Rancimat apparatus are not signi-
ficant for the fuel quality; after this period, serious changes in the composition
greatly affect the applicability of the fuel. The longer the induction period is, the
better is the oxidation stability. The ASTM D6751 standard specification for use
of biodiesel as a blend component with middle distillate fuels is less demanding,
setting 3 h as the minimum for oxidation stability.!

Degree of oxidative degradation is influenced by a number of factors: the
most influential is the fatty acid composition of the MEs inherited from the oily
feedstock, preferentially the relative contents of mono- and poly-unsaturated
ME:s. The trend of increasing oxidation rate among the most abundant unsatur-
ated fatty acid with 18 C-atoms is as follows: oleic (having 1 unsaturated double
bond, shortly marked C18:1) < linoleic (with 2 doubled bonds, marked C18:2)
<< linolenic (with 3 double bonds, C18:3);24 The IP measured at 110 °C for the
MEs of these fatty acids are: 2.5, 1 and 0.2 h, respectively.> A number of excel-
lent reviews on different aspects of biodiesel oxidation have been published.3->-10
Apart of the fatty acid composition, the presence of minor components such as
diacylglycerols, monoacylglycerols, FFAs, phospholipids, moisture and mineral
impurities also affects the antioxidant behavior of biodiesel;10-13 elevated tempe-
rature during storage as well as the exposed surface area between biodiesel and
air might also increase the oxidative degradation.!

One of the most efficient methods for improving the stability and delaying
the oxidative degradation of biodiesel is the addition of antioxidants. Antioxid-
ants are chemicals that react with oxidative species more easily than the unsatur-
ated MEs, leading to formation of a stable molecule, which is further resistant to
the chain oxidation process.> Although effects of various antioxidants on the
stability of MEs have often been investigated, a majority of the reported results
refer to the addition of a single compound, whereas only few studies considered
mixtures that resembled the commercially available formulations.!4-16 Namely,
commercial formulations contain one or more active antioxidant compounds in
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varying quantities; they have different physical properties (solid state or dis-
solved, density, viscosity, boiling point, etc.) that could affect the compatibility
with MEs. Dosing and compatibility of available formulations with a particular
biodiesel needs extensive laboratory trials, unless there are comparative inform-
ation on efficiency of the formulations in improving the stability of fuels similar
to the one of interest in a particular case, which can contribute to the more time-
and cost-efficient trials. It has to be emphasized that there is no ideal antioxidant
that prolongs storage stability of all kinds of biodiesel fuels. Additionally, com-
bination of two or more antioxidants might induce a synergetic effect, enhancing
IP of biodiesel above the sum of /P achievable with each antioxidant separ-
ately.10 On the contrary, there are also examples when antioxidants added to
biodiesel were associated with decrease in the oxidation stability due to some
antagonistic effects.!0

The main aim of this study was to test several antioxidant formulations in
improving and protecting the stability of MEs of different origin and quality. By
measuring /P before and after the addition of various formulation dosages (from
rather low to massive ones) to MEs, their antioxidative efficiencies were com-
pared, indicating the most efficient active compound(s) in term of the highest
enhancement of the stability. Comparison of the results for MEs of varying qual-
ities gave an insight into the antioxidant potencies over a wide range of concen-
trations in different substrates, also indicating indirectly the influence (or import-
ance) of fuel impurities, the unsaturation level and/or starting /P on the protective
power of the antioxidants. To the best of the authors’ knowledge, this is the first
study that compares mono- and multi-active compound-based formulations in
different MEs. It contributes to the existing understanding of the protection
power of antioxidants in different substrates and also provides valuable inform-
ation for the selection and application of antioxidants in the fuel sector and other
applications in which fatty compounds may be exposed to oxidative stress.

EXPERIMENTAL

Two different raw materials were used for the synthesis of the MEs: a blend (1:1 mass
ratio) of domestically produced soybean and sunflower oils, and waste cooking oil collected
from a restaurant at the Faculty of Agriculture, University of Novi Sad. The MEs produced
from these two feedstock materials are marked as SoOSuME and WCOME, respectively. The
MESs were produced by a conventional alkali homogeneous transesterification in a laboratory
glass reactor (methanol to oil mole ratio 8:1; 1 % KOH catalyst in oil) at a temperature ~64 °C
for 1 h. After the reaction, the product mixture was allowed to settle; the upper layer of MEs
was collected, while the lower glycerol layer was discarded. The MEs were purified with
distilled water and dried under vacuum. The schematic representation of the experimental
setup is given in Fig. S-1a of the Supplementary material to this paper. The MEs were syn-
thesized in successive batches and then homogenized by mixing all batches of a particular ME
in one vessel in order to ensure that the total amount was enough for the planned number of
experiments.
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Before addition of the formulations, the MEs were characterized in accordance to the
requirements of EN 14214 and the results are presented in Table S-I of the Supplementary
material. The methods used for the characterization of the MEs are also listed in Table S-I.
These analyses were performed in SP Laboratorija (Becej, Serbia) accredited under the ISO/
/IEC 17025 standard. As could be seen, two quality levels of SOSuME were used: one in com-
pliance with EN 14214 (marked as SoSuME-EN), having initial /P of 8.88 h, and the other
(SoSuME) that failed the EN 14214 requirements for minimum oxidation stability (the initial
IP was 0.60 h) and for the methyl ester content, as well as for the maximum content of alkali
and earth-alkali metals, phosphorous and water. WCOME was also characterized with low
starting oxidation stability (0.63 h) and elevated levels of metals but not so remarkably as in
the case of SoSUME. In fact, SOSUME and WCOME were intentionally not purified satis-
factory, and they were left for “aging” (under sunlight and in contact with air) for a few
months before the addition of the antioxidants. In this way, low quality MEs were produced.
Concerning the contents of mono- and poly-unsaturated C18 MEs determined by gas chroma-
tography (GC), SoSUME and WCOME differed: WCOME had more than two times higher
content of C18:2 esters (57 %) compared to SOSUME/SoSuME-EN (22 %), while SoSuME/
/SoSUuME-EN (3.2 %) had 32 times higher content of C18:3 than WCOME (0.1 %); the con-
tent of C18:1 differed less between MEs (39 % in SoSuME/SoSuME-EN and 31 % in
WCOME). In summary, the total C18 unsaturation level (calculated as the sum of the contents
of the C18 unsaturated MEs determined by GC method listed in Table S-I) differed markedly
between WCOME (88.1 %) and SoSuME (64.2 %). The significant difference was seen also
in the content of C16:0 (30 % in SoSuME/SoSuME-EN and 7 % in WCOME). These differ-
ences indicated different susceptibilities of these MEs to oxidation. The oxidizability of MEs
was calculated using the contents (%) of MEs of the C18:1, C18:2 and C18:3 fatty acids in the
following manner:> oxidizability = (0.02 - C18:1 % + C18:2 % + 2 - C18:3 %)/100.

Six antioxidant formulations, marked from A to F, were available for testing. Five for-
mulations were phenolic-based (A-E) and one was amine-based (F); five contained one active
antioxidant compound (i.e., mono-active compound-based formulations: A-D and F), while
one represented a mixture of different phenolic compounds (i.e., multi-active compound-based
formulation: E). The main antioxidant compounds in the formulations are listed in Table I.

TABLE I. Composition of the commercial formulations A-F used in this study based on the
Material Safety Data Sheets (MSDSs) provided by the producers

Formulation Composition Type

A 2,6-Di-tert-butyl-p-cresol (butylated hydroxytoluene — BHT >99.7 %) Phenolic

B 2-tert-Butylhydroquinone (TBHQ, 10-20 %), butene, homopolymer Phenolic
(2.5-5 %), solvent naphtha, heavy aromatics (0.25—1 %)

C 2,2'-Methylene-bis-(4-methyl-6-tert-butylphenol) (20 %) Phenolic

D 2,2'-Methylene-bis-(4-methyl-6-terz-butylphenol) (96-99 %)

E 2,6-Di-tert-butylphenol (>75 %), 2,4,6-tri-tert-butylphenol (15 %), Phenolic

2-tert-butylphenol (7 %), 2,4-di-tert-butylphenol (2 %), 2,5-di-tert-
-butylphenol (1.7 %), phenol 0.2 %, 4-tert-butylphenol (0.2 %)
F Amine substituted resin (60-100 %), heavy aromatic naphtha (0-30 %), Amine
naphthalene (0-5 %), 1,2,4-trimethylbenzene (0-5 %)

The A additive was based on a compound with two bulky fert-butyl groups linked to an
aromatic ring in the ortho positions (2,6-) to the OH-group. The main antioxidant compound
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in B consisted of two OH groups linked to aromatic ring in the para position (1,4-) and one
tert-butyl group in the ortho position (2-). The C and D formulations had the same main active
compound (with two methyl-butylphenol rings bridged by a CH,-group) but in different
concentrations prepared by the producer. The E formulation had a unique composition com-
pared to the other phenolic formulations as it represented a mixture of various phenols with
one, two or three tert-butyl groups. The additive F contained mainly an amine-based resin. All
of them were tested for improving the oxidation stability of SoOSUME and WCOME, while
four phenolic-based formulations, found to be less effective for these low quality MEs, were
further assessed in maintaining the initially high stability of SoOSuME-EN under the acceler-
ated oxidation test. Some properties of the formulations are given in Table II. Different dos-
ages of the formulations were added to 100 mL of MEs, as presented in Table III.

TABLE II. Properties of the commercial formulations A-F used in this study; properties
except boiling points were taken from the MSDSs. Boiling points are not given in the MSDSs,
but they were taken from Wikipedia pages, considering the main components of the tested
formulations: BHT for A; TBHQ for B; and 2,6-di-fert-butylphenol for E; the boiling point for
2,2'-methylene-bis-(4-methyl-6-tert-butylphenol), the main compound in C and D, was taken
from https://www.alfa.com/en/catalog/H36783/

Formulation
Property

A B C D E F
Physical state Solid Liquid Liquid  Solid Liquid Liquid
Density, kg dm™ 1.03 at 0.914 at 0.89at 1.04-1.1 0.94at 0.92 at
20 °C 15°C 20°C at20°C 20°C 20°C

Flash point, °C 127 62 180 185 114 64
Viscosity, kinematic, mm?2 s°! - 605 at 20 °C - - - 157 at
135 at40 °C 100 °C

Solubility in water, mg dm 0.76 0.03 Insoluble  0.007 0.4 -

Boiling point, °C 265 273 187 187 253 -

TABLE III. The mass concentrations (in ppm,,) of the main active compounds added to the
methyl esters (MEs) in different amounts (in mL) of the formulations A—F; for liquid formul-
ations, it is calculated by taking into account the volumes of the formulations added to 100
mL of MEs, the average value of the MEs densities given in Table S-1 (886 kg m™), the den-
sities of the formulations presented in Table II, and the percentage share of the main active
compound. The measured mass of solid additives A and D were taken for the calculation of
the relevant ppm,, concentrations

Formulation dosage in mL

added to 100 mL of MEs A B ¢ D E F
0.05 564 51-102 100 604 530 519
0.10 1129 102203 201 1208 1061 1038
0.20 2257 203-406 402 2415 2122 2077
0.50 5643 508-1016 1005 6038 5305 5192
1.0 11287 1016-2032 2009 12077 10609 10384
3.0 33860 3047-6095 6027 36230 31828 31151
4.0 45147  4063-8126 8036 48307 42438 41535
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Before the addition, the liquid formulations were heated up to 60 °C in order to reduce
the viscosity and make easier pipetting.!” In the case of the solid additives (A and D), the
adequate quantity was first dissolved in toluene, added to 100 mL of MEs and mixed, fol-
lowed by evaporation of the solvent. As =4 % is the limit for constituents other than MEs in
accordance to the limit for the MEs content (96.5 %) requested by EN 14214, the higher dos-
ages were not tested. Although massive dosages of the antioxidants (i.e., those =21 %) could be
considered neither economically nor technically feasible for the biodiesel industry,'® they
were applied in order to investigate their protective potency over a wide range of concen-
trations, particularly to comparatively investigate their ability to increase the low initial sta-
bility of poor quality substrates with different unsaturation levels.

The efficiency of additives was expressed as a stabilization factor, SF,!? calculated by
dividing /P obtained for the additized MEs (i.e., MEs with added antioxidant formulation,
IPx) with the initial (starting) /P of the untreated (neat) MEs (i.e., MEs without the additive,
IPy). The IPs were determined in accordance to the method EN 14112 using Metrohm 743
Rancimat equipment (Herisau, Switzerland). The principle of the method for the measurement
of the IPs is illustrated in Fig. S-1b of the Supplementary material. Three grams of sample
were placed in the heating block at 110 °C and intensively oxidized with an air flow (10 L h'l),
which resulted in formation of volatile products (mainly formic and acetic acids)* that were
transferred to a flask containing 50 mL of distilled water. After some time, large quantities of
volatiles dissolved in water induce a significant increase in the measured conductivity. The
time corresponding to the inflection point in the oxidation curve (conductivity vs. time) is the
IP. Each sample was analyzed in duplicate and the results on /P are presented as averages.

RESULTS AND DISCUSSION

Impacts of the antioxidant formulations added in different dosages on the /Ps
of studied MEs are presented in Fig. S-2 of the Supplementary material. The
lowest dosages of the antioxidants that provided /Ps above the limit of 8 h for the
low quality MEs (SoSuME and WCOME) are listed in Table IV. The stabiliz-
ation factors, SF, calculated for the tested formulations and the added amounts,
are presented in Fig. S-3 of the Supplementary material. The highest SF' and the
corresponding /P achieved for each of the additized MEs are given in Table V.

TABLE 1IV. The lowest dosages of the formulations A-F (in mL) followed by the corres-
ponding active antioxidant compound (in ppm,,) that provided oxidative stability of low qual-
ity methyl esters (SoOSUME and WCOME) above the EN 14214 limit of 8 h; NA: the EN
14214 limit is not achieved (/P was < 8§ h) at any of the tested dosages

Ester A B C D E F
SoSuME 1/11287 0.5/508-1016 1/2009  3/36230 1/10609 0.5/5192
WCOME NA 1/1016-2032 NA 3/36230 NA NA

Concerning MEs that were not in compliance with EN 14214, i.e., SoOSuME
and WCOME, the lowest additions of 0.05, 0.10 and 0.20 mL, corresponding up
to about 2500 ppmy, of the main antioxidant compounds (Table III), were insuf-
ficient to improve the very low starting /P to be in compliance with the standard
thresholds (Fig. S-2), even though these dosages increased the initial /P by factor
of 2—4 (Fig. S-3). It could be seen that the /P of these MEs increased above the

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



COMPARATIVE EFFECTS OF ANTIOXIDANTS FOR BIODIESEL 745

less stringent ASTM D6751 limit with the 0.50-mL dosages of the formulations
(Fig. S-2), except for C and D. The dosage of 0.50 mL increased /P of SoSuME
above the EN 14214 limit of 8 h only in the case of B and F (Fig. S-2). Taking
into account the concentrations of the main active compounds in 0.50 mL of B
and F (Table III), it could be concluded that the more potent antioxidant was the
TBHQ present in B than the amine substituted resin in F. Looking further into the
contents of the active compounds in other formulations needed to be added to
SoSuME to overcome the 8-h limit (Table IV), it could be observed that the act-
ive compound of C (2,2'-methylene-bis-(4-methyl-6-tert-butylphenol)) also had
marked antioxidant effect as its concentration was only 2 times that of TBHQ,
while approximately 10-20 times more of the active compounds in A (2,6-di-
-tert-butyl-p-cresol) and E (2,6-di-tert-butylphenol and other phenols with one,
two or three tert-butyls) were needed compared to TBHQ. Even though D con-
tained the same active compound as C but in a higher amount, it showed very
low antioxidant efficiency as a very large quantity was needed to be added to
SoSuME to reach the 8-h limit (35-70 times more than in the case of TBHQ). As
D is a solid substance that needed to be dissolved before addition to MEs (tolu-
ene was used), while C was a solution (20 %) of the same compound prepared by
manufacturer (using biodiesel as the solvent), it could be only presumed that the
method of the dissolution and/or mixing of the D solutions with MEs, particul-
arly in the lower addition volumes, was the reason for its low efficiency. Further-
more, the lower boiling point of the active compound in D could be the reason
for its higher losses during the solvent evaporation step after addition to MEs
than for the active compound in A, which was also prepared by dissolving in
toluene since it was provided in the solid state as D (Table II). Hence, the inc-
reasing quantities of the relevant active compounds necessary to enhance the /P
of SoSuME above 8 h, ordered the formulations as B < C < F < E=A (D was
excluded here due to the probable mixing problem that impaired its protective
efficiency).

TABLE V. The highest stabilization factors (SF)/induction periods (/P in h) achieved for the
antioxidants A—F added to the tested methyl esters SoOSUME, WCOME and SoSuME-EN
(numbers in parentheses are the antioxidant dosages in ppm,, that provided the specified
values of SF/IP)

Formulation SoSuME WCOME SoSuME-EN
A 74.2/44.5 (1287) 11.9/7.5 (11287) 11.1/98.3 @5147)
B 116.8/70.0 (1016-2032) 27.2/17.2 (1016-2032) -

C 24.6/14.8 (2009) 7/4.4 (8036) 5.7/50.7 (8036)
D 43.2/25.9 (48307) 28.8/18.4 (48307) 18.0/159.5 (48307)
E 52.7/31.6 (10609) 6.4/4.0 (5305) 6.26/55.6 (42438)
F 22.1/13.3 5192) 10.2/6.4 (5192) _
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The highest /P of SoSUME were not measured for the highest applied dos-
ages of the formulations, except in the case of D (Fig. S-2, Table V). This /P was
several dozen times higher than the starting /P of SoOSUME and the formulations
could be order according to the highest achieved SF as follows (Table V): B
(116.8) > A (74.2) > E (52.7) > D (43.2) > C (24.6) > F (22.1). The main anti-
oxidant concentrations that induced these highest /P/SF varied significantly
(Table V): B and C reached their maximum antioxidative potency in SoSuME at
similar concentration of up to =2000 ppmy,, whereas the maximum for A and E
was at higher levels ~11000 ppmyy,. It could be stated that the most efficient anti-
oxidants for SOSUME were TBHQ and 2,2'-methylene-bis-(4-methyl-6-tert-but-
ylphenol), with the later applied as the original solution (prepared in biodiesel by
the producer, C). Difference seen between C and D regardless of the same active
compound they contained could be ascribed to different states in which they were
provided by the producer that further implied different ways of the application.

In the case of WCOME, an /P above 8 h was achieved only with B and D
(Table 1V). In fact, TBHQ and 2,2’-methylene-bis-(4-methyl-6-tert-butylphenol)
were the only compounds that enabled improvement of the oxidation stability of
the highly unsaturated WCOME to be in compliance with EN14214, while BHT
in A, mixed mono-, di- and tri-fert-butylphenols in E, and amine substituted resin
in F failed. These two compounds were also successful in making SoOSUME com-
pliant with the EN standard at the lowest consumption rates, but WCOME
required larger dosages. As the highest dosage of the C formulation (4 mL) that
contained 8036 ppmy, of the same active compound as D did not increase the /P
above 8 h (Fig. S-2), it could be assumed that the massive consumption rate of
the D formulation was the consequence of both the lower ability of 2,2"-methyl-
ene-bis-(4-methyl-6-tert-butylphenol) to protect MEs with high unsaturation, and
the possible problems of mixing with the MEs, previously also suspected in the
case of SOSUME. Generally, it could be observed that all formulations were less
efficient for WCOME compared to SoSuME, as the /P and SF' of the additized
WCOME were lower than in the case of SoOSUME (Figs. S-2 and S-3). This could
be ascribed to higher unsaturation level in WCOME and, as expected, its much
higher oxidative instability than SoSUME: the oxidizability> for WCOME was
double the one for SoOSUME (0.59 and 0.29, respectively). This further implied
that the unsaturation level has a more important effect on reducing stability than
the level of impurities found in low quality MEs.

The highest efficiency of B could be explained by the unique dihydroxyl
aromatic structure of TBHQ that more easily donates hydrogen atoms (radical) to
free radicals of esters produced during the oxidation stress of MEs than mono-
hydroxyl structures present in A and E, interrupting the propagation step of the
free radicals chain more readily, and making it a more powerful and protective
antioxidant.>-20 Interestingly, 2,2’-methylene-bis-(4-methyl-6-tert-butylphenol)
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in C and D also contains 2 OH-groups per molecule, but each of them is linked to
one of two aromatic rings in the bisphenyl structure, which seems to render them
less protective than 2 OH-groups linked to an aromatic ring in para-position, as in
TBHQ. Besides the number of OH-groups in the molecule, presence of alkyl
groups is also important for antioxidant behavior, as hydroxyl groups on benzene
ring do not show antioxidant behavior unless its ortho or para positions were
occupied by alkyl groups; in this way, the electron density on the OH-groups is
increased, which makes the release of a hydrogen radical easy.’ Both com-
pounds, TBHQ and 2,2'-methylene-bis-(4-methyl-6-tert-butylphenol), contain
one bulky butyl group in the ortho position to an OH-group. On the other hand,
the main active compounds in A and E had two tertiary butyl groups in ortho
position to OH-group that possibly induced more steric hindrance, suppressing
the electron-release from the OH group and making A and E less efficient, espe-
cially if compared to TBHQ.16 Apart of the favorable structure, the highest anti-
oxidant efficiency of TBHQ could be additionally related to the products known
to be formed during the antioxidative activity of TBHQ that may also have anti-
oxidant properties, synergistically retarding the oxidation.29 Besides the chemical
structure, difference in the antioxidant efficiency of the phenolic compounds
could also be attributed to physical properties of the formulations that might
influence compatibility and mixing with the substrates as was suggested for the
poor performances of D (originally provided as a solid substance).

The unique composition of the additive F (the only amine-based additive
among the tested ones) influenced the oxidation stability of the treated low qual-
ity MEs in a rather different manner in comparison to the phenolic additives. It
seemed to be moderately efficient in the stability enhancement of SoOSUME com-
pared to other phenolic-based formulations. At the level of 0.50 mL that con-
tained 5192 ppmy, of the active compound (Tables IV and V, Fig. S-2), an SF of
22.1 was achieved (Fig. S-3), which was enough to surpass the threshold of 8 h
required by EN14214. However, the same dosage failed to increase /P of WCOME
above the lower limit. Further increase of the dosages actually fully destabilized
SoSuME and WCOME as the /P was measured to be =0. This might be inter-
preted in the following way: interaction of large dosages of the formulations with
the low quality MEs constituents induced an almost instantaneous increase of the
conductivity in the measuring cell of the Rancimat apparatus. This observation
will be further explained hereafter in comparison to the results obtained for high
additions to SoOSUME-EN. It is known that the antioxidant function of an aro-
matic amine is superior to that of phenols as many more radicals per molecule
could be trapped than in the case of phenols and therefore, the usually the
required quantity of amine-based antioxidants is lower than for the phenolic
ones, !0 which was the case in this study if less efficient phenolic formulations A
and E were taken into account. Additionally, it is worth noting that the addition
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of amine-based antioxidants leads to the introduction of nitrogen into the bio-
diesel composition, diminishing one of its advantages over fossil fuels of being
fuel without heteroatoms such as S and N. This was the reason why it was
excluded from the further testing performed in this study.

It is known that antioxidants efficiently function in an optimal range of con-
centrations between the critical and the finite saturation levels beyond which no
further improvement in the antioxidant activity could be achieved.!0 For the low
quality MEs tested in this study, it was found that there was a dosage that
induced maximum (“peak”) of /P for all the tested phenolic formulations except
for D (probably because of the mentioned problem of its mixing), Fig. S-2. This
maximum /P might be regarded as the “saturation” level for SoSuME and
WCOME. After the observed “peaks”, the reduced [P, i.e., antioxidant power
was seen with further increase of dosages (Fig. S-2) that could be considered as
counter-intuitive behavior. In some cases, the high dosages even resulted in full
disturbance of the oxidation stability manifested as /P = 0 (Fig. S-2). The null
value of /P was not seen in the additized good quality MEs (SoSuME-EN). It
might be only suspected that all the antioxidants added at the higher dosages dis-
played some pro-oxidative behavior in the presence of impurities in SoOSuME and
WCOME, which was more pronounced for monoaromatic phenolic and amine
structures in the MEs with higher unsaturation level (WCOME), but this obser-
vation requires further study.

As the B formulation was found to be the most efficient antioxidant for the
low quality MEs (Tables IV and V), the formulation was presumed to be highly
likely the most protective also in the case of SOSUME-EN. Thus it was excluded
from the further analysis of the phenolic antioxidants, and only A, C, D and E
that were found to be less effective for low quality MEs, were added to SoSuME-
-EN in order to examine their capability to retain oxidative degradation of bio-
diesel with an initial /P above the EN threshold. The following levels led to a
doubling of the initial /P of SoOSuME-EN: 500-1000 ppmy, of BHT in A and of
mixed butylphenols in E, and =400 ppmy, (<2400 ppm,y,) of 2,2’-methylene-bis-
-(4-methyl-6-tert-butylphenol) in C (and D). Thus, the efficiency of BHT, 2,2'-
-methylene-bis-(4-methyl-6-tert-butylphenol), and mixed butylphenols added to
high quality MEs was similar (500-1000 ppmy,); D might be excluded from this
observation due to already mentioned possible problem of the mixing.

Generally, the SF achieved for SOSUME-EN were lower than for SoSuME
and WCOME (Fig. S-3). The SF calculated for the low dosages were in the nar-
row range up to 5.3, whereas more pronounced differences among SF (2.7—
—116.8) were seen for the higher dosages (1, 3 and 4 mL), probably because dif-
ferences in antioxidation mechanisms and specific interactions of the formulation
with the substrate were more pronounced at higher concentrations. Additionally,
the Rancimat method has its own limitations in measuring long /P, when the
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results may not be accurately obtained because of water evaporation in the con-
ductivity cell.20 Different trends between IPs and the dosages could be observed
among the formulations added to SoSuME-EN. Namely, almost the same linear
trend of the /P increase with the dosage was seen for additions of A and E (Fig.
S-2); for C and D, a slight increase of /P was observed up to the 0.20-mL dosage
followed by the sharp trend of the /P increase with the higher dosages. The satur-
ation levels as maximum /P (“peak”) were not seen for any of the tested formul-
ations in SoSuME-EN, contrary to those observed for low quality MEs (Fig. S-2),
which may be the consequence of specific interactions of impurities in the latter
with active compounds in higher levels during accelerated oxidation.

Literature data also evidenced high potency of TBHQ. The comprehensive
study of Mittelbach and Schober on the efficiency of 10 synthetic antioxidants
(besides 10 mixtures of natural antioxidants also included in the study) added at
1000 ppm to four different MEs (rapeseed oil-, waste frying oil-, sunflower oil-,
and tallow-based) also revealed TBHQ to be among the most efficient synthetic
antioxidants, producing the greatest enhancement of the /P; i.e., at the level of
1000 ppm of TBHQ, the SF obtained for undistilled waste frying oil-based bio-
diesel with an initial oxidation stability of 5.9 h was about 5.1° The widely used
BHT was also tested in that study, but it was not as efficient as TBHQ: at a con-
centration of 1000 ppm, it led to an SF of =2 for the same biodiesel,!® coinciding
with the finding for the same dosage of the A formulation added to SoSuME-EN
in the present study. The relative inefficiency of BHT compared to TBHQ was
suspected to be the consequence of partially evaporation during measurements at
110 °C, failing to protect the MEs from oxidative degradation.!® Again, the
higher efficiency of TBHQ than BHT was proven in the study of Ryu: TBHQ at
300 ppm and BHT at 1000 ppm provided sufficient resistance to oxidation of
soybean MEs (initial /P of 1.36 h) taking into account the previous EN 14214
requirement of 6 h; TBHQ at a dosage of 2000 ppm enhanced the /P over 40 h,
while BHT did not provide IP over 10 h at the same dosage.?! Yang et al. inves-
tigated the efficiency of several antioxidants with dosages up to 8000 ppm to
improve very low starting IP (0.7 h) of the soybean MEs.22 They also reported
TBHQ as more efficient than BHT: at 3000 ppm TBHQ improved initial /P to =6 h,
while BHT did not increase /P to 6 h even at 8000 ppm. Domingo et al. studied
the effect of BHT and TBHQ on soybean oil ethyl esters with very low initial /P
of 0.16 h at dosages ranging from 200 to 8000 ppm: the highest efficiency was
observed for TBHQ at 8000 ppm with SF of 52.52; at the same dosage, BHT pro-
vided a SF of 35.59.23.24 Lapuerta et al. found that BHT amounts of ~4000 ppm
and =1500 ppm in biodiesel from used cooking oil and soybean oil (initial /P of
0.7 and 3.61 h), respectively, were enough to achieve the limit of 8 h at 110 °C.!8
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CONCLUSIONS

The range of the results confirmed that MEs of different compositions
required different dosages of the analyzed formulations, i.e., the potency of an
antioxidant, including its consumption rate and the efficiency, differed among
substrates. With respect to MEs with very low initial oxidation stability, the
results showed the advantage of TBHQ over the other tested phenolic anti-
oxidants, while the amine-based formulation showed moderate protection pot-
ency in the narrowest range of the applied concentrations. These findings implied
that for low quality substrates, molecules with two OH groups per molecule
could be linked with higher antioxidant potency than those with one OH-group
and two bulky tert-butyl groups or amines. Higher unsaturation levels required
higher dosages of the antioxidants to induce the 8-h threshold. Concerning the
high quality MEs, BHT and 2,2’-methylene-bis-(4-methyl-6-tert-butylphenol)
ensured SF' =~ 2 with the lowest quantity among the four tested phenolic formul-
ations. As the main differences between SoSUME and SoSuME-EN were the
impurity levels (alkali and earth-alkali metals, phosphorous, water) and the initial
1P, the different trends observed for them in the /P increase with the antioxidant
levels (“peaks” in the curve of IP vs. dosage observed for SoSuME, but not for
SoSuME-EN) suggested the possible role of impurities in pro-oxidative behavior
of the higher antioxidant dosages under accelerated oxidation, but this obser-
vation requires further studies.
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U3BOJ
E®UKACHOCT AHTHOKCUIAHTHHUX ®OPMYJIALIMJA Y METWI ECTPUMA MACHHUX
KUCEJIMHA PA3JIMYUTUX KAPAKTEPUCTHUKA

MUJIMLIA PAHKOB LIHLIAP"? PAIOCJIAB MUEUR®, MUJIAH TOMUER" 1 HATAIIA BY PUILIMR-MIATEHOBUR'

1YHusep3umeu7 y Hosom Cagy, Texnonowxu Qaxynimews Hosu Cag, Bynesap yapa Jlazapa 1, 21000 Hosu
Cag,’CIl Jlabopwiopuja a.g., Hugyctpujcka 3, 21220 Beuej, 3YHueep3uweu7 y Hosom Cagy, Texnuuxu
daxyninen “Muxajno Iynun”, Bype Baxosuha 66, 23000 3perwanun u *Yuusepsuiiei y Hosom Cagy,
ITomotipuspegnu paxynive, Tpi Jocuiteja Odpagosuha 8, 21000 Hosu Cag

Y pany je mpouemeH yTHLaj WecT popMmynanyja Ha NoDObLIake OKCULALMOHE CTadum-
HOCTH Pa3IHYUTHX METUI-ecTepa MacHUX kucenrHa (ME). [Ipa ucniutana ME ce pasnukyjy y
HUBOMMaA 3aCMhEHOCTH, jep Cy CUHTETU30BaHM U3 Pa3lIMYMTHUX CUPOBHMHA: MEIIABUHE COje U
cyHIokpeTtoBor yiba (SOSUME) u on otnagHor yiba 3a kyBate (WCOME); OHU He UCIywhaBajy
ycnose cranpapaa EN 14214 y norneny oxcupauuoHe crabuiHoctd (~0,6 h) U Hekux mpu-
meca. Tpehu ME (SoSuME-EN) je y notnyHOCTH ycarnaueH ca ctangapnom EN 14214. Tlet
AHTHOKCUIATUBHUX dopMyranyja je Ha Da3u ¢eHosna, ca jeTHOM WM BUIE aKTUBHUX CYII-
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CTaHLU PA3INYUTE MOJEKYJICKe CTPYKType, OOK je jemHa Ha Oasu amuHa. dopmynauuje cy
Iopare y 7 HUBOa (y OICery cafgpkaja akTUBHUX cyncTtaHuu 50-48300 ppm) CradunHoct ME
je uspakeHa kao nepuoz uHIykuuje, IP, onpehen PaHuumaT MeTonoMm, U KopuinheH 3a uspa-
yyHaBawe ¢axTopa cradunusaudje, SF, Koju ykadyje Ha edUKaCHOCT NMpumMemeHe Gopmy-
nauvje. Popmynauuja xoja cagpxu TBHQ duna je HajedukacHHuja y norieny HajMambUX KOJH-
yuHa ¥ HajBehux SF mocturaytux kon ME nomujer kBanmurera. 2,2'-meTuneH-0uc-(4-meTun-
-6-tepy-dyTundeHon) je mokasao 5oy aHTHOKCUIALMOHY Moh of aMHHCKe dopMyrnanyje,
Kao u deHonuux Gopmynauvja ca ase tepu-oytun rpyne. Ox 4 uzadpaHa dbeHoNHA aIUTHBA,
BHT u 2,2'-metunen-ouc-(4-metun-6-tepu-0yTundeHon) cy nokasaid CIMYHYy eHUKaCHOCT y
SoSuME-EN (npu ~500 ppm nocturuyT je SF = 2), nok je dwia norpedHa nBoctpyko Beha
KonuyrHa hopMysalyja ca MellaHUM OyTHIeHoINMa 3a [T0CTH3ame UCTOT edeKTa.

(ITpumsmeno 9. pedpyapa, peBunupano 8. anpuna, npuxsaheno 12. anpuna 2021)
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TABLE S-I. Properties of methyl esters obtained in this study from the soybean and sunflower

oils blend (SoSUME and SoSuME-EN) and waste cooking oil (WCOME) in comparison with
the properties required by the EN14214 standard

Property EN 14214 SoSuME WCOME SoSuME-EN  Analytical method
Fatty acid methyl ester min 96.5 86.75 99.75 98.02 GC/FID, EN14103
content, wt. %
Linolenic acid methyl ester max 12 3.28 0.08 3.24
content, wt. %
Polyunsaturated methyl esters ~ max 1 <0.02 <0.02 0.19
(>4 double bonds) content,
wt. %
Methanol content, wt. % max 0.2 0.08 0.07 0.08 GC/FID/HSS,
EN14110
Na+K, mg kg max 5 31.66 12.54 4.50 ICP/MS, VM/MET 883
Ca+Mg, mg kg max 5 57.47 7.49 2.91
Water content, mg kg’ max 500 1029 764 449 Karl Fisher, ISO 12937
Oxidation stability at 110 °C, min 8 0.60 0.63 8.88 Rancimat, EN 14112
h
Cold filter plugging point, °C  Guidance -13 -12 -12 ASTM D 6371
Acid number, mg KOH g max 0.5 0.39 0.80 0.23 Volumetric, EN 14104
Todine number, g,/ 100 g 120 126 120 115 Volumetric, EN 14111
Phosphorous, mg kg™ max 4.00  23.03 1.52 2.13 Spectrophotometry,
VM/ MET 659
Density at 15 °C, kg m™ 860-900 885 887 885 Areometry,
EN ISO 3675

* Corresponding author. E-mail: natasadjm@tf.uns.ac.rs; natasa.mladenovic@uns.ac.rs
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6 1-Magnetic stirrer with heating,
8) 2-Heated water vessel,
3- Reaction mixture,
4- Reaction mixture thermometer,
5-Reaction vessel,
6-Condenser,
7- Reactant dosing hole,
8- temperature of heated water,

Water outlet
111

S-magnet,
4 10-Separation vessel 4
A
7
8 h
2 -9
1
7 7 —
1-Air filter, 8
2-Gas Pump with Flow Control,
3-Heating block,
4-Reaction Container,
5-Biodiesel sample,
6-Absorption solution (water),
7-Conductiviti cell, 8-PC
4
Air outlet
2 N\
\ —7
L= 6
1 N /
>
Air intake

Fig. S-1. Schematic representation of the experimental setup for: (a) production of MEs by
transesterification and separation from glycerol, and (b) induction period measurement.
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Fig. S-2. Effects of various dosages of antioxidant formulations (marked A-F, Tables III and
IV) on the oxidation stability (expressed as induction period) of SoOSUME, WCOME and
SoSuME-EN.
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Abstract: Seventeen water-soluble substances (of sodium, ammonium, potas-
sium, magnesium, calcium, formate, methanesulfonate, glyoxylate, chloride,
nitrite, nitrate, glutarate, succinate, malate, malonate, sulfate and oxalate) in 94
samples of particle matter in the ambient air, collected over ten months, in a
suburb of Belgrade (Serbia), were determined by ion chromatography. To
apportion the sources of the air pollution, the log-transformed data were pro-
cessed by applying multivariate techniques. Principal component and factor
analysis identified three main factors controlling the data variability: stationary
combustion processes with the highest loadings of oxalate, malonate and mal-
ate; landfill emission and secondary inorganic aerosol characterized by high
levels of ammonium, nitrate and sulfate; a contribution of mineral dust com-
posed of magnesium, calcium and chloride. The hierarchical cluster analysis
pointed out a differentiation of the samples into five groups belonging to dif-
ferent variables inputs. For the classification of ambient air samples using nine
selected ions, the recognition ability of linear discriminant analysis, k-nearest
neighbors, and soft independent modeling of class analogy were 87.0, 94.6,
and 97.8 %, respectively. Time-series analysis showed that the traffic emission
is more pronounced in winter in contrast to the mineral dust influence, while
the effect of waste combustion exhibits no trend.

Keywords: organic acids; pollution sources; PCA; emission factors; time-series.

INTRODUCTION

Over the last few decades, the analysis of ambient air particles by means of
different analytical techniques and different receptor modeling methods has
received increasing attention.!-2

* Corresponding author. E-mail: ljignjatovic@ffh.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/ISC200826077T
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The complimentary use of inductively coupled plasma mass spectrometry
(ICP-MS) for trace elements, and gas chromatography—mass spectrometry (GC—
—MS) for volatile and semi-volatile organics has been the traditional approach to
the chemical analysis of ambient air samples.3* Of many other analytical tech-
niques that are being used, high-performance liquid chromatography coupled to
mass spectrometry (HPLC-MS) due to its good sensitivity and resolution power
is receiving more and more popularity in trace organics quantification.> On the
other hand, ion chromatography (IC) gained an important role as a technique of
choice for the analysis of water-soluble ions in atmospheric air particles.!-2:6-9

Since water-soluble substances make up a third or more of the particulate
mass of ambient air particles, these ions have been studied intensively in recent
years.10-14 Those investigations provided essential information on the physico-
chemical properties of ambient air particles, the mechanism of their formation
and source of pollution. The surface acidity and hygroscopicity properties of
ambient air particles govern their chemical and optical behaviors. These particles
in ambient air mainly consist of inorganic ions.

Besides the mentioned inorganic matter, an organic component, i.e., a con-
siderable amount of low-molecular weight (LMW) organic acids, are present in
the water-soluble part of a typical ambient air particle.!5:16 Initially, this was
proved by means of GC—MS, which is a suitable technique after a derivatization
step that has to be performed in order to obtain these acids in their volatile
form.!7 The derivatization process is often troublesome, and it was shown that
the application of IC for LMW organic acids analysis is more advantageous than
GC-MS.18

An optimized IC method can readily be applied for the analysis of major
cations (sodium, ammonium, potassium, magnesium, calcium) and inorganic
anions (chlorides, nitrates, sulfates, oxalates, phosphates, bromides), even if they
are present at a very low level in aqueous solution.19-21

Here, an isocratic IC in the cation-exchange mode was applied for the ana-
lysis of five common cations, whereas twelve inorganic anions and LMW org-
anic acids were simultaneously analyzed by anion-exchange gradient IC.

In order to obtain a better insight into ambient air particles at the studied site,
the IC results were evaluated by different multivariate pattern recognition methods.

Multivariate analysis of water-soluble inorganic matter, measured together
with PAHs, metals and reactive oxygen species, has been extensively stu-
died.2.10.22° A5 mentioned above, this approach requires the use of several ana-
lytical techniques. Although there are many studies in which inorganic ions
together and LMW organic acids were analyzed, there is a lack of literature on
pattern recognition studies on such datasets.®-8-10 In addition, different convent-
ional multivariate techniques produce different results, even when used together.23
In this work, common non-supervised pattern recognition methods: principal
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component analysis (PCA), factor analysis (FA), and hierarchical cluster analysis
(HCA) were compared, while supervised pattern recognition methods, such as
linear discriminant analysis (LDA), k-nearest neighbors (k-NN) and soft indepen-
dent modeling of class analogy (SIMCA), were evaluated for their recognition
ability. These methods assign the output values according to some specific mach-
ine learning algorithms. The method is supervised, provided that a training data-
set is used. On the other hand, in an unsupervised method, it is possible to per-
form pattern recognition even if no dataset is present.23

EXPERIMENTAL

The sampling procedure is presented in the Supplementary material to this paper.

Standard solutions. Individual stock standard solutions (1000 mg dm) were supplied by
AccuStandard, Merck, or Fluka. For some ions, i.e., most organic acid salts (glyoxylates,
methanesulfonates, glutarates, succinates, malonates), there are no commercially available
stock standard solution (1000 mg dm™ or less). In this case, standards were made by dissol-
ving an appropriate amount of an analyte in deionized water. The stock standards were stored
at 4 °C, whereas composite working standards at lower analyte concentrations, in a select
range similar to the expected analyte concentrations in the samples, were prepared before ana-
lysis. The concentrations were calculated from 5 points standard calibration curves using the
external standard method. As a quality control measure, duplicates, blanks and spiked samples
were also analyzed.

Anion IC system. A Dionex DX-500 ion chromatography system consisting of a gradient
pump, ED40 electrochemical detector operating in the conductivity mode (detector current
setting: 50 mA), injection valve fitted with 400 uL sample loop, ASRS-ultra self-regenerating
suppressor (external water mode), an AS11 (250 mmx4 mm) analytical column, an AG11 (50
mmx4 mm) guard column, and a Peaknet 5.1 chromatography workstation. A mixture of
HPLC grade methanol and hydroxide ions, at a flow rate of 2.0 ml min’!, was used as the elu-
ent. The following gradient program was applied: 1) time: 0.0 min, KOH: 0.175 mM, CH;OH:
5.0 %, 2) time: 6.0 min, KOH: 0.575 mM, CH;0H: 5.0 %, 3) time: 26.0 min, KOH: 8.575
mM, CH;0H: 17.0 % and 4) time: 30.0 min, KOH: 10.175 mM, CH;0H: 5.0 %.

Cation IC system. A Dionex DX-500 ion chromatograph with a conductometric detector,
a CS12 (250 mmx4 mm) analytical column, a CG12 (50 mmx4 mm)xguard column, a CSRS-
-ultra self-regenerating suppressor operating in the recycling mode, and a Peaknet 5.1 chroma-
tography workstation. The eluent was 20 mM methanesulfonic acid (isocratic). The injection
sample loop was 100 puL. The system was operated at room temperature with a flow rate of
1.0 cm? min!.

Data analysis. The statistical data analyses in this work was performed by means of
Minitab, SPSS and PLS Toolbox for Matlab software packages. Details of PCA, FA, HCA,
k-NN and SIMCA procedure are given elsewhere.??

RESULTS AND DISCUSSION
lon chromatography analysis

Typical IC chromatograms of ambient air particles extract are shown in Figs.
1 and 2. In the cation-exchange mode, five common cations (sodium, ammo-
nium, potassium, magnesium and calcium) are easily separated in less than 10
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min. In some samples, lithium-ion was detected at trace level, but it was not
quantified in this study. Ordinarily, lithium is eluted as the first ion and fairly
separated from sodium.

80

3/ uS

Fig. 1. Typical cation chromatogram of

an ambient air particles sample extract.

Column: Dionex CS12. Eluent: 20 mM

methanesulfonic acid (isocratic). Peaks:

0.00 500 1000 1) lithium, 2) sodium, 3) ammonium, 4)
T/ min potassium, 5) magnesium, 6) calcium.

0.0

1204

160

1.204 0

1.00

080+

2/ uS

060+

040+ 1+2+3

0.204

o1 T T T T T T T
on zn 4.0 6.0 a0 0.0 120 140 180 184 200 220 24.0 250 z8.0 300

T/ min
Fig. 2. Anion chromatogram of the same ambient air particles sample extract, as in Fig. 1.
Column: Dionex AS11. Eluent: see the experimental part for details. Peaks: 1) fluoride,
2) lactate, 3) acetate, 4) glycolate, 5) formate, 6) methanesulfonate, 7) glyoxylate, 8) chloride,
9) nitrite, 10) nitrate, 11) glutarate, 12) pimelate, 13) succinate, 14) malate, 15) carbonate,
16) malonate, 17) sulfite, 18) fumarate, 19) sulfate, 20) oxalate, 21) azelate.

For any source apportioning method to be applied in an air pollution study,
the number of measured chemical substances (variables) should be as high as
possible. Preferably, there should be no missing values in the data set.

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



IONS IN AMBIENT AIR PARTICLES 75 7

A few studies have made the apportionment of sources of air pollution even
when using only major ions data.!3:14.24 Although, it is known that not enough
tracer information is carried by major ions only. Furthermore, LMW organic
acids are shown to be important tracers for different particle emission sources.!3

In this work, for the separation of anions, a multi-step gradient provided
simultaneous separation of both inorganic ions (chloride, nitrite, nitrate, sulfate)
and ionic form of LMW organic acids (formate, glyoxylate, methanesulfonate,
glutarate, succinate, malate, malonate, oxalate). In addition to these anions, seve-
ral other anions (bromide, phosphate, sulfite, benzoate, caproate, pimelate, fuma-
rate, phthalate, acetate, lactate, glycolate, pyruvate, tartrate, azelate, efc. that were
detected in some samples, are not included in this statistical evaluation. The
reason was incomplete measurement results for these rarely detected anions in
most samples so that some of these anions were often either below the quanti-
fication limit of the applied method (pyruvate, tartarate, bromide, phtalate, capro-
ate, fumarate) or there were co-elution problems (fluoride/lactate/acetate, acetate/
/glycolate) or problem with their stability (sulfite, azelate). Thus, 17 ions were
quantified in all samples.

Descriptive statistics

After the completion of IC measurements, the final data matrix 94x17 (obs-
ervations x variables) was formed. In the first step of data examination, the
Ryan-Joiner Test was used for testing the hypothesis of normal distribution.23 In
all statistical tests, the significance level was 0.05. As shown for oxalate in
Fig. S-2a (Supplementary material), the plotted points do not approximate a
straight line. The departures from linearity indicate that the actual data distri-
bution deviates from a normal distribution. In contrast, the log-transformed data
(Fig. S-2b) appear to be well fitted on the normal probability plot with R and p
values well above 0.99 and 0.1, respectively. All other variables follow a similar
distribution; however, for the sake of brevity, their graphs are not displayed. For
further statistical evaluation, the transformed values were used. The data matrix
was tested for outliers by applying the Rosner Test.23 Two samples with high
sulfate and ammonia concentrations were discarded as outliers. Therefore, explo-
rative multivariate analysis was realized on the final 92x17 data matrix.

The arithmetic means, minimum values, maximum values, and standard
deviations for the concentrations of all substances in the studied ambient air
particles were calculated (Table I). It can be seen that the variables could be con-
sidered as major ions (nitrate, sulfate, ammonium, sodium, chloride, calcium),
trace ions (formate, glyoxylate, methanesulfonate, nitrite, glutarate, succinate,
malate, malonate), and those ones at medium to a high level (potassium, mag-
nesium, oxalate). Skewness is a measure of the lack of symmetry varied between
0.5 and 2.5, which means that this data distribution is more or less right-skewed.
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Since uniform distribution for different analytes is very rare, kurtosis values are
used to estimate the size of tailings. This dataset has both low and high kurtosis,
i.e., ranged from —0.5 to 7.6.

TABLE L. Descriptive statistics of the data for the studied water-soluble substances in ambient
air particles in Mirijevo outskirt of Belgrade in the period 09.09.2013-25.06.2014

. c/ng m3

No. Variable - - — -

Mean Median Skewness Kurtosis St. deviation Max. Min.
1. Sodium 617 581 1.1 1.1 254 1382 229
2. Ammonium 2186 1707 1.0 0.4 1598 6700 304
3. Potassium 167 154 1.1 1.3 67 408 69
4. Magnesium 144 123 1.2 0.9 86 406 27
5. Calcium 929 685 1.4 1.8 780 3781 94
6. Formate 16.7 14.8 1.0 0.2 8.2 38.0 52
7. Methanesulfonate ~ 25.5 18.7 1.9 4.1 23.3 118 2.8
8. Glyoxylate 9.5 7.9 1.0 0.2 5.7 258 1.2
9. Chloride 1217 869 1.0 0.3 1030 4282 549
10. Nitrite 20.9 18.3 0.5 -0.5 11.2 477 44
11. Nitrate 3765 3405 0.8 0.2 2019 9837 634
12. Glutarate 7.2 5.4 2.0 5.2 5.8 340 09
13. Succinate 18.0 15.0 2.4 7.6 14.6 86.7 4.0
14. Malate 15.8 8.9 2.5 6.4 19.0 942 1.6
15. Malonate 19.5 9.2 1.8 2.5 25.7 108 0.1
16. Sulfate 3230 2873 1.0 0.5 1736 8221 1105
17. Oxalate 83.2 79.6 0.7 -0.2 42.7 193  17.1

Unsupervised pattern recognition

These data were subjected to several common multivariate pattern recog-
nition methods, which are described in detail elsewhere.23,25,26

Principal component analysis (PCA) is a method of removing the highly
inter-correlated nature of variations in atmospheric concentrations. Thurston and
Spengler suggest that the dataset must have many more samples than analytes if
stable PCA results are to be derived.2” Their requirements: n > m + 50 (where n
is the number of samples; m is the number of analytes) is fulfilled in this work.

When PCA was applied to the autoscaled data matrix, three principal com-
ponents (PCs) appeared to account for 84 % of the variance in the data. The
eigenvalue and cumulative variance as a function of the number of PCs are
shown in Fig. S-3 (Supplementary material). In this case, the descriptor space
dimensionality is reduced to three since only the first three PCs were retained.
These PCs meet the Kaiser criterion to have the eigenvalues higher than one.23
All other PCs show eigenvalues lower than one, with an exponential trend in the
decrease.

In order to highlight the relations between variables, the data set of concen-
tration measurements was subjected to factor analysis (FA). This method was
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applied with PCA extraction of the correlation matrix and varimax orthogonal
rotation. The FA method identified three significant factors (Table II): the first
(24.6 % of variance) comprises organic ions oxalate, malonate, malate with high
loadings and glutarate, succinate, methanesulfonate, formate, nitrite, and sulfate
with relatively lower loadings.

TABLE II. Varimax rotated factor loadings (values > 0.5 are in bold)

No. Variable Factor 1 Factor 2 Factor 3
1. Sodium 0.257 0.223 0.192
2. Ammonium 0.225 0.909 -0.210
3. Potassium 0.140 0.146 0.288
4. Magnesium —0.255 -0.217 0.871
5. Calcium -0.396 —0.183 0.853
6. Formate 0.449 0.214 -0.234
7. Methanesulfonate 0.501 0.381 -0.199
8. Glyoxylate 0.092 0.431 0.138
9. Chloride -0.453 0.195 0.687
10. Nitrite 0.493 0.323 -0.359
11. Nitrate 0.068 0.953 -0.029
12. Glutarate 0.585 0.491 -0.299
13. Succinate 0.596 0.650 —0.243
14. Malate 0.837 0.165 -0.396
15. Malonate 0.800 0.241 -0.302
16. Sulfate 0.396 0.791 -0.017
17. Oxalate 0.842 0.295 —0.295

All organic ions, except succinate and glyoxylate, have higher loadings in
this factor than in the second one. Oxalate and malonate are markers for com-
bustion processes.3:28 Hence, this factor identifies exposure to emissions from
fuel combustion. Although, other biogenic sources could also contribute to the
production of these two acids. Mainly composed of ammonium, nitrate, sulfate,
and succinate, the second factor accounts for a further 22.7 % of the variance.
The association between sulfate and nitrate suggests an anthropogenic origin.
Waste landfill emissions that occur in the vicinity of the sampling site, as well as
a secondary inorganic aerosol, might be responsible for this factor. The third
factor with 16.8 % of the variance was composed of magnesium, sodium, chlo-
ride, and with a lower loading of potassium. This source profile strongly suggests
that their concentrations are affected by mineral dust from both natural and
anthropogenic sources. Except for potassium (loading = 0.536) and calcium
(loading = 0.565), no significant loading value was obtained for any variable on
Factors 4 and 5, which are responsible for 6.9 and 6.6 % of the total variance,
respectively. It is relevant that some ions, such as methanesulfonate, nitrite, glu-
tarate, sulfate, succinate, obtained rather high scores both on the first and second
factor, indicating more than one possible significant emission source.
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Hierarchical cluster analysis (HCA) was made on the variables that had pre-
viously been standardized.2® An amalgamation rule employed the Ward method
to link the objects, while for the measure the proximity between samples, the
squared Euclidean distance was selected.30 The dendrogram is shown in Fig. 3.
As a result of applying HCA to the factor score matrix, the ambient air particles
split into two main groups. Furthermore, each group could be subdivided into
three or two sub-groups, respectively. There are, therefore, five clusters (C1, C2,
C3, C4 and C5), the composition of which depends on the inputs of variables.

H672 —

36714 |

Similarity

S12857 —

Aerosol samples

Fig. 3. Dendrogram of cluster analysis of ambient air particles.

Cluster C1 consists of the samples characterized by high score values for the
combustion factor, whereas the second group of samples (C2) has high levels in
the landfill emission and secondary inorganic aerosol factor. The samples with
medium—low scores of both the combustion and waste emission/secondary inorg-
anic aerosol factors (C1 and C2) are grouped in cluster C3. These three groups
(C1, C2, and C3) form one of the two main groups that all samples can be split.
The fourth cluster (C4) comprises samples with the highest levels of the variables
(magnesium, calcium, chloride) for the mineral dust factor, while medium—high
score values for the previous factor (C4) are characteristic for the samples in C5.

Supervised pattern recognition

In order to evaluate the possibility of classification of ambient air particles
into these five groups, three common supervised pattern recognition techniques
were employed, linear discriminant analysis (LDA), k-nearest neighbors (k-NN),
and soft independent modeling of class analogy (SIMCA).31.32

First, the samples were classified using all variables. Then, nine variables
with the first three highest loadings in each Factor in Table II (malate, malonate,
oxalate, ammonium, nitrate, sulfate, magnesium, calcium, chloride) were selected
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as key features for classification. In all cases, the leave-one-out method of cross-
-validation was used.

Linear discriminant analysis (LDA) is a very simple supervised classification
technique that reduces the dimensionality of the features in a similar way as
PCA. LDA makes projection axes for separating the classes by minimizing the
within-class variance and maximizing the between-class variance. In this case,
LDA produced a classification success rate of 83.7 % for all samples and all vari-
ables. The separation of ambient air particles by two discriminant functions is
shown in Fig. 4. When performing LDA with the reduced number of variables,
87.0 % of grouped samples were correctly classified.

4

-

Discriminant function

Fig. 4. Discriminant analysis of ambi-
. n ” > 5 3 2 , ent air partlclles (solid symbols are the
Discriminant function 1 group centr01ds).

One of the simplest classifiers is the A-NN algorithm. It classifies an input
feature vector by determining the k closest training vectors according to a dis-
tance metric. Then, this input vector is assigned to a class to which the majority
of its k nearest neighbors belong. Here, the metric employed was the Euclidean
distance.

As in the case of LDA, k-NN and SIMCA were performed using both all and
selected variables. The obtained results are given in Table III. Using both
methods, the recognition ability for the five classes was highly satisfactory; the
percentages of classification obtained were 93.5-100 %.

TABLE III. Recognition and prediction ability (%) of LDA, &~-NN and SIMCA to classify
ambient air particles; (A) — all variables, (B) — nine selected variables

.. Method
Ability for: LDA J-NN SIMCA
Recognition (A) 83.7 93.5 100
(B) 87.0 94.6 97.8
Prediction (A) 52.8 94.6 78.3
(B) 56.5 92.4 73.9
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Another approach that can give a more realistic error rate is to split the data
into two parts, one part to create the discriminant function or model, and the
other part as a testing set. Randomly splitting an equal number of samples (46
samples) into these two sets, the A-NN method produces good prediction power
(94.6 and 92.4 %), whereas LDA (52.8 and 56.5 %) and SIMCA (78.3 and 73.9
%) give a much lower percentage of the correctly classified samples than pre-
viously, for both all variables and nine variables, respectively.

Time-series analysis

To examine the trends of the concentration changes from each emission
source, over a ten-month period (fall 2013 to summer 2014), the concentrations
of indicator ions (with the highest loadings) for various emission sources were
plotted by the moving averages for the samples in Fig. 5.

3000

Calcium o
o
2500 o
[
2000 o 4
0 u . Zu
- 7
1500 = o8 s P o .
1000 - e © 5y ®aTpo o
S et o T P
00 o0 o ST T g, Y
a S
0
10000 o
8000 Nitrate ¢ @
o7 e s
6000 oo ® ) >
zo < _ ‘2 ) e — L o
? — - o <
4000 e T o I e ¢ o
. o
2000 - s %o & a;i o2 8 ©  %°
o P g
L R RN B R AR S R N A R NN S AR RR RN NS AR RaR]
> > > > > x >
o e o o 2 o S
S i p N Ng 7 &
7 [ day
200
Oxalate Aan o2 s
<D - — —
= 150 RPn=a. ~
en A g 8 a " S~
£ 100 P NN a™
< o ;} a a ~N
1S A P A AN
50 AA 7 Y & 4 /Mf‘aga g
Y A L. N
0 AR RR T AN S RN RTRR RN e e T T
N - S b >
P N T T S s A
N N e Ny & N N
7/ day

Fig. 5. Variation of ambient air particles
concentrations of oxalate, nitrate, and
calcium in the Mirijevo outskirt of Bel-
grade during the period 2013 to 2014.
The dot lines indicate the quadratic fit.

The time-trends of these variables were also fitted by quadratic curves.
Variables in Factor 1 show an affinity to change with time, increasing from low
values in the fall to a maximum during the winter, followed by a slight decrease
through the spring in 2014. This trend resembled that reported elsewhere.2!1,33
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The variables in Factor 3 showed the opposite trends over the same time period,
whereas those in Factor 2 have no trend. Similar seasonal behavior for the ions
comprising the latter two factors was obtained by other authors.22.24.33 A signi-
ficant fluctuation is present with all analyzed variables. No monthly periodicity
was revealed. The reason for seasonal variation could be found in the local cli-
mate and weather conditions. Hence, dust resuspension (Factor 1) is more intense
in the summer, with many dry days with no snow coverage. On the other hand,
the fuel combustion (Factor 3) is more intense in winter days. No seasonal
changes in the municipally waste landfill activities was observed, causing no
trend in Factor 2. Generally, these results could be explained by the occurrence
of atmospheric transport on a local scale.

CONCLUSIONS

The combined use of ion chromatography and multivariate pattern recog-
nition methods can provide valuable information for an ambient air particle res-
earch study. Some water-soluble substances, such as bromide and phosphate,
which are traditionally measured in ambient air particle samples by NAA, XRF,
PIXE, ICP-MS, and used as important source markers, can also be quantified by
IC, but the applied IC separation in this work should to be additionally opti-
mized. The obtained data chemical set showed the characteristic of log-normal
distribution, while multivariate methods revealed a distinctive grouping of vari-
ables and observations. Of the three common supervised pattern recognition
methods (LDA, &-NN and SIMCA), the classification prediction ability was only
satisfactory when applying k-NN. Some variables do not contribute to the class-
ification. The emissions from combustion processes, landfill emission together
with secondary inorganic aerosol, and a contribution of mineral dust were iden-
tified as the three dominant factors that have an effect on pollutant levels at the
studied site. The landfill emission/secondary inorganic aerosol undergoes no
change in seasons, whereas the other two other factors show different behavior
during winter and summer. In general, a considerable high level of sulfate, nit-
rate, ammonium, and LMW organic acids in the ambient air particles at the site
pointed to a strong anthropogenic influence.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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U3BON
YECTHULE Y AMBUJEHTAJTHOM BA30YXY: ITIPUMEHA JOHCKE XPOMATOIPA®UIJE U
MYJITUBAPUJAHTHUX TEXHUKA AHAJTM3E BOOEHO-PACTBOPHUX CYIICTAHLIA
AKJIMHA H. TOIOPOBUR', JEJIEHA M. PAIYJIOBHUR', UBAHA [I. CPENIOBUR UI'HhATOBHR?,
JbYBHILIA M. HTHATOBUER® 1 AHTOHHIE E. OFbHA*

"Anaxem Jladopaimopuja, Moyapiaosa 10, 11160 Beoipag, *Ynusepsuiieii y Beoipagy, Iomoipuspeghu
Qaxyniuewi, Hemarwuna 6, 11080 Beoipag, 3YHueep3umeu7 y Beoipagy, ®@axyniieiti 3a Qusuuxy xemujy
Cinygentticku wpi 12—16, 11 000 Beoipag u 4YHueep3uu76u7 y Beoipagy, Texnonowxo—metlarypunu
paxyniuewi, Kapueiujesa 4, 11000 Beoipag

Mertoznom joHcke xpomartorpaduje onpeher je campxaj 17 cymncraHUH pacTBOP/BUBHX Y
BOIU (KOje campke HaTPUjyM, aMOHHUjyM, KalujyM, MarHe3sujyMm, Kanuujym, dopmare, MeTaH-
cyndoHare, IITHOKCHIAaTe, XJI0pUZe, HUTPUTE, HUTpaTe, IIyTapaTe, CyKIMHAaTe, Manare, MaJo-
Hate, cysidare u okcajaTte) Y yKynHo 94 y3opka yecTulla y aMOHjeHTaTHOM Ba3nyXy, KOju cy
Y30pPKOBaHU TOKOM JeceT mMeceuu y npearpahy Beorpaga. Ja du ce ogpenunu M3BOpH 3ara-
hewa Basmyxa, nodujeHu pe3ynTaTH Cy Hajmpe TpaHC(HOPMHCAHU y HUXOBE JOrapuTme, a
IIOTOM aHaJIU3UPaHH TPUMEHOM MYJITUBAPHjaHTHHUX TEXHHKA. AHaIM3a [TIaBHUX KOMIIOHEHTH
U daxTopcka aHamM3a UAeHTH(HUKOBaNMK Cy TpH riaBHa dakTopa KOjUu KOHTPOJIMILY BapHja-
OMJIHOCT NofiaTaKa: Mpoliec CTallHOHAPHOT caropeBama ca Hajsehum ontepehemem okcanaTa,
MaJIOHaTa ¥ MajaTa, eMHCHja ca JENOHHUje U CeKyH[JapDHU HeopraHCKH aepocos Koje Kapak-
TepHLIy BUCOKY HUBOW aMOHHjyM-jOHa, HUTpaTa U cysiara U JONPUHOC MUHEPAIHE ITpaLIiHe
KOja Ce cacTojy oj MaTepHja MarHesujyma, Kalauujyma u xnopupa. [IpumeHa xujepapxujcke
aHa/liM3e KiacTepa ykasaaa je Ha mudepeHUMjalljy y3opaka y HeT rpyna Koje MmpuIazajy
PasNMUUTUM NpodWIMMa aHAIWTAa. 3a KIacudHUKalWjy y3opaka aMOHjeHTalHOr Basmyxa
nomohy neseT omabpaHMX joHA, CIOCODHOCT Npero3HaBawma METONE JIMHEapHe NUCKPUMHU-
HaHTHe aHaju3e, MeToze k-HajONmKuX cycena U MeToJle MeKOT He3aBUCHOT MOZIeNoBamka aHa-
norxe xnace usnocunu cy 87,0, 94,6 u 97,8 %. AHanu3a BpeMeHCKUX CepHja IoKasana je 1ia je
daxtop emucuje U3 caodpahaja y TOky 3uMe U3pakeHHjH, 3a Pa3IUKy of aKkTopa MUHepaIHe
npamuHe. Edexar cTaiMoHapHOT caropeBama He NoKa3syje TpeHT.

(ITpummbeno 26. aBrycra, pesuaupano 22. HoemOpa, npuxsaheno 30. HoBemdpa 2020)
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Ambient air particles: The use of ion chromatography and
multivariate techniques in the analysis of water-soluble
substances
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The site. A total of 94 daily samples of ambient air particles were collected between 9t
of September 2013 and 25" of June 2014 at Mirijevo, the outskirts of Belgrade, Serbia
(44°47'36.7"N 20°32'09.3"E). Located to the south—east of the city, the sampling site is
characterized by the following environment: (1) a suburban residential and commercial area
(near the commercial area, retail stores, houses, and restaurants), (2) a heating plant located
about 0.6 km from the sampling site; (3) the city landfill Vinca, located 4.7 km from the
sampling site; (4) a petrochemical industry and oil refinery located in the industrial area of
Pancevo at a distance of 11.5 km from the sampling site (Fig. S-1).

Sample handling. Ambient air particles were collected on quartz filters with a TCR
Tecora (Echo Hi-Vol) sampler. All filters had a diameter of 102 mm, and the sampling was
performed continuously for 24 h at a flow rate of 225 dm® min'!. After the sampling, the
filters were stored in a freezer until extraction. A portion of each loaded filter (1.0 cm? punch)
was transferred to a clean 15 cm?3 polystyrene tube and extracted with 10 ml of deionized
water (Millipore, 18.2 MQ). All extracted filters were mechanically shaken on a Fisher
Scientific model 361 orbital shaker for 20 min, and the resulting extracts were analyzed
immediately by ion chromatography using the full-loop injection mode. A recovery
experiment was performed by spiking a blank filter with an appropriate standard solution,
while the extraction efficiency was checked by triple extraction of the same part of the filter.
In both experiments, the yield was in the range 80—-100 % and the RSD was less than 10 % for
all ions.

* Corresponding author. E-mail: ljignjatovic@fth.bg.ac.rs

S152

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.




SUPPLEMENTARY MATERIAL S 1 5 3

L3

£

Muricipal landfillg S8

]

Fig. S-1. Map of the sampling site and potential air pollution sources: (2) the heating plant in
the vicinity; (3) the city landfill Vinca; (4) the petrochemical industry in Pancevo.
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A prudent approach for the removal of copper (II) and cadmium
(IT) ions from aqueous solutions using indigenous
Mactra aequisulcata shells
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Abstract: In this study, the raw seashells of Mactra aequisulcata, of the class
Bivalvia and the phylum Mollusca were employed as an adsorbent to remove
copper (II) and cadmium (IT) metal ions from aqueous solution. The charac-
terization of shells was performed using FTIR, EDX and SEM, BET isotherm
and point of zero charge (pH,,). Batch experiments were performed to assess
various factors on the biosorption efficiency. Maximum adsorption of both
metals ions conveniently found at 0.4 g L! adsorbent dose, pH 5 and at 303 K.
Maximum biosorption capacities for Cu?" and Cd*" were 59.57 and 38.12 mg
g’!, respectively. The Langmuir isotherm model was found to be the best fit for
the acquired equilibrium data. Thermodynamic and kinetic parameters showed
that the process was feasible, exothermic and followed pseudo-first order.

Keywords: adsorbent; heavy metals; pollutants; remediation; wastewater.

INTRODUCTION

The environmental condition for humans and other living beings worldwide
has become more inhospitable than it has ever been before.! The industrial
activities have posed series threats to the environment. Technological advance-
ments and rapid consumption have led to various genres of pollution.2 The
discharge of industrial effluent bearing heavy metals causes great adversities due
to their presence and ability to accumulate and toxic effects on living things.3 As
far as environmental threat is concerned, toxic heavy and radionuclides metals
are of main concern and ought to be nullified. Toxic metal ions can cause minor

* Corresponding author. E-mail: rehan-syed@outlook.com
https://doi.org/10.2298/JSC201228028U
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768 REHAN ULLAH, ZAHIR and ASGHAR

discomforts as well as life threatening illnesses by irreversible damage of vital
body systems. Eco-toxicologically, most toxic metals are cadmium, chromium,
lead and mercury. Heavy metals can bioaccumulate as well as biomagnify in the
food chain. So, their toxicities are more noticeable in the animals that are in high
trophic levels.4 Currently, various techniques are used to remediate waste water
from these toxic metals. Adsorption processes have been proven to be a better
technique as compared with other techniques, namely electrochemical, oxidation,
membrane filtration, ozonization and complexation. It has also greater import-
ance due to operational easiness, relatively low cost, and simplicity of design in
the decoloration process.> Mollusca shells are mostly composed of aragonite and
calcite type calcium carbonate, that’s around 95-99 % of entire shell quantity,
and also contains a small amount of organic matter.® The seashells as an agent to
remediate wastewater from heavy metals have also been employed, rather than
geological calcium carbonate.” Biosorption augmentation through pre-treatment
processes, such as with organic chemicals,® thermal processing8 and acid treat-
ment? have also been successfully opted. Mactra aequisulcata, species of mus-
sels, found in marine habitat, has aragonite as its major constituent!9 and bio-
genic aragonite is considered to be a suitable biosorbent for heavy metal adsorp-
tion?. Moreover, the aforementioned species has not been reported for the reme-
diation of heavy metals in the aqueous medium as well from industrial effluents,
and not any mussels’ species locally, for that matter. Considering the aforemen-
tioned approaches, the study was designed to assess the biosorption capability of
pulverized Mactra aequisulcata shells to remove Cu2* and Cd2* from the aque-
ous phase. Optimal adsorption process was assessed by varying in adsorbent
dose, interaction time, metals initial concentration, pH and temperature. The bio-
sorption mechanism was conducted in terms of isotherm models, kinetics and
thermodynamics studies.

EXPERIMENTAL
Materials

The chemicals employed in this research were of analytical grade. Millipore Q5 Direct
water purification system was used to prepare deionized water with conductivity of 0.06 pS
cm!. Mactra aequisulcata (Class Bivalvia, Phylum Mollusca, 100 units) were sampled from
the Clifton Beach, Karachi city of Pakistan and stored in a pre-washed plastic ziplocks. The
seashells were washed with tap water, then immersed into 0.5 % of HCI solution for 30 min,
for the removal of impurities adhered on the surface of shells. The shells were washed with
DI-H,0 repeatedly, drying in an oven at 80 °C and pulverized to powder form using 500 g
electric grain grinder mill. The pulverized adsorbent was kept in polyethylene airtight vessels
in ambient condition. The preparation of working stock solutions of Cu?* and Cd?* was done
with CuSO,4 5SH,0 and CdCl, (>99 %, Merck, Germany), respectively. The solution pH were
altered to the desired level with 0.1 M HCI and NaOH.
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Biosorption of metal ions

For metals biosorption, a known quantity of pulverized seashell was used with 50 mL of
Cu?* and Cd?* solutions in an Erlenmeyer flask, separately. The outcome of the adsorbent
dose (0.2, 0.4, 0.6, 0.8 and 1.0 g L-1), initial metals ions concentration (5, 10, 25, 50 and 100
mg L), initial pH of metal solutions (2, 3, 4, 5 and 6), interaction time (10, 20, 30, 40 and 60
min) and temperature (303, 308, 313, 318 and 323 K) were studied. After each experiment,
the solutions were filtered using Whatman filter paper no. 42. Controlled sample without the
addition of biosorbent, was also quantified to assess the interference of filter papers, and no
interference was observed. The filtrate was used to determine the heavy metal ions concen-
trations using atomic absorption spectrometer. The percentage of metal adsorption and maxi-
mum biosorption capacity, ¢ in mg g'!, were measured using the following equations:

Aps =10050=Ce (1)
Go
q= V(CO — Ce) (2)
m

where, Cy and C, in mg L1, correspond to the initial and equilibrium concentrations of the
metals ions, respectively, m is the mass of the biosorbent in mg and V is volume of the
solution in L.

Instrumentation

The Cu2" and Cd?" in the samples were quantified with atomic absorption spectrometry
(PinAACle 900T, Perkin Elmer). Eutech Cyber Scan PCD 650 was used for the pH measure-
ments. An electric grain grinder mill was used to grind the seashells. The availability of func-
tional groups in the ground seashell samples was determined with Fourier transform infrared
spectrophotometry (FTIR, Perkin Elmer, Singapore). The surface area was evaluated through
Autosorb-1 Quantachrome, Asiawin. The morphology of the surface and diameter of ground
seashell were examined using SEM (JSM 6380A, JEOL Ltd, Japan). The deduction of ele-
mental composition was carried with EDX spectroscopy (EX-54175 JMU, JEOL Ltd, Tokyo,
Japan).

Determination of pHy,.

The point of zero charge (pHp,) of the pulverized M. aequisulcata shells was determined
by taking six separate Erlenmeyer flasks containing 50 ml 0.1 M NaCl having pH 2, 4, 6, 8,
10 and 12. The pH of the solutions were adjusted by adding 1 M HCI or 1 M NaOH. To each
flask, 0.1 g pulverized shell powder was added and then the capped flasks were shaken at 150
rpm for 4 h. The suspensions were filtered with the Whatman filter paper no. 42. The differ-
ence between initial pH (pH;) and the final pH (pHy) was plotted with pH;. The intersection of
the plot and pH; (x-axis) was deemed as the pH,.

Biosorption isotherm models

For isotherm studies, an adsorbent dose of 0.4 g L1 of pulverized seashell was used with
50 mL of Cu?* and Cd?* solutions in Erlenmeyer flasks, separately; with initial adsorbate
concentrations of 5, 10, 25, 50 and 100 mg L-1, initial pH of 5, at 303 K, and interactions time
of 20 and 30 min for Cu?" and Cd2", respectively. The isotherm explains how metal ions con-
centrations and sorbed metal amount interact on the solid surface at their equilibrium phases.
In this work, the biosorption specifics were studied by Langmuir, Freundlich and Temkin iso-
therm models. Langmuir isotherm details about the monolayer adsorption and states the abs-
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770 REHAN ULLAH, ZAHIR and ASGHAR

ence of lateral interaction between the adsorbate molecules. The nonlinear Langmuir isotherm
model is expressed as follows:!!

1+5C,

e

where, C, in mg L signifies the equilibrium concentration of the metal ions, g, in mg g’!,
corresponds to the equilibrium adsorption capacity, ¢, in mg g! and b in L mg’!, are the
Langmuir constants relating to adsorption capacity and energy, respectively.

The favourability of adsorption process can be predicted by the assessment of Langmuir
essential characteristic denoted as the separation factor, R} and its equation is illustrated as:!2

- @)
1+5C,

Ry

The Freundlich model, nonlinear form is applicable to multilayer adsorption, relating to
energetic surface heterogeneity and can be assessed from the following equation:!3

qe = KiCe!" ®)
where Ky / mg g! (L mg!)'” and 1/n correspond to the Freundlich constants of adsorption

capacity and heterogeneity factor, respectively.
The following equation illustrates the Temkin isotherm nonlinear model (Eq. 6):

de = Bln (ATCe) (6)

where, B in J mol'!, is the constant of heat of sorption at equilibrium and At in L g”!, being the
binding constant. The Temkin isotherm illustrates that the heat of adsorption of every mole-
cule in the layer decreases directly with increased surface coverage.!# Dubinin-Radushkevich
model considers the adsorption of subcritical vapours on microporous adsorbent followed by
the mechanism of pore filling, and is applicable to detail the mechanism of adsorption on
heterogeneous surfaces with the Gaussian energy distribution.

The nonlinear Dubinin—-Radushkevich model is represented as!>:

qe = gyeKoRE? (7)

£= RTln[H—LJ ®)
Ce
where, g, in mg g! is the Dubinin—Radushkevich isotherm model constant relating to maxi-
mum adsorption capacity; Kpgr, mol? kJ2, is Dubinin-Radushkevich isotherm constant; ¢ is
the Polanyi potential, R / J mol-! K-!; and T/ K are the gas constant and absolute temperature,
respectively.

Biosorption kinetics

For kinetics studies, an adsorbent dose of 0.4 g L! of pulverized seashell was used with
50 mL of Cu?" and Cd*" solutions in Erlenmeyer flasks, separately; with initial metal ions
concentration of 100 mg L-!, initial pH of 5, at 303 K, and over the period of 10, 20, 30, 40
and 60 min. The two most important nonlinear kinetic models: i) pseudo-first order (Eq. (7))
and i7) pseudo-second order (Eq. (8)) are described by the equations as follows:

4= qe(1 — %) ©)
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qeszt

= — 10
qt qekzt +1 ( )

ky / min! and k, / g mg! min'! are the rate constants of pseudo-first order and pseudo-second
order, respectively; and ¢, /mg g! is the amount of metal ion adsorbed at any given time ¢.
Biosorption thermodynamics

The nature of biosorption system was studied with thermodynamics analysis through

van’t Hoff equation. The following equations were applied for the deduction in the change in
Gibbs energy, AG / k] mol'!, entropy, AS / k] mol'! K-! and enthalpy, AH / kJ mol-!:

AS AH
ok, - (A5)(22) an
AG=RTIn K, (12)
where, K. represents the constant of thermodynamic equilibrium and R corresponds to the
Universal gas constant and 7/ K is the absolute temperature.
RESULTS AND DISCUSSION
Analysis and characterization of seashell

The Cu?"™ and Cd?" concentrations in the seashells were found to be well
below the lower limit of quantitation (0.1 and 0.01 mg L-! for Cu?" and Cd2",
respectively) of the utilized method. The results signified that the biosorbents
would not interfere during the biosorption process as they do not have heavy
metals in them. The functional groups in seashell powder sample were deduced
by FTIR spectroscopy as illustrated in (Fig. 1). The various peaks appeared in the
spectrum at 1789, 1455, 1076, 854, and 726 cm™! and considered the specific
features of CO32~ in CaCO3. The aragonite content of CaCO3 in the sample was
confirmed with the observance of a signal at 1076 cm~1.16

5ol — m/\ /V\ —
1789 1076
\ 726

< \
g 407 |
E 854
E 309
B
=

207 1455

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, ¢!

Fig. 1. FTIR spectrum of M. aequisulcata seashell powder.

The BET isotherm demonstrated that the biosorbent bears a small BET
specific surface area (1.77 m? g-!) and median pore width of 134.1 nm. Simil-
arly, researchers!7-18 have also deducted that CaCOs-rich biosorbents possess
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low Sggt values. Hence, here, the surface area cannot be considered as a deter-
mining factor for the biosorption of cadmium and copper®. The morphology of
the surfaces of pulverized, Cu?™ and Cd?" laden seashell powders, were observed
using SEM analysis and presented in Fig. 2a—c. It was evident that the surface of
seashell powder (Fig. 2a) was heterogeneously distributed with slight grains and
spaces. The copper ions SEM image (Fig. 2b) shows some sort of similarity with
the adsorbent SEM image with tightly packed particles, and the presence of sec-
ondary solids on the adsorbent surface, signifying the occurrence of surface pre-
cipitation. The similarity with the SEM image of the adsorbent could possibly be
due to precipitation of Cu™ with bicarbonates in the aqueous medium since the
CaCO3 dominant adsorbent tend to leach its constituents ions in the solvent
medium, of which carbonates transform into bicarbonates.!® The SEM image of
post-biosorption of Cd2* (Fig. 2¢) can be categorized as powder layered, showing
precipitation on the surface. Cadmium adsorption on calcium carbonate com-
pounds usually follows surface precipitation since ionic radii of the divalent cal-
cium and cadmium are similar, as shown in the SEM image.!8

b

Fig. 2. SEM images of: a — seashell powder, b — Cu?* and ¢ — Cd?" laden seashell powder.

The pre and post adsorption elemental profiles of seashell powder are shown
in Fig. 3a—c. The seashell powder EDX spectra (Fig. 3a) showed carbon, oxygen
and calcium were the major constituents. The calcium-loaded adsorbent spectra
(Fig. 3b) showed the addition of copper in the elemental profile signifying the
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adsorption on the adsorbent, and the slight decrease in weight and atomic per-
centage of calcium indicate the surface precipitation of Cu2*. The Cd2" laden
adsorbent EDX spectra (Fig. 3c) illustrated a small change in the elemental pro-
files of calcium and other elements, with only the addition of cadmium signal,
indicating the aggregate formation, i.e., (Cd,Ca)CO3.7

a b
4000 3500
% | Biements | Contert, wt.% | Canbent, at.% Lkments | Content, wi.% | Content, at.%
3560 ] c 16 3035 c 21.99 3021
:1 ‘;;:.x S]Ig{ll 3000 ) 468 53.08
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N = 2000 [ 390 124
-E 2000 =
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< 1560 2 =
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= ]
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Fig. 3. EDX spectra of: a — seashell powder, b — Cu?* and ¢ — Cd?" laden seashell powder.

The pHp,c value of the adsorbent was found to be 9.25, signifying that the
adsorbent surface was mostly positive. This result suggests that positively
charged Cu?* and Cd?* couldn’t easily adsorb onto the adsorbent through ion
exchange and thus complexation or surface precipitation could be considered as
the primary adsorption mechanism.20

Adsorption study of metal ions using seashell

The Cu2* and Cd?* adsorption was performed with M. aequisulcata seashell.
The biosorption efficacy was augmented by altering the metal ions concen-
trations, temperature of the process, pH and contact time.

Interaction time. Fig. 4 illustrates the plot of contact time, ¢ in min, and per-
centage adsorption of Cu2™ and Cd?" with M. aequisulcata shells. The plot
shows that the metal uptake was rapid and the increase in biosorption capacity in
the initial 20 min for Cu?* and 30 min for Cd2*, afterward no considerable vari-
ation was observed until 60 min. The fast process was due to involvement of the
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biosorbent external surface in the metal ions adsorption. The next phase was
slower as several of the external places were engaged.2

—o— (Cuz+
80 - e O
=701 /W
_gso 1
50 -
a1 .
2

N
o

—

0 20 30 40 S0 60 Fig..4. Effect of contact time () on ads-
t/min orption of Cu?" and Cd?*.

w
(=

o

pH. A principal parameter for the assessment of the behavior of adsorbent—
—adsorbate is evaluation of the effect that changing pH confers onto adsorption.
This was carried out from pH value 2 to 6. Fig. 5 is the plot between pH and
percentage adsorption of Cu?* and Cd?" using pulverized seashells. The plots
show that the metal ions uptake was very low at pH 2 but biosorption capacity
increased till pH 5.0 and was constant after that, till pH 6.0 for both metals ions.
The lower biosorption capacities were found in intense acidic pH ranges for both
metal ions, reason being the protonation of the active places of the biosorbent in
acidic media, therefore, decrease in metal ions biosorption was observed.2!
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! Fig. 5. Effect of initial pH on adsorption of
pH Cu?* and Cd?".

Adsorbent dose. Fig. 6 is the plot of adsorbent dose, g L~!, and percentage
adsorption of Cu?* and Cd2" using pulverized seashells. The plot shows that inc-
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£40 ]
2
20 1
0 02 04 0.6 0.8 ,  Fig. 6. Effect of adsorbent dose, on ads-
Adsorbent dose, g L! orption of Cu?" and Cd?".
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rease in adsorbent dose from 0.2-1.0 g L~! led to increase in biosorption effi-
ciency, however, increase in adsorbent dose after 0.4 g L~! resulted in the decline
in biosorption efficiency, this is due to the unsaturation of biosorption sites, par-
ticle interfaces, i.e., accumulation and rarer energetic places at greater biosorbent
doses.2

Biosorption isotherm models
The values obtained from calculating the equations (Egs. (3—8)) are shown in
Table I.

TABLE I. Langmuir, Freundlich, Temkin and Dubinin—Radushkevich isotherm models for the
biosorption of Cu?* and Cd?" using Mactra aequisulcata seashells

Model Parameter Cu?* Cd**
ode Goxp/ Mg £! 59.57 38.12
Langmuir isotherm R? 0.960 0.976
Gea / Mg g’} 59.98 40.14
by /L mg! 0.227 037
Freundlich isotherm R? 0.864 0.801
K¢/ mg gt (L mgh)n 19.04 16.85
n 3.69 4.86
Temkin isotherm R2 0.900 0.886
A7/ L g 225 7.76
B/ J mol! 231.22 286.56
Dubinin—Radushkevich R 0.850 0.866
isotherm Gea/ Mg gt 46.00 36.10
Kpg / mol? kJ2 1x10° 4x107

Whereas, the biosorption isotherms are presented in Figs. 7 and 8 for Cu2*
and Cd2*. The equilibrium statistics were more suited to the Langmuir isotherm
when compared to Freundlich, Temkin and Dubinin—Radushkevich isotherm

60.0
50.0
= 40.0
af)
5
~ 30.0
=
¢ 9. ~-&-- Langmuir - -~ Freundlich
200
L0l —-&-— Temkin —e-D-R
0.0 T T . T T - - |
0 10 20 30 40 50 60 70 80
C./mgL!

Fig. 7. Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models for Cu?"
on seashell (Mactra aequisulcata) powder.
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since the regression coefficient, R? values for Cu?* and Cd2* acquired by the
Langmuir isotherm model were greater than other isotherm models, indicating
monolayer adsorption and chemisorption.? The experimental g values were
observed as 59.98 and 40.14 mg g1 for Cu?* and Cd?", respectively, according
to the Langmuir isotherm model (Table ). These values were close with the bio-
sorption capacities as calculated by Eq. (1) and found as 59.57 and 38.12 mg g !
for Cu2* and Cd2*, respectively. The Ry results were found to be 0.042 for CuZ*
and 0.027 for Cd2*. The Ry values of over 0 and less than 1, for both metals ions,
signify the favourability of biosorption process and Langmuir isotherm model.!2

40,00 4
2300
‘E
=

20.0 1 o de w3 Langmuir - -0 - Freundlich

10.00 4

---a--- Temkin —e-D-R
0.0 T T T T T T . .
0 10 20 30 40 50 60 70 80
C./mg L'

Fig. 8. Langmuir, Freundlich, Temkin and Dubinin—-Radushkevich isotherm models for Cd?"
on seashell (Mactra aequisulcata) powder.

Biosorption kinetics

The biosorption rate is an essential factor to assess its reaction route. The
adsorption data were assessed with the kinetic models using their respective
equations (Egs. (9) and (10)). The coefficients of correlation and calculated para-
meters are illustrated in Table II. The data (Table II) showed that pseudo-first
order kinetic model described the adsorption processes for Cu?* and Cd?" better
than the pseudo-second order model. The R? values of the pseudo-first order
model were 0.961 and 0.970 and k; values were 0.160 and 0.08 min~! corres-
ponding to Cu?* and Cd2*, respectively. The small values of k| for both metals
ions refer to readily occupied adsorbent sites. The kinetic pseudo-first order
model proposes fast adsorption in the initial stage and limiting step afterwards,
referring to chemisorption. The metal ions uptake was rapid in the first 20 min
for Cu?* and 30 min for Cd?" due to their high concentrations, the process
slowed down gradually, since the precipitation involves nucleation and the
growth of crystals on the adsorbent sites that were less available than before; a
limiting step, due to rearrangement of atoms and bonds.2! The gpax values were
also in accordance with pseudo-first order kinetic model deduced ¢, values, i.e.,
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59.86 and 39.54 mg g! for Cu2* and Cd?* and the R? values for the pseudo-
-order model being 0.820 and 0.911 for Cu2* and Cd2", respectively.

TABLE II. Kinetic parameters of Cu** and Cd** using Mactra aequisulcata seashells

Kineti del Parameter Cu?* Cd**
inetic mode Gop /Mg L 59.57 38.12
Pseudo-first order R2 0.961 0.970
ky / min-! 0.160 0.08

Geal/ Mg g’} 59.86 39.54

Pseudo-second order R? 0.820 0.911
k> / g mg! min’! 0.005 0.002

Geal/ Mg g’! 64.46 47.74

Biosorption thermodynamics

The thermodynamic results of the biosorption are accessible in Table III.
The negative values of AG values illustrating the spontaneity and feasibility of
biosorption process.2? The attraction of the adsorbate towards the biosorbent is
evaluated by K, values and the maximum values for each ion were found at 303
K. Hence, all biosorption process were accomplished at this condition. The AG
statistics raised with enhanced temperatures, demonstrating the prompt and more
spontaneous biosorption process at lower temperatures. The AH values were
—9.77 and —5.18 kJ mol-! for Cu2" and Cd2*, respectively. The negative results
showing that the biosorption was exothermic, at 303—323 K. The negative values
of entropy showing a reduction in the disorderliness in ions biosorbed on the
biosorbent in the solution. Accordingly, there were no further accessible ions
contributing to the entropy in the solution.2

TABLE III. Thermodynamic parameters at different temperatures for the biosorption of Cu?*
and Cd2" using Mactra aequisulcata seashells

T/K
Ton 303 308 313 318 323 AH/kImol'!  AS/kJ mol! K-!
AG / kJ mol!
Cu?* -339 327 317 -3.06 297 -9.77 -0.02
Ccd* -1.74 -170 -1.64 -1.60 -1.50 -5.18 -0.01

Table IV illustrates the biosorption capacities of similar genre of biosor-
bents. The table also shows that the used biosorbent has the potential to be used
as an efficient biosorbent due to its relatively better biosorption capacities.

CONCLUSION

This study intends to gauge intrinsic efficacy of the seashells for its diverse
application. The easily found indigenous seashell, Mactra Aequisulcata of class
Bivalvia was selected and successfully employed as a biosorbent to remove Cu2*
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TABLE IV. An overview of biosorption capacities of different biosorbents of similar class.

Adsorbent Material/polymorph g./mg gl Reference
Cu2t
Anadara inaequivalvis shells Aragonite (CaCO3) 330.2 2
Mactra aequisulcata shells Aragonite (CaCO3) 59.60 This study
Chinonecetes opilio (crab shell) Protein, ash, lipid and chitin 55.90 2
Bivalve mollusc shells CaCOy 38.93 24
Arca shell Biomass 17.64 %
Cdz+
Apple snail shell Aragonite (CaCOs) 81.3 18
Mactra aequisulcata shells Aragonite (CaCO3) 38.1 This study
Mussel shells Aragonite (CaCOj3) 28.6 9
Corbicula fluminea shell Aragonite (CaCO3) 4.03 26
Crab shell CaCO4 3.43 27
Opyster shell CaCO;, 342 28

and Cd?" from aqueous phase. The maximum biosorption capacities were 59.6
and 38.1 mg g ! at pH 5.0 for Cu?* and Cd2*, respectively. The acquired equi-
librium data were best fitted with the Langmuir isotherm model. The biosorption
showed spontaneity, followed pseudo-first order kinetics and was exothermic in
nature. The kinetic study revealed quick uptake equilibrium at 20 and 30 min for
Cu?* and Cd%™, respectively. Surface precipitation was deemed to be the primary
adsorption mechanism. In conclusion, M. aequisulcata shells have the potential
of a proficient biosorbent for the Cu2™ and Cd?* removal from aqueous phase.
Consequently, it can be used as economically and ecologically sutable biosorbent
for heavy metals removal with reasonable biosorption capacity and abundance at
industrial level.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.

U3BOJ
[MOY3OAH ITPUCTVYII YKIIABARY JOHA BAKPA (I1) U KAODMHWJYMA (1I) U3 BOOEHHUX
PACTBOPA KOPUIITRELEM AYTOXTOHMUX IIKOJbKHU Mactra aequisulcata

SYED MUHAMMAD REHAN ULLAH" ERUM ZAHIR” 1 MUHAMMAD ASIF ASGHAR?

1Department of Chemical Oceanography & Marine Environment, National Institute of Oceanography, St-47,
Block-1 Clifton, Karachi—75600, Sindh—74200, Pakistan, “Department of Chemistry, University of Karachi,
Karachi-75270, Sindh—74200, Pakistan u *Food and Feed Safety Laboratory, Food and Marine Resources
Research Centre, PCSIR Laboratories Complex, Shahrah-e-Salimuzzaman Siddiqui, Off University Road,
Karachi-75280, Sindh—74200, Pakistan

Cupose 1mKkosbke Mactra aequisulcata, xiace Bivalvia n Bpcre Mollusca kopuirhere cy
Kao ajfcopdeHc 3a ykiamwame MeTaaHux joHa Oakpa (II) u xagmujyma (II) u3 BomeHor pac-
TBOpa. Kapakrepusauuja mymrypa usspuieHa je nomohy FTIR, EDX u SEM mertone, kao u
BET-u30Tepme ¥ Tauke HyJITOT HaelekTpucawa (pHezc). U3BeleHH Cy IapKHU eKCIIEPUMEHTH
3a IMpoleHy pasnuuuTux (akropa Ha edukacHocT Suocopmuuje. MakcumManHa amcopmiyja
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oba MeTanHa joHa HaheHa je mpu mosm amcopbenca on 0,4 g L1, mpu pH 5 u 303 K. Maxkcu-
MaJlH{ KamauuTeT Suocopniuje 3a Cu?t u Cd2+* 6uo je 59,57 u 38,12 mg ¢!, pemom. YTBp-
heno je na ce Mmoznen JIeHTMHUpOBe H30TepMe N0Ka3ao Kao HajIpUKIafHUjH 3a JoOHjeHe paBHO-
Te)xHe nojaTke. TepMOAMHAMUUKM M KMHETHUUKM IlapaMeTpU IOKas3aau Cy fAa je Npouec
W3BOIJBUB, €T30TEPMaH U Jia IIpaTH ICeyNo-TPBH pex.

(ITpumsseno 28. nenembpa 2020, pesupupaHo 22. MapTa, mpuxsaheHo 4. anpuna 2021)
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Fig. S-1. Point of zero charge of Mactra aequisulcata seashell powder.
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Fig. S-2. Pseudo-first order and Pseudo-second order plots of Cu?" metal ions on seashell
(Mactra aequisulcata) powder.
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Fig. S-3. Pseudo-first order and Pseudo-second order plots of Cd** metal ions on seashell
(Mactra aequisulcata) powder.

} .Cu2+
d ACd2+
2.0 4 l/}/k/l/i
N ]
=15
10 ———— . . .

3.05 3.10 3.15 3.20 3.25 3.30
71/103 K1
Fig. S-4. Thermodynamic equilibrium constant, K., and inverse temperature, T-! / 10-3 K-!, for
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