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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Short communications (up to 8 pages) report unpublished preliminary results of sufficient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Notes (up to 5 pages) report unpublished results of short, but complete, original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.
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Understanding bioplastic materials — Current state and trends
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Abstract: Plastic pollution is now considered one of the largest environmental
threats facing humans and animals globally. Development of bioplastic mater-
ials may offer part of the solution as bioplastics include both nondegradable
and biodegradable materials with both being important for sustainability. Bio-
plastic materials are currently being designed to encompass minimal carbon
footprint, high recycling value and complete biodegradability. This review
examines recent developments and trends in the field of bioplastic materials. A
range of the most utilized bioplastic materials is presented (poly(lactic acid)
(PLA), polyhydroxyalkanoate (PHA), starch, cellulose, bio-based poly(butyl-
ene succinate) (bio-PBS) and bio-polyethylene (bio-PE)) including their pro-
duction, application and degradation options.

Keywords: bioplastics; biopolymers; biodegradation; poly(lactic acid); sustain-
ability polyhydroxyalkanoates.
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1. INTRODUCTION

“Plastics” as synthetic polymers were introduced about 100 years ago and
today they are one of the most produced, used, and versatile materials.! Never-
theless, their biggest advantage, namely durability, turned out to be their biggest
problem, as their degradation rate does not match their intended service life and
so their build-up in the environment is inevitable. Environmental pollution from
plastic is a vast issue, given that in 2018 alone the worldwide production of
plastics from fossil resources reached almost 360 million tons, while in Europe it
reached 62 million tones.? This translates that each person consumes 50 kg of
plastic per year in the European Union and 68 kg per year in the United States.3
Approximately half of the synthetic polymers are used in single-use or short-
lived products, which mostly end up on landfills and in oceans, where they
become fragmented over time into ‘microplastics’ that harm and kill various org-
anisms, finally ending up on our plates.4 In January 2018, the EU released its vis-
ion for a more sustainable plastics industry to be achieved by 2030. The new
plastics strategy states that 100 % of plastics should either be reusable or
recyclable by 2030.2

Environmental concerns over plastic pollution coupled with a growing deb-
ate over crude oil dependence and depletion have sparked and fuelled interest in
bioplastics. Bioplastics include both nondegradable and biodegradable plastics
(Fig. 1) and both are important for sustainable solutions. The production and use
of bioplastics are generally regarded as more sustainable activities when com-
pared with plastic production from petroleum (petrochemical plastics; petroplas-
tics) because they rely less on fossil fuels as the carbon source. They also intro-
duce fewer, net-new greenhouse emissions if they biodegrade.> Bioplastics also
significantly reduce hazardous waste caused by oil-derived plastics. However,
the manufacture of bioplastic materials is still often reliant on petroleum as a
source of energy and materials.67

1.1. Bioplastics — definitions

The term “bioplastic” is often used by the public and in scientific literature.
However, the term “bioplastic” refers to either to the bio-based origin of the plas-
tic or the biodegradable character of the plastic. These two aspects of plastic are
not synonymous, and therefore, the term ‘bioplastic’ is confusing. In this review,
a clear distinction is made between bio-based and biodegradable plastics (Fig. 1).
According to the International Union of Pure and Applied Chemistry (IUPAC), a
bioplastic is derived from ‘‘biomass or monomers derived from biomass and which,
at some stage in its processing into finished products, can be shaped by flow’’.8

It is also important to make the distinction between degradable, biodegrad-
able and compostable. These terms are often incorrectly used interchangeably.
Degradable plastic is a plastic that will undergo some significant structural
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change in some definite environment. The “environment” may as well be an ind-
ustrial process instead of some naturally occurring microbial one. According to
the IUPAC, biodegradable polymers are defined as “polymers, susceptible to
degradation by biological activity, with the degradation accompanied by a lower-
ing of its mass”.” Some other definitions require a biodegradable material to be
mineralized into carbon dioxide, water, and biomass during biodegradation (stan-
dard CEN/TR 15351:2006).10

Petrochemical Partialy bio-based Bio-based

bio-based
plastics made at least
partly from biological
matter

Non-biodegradable

biodegradable
plastics that can be

{| completely broken down
by microorganisms in a
reasonable timeframe,
given specific conditions

PCL, PBAT,
PBS(A)
Biodegradable Starch blends

Fig. 1. Not all bio-based plastics are biodegradable, and not all biodegradable plastics are
bio-based. PE=polyethylene; PP=polypropylene; PET=poly(ethylene terephthalate);
PS=polystyrene; PVC=poly(vinyl chloride); PTT=poly(1,3-propylene terephthalate);

PCL=poly(caprolactone); PBAT= poly(butylene adipate terephthalate); PBS(A)=
=poly(butylene succinate(adipate)); PLA=polylactide; PHA=polyhydoxyalkanoate.

Compostable plastic is a plastic “capable of undergoing biological decompo-
sition in a compost site as part of an available program, such that the plastic is
not visually distinguishable and breaks down to carbon dioxide, water, inorganic
compounds, and biomass, at a rate consistent with known compostable materials
(e.g., cellulose) and leaves no toxic residue...” defined by the American Society
for Testing and Materials.!! Unfortunately, the term “biodegradable plastic” has
also been used by producers of specially modified petrochemical-based plastics
that appear to biodegrade. This is the case with the plastics to which a degrad-
ation initiator has been added to achieve a controlled UV/oxidation disintegration
process. This type of plastic may be referred to as degradable plastic or oxy-deg-
radable plastic or photodegradable plastic as the process is not initiated by mic-
robial action. However, plastic bag manufacturers often misrepresent the degrad-
ability of their products by misleading the use of the terms biodegradable or com-
postable. It has been shown that even biodegradable plastics might not biodeg-
rade in every environment.12
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1.2. Historic perspective of bioplastics

Natural plastic materials (plant gum, shellac, starch) have been used for
thousands of years.! The first plastics in the modern sense were celluloid and
cellophane and they were bio-based. Cellophane, commercialized in 1912, is still
in use today.!3 In the early 1950s, amylomaize (>50 % amylose content corn)
was successfully bred and commercial bioplastics applications started to be exp-
lored. Modern bioplastics started emerging in the 1980s when the environmental
effects of plastic waste became obvious. The first bioplastics were blends of
starch with conventional polymers so that certain biodegradability and the use of
natural feedstock were partly achieved.

In 1982, Biopol (poly(hydroxybutyrate), PHB) was introduced as the first
fully biodegradable plastic, but costing nearly 20 times its non-biodegradable
competitors. In 2004, NEC developed a flame-retardant plastic, poly(lactic acid)
(PLA), without the employment of halogens and phosphorus compounds. In
2005, Fujitsu became one of the first technology companies to make personal
computer cases from bioplastics, which were featured in their FMV-BIBLO
NB8OK line. In 2007, Braskem of Brazil announced it had developed a route to
manufacture high-density polyethylene (HDPE) using ethylene derived from
sugar cane.l-14

There are three ways to produce bioplastics that include: i) using natural bio-
-based polymers such as starch with partial modifications to meet the require-
ments; ii) producing monomers by fermentation followed by polymerization
(PLA, poly(butylene succinate) (PBS), bio-based polyethylene, bio-PE); iii) pro-
ducing them by bacteria directly (polyhydroxyalkanoates, PHAs).!5 The first
generation technologies focused on feedstock such as corn, starch, or rice to
produce bioplastics, which were deemed unacceptable in the food vs. fuel debate,
so the focus shifted towards various waste streams from wood and paper as well
as food industries or to third generations from micro-algae, marine bacteria, sew-
age sludge).!5-17

In the last decade, the production of bioplastics has been accelerated and
reached substitution alternatives for major petrochemical plastics (Table I).

TABLE 1. Bioplastics alternatives for major petrochemical plastics; source: Chemical Market
Resources Inc.; substitution potential: +++ - high; ++ - medium; + - low; — - not foreseen

Bioplastic LDPE*  HDPE® PP? PS? PV(C? PET? PUR®
PLA® + ++ ++ ++ - ++ -
PHA? ++ +++ +++ ++ + ++ ++
Starch blends ++ ++ ++ + - ++ -
Bio-PE -+ +++ - — _ _ _

4L DPE = low-density polyethylene; HDPE = high-density polyethylene; PS = polystyrene; PP = polypropylene;
PVC =poly(vinyl chloride); PET = poly(ethylene terephthalate); PUR = polyurethane; PLA = polylactide;
PHA = polyhydoxyalkanoate
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In most cases, they exhibit similar properties and can even exceed the per-
formances of conventional plastics: e.g., PLA can replace fossil-based polystyr-
ene (PS), and can be modified to replace conventional PE or polypropylene (PP);
PHA can gradually substitute PP and low-density polyethylene (LDPE) with sim-
ilar physicochemical, thermal, and mechanical properties; poly(hydroxybutyrate)
(PHB) possesses better physical properties than PP for food packaging applic-
ations and is completely nontoxic. In addition, bio-based polyesters have the pot-
ential to avoid the release of micro-plastics if they are formulated to be biodeg-
radable or compostable. On the other hand, the cost of bioplastics is currently
still not competitive with that of petroplastics. Bioplastics do not yet reach fossil
fuel parity of fossil fuel-derived energy for their manufacture, reducing the cost
advantage over petroleum-based plastics.?

2. DESCRIPTION OF IMPORTANT BIOPLASTICS

Bioplastics contribute less than one percent to the overall plastics product-
ion, but the market is growing. About half (44.5 % in 2019) of all bioplastics on
the market are bio-based and not biodegradable (Fig. 2). Bio-PE, bio-based PET
(bio-PET) and bio-based PTT (bio-PTT) account for the majority of these so-
-called drop-in materials. They are more or less equivalent to their fossil-based
counterparts, so they are very convenient for the industry. Producers and recyc-
lers can drop them into their existing infrastructure, however, they cause the
same kind of pollution as petrochemical plastics. Besides PLA, which accounts
for 14 % of the global production capacity for bioplastics (biodegradable and
non-biodegradable), mainly starch blends (21 %), other biodegradable polyesters
including PBS (4 %) and PHAs (1 %) are produced on the industrial scale (Fig. 2).

Biodegradable
55.5%

Other bio-
based
14%

Total:
2.110,000
tonnes

P Fig. 2. Global production capacities of bio-
non-biodegradable : plastics in 2019 (data adapted from Euro-
o pean Bioplastics!®).

Five commercial bioplastics have been chosen for this review based on the
volume of their production and the wide range of applications that they cover
(Table II).
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2.1. Poly(lactic acid) (PLA)

PLA is a biobased and biodegradable aliphatic polyester that represented
13.9 % of global bioplastic production capacities in 2019 (Fig. 229). Lactic acid
(2-hydroxy propionic acid) is the basic monomer of PLA produced either by bac-
terial fermentation of basic carbohydrates or by chemical synthesis. Industrial
lactic acid producers, such as NatureWorks and Total Corbion, utilize the lactic
fermentation process rather than synthesis.2! The use of corn starch, cassava
roots, sugar cane, or potato as the carbohydrate source makes the industrial pro-
cess of lactic acid production sustainable and renewable.22 PLA is one of the
most efficient biopolymers, yielding 1 kg of polymer from 1.6 kg of the fer-
mented amount of carbohydrate feedstock, while other biopolymers require 2—3
times more feedstock for production. PLA and PLA-blends generally come in the
form of granulates with various properties and are used in the plastics processing
industry for the production of foil, moulds, cups, bottles and mulch films used in
agricultural fields. On the other hand, due to the relatively low glass transition
temperature of PLA, PLA cups cannot hold hot liquids, so much research is
devoted to the development of a heat resistant PLA. Additional research is also
ongoing to find even more eco-friendly and economical methods for producing
lactic acid by using crop residues, such as stems, straw, husks, and leaves as car-
bohydrate sources.23 Lactic acid can be used to produce PLA of variable mole-
cular weights, however, usually, only high Mw PLA has major commercial value
in various industries.

There are three routes for PLA production:

1) direct condensation polymerization: esterification of lactic acid mono-
mers and free water removal using progressive vacuum and high temperatures,
resulting in a less-desired low Mw PLA;

2) direct polycondensation in an azeotropic solution: PLA production by
direct condensation and continuous removal of condensation water by azeotropic
distillation;

3) polymerization through lactide formation (ring-opening method): indus-
trially accomplished for high Mw PLA production using lactide as an inter-
mediate state. This process results in a metal catalyst combining with a lactide to
form larger PLA molecules.

PLA has versatile applications in the food-packing industry, medical and
cosmetics industry, textile industry, structural applications and 3D printing
(Table II). The global PLA market was valued at USD 673.88 million in 2018
and it is estimated that it will generate a net revenue of approximately USD
2277.57 million by 2027. The PLA market is dominated by 1-5 major players,
i.e., NatureWorks, Total Corbion, Synbra Technology BV, Futerro and Sulzer
Ltd., with NatureWorks and Total Corbion being the major producers, with a
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capacity of 1.5x105 and 0.75x10° metric t per year, respectively (Table S-I of the
Supplementary material paper to this paper).24

In the past 10 years, the vast majority of patents regarding PLA production
are related to methods of processing PLA into materials for specific applications,
such as 3D printing wires, fibbers, sheets, etc., or the modification of available
PLA in order to improve the properties (CN108705753A, CN106738783A,
CN104138310A, US2015337097A1 and CN104356365A). When it comes to
patents concerning the production of raw material, they are mainly focused on
methods of obtaining high molecular weight PLA (US9023953B2, US9062006B2
and CN106750199A). Additionally, two patents should be emphasized since they
deal with the production of lactic acid using agricultural feedstock and sideline
products, thus making PLA production process ecologically and environmentally
even more viable (US7507561B2, CN104592500A).

As mentioned, PLA has some significant shortcomings, such as low melt
strength, poor processability, high brittleness, low toughness, and slow biodeg-
radation rate, which hamper specific PLA applications.25 Therefore, PLA is often
blended/combined with a range of different polymers, additives, and fillers in
order to improve material properties, reduce costs and open up new opportunities
for PLA application.26 Some of the most studied PLA blends with other poly-
mers are listed below:

e The development of PLA blends with biobased and biodegradable ther-
moplastic starch (TPS) is of great interest for food packaging applications and
could also be considered in biomedical applications, due to achieved improve-
ments in toughness;2’

e Addition of biobased and biodegradable PHB to PLA enhances its crys-
tallinity, which is important for food packaging applications in order to increase
the barrier performance of PLA based materials;28

e PLA blends with biodegradable PCL have improved ductility and tough-
ness compared to neat PLA, and increased tensile strength compared to neat
PCL, and as such, they are utilized in tissue engineering and grafts, as well as in
packaging applications with easy-open peelable feature;2°

e PLA and biodegradable PBS blends exhibit ductile behaviour with gra-
dual losses of strength and modulus during biodegradation, so they have potential
in food packaging applications. In addition, PBS/PLA blends have excellent
mechanical properties and suitability as materials for 3D printing;30-31

e PLA and synthetic, non-degradable PEG blends have decreased visco-
elasticity, and increased hydrophilicity and degradation rate, and often are used
for drug delivery and scaffolds. Recently, 3D-printed scaffolds have also been
produced using PLA/PEG blends.32

Recycling, as one of the possible disposal routes for plastic, has been exten-
sively studied on PLA. Currently, only 10 % of PLA waste is returned to the
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PLA production process.33 PLA can undergo mechanical or chemical recycling.
An easy and the cost-effective way to recycle post-consumer PLA is mechanical
recycling, which involves recovering, sorting, regrinding, and reprocessing the
waste plastic, has become common practice in the industry.34 However, this
method has limitations affecting the PLA quality, thus limiting the range of pro-
ducts in which it could be used, and reducing the economic viability.35 An alter-
native is chemical recycling, during which PLA is hydrolyzed at a high tempe-
rature to yield lactic acid, which could be readily polymerized to high Mw PLA.
NatureWorks is an example of successful off-grade Ingeo™ recycling using a
chemical method, while Galactic started a pilot unit to produce recycled PLA
using a chemical recycling process (Loopla). However, chemical recycling is still
a complex and expensive process. Although PLA is potentially recyclable, no
separate recycling stream for PLA yet exists.3¢ The presence of PLA in the
current plastic recycling infrastructure, even at low concentrations, causes cont-
amination of the recycling stream and production of inferior recycled material.
Thus, it is crucial to remove PLA from other plastics and to establish single
streams for materials such as PLA in order to recycle them. In addition, PLA is
assigned the Resin Identification Code (RIC) number “7-OTHER” (ASTM D7611),
with several other, rather new, polymers, and that is not considered accurate for
the identification and (pre)sorting of PLA from a waste mixture.3>

Another end-life scenario for PLA and the natural way of recycling is bio-
degradation. Numerous literature data deal with PLA degradability in soil and
compost. The majority of these studies used industrially produced PLA for test-
ing, and polymer weight loss or molecular weight loss as methods to assess deg-
radability. PLA degradation upon disposal in the environment is very challenging
due to the resilience of PLA to the actions of microorganisms in soil or sewage
under ambient conditions.?! No significant PLA degradation was observed when
the polymer was buried in a real soil environment, or in soil under controlled
temperatures of 25 and 37 °C, even after 24 months of exposure.37-40 However,
PLA - including commercially available PLA bottles and PLA deli containers,
could be degraded in the compost after only 45—60 days, but high temperatures of
50—60 °C are required to hydrolyze the polymer into smaller molecules, which
are then degraded by microorganisms to CO, and H,O.41:42 A search of patents
from the previous decade revealed a large number of patented microorganisms
and corresponding enzymes with PLA degrading activity (Table III).

Since PLA must first be hydrolyzed at elevated temperatures to reduce the
molecular weight before biodegradation can commence,38 it is more accurate to
say that PLA is compostable, but due to a specific temperature and moisture con-
ditions necessary for proper PLA composting, the path to zero waste is complic-
ated and unattainable at this moment. In contrast to soil and compost, only a few
studies deal with PLA biodegradation in aquatic environments. Since after 10
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weeks no evidence of microbial degradation was found, the authors suggested
that marine microbes have a limited ability to degrade PLA.43:44

TABLE III. Examples of patented microorganisms for PLA degradation

Patent number Year PLA-degrading microorganism (enzymes)
CN110317762A 2019 Pseudomonas sp. LXM88/protease
WO2017198786A1 2017 -
CA2937569A1 2017 Alcanivorax borkumensis,
Rhodopseudomonas palustris /hydrolase
WO02016146540 A1 2016 Micromonospora sp./hydrolase
WO02016062695A1 2016 Actinomadura keratinilytica T16-1/hydrolase
AU2014325231A1 2016 protease
EP2483429A1 2012 Ochrobactrum sp.
CN102380180A 2012 Lentzea waywayandensis, Tritirachium album,
Amycolatopsis orientalis
CN102181378 (A) 2011 Pseudomonas sp. DS1001
JP4273504B2 2009 Aspergillus oryzae, Aspergillus soya /serine hydrase

2.2. Polyhydroxyalkanoates (PHA)

PHAs are a family of natural biodegradable polyesters, usually produced by
prokaryotes as cytoplasmatic water-insoluble storage compounds of carbon and
energy.®d

Since the discovery of the simple PHB homopolymer by Lemoigne in the
1920s, a family of over 150 different aliphatic polyesters of the same general
structure was revealed. As a result, the polymer properties demonstrated by this
family are very broad.#¢ Although their shape, size, structure, and physical pro-
perties depend on the producing organism and cultivation conditions, all poly-
esters are thermoplastic, water-insoluble, non-toxic, relatively resistant to hydro-
lytic degradation, biocompatible and biodegradable.#’” PHAs are classified into
two major subdivisions by the carbon chain length of their monomeric units:
short-chain-length-3-hydroxyalkanoates (scl-3HA) have 3—5 carbon atoms and
medium-chain-length-3-hydroxyalkanoates (mcl-3HA) with 6-16 carbon atoms.*5

PHB was the first bacterial PHA identified. The unique properties of PHAs
are recognized as better oxygen barrier than PP and PET, better water vapour
barrier (than PP), and fat/odour barrier. Such superior physicochemical properties
of PHA (e.g., in reference to PP) have promoted their usage in various fields,
including food packaging.4® However, the poor mechanical performance and
melt processing behaviour of PHB, i.e., high brittleness, low thermal stability and
difficult processing, along with insufficient barrier properties, limits its wide-
spread use. 4’

Several companies have developed PHA copolymers in order to improve the
properties of PHAs. The incorporation of secondary different hydroxy acid (HA)
monomers other than PHB, such as 3-hydroxyvalerate (3HV), 3-hydroxyhexa-
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noate (3HH), 3-hydroxypropionate (3HP) and 4-hydroxybutyrate (4HB), into the
polymer chain to form copolymers is a common strategy.4’

One of the first copolymers to be manufactured in the industry was Biopol®,
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). This copolymer is a
thermoplastic and has a melting temperature in the range of 140—180 °C. It has a
range of uses, such as packaging, shampoo bottles, disposable razors, disposable
cups, surgical stitches, surgical pins, disposable knives and forks, woven medical
patches and nappy linen.#’ The mole percentage of 3HV is important in deter-
mining the properties of the copolymer since the composition of P(3HB-co-3HV)
can range from 0 to 30 mol. % 3HV. Li et al. found better tensile strength and
Young’s modulus of P(3HB-co-3HV-co-3HHp) in comparison to P(3HB).50 The
P(3HB-co-4HB) copolymer exhibits a broad array of morphologies, such as
highly crystalline to elastomeric based on the concentration of 4HB.5!

PHB has a comparable melting temperature to PLA, and thus allows for the
blending of both polymers in their molten state.>? Blends of PHAs with natural
raw materials from sustainable resources are well discussed.53 The most common
are PHA blends with starch, lignin and cellulose derivatives.>4:55

Many years of research efforts have led to the large-scale production of PHA
and its copolymers. Procter and Gamble have developed Nodax® (Table 1I), PHA
polymer consisting of PHB and a comparatively small quantity of medium chain
length (mcl) monomers. The mcl units used include 3HH, 3-hydroxyoctanoate
(3HO) and 3-hydroxydecanoate (3HD). Tianan’s biopolymer Enmat® is a PHBV
copolymer containing about 5 % 3HV, which improves the flexibility of the
polymer. The USA based company Newlight Technologies chose methane as the
carbon source for fermentation with a planned capacity of 43,000 t per year
within the next 20 years. Other commercial PHAs are produced by Bio-on
(MINERV®), Metabolix (Mvera®, Mirel®) and PHB Industrial (BIOCYCLE®)
among other manufacturers (Table S-II). Worldwide, more than 20 companies
are known to be engaged in PHA production and applications. China, Italy, the
USA and Brazil represent the main producers of PHAs using corn, cassava, sugar
beet juice and sugarcane.50

PHA has been produced with limited success on the market mostly due to
the high production costs and instability of thermo-mechanical properties result-
ing from changing molecular weights and structures, which are related to varying
the PHA synthase activity.>’ The mechanical properties and biocompatibility of
PHA can also be changed by blending, modifying the surface or combining PHA
with other polymers, enzymes and inorganic materials, allowing a wider range of
applications.

Although 300 types of natural PHA producers have been identified, only a
few bacteria have been adopted for commercial production of PHA. Such bac-
teria, including Alcaligenes latus, Bacillus megaterium, Cupriavidus necator and
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Pseudomonas oleovorans, are found to convert different kinds of carbon sources
into PHA.#8 The main carbon sources are glucose, fructose and fatty acids, such
as lauric acid. In particular, the feedstock cost for PHA production represents half
of the overall production cost.8 An enormous number of studies have been
conducted to find low-cost feedstock for PHA production on the industrial scale.
Although food waste is a good initial feedstock for the production of bioplastics,
it must be pre-treated to improve or modify the physicochemical and biological
properties.>?

Gerngross and co-workers reported for the first time the in vitro production
of PHB.®0 This finding brought a new perspective and insight into economical
processes for the synthesis of PHAs using enzymes as a catalyst and will offer
the possibility of carrying out reactions in aqueous solution, which is a cheaper
and more environmentally benign medium. Unusual PHAs can be synthesized
from a wide range of substrates mediated by commercially available enzymes,
such as lipases and cutinases. Major disadvantages of this approach include high
consumption of organic solvents, a progressive increase of medium viscosity
over time and relatively low Mw of the obtained polymers.®! To commercialize
the enzymatic process, the production and purification costs of the enzyme need
to be reduced.®2 Today industries are still using the more robust and conventional
way to synthesize PHAs, which is microbial fermentation.

Three techniques have been investigated, including mechanical, chemical
and biological recycling.3 PHAs can be mechanically recycled with some loss of
molecular weight and mechanical properties.®* Recently, PHBV was mechanic-
ally recycled by Zaverl et al.,%5 showing that PHBV is recyclable for up to five
cycles because the reprocessing cycles did not significantly affect the mechanical
properties (tensile and flexural testing, and impact toughness). The main disadv-
antage of mechanical recycling is that it is not applicable for the collected bio-
plastics from waste, which is expected to be heterogeneous. Chemical recycling
of PHAs by thermal degradation has resulted in a transformation of PHAs into
vinyl monomers.®® Ariffin and co-workers used alkali earth compound catalysts
(CaO and Mg(OH),) to enforce smooth and selective degradation of the polymer
at a lower temperature. The obtained monomers, crotonic acid and 2-pentenoic
acid, were then used as feedstock for the production of poly (crotonic acid-co-
-acrylic acid) through copolymerization.

PHAs are an appropriate candidate for biological recycling as their biodeg-
radation can occur under both aerobic and anaerobic conditions.®7-68 Numerous
bacteria, streptomycetes, and fungi isolated from different terrestrial and aquatic
environments produce extracellular PHA depolymerases in order to hydrolyze
solid PHA into water-soluble monomers or oligomers to be used as nutrients.®?
In this sense, many scl-PHA depolymerases have been purified and characterized
in contrast to a limited number of mcl-PHA depolymerases. It is very difficult to
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compare the activities of PHB depolymerases because of the various set of con-
ditions used in the tests. Martinez-Tobon and co-workers compared the activity
of strains with proven and predicted PhaZ activity for PHB film degradation,
which helped to identify strains displaying high degradation activity. The strains
Crupriavidus sp. and Comamonas testosteroni 31A showed the highest percent-
age weight loss after 7 days, 90 and 53 %, respectively.’0 There are some exam-
ples of highly tolerant enzymes in harsh conditions such as PhaZs depolymerases
from C. testosteroni YM1004, Schlegelella sp. KB1a, Schlegelella thermodepoly-
merans, Streptomyces sp. IN1 and Thermus thermophilus HBS. These biocatal-
ysts could be employed in the degradation of polymers from industrial wastes
that may require high pH and/or temperatures since polymer solubility is inc-
reased and microbial contamination is reduced.”!

Several factors can influence the time needed for total biodegradation, inc-
luding polymer characteristics, surrounding conditions, and the type of degrading
organisms. The “real-life tests” separate composting, soil burial and field-test-
ing.%8 In a study by Hablot et al., the degradation of PLA/PHA non-woven
mulches was performed using simulated weathering. At 63 °C, the repetition of
UV irradiation and the water spray system promoted the degradation of the
PLA/PHA blend and molecular weight loss of 90 % was achieved after 180
days.”? When the PHB films were immersed in the sea at a depth of 1.5 m, their
weight loss after 4 weeks was about 90 %. On the contrary, the biodegradation in
seawater by the laboratory test method for 4 weeks was around 50 %.73 Biodeg-
radation tests performed in artificial environments lack transferability to real con-
ditions and, therefore, there is the necessity of environmentally authentic and rel-
evant field-testing conditions.

In the patent base for the last 10 years, a great number of innovations related
to the advancement of the PHA production process have been described (Table
S-III). Many inventions are focused on downstream feedstock costs
(W02014032633A1, US20190360008A1). The microbial production of PHA
copolymers from two raw materials (sugar cane and sugar beet) containing suc-
rose is disclosed (EP2780461A1). Isolation of new PHA-producing microorg-
anisms and genetic modification of existing ones is also the purpose of many
inventions. In W02012149162, the organisms are engineered to efficiently util-
ize ethanol (or in some cases xylose) as the carbon source to produce a range of
PHA copolymers in a cost-effective yield.

The process of producing monomers from PHA by depolymerisation is the
focus of many inventions (CN104328062A, W02016085396A1). A method for
efficiently decomposing PHA and converting it to biogas containing methane as
the main component, particularly under anaerobic conditions, was disclosed by
Kaneka (WO2015122190A1). Additionally, major PHA producers disclosed sev-
eral patents related to the improvement of the production process, processing,
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and functional modification of PHAs (US2017369908A1, W02018021046A1,
and US2020109423A1).
2.3. Starch and cellulose

The interest in polysaccharides as biomaterials has been increasing con-
tinuously during the past decade owing to their applications in pharmaceuticals,
biomedical use, food supplements, and cosmetics. The fact that these polymers,
such as cellulose and starch, are extracted from natural resources has led to the
impression of good biocompatibility and biodegradability.”4

Starch is a well-known, versatile, inexpensive and primary energy reserve
polysaccharide in plants. Generally, the native starch isolated from different
plants tends to have limited shear resistance, thermal resistance, thermal decom-
position, and a high tendency toward retrogradation. Additionally, starch dis-
solves in the aqueous media, and it shows low mechanical and shapes stabilities
in liquids. To overcome these limitations, starch can be combined with stable,
synthetic, thermoplastic polymers.”> For example, pairing starch with PCL
resulted in improved processability of starch, reduced high stiffness, and over-
come high moisture sensitivity of starch, which is one of the greatest weaknesses
of starch as a biomaterial. On the other hand, starch improves the biodegrad-
ability of PCL and, as the cheapest biomaterial on the planet, starch can sub-
stantially lower the high cost of the final product.’%.77 Development of starch
blending techniques tends to be more interesting while potential applications are
extensive and they can be able to substitute an older material that exhibits the
same properties. Among its tissue-engineering applications, starch is most famous
for its use in generating scaffolds for bone regeneration due to its bone-bonding
behaviour when reinforced with hydroxyapatite, good mechanical properties,
non-cytotoxic and biocompatible nature, excellent support for cell adhesion, and
thermoplastic behaviour when combined with thermoplastic polymers.78,79

The plant material is grounded in water, the debris is filtered from the slurry,
and starch granules are obtained after centrifugation from the suspension.80 The
content of amylose and amylopectin in starch varies and largely depends on the
starch source. Typically, the amylose content is between 18-28 %. The ratio of
amylose and amylopectin in the starch may affect starch behaviour during pro-
cessing and the properties of the end product. As the amylose content increases,
the crystallinity of starch-based products increases as well, resulting in texture
firming.8! Several techniques may be applied to develop starch-based biomat-
erials with improved properties: thermoplasticization, cross-linking, esterification
and blending with different polymers.

Most of the starch produced worldwide is derived from corn but other types,
such as cassava, sweet potato, potato and wheat starch, are also produced in large
amounts.82 Italy-based Novamont is a manufacturer of starch-based plastic called
Mater-Bi used to make BioBag branded certified compostable bags (Table II).
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BioBag® is the world’s largest brand of certified compostable bags and films
made from Mater-Bi. SpudWare® was one of the first bioplastic starch-based cut-
leries brought to the market. It stood out for its ability to withstand high heat.
BioMass Packaging® uses TSP to manufacture water-soluble packing (http://
//www.biomasspackaging.com/education/bioplastics/). Some fishing hooks are
also made from starch-based polymers. Since corn starch can absorb 1000 times
its weight in moisture, it is used for disposable diapers (TethisT™™), fuel filters to
remove water (Super Absorbent Co.), and as a treatment for burns (Sonett).83

Cellulose is the most abundant renewable resource on the planet and the
major structural component in plant cell walls. Besides plants, some species of
bacteria and algae produce cellulose. In general, cellulose, regardless of the
source, is a highly crystalline and high molecular weight biopolymer and is, usu-
ally, fibrous, tough and hydrophilic but insoluble in water and other common
solvents. The chemical structure of cellulose makes it suitable to form hydrogels,
which are used in tissue engineering, cartilage modelling, bone implantation, cell
culture scaffolds, enhanced drug delivery, heavy metal absorbance and for ret-
aining soil water and efficient fertilizer release for agricultural efficiency. Due to
its abundance, cellulose can serve as a virtually inexhaustible source of raw mat-
erial in the production of sustainable bioproducts.84-85 Nanocomposites of cellu-
lose have revolutionized the medical field and are being used in tissue engine-
ering, ligament engineering and wound healing. In addition, cellulose-based etha-
nol production helps to reduce the pressure on conventional energy sources.86.87
As its anhydroglucopyranose unit contains reactive hydroxyl groups, cellulose
has potential use in the design of advanced polymeric materials. So far, most of
the industrial modifications of cellulose to improve its properties have been cel-
lulose esters, ethers and graft copolymers, obtained by exchange of the hydroxyl
groups of the cellulose molecules.88

Cellulose can be produced by two means: natural synthesis procedures inc-
luding plant photosynthesis and microbial synthesis.89 Cellulose is present in
small quantities in all brown algae, and most of red and golden algae. The most
effective producers of bacterial cellulose (BC) are 4. xylinum, A. hansenii and A.
pasteurianus.?0-92 BC is chemically pure, free of lignin, hemicellulose and pec-
tin. Current methods of BC production include static culture, submerged ferment-
ation through aerated or agitated cultivation and airlift bioreactors.”3 In static
cultures, BC is formed at the liquid—air interface as hydrogel-like membranes,
with thickness from millimetres to centimetres. The microfibrillar structure of
BC is responsible for most of its properties, such as high tensile strength, high
crystallinity index and higher degree of polymerization.?49> The modification of
BC can be performed during its biogenesis by the introduction of different sub-
stances into the BC-producing growth medium or by modification of bacterial
cells. The other approaches for modification of cellulose (plant or bacterial) inc-
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lude the use of physical factors, such as ultrasound irradiation (or sonication),
static magnetic field (SMF), or rotating magnetic field (RMF) exposure. BC can
be modified by cultivation with an AgNO3 solution, which results with the BC
membrane containing silver nanoparticles. The new properties of BC can also be
achieved by incorporating reinforcing particles into the membrane structure.?6-97

It is challenging to estimate the time that cellulosic material will be available
to microbial degradation because of the limited number of microbial organisms
able to degrade solid cellulose and due to different crystalline forms of cellulose.
As a result, microbial degradation of solid cellulose can often be the rate-limiting
step. The deconstruction of cellulose contained in the plant cell wall requires the
action of specific enzymes able to release degradation products from this sub-
strate.”8 Enzymatic degradation of cellulose is generally performed by hydro-
lases. Biodegradation of cellulose wastes by fungal or bacterial enzymatic acti-
vities represents a large area of research experiments concerning the influence of
different physical and biochemical factors.%?

NatureFlex™ by Futamura (Japan) is a major source of renewable cello-
phane film (natural biopolymer made of cellulose from plants). Nature Flex bags
generally degrade in several weeks in a home compost pile or a commercial com-
post facility. BioMass Packaging carries cellophane products made with Nature
Works LLC, a 100 % cellulose biopolymer with excellent oxygen, grease, oil and
moisture barrier characteristics. They are used as packaging films for bakery pro-
duct wraps, other food wraps, and food-grade transparent bags. Bioprocess®,
XCell® and Biofill® are bacterial cellulose-based products already available
commercially for topical application in wound healing,100 http://www.biomass-
packaging.com/education/bioplastics/). BC is extensively used in the food ind-
ustry, packaging and acoustic diaphragms for audio speakers and headphones.
Large surface area and great absorbance properties enable the use of very low BC
concentrations/amounts to form excellent binding, thickening and coating agents.
Papers that are coated with BC are extremely strong and smooth as the coating
protects the underlying fibres from moisture.!01

The biodegradation of starch-based materials depends on the starch pro-
cessing method used as well as on the biodegradability of other components. The
main elements in biodegradability testing are the incubation of the sample under
conditions conducive to microbial attack and/or their enzymes, and evaluation of
the degree of degradation. Polyvinyl alcohol (PVA) and starch are biodegradable
in some microbial environments: they are compatible and their blends present
good film properties. Several wheat starch/PV A/glycerol blends prepared using
the solution casting technique under ISO 14855 were examined by composting
for 45 days. Starch and glycerol were absolutely degraded while PVA appeared
practically intact.102 The biodegradation of co-extruded starch/PLA films was
studied in liquid, inert solid, and composting media using experimental ISO
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methods. The percentage of mineralization in the compounds was higher than the
minimum required 60 % that allows a compound to be classified as biodegrad-
able. Researchers found that the addition of starch enhanced the biodegradation
of the PLA component, especially in liquid media.!93 Studies also showed that
ternary blends composed of PLA, PCL, and starch buried in soil degraded rapidly
in the first 8 weeks.104

Biodegradability of cellulose is dependent on the degree of crystallinity,
structure, functional groups, cross-linking and molecular weight of the cellu-
lose.105 Two general types of substrates were used to measure the biodegradation
of cellulose: relatively unaltered natural substrates (pure crystalline cellulose or
biomass) and modified cellulosic substrates (substituted or dyed celluloses).
Studies showed that PHB/BC composite biodegraded at a greater rate and extent
than those of PHB alone, reaching 80 % degradation after 30 days, whereas PHB
did not reach this level of degradation until close to 50 days of compost-
ing.106.107 Even though the biodegradation of some cellulose samples have been
studied, there is still a lack of a comprehensive study on the biodegradability of a
variety of cellulose-based packaging materials that could potentially replace
synthetic packaging films.108

A list of patents related to starch and cellulose is presented in Table S-IV of
the Supplementary material. The process described in W0O2017130106A1 relates
to the production of starch from microalgae, which is more efficient in com-
parison to the conventional production. Method of producing a starch-based
biodegradable polymer, using processed cannabis waste as the carbon source, is
described in W02020037394A1, while the process for producing biodegradable
plastic from renewable resource-based agricultural by-products is covered in
WO02019155398A1. Patent WO2018125897A1 is related to the production of
material formed from one or more starches, a plasticizer and water, resulting in
improved sustainability, biodegradability and increased strength. CN102585485B
relates to the preparation of a composite material (starch combined with thermo-
plastic polyurethane). This material has the advantages of high mechanical pro-
perty, low cost, biodegradability and the preparation process is simple.
WO02016138593A1 also covers the potential of starch to combine with one or
more biodegradable polymers (PCL, PBS, PLA, and PHA) in order to obtain bio-
composites with tailored properties. WO2018041779A1 and W0O2020034958A1
describes the application of starch and its modifications in food packaging using
low tensile strength products, while W02017091463A1 provides methods for
making coated particles using different kinds of starch. Patent W02019209834A1
relates to new additive materials that are physically blended with polymeric
materials, such as starch, to impart biodegradability to polymers that are not
otherwise biodegradable. Patent W02020014762A1 relates to the production of a
nanocellulosic material based on fractioning a cellulosic pulp stream originating
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from pre-treatment or mechanical defibrillation. WO2019221535A1 presents a
method for the manufacture of crystal nanocellulose and W0O2020015884A1 des-
cribes a device and a method for producing nanocellulose from natural raw mat-
erials. WO2017160218A1 also relates to a method of manufacturing a cellulose
product from cellulose fibres. On the other hand, bacterial cellulose production
on cassava bagasse as a suitable feedstock and its processing is covered in
W02016029432A1. Methods for the production and processing of multi-phase
biomaterials based on bacterially synthesized nanocellulose are presented in
WO02016113400A1. WO2017192476A1 presents an invention that provides a
pulp product with nanocellulose as a tool for improving the strength properties.
Cellulose derivative with excellent thermoplasticity, waterproofness, elastic
modulus and impact strength and its production method are presented in
WO2017061190A1. Patent WO2018187782A1 provides a method for the modi-
fication of the surface of polymer-based materials (bacterial nanocellulose, nano-
cellulose and a cellulose derivative) and compositions generated thereby.
WO02016174104A1 relates to the use of a bacterial nanocellulose composite in
chip technology and material engineering, and furthermore, for medical purposes
(skin, tissue or neuro transplant). W02020035734A1 is also connected with
medical usage of cellulose nanofibrils describing a method of producing a three-
dimensional autologous fat graft.

2.4. Poly(butylene succinate) (PBS)

PBS is an aliphatic biodegradable polyester produced by polycondensation
from two raw materials: succinic acid (SA) and 1,4-butanediol (BDO). The
mechanical properties of PBS are similar to those of low-density polyethylene
(LDPE) or polypropylene (PP)109:110 byt it can be biodegraded in contrast to
LDPE and PP.!!! Beside the production of PBS by polycondensation, recently, a
lipase-catalysed synthesis of PBS was developed.!!2 PBS synthesized by lipase has
a narrower polydispersity index than that synthesized by polycondensation, but the
remaining lipase may cause a problem in the subsequent thermal processing.!12

In the beginning, PBS was a biodegradable but petro-based polyester, while
currently, large plants for producing renewably sourced SA have been developed
and Mitsubishi commercializes bio-based PBS (bio-PBS) that is obtained using
bio-based SA (bio-SA). Furthermore, bio-based BDO (bio-BDO) can also be pro-
duced on an industrial scale. Nowadays, products of 100 % bio- PBS can be
found on the markets. Bio-PBS is produced in various demo and pilot plants,
mainly from sugarcane and cassava monomers.!!13 The production of bio-PBS
includes the productions of BDO and SA, and the production of BDO includes
the production of bio-ethanol and SA (Argonne National Laboratory, 2014).113
The production of bio-ethanol using sugarcane is separated into three major
stages: the sugarcane plantation, the conversion of sugarcane into molasses by
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sugar milling and refining, and the processing of molasses into bio-ethanol by
fermentation.!!13 In a more recent study, a novel, nonphosphorylative pathway
was used to convert biomass sugars to BDO with a 100 % theoretical maximum
molar yield.!14 In this pathway, assimilation of sugars into the TCA cycle is
allowed and afterward built of artificial biosynthetic pathways to BDO using the
enzymes 2-ketoacid decarboxylases and alcohol dehydrogenases.!!4 Bio-SA is
mainly produced by several microorganisms as a fermentation product. In 2008,
Bioamber built the first plant that uses Escherichia coli as the host microorg-
anism and wheat-derived glucose as the substrate for SA production. Four years
later, Reverdia, a joint venture between DSM and Roquette, started production of
bio-SA from starch using low-pH yeast technology, and Myriant Technologies
set up a SA plant with a production capacity of 30 million pounds from unrefined
sugars as feedstock using E. coli as the host organism.!!5 Derived from natural
resources, such as sugarcane, cassava and corn, bio-PBS is compostable into bio-
mass, carbon dioxide and water. There are already several producers with exist-
ing commercial capacities for the production of bio-PBS and additional dedicated
and non-dedicated capacities are expected to start up in the coming years (Table
S-V). Bio-PBS is currently being employed in a wide range of industries, such as
packaging, agriculture, pharmaceutical, consumer goods, electronics and elec-
trical, textile, automotive and interiors.!16 It is also utilized to produce bowls,
plates, plastic utensils, and diapers.!16 Amongst others biopolymers, bio-PBS has
strengths in flexibility, natural fibre compatibility, heat resistance and biodeg-
radability under specific conditions (according to DIN EN 13432). It was found
that PBS polymer was more ductile if some adipic acid/lactic acid or some other
monomer was added during the standard polymerization of SA and BDO.!!7
These results indicate that copolymerization of PBS is essential for improving its
characteristics. Depending on the monomer and the stereochemical nature of the
monomer, different PBS (bio-PBS) copolymers have been registered, such as:
PBSA (poly(butylene succinate-co-adipate)), PBST (poly(butylene succinate-co-
-terephthalate)), PBSF (poly(butylene succinate-co-fumarate)), PBS-DLS (poly-
(butylene-succinate-dilinoleic succinate), P(BS-BMS) poly(butylene succinate-
co-butylene 2-methylsuccinate), PBS-PLA blends, efc. Amongst the different
possibilities for PBS copolymers, PBSA, PBST and PBS-PLA blends are the
most commonly mentioned in the literature. PBSA copolymer is better degraded
than PBS due to its lower crystallinity and glass transition temperature,!!8 and
together with PBS it was manufactured under the trademark Bionolle® (series
1000 and 3000, respectively) by Showa Highpolymer Co., Ltd. for application as
trash bags, plant pots, filaments, bottles, gloves, containers, laminated paper,
trays, etc.”! PBST copolymer has a lower crystallinity than PBS, but biodegrades
more slowly in contrast to PBSA.!!! PBST like other aliphatic-aromatic copoly-
mers may be used as a film or coating in disposable food packaging. PBS-PLA
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blends with low toxicity have potential in food packaging, biomedicine and agri-
cultural markets.!19 Commercial PBS-PLA blends have been utilized for pro-
duction of food service ware by NatureWorks LLC.%4 Based on extensive
research, PBS-PLA blends have been successfully modified and processed into
fibres, blown films, flat films, and sheets.25 PBS and its copolymers are biodeg-
radable in lipase solution, soil burial, water, activated sludge and compost.120-122

Currently, about 75 % of plastic waste is disposed in sanitary landfills and
about 25 % is recycled.!23 In general, bioplastics can degrade under anaerobic
conditions in landfills releasing methane, but with a proper composting facility,
bioplastics can be converted to compost and recycled.!24 Recycling of plastic
waste and bio-based waste, such as bio-PBS, may be realised through several
processes: mechanical, chemical and organic processes. Chemical recycling of
bio-based PBS and its copolymers is environmentally harmful, thus the use of
polyester-degrading enzymes is an eco-friendly alternative. Many hydrolases
from several fungi and bacteria have been discovered and successfully evaluated
for their activity against different aliphatic and aromatic PBS polymers and
copolymers.”1:125 Bio-PBS produced by PTT MCC Biochem has industrially
compostable and home compostable grades, but the current grade used for paper
coating is only industrially compostable.!26 Bio-PBS can be easily separated
from paper when soaking under water without damaging the paper pulp, which
can be recycled to produce paper again, or as backyard compost, or in the case of
a leak to the environment, it will degrade eventually in a limited time.126 Testing
the degradation phenomena of bio-PBS plastics in the environment can be clas-
sified into three categories: field tests, simulation tests, and laboratory tests.!27
The performed degradation studies of a commercially available PBS and PBSA
copolymer in various environments have shown that the most favourable degrad-
ation environment was compost, which contains microorganisms and natural
enzymes that support degradation.128 In these studies, degradation after four to
six weeks was observed, followed by a strong mass loss in the compost, due to
interaction with enzymes. In addition, the strength of polymers was significantly
reduced. Biodegradation test in soil gave the same results as biodegradation in
compost, but the changes in the molecular parameters were less intense because
of the lower concentration of microorganisms, enzymes and lower temperature of
the process. 128

According to the patents base, in the last 10 years, most patents are based on
bio-PBS biodegradability. Mostly, patents deal with the promotion of methods
for preparing new bio-PBS materials having improved mechanical properties,
compatibility, control of degradation rate, and effective reduction of the cost of
bio-PBS production (CN109608835A, CN103709688A, CN110240788A,
CN109867921A, CN106589854B and CN105670248A). Bio-PBS materials with
improved properties have been used through patents in the last 10 years mainly in
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the form of coated paper, synthetic fibre, trash bag, coffee capsule cutlery, etc.
(US20180058010A1,  US20140021574A1, WO2010151798A2  and
WO02016105217A1).

2.5. Bio-polyethylene (Bio-PE)

PE consists of long chains of ethylene and it is produced as either HDPE or
LDPE, or linear low density polyethylene (LLDPE).!2 PE is chemically synthe-
sized by polymerization of ethane.!29 Bio-based PE (bio-PE) is chemically iden-
tical to fossil-based PE, it has the same technical properties and is not biodeg-
radable.!30 Bio-PE is used to produce high value products using low pollution
processes and contributing to the global environmental balance. The process
involves: pre-treatment, enzymatic scarification, fermentation, dehydration and
polymerization.13! The ethanol produced by fermentation from renewable resources
can be used as a raw material for polyethylene production. Production of bio-PE
from renewable resources consists of three steps: 130

1) synthesis of ethanol by a fermentation process from sugars, extracted
from natural materials, e.g., sugarcane;

2) chemical dehydration reaction transforming of ethanol into ethylene;

3) “classical” reaction of polymerization of ethylene into polyethylene to
make the various grades of PE (HDPE, LDPE, LLDPE).

Bio-based PE produced this way is used in packaging applications, such as
carrying bags, plastic films and bottles, automotive fuel tanks, injection melded
parts, tubes.132 The most used PE copolymer is HDPE. HDPE is a rigid polymer
with polymer chains packed closer one to other resulting in greater intermole-
cular forces. The presence of a strong intermolecular forces results in a dense,
highly crystalline material form. It is a relatively tough and resistant polymer that
can withstand high temperatures, up to 120 °C, without any effect on the pro-
perties of the material. Furthermore, HDPE is an extremely resistant material to
many chemicals, hence its widespread use in healthcare and laboratory environ-
ments. It is resistant to many acids, alcohols, aldehydes, esters, bases and oils.
The Braskem Company is the world-leading supplier of bio-PE (HDPE, LDPE
and LLDPE) and the current Braskem bio-PE grades are mainly targeted towards
food packaging, cosmetics, personal care, automotive parts and toys, but there
are many other companies in the world producing bio-PE (Table S-VI.). Bio-PE
is a bio-based polymer but it is not biodegradable. It is well known that poly-
ethylene is resistant to degradation due to its chemical and biological inertness,
which is the result of its high molecular weight, three-dimensional structure and
hydrophobic nature, all of which interfere with polyethylene availability for the
action of microorganisms, light, water, efc. According to some research,!33:134 the
addition of antioxidants and stabilizers protects polyethylene against oxidation at
the production stage, which further increases its resistance to degradation.

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

(CC) 2020 SCS.



1528 JEREMIC et dl.

The degradation of a commercial environmentally degradable PE was inves-
tigated in two stages: firstly, by abiotic oxidation in an air oven to simulate the
effect of the compost environment and secondly, in the presence of selected mic-
roorganisms.135:136 It was observed that microbial growth occurred in the pre-
sence of PE samples that had been compression moulded to thick sections but
had not been deliberately pre-oxidized. Changes in the molecular weight distri-
bution occurred after preheating in air at 60 °C and not at ambient temperatures,
but colonization of microorganisms occurred on all samples.!35 Also, erosion of
the film surface was observed in the vicinity of the microorganisms and the
decay of oxidation products on the surface of the polymer film was found to be
associated with the formation of protein and polysaccharides, due to the growth
of microorganisms (Rhodococcus rhodochrous ATCC 29672, Cladosporium cla-
dosporoides ATCC 20251, Nocardia asteroides GK 911).135,136 Nowadays, bio-
-PE is accepted for recycling in many recycling centres, especially HDPE. The
recycling process consists of the collection and separation of the plastic using
sink—float separation or Near-Infrared Radiation (NIR) techniques, then homo-
genization and melting of the plastic, and finally cooling the plastic into pellets
that can be reused for the production of, for example, toys, rope, piping etc.!37
Recycling HDPE has many benefits, such as cost-efficiency of the manufacture
of a product from recycled HDPE instead of producing “virgin” plastic.

According to the base of patents in the last 10 years, most patents are based
on PE biodegradability and recycling. Patents are focused on improving PE
materials (HDPE, LDPE) in terms of advancing their mechanical properties and
production of materials with a simple structure that is easy to recycle. Many pat-
ents have marketed products, such as blow moulding, injection moulding and
foam products, which showed that new materials of excellent quality and biodeg-
radability can be produced from recycled PE materials (CN207467268U,
US9593177, US9637626B2 and US2016/0108217A1). Analysing the commercial
application of patents over the last decade, it has been shown that bio-PE has
found application in bags, boxes, bottles, toys, pipes, etc. (Table S-VI).

3. (BIO)DEGRADATION AND RECYCLING OF BIOPLASTICS

In January 2018, the EU released its vision for a more sustainable plastics
industry to be achieved by 2030. The new plastics strategy states that 100 % of
plastics should be either reusable or recyclable by 2030. Prevention, re-use, col-
lection and recycling should always be the first choice in efforts to achieve some
of these goals. As mentioned, to overcome both oil dependence, price fluctuat-
ions and enhance resource efficiency, bioplastic materials constitute an applic-
able route that has to be explored as a part of the solution. Plastics that are cur-
rently marketed as “biodegradable” will themselves contribute to plastic pollut-
ion if they are lost or littered. They do not break down as quickly and completely
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in the environment and can thus harm wildlife and ecosystems. To reinforce the
positive impact of bioplastics, successful recycling strategies also need to be
clearly proposed and applied. In general, the purpose of recycling is to convert
the production of postconsumer waste into building blocks for the production of
new polymers.

The degree of biodegradation varies with temperature, polymer stability, and
available oxygen content. Consequently, most bioplastics will only degrade in the
tightly controlled conditions of industrial composting units. Apart from starch-
based bioplastics, in compost piles or simply in the soil/water, most bioplastics
will not degrade.138 Bioplastics are still plastics and being made from plants or
having the potential to biodegrade under limited conditions does not make them
“planet-safe”. Presently, there is a need for more transparency about environmen-
tal claims of bioplastic products. A ban on labelling plastic products as “biodeg-
radable” or as “compostable”, unless they meet strict standards, is urgently
needed. There are currently few international organizations that have established
standards and testing methods for compostability,!39 namely:

e American Society for Testing and Materials — ASTM-6400-99,

e European Standardization Committee (CEN) — EN13432,

e International Standards Organization (ISO) — ISO14855 (only for bio-
degradation),

¢ German Institute for Standardization (DIN) — DIN V49000.

The ASTM, CEN and DIN standards specify the criteria for biodegradation,
disintegration and eco-toxicity in order for a plastic to be called compostable.

Biodegradability is determined by measuring the amount of CO; produced
over a certain period by the biodegrading plastic. The standards require 60 %
conversion of carbon into carbon dioxide within 180 days for resins made from
single polymer and 90 % conversion of carbon into carbon dioxide for copoly-
mers or polymer mixes.

Disintegration is measured by sieving the material to determine the biodeg-
raded size and less than 10 % should remain on a 2 mm screen within 120 days.

Eco-toxicity is measured by having concentrations of heavy metals below
the limits set by the standards and by testing plant growth by mixing the compost
with soil in different concentrations and comparing it with controlled compost.

The EN 13432 industrial standard is arguably the most international in scope
and compliance with this standard is required to claim a product be compostable
in the European market. In summary, it requires biodegradation of 90 % of the
materials in a laboratory within 180 days. The ASTM-6400 standard is the regul-
atory framework for the United States and sets a less stringent threshold of 60 %
biodegradation within 180 days, again within commercial composting conditions.

The most accurate standard test method for anaerobic environments is the
ASTM D5511 — 02 Standard Test Method for Determining Anaerobic Biodeg-
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radation of Plastic Materials under High-Solids Anaerobic-Digestion Conditions.
Another standard test method for testing in anaerobic environments is the ASTM
D5526 — 94(2002) Standard Test Method for Determining Anaerobic Biodegrad-
ation of Plastic Materials under Accelerated Landfill Conditions. However, this
latter test has proven extremely difficult to perform. Both of these tests are used
for the ISO DIS 15985 on determining anaerobic biodegradation of plastic mat-
erials.

It should be born in mind that none of the standards for plastics labelled as
biodegradable or compostable today makes them suitable for disposal in the open
environment. However, currently, the most likely destination of many biodegrad-
able products is the landfill as numerous composting facilities focus on food
scraps and either will not accept biodegradable packaging or will still frequently
screen it along with other plastics for shipment to a landfill. The environmental
consequences of land filled biodegradable materials have led some researchers
and advocates to push for more universal access to compost collection, as well as
to the development of altogether new materials.”-140

As mentioned, PLA needs industrial composting conditions for biodegrad-
ation, including temperatures above 58 °C. It needs to be properly managed and
routed to specialized industrial composting or recycling facilities. Under the right
circumstances, microorganisms can turn the material into carbon dioxide and
water within a couple of weeks. However, if it becomes littered or dumped, PLA
remains for much longer. When pure PLA ends up in seawater, it does not seem
to biodegrade at all. Other kinds of bioplastics are known to better biodegrade in
marine environments.!4! However, whether that really happens in a specific case,
and how long it will take, is highly unpredictable.

Improved recycling strategies have to be developed for bioplastics. In parti-
cular, bio-based polyesters (PLA, PHA/B and PBS) have demonstrated the pot-
ential for either mechanical or biochemical recycling.3 Ongoing research inc-
ludes bio-upcycling efforts!42 as well as improvement of chemical recycling pro-
cesses.143 On the other hand, research is intensive on the side of material design,
where molecular triggers are explored.!?

4. CONCLUSIONS

Bioplastics are a large family of materials with widely varying properties. As
with conventional plastics, the end-of-life options depend entirely on the applic-
ation, the way the product is disposed of by its user, and the available infra-
structure in the region where the product is being disposed. Therefore, “biodeg-
radable”, a magic word for environmentally minded consumers, is not always a
green magic bullet. Claims that bioplastics reduce environmental impact still lack
sufficient evidence.!40 Whether bio-based plastics are more sustainable than fos-
sil-based ones, and what contribution they could have as a building block for
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sustainable development of an innovative bioeconomy, still cannot be answered
conclusively due to insufficient data.l40 It is evident that there is a lot of brand-
ing around biodegradability and that a demand for biodegradables continues to
climb — with packaging, take-out containers, even designer jeans and athletic shoes
now carrying this designation. It is important that consumers do not allow bio-
degradable marketing tactics to influence their purchasing decisions and to trade
one set of environmental problems with another. It is evident that bioplastics will
not solve the plastic waste crisis, so tackling consumption remains the key.

ABBREVIATIONS
3HH 3-hydroxyhexanoate
3HD 3-hydroxydecanoate
3HO 3-hydroxyoctanoate
3HP3 hydroxypropionate
3HV 3-hydroxyvalerate
4HB4 hydroxybutyrate
BC bacterial cellulose
BDO 1,4-butanediol

bio-BDO bio-based 1,4-butanediol

bio-PBS bio-based poly(butylene succinate)

bio-PE bio-based polyethylene

bio-PET bio-based poly(ethylene terephthalate)
bio-PTT bio-based poly(1,3-propylene terephthalate)

bio-SA bio-based succinic acid

HDPE high-density polyethylene

IUPAC International Union of Pure and Applied Chemistry
LDPE low-density polyethylene

LLDPE linear low density polyethylene
mcl-3HA  medium-chain - length 3-hydroxyalkanoates

NIR near-infrared radiation

PBAT poly(butylene adipate terephthalate)
PBA poly(butylene adipate)

PBS poly(butylene succinate)

PBSA poly(butylene succinate-co-adipate)
PBST poly(butylene succinate-co-terephthalate)
PBSF poly(butylene succinate-co-fumarate)

PBS-DLS  poly(butylene-succinate-dilinoleic succinate)
P(BS-BMS) poly(butylene succinate-co-butylene 2-methylsuccinate)

PCL poly(caprolactone)

PE polyethylene

PET poly(ethylene terephthalate)

PHA polyhydoxyalkanoate

PHB poly(hydroxybutyrate)

PHBV poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA poly(lactic acid)

PP polypropylene
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PS polystyrene

PTT poly(1,3-propylene terephthalate)

PUR polyurethane

PVA poly(vinyl alcohol)

PVC poly(vinyl chloride)

SA succinic acid

scl-3HA short-chain-length 3-hydroxyalkanoates
TPS thermoplastic starch
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U3BOJ
PA3YMEBAIBE BUOIIVIACTUYHHNX MATEPHUJAJIA: TPEHYTHO CTAILE ¥ TPEHIOBU
CAFbA JEPEMUR', JEJIEHA MUJIOBAHOBHR', MAPUJA MOJUREBUR?, CAIbA IIKAPO BOTOJEBUR'
u JACMMHA HUKOJJUHOBHR-PYHUR'

"Uncmuiayia 3a MOJIEKYNApHY TeHeliuKy u IeHeliuuKo umierwepciso, Bojsoge Ciuetnie 444a, 11042 Beoipag u
2AtmnoH WexHonowKY unciutiyi, Dublin Road, Athlone, Co. Westmeath, Ireland

3araheme MIaCcTUKOM cafia Cé CMaTpa jeZHOM OJf HajBehuX MPeTHhU 10 KUBOTHY CPEIUHY
no byme. Pa3sBoj OrvomonumepHUX MartepHjana Moke OWUTH [eo pellewma jep OuomnacTuka
YKJbyUyje ¥ Hepa3rpaivBe U OHopasrpanuBe MaTepujajie, a 0de Cy BakHe 3a OJPKHUBHU Pa3Boj.
buonsnacTMyHM MaTepHjaad ce y OBOM MOMEHTY AM3ajHUpajy Tako fla MMajy MHUHUMaNaH
VIJbeHUYHH OTHCAK, BUCOKY MOTYhHOCT peluKIupama M IMOTHyHy OuopasrpasuBocT. OBaj
nperses NpUKa3yje HeflaBHa fielliaBamba U TPEHJOBE Y 001acTH OMOIUIACTHYHUX MaTtepujania.
[TpencrasibeH je HU3 OMOMIACTUYHUX MaTepHjana Koju ce Hajuemhe kopucre: (IOIU-(MIeyHa
kucenuHa) (PLA), nmonu(xunpokcuankanoat) (PHA), ckpobd, uenymnosa, nonu(dyTuneH-cyKIu-
HaT) Ha da3u 00HOB/BUBUX MaTepujana (0uo-PBS) m momueruneH on 0OHOBBUBUX CUPOBHHA
(dn0-PE)), yxmyuyjyhu BUXOBY IPOU3BOAKY, MOTYhHOCTH TPUMEHE U fAerpafanujy.
(ITpumsseno 20. jyna, pesugupano 31. asrycra, mpuxsaheno 4. centembpa 2020)
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TABLE S-I. Global PLA producers

Brand name Supplier ~ Material Application Description Patent No
Ecovio® BASF SE, film versatile Ecoflex®( fossil based)
Germany +PLA
PLA-HI-GF10 Clariant, filament 3D printing glass fiber reinforced
Switzerland PLA
PLA 3D NatureWorks Ingeo™
Biopolymer 3D850
with Clariant
Hostanox® P-
EPQ® and
Hostavin® ARO 8
Danimer
Scientific, custom made
usS copolymers with PLA
(formerly
known as
Meredian
Holdings
Group Inc.
and MHG)
RESOMER® Evonik, pellets, medical PLA/PCL, PLA/PEG,
(product Germany filaments devices PLA composites
range)

* Corresponding author. E-mail: jasmina.nikodinovic@imgge.bg.ac.rs
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Futerro PLA Futerro, pellets raw material ~ Galactic and Total WO 2015/086613
Belgium Petrochemicals join
forces to create Futerro,
a joint venture

dedicated
to the production of
PLA
Bio-Flex® FKuR, granules raw material ~ PLA containing
Germany copolyester and
additives
Recycled PLA  Loopla  granules raw material WO02010118954A
(Galactic), 1
Belgium WO2010118955A
1
ECOLOJU®  Mitsubishi film, versatile
Chemical, sheet
Japan
BIOCRYL Mitek Sports medical PLA/PLGA plus B-TCP
RAPIDE™  Medicine, US implants
Ingeo NatureWorks, resin, raw material US5247059A
(product uUS fiber- US5142023A
range) grade
resin,
monofila
ment
EarthFirst™ PACO Label, film labels, Based on
US packaging NatureWorks® PLA
CornLeaf Radici Group, fibres, versatile Based on Ingeo PLA
Ttaly nonwove
ns
Sulzer PLA Sulzer Ltd, pellets raw material Production technology
Switzerland was jointly developed
with Purac
EcoPlan SK film  packaging 10501604
Chemicals, film, fiber
South Korea for sanitary
products
Styrex Synbra foam  technical EP3053947A1
BioFoam Technology products,
BV, packaging
Netherlands solutions
Luminy PLA Total resin raw material Total Corbion PLA is
(high heat, Corbion, a joint venture between
low heat, Netherlands Total (FR) and Corbion
standard, (NL). Corbion was
PDLA) previously called
Purac.
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PLAneo®
(different
MW)

Thyssenkrupp pellets raw material
AG, Germany

TABLE S-II. Global PHA producers

Brand name

PHA type

Production

Supplier tyear

Application

VersaMer™
PHA

Ecoman

PHBH™X131A

PHBH™
X331IN
PHBH™
XI151A

Minerv -SB™
Minerv -SC™

Natureplast

AirCarbonTM

Nodax™

PHOHHX,
PHNHHp,

PHNHHpHN:HUD:

PHBV
copolymers
PHBHHx

PHA

PHA (unclear)

(PHB-HH)

PolyFerm Canada Inc. Raw
materials
(pellets,
latex)
Bags, printer
filaments
Food
packaging
materials,
agricultural
and civil
engineering
materials,
marine
materials,
etc.
Automotive,
beverages,
electronics,
foodpack,
fibers,
pharma

Shenzhen Ecomann 75000
Biotechnology Co., Ltd.

Kaneka (Japan) 5000

Bio-On, (Italy) 10000

Natureplast (France) Agricultural
applications;
consumer
applications
Electronics,
construction,
apparel etc.
Detergent
bottles,
coffee
containers,
paper cups
and plates,
plastic bags,
foam
containers,
baby wipes.

Newlight Technologies (USA)

Danimer scientific (USA)
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Biocycle PHBV PHB Industrial, Veterinary 10000
(Brazil) applications,
agricultural,
packaging
Biomer PHBV, Biomer Biotechnol.
PHBH, (Germany)
PHBO
Enmat PHBV TianAn Biopolymer, (China) 2000
PHBV/PLA
Biogreen PHB Mitsubishi Gas Chemical Film, bags
Company, Inc.
TephaFLEX P4HB Tepha (USA) Medical materials
Mirel , P3HB Metabolix, (USA) Agricultural 50000
Mvera Or Yield10 Bioscience applications; caps;
closures
Mcl-PHA MHG Bio, (USA) 20
Hydal Bochemie (Czech)
SogreenTM Etyl 3-HB Tianijin GreenBio (China) 10000
P(3HB,4HB)
Solon RWDC Industries (Singapore) 4000
Mango materials (USA)
Full Cycle Bioplastics (USA) 3000

Bluepha Co. Ltd. (China)

TABLE S-III. Patents related to PHA

Patent Year Patent No
Method for producing polyhydroxyalkanoic acid, and microbes 2020  US2020109423A1
Method for producing polyhydroxyalkanoates (pha) from 2019 US20190360008A1

organic waste

Transformant that produces PHA copolymer containing 3HH 2018 WO2018021046A1
unit, and method for producing PHA

Process for extraction of bioplastic and production of monomers 2016 W0O2016085396A1
from the bioplastic

Method for decomposing polyhydroxyalkanoic acid, and 2015 WO2015122190A1
microorganism preparation

Pseudomonas mutant strain and application of Pseudomonas 2015 CN104328062A
mutant strain to production of (R)-3-hydroxybutyrate

Method of producing polyhydroxyalkanoates (PHA) from oil 2014 WO02014032633A1
substrate

Green process for producing polyhydroxyalkanoates and 2012 WO02012149162
chemicals using a renewable feedstock

Process for producing microbial copolyesters from sucrose- 2011 EP2780461A1
containing feedstocks

Copolyester degradation bacterial strain of beta-hydroxy- 2008  CN101245365A
butanoic acid and beta-hydroxyl radical valeric acid, and

breeding method
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TABLE S-IV. Patents related to starch and cellulose

Patent Year Patent No
Starch

Addition of biodegradability lending additives to plastic 2019 WO2018006061A1

materials

Biodegradable polymer composition and method of producing 2019 W02020037394A1
the same

Process for preparing biological substrate-based degradable 2018 W02020034958A1
packaging material

Biodegradable plastic 2018 WO2019155398A1
Carbohyrate-based polymeric materials 2017 WO2018125897A1
Biodegradable polymer-based biocomposites with tailored 2016 WO02016138593A1
properties

Process for producing starch from microalgae 2016 WO2017130106A1
Partial shell for packaging a food product 2016 WO02018041779A1

Coated particles and methods of making and using the same 2016 WO02017091463A1
Starch/thermoplastic polyurethane (TPU) composite material 2012 CN102585485B

Cellulose

Method for manufacturing crystal nano-cellulose 2019 WO02019221535A1
Method of producing three dimensional autologous fat graft 2019 WO02020035734A1
Process for producing a nanocelullosic material comprising at 2018 WO02020014762A1
least two stages of defibrillation

Device and method for producing nanocellulose 2018 WO02020015884A1
Nanostructured polymer-based compositions 2018 WO2018187782A1
Nanocellulose-reinforced corrugated medium 2017 WO2017192476A1
Cellulose derivative and use thereof 2016 WO2017061190A1
Method for manufacturing a cellulose product 2016 WO2017160218A1

Multi-phase bacterially-synthesized-nanocellulose biomaterials 2016 W02016113400A1
Modified bacterial nanocellulose and its uses in chip cards and 2016 WO2016174104A1
medicine

Methods of producing bacterial nanocellulose from cassava 2014 WO02016029432A1
bagasse

TABLE S-V. Global PBS producers

Brand . . . Production
name Supplier ~ Application Description tyear Patent no.
FD92 Mitsubishi Barrier It is derived from 3000 uUs
(PM/PB) Chemical  packaging  natural resources 20180058010A1
Performance such as sugarcane,
Polymers cassava and corn. It
(MCPP) Japan is compostable at
/PTT MCC open-air landfill site
Biochem in an ambient
condition (30°C),
without requiring a
specialized

composting facility.
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Coffee
capsule
cutlery

FZ71
(PM/PB)

FD72
(PM/PB)

Injection
molding
articles for
general
purpose
Paper
coating

FZ79AC

Coffee
capsule
cutlery

FZ91
(PM/PB)

FZ78T™M Synthetic

fiber

Bionolle
3001 MD

Trash bag,
SHOWA plant pot,
DENKO Japan filament,
yarn, net,
bottle,
gloves,
container,
laminated
paper, tray,
comb, frame
of fan and

peg

It is derived from
natural resources
such as sugarcane,
cassava and corn. It
is compostable at
open-air landfill site
in an ambient
condition (30°C),
without requiring a
specialized
composting facility.
It is soft and flexible
semi-crystalline
polyester with
excellent properties

It is soft and flexible
semi-crystalline
polyester with
excellent properties
It is compostable at
open-air landfill site
in an ambient
condition (30°C),
without requiring a
specialized
composting facility.
It is derived from
natural resources and
It decomposes into
biomass, carbon
dioxide & water
BioPBS FZ78TM -
Natural Colored
Resin (max thickness
74 microns)
Stable under
ordinary conditions it
becomes
biodegradable in the
presence of
microorganism, e.g.
compost, wet soil,
fresh water, seawater
and activated sludge.

3000

3000

3000

3000

3000

5000

(SN
20180058010A1

UsS
20140021574A1

Us
20180058010A1

US20030015826A1
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Bionolle SHOWA
1903 MD DENKO Japan

Bionolle
3020 MD

Bionolle
1001 MD

Bionolle
1020 MD

It is an aliphatic
polyester resin that
has the versatility of
common plastics. It
becomes
biodegradable in the
presence of
microorganism, e.g.
compost, wet soil,
fresh water, seawater
and activated sludge.
It is an aliphatic
polyester resin that
has the versatility of
common plastics. It
becomes
biodegradable in the
presence of
microorganism, e.g.
compost, wet soil,
fresh water, seawater
and activated sludge.
Stable under
ordinary conditions it
becomes
biodegradable in the
presence of
microorganism, e.g.
compost, wet soil,
fresh water, seawater
and activated sludge.
Stable under
ordinary conditions it
becomes
biodegradable in the
presence of
microorganism, e.g.
compost, wet soil,
fresh water, seawater
and activated sludge.

5000

5000

5000

5000

US20020094444A1

US7265188B2

WO02010151798A2

WO02016105217A1
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Eco-
Solutions
GP330-1

Eco-
Solutions
GP330-S

Eco-
Solutions
GP335C

EnPol
G4560

Bio-Flex® FKuR Kunststo Flat sheet

S 5630

Minima
Technology
Co., Ltd.
Taiwan

Injection
process

Eco Solution GP300

is a PLA (polyactide)

based alloy with PBS

(Poly Butylene
Succinate) and is
certified as a

biodegradable resin
and meet ASTM
D6400, EN13432

CN105152255A

Ire Chemical Monofilame

Limited South nt,
Corea
t

GmbH and
Fraunhofer

UMSICHT
Germany

extrusion

process

Eco Solution GP300
is a PLA (polyactide)
based alloy with PBS
(Poly Butylene
Succinate) and is
certified as a
biodegradable resin
and meet ASTM
D6400, EN13432
Eco Solution GP300
is a PLA (polyactide)
based alloy with PBS
(Poly Butylene
Succinate) and is
certified as a
biodegradable resin
and meet ASTM
D6400, EN13432
G4560 is
biodegradable,

multifilamen aliphatic polyester

based on the
monomers, 1,4-
butanediol and
succinic acid.
Made of PLA/PBS
blends

and injection

3500

3000

CN105152255A

CN105152255A

WO02016189228A1

N.A.
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TABLE S-VI. Global Bio-PE producers

. . - Production
Brand name  Supplier  Application Description tyear
HDPE Braskem Thermoplastic Exhibits high stiffness, low gels 200000
Brasil s, bags, boxes content, excellent appearance of films,
LDPE (producing good mechanical and optical properties.
LLDPE 45 different
materials)
Terralene FKuR Buildings, Is polyethylene reinforced with 30% 20000
Germany constructions,  glass fiber, exhibits high stiffness.
(producing 7 termoplastics
diff. mat.)
Cardia Cardia Bottles, Homogenous blend of thermoplastic
Biohybrid  Bioplastics  standard, starch (TPS) with polyethylene (PE). It
BL-F,H-F  Australia bags, is compatibilized to offer a high level of
shopping, mechanical strength
blow molding
Yparex® The Packaging, Possesses good melt flow index, 30000-
RENEW OH Compound  extrusion melting temperature and the level of 60000
Company functional groups
Netherlands
(3 diff. mat,)
TRUCIRCL  SABIC Packaging Is a 100% recyclable linear low density
E™ Saudi Arabia food polyethylene (LLDPE).
MCGB MCG Pipes Its typical size is 0.0156 inch. The
Duramaze™BioComposit product should be stored in a cool, dry,
CC HDPE es and sanitary area to achieve maximum
Netherlands stability.
ParsaBio™ Parsa Injection Linear low density polyethylene 18000
6010 Polymer molding, (LLDPE) grade by Parsa Polymer
Sharif Iran thermoplastics Sharif.
Solaplast Algix USA Ellectronics, Is an ethylene vinyl acetate base resin 27000
1312 cellular  (EVA) with food-grade aquatic biomass
phones, bottles and an odor adsorbent.
Nano4elec — Nano4 Building  Is an electrically conductive bio-based
BioPE EC12 Greece constructions, polyethylene (PE) grade.
electrical
markets,
switches
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Abstract: Several (+)-goniofufurone analogues with simplified structures were
designed, synthesized and evaluated for their in vitro antitumour activity,
against a panel of human tumour cell lines. Dephenylated compounds 2 and 3
demonstrated remarkable antitumour activities, in the cultures of K562 and
Raji cells with /Cs values in the range of 3.0-9.3 nM. Each of goniofufurone
analogues lacking the tetrahydrofuran ring (4, 5 and 6) strongly inhibited the
growth of at least one malignant cell line, with /Cs, values in the range of
11-30 nM. Brief structure—activity relationship (SAR) analysis showed that the
simplified goniofufurone analogues, designed by removing the phenyl group
from C-7, or by opening the THF ring, could show stronger antiproliferative
effects compared to control molecules. It is noticeable that analogues 2—8 are
completely inactive with respect to the normal MRC-5 cell line. These find-
ings, together with their potent antitumour activities, provide a suitable basis
for the development of new and selective antitumour drugs.

Keywords: structure simplification based drug design; goniofufurone mimics;
furanolactones; cytotoxicity; Wittig olefination; oxa-Michael ring-closure;
SAR analysis.

INTRODUCTION

The development of practical and efficient routes for the synthesis of natural
products and their analogues is of considerable interest for drug design and dis-
covery.1=3 However, the complex chemical structures of natural products often
complicate the general synthesis procedure, SAR investigations and structural
optimizations, or result in unfavourable ADMET (absorption, distribution, meta-

* Corresponding author. E-mail: velimir.popsavin@dh.uns.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC200730056S
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bolism, excretion, toxicity) properties.* Therefore, simplifying complex struc-
tures without the decrease of biological activity is an effective strategy for imp-
roving synthetic accessibility and accelerating the drug development process.>

The styryl lactones from the plants of Goniothalamus genus are an inter-
esting class of naturally occurring compounds, many of which were found to
exhibit impressive biological activities.6 One of the most important among
them is (+)-goniofufurone (1; Fig. 1), a naturally occurring styryl lactone that
have attracted considerable attention since its isolation from the stem bark of
Goniothalamus giganteus (Annonaceae).!0 Its structure was elucidated by spec-
troscopic methods, and the relative configurations determined by X-ray crystal-
lography. The absolute configuration of 1 was established independently by
Shing!! and Jiger!? from the syntheses of its opposite enantiomer, (—)-gonio-
fufurone. Due to its unique structural features and promising antitumour acti-
vities,®9 the natural product 1, along with a number of its analogues and deri-
vatives have been the targets of many total syntheses.!3-15 We have also been
involved in the synthesis of 1 and related compounds.!® Our preliminary results
on antiproliferative properties of analogues 2 and 3 showed that they exhibit
moderate to potent citotoxicity,!” which led us to prepare a number of analogues
for a detailed SAR analysis. More potent analogues can be designed by manipul-
ation of functional groups, by changing the stereochemistry or conformational
constraints, and after closing or opening a ring in the natural lead.3-> This paper
summarizes the application of the structural simplification of (+)-goniofufurone
(1), in order to elucidate the role of the phenyl group and the tetrahydrofuran ring
in antiproliferative activity.

HO HO HO HO
O3 (o) OH OH
R s k 7 J? R" & 3 6 3
=0 o] 5" =0 (o}
RO © HO © R0 © HO© ©
1R=Ph,R'=H 3 4R=Ph,R'=H 6
2R=R'=H 5R=R"=H

7R=Ph,R'=Bn
8 R=H,R'"=Bn

Fig. 1. Chemical structures of (+)-goniofufurone (1) and the corresponding analogues (2—8).

EXPERIMENTAL
General procedures

Melting points were determined on Biichi 510 or on Hot Stage Microscope Nagema
PHMK 05 apparatus and were not corrected. Optical rotations were measured on Autopol IV
(Rudolph Research) automatic polarimeter. IR spectra were recorded by a FTIR Nexus 670
(Thermo-Nicolet) spectrophotometer. NMR spectra were recorded on a Bruker AC 250 E, or a
Bruker Avance III 400 MHz instrument and chemical shifts are expressed in ppm downfield
from tetramethylsilane. Low resolution mass spectra were recorded on Finnigan-MAT 8230
(CI) and VG AutoSpec (FAB) mass spectrometers. High-resolution mass spectra were taken
on an LTQ OrbitrapXL (Thermo Fisher Scientific Inc., USA) mass spectrometer. TLC was
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performed on DC Alufolien Kieselgel 60 F254 (E. Merck). Flash column chromatography was
performed using Kieselgel 60 (0.040-0.063, E. Merck). All organic extracts were dried with
anhydrous Na,SO,. Organic solutions were concentrated in a rotary evaporator under reduced
pressure at a bath temperature below 35 °C. The purities of final products were established by
high performance liquid chromatography—high resolution mass spectrometry (HPLC-HRMS)),
or by elemental microanalysis, and were found to be >95 % pure. The characterization data of
synthesized compounds are given in the Supplementary material to this paper.
Synthetic procedures

3,6-Anhydro-3, 7-di-O-benzyl-2-deoxy-D-ido-heptono-1,4-lactone (10) and methyl (E)-
-5, 7-di-O-benzyl-2,3-dideoxy-D-xylo-hept-2-enonate (11). Procedure A: Ph;P=CHCO,Me
(0.417 g, 1.2 mmol) was added to a solution of 9 (0.332 g, 1.0 mmol) in dry MeOH (10 mL)
and the reaction mixture was stirred at room temperature for 24 h. An additional amount of
reagent was then added (0.561 g, 1.68 mmol) and the reaction mixture was left at room tem-
perature for another 24 h. The solution was evaporated and the residue purified by flash
chromatography (Et,O) in order to separate the product from Ph;PO. Subsequent chromato-
graphic purification on a column of flash silica (9:1 hexane/Et,O) gave pure 10 (0.216 g,
61 %), as a semisolid. Recrystallization from MeOH afforded an analytical sample 10, m.p.:
90 °C, [a]p =+8.6° (¢ 1.2, CHCl3), Ry = 0.62 (4:1 hexane/Et,O). The subsequent elution of
the column gave the (E)-olefin 11 (0.098 g, 25 %), as a colourless syrup, [a]p = —188.9° (¢
1.1, CHCly), Ry = 0.50 (4:1 Et,O/hexane). Procedure B: PhyP=CHCO,Me (0.434 g, 1.3 mmol)
was added to a solution of 9 (0.355 g, 1.08 mmol) in dry benzene (10 mL) and the reaction
mixture was stirred under reflux for 24 h. After workup as described above, pure olefin 11
was obtained as the main product (0.274 g, 66 %), while the lactone 10 (0.091 g, 24 %) was
isolated as a minor product under these reaction conditions. H- and 13C-NMR spectral data of
both 10 and 11 were identical to those previously reported.!”-18

3,6-Anhydro-5, 7-di-O-benzyl-2-deoxy-D-ido-heptono-1,4-lactone (10) and methyl 3,6-
-anhydro-5, 7-di-O-benzyl-2-deoxy-D-gulo-heptonoate (12). A solution containing compound
11 (0.182 g, 0.48 mmol) and imidazole (0.034 g, 0.5 mmol) in dry benzene (18 mL) was
stirred under reflux for 11 h. The mixture was poured in 10 % aq. NaCl (40 mL) and extracted
with CH,Cl, (3x20 mL). The combined extract was dried and evaporated and the residue
purified on a column of flash silica (9:1 hexane/Et,0). Pure lactone 10 (0.085 g, 51 %) was
first isolated as a semisolid. Recrystallization from MeOH afforded an analytical sample 10,
m.p.: 90 °C, [a]p = +8.6° (c 1.2 in CHCly), Ry = 0.62 (4:1 hexane/Et,0). The spectral data of
thus obtained sample were in full agreement with the data previously reported by us.!7-18
Tetrahydrofuran derivative 12 (0.015 g, 17 %) was next isolated as a colourless oil, [a]p =
= —18.7 (¢ 1.0, CHCl3), Ry = 0.50 (4:1 Et,O/hexane). 'H- and !13C-NMR spectral data were
identical to those previously reported by us.!7:18

Methyl 3,6-anhydro-5,7-di-O-benzyl-2-deoxy-D-gulo-heptonoate (12) and methyl 5,7-di-
-O-benzyl-2,3-dideoxy-4-oxo-D-threo-heptonate (13). A solution of 11 (0.091 g, 0.24 mmol) in
0.1 M NaOMe in MeOH (0.5 mL, 0.05 mmol) was stirred at room temperature for 20 min.
The mixture was poured into 10 % aq. NH4Cl (10 mL) and extracted with EtOAc (3%5 mL).
The combined organic solutions were evaporated and the residue purified on a column of flash
silica (7:3 Et,O/hexane). Pure 13 was first isolated as a bright yellow oil (0.029 g, 32 %),
[a]p = —69.9° (c 1.4, CHCly), Rg= 0.71 (4:1 Et,O/hexane). Spectroscopic data ({H-, 13C-NMR
and MS) are in complete agreement with the structure 13 (see Supplementary material). After
further elution of the column, the pure product 12 (0.020 g, 22 %) was isolated in the form of
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a colourless syrup, [a]p = —18.7° (¢ 1.0, CHCl3), Ry = 0.50 (4:1 Et,O/hexane). 'H- and 13C-
-NMR spectral data of 12 were identical to those previously reported by us.!”-18

3,6-Anhydro-2-deoxy-D-ido-heptono-1,4-lactone (2). A solution of 10 (0.484 g, 1.37
mmol) in EtOH (30 mL) was hydrogenated over 10 % Pd/C (0.308 g, 0.29 mmol) for 24 h at
room temperature. The mixture was filtered through a Celite pad, the catalyst was washed
with EtOH. The combined organic solutions were evaporated and the residue (0.225 g) was
purified by flash chromatography (19:1 CH,Cl,/MeOH) to afford pure 2 (0.208 g, 87 %) as
transparent needles, m.p.: 71-73 °C (EtOAc/MeOH), [a]p = +26.8° (¢ 1.8, H,0), 1it.!1? m.p.:
72-74 °C, [a]p = +28.4° (¢ 1.9, H,0), Ry = 0.72 (9:1 CH,Cl,/MeOH). The spectroscopic data
of compound 2 thus obtained were identical to those previously reported by us.!”

2,3-O-Isopropylidene-5-O-triphenylmethyl-D-lyxofuranose (20). TrCl (0.884 g, 3.64
mmol) was added to a solution of compound 152! (0.389 g, 2.05 mmol) in anhydrous pyridine
(5 mL) and the reaction mixture was left at room temperature for 48 h. The solution was
poured into 10 % aq HCI and extracted with CH,Cl,. The extract was washed with water,
dried and evaporated. The residue (1.234 g) was purified by flash column chromatography
(9:1 toluene/EtOAc) to give pure compound 20 (0.630 g, 71 %) which crystallizes from
MeOH in the form of white needles, m.p.: 173 °C, [a]p =—5.2 — —7.8° (48 h, ¢ 0.7, CHCl,),
anomeric ratio (from 'H-NMR): a/8 = 7:1 (48 h), Ry=0.29 (9:1 toluene/EtOAc).

Methyl 3,6-anhydro-2-deoxy-4,5-O-isopropylidene-D-talo- (18) and D-galacto-heptano-
ate (19). Procedure A: To a solution of 152! (0.355 g, 1.87 mmol) in anhydrous CH;CN (10
mL), was added Ph;P=CHCO,Me (0.954 g, 2.86 mmol) and the reaction mixture was heated
under reflux for 4 h. The solution was then evaporated and the Ph;PO precipitated by the
addition of Et,O, while standing at 4 °C for 2 h. After filtration and evaporation, the residue
was purified on a column of flash silica (3:2 EtOAc/hexane) to give a 1:1.4 mixture of 16 and
17 (0.397 g, 88 %) as determined by 'H-NMR. The mixture was chromatographically homo-
geneous material, Ry = 0.32 (2:1 EtOAc/hexane). A solution of purified mixture of 16 and 17
(0.391 g, 1.61 mmol) in dry MeOH (20 mL), was added 0.1 M solution of NaOMe u MeOH
(1.6 mL, 0.16 mmol) and the reaction mixture was heated under reflux for 48 h. After neutral-
ization with acidic ion exchange resin, IRA-120 and filtration, the solution was evaporated. A
mixture of 16 and 17 in the respective ratio of 2:1 (0.350 g, 90 %) was obtained. A 2:1 mix-
ture of 16 and 17 (0.350 g, 1.44 mmol) was treated with TrCl (0.806 g, 3.32 mmol) in anhyd-
rous pyridine (5 mL) at room temperature for 3 days. The mixture was then poured into 10 %
aqueous HCI (pH ~ 1) and extracted with CH,Cl,. The extract was washed with water (to
pH ~ 7), dried and evaporated. Flash column chromatography of the residue (toluene — 19:1
toluene/EtOAc), gave pure 18 (0.069 g, 10 %) and 19 (0.486 g, 69 %). Procedure B:
Ph;P=CHCO,Me (0.550 g, 1.65 mmol) was added to a solution of 20 (0.456 g, 1.06 mmol) in
anhydrous CH;CN (10 mL), and the resulting solution was refluxed for 24 h. A new portion
of reagent (0.160 g, 0.48 mmol) was added and heating was continued for additional 24 h. The
solution was evaporated, the Ph;PO precipitated with Et,O (4 °C), filtered of and the solution
again evaporated. The residue was purified on a column of flash silica (toluene — 19:1 tolu-
ene/EtOAc), whereby pure product 19 (0.223 g, 43 %) was obtained as a colourless oil. Ste-
reoisomer 18 (0.246 g, 48 %) was also isolated as a solid which crystallizes from MeOH, as
white needles. Procedure C: 0.1 M solution of NaOMe in MeOH (0.5 mL, 0.05 mmol) was
added to a solution of 18 (0.2464 g, 0.51 mmol) in dry MeOH (15 mL). The mixture was
heated under reflux for 48 h, and then neutralized with acidic ion exchange resin IRA-120.
The resin was separated by filtration and the filtrate was evaporated. Flash column chroma-
tography of the residue (19:1 toluene/EtOAc) gave 19 (0.151 g, 61 %) as a colourless oil,
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[alp = —26.3° (¢ 1.0, CHCl5), Ry = 0.35 (19:1 toluene/EtOAc). A small amount of stereo-
isomer 18 (0.015 g, 6 %) was also isolated as a solid, which crystallizes from MeOH, in the
form of white needles, m.p.: 138 °C, [a]p = —21.7° (¢ 0.8, CHCl3), Ry = 0.30 (19:1 toluene/
/EtOAc).

3,6-Anhydro-2-deoxy-D-galacto-heptono-1,4-lactone (3). A solution of compound 19
(0.741 g, 1.52 mmol) in a 2:1 mixture TFA/H,O (9 mL) was stirred at room temperature for
18 h. The reaction mixture was evaporated and the traces of acid were removed by co-dis-
tillation with toluene. The residue was purified by flash column chromatography (EtOAc) to
give pure product 3 (0.210 g, 80 %), which crystallized from CHCl; in the form of white
needles, m.p.: 126-127 °C, [a]p = —98.0° (¢ 0.9, MeOH), R;= 0.20 (EtOAc).

Methyl (E)-5,7-di-O-benzyl-2, 3-dideoxy-D-lyxo-hept-2-enoate (22). Ph;P=CHCO,Me
(0.370 g, 1.11 mmol) was added to a solution of 2122 (0.286 g, 0.87 mmol) in anhydrous
benzene (7 mL) and the resulting mixture was stirred under reflux for 24 h. The solvent was
then evaporated and the Ph;P was removed by flash chromatography (Et,O). Pure 22 (0.226 g,
68 %) was obtained after crystallization from a mixture toluene/hexane, in the form of colour-
less, transparent needles, m.p.: 95-96 °C, [a]p =+14.0° (¢ 1.1, CHCl3), Ry = 0.45 (4:1 Et,0/
/hexane). The mother liquor was evaporated and purified by column chromatography on flash
silica (7:3 Et,O/hexane), whereby a small amount of pure lactone 10 (0.027 g, 9 %) was obtained.

2,3-Dideoxy-D-lyxo-heptono-1,4-lactone (6). A solution of 22 (0.087 g, 0.23 mmol) in
EtOH (3.5 mL) was hydrogenated over 10 % Pd/C (0.054 g) for 24 h, at room temperature and
normal pressure of hydrogen. The catalyst was separated by the filtration through a Celite pad,
the filtrate was evaporated and the residue was treated with 2:1 TFA/H,O (3 mL), at room
temperature for 20 h. The reaction mixture was evaporated by co-distillation with toluene, and
the residue was purified by flash chromatography (47:3 EtOAc/MeOH). Pure product 6
(0.020 g, 50 %) was obtained as a pale yellow syrup, [a]p = —1.2° (c 0.4, CHCl3), Ry = 0.21
(47:3 EtOAc/MeOH).

Compounds 4, 5 and 8 have been prepared according to procedures previously reported
by us.!820

MTT assay. The colorimetric MTT assay was carried out using the reported procedure.?

Test cells. The cytotoxicity of the test compounds was assessed against seven human
tumour cell lines: K562 (ATCC CCL 243, chronic myeloid leukaemia), HL-60 (ATCC CCL
240, promyelocytic leukaemia), Jurkat (ATCC CCL 1435, T cell leukaemia), Raji (ATCC
CCL 86, Burkitt's lymphoma), HT-29 (ATCC HTB38, colorectal adenocarcinoma), MDA-
-MB 231 (ATCC HTB-26, ER™ brest adenocarcinoma), and HeLa cells (ATCC CCL2, human
cervix adenocarcinoma). Cytotoxicity toward a single normal cell line, MRC-5 (ATCC CCL
171, foetal lung fibroblasts) was also evaluated.

RESULTS AND DISCUSSION
Chemistry

The synthesis of dephenylated goniofufurone analogues 2 and 8 is presented
in Scheme 1. Although analogue 2 can be obtained in one step by cyclocondensa-
tion of D-xylose with Meldrum’s acid,24 we planned to prepare it via a protected
furano-lactone 10 in order to explore a possible divergent route that would allow
access to monobenzyl derivative 8. The known22 and readily available D-xylofu-
ranose lactol derivative 9 was used as a convenient starting material for this part
of the work.
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Treatment of 9 with the stabilized ylide, PhsP=CHCO,Me, in anhydrous
methanol gave the expected furanolactone 10 (61 %), as a product of the initial
(Z)-selective Wittig olefination?5 followed by jlactonization. A minor amount
(25 %) of the corresponding (E)-enoate 11 (dy 6.16 ppm, Jp 3 = 15.6 Hz, H-2)
was also obtained from this reaction. Both 10 and 11 had been prepared earlier in
our laboratory, under the (E)-selective Wittig conditions (PhsP=CHCO,Me, DMF,
70 °C)25 but in a completely different product ratio (74 % of 11, 12 % of 10).18

= OH — oxa-Michael BnO Ot
\\SEJDH a KCCH/\(:OzME lactonization K!\‘///>:o ring-closure >=O
. _— e} e
& i OH 61 %
. Z-selective A and

OBn OBn

BnO OH Wittig OBn OBn
olefination
9 9a 9b 10
b l ﬁﬁteilgective Iactonizaty( l gr(for 2)
v Olefination 51 % y e(for8)
M
/002 © BnO CO,Me Bro | COgMe HO O
O
OH c . \_Sj ) >:O
“of oxa-Michael 3 3 rd o
ring-closure 1 [
OBn OBn g BnO OH BnO OH
2R=H (87 %)
11 (66 %) 12 (17 %) 12a 8 R=Bn (87 %)

Scheme 1. Reagents and conditions: a) PhsP=CHCO,Me, MeOH, rt, 48 h;
b) Ph;P=CHCO,Me, C¢Hg, reflux, 24 h; ¢) imidazole, C¢Hg, reflux, 11 h; d) Hy,
10 % Pd/C, EtOH, 1t, 24 h; e) H,, 10 % Pd/C (0.1 equiv of Pd), abs. EtOH, rt, 105 min.

In this paper, we examined alternative conditions for the (£)-selective Wittig
olefination (Ph3P=CHCO,Me, CgHg, under reflux), whereby the (E)-enoate 11
was obtained in 66 % yield. We supposed that 11 could be used to verify that
conversion of 9 to 10 involves initial lactonization, followed by subsequent oxa-
Michael cyclization. If the sequence included the oxa-Michael cyclization that
precedes lactonization, we would find at least traces of the f-C-furanoside 12 in
the reaction mixture, which from steric reasons cannot lactonize. In an alternative
sequence, in which Michael's ring closure precedes lactonization, (£)-enoate 11
was treated with imidazole in hot benzene for 11 h. Under these reaction con-
ditions, the lactone 10 was obtained in 51 % yield, along with a minor amount of
the f-C-glycoside 12 (17 %) thus providing an indirect proof for the mechanism
of conversion of 9 to 10. By the catalytic reduction of 10 over 10 % Pd/C (0.1 M
eq. of Pd), for 105 min at room temperature, the benzyl group was selectively
removed from the primary position to give the required alcohol 8 in 87 % yield.
When the catalytic hydrogenolysis of 10 was performed with twice the amount of
catalyst (0.2 M eq. Pd), with an extension of the reaction time to 24 h, the
known!7 analogue 2 (87 %) was obtained, with physical constants and spectral
data in good agreement with the reported values.!”

In an attempt to convert enone 11 to lactone 10 in an alternative manner,
compound 11 was treated with NaOMe in MeOH at room temperature (Scheme
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2). Quite unexpectedly, under these reaction conditions, jketoester 13 was pre-
ferentially formed (32 %) as a result of enolization. The tetrahydrofuran deriva-
tive 12 was also isolated (22 %) as a product of the oxa-Michael cyclization process.

BnO CO,Me
OH b OH OH a o
o O _ .
o Ref. 18 oxa-Michael :
OBn OBn OBn OBn OMe ring-closure BnO  OH
14 1 12 (22 %)
c | Ref. 18 a l enolization +

_H
OH O OH O
OH o ‘\ (\O@ enolization o
. o) M/\r _—
© OBn OBn OMe OBn OBn OMe
OH OH
5 1a 13 (32 %)

Scheme 2. Reagents and conditions: a) NaOMe, MeOH, rt, 20 min; b) H,, PtO,, AcOH,
rt, 51 h; ¢) Hy, 5 % Pd/C, 1t, 20 h.

Finally, compound 11 was converted to target 5 (in 44 % overall yield),
using the known!8 two-step sequence shown on the left-hand side of Scheme 2.
Since this synthetic sequence is described in in our earlier work,!8 it will not be
further discussed here.

The synthesis of furofuranone 3 is shown in Scheme 3. The sequence started
from D-lyxofuranose derivative 15, which is readily available from D-lyxose in
one step.2! We have planned two independent routes to the key intermediate 19.

HO HO o CO,Me Ho
O
88 %
o_ O (0]
Py X hg
15 16 (cis) + 17 (trans) 3
b
c|71% >\ 80 % ‘ e
TrO TrO CO,Me TrO CO,Me
a
—_— +
48 % of 18
OXO 43 % of 19 OXO OXO
20 18 (10 %) 19 (69 %)
| d (61 % of 19 from 20) T

Scheme 3. Reagents and conditions: a) PhyP=CHCO,Me, MeCN, reflux, 4 h for 15,48 h
for 20; b) i, NaOMe, MeOH, reflux, 48 h, ii, TrCl, Py, rt, 72 h; ¢) TrCl, Py, rt, 48 h;
d) NaOMe, MeOH, reflux, 48 h; e) 2:1 TFA/H,0, rt, 18 h.
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The first one started with the reaction of 15 with Ph3P=CHCO;Me, in boiling
MeCN, whereupon an inseparable mixture of the corresponding a- and f-C-fura-
noside (16 + 17) was obtained as a result of the initial Wittig olefination of 15,
followed by the subsequent oxa-Michael cyclization. This mixture further reacted
with TrCl in dry pyridine to give stereoisomeric triphenylmethyl ethers 18 and 19
which were successfully separated by flash chromatography. The treatment of
purified 18 with NaOMe in MeOH resulted in equilibration, via a ring-opening
and ring-closure mechanism, similar to that observed in a- and S-C-ribofurano-
side derivatives.26 This procedure gave a 7:1 mixture of 19 and 18, with the -C-
-glycoside 19 as the major product. The overall yield of 19 according to this
route was 55 % with respect to starting compound 15.

The second synthetic route started with the selective protection of primary
hydroxyl group of 15 using trityl chloride in pyridine (Scheme 3) to give the cor-
responding 5-O-trityl ether 20 in 71 % yield. Lactol 20 readily reacted with the
stabilized ylide Ph3P=CHCO;Me, in dry acetonitrile, to give the approximately
equal amounts of the expected C-glycosides 18 and 19, which were readily separ-
ated by flash column chromatography. The isomerisation of a-C-glycoside 18
(NaOMe, MeOH, under reflux) provided an additional amount of f-isomer, so
that the required stereoisomer 19 was obtained in a total yield of 64 % relative to
starting compound 15. The hydrolytic removal of the isopropylidene protective
group in 19 with aqueous trifluoroacetic acid occurred with the related lactoniz-
ation and de-O-tritylation, in order to give the target molecule 3 in 80 % yield.

The synthesis of jlactone 6, an analogue of 3, which lacks a tetrahydrofuran
ring, is shown in Scheme 4. Partially protected D-lyxose derivative 21, which is
readily available from D-xylose in several synthetic steps,?? served as a con-
venient starting compound for this part of the work. Reaction of 21 with
Ph3P=CHCO,Me, in boiling benzene, gave two reaction products: the main one

CO,Me
BnO = —
O. OH a OH Z oH COMe lactonization o o)
. + -
OH 470
OH OBn OBn OBn OBn
BnO  OH OBn OBn
21 22 (68 %) 22b 22¢
b\ C-4 epimerization \
BnO oxa-Michael _—
mo c OH COMe (e} ring-closure wo
0
© 50 % from 22 OH . Xo
OH OH OH OH o © OBn OBn
6 22a 10 (9 %) 22d

Scheme 4. Reagents and conditions: a) PhyP=CHCO,Me, C4Hg, reflux, 24 h; b) H,,
10 % Pd/C, EtOH, 1t, 24 h; c¢) 2:1 TFA/H,0, 1t, 20 h.
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was the (F)-unsaturated ester 22, which was formed as a consequence of the
expected Wittig (E)-selective olefination process. A minor amount of furanol-
actone 10 was unexpectedly obtained in this reaction, presumably as a product of
a three-step sequence, comprised of the initial y-lactonization of the minor (2)-
-olefin 22b, followed by the successive C-4 epimerization, and the final oxa-
-Michael cyclization process. A catalytic reduction of 22 over 10 % Pd/C res-
ulted in a simultaneous reduction of the double bond and the hydrogenolytic rem-
oval of the benzyl groups. Intermediate 22a was not purified, but was in non-
purified form further treated with aqueous TFA, whereby the target lactone 6 was
obtained in 50 % overall yield from the last two steps.

In vitro antiproliferative activity and SAR analysis

The biological activities of synthesized compounds 2—8 were evaluated by
an in vitro cytotoxicity test against a panel of seven human malignant cell lines,
including human myelogenous leukaemia (K562), human promyelocytic leukae-
mia (HL-60), T cell leukaemia (Jurkat), Burkitt’s lymphoma (Raji), colorectal
adenocarcinoma (HT-29), ER™ breast adenocarcinoma (MDA-MB 231) and cer-
vix carcinoma (HeLa). Cytotoxicity was also evaluated against one normal
human cell line, MRC-5. The purpose of this test was to determine whether the
synthesized compounds showed the selectivity against tumour cells. Cell growth
inhibition was evaluated using the standard MTT assay23 after the exposure of
cells to the test compounds for 72 h*. (+)-Goniofufurone (1) and the commercial
antitumour agent doxorubicin (DOX) were used as positive controls. The results
are presented in Table I, which displays that the natural product 1 and the
corresponding analogues show variable activities towards the tested cells ranging
from nanomolar /Csq values to complete inactivity for individual cells. Such dif-
ferent activities indicate that the synthesized lactones do not act on the same
molecular target. However, much more work is needed to confirm this assump-
tion. This could be the subject of our future work.

It is to be noted that five analogues (compounds 2—4, 7 and 8) showed sub-
micromolar cytotoxicities against K562 malignant cells, with /Csg values ranging
from 0.003 to 0.54 uM. The remaining two analogues (compounds 5 and 6)
showed a strong cytotoxicity, with /Csq values in the micromolar range (4.21 and
3.54 uM, respectively). The most active compounds against these cells are the
furanolactones 2 and 3, which exhibited a powerful cytotoxicity (/Csq of 3.0 and
5.1 nM, respectively). Accordingly, compound 2 was over 130-fold more active
than natural product 1 and over 80-fold more potent than the commercial anti-
tumor agent DOX. Compound 3 showed slightly lower, but still noticeable cyto-

* Antiproliferative activities of analogues 2 and 3 against three malignant and one normal cell

line were reported in the preliminary communication, but after 24-h of cells treatment (see ref-
17

erence'’).
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toxicity (80-fold higher potency than lead 1 and 49-fold higher activity than
DOX). Also, analogue 2 showed a notable antiproliferative activity in the culture
of HeLa cells (/C59 = 0.01 uM), showing over 800-fold higher activity than the
natural lead 1 and 6.5-fold higher potency than DOX. Compound 3 however,
exhibited a significant activity against Raji cells (/Cs59=9.3 nM) being over
1980-fold more active than the natural product 1, and over 320-fold more potent
than the commercial antitumor drug DOX. The demonstrated antitumour pro-
perties of lactones 2 and 3, as well as their complete inactivity against the normal
MRC-5 cells, make these analogues suitable leads for further development of
new antitumour drugs.

TABLE L. In vitro cytotoxicity (+)-goniofufurone (1), DOX and analogues 2—8 after 72 h

ICsq / pM?
Compound =

K562 HL-60 Jurkat Raji  HT-29 MDA-MB 231 HeLa MRC-5
1 041  >100 3245 1845  0.59 75.34 8.32 >100
2 0.003 556 3.73 >100 >100 75.31 0.01 >100
3 0.0051 >100 >100 0.0093 0.056 0.11 >100 >100
4 0.54> 0.09° 223> 221 >100 >100 2.34b >100
5 421 0.02 >100 >100 94.35 0.011 >100 >100
6 354 >100 11.84 89.64 0.12 >100 4.10 >100
7 0.12 2062 945 5637 1245 67.50 0.03 >100
8 0.065 009 1.02 1139 >100 >100 5.92 >100
DOX 0.25 0.92 003 298 0.15 0.09 0.065 0.10

ICs is the concentration of compound required to inhibit the cell growth by 50 % compared to an untreated
control. Values are means of three independent experiments. Coefficients of variation were less than 10 %;
®taken from reference’’

Analogue 3 proved to be the most potent antiproliferative agent in the HT-29
cell culture (/Csg = 0.056 uM). It showed over 10-fold stronger activity than the
natural product 1 and almost 3-fold higher activity then DOX in the culture of
these cells.

The most active compound in HeLa cell culture is analogue 2 (/C59= 0.01
uM) being over 830- and 6.5-fold more active than the lead 1 and DOX, respect-
ively.

The analogue 8 exhibited the strongest cytotoxicity in K562 and HL-60 cell
cultures (/Cs¢9 of 0.065 and 0.09 uM, respectively). In the K562 cell culture, it
showed almost 6 times the potency of the lead 1, as well as 3.6 times the activity
of DOX. In cell culture HL-60 (where the lead 1 is inactive), the analogue 8
showed 10 times stronger activity than DOX. The same activity towards these cells
was shown by the analogue 4 (/C5¢ = 0.09 uM, 10-fold more potent than DOX).

All synthesized analogues (2—8) as well as the lead 1, were completely inact-
ive against normal MRC-5 cells. On the contrary, the commercial antitumour agent
DOX exhibited a potent cytotoxicity against this cell line (/Csg = 0.10 uM). These
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results do suggest that the natural product 1 and the analogues 2—8 are more
selective anticancer agents than DOX, but such a conclusion should be supported
by the additional in vitro experiments with a larger number of normal cell lines.

We performed a brief SAR analysis in order to identify structural features
beneficial for potencies of analogues (such as the presence phenyl and/or tetra-
hydrofuran ring, and the influence of stereochemistry at the C-3 and/or C-4 posi-
tions).

As shown in Table I, the removal of phenyl ring from the C-7 position in 1
increase the activities of the resulting analogues 2, 4 and 6, against three to four
cell lines. In a slightly smaller number of malignant cell lines the control com-
pounds retained stronger potencies. (For a graphical presentation see, Fig. S-1a of
the Supplementary material). The analogues designed by opening of the THF
ring (4-6) showed essentially the same cytotoxic effects. Similar effects on the
antiproliferative activity were observed when the stereochemistry was changed at
C-3 and C-4. (Fig. S-1b and c of the Supplementary material). As it can be seen
from Table I (and from Fig. S-1 of the Supplementary material), the results of the
SAR analysis are relatively inconsistent. In order to draw more reliable con-
clusions, a larger number of analogues should be prepared, and the SAR analysis
repeated. This will be the subject of our further work.

CONCLUSION

In conclusion, several novel (+)-goniofufurone analogues were designed and
synthesized starting from D-xylose or D-lyxose. The synthesized molecules were
evaluated for their in vitro antitumour activity against a panel of human malig-
nant cell lines. The strongest potency, in the region of low, nanomolar /Csg
values, was shown by the following compounds: dephenylated analogues 2
(ICs50 = 3.0 nM, K562) and 3 (IC5p = 5.1 nM, K562 and 9.3 nM, Raji). In addit-
ion, each of the synthesized compounds showed submicromolar activity (/Csg
0.01-0.54 uM) against at least one tumour cell line under evaluation.

Preliminary SAR analysis showed that the dephenylated goniofufurone ana-
logues (designed by removing the aromatic ring from C-7), as well as the analo-
gues with open tetrahydrofuran ring (designed by disconnecting the C3—Og
bond), could show improved antiproliferative activity. Changing the stereoche-
mistry at C-4 in the analogue 5 may increase cytotoxicity, while changing the
configuration at both C-3 and C-4 in the bicyclic analogue 2 causes a decrease in
cytotoxicity in most of the cells tested.

We believe that the potent antitumour activities of the synthesized analogues
2-8 toward the malignant cells, as well as their complete inactivity against nor-
mal MRC-5 cell line, make them suitable leads for further development of more
potent and selective antitumour agents.
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U3BOL
CHUHTE3A U AHTUIIPOJIM®EPATHBHA AKTUBHOCT ITOJEOHOCTABJ/BEHUX
AHAJIOTATOHHUO®Y®YPOHA
BOJAHA CPERO 3EJIEHOBHR', CAIbA TPABEX', MUPJAHA ITOTICABHH', BECHA KOJUR’, JOBAHA ®PAHIIY3'
u BEJIUMUP [IOIICABUH"?
Meuapiaman 3a xemujy, uoxemujy u 3auiGiuiiy susotine cpequne, IIpupogro—mariemarmuuxy paxyniieid,
Tpi Jocuiteja Odpagosuha 3, 21000 Hosu Cag, 2Onxonowxu unctuutiyw Bojeogune, Iyt gp I'ongmana 4,
21204 Cpemcxa Kamenuya u 3Cpﬁcxa axagemuja Hayka u ymetminociiu, Kneza Muxauna 35, 11000 Beoipag

Buure HoBux aHasora (+)-roHnodydypoHa je TU3ajHUPAHO U CUHTETH30BaHO INosyiazehu
U3 D-KCHUJI03€, OBHOCHO M3 D-JIMKco3e. McnuTaHa je ciocobHOCT aHalora Ja UHXUOUpajy pact
onabpaHuX XyMaHUX TyMOpcKux henujckux nuHuja. HajakTUBHUjH MOJIEKYITH, KOjU MOKa3yjy
HUCKY HaHOMOJIApHY LIMTOTOKCUYHOCT, Cy AedeHnnoBanu aHanosu 2 (ICso = 3,0 nM, K562) u
3 (ICso = 5,1 nM, K562 u 9,3 nM, Raji). Konauno, cBako of [odujeHHx jequtberna MoKasaso je
cyb-mukpomonapHy aktuBHOCT (ICso 0,01-0,54 nM) mpema HajMamwe jenHOoj 0 cefiaM UCITUTH-
BaHUX ManurHux henujckux nuHyja. [IpennmunapHom SAR aHanusoMm je yrepheHo ma mede-
HWIOBAHW aHaJ03u ToHHOGYdypoHa (OU3ajHUPaHU YKIamkalkeM apOMATHYHOT NMPCTEHa ca
C-7), a Takohe M aHal03M Ca OTBOPEHMM TETPaxUApodypaHCKHUM INPCTEHOM (CHHTETHUCAaHU
packumameM Cs3—Cs Bese) MOry IokasaTH MOJO/bIIAHY AHTUIIPONIUQEPATHBHY aKTHBHOCT.
Taxohe, npomena crepeoxemuje Ha C-4 y Monekyny 5 Moxe noBehaTd UUTOTOKCHYHOCT aHa-
jnora, 1ok npomeHa koHurypauuje Ha C-3 v C-4 y SUIUKIMYHOM aHAIOTy 2 CMamyje aKTHB-
HocT mpema BehwHM ucnuTHBaHUX henuja. CHakHa aHTHTYMOpPCKAa aKTHBHOCT HCIOJbEHA
npeMa ManurHuM henujama ¥ TOTIYHA HEAKTHUBHOCT CUHTETHU30BaHUX aHasora 2—8
npeMa HopmanHuM henunjama MRC-5, mpepacramajy MOrOAHY OCHOBY 3a Ia/bU PasBOj
HOBUX, IOTEHTHUjUX U CEJIEKTUBHUJUX aHTUTYMOPCKHUX areHaca.
(ITpummeno 30. jyna, npuxsaheno 10. centemdpa 2020)
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PHYSICAL AND SPECTRAL DATA OF SYNTHESIZED COMPOUNDS
3,6-Anhydro-5,7-di-O-benzyl-2-deoxy-D-ido-heptono-1,4-lactone (10).

BnO  0-3.3
ng )=o0
4"'0
BnO
10

Colourless needles, m.p.: 90 °C (MeOH), [a]p = +8.6° (¢ 1.2, CHCl3),
Rp=0.62 (4:1 hexane/Et,0). 'H-NMR (250 MHz, CDClz): 6 2.71 (m, 2 H,
Jra3 = 4.4, Jp3 =29 Hz, H-2), 3.73 (d, 2 H, Je 7 = 5.5 Hz, 2xH-7), 4.22 (dd,
1 H, Jg5 = 0.6, J56 = 4.1 Hz, H-5), 4.31 (m, 1 H, H-6), 4.59 and 4.64 (4xd,
partially overlapped, 4 H, Jgem = 11.9 Hz, 2xCH,Ph), 4.93 (dd, 1 H, J3 4 = 4.8,
Jas = 0.6 Hz, H-4), 496 (m, 1 H, H-3), 7.26-7.42 ppm (m, 10 H, 2xPh).
I3C-NMR (62.9 MHz, CDCl3): 6 36.0 (C-2), 68.2 (C-7), 72.8 and 73.6
(2xCH3,Ph), 77.0 (C-3), 79.7 (C-6), 81.6 (C-5), 85.6 (C-4), 127.8, 127.9, 128.2,
128.5, 128.7, 137.3, 138.0 (2xPh), 175.5 ppm (C-1). LRMS (CI): m/z 355
(M™+H), 263 (M*=Bn). Anal.: Found: C, 70.89; H, 6.39. Calcd. for Cp;Hp;0s5:

C,71.17; H, 6.26.

* Corresponding author. E-mail: velimir.popsavin@dh.uns.ac.rs
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Methyl (E)-5,7-di-O-benzyl-2,3-dideoxy-D-xylo-hept-2-enonate (11).
OMe

11

Colourless syrup, [a]p = —188.9° (¢ 1.1, CHCl3), Rf = 0.50 (4:1 Et;O/
/hexane). IR (film): vipax 3430 (OH), 1730 (C=0), 1670 (C=C), 1610 cm~! (Ph).
IH-NMR (250 MHz, CDCl3): 6 2.81 and 3.22 (2xd, 1 H each, exchangeable with
DO, J = 6.1 Hz, 2xOH), 3.52 (dd, 1 H, Js7a = 5.6, J7a 76 = 9.7 Hz,
H-7a), 3.60 (dd, 1 H, J72,76 = 9.7, Jo,7b= 5.7 Hz, H-7b), 3.62 (¢, 1 H, J45=J56=
= 4.1 Hz, H-5), 3.76 (s, 3 H, OMe), 3.97 (m, 1 H, H-6), 4.50 (m, 1 H, J3 4 = 4.3,
Jo.4 = 2.0 Hz, H-4), 4.51 (s, 2 H, CH,Ph), 4.61 (2xd, 2 H, Jgem=11.3 Hz,
CH,Ph), 6.16 (dd, 1 H, J,3=15.6 Hz, H-2), 7.03 (dd, 1 H, J3 4=4.3, 2,3 =15.6
Hz, H-3), 7.25-7.42 ppm (m, 10 H, 2xPh). 13C-NMR (62.9 MHz, CDCl3): 6 51.5
(OMe), 70.7 (C-4), 70.8 (C-6), 71.1 (C-7), 73.4 and 74.7 (2xCH,Ph), 80.6 (C-5),
121.1 (C-2), 127.9, 128.1, 128.2, 128.4, 128.45, 137.3, 137.4 (2xPh), 147.5
(C-3), 166.7 ppm (C-1). LRMS (FAB): m/z 409 (M*+Na), 387 (M*+H). Anal.:
Found: C, 68.10; H, 6.83. Calcd. for CyoH60¢: C, 68.38; H, 6.78.

Methyl 3,6-anhydro-3, 7-di-O-benzyl-2-deoxy-D-gulo-heptonoate (12).

12

Colourless oil, [a]p = —18.7° (¢ 1.0, CHCIl3), Rf= 0.50 (4:1 Ety;O/hexane).
IH-NMR (250 MHz, CDCl3): § 2.68 (dd, 1 H, J2a3 = 9.6, Joa0p = 17 Hz, H-2a),
2.97 (dd, 1 H, Jpp3 = 5.0, Joa 20 = 17 Hz, H-2b), 3.12 (bs, 1 H, OH), 3.60-3.80
(m, 5 H, 2xH-7 and OMe), 3.93 (m, 1 H, H-3), 3.99 (dd, 1 H, J45=2.3, J56 =
= 5.1 Hz, H-5),4.08 (dd, 1 H, J34=4.9, J4 5= 2.3 Hz, H-4), 423 (m, 1 H, H-6),
4.48-4.72 (4xd, 1 H each, Jgem = 12.0 Hz, 2xCH,Ph), 7.24-7.39 ppm (m, 10 H,
2xPh). I3C-NMR (62.9 MHz, CDCl3): § 38.3 (C-2), 52.0 (OMe), 68.7 (C-7),
71.6 and 73.4 (2xCH,Ph), 79.7 (C-6), 80.8 (C-3), 81.1 (C-4), 85.3 (C-5), 127.5,
127.6,127.8, 128.3, 128.4, 137.9, 138.1 (Ph), 172.9 ppm (C-1).
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Methyl 5,7-di-O-benzyl-2,3-dideoxy-4-oxo-D-threo-heptonate (13).

OH O )
7 5 3 O
6 4 )
OBn OBn OMe

13

Bright yellow oil, [a]p = —69.9° (¢ 1.4, CHCl3), Rf = 0.71 (4:1 Et,O/
/hexane). 'H-NMR (250 MHz, CDCl3): § 2.59 (¢, 2 H, J = 6.4 Hz, H-2a and
H-2b), 2.84 (bs, 1 H, exchangeable with D,O, OH), 2.87 and 2.88 (2x¢, 1 H each,
J=6.4 Hz, H-3a and H-3b), 3.52 (dd, 1 H, J7,7p = 9.5, Je.7a = 6.1 Hz, H-7a),
3.60 (dd, 1 H, Jg 7, = 5.6 Hz, H-7b), 3.68 (s, 3 H, OMe), 4.04 (d, 1 H, J56=3.3
Hz, H-5), 4.11 (m, 1 H, H-6), 4.42-4.55 (m, 3 H, 2xPhCH}), 4.74 (d, 1 H, Jeem =
= 11.5 Hz, PhCH,), 7.25-7.42 ppm (m, 10 H, 2xPhCH,). 13C-NMR (CDCl3): 6
27.2 (C-2), 34.4 (C-3), 51.8 (OMe), 70.1 (C-7), 71.1 (C-6), 73.2 and 73.3
(2xPhCH,), 83.9 (C-5), 127.6, 127.65, 128.0, 128.1, 128.2, 128.4, 136.9 and
137.6 (2xPhCHj), 173.3 (C-1), 210.4 ppm (C-4). LRMS (FAB): m/z 409
(M*+Na), 387 (M*+H).

3,6-Anhydro-2-deoxy-D-ido-heptono-1,4-lactone (2).
HO O 3,.\\2
4"0
HO
2

Transparent needles, m.p.: 71-73 °C (EtOAc/MeOH), [a]p = +26.8° (¢ 1.8,
H,0), lit! m.p.: 72-74 °C, [a]p = +28.4° (¢ 1.9, Hy0), Ry = 0.72 (9:1
CH,Clp/MeOH). 'H-NMR (250 MHz, acetone-dg): § 2.47 (d, 1 H, Jpa2p = 18.8
Hz, H-2a), 2.85 (dd, 1 H, Jp3 = 6.1, Joa0p = 18.8 Hz, H-2b), 3.66 (dd, 1 H,
J7a,76 = 11.6, Jg 70 = 5.2 Hz, H-Ta), 3.75 (dd, 1 H, Je 7t = 5.1, J7a,7b = 11.6 Hz,
H-7b), 3.96 (m, 1 H, J5 6 = 1.8 Hz, J5 70 = 5.2, J67b = 5.1 Hz, H-6), 4.25 and 5.01
(bs, 2 H, exchangeable with D0, 2xOH), 4.34 (d, 1 H, J5 6 = 1.8 Hz, H-5), 4.88
(d, 1 H, J3 4 = 4.4 Hz, H-4), 494 ppm (dd, 1 H, Jyp3 = 6.1, J3 4 = 4.4 Hz, H-3).
I3C-NMR (62.9 MHz, acetone-dg): 6 36.2 (C-2), 60.0 (C-7), 73.9 (C-5), 77.2 (C-
3), 81.9 (C-6), 88.9 (C-4), 177.7 ppm (C-1). LRMS (FAB): m/z 371 (2M*+Na),
349 2M*+H), 197 (M™+Na), 175 (M*+H), 157 (M™—OH).
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Methyl 3,6-anhydro-2-deoxy-4,5-O-isopropylidene-D-talo-heptanoate (18).

O
710 ﬁ/OMe
6,0.3..,
7 o
5y {4

o__0O

X

Me Me
18

White needles, m.p.: 138 °C (MeOH), [a]p = —21.7° (¢ 0.8, CHCl3), Ry =
=0.30 (19:1 toluene/EtOAc). IH-NMR (250 MHz, CDCl3): 6 1.31 and 1.35 (2xs,
3 H each, CMey), 2.47 (dd, 1 H, Jpa0p = 15.3, J2a3= 7.9 Hz, H-2a), 2.57 (dd, 1
H, J2a20 = 15.3, J2p3 = 7.4 Hz, H-2b), 3.37 (dd, 1 H, J75,7b = 9.5, J6.7a = 6.3 Hz,
H-7a), 3.45 (dd, 1 H, J7,7b = 9.5, J6,76 = 5.7 Hz, H-7b), 3.73 (s, 3 H, OMe), 3.97
(m, 1 H, Js 6 = 3.9 Hz, H-6), 4.47 (td, 1 H, J3 4 = 1.1 Hz, H-3), 4.61 (dd, 1 H,
J34 =11, J45= 6.1 Hz, H-4), 478 (dd, 1 H, J45 = 6.1, J5 6 = 3.9 Hz, H-5),
7.19-7.54 ppm (m, 15 H, 3xPh). 13C-NMR (62.9 MHz, CDCl3): § 25.3 and 26.2
(CMey), 36.3 (C-2), 51.9 (OMe), 61.7 (C-7), 79.3 (C-6), 80.3 (C-3), 81.0 (C-5),
84.8 (C-4), 86.8 (Ph3C), 112.7 (CMe,) 126.9, 127.7, 128.82, 144.0 (3xPh), 170.8
ppm (C-1). LRMS (FAB): m/z 511 (M*+Na), 411 (M*—Ph), 243 (Ph3C™). Anal.:
Found: C, 73.48; H, 6.53. Calcd. for C39H3,0¢4: C, 73.75; H, 6.60.

Methyl 3,6-anhhydro-2-deoxy-4,5-O-isopropylidene-D-galacto-heptanoate (19).

(0]
TrO 1

7 2

OMe

o_ 0

X

Me Me
19

Colourless oil [a]p = —26.3° (¢ 1.0, CHCl3), Rf=0.35 (19:1 toluene/EtOAc).
IH-NMR (250 MHz, CDCl3): § 1.43 and 1.36 (2xs, 3 H each, CMe»), 2.78 (dd, 1
H, J2a3 = 6.6, Joaop = 16.7 Hz, H-2a), 2.83 (dd, 1 H, Jy32,=16.7, Jop3 =
= 7.0 Hz, H-2b), 3.42 (dd, 1 H, Jg 72 = 6.4, J72.7vb = 9.5 Hz, H-7a), 3.49 (dd, 1 H,
J7a,76 = 9.5, Jg, 70 = 6.0 Hz, H-7b), 3.70 (td, 1 H, J5 6 = 2.9 Hz, H-6), 3.72 (s, 3 H,
OMe), 3.94 (¢d, 1 H, J34 = 2.9 Hz, H-3), 4.78 (m, 2 H, H-4 and H-5), 7.17-7.58
ppm (m, 15 H, 3xPh). 13C-NMR (62.5 MHz, CDCl3): § 25.2 and 25.8 (CMe;),
33.4 (C-2), 51.7 (OMe), 61.3 (C-7), 77.4 (C-3), 80.6 (C-6), 81.0 and 81.1 (C-4
and C-5), 86.8 (Ph3C), 112.2 (CMeyp), 126.8, 127.6, 128.8, 144.0 (3xPh), 171.5
ppm (C-1).
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3,6-Anhydro-2-deoxy-D-galacto-heptono-1,4-lactone (3).

HO 6032
7 5 =0
470
HO

3

White crystals, m.p.: 126—127 °C (CHCl3), [a]p = —98.0° (c 0.9, MeOH),
Rp=10.20 (EtOAc). 'H-NMR (250 MHz, acetone-dg): 6 3.92 and 4.46 (bs, 2 H,
exchangeable with DO, 2xOH), 2.50 (dd, 1 H, Jyap = 18.4, Jpa3 = 2.6 Hz,
H-2a), 2.80 (dd, 1 H, Jya b = 18.4, Jop 3= 7.3 Hz, H-2b), 3.63 (dd, 1 H, J7,7v =
=11.6, Jg 72 = 4.6 Hz, H-7a), 3.78 (dd, 1 H, J75.7, = 11.6, J71, 6 = 5.8 Hz, H-7b),
3.93 (m, 1 H, J56 = 5.0 Hz, H-6), 4.45 (¢, 1 H, J45 = 5.0 Hz, H-5), 4.69 (ddd,
1 H, Ja3 = 2.6, Jop3 = 7.3, J34 = 6.0 Hz, H-3), 5.03 ppm (¢, 1 H, H-4).
I3C-NMR (62.9 MHz, acetone-dg): 6 36.9 (C-2), 61.4 (C-7), 72.1 (C-5), 76.6
(C-3), 83.4 (C-6), 83.9 (C-4), 176.5 ppm (C-1). LRMS (FAB): m/z 371
(2M*+Na), 349 (2M*+H), 197 (M™+Na), 175 (M™+H). Anal.: Found: C, 48.56;
H, 5.48. Calcd. for CJH{9O5: C, 48.28; H, 5.79.

Methyl (E)-5,7-di-O-benzyl-2, 3-dideoxy-D-lyxo-hept-2-enoate (22).

O~_OMe
1

oH %°

e 0oH
OBn OBn

22

Colourless needles, m.p.: 95-96 °C (toluene/hexane), [a]p = +14.0° (¢ 1.1,
CHCI3), Rs=0.45 (4:1 EtpO/hexane). IR (CHCI3): vinax 3368 (OH), 1724 (C=0),
1660 cm™! (C=C). !H-NMR (250 MHz, CDCl3): J 2.85 and 3.60 (2xbs, 1 H
each, 2xOH), 3.47 (dd, J7a70 = 9.4, Jo.7a = 5.8 Hz, H-7a), 3.51 (dd, 1 H, Js 5 =
=7.0,Js56=2.4 Hz, H-5), 3.58 (dd, 1 H, J75,7vb = 9.4, J6,7p = 6.4 Hz, H-7b), 3.73
(s, 3 H, OMe), 4.01 (¢d, 1 H, H-6), 4.48-4.50 (4xd, 1 H each, Jgey = 11.4 and
11.7 Hz, 2xPhCH>), 4.60 (m, 1 H, J 4 = 2.0, J3 4 = 4.0 Hz, H-4), 6.20 (dd, 1 H,
J2.4=2.0,Jy3=15.6 Hz, H-2), 7.00 (dd, 1 H, J34 = 4.0, J,3 = 15.6 Hz, H-3),
7.24-7.38 ppm (m, 10 H, 2xPh). 13C-NMR (62.9 MHz, CDCl3): § 51.6 (OMe),
70.4 (C-6), 70.7 (C-4), 71.1 (C-7), 73.0 and 73.5 (2xPhCHy), 78.9 (C-5), 121.4
(C-2), 127.9, 128.1, 128.2, 128.5, 128.53, 137.2, 137.5 (Ph), 147.0 (C-3), 166.7
ppm (C-1). LRMS (FAB): m/z 387 (M™+H), 409 (M*+Na). Anal.: Found: C,
68.10; H, 6.83. Calcd. for CyoH»6O¢: C, 68.38; H, 6.78.
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2,3-Dideoxy-D-lyxo-heptono-1,4-lactone (6).

Pale yellow syrup, [a]p = —1.2° (¢ 0.4, CHCI3), Ry = 0.21 (47:3 EtOAc/
/MeOH). IR (KBr): vipax 3377 (OH), 1755 cm! (C=0). !H-NMR (250 MHz,
acetone-dg): 6 2.28 (m, 2 H, Jp3 = 8.3, J34 = 7.3 Hz, 2xH-3), 2.48 (¢, /o3 = 8.3
Hz, 2 H, H-2), 3.54-3.68 (m, 3 H, J5 ¢ = 2.5 Hz, H-6 and 2xH-7), 3.74 (dd, 1 H,
Jas=15.8, J56 = 2.5 Hz, H-5), 4.61 ppm (m, 1 H, H-4). 13C-NMR (62.9 MHz,
acetone-dg): 0 24.0 (C-3), 28.7 (C-2), 64.0 (C-7), 71.9 (C-6), 72.7 (C-5), 80.7
(C-4), 1777 ppm (C-1). HRMS (ESI): m/z 177.0764 (M™+H). Calcd. for
C7H1305: 177.0758.

3,6-Anhydro-5-O-benzyl-2-deoxy-D-ido-heptono-1,4-lactone (8).
2

=0

3.
HO 60 0

Colourless syrup, [a]p = +4.3° (¢ 1.0, CHCI3), R = 0.31 (Et,0). IR
(CHCI3): viax 3467 (OH), 1789 cm~! (C=0). IH-NMR (250 MHz, CDCl3): §
2.52 (bs, 1 H, OH), 2.58-2.78 (m, 2 H, 2xH-2), 3.76 (dd, 1 H, Js 70 = 4.3, J72.70 =
=12.0 Hz, H-7a), 3.84 (dd, 1 H, Js 7, = 5.1, J7a7b = 12.0 Hz, H-7b), 4.17 (m, 1
H, J56=4.9 Hz, H-6), 4.25 (d, 1 H, J5 5= 4.9 Hz, H 5), 4.56 and 4.71 (2%d, Jgem
= 11.9 Hz, CH,Ph), 4.91-5.01 (m, 2 H, H-3 and H-4), 7.26-7.42 ppm (m, 5 H,
Ph). I3C-NMR (62.9 MHz, CDCl3): 6 35.8 (C-2), 61.1 (C-7), 72.7 (CH,Ph), 76.7
(C 3), 80.7 (C-6), 82.1 (C-5), 85.7 (C-4), 127.6, 128.2, 128.6, 136.7 (Ph), 175.2
ppm (C-1). HRMS (ESI): m/z 265.1066 (M*+H), Calcd. for Ci4H;70s:
265.1070.

SAR ANALYSIS

The structure—activity relationships were accessed as follows: the ICsg
values of two compounds were compared, and the Alog ICs5o was calculated
(Alog IC5 is the difference between the log /C5q values of an analogue and the
corresponding control compound). Positive Alog /C5q values show a decrease of
antiproliferative activity, whereas negative values indicate an increase in the acti-
vity upon the structural modification being considered. The results are presented
in Fig. S-1.
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TABLE S-1. Cytotoxicity data for SAR analysis

S565

ICSO / ]J_Ma, 72 h

Compound =45 ™ HI-60 Jurkat _ Raji __HT-29 _MDA-MB 231 _ Hela
1 041 20132 3245 1845 059 75.34 8.32
2 0.003 556 373 11578 56431 75.31 0.01
3 0.0051 22132 321.52  0.0093  0.056 0.11 312.46
4 054> 009> 223b 221>  2001.21 5031.23 234
5 421 002  102.89 36425 9435 0.011 486.25
6 354 11289 1184  89.64  0.12 489.16 4.10
7 0.12 2062 945 5637 1245 67.50 0.03
8 0.065  0.09  1.02 1139  669.48 664.25 5.92

*ICs is the concentration of compound required to inhibit the cell growth by 50 % compared to an
untreated control. Values are means of three independent experiments. Coefficients of variation

were less than 10 %; °taken from reference’

(c)

LlogCsy

P!

|
=
|

Fig. S-1. SAR analysis of goniofufurone (1) and analogues (2-8): (a) influence of the phenyl
group; (b) influence of the tetrahydrofuran ring; (c¢) influence of stereochemistry at C-3 and/or

C-4.

REFERENCES

1. B. A. Dimitriev, A. Y. Chernyak, 1. K. Kochetkov, Zhur. Org. Khim. 41 (1972) 2757
2. V. Popsavin, B. Sreco, G. Benedekovié, J. Francuz, M. Popsavin, V. Koji¢, G.
Bogdanovi¢, European Journal of Medicinal Chemistry, 45 (2010) 2876

(https://doi.org/10.1016/j.¢jmech.2010.03.010).

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

(CC) 2020 SCS.






Journal of

9‘; °
the Serbian
g . .
N Chemical Society
“Pog o,,m,“\h,«@@ JSCS-info@shd.org.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 85 (12) 1553-1563 (2020) UDC 582.639+581.4:665.3:66.094.3:
JSCS-5392 536.7:615.279

Original scientific paper

Stabilization of rose hip oil with pomegranate peel extract
during accelerated storage

JELENA MUDRIC!*, ZORICA DRINIC!, GORDANA ZDUNIC!, MARINA
TODOSIJEVIC2, DUBRAVKA BIGOVIC!, NEBOJSA MENKOVIC!
and KATARINA SAVIKIN!

!nstitute for Medicinal Plant Research “Dr. Josif Panci¢”, Tadeusa Koscéuska 1, 11000
Belgrade, Serbia and *Faculty of Chemistry, University of Belgrade, Studentski trg 10-12,
11000 Belgrade, Serbia

(Received 24 April, revised 8 October, accepted 9 October 2020)

Abstract: Rose hip seed oil is a rich source of polyunsaturated fatty acids, as
well as tocopherols, carotenoids, sterols, phospholipids, and phenolic com-
pounds. On the other hand, due to the high content of polyunsaturated fatty
acids, this oil is prone to oxidation. The aim of this study was to investigate the
influence of a natural antioxidant, i.e., pomegranate peel extract, and its com-
bination with butylated hydroxytoluene as a commonly used synthetic anti-
oxidant, on the stability of rose hip oil. The stability of samples without and
with different antioxidants was monitored through analysis of the fatty acid
composition and measurement of the quality and stability parameters of the oil
(peroxide value, p-anisidine value, thiobarbituric acid reactive substances inhi-
bition, total phenolic content and antiradical activity) during a storage period of
12 days at 65 °C. Pomegranate peel extract (0.1 %) inhibited more effectively
the second stage of oxidation than butylated hydroxytoluene (0.02 %), while
the first stage of oxidation was better prevented by the synthetic antioxidant.
Furthermore, the addition of pomegranate peel extract increased the total phen-
olic content of the rose hip oil as well as its antiradical activity. Thus, pome-
granate peel extract could be used as a potent natural antioxidant for the stabil-
ization of beneficial but unstable rose hip oil.

Keywords: Rosa canina; lipid oxidation; natural antioxidants; thermal stability;
oxidative stability; Punica granatum.

INTRODUCTION

Rose hip is the pseudo-fructus or pseudocarp of rose plants, which belong to
the Rosa genus of the Rosaceae family. Rosa canina is one of the most abundant
rose species in Europe.! The content of seeds in the fruit is approximately 30-35

* Corresponding author. E-mail: jmudric@mocbilja.rs
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%, while the remaining 65-70 % is pericarp.? The seeds were considered as a
waste product by the food industry for a long time.3 The quantity of oil in the
rose hip seeds is between 5 and 18 % and it is known as a rich source of poly-
unsaturated fatty acids (PUFA), as well as tocopherols, carotenoids, sterols, phos-
pholipids and phenolic compounds.!:45 It was reported previously that rose hip
seed oil could be used for the treatment of eczema, skin ulcers, neurodermitis,
cheilitis, skin scars, as well as for moisturizing and prevention of skin ageing.%’
Furthermore, it was noted that topical application of rose hip oil together with
oral application of a poly-vitamin preparation of fat-soluble vitamins could exhi-
bit a synergistic effect.4 Diet supplemented with 15 % rose hip oil caused a hypo-
lipidemic effect in rat plasma as a consequence of the high content of PUFA.8
Therefore, rose hip oil could be beneficial in various products such as cosmetics,
pharmaceutics, and nutraceuticals. However, oils with a high content of PUFA
are prone to oxidation. Lipid oxidation is related to the occurrence of unpleasant
odors, flavors, and discoloration. Furthermore, during the oxidation, toxic deg-
radation products are formed.®

It was reported that nano-encapsulation was able to protect rose hip oil from
oxidation under UVA and UVC light.!0 However, this procedure is considered as
expensive and complex. Therefore, synthetic antioxidants, such as butylated hyd-
roxyanisole (BHA), butylated hydroxytoluene (BHT) and fert-butylhydroquinone
(TBHQ), are used usually to delay and prevent lipid oxidation. On the other
hand, long-term intake of synthetic antioxidants is related to possible toxic
effects and, as a result, the safety of synthetic antioxidants is controversial.ll
Consequently, there is growing interest to replace synthetic with natural anti-
oxidants.12 According to the literature, antioxidants from the phenolic family are
the most active in the stabilization of oils among other natural ingredients.!2
Moreover, by incorporating polyphenol-rich extracts in the oils, a higher intake
of such compounds in the diet is enabled, thus, additional health benefits could
be expected.13:14

It is known that pomegranate (Punica granatum L.) peel extract is a valuable
source of phenolics, such as ellagitannins, proanthocyanidins, flavonoids, and
phenolic acids. Consequently, pomegranate peel extract has a strong antioxid-
ative and anti-microbial activity.!3:16 Therefore, it was speculated that pomegra-
nate peel extract could be used as a natural additive for food preservation. Pre-
viously, it was reported that pomegranate peel extract was a more potent anti-
oxidant (at a concentration of 0.1 %) for the stabilization of sunflower oil than
BHT (at a concentration of 0.02 %).16 Furthermore, pomegranate peel extract (10
mg equiv. phenolics/100 g meat) prevented lipid oxidation in cooked chicken
patties and it was shown that the efficiency of the extract was higher than vitamin
C (50 mg/100 g meat) as well as BHT (10 mg/100 g meat).17-18 On the other
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hand, pomegranate peel is usually recognized as a by-product in the production
of pomegranate juice.!9

Apart from the established health benefits of rose hip seed oil and pome-
granate seed extract, these valuable products are underestimated. The aim of this
study was to investigate the influence of pomegranate peel extract, as a sub-
stituent of commonly used synthetic antioxidants (BHT), on the stability of rose
hip oil, which is prone to oxidation due to high content of PUFA.

EXPERIMENTAL
Plant material, standards and reagents

Rose hip seeds were purchased from the Institute for Medicinal Plants Research “Dr.
Josif Panci¢* from Belgrade, Serbia. The pomegranates were collected during November 2018
at a natural locality in the Village Do, Bosnia and Herzegovina. The peel of the pomegranate
was manually separated from the seeds, air-dried at room temperature for 4-6 days and
ground using a laboratory mill. Subsequently, the peel was sieved and particles ranging
between 0.75 and 2 mm were used for the extraction. The following chemicals and reagents
were used: acetic acid, hydrochloric acid, ethanol (96 %) and distilled water (Zorka Pharma,
Serbia), thiobarbituric acid and 3-chloroacetic acid (Sigma Chemicals Co.), sodium hydroxide
and sodium thiosulfate (Alfapanon, Serbia), petroleum ether, 4-methoxyaniline and isooctane
(Fisher Chemical, UK), chloroform and potassium iodide (Carlo Erba, Spain), and Folin—Cio-
calteu phenol reagent (Sigma—Aldrich). All chemicals were of analytical grade.

Preparation of pomegranate peel extract

Pomegranate peels were extracted by an ultrasound-assisted method, using ethanol
(59 vol. %), for 25 min, under a temperature of 80 °C, while solid to solvent ratio was 1:44.
These conditions were considered as optimal for the extraction of valuable compounds from
pomegranate peels according to Zivkovié et al'® The dry extract was obtained using a
vacuum evaporator at under 50 °C (Laboxact SEM842, KNF, UK), and then stored at 4 °C.

Samples preparation and storage conditions

Ground rose hip seeds were extracted with n-hexane for 8 hours using a Soxhlet appar-
atus. Then, the n-hexane was evaporated in a vacuum evaporator at under 50 °C (Laboxact
SEM842, KNF, UK). In order to evaluate the influence of pomegranate peel extract on the
stability of rose hip oil, the pomegranate peel extract (0.1 %) was added to the oil. Butylated
hydroxytoluene (BHT) was used in the maximal allowed concentration (0.02 %) as a positive
control. A combination of pomegranate peel extract (0.05 %) and BHT (0.05 %) was added to
the oil in order to evaluate a possible synergistic interaction of these antioxidants. Therefore,
samples including rose hip oil without antioxidant, with BHT, with pomegranate peel extract,
and with the combination of pomegranate peel extract and BHT were placed in dark glass bot-
tles (three different bottles for each sample) with cups made from high-density polyethylene
and stored in a thermostat for 3, 6, 9 and 12 days at 65 °C, according to previously published
data that one day under a temperature of 65 °C corresponds to the one-month storage at ambi-
ent temperature.20

Fatty acid composition

The fatty acid composition of the rose hip seed oil was determined according to the
method described by Zdunié et al., with slight modifications.?! The analyses were performed
on an Agilent 7890A GC equipped with 5975 C inert XLEI/CI MSD and FID detector con-
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nected by capillary flow technology 2-way splitter with make-up. A DB-23 capillary column
(60 mx0.25 mmx0.25 pm) was used. The temperature for the GC oven was from 50 °C (hold
for 1 min), then raised to 175 °C at 25 °C min’!, raised to 235 °C at 4 °C min"! and hold for 5
min. Helium was used as the carrier gas at 54.814 psi (constant pressure mode). The sample
was analyzed (5 pL of sample was dissolved in 1 mL dichloromethane) in the split mode with
split ratio of 10/1. The injection volume was 1 puL. The detector temperature was 300 °C. MS
data was acquired in EI mode, with a scan range 40-550 m/z. The source temperature was 230
°C and quadrupole temperature was 150 °C. The solvent delay was 3 min. Area percent rep-
orts, obtained from standard processing of the FID chromatograms, were used as the basis for
quantification purposes. The identification of the constituents was performed by comparing
their mass spectra listed in the NIST/Wiley spectra libraries, using different types of search
(PBM/NIST) and available literature data. Prior to analysis, fatty acid methyl esters were pre-
pared according to the International Association of Official Analytical Communities (AOAC)
(Official Surplus Method 965.4).22

Peroxide value

The peroxide value was determined according to the method described in the European
Pharmacopeia with a slight modification.?3 The sample (approximately 5 g) was dissolved in a
mixture (30 mL) of glacial acetic acid and chloroform (3:2 volume ratio) and a saturated sol-
ution of potassium iodide was added and shaken for 1 min. Then, water (100 mL) was added
and the mixture was titrated against sodium thiosulfate (0.01 mol L-!) until the disappearance
of the yellow color. Afterwards, starch solution (5 mL) was added and titration was continued
until the color disappeared. A blank sample was analyzed under the same conditions. The per-
oxide value of each sample was determined in triplicate and expressed as milli-equivalent of
active oxygen per 1 kg of oil (meq. O, per kg).

p-Anisidine value

The p-anisidine value was determined according to the procedure described in the Euro-
pean Pharmacopeia.3 Firstly, the test solution (a) was prepared by dissolving the oil (approx-
imately 0.5 g) in isooctane (25 mL). Then, test solution (b) was prepared by adding 1 mL of
p-anisidine solution in glacial acetic acid (2.5 g L'!) to 5 mL of test solution (a). The reference
solution was a mixture of isooctane (5 mL) and p-anisidine solution in glacial acetic acid. The
absorbance of test solution (a) — A, and test solution (b) — A; after standing for 10 min was
measured at 350 nm, while isooctane was used as the compensation liquid in a case of test
solution (a) and the reference solution in the case of test solution (b). The p-anisidine value
was calculated according to Eq. (1), where m is the weight of the sample in grams:

25(1.24, — 4y)
m

(M

p-Anisidine value =

Thiobarbituric acid reactive substances (TBARS) assay

Thiobarbituric acid reactive substances (TBARS) were determined according to the pro-
cedure reported by Drini¢ et al. with slight modifications.2* 3-Chloroacetic acid (15 g) was
added in hydrochloric acid (0.25 M, 100 mL) and then thiobarbituric acid (0.375 g) was added
to obtain thiobarbituric acid solution. The oil sample (0.5 g) was added to the thiobarbituric
acid solution (2.5 mL) and then the mixture was heated in a boiling water bath for 10 min,
cooled, sonicated for 30 min and centrifuged at 3000 rpm for 10 min. The absorbance of the
sample supernatant was measured at 532 nm.
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Total phenolic content (TPC) and DPPH radical scavenging activity

Methanol extracts of oils were obtained by liquid/liquid extraction of the oil samples
(1 g) by methanol (1 mL) three times. In these samples, total the phenolic content and anti-
oxidant activity were measured. Total phenolic content (TPC) was measured according to the
Folin—Ciocalteu (FC) method by a slightly modified procedure described by Waterman and
Mole.2’ The results are expressed as milligrams of gallic acid equiv. per g of oil (mg GAE g').
The anti-radical activity of the extract was determined by the DPPH (2,2-diphenyl-1-picryl-
hydrazyl) assay with slight modifications.2® Mixtures of the methanol extract of the oil sample
and methanol solutions of DPPH (1400 pL, 40 ug mL!) were incubated for 20 min in a dark
at room temperature. The absorbance of the mixture was measured at 517 nm, while methanol
was used instead of the methanol extract of oil as a control. The antiradical activity is exp-
ressed in percent of DPPH radical scavenging capacity.

Statistical analyses

All experiments were performed in triplicate and the results are expressed as mean
values with the standard deviation. Differences among mean values of collected data were
estimated by one-way-analysis of variance (ANOVA) followed by the post hoc Tukey’s test
with significant levels of 95 % (P < 0.05). The statistical analysis was performed using MS
Office Excel, version 2010.

RESULTS AND DISCUSSIONS

Fatty acid composition

The fatty acid composition of rose hip oil was determined at the beginning of
the experiment in fresh oil (day 0) and after accelerated aging (12 days at 65 °C)
in the samples with and without antioxidants (Table I). The rose hip oil samples

TABLE I. Fatty acid composition (%) of rose hip seed oil during storage without or with anti-
oxidants. The results in the table were presented as mean + standard deviations (n = 3); the
same letters in the same row are not significantly different according to the Tukey’s test,
p < 0.05; N.I. — non-identified; A — without antioxidant at day 0, B — without antioxidant after
12 days of storage, C — with BHT (0.02 %) after 12 days of storage, D — with pomegranate
peel extract (0.1 %) after 12 days of storage, E — with pomegranate peel extract (0.05 %) and
BHT (0.01 %) after 12 days of storage

. Conditions
Fatty acid A B C D E
Palmitic acid 42440222  4.30+0.41*  4.37+0.44*  5.77+0.47°  4.31+0.28°
Stearic acid 3.01£0.32  2.97+0.23%  2.85+0.352  4.96+0.27°  2.82+0.322
Oleic acid 17.06+1.220  17.2240.962 16.78+1.572 20.62+1.80° 16.77+1.172
N.L 0.4340.0220  0.46+0.062°  0.41£0.05®  0.53+0.02b  0.42+0.042
Linoleic acid 55.01+3.928  54.8443.67% 55.02+4.54% 52.04+4.712 54.96+2.912

a-linolenic acid 18.21+1.52%  18.04+0.93b 18.67+1.73Y 13.56+0.74% 18.68+1.16P
Eicosanoic acid 1.28+0.182 1.32+0.102 1.21+0.112 1.62+0.13b 1.27+£0.232
cis-11-Eicosenoic ~ 0.36+0.03>  0.39+0.04®  0.3340.022  0.43+0.03®  0.3740.05b

acid

cis-11,14-Eicosadi- 0.14+0.012  0.18+0.01>  0.12+0.01>  0.17+0.08  0.1240.012
enoic acid

Behenic acid 0.26+0.02°  0.284+0.02°>  0.24+0.022  0.31+0.02>  0.28+0.02b
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with and without antioxidants were characterized by high content of unsaturated
fatty acids (86.82-90.92 %), as well as PUFA (65.77-73.81 %). The oils with
high contents of unsaturated fatty acids should be related to the potential health
benefits, but also higher susceptibility to oxidation. The main fatty acid in all
samples was linoleic acid (52.04-55.02 %), followed by oleic (16.77-20.62 %)
and o-linolenic acid (13.56-18.68 %), palmitic (4.24-5.77 %), and stearic acids
(2.824.96 %). It was reported in the majority of articles that the dominant com-
ponents in rose hip seed oil are linoleic (35.94-55.70 %), a-linolenic (14.30—
—24.65 %) and oleic acid (13.17-22.82 %).2:3:5.7:27.28 Variation in the rose hip
seed oil composition was probably influenced by different factors, such as gen-
etic, climatic, ecologic, soil conditions, as well as extraction type and conditions. !5

After accelerated aging, the content of linoleic acid (52.04-55.02 %) was not
statistically different from that at the beginning (55.01 %) of the experiment in all
investigated samples. Statistically higher contents of palmitic and stearic acid
were determined in the sample stabilized with pomegranate peel extract after
accelerated aging, while the content of a-linolenic acid was statistically lower,
than at the beginning of the experiment. In the samples with BHT and combin-
ation of BHT and pomegranate peel extract, as well as in the sample without anti-
oxidant content of a-linolenic, oleic, stearic and palmitic acid was not statistically
different from oil at the beginning of the experiment.

Peroxide value

The peroxide value is a widely used index for the estimation of oil oxidative
stability. The concentration of peroxides and hydroperoxides formed in the oil
during the initial stages of lipid oxidation can be evaluated using this method.%29
It is known that oils with higher stability are characterized by a lower peroxide
value. According to the obtained results, the peroxide value in the fresh oil
without antioxidants was 2.32 meq. O, kg1, which is similar to the previously
reported results obtained by Grajzer et al. where the peroxide value of fresh cold-
pressed rose hip oil (R. canina) ranged from 1.2 to 2.1 meq. O kg~1.30 However,
Jakovljevi¢ et al. recorded a significantly higher peroxide value for rose hip oil
obtained by supercritical CO, extraction (4.70-29.69 mmol O, kg1), which
could be explained by the different extraction parameters.3! In the present
samples, a constant increase of peroxide values was noticed during 12 days of
storage at 65 °C with a maximal value of 74.67 meq. Oy kg1 in the sample
without antioxidant (Fig. 1). Oil with pomegranate peel extract as an antioxidant
was characterized with the lowest peroxide value among investigated oils until 9
days of storage at 65 °C. On the other hand, after 12 days at 65 °C, a sharp
increase in the peroxide value was recorded in all samples, especially in the
sample without antioxidant (74.67+4.72 meq. O, kg~!) but also in the sample
with pomegranate peel extract (72.13£4.56 meq. O, kg1). Lower peroxide
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values after 12 days at 65 °C were noticed for the sample with BHT (43.73£2.76
meq. O kg!) and in the sample stabilized with a combination of BHT and
pomegranate peel extract (57.14+3.61 meq. Oy kg1). The present results indicate
that pomegranate peel extract could be used as a good antioxidant for the stabil-
ization of rose hip oil, but further studies on the selection of optimal extract con-
centration are necessary.

o Givin BT 002%)

80 |{—&— oil with pomegranate peel extract (0.1 %)
—w— oil with pomegranate peel extract (0.05 %) and BHT (0.01 %) ;r

[}
[=]
!

//
//
/

/ //

Peroxide value, meqO,/kg
8
1

N
o
!

Fig. 1. Peroxide value of rose hip oil with
0 2 4 6 8 10 12 or without antioxidant during accelerated
Time, day storage.

p-Anisidine value

The p-anisidine value is a measure of secondary oxidation products (high
molecular weight saturated and unsaturated carbonyl compounds) that arise from
initially formed peroxides and hydroperoxides in oils and fats.29:32 The present
study showed a minor raise of the p-anisidine value in rose hip oil with or
without antioxidants during the first 6 days of storage at 65 °C but thereafter, a
period of rapid increase in the p-anisidine value was noticed (Fig. 2, Table S-1 of
the Supplementary material to this paper). Moreover, the rose hip oil was charac-
terized by a rather high p-anisidine value (7.19) at the beginning of the experi-
ment (day 0), probably due to high carotenoids content and strong color of rose
hip 0il.32 On the other hand, such a result is in accordance with the results of
Grajzer et al., who reported that p-anisidine values of cold-pressed rose hip oils
were 2.5 and 7.7, depending on the source.30 Rose hip oil stabilized with pome-
granate peel extract was characterized by the lowest p-anisidine value among the
investigated samples after 9 and 12 days of storage, 32.91 and 55.89, respect-
ively), indicating significantly better antioxidative activity of pomegranate peel
extract than BHT (40.84 and 62.43, respectively) and the combination of BHT
and pomegranate peel extract (43.20 and 70.18, respectively).
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g0 o % oil without antioxidant

@ oil with BHT (0.02 %)
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604 A
/ A
s
o 50 S /
E V794
> / z/ /
40 - /! 4
2 V/&va
ke '
@ 30 //// T
C //;/'/‘/
< y 4
/4
20 ¥ 7
T ////Z;f'/:?/
P
10 1 .Véj;;é T
0 ———t—+—+——+— Fig. 2. Anisidine value of rose hip oil with
0 2 4 6 8 10 2 or without antioxidant during accelerated
Time, day storage.

TBARS value

For the estimation of rose hip oil oxidation, the TBARS test was also used.
Generally, this test was developed for the determination of malondialdehyde
(MDA), a compound with the potential mutagenic activity that is formed during
secondary oxidation of unsaturated fatty acids.33 Results of the inhibition of
TBARS formation in rose hip oils with or without antioxidants during 12 days of
storage at 65 °C are presented in Fig. 3 and Table S-II of the Supplementary mat-
erial. During the first 9 days of storage, there was no significant difference
between the samples and in all of them, a decrease in TBARS inhibition was evi-
dent. After 12 days of storage, inhibition of TBARS in rose hip oil stabilized with
pomegranate peel extract was significantly different from that that in samples
stabilized with BHT or a combination of BHT and pomegranate peel extract.
Pomegranate peel extract has inhibited TBARS formation in rose hip oil more
effectively than the other investigated antioxidants.

Total phenolic content and antioxidant activity

The total phenolic content (TPC) of fresh rose hip oil was 0.13 mg GAE g1,
which was lower than in the research of Turan et al. who reported 0.37 mg GAE
g1 in rose hip oil extracted by petroleum ether,> but higher than in the case of
Grajzer et al. who reported TPC values of 783.5 and 570.7 pg kg1 in cold-pres-
sed rose hip, depending on the sample.30 After 12 days of storage at 65 °C, the
TPC was significantly higher in oil with pomegranate peel extract (0.22 mg GAE
g1) than in the sample without antioxidant (0.07 mg GAE g!), the sample with
BHT (0.07 mg GAE g1) and the sample with a combination of pomegranate peel
extract and BHT (0.11 mg GAE g1, Table S-II). The antiradical activity of fresh
rose hip oil was 16.54 %, expressed as % of DPPH radical scavenging activity.
After 12 days of storage at 65 °C, the antiradical activities of rose hip oil without
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antioxidant (15.11 %), with BHT (13.52 %) and with a combination of BHT and
pomegranate peel extract (14.80 %) were lower than in fresh oil. On the other
hand, the antiradical activity of rose hip oil with pomegranate peel extract was
significantly higher (29.42 %) than in the other samples after 12 days of storage,
as well as in fresh rose hip oil. This result is in accordance with the total phenolic
content of the investigated samples. Therefore, rose hip oil stabilized with pome-
granate peel extract was fortified with polyphenols, and thus better antiradical
activity was achieved, which could be related to higher stability and beneficial
health effects.

—®— ojl without antioxidant
80 - —® ol with BHT (0.02 %)
—A— oil with pomegranate peel extract (0.1 %)
70 4 ¥ oil with pomegranate peel extract (0.05 %) and BHT (0.01 %)

60
50
40
30

204

TBARS inhibition level, %

10

Fig. 3. Inhibition of the level of thiobar-
\ bituric acid reactive substances (TBARS)

0 2 4 6 g 10 12 1in rose hip oil with or without antioxidant
Time, day during accelerated storage.
CONCLUSIONS

The results of the resent study indicate that, although rose hip oil is difficult
to stabilize due to the high content of PUFA, pomegranate peel extract could be
used as an antioxidant for the stabilization of rose hip oil instead of synthetic
antioxidant (BHT). Pomegranate peel extract in a concentration of 0.1 % was
more effective in inhibition of the second stage of oxidation than BHT at its legal
limit (0.02 %), while the first stage of oxidation was prevented better by BHT.
Moreover, the addition of polyphenol rich pomegranate peel extract increased the
total phenolic content of the rose hip oil as well as its antiradical activity. There-
fore, pomegranate peel extract could be used as a potent natural antioxidant for
stabilization of beneficial rose hip oil. Further research is needed to find the opti-
mal concentration of pomegranate peel extract that could inhibit oxidation to a
higher extent, especially in the first stage of oxidation.

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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H3BOJ
CTABUJIU3ALIUJA YJbA CEMEHA IIUITYPKA EKCTPAKTOM KOPE HAPA IT1O]T
YCJIOBUMA YBP3AHOI CTAPEHA
JEJIEHA MYJPHR', 30PULIA IPUHUR', TOPIAHA 3IYHUR', MAPUHA TOOOCHJEBUR?, TYEPABKA BUTOBUR',
HEBOJIIA MEHKOBHWR' 1 KATAPUHA IIABUKUH'

"Unciuinyin 3a upoyuasare nexosuioi ouma ,Jp Jocud Manuuh®, Tageywa Kowhywxa 1, Beoipag u
ZXemujcxu Qaxynitein, Ynusepsuiteii y Beoipagy, Cygentiicku wipi 10—12, 11000 Beoipag

Yibe cemeHa IIUMypka HoraTo je nonuHe3acHheHUM MacHUM KHCEeJIMHaMa, ajld ¥ Cyl-
CTaHIlama Kao IITO Cy TOKO(deposH, KapoTeHOUIH, cTepord, pocdonununu 1 monudeHomu.
Ycnen Bucokor cagpxaja nojirHesacMheHuX MacHUX KHMCEJIMHA 0BO YJbE J1aKo MOJJIeKe OKCH-
pauuju. Crtora, IM/b OBOT paja je OMO yImopenuTH CTabHUIHOCT y/ba CEMEHA MIMITypKa y3 AOfa-
Tak MPUPOJHOT aHTHOKCHJIaHCA — eKCTpaKTa Kope IUIofla Hapa, kao ¥ KoMOWHalWje pupoj-
HOT ¥ CUHTETCKOT aHTHOKCHIAHCa Tj. €KCTpaKTa Kope IJIofa Hapa U OyTUI-XUPOKCU-TOTyeHa
ca 4ecTo KopuirheHUM CHHTETCKUM aHTHOKCHIAHCOM, OyTHI-XUAPOKCU-TOMyeHoM. Crabui-
HOCT y30pKa ca WM de3 JjofaTka aHTUOKCHAaHca paheHa je MCIUTHUBAkEM cafgpKaja MacHUX
KUCEIMHA U MEPEHEM TapamMeTapa KBaJUTeTa U CTaDUIHOCTHU yiba (MepoKcUAHOr Opoja, aHu-
3UOUHCKOT Opoja, MHXUOULIMje MpoyKaTa JUNMUAHEe NTepoKcUialyje, YKyImHOT caapiKaja Mmou-
(peHona, aHTHOKCHIATUBHE aKTUBHOCTH) Y TOKY YyBama of 12 maHa Ha 65 °C. ExcTpakT mioga
Kope Hapa y KoHueHTpauuju on 0,1 % je mokasao Behy edrkacHOCT y MHXUOULIUjH CEKyH-
TapHe OKCHAallUje Y OOHOCY Ha OYyTU/I-XUOPOKCU-TONYEH KOju je y koHueHTpauuju on 0,02 %
Ouo eduxacHUjM y 3alITUTH yiba O NPUMapHe okcupauuje. JJooartak excTpakTa Kope IIofAa
Hapa yTulao je Ha nosehamwe cagpxaja nonudeHona y yby CEMEHa WIMIYypKa, Kao U Ha
nodosplae CTaDMIHOCTU W NoBehawe aHTHpaguKaicKke aKTUBHOCTH. Ha OCHOBY modujeHux
pesyiTara MOXe Ce 3aKk/byYUTH Jia je eKCTPaKT KOpe IUIofia Hapa MOTeHTaH aHTHOKCHUAAHC KOj!
Moxe duTH KopuiheH 3a cTabunn3anujy KOpUCHOT, ald HECTaOWIHOT y/ba CEMEHa MIUIypKa.

(TTlpumbeHo 24. anpuna, peBUaMpaHo 8. okrodpa, npuxsaheno 9. oxrodpa 2020)
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TABLE S-I. Peroxide value (Ip), p-anisidine value (4) and inhibition of TBARS of different
rose hip seed oil samples during a storage period of 12 days at 65°C. The results in the table
are presented as mean = SD (n = 3); the same letters in the same row are not significantly
different according to the Tukey’s test, p < 0.05

Oil without  Oil with BHT Oil with Oil with pomegrarﬁate
Parameter Day anfioxidant (0.02%) pomegranate peel peel extract (0.05%)
extract (0.1%) and BHT (0.01%)
I,/ meqO kgt 3 9.80+1.392 10.65+1.512 9.69+1.372 7.18+1.022
6  11.13+0.922>  10.11+0.83° 11.89+0.98b 13.12+1.08a
9  2920+2.83%  23.20+2.25%b  21.85+2.11° 26.22+2.543b
12 74.67+4.722  43.7342.76¢ 72.13+4.562 57.14+3.61 b
A 3 10.96+1.733b  11.37+].792b 9.34+1.47° 15.03+£2.372
6 12.21£0.64°  16.80+0.88P 20.75+1.08? 18.95+0.992b
9  47.92+336°  40.84+2.86° 32.91+2.31b 43.20+3.03?
12 62.40+3.24%  62.43+3.25%  5589+291b 70.18+3.65%
TBARS 3 53.05+6.28%  50.20+£5.942 49.53+5.862 50.42+5.96%
inhibition, % 6  38.36+6.43%  27.89+4.68%  28.50+4.78? 28.20+4.732
9 15.68+2.86%  16.7143.052 20.13+3.672 17.59+3.212
12 0.00+0.00° 10.510.96° 15.61+1.432 15.76+1.452

Means followed by different letters are significantly different according to the post hoc Tukey’s test (P<0.05)

* Corresponding author. E-mail: jmudric@mocbilja.rs
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TABLE S-II. Total phenolic content (7PC) and antioxidative activity (DPPH RSA) of
different rose hip seed oil samples during a storage period of 12 days at 65°C. The results in
the table are presented as mean + SD (n = 3); the same letters in the same row are not
significantly different according to the Tukey’s test, p < 0.05

o S Oil with Oil with pomegranate
Parameter Slﬂlegz;l: Oll((;N (;tzho/]j ;—IT pomegranate peel  peel extrIzJict (0%05 %)
) extract (0.1 %) and BHT (0.01 %)
DPPH RSA, % 15.11£1.71b 13.5241.53P 29.42+3.332 14.80+1.67b
TPC, mg GAE g'!  0.07+0.00° 0.07+0.00°¢ 0.22+0.012 0.11+0.01b

Means followed by different letters are significantly different according to the post hoc Tukey’s test (p<0.05)
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SHORT COMMUNICATION

Composition of essential oils and headspace constituents of
Artemisia annua L. and A. scoparia Waldst. et Kit.

JOVANA D. ICKOVSKI, KATARINA D. STEPIC and GORDANA S. STOJANOVIC#*

Department of Chemistry, Faculty of Science and Mathematics, University of Nis,
Visegradska 33, 18000 Nis, Serbia

(Received 27 July, revised 22 September, accepted 26 September 2020)

Abstract: Headspace volatiles (HS) and hydrodistilled essential oils (EO) of
fresh aerial parts of Artemisia annua L. and A. scoparia Waldst. et Kit., were
analyzed by GC-MS/FID. Artemisia ketone was found to be the most abundant
component among the EO volatiles (55.8 %), as well as among HS (52.1 %) of
A. annua. Additionally, in both 4. annua samples, EO and HS, a-pinene (12.7
and 24.2 %, respectively) was found in high percentage. On the other hand, it
has been determined that the dominant components of A. scoparia EO and HS
were different; in the essential oil capillene (63.8 %) was found as the main
constituent, while f-pinene (26.1 %), (Z)-f-ocimene (23.8 %) and limonene
(10.7 %) were the major components among the HS. This is the first report on
the composition of HS volatiles of the A. annua and A. scoparia obtained by
direct static headspace.

Keywords: gas chromatography—mass spectrometry; artemisia ketone; capil-
lene; pinene.

INTRODUCTION

Static headspace is an analytical technique for the easy and effective extract-
ion of multifarious types of compounds, from various types of samples.!=3 Even
though headspace GC is extensively used a limited number of papers is focused
on the analysis of headspace volatiles obtained directly from the plant material
under static conditions.411 More papers are related to HS-SPME analysis some
of which refer to A. scoparia'? and A. annua.'3-17

Static headspace analysis of plants is a very fast and inexpensive method.
Also, no special sample preparation is required, it could be performed even with-
out a solvent and the conditions of analysis are not vigorous, so degradation of
the components of the sample is minimized and the loss of the most volatile com-
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ponents is greatly reduced. Additionally, the plant material amount that is used
for the analysis is only a few grams (or less), so it is useful in cases when not
enough plant material could be provided.

If those fact are considered, it is unclear why there is so little data on this
type of direct headspace analysis of volatile organic components. All of the
above-mentioned is exactly the main reason why we have decided to supplement
the existing data on headspace volatiles and compare the chemical composition
of the essential oils (EO) and the headspace samples (HS) of two representatives
of the genus Artemisia. For the purpose of this research, we selected species that
were not previously investigated from the point of view of the direct static head-
space gas chromatography—mass spectrometry (GC-MS) technique: Artemisia
annua L. (sweet wormwood) and Artemisia scoparia Waldst. et Kit. (virgate
wormwood, capillary wormwood, redstem wormwood). The selected species are
significant in terms of the biological activity of their essential oils and volatile
components, as it has been shown for both to have, among other potentials, a
high fumigant and repellent activity.!8-20

EXPERIMENTAL

Plant material. The aerial parts (flowers, leaves and stems) of Artemisia annua L. and
Artemisia scoparia Waldst. et Kit. were collected in Niska Banja, near Ni$, southeast Serbia,
in September 2018 in the full-blooming stage. Both species were harvested from the same site.
The voucher specimens were deposited in the Herbarium Moesiacum Nis (HMN), Department
of Biology and Ecology, Faculty of Science and Mathematics, University of NiS§, under the
acquisition number No. 13813 for 4. annua and acquisition number No. 13815 for 4. scoparia.

Sample preparation for HS and EO isolation. 550 g of fresh plant material (each species
separately) was ground in a mixer. Further, for the distillation of the essential oil 500 g of this
mass was taken. 1500 mg of the rest of the plant material was taken and divided into three
parts and used for three separate headspace analysis.

Essential oil isolation. Fresh plant biomass samples (500 g each) were hydrodistilled in
Clevenger-type glass apparatus for 2.5 h. The essential oil samples were dried over anhydrous
magnesium sulfate and analyzed by GC and GC-MS. The essential oil yields (%) (g of the
essential oil/g biomass) were calculated on a fresh weight basis. For 4. annua the oil yield was
determined to be 0.9 % and for 4. scoparia 0.3 %. For the GC-MS/FID analysis both essential
oil solutions in hexane (1:100) were put in three vials each.

GC-MS/FID analysis and identification. The samples (three repetitions) were analyzed
by a 7890/7000B GC/MS/MS triple quadrupole system in MS1 scan mode (Agilent Techno-
logies, USA) equipped with a Combi PAL sampler and Headspace for G6501B/G6509B. The
fused silica capillary column HP-5 MS (5 % phenylmethylsiloxane, 30 mx0.25 mm, film
thickness 0.25 pm) was used. The injector and interface operated at 230 and 300°C, respect-
ively. Temperature program: from 45 to 290 °C at a heating rate of 4 °C/min. The carrier gas
was He with a flow of 1.0 mL/min. For the essential oil solution injection volume was 1 pL
and split ratio was adjusted at 40:1. For the HS volatiles 500 mg of milled plant material was
put into 20 mL HS vial and then soaked with 2 mL of distilled water. The sample was heated
at 80 °C for 20 min with the following mixing program: shaking for 5 s, pause for 2 s. The
aliquot of vapor generated from the samples (500 plL) was drawn out from the vial using a
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gas-tight syringe (90 °C) and injected directly in the chromatographic column via a transfer
line (75 °C). The split ratio was set to 10:1. Post run: back flash for 1.89 min, at 280 °C, with
helium pressure of 50 psi. MS conditions were as follows: ionization voltage of 70 eV, acqui-
sition mass range 40—440 Da, scan time 0.32 s. The GC analysis was carried out under the
same experimental conditions using the same column as described for the GC—MS. The per-
centage composition was computed from the GC peak areas without any corrections and was
given as mean + standard deviation.

Identification of volatile compounds. Components were identified by comparison of their
mass spectra with those of Wiley 6, Adams (2007) and NIST 11 libraries, applied on Agilent
Mass Hunter Workstation (B.06.00) and AMDIS (2.1, DTRA/NIST, 2011) software and con-
firmed by comparing of calculated retention indexes (relative to Cg—Cy( n-alkanes) with the
literary values of the retention indices.

RESULTS AND DISCUSSION

The GC and GC-MS analysis resulted in the identification of 64 components
in the 4. annua EO, representing 98.6 % of the essential oil and 40 components
in the A. annua HS, representing 99.2 % of the HS sample (Table I). All of the
HS components were ingredients of EO, except n-hexanol and propyl isobutyr-
ate. The more volatile components such as a-pinene and 1,8-cineole were present
in a higher percentage in HS (24.2 and 6.6 %, respectively), than in EO (12.7 and
2.7 %, respectively). The dominant component artemisia ketone (55.8 % in the
oil and 52.1 % in the HS) was represented approximately equally in the EO and
HS. The most dominant class of compounds in EO and HS of 4. annua were
oxygenated monoterpenes (78.4 and 67.5 %, respectively). Additionally, the ratio
of oxygenated monoterpenes to hydrocarbon monoterpenes in the essential oil of
A. annua was approximately 5, while the ratio of oxygenated monoterpenes to
hydrocarbon monoterpenes in the headspace samples was approximately 2.5.
None of the sesquiterpenes was present in HS sample of 4. annua.

The number of identified components of the 4. scoparia essential oil and HS
(36 in EO, representing 99.1 % of the essential oil and 28 in HS, representing
99.4 % of the HS sample) was less than in 4. annua EO and HS. Hexanal, (2F)-
-hexenal, (3Z)-hexenol and n-hexanol (which are known as green leaf volatiles
GLV, the components which are released when the plant is under attack/stress
and by which a plant communicate with other plants and insects in its surround-
ings) were identified only in HS of 4. scoparia. The most dominant components
of A. scoparia EO were phenyldiacetylenes: capillene (63.8 %) and 2,4-penta-
diynyl-benzene (10.0 %), while in the HS monoterpenes: S-pinene (26.1 %) and
(Z2)-f-ocimene (23.8 %) were the most abundant. The difference in the composit-
ion of A. scoparia essential oil and HS volatiles is a presumably consequence of
their volatility. Namely, capillene boiling point is 140.00 to 143.00 °C at 10.00 mm
Hg* while the boiling point of f-pinene is 163.00 to 166.00 °C at 760.00 mm Hg.

*760 mm Hg = 101.325 Pa
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TABLE I. Chemical composition of the essential oil and headspace volatiles of 4. annua and
A. scoparia (the results of this study are presented in parallel with the obtained literature data);
* — identified by NIST Chemistry WebBook Retention indices; tr: traces (<0.1 %); — not
detected. Components represented by more than 5 % at least in one of the samples are given in

bold
Content”, %

Compound RL RI A. annua A. scoparia Class

EO EO"” HS HS” EO EO"” HS HS"”
Methyl 2-methyl- 783 783* t 0.2+0.1 - - CD
butyrate
Hexanal 801 801 t t - 0.1+0.0 (0]
Ethyl 2-methylbu- 845 846* 0.2+0.1 2.1+£0.3 - - CD
tyrate
Ethyl isovalerate 849 849 t 0.2+0.1 - - CD
(2E)-Hexenal 851 846 - - 3.05 - t (0]
(32)-Hexenol 849 850 - - t (0]
Propyl isobutylrate 853 853 - 0.1+0.0 - - CD
n-Hexanol 866 863 t - (0]
Santolina triene 905 906 0.1+0.0 0.2+0.1 - - M
Tricyclene 920 921 t t - - M
o-Thujene 925 924 t t - - M
o-Pinene 932 932 12.740.8 4.79 24.2+0.912.03 0.9+£0.2 0.8 6.8£1.0 4.6 M
Propyl 2-methyl- 943 944* 0.2+0.1 0.6£0.2 - - CD
butyrate
Camphene 947 946 0.3£0.1 2.74 0.7+0.2 4.90 t t M
Thuja-2,4(10)-diene 952 953 t t - - M
Sabinene 972 969 0.3%0.1 0.6£0.2 0.1£0.0 0.2 13+02 14 M
p-Pinene 975 974 1.1+0.3 1.25 1.840.3 2.74 3.540.4 3.3 26.1+1.320.8 M
Myrcene 988 988 0.1+0.0 0.1£0.0 0.9+0.2 1.0 8.0+£0.512.8 M
Yomogi alcohol 997 999 0.9+0.2 0.8+0.3 - - MO
o-Terpinene 1015 1014 t 0.2+0.1 t 0.2+0.0 M
0-Cymene 1023 1022 t 0.1+0.0 0.5+0.1 3.4+0.3 M
Limonene 1027 1024 0.1+0.0 t 0.99 1.7+0.2 1.3 10.7£0.511.0 M
1,8-Cineole 1030 1026 2.7+0.2 4.38 6.6+0.5 6.76 0.1£0.0 0.2 0.5+£0.2 0.9 MO
Santolina alcohol 1034 1034 0.2+0.1 0.1+0.0 - - MO
(2)-p-Ocimene 1035 1032 t - 4.340.3 1.0 23.8£0.816.4 M
(E)-p-Ocimene 1046 1044 - 0.3+0.1 0.6+02 04 M
y-Terpinene 1057 1054 0.2+0.0 0.1+0.0 4.0¢0.3 0.2 7.0£04 38 M
Artemisia ketone 1060 1056 55.8+1.5 8.79 52.1+1.311.24 0.3+0.1 - MO
cis-Sabinene 1067 1065 0.5+0.2 0.4+0.2 - - MO
hydrate
Artemisia alcohol 1082 1080 3.1+0.4 2.61 2.0+0.3 3.34 t - MO
Terpinolene 1087 1086 t t - - M
o-Pinene oxide 1089 1099 t - - - MO
trans-Sabinene 1097 1098 0.1+0.0 - - - MO
hydrate
n-Nonanal 1102 1100 - t - (6)
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Content”, %

Compound RL RP A. annua A. scoparia Class
EO EO” HS HS” EO EO” HS HS"
2-Methylbutyl-2- 1003 1100 t t - - CD
methylbutyrate
3-Methyl-3-bu- 1111 1112 0.2+0.0 0.2+0.1 - - CD
tenyl isovalerate
trans-Pinene 1121 1119 t - - - MO
hydrate
a-Campholenal 1125 1122 0.5+0.2 0.2+0.1 - - MO
allo-Ocimene 1127 1128 - - t t M
cis-p-Mentha-2,8- 1134 1133 t - - - MO
dien-1-o0l
trans-Pinocarveol 1139 1135 6.4+0.5 2.140.4 t - MO
Camphor 1145 1141 0.3£0.1 16.30 0.2£0.0 11.37 - - MO
Sabina ketone 1156 1154 0.2+0.1 - - - MO
Pinocarvone 1163 1160 5.6+0.4 1.73 2.6+0.4 1.23 t - MO
Borneol 1166 1165 0.4+0.2 1.77 t 1.21 - - MO
Lavandulol 1166 1165 - - 0.4+0.1 0.1+£0.0 MO
Terpinen-4-ol 1177 1174 0.3£0.1 1.34 0.1=0.0 t - MO
o-Terpineol 1190 1186 t t t - MO
Myrtenal 1198 1195 0.8+£0.2 0.2+0.0 - - MO
trans-Carveol 1218 1215 0.1+0.0 - - - MO
(3Z)-Hexenyl 1230 1229 t 0.1+0.0 t t CD
2-methylbutyrate
(3Z)-Hexenyl 1234 1232 - - t t CD
3-methylbutyrate
Hexyl-2-methyl- 1234 1233 t t - - CD
butyrate
Hexyl 3-methyl- 1240 1241 - t - - CD
butyrate
Carvone 1244 1239 t - - - MO
2,4-pentadi- ynyl- 1294 1298 - - 10.0£0.6 7.7+£0.4 P
Benzene
cis-Pinocarvyl 1307 1311 0.1+0.0 - - - MO
acetate
(32)-Hexenyl tiglate 1323 1319 - - 0.240.1 t CD
Eugenol 1357 1356 t - 1.94 2.0£0.2 0.1 0.3%0.1 PP
a-Copaene 1378 1374 0.3+0.1 - - - S
Benzyl isovalerate 1386 1385 0.1+0.0 - - - CD
a-Isocomene 1390 1387 - - t - S
p-Cubebene 1392 1387 t - - - S
p-Elemene 1393 1389 t - - - S
(E)-Caryophyllene 1423 1417 0.8+0.2 3.82 —  0.65 2.240.3 9.6 0.3£0.1 164 S
(E)-p-Farnesene 1455 1454 t 2.32 - 267 - - S
o-Humulene 1457 1452 t - 0.2+0.1 0.7 t 04 S
y-Curcumene 1480 1481 — - 0.3£0.2 0.3 t 03 S
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Content”, %

Compound RL RP A. annua A. scoparia Class
EO EO” HS HS” EO EO” HS HS"
Germacrene D 1485 1484 1.1+0.3 7.14  — 0.7 0.3+0.1 0.5 - 04 S
p-Selinene 1490 1489 0.1+0.0 10.41 - - - S
Capillene 1498 1493 - - 63.8+1.653.1 2.240.2 32 P
Bicyclogermac- 1500 1500 0.4+0.1 - - 4.2 t 49 S
rene
J-Cadinene 1525 1522 t - t - S
Spathulenol 1576 1577 t - 0.9+0.2 6.5 - SO
Viridiflorol 1585 1592 0.1+0.0 - - - SO
Caryophyllene 1588 1582 0.2+0.0 1.65 — 0.5+£0.2 2.6 - SO
oxide
allo-Aromaden- 1630 1639 0.2+0.1 - - - SO
drene epoxide
Selina-3,11-di-en- 1635 1642 0.2+0.1 - - - SO
-6-a-ol
p-Eudesmol 1656 1649 - - 1.4+0.3 - SO
Amorpha-4,9-di- 1691 1700 0.2+0.1 - - - SO
en-2-ol
Number of 64 40 36 28
components
Class of compounds
Monoterpenes 93.6 95.7 17.2 88.6
Hydrocarbons (M) 15.2 28.2 16.3 88.0
Oxygenated (MO) 78.4 67.5 0.9 0.6
Sesquiterpenes 4.1 - 5.8 0.4
Hydrocarbons (S) 3.1 - 3.0 0.4
Oxygenated (SO) 1.0 - 2.8 -
Carbonic acid 0.8 34 0.3 t
derivatives (CD)
Phenyldiacetylenes - - 73.8 9.9
(P)
Phenylpropenes t - 2.0 0.3
(PP)
Other (O) 0.1 0.1 t 0.2
Total identified 98.6 99.2 99.1 99.4

dCompounds are listed in order of elution from a HP-5 MS column; RL: literature retention indices;
RI: experimental retention indices relative to Cs—Cy n-alkanes; ®the percentage composition of the individual
components is given as the mean + standard deviation, and for the classes of compounds as the mean

The situation with 4. annua EO and HS is different. The main component,
artemisia ketone, is the same in both, EO and HS. This is because its boiling
point (181.00 °C at 760.00 mm Hg) is low enough to evaporate even under HS
analysis conditions. In general, more volatile components were present to a
greater extent in HS samples of A. scoparia than in essential oil, just like in the

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

(CC) 2020 SCS.



VOLATILE CONSTITUENTS OF Artemisia SPECIES 1 5 7 1

case of 4. annua. The predominant class of compounds in HS were hydrocarbon
monoterpenes (88.0 %), while oxygenated monoterpenes were present in percen-
tage less than one in both samples of 4. scoparia. Also, hydrocarbon sesqui-
terpenes were determined only in traces, while none of the oxygenated sesqui-
terpenes were found.

In the case of 4. annua both methods applied yielded volatiles with a very
similar composition in monoterpene fraction. Likewise, this was the case for the
A. scoparia, for which the two analyses showed minor qualitative variations in
monoterpenes. Quantitative differences of the volatiles in HS sample and essen-
tial oil in A. annua were noticeable, but not overly expressed (e.g., the percentage
of artemisia ketone in both samples was almost equal; the percentage of a-pinene
in the HS sample was less than 2 times higher than that in the essential oil). On
the contrary, the differences in the quantity of the components present in both,
the EO and the HS sample of A. scoparia were significant (e.g., the percentage of
capillene in the EO sample was 29 times higher than that in the HS sample; the
percentage of myrcene in the HS sample was almost 9 times higher than that in
the EO sample).

The chemical composition of the EO obtained from both plants was the sub-
ject of several scientific papers, but we have concentrated here only on those
papers that deal with these plants in the same developmental phase as ours and
whose essential oil was obtained from fresh aboveground parts of the plant.
Apart from same developmental phase, the volatile chemical composition has
been very diverse depending on a large number of factors, such as geographic
locations, weather conditions, soil type, and others.

Composition of the essential oil of A. annua at the blooming stage deter-
mined by Rana et al. 2! showed that camphor was represented with 28.6 %, 1,8-
-cineole with 12.9 % and limonene with 4.5 %. The A. annua essential oil
obtained from species growing wild in Bulgaria was analyzed by Tzenkova et
al.22 and the results showed the presence of a-caryophillene (24.73 %), a-cube-
bene (13.53 %), a-copaene (7.42 %), a-selinene (8.21 %) and artemisia ketone
(8.45 %). The chemical composition of the essential oils with 85 compounds
from A. annua from Hungary was determined by Héthelyi et al.23 The main com-
ponents of the essential oil obtained from fresh flowering shoots were artemisia
ketone (33-75 %) and artemisia alcohol (15-56 %). Artemisia ketone (52.9 %),
1,8-cineole (8.4 %) and camphor (6.0 %) were the major constituents of the
essential oil from Northern India, obtained by Jain et al.24 The principal compo-
nents of the Indian 4. annua essential oil determined by Rao et al. 25 were 1,8-
-cineole (11.1 %), camphor (36.6 %), p-caryophyllene (5.7 %) and germacrene D
(5.9 %). 1,8-cineole (15.1 %) was prominent component followed by a-terpi-
neole (14 %), p-cymene (12.9 %), carvone (12 %), y-elemene (6.2 %) and Z-a-
-bisabolene (5.4 %) according to Mukhtar et al.26
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The major components of the essential oil from Iran determined by Rasooli
et al. 27 were artemisia ketone (24.2 %), a-pinene (12.1 %), 1,8-cineole (9.8 %),
camphor (8.4 %), a-selinene (7.5 %) and borneol (6.0 %). Nekoei et al. 13 also
examined samples from Iran and compared the composition of the EO and the
volatiles obtained by headspace-solid phase microextraction (HS-SPME) from
the fresh aerial parts of 4. annua L. Compounds represented by more than 10 %
in at least one sample were camphor (EO 16.30 %; HS-SPME 11.37 %), S-seli-
nene (EO 10.41 %), a-pinene (HS-SPME 12.03 %) and artemisia ketone (HS-
-SPME 11.24 %). Compared to the sample examined here, a similarity in the
qualitative composition could be noticed, which could not be said for the quan-
titative composition for both, EO and HS volatiles. The difference in content is
especially pronounced for artemisia ketone, camphor, germacrene D and f-seli-
nene (Table I).

The major constituents of the essential oil from mature leaves of Indian A.
scoparia detected by Singh et al2? were p-cymene (27.06 %), acenaphthalene
(24.4 %), p-myrcene (20.89 %) and (+)-limonene (12.63 %).28 The essential oil
analyzed by Singh et al.2% was rich in f-myrcene (29.27 %), followed by (+)-lim-
onene (13.3 %), (2)-f-ocimene (13.37 %) and y-terpinene (9.51 %). The most
abundant volatile constituents from another Indian 4. scoparia essential oil were
y-terpinene (21.8 %), eugenol (20.4 %), eugenyl valerate (5.5 %), limonene (5.0
%) and p-cymene (4.6 %) according to Ali et al.39 The major components of the
essential oil from Iranian plant analyzed by Morteza-Semnani and Akbarzadeh3!
were camphor (37.9 %), 1,8-cineole (27.8 %) and borneol (21.1 %). Acenaph-
thene (36.86 %) was the major component of A. scoparia from India, while p-
-cymene (20.5 %) was the major monoterpene constituent, followed by f-myr-
cene (13.95 %) and (+)-limonene (12.53 %) according to Kaur et al.3?2 The
essential oil of 4. scoparia from Korea was rich in 1,8-cineole (21.5 %), camphor
(11.0 %) and B-caryophyllene (6.8 %) as the major compounds according to Cha
et al 33 Contrary to the above references, the composition of 4. scoparia EO and
HS-SPME volatiles from Turkey examined by Demirci et al.12 was very similar
to the composition of A. scoparia EO and HS examined through our work, except
for 2,4-pentadiynyl-benzene. In the sample analyzed here, the content of 2,4-pen-
tadiynyl-benzene was 10.0 % in EO and 7.7 % in HS volatiles, while in the
sample from Turkey it was not detected at all. In the volatile components
obtained by direct HS and HS-SPME, the higher percentage (16.4 %) of (E)-car-
yophyllene could be noticed in HS-SPME volatiles, compared to those directly
obtained HS components (0.3 %).

CONCLUSION

This is the first report on the chemical volatile composition of the samples of
A. annua and A. scoparia obtained by direct static headspace. After extensive
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research and comparative analysis of the essential oil and HS samples, the
following could be concluded:

— Artemisia ketone was found to be the most abundant component in EO
and HS sample of 4. annua, while a-pinene was found to be the second most
abundant.

— On the contrary, the dominant components in A. scoparia samples were
different by two methods; in EO capillene was the main constituent, while in HS
sample it was f-pinene probably due to their volatility.

— For A. annua and A. scoparia, both applied methods yielded volatiles
with a very similar composition in monoterpene fraction.

— Quantitative differences of the volatiles in HS and EO samples of A.
annua and A. scoparia were noticeable, wherein these differences are more pro-
nounced in 4. scoparia.

— Comparing the composition of volatile components obtained by direct
HS and HS-SPME, for both examined species, a similarity in the qualitative
composition could be noticed, which could not be said for the quantitative com-
position.

— Direct headspace is an easy and fast method that could be used for ana-
lyzing the monoterpene fraction of the samples and it is less demanding than HS-
SPME which includes adsorption and desorption from a suitable adsorbent. How-
ever, both of these methods could not replace an essential oil analysis, which
gives a much more complete picture of the plant’s volatile profile.
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U3BOI
CACTAB ETAPCKOT YJbA U “HEADSPACE"” CACTOJLIH Artemisia annua L.
U A. scoparia Waldst. et Kit

JOBAHA JI. MIIKOBCKH, KATAPUHA JI. CTETIMR u TOPJAHA C. CTOJAHOBU|R

Hetnaptuman 3a xemujy, IIpupogrno—matiematiuuku Gaxyniveiti, Ynugepsuineii y Huwy, Buweipagceka 33,
18000 Huw

“Headspace” wucnap/biBa jeIHmema W CaCTOjUM XUIPONECTHIOBAHUX €TAPCKUX Yiba
CBE)XUX Hal3eMHUX [enoBa Artemisia annua L. u Artemisia scoparia Waldst. et Kit,,
aHanusupanu cy GC-MS/FID metomom. Apremusuja-keToH (55,8 %) je HajsacTylbeHHjU
cacTojak eTapckor yJba, Kao ¥ ucnapspuBux “headspace” jemumema (52,1 %) y3opka A. annua.
[Topen Tora, y oba y3opka A. annua, y eTapckom yiby 1 “headspace” y3opky, a-nuHeH (12,7 u
24,2 %, penom) HabheH je y Bucokom mpoueHTty. C mpyre cTpaHe, YTBpHeHO je na cy IOMH-
HaHTHEe KOMIIOHEHTe A. scoparia y eTapckoM yiby ¥ “headspace” y3opky Oume pasnuuure; y
€TapCKOM yJby je Kao IJlaBHa KOMITOHeHTa onpeheH kamuneH ca 63,8 %, IOk Cy S-TIMHEH
(26,1 %), (Z)-p-ounmen (23,8 %) u numoneH (10,7 %) rmaBHe komnoHeHTe y “headspace”
y30pKy. OBO Cy IIDBM pE3Y/ITaTH O CacTaBy UCIAap/bUBUX KOMIIOHEHATa A. annud U A. scoparid
IodWjeHn TUPEKTHUM CTaTHIKUM “headspace” TEXHUKOM.

(ITpumsbeHo 27. jyna, peBupupaHo 22. centemdpa, npuxsaheno 26. centemdpa 2020)
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Abstract: In the present work, we examine the magnetic properties of 8 “end-
to-end” thiocyanato, and 3 “end-to-end” cyanato double bridged Ni(II) binuc-
lear complexes. Thiocyanato complexes are weakly ferromagnetic. Cyanato
bridged complexes exhibit weak antiferromagnetic coupling. Therefore, it is a
challenge for computational chemistry to calculate the exchange coupling
constant in these systems accurately. 17 different density functional approxim-
ations with different flavours are used to find the method of choice to study
magnetic properties in binuclear Ni(I) complexes within the broken-symmetry
approach. It is found that M06-2X and PWPB95 performed the best compared
to the experimental values for the entire set of examined complexes. Further-
more, the magneto-structural correlation rationalizes the results.

Keywords: BS-DFT; ferromagnetic coupling; antiferromagnetic coupling; mag-
neto-structural correlations; double-hybrid functionals.

INTRODUCTION

Due to important and versatile applications in industry, medicine, and tech-
nology, various bi- and poly-nuclear transition metal (TM) based magnetic mat-
erials have been investigated.!=> These kinds of complexes are characterized by
two or more paramagnetic metal centers, often bridged through one or more
small ligands. The partially filled d-orbitals of TM centers lead to ferromagnetic
(FM) or antiferromagnetic (AF) exchange coupling.%’ Various symmetrical3.
and unsymmetricall0-1! polydentate ligands are responsible for promoting the
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formation of polynuclear core. However, bridging units have a more critical
influence on the electronic structure. The thiocyanato (SCN™) and cyanato
(OCN") ions are ambidentate ligands that can coordinate via nitrogen or chalco-
gen (sulfur or oxygen) as monodentate or bridging ligands.!? As bridging lig-
ands, like their well-examined azide (N37) ion analog, they predominantly coor-
dinate in “end-on” (u-1,1) and “end-to-end” (u-1,3) fashion (Fig. 1).13:14 This
additionally enriches the structural versatility of these molecules. The bridging
mode strongly influences the magnetic interactions between TM ions and the
magnetic characteristics of a molecule.

Fig. 1. Possible double bridging modes of cyanato and thiocyanto ions in binuclear nickel(IT)
complexes; “end-on” on the left and “end-to-end” mode on the right; X= O or S;
L — spectator ligands.

In contrast to thiocyanato-bridged polynuclear complexes of some other
metals (like, for example, Cu(I11)!5-20), the number of Ni(Il) complexes is con-
siderably smaller, whereby only a few binuclear cyanato-bridged complexes have
been synthesized and characterized. “End-to-end” thiocyanato double bridged
complexes are weakly FM,7-14.21 while “end-to-end” cyanato double bridged
complexes exhibit weak AF coupling.22.23

Although much has been explained and learned in the field of electronic
structure, a clear understanding of magnetization phenomena remains a chal-
lenge. From a quantum chemical point of view, the accurate description of this
fundamental characteristic requires precise modeling of magnetic energy levels
associated with the magnetic interaction between two open-shell centers.
Although density functional theory (DFT)24.25 has evolved into a method that
can be used to describe and even predict various molecular properties, due to its
single-determinantal nature, the determination of exchange coupling (constants)
may seem out of reach. Exchange coupling constant (J) is a measure of the
energy differences between the electronic states with different spin multipli-
city.26 If the state of the highest spin multiplicity is the ground state, the coupling
is FM (positive J value). If the low-spin state is the ground state, AF coupling
occurs (negative J value). Since only the FM states can be described with a single
determinant and hence directly computed, in all other cases, broken-symmetry
DFT (BS-DFT)27-30 approach is commonly utilized.
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In the present work, we examine the magnetic properties of 8 “end-to-end”
thiocyanato (Fig. 2) and 3 “end-to-end” cyanato (Fig. 3) double bridged Ni(Il)
binuclear complexes by calculating the J constants within the framework of BS-
-DFT. DFT is, in principle, the exact theory, however, in practical computational
work requires approximations (density functional approximations — DFAs) on its
path to solutions. The choice of the DFA strongly influences the accuracy of cal-
culations. It was usually found that for magnetic systems, hybrid DFAs and
range-separated hybrid DFAs provide much better agreement with experimental
data than semi-local DFAs.31-35 However, this does not need to be true always.
For example, in the case of double “end-on” azido bridged binuclear Ni(II) com-
plexes, it was found that hybrid DFAs did not improve the results compared to
general gradient approximations (GGA).30 In that study, it was shown3¢ that only
double-hybrid functionals37-38 (MP2 correlation energy added to the hybrid or
meta-hybrid energy) give acceptable accuracy. Even more importantly, only
double-hybrids predicted the sign of J correctly in all complexes.36 It is note-
worthy to mention that double-hybrids do not always give better results than the
hybrid functionals.33-3% This implies that the choice of DFAs for the calculation
of magnetic coupling is firmly system dependent. Here we address the question
of DFAs’ influence on the overall DFT accuracy for calculation of J constant in
double bridged “end-to-end” thiocyanato and cyanato Ni(Il) binuclear com-
plexes. These systems are challenging because the weak FM or AF coupling is
observed (J value ranges from —4.8 to +6.3 cm1). 17 different DFAs, with dif-
ferent flavors, are used: GGAs, meta-GGAs, hybrid functionals, meta-hybrid
functionals, long-range corrected and double-hybrid functionals. Furthermore,
the magneto-structural correlations in these systems will be examined.

\%
Fig. 2. “End-to-end” thiocyanato double bridged Ni(Il) binuclear complexes.
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Fig. 3. “End-to-end” cyanato double bridged Ni(Il) binuclear complexes.

METHODOLOGY

All DFT calculations have been performed with the ORCA program package (version
4.1.2)%041 with ZORA-def2-TZVP(-f)*2* basis set for all atoms. Zero-order-regular-approx-
imation (ZORA)* has been used to account for scalar-relativistic effects. For GGA and meta-
-GGA functionals, RI approximation in the Split-RI-J variant was used. The scalar relativistic-
ally recontracted SARC/J*43:43:46 auxiliary basis sets have been used to fit the Coulomb integ-
rals in the resolution of the identity (RI) approximation.*’ The chain-of-spheres approximation
to the exact exchange (COSX)*® was employed for hybrid, meta-hybrid, long-range corrected,
and double hybrid DFAs. The RI approach was used in the MP2 part of the calculation for
double-hybrid functionals, combined with def2-TZVP/C* correlation fitting basis sets.

Choice of DFAs

The choice of DFAs used in this work include: i) GGA functionals in the form of
BP86,50-52 BLYP,30-53-35 OLYP3-3¢ and OPBE>%7 ii) meta-GGA in the form of M06-L5859
and TPSS®06! jii) hybrid functionals B3LYP,%2 B3LYP*%3 and BHandHLYP iv) meta-hybrid
TPSSh,%0:61 M06%8-3 and M06-2X°89 v) double-hybrid B2PLYP37 and PWPB95% vi) long-
range corrected®® LC-BLYP,% cam-B3LYP,%7 and wB97X.%8 DFAs used have different
amount of the exact exchange: 0 % (GGAs and meta-GGAs), 10 % (TPSSh), 15 % (B3LYP*),
20 % (B3LYP), 27 % (MO6), 50 % (BHandHLYP and PWPB95), 53 % (B2PLYP), 54 %
(M06-2X). LC-BLYP has 0 % exact exchange in the short-range, while 100% in the long-
range; cam-B3LYP has 19 % in the short-range and 65 % in the long-range; wB97X has 16 %
in the short-range and 100 % in the long-range. B2PYLP is the standard double-hybrid
functional with the perturbative treatment of correlation on top of the DF energy. PWPB9S is
double-hybrid, which accounts for the correlation of opposite-spin electron pairs solely.

Binuclear Ni(Il) complexes

Binuclear Ni(II) complexes analyzed in this work are: [{Ni(en),},(u; 3-NCS),]>* (en =
= ethylenediamine) I, [{Ni(terpy)(NCS)},(u;3-NCS),] (terpy = 2,2;6',2"-terpyridine) 1II,
[{NiL""-(NCS)}(u1 3-NCS),] (L' = N,N-dimethyl-N'"-(pyrid-2-ylmethyl)-ethylenediamine)
IIL [{NiL?-(NCS)},(u; 3-NCS),] (L? = N,N-diethyl-N"-(1-pyridin-2-yl-ethylidene)-ethylenedi-
amine) IV,  [{NiL3(NCS)},(u;3-NCS),] (L3 = bis(3-aminopropyl)amine) V,
[{NiL*(NCS)},(¢; 3-NCS),] (L* = 1-(pyridin-2-yl)-N-(quinolin-8-yl)ethan-1-imine) VI,
[{NiLy3}(us sSNCS),J** (L3 = 1,2-diamino-2-methylpropane) VII, [{Ni(4-azpy)e} (11 3-NCS),]
(4-azpy = 4-azidopyridine) VIII, [{Ni(tren)}2(;11,3—OCN)2]2+ (tren =tris(2-aminoethyl)amine)
IX, [{Ni(Meg[14]aneN,)},(u-OCN),1*" (Meg[14]aneN, = DL-5,5,7,12,12,14-hexamethyl-
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-1,4,8,11-tetraazacyclotetradecane) X, [{NiL®},(u;3-OCN),J?>" (L® = N,N-bis(3,5-dimethyl-
pyrazol-1-ylmethyl)aminomethylpyridine). Complexes I-VIII are bridged with two “end-to-
end” thiocyanato ligands and complexes IX-XI with two “end-to-end” cyanato ligands. Each
Ni(Il) center is hexacoordinated in distorted octahedral environment with two bridging lig-
ands, one bonded via nitrogen donor atom and other via chalcogen (sulfur or oxygen donor
atoms). Remaining coordination places around Ni(Il) centers are occupied by two bidentate
ligands (I, VII), one tridentate ligand and monodentate NCS™ (coordination via N atom; I1—
-V), one tetradentate ligand (VI, IX—XI), or six monodentate ligands (VIII). Therefore, the
first coordination sphere around each Ni(Il) is NiNsX (X = S/O). All the calculations were
performed on the complexes from the experimental X-ray structures: I (CCDC 1219660),%° 11
(CCDC 1261119),2! III (CCDC 263465),70 IV (CCDC 772821),* V (CCDC 180314),7! VI
(CCDC 1918388),” VII (CCDC 1206993),72 VIII (CCDC 1010020),” IX (CCDC 1275667),%2
X (CCDC 1245877),’* XI (CCDC 782334).75 Solvent molecules (complex IIT) and counter-
-ions (complexes I, VII, IX—XI) were removed, missing hydrogen atoms were added to com-
plex I. Positions of hydrogen atoms were optimized in all structures, assuming the high-spin
state, using BP86 functional with Grimme’s third-generation dispersion energy correction’®
and Becke-Johnson damping,”” i.e., BP86-D3. In the X-ray structure of V, both the binuclear
and central part of tetranuclear units are considered. Terminal Ni(Il) units of tetranuclear
structure in V are removed because they are connected with a single NCS bridge to the central
part (coordination to the central part via S atom, i.e., trans-NiN,4S, coordination sphere).”!
Exchange coupling

The exchange coupling constant J of the Heisenberg—Dirac—van Vleck spin-Hamiltonian
(H = —2JS,S,) was calculated with BS-DFT formalism27-30 according to the Yamaguchi:*0.78
J=(Eps — Egg)/(<8%>pg — <SE>pg). <S%>yg and <SZ>gq are the spin expectation values of the
high-spin and broken-symmetry states, respectively. Fyyg and Egg are corresponding energies.
When the Hamiltonian is in the form H = —JS;S,; (complexes IV, X, XI), the reported J values
from the literature are divided by two to compare calculated and experimental values. In the
case of V, the average of the two computed J values is compared with the experiment because
only one J is reported for double-bridged pathways.”!

RESULTS AND DISCUSSION

Results for calculation of J constants in complexes I-XI with GGAs and
meta-GGAs are presented in Table I. On the same complexes, results of calcul-
ations with three hybrid and three meta-hybrid DFAs are summarized in Table II.
Finally, Table III shows the results obtained with double-hybrid and long-range
corrected DFAs. In Table II, DFT only values of double-hybrids are given as
well. In all tables, mean error (ME), mean absolute error (MAE), minimal abso-
lute error (Min AF), and maximal absolute error (Max AE) with respect to the
experimental values are given. The results indicate the accuracy of a given func-
tional for the investigated set of complexes. Generally speaking, GGAs do not
perform well, as indicated by the largest MAE (more than 10 cm™!). Meta-GGAs
do not improve the results comparing to GGAs. In some cases, there is an over-
estimation of FM coupling (I1, II1, VI, VII), while in other cases AF coupling is
more pronounced. This is different than in double “end-on” azido bridged binuc-
lear Ni(II) complexes where all GGAs largely overestimated FM coupling.3¢ BP86,
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TABLE 1. Exchange coupling constants( J / cm™!), calculated with selected GGAs and meta-
GGAs for 8 “end-to-end” thiocyanato (Fig. 2, I-VIII) and 3 “end-to-end” cyanato (Fig. 3,
IX—XI) double bridged Ni(Il) binuclear complexes and comparison with experimentally deter-
mined values. Mean error (MFE), mean absolute error (MAFE), minimal absolute error (Min AE)
and maximal absolute error (Max AE)

Complex Exp. GGA

BP86 BLYP OLYP OPBE MO06-L TPSS
1 4.509 0.38 1.77 8.41 11.07 6.48 2.04
11 4.90%! 19.49 18.6 25.59 27.15 16.33 16.37
111 3.9070 7.49 6.46 13.98 16.48 9.68 6.54
v 0.3414 -12.12 -13.33 —4.12 -2.01 0.29 -8.39
Vv 2737 -5.38 -6.61 0.65 3.25 2.11 -3.80
VI 4.717 17.96 17.43 23.14 22.65 13.31 14.11
vil 6.3372 28.48 27.35 45.24 46.17 21.98 21.30
v 1.5673 -1.98 -3.07 5.60 7.58 4.62 -1.19
IX -4412% -1246  -12.93 -9.15 -7.88 —4.73  -10.30
X -4.80"* 3155 -32.05 —28.89 -15.41 -1598  -25.86
XI -3.107°  -21.65 2242 -17.71 —-15.41 -9.58  -17.86
ME -2.54 -3.22 4.19 7.00 2.53 -2.15
MAE 12.29 12.32 13.28 12.23 5.93 9.16
Min AE 3.54 2.56 2.085 0.52 0.05 2.46
Max AE 26.75 27.25 38.94 39.87 15.68 21.06

BLYP, and TPSS, predict the wrong sign of J constant in cases IV, V and VIIL.
OLYP and OPBE revealed the opposite sign only in the case of I'V. This complex
is also problematic for B3LYP* and TPSSh (Table II). M06-L is the only DFA
from these functionals that qualitatively gives correct results (Table I). As
expected, hybrid functionals performed much better giving MAE in the range
2.2-3.8 cm 1. DFAs with a higher percentage of the exact exchange (50% in
BHandHLYP and 54 % in M06-2X) give somewhat better results. Meta-hybrid
MO06-2X has the lowest MAE (1.4 cm1) among chosen “standard DFAs” (Tables
I and II) and Max AE of 3.6 cm~!. Long-range corrected functionals do not per-
form better than standard hybrid functionals for herein studied complexes (Table
IT). Double-hybrid DFAs give good agreement with experimental values.
PWPB95, double-hybrid with only opposite-spin correlation, is the best of all 17
selected functionals with MAE of 1.1 cm~! and Max AE =2.8 cm™L. DFT only
values of double-hybrids (without perturbational corrections) are similar to the
results obtained with BHandHLYP and M06-2X. Considering the high comput-
ational cost of double-hybrids, the use of M06-2X is recommended for double-
-bridged NCS/NCO binuclear Ni(II) complexes.

Magneto-structural correlations

Herein analyzed thiocyanato “end-to-end” double-bridged binuclear Ni(Il)
complexes show weak FM coupling (J value from 0.3 to 6.3 cm™!), while rare cya-
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TABLE II. Exchange coupling constants (J / cm™!), calculated with selected hybrid and meta-
-hybrid DFAs for 8 “end-to-end” thiocyanato (Fig. 2, I-VIII) and 3 “end-to-end” cyanato
(Fig. 3, IX-XI) double bridged Ni(Il) binuclear complexes and comparison with experiment-
ally determined values. Mean error (ME), mean absolute error (MAE), minimal absolute error
(Min 4AE), and maximal absolute error (Max AFE)

DFA
Compl Exp.
ompiex *P- TB3LYP B3LYP* BHandHLYP TPSSh  MO06 M06-2X
I 4509 437 3.79 4.06 64 695 325
T 49021 1 12.7 737 1099 138 597
I 3900 597 7.15 5.59 709 821  3.93
v 0.3414 16 _0.42 3.49 253 143 183
v 2737 1.54 2.13 3.2 0.115 239 1345
VI 4717 8.83 8.89 5.71 863 1163 488
VII 63372 13.00 15.94 12.01 1580 1741 974
VIII 1567 111 1.00 3.60 386 447 232
IX 4413 406 -4.02 026 357 —154  —077
X 480 978  -12.58 29 1432 865 351
XI 23107 669 -85 179 769  -5.19 -2.19
ME 0.93 0.84 213 075 312 092
MAE 281 3.76 221 431 426 140
Min AE 0.13 0.38 0.44 083 034 003
Max AE 6.7 9.64 5.71 959 1111 3.63

TABLE III. Exchange coupling constants (J / cm™!), calculated with selected double-hybrid
and long-range corrected DFAs for 8 “end-to-end” thiocyanato (Fig. 2, I-VIII) and 3 “end-to-
-end” cyanato (Fig. 3, IX—XI) double bridged Ni(II) binuclear complexes and comparison
with experimentally determined values. Mean error (ME), mean absolute error (MAE),
minimal absolute error (Min 4E), and maximal absolute error (Max AE) in cm!. DFT only
values for double-hybrids is given

DFA
Complex  Exp. B(Zé)l{:%P B2LYP ¥ Xﬁ?s PWPB95 LC-BLYP Cam-B3LYP wB97X
| 4.5009 4.49 475 3.7 2.92 5.25 4.63 4.88
1l 49021 762 810 636 643 13.18 9.64 9.29
I 3900 586 589 445 423 6.07 6.4 5.98
v 0344 372 181 234 073 0.46 3.16 378
v 27370 316 3.03 1.7 0.93 1.08 1.82 2.49
VI 4717 612 696 463 516 9.30 8.44 8.03
vl 63372 1233 614 1017 457 15.20 13.73 12.23
VI 1567 428 417 292 229 457 3.69 478
X 4413 009 033 -074 155  -422 214 —045
X ~480™ 291 485 323 -536 —10.53 686 524
X1 310 032 287 -189 329  —6.03 473 43
ME 251 147 125 004 1.61 1.92 221
MAE 251 151 160  1.10 3.48 276 2.65
Min AE 001 005 007  0.19 0.12 0.13 0.24
Max AE 6.03 407 387 285 8.9 7.43 5.93
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nato ones show weak AF coupling (from —3.1 to —4.8 cm!). All complexes have
similar coordination around Ni(II) centers and similar Ni—Ni distances (thiocya-
nato in the range 5.5-5.7 A, and cyanato in the range 5.1-5.5 A). The correlation
between the magnetic properties of these complexes with their geometries reveals
the importance of symmetry of the bridging unit.”-23:74.79 The more symmetric
the bridge is, the more AF coupling is pronounced. The measure of symmetry/
/asymmetry of a bridge, J, is defined as a difference between Ni-X (X = O/S)
and Ni-N bond lengths.” In Fig. 4, where experimental J values are plotted vs. J
(from corresponding X-ray structures), linear dependence is observed (R? = 0.89).
The AF coupled cyanate bridged complexes have smaller 6 (0.1-0.3 A) than FM
coupled thiocyanato bridged complexes. The same trend is observed with DFT
calculated J coupling, Fig. 5 (R?2 = 0.96 and R = 0.87 for M06-2X and PWPBY5,
respectively). The symmetry of the double pseudohalide bridges is known to be
important for other binuclear complexes as well.80

8 ’
/
6 e
4
L 2
4 ‘o
/
e 7
— 2 /7
: A
<0 7=
g ’
2 /’
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Fig. 4. Relationship between experimental exchange

0 02 04 06 08 coupling constantJ.,, and symmetry of the bridge J (from
S5/A corresponding X-ray structures).

-1
Jeale/ cX
S

-6 Fig. 5. Relationship between calculated exchange coup-

ling constant J,,. and symmetry of the bridge J (from

0 02 04 06 o8 corresponding X-ray structures); Jiuo by MO06-2X —
SIA squares and PWPB9S5 — triangles.
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Interestingly, there exists a linear relationship between the error of GGAs
(Jeale—Jexp) and & (R? = 0.88 and R? = 0.92 for BP86 and OPBE, respectively). In
Fig. 6 relationship between Jcyic—Jexp and o for BP86, OPBE, and PWPB9S are
shown.

40 .
30 ,/'
. /, L
.o P
5§ 10 P
= i, g% A
& Aa ’ ‘,’
- . s ?'- s
[} 7 , 1
3 10 ’ ,,/, .
20 o
1
-30
40 Fig. 6. Relationship between Jgyic—Jeyp and 6 (from
o 02 04 06 08 1 corresponding X-ray structures) — J.. by BP86
/A (squares), OPBE (diamonds) and PWPBOS5 (triangles).

When ¢ is small, GGAs tend to overestimate AF coupling. This is in line
with the known tendency of GGAs to stabilize the low-spin states.8! OPBE,
which is suitable for spin-state energetics of mononuclear complexes3! corrects
this behavior, albeit not sufficiently. As ¢ is increasing, AF coupling becomes
less critical, as discussed above (Fig. 4). When ¢ is larger, FM coupling, domin-
ated by the high-spin state’s spin-delocalization, becomes more important. In
these cases, GGAs enlarge FM coupling because of its nature to overestimate
electron spin delocalization.32 On the other hand, DFAs with exact exchange
tend to stabilize the high-spin state and to localize the spin density.81:83 There-
fore, hybrid and meta-hybrid DFAs showed better performance (Table II).
Double hybrids improve the results because MP2 correlation corrects the over-
stabilization of the high-spin states, and there is no correlation between the J.a1c—
~Jexp and 6 (ME for PWPB95 is 0.04 cm).

CONCLUSION

In this study, the performance of 17 DFAs with different flavors for the
calculation of the magnetic coupling in 11 binuclear Ni(II) complexes have been
presented. These results are compared to experimentally determined J values.
Furthermore, the magneto-structural correlation between the J constant and sym-
metry of the bridging unit has been examined. This study shows that M06-2X
and PWPBIS5 are the methods of choice for studying magnetic coupling in binuc-
lear Ni(II) complexes, which can be used for predictive analyses. It is noteworthy
that these results are somewhat different from double “end-on” azido bridged
binuclear Ni(II) complexes,3® where M06-2X gave the wrong sign of J in one

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

(CC) 2020 SCS.



1 5 86 ZLATAR et al.

case, showing the importance of bridging ligands. Magneto-structural correlation
delved deeper into the origin of various DFAs’ behavior and gave a rational exp-
lanation of their tendencies.

Although most polynuclear complexes are obtained accidentally, this study
will guide the smart choice of polydentate and bridging ligands. This can open a
door for rational tuning of the electronic structure, magnetic interactions, and
thus all general properties of a binuclear complex.

Acknowledgements. This work was financially supported by the Ministry of Educ-
ation, Science and Technological Development of the Republic of Serbia (Grants 451-03-
-68/2020-14/200026, 451-03-68/2020-14/200288 and 451-03-68/2020-14/200168).

U3BOJ
HUCIIUTUBAE ATTPOKCUMATHUBHUX OYHKIUOHAJIA TYCTHUHE 3A
HU3PAYYHABAKE KOHCTAHTHU KYIIJIOBABA ¥V IBOCTPYKO NTIPEMOITREHUM
TUOLMNJAHATO U TUJAHATO BUHYKJIEAPHUM Ni(11) KOMIUVIEKCUMA
MATHJA 3JIATAP', ®UJIHII BIAXOBUR?, IPATAHA MUTUR’, MAPYO 3JIATOBUR’ u MAJA TPYIIEH®
1YHueep3umeu7 y Beoipagy — Unciuutiywi 3a xemujy, WexHonoiujy u memanypiujy, Huciauinyii og
HauuoxanHol 3nauaja 3a Peiiydnuky Cpoujy, Fbetowesa 12, 11000 Beoipag, *Unosayuonu ueHinap
Xemujcxoi paxyniuetia, Ciygeniticku wipi 12—16, 11000 Beoipag u 3Yuusep3umeu7 y Beoipagy —
Xemujcku ¢paxynimed, Ciiygeniicku wpi 12—16, 11000 beoipag
[TpoyyaBaHa cy MarHeTHa CBojcTBa 8 ,end-to-end" ThonujaHato, u 3 ,end-to-end" uuja-
HaTo ABOoCcTpyko mpemourhenux Ni(Il) dunykneapuux kommekca. TuourjaHaTo mpemourheHu
KOMITIEKCH Cy crnabo depomarHeTHu. KoMmiiekcu npeMoinheHy IMjaHaTo JIMTaHOUMA MOKa-
3yjy cnado aHTHdEpPOMarHeTHO KyTjoBamwe. 300T Tora je Mperu3Ho u3pauyyHaBame KOHCTAaHTH
KyTJIOBaa Y OBUM CUCTeMHUMa HM3a30B 3a pauyyHapCKy xeMHjy. KoHCcTaHTe KyInioBawka y OBUM
CUCTEMHMA Cy u3padyHarte Broken-Symmetry NPUCTYIIOM y OKBHDY TeopHje (QYyHKIHOHaIa
ryctuHe. CefaMHaecT anpoKCUMATUBHUX (PYHKIMOHA/NA TyCTHHEe Cy KopuinheHH kako Ou ce
MIPOHALIA0 HAjIoy3AaHUju HUBO TEOPHje 3a MpOyYyaBame MarHETHUX CBOjCTaBa OMHYKIEapHUX
Ni(IT) kommnekca. YTepheno je na cy M06-2X u PWPB95 nokasanu Hajdorme ciarame ca exc-
NEepUMEHTAIHUM BPEJHOCTHMA 3a Lle0 CKyN HCIHUTHBAHUX KomIulekca. Hamocnetky, pesyn-
TaTH Cy PallMOHAJIM30BaHA MarHETHO-CTPYKTYPHOM KODEALHjOM.
(ITpummeno 6. HoBemOpa, mpuxBaheHo 12. HoBembpa 2020)
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Abstract: The 3-arylidene-2-thiohydantoin derivative, 3-[(2-hydroxybenzyl-
idene)amino]-2-thioxoimidazolidin-4-one, was synthesized in a two-step con-
densation reaction of 2-hydroxybenzaldehyde, thiosemicarbazide and ethyl
chloroacetate. The ligand was structurally characterized by NMR and IR spec-
troscopy, as well as by elemental analysis. In the reaction of the well-known
polymeric trans-[CuCl,(DMSO),], complex with the polydentate thiohydan-
toin type ligand, instead of the corresponding copper thiohydantoin complex,
unexpectedly, the dinuclear cis-[{CuCl(DMSO),}(u«-Cl)], complex (1) was
formed predominantly as the final stable product. The structure of the complex
1 was confirmed by single crystal X-ray diffraction analysis. The cis-complex
is obtained through assisted isomerization of the trans-form, in which the thio-
hydantoin derivative has a crucial role.

Keywords: Cu(Il) complex; spectroscopic characterization; single crystal X-ray
analysis; antimicrobial activity.
INTRODUCTION

Thiohydantoins are important class of heterocyclic compounds. Many of
them exhibit diverse biological activities, such as anticonvulsant, antitumor, anti-
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viral, antifungal, herbicidal, efc.! 2-Thiohydantoin units are attractive ligands
because they can coordinate to metal ions via nitrogen and/or sulfur donor
atoms.2-3 Moreover, 2-thiohydantoins which posses different endo- and exocyclic
electron-donating atoms, could act as effective polydentate ligands towards metal
ions. Coordination of these compounds with transition metal ions sometimes
enhances their antiviral and antitumor activity.4

Dimethyl sulfoxide (DMSO) is widely used as a monodentate ligand in vari-
ous types of metal complexes.>-® Bonding of DMSO with metal ions can occur
through the oxygen or through the sulphur atom. Which atom will be the donor
atom can be determined through the rule of the “hardness” or “softness” of the
metal centre. According to this, hard metal centres preferably bind through oxy-
gen, and soft metal centres bind through sulphur donor atoms. X-ray crystallo-
graphic analysis of sulfoxide complexes showed that most of metal ions form
O-bounded complexes with DMSO ligands, probably due to the high polarization
of the S—O bond. Complexes with S-bound sulfoxides are preferred ones for the
metal ions in the 8—10 groups of the periodic table of elements. On the other
hand, different oxidation states of the same metal can bind through S or O, as
well as S- and O-bound sulfoxides within the same complex.’

Applications of these metal complexes with DMSO and other sulfoxides could
be described through their catalytic role, biological activity and very often as
precursors in reactions of synthesis of some other coordination compounds.3-10

DMSO molecules in copper(Il) complexes with the general formula
[CuX,(DMSO),] (DMSO ligands in trans position), as well as in dicationic com-
plex with four DMSO ligands, [Cu(DMSO)4](ClO4);, are coordinated mostly
through the oxygen atom.!1-13 Nevertheless, the coordination of DMSO through
the sulfur atom, showing quite long Cu—S bound distances, has been reported in
some polymeric copper(I) complexes.!4:15 The polymeric trans-[CuCl,(DMSO),],,
complex was synthesized and spectroscopically and structurally character-
ized,! 116 but the corresponding cis-form of the [CuCly(DMSO),] complex has
not been reported for a long time. Recently, formation of the dinuclear copper(Il)
complex, cis-[{CuCl(DMSO);}(u-Cl)],, has been reported as a consequence of
decomposition of a tetranuclear [CuyClg(DMSO)g(hmta)] complex (hmta is
hexamethylenetetramine).!”

Keeping in mind the coordination potential of 2-thiohydantoins and the sig-
nificance of copper DMSO complexes, our attempt was to obtain the corres-
ponding copper DMSO thiohydantoin complex. In this study, we report the syn-
thesis and the spectroscopic characterization of 2-thiohydantoin type ligand,
3-[(2-hydroxybenzylidene)amino]-2-thioxoimidazolidin-4-one, and its reaction
with trans-[CuCly(DMSO);],, complex, in which an isomerization occurs instead
of coordination.
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EXPERIMENTAL

Materials and methods. All chemicals and reagents are commercially available (pur-
chased from either Sigma—Aldrich or Acros) and were used as received without further puri-
fication. Solvents were purified by distillation prior use. Anhydrous methanol was prepared by
standard drying procedure. The starting complex, trans-[Cu(DMSO),Cl,],, was prepared
according to a literature procedure.!® The purity and identity of the synthesized compounds
were checked by elemental analysis and standard spectroscopic methods. IR spectra were
recorded as KBr pellets on a Perkin—Elmer FT-IR spectrometer model Spectrum One over the
range 4000450 cm!. 'H- and 13C-NMR spectra were recorded on a Varian Gemini 2000
NMR spectrometer (H at 200 MHz, 13C at 50 MHz) in DMSO-d as solvent, using TMS as
the internal standard. Elemental analysis was performed on an elemental Vario ELIII CHNSO
analyzer in the Microanalytical Laboratory, Faculty of Chemistry, University of Belgrade.
Diffraction data were collected by using w-scan mode on an Oxford Diffraction Gemini S
diffractometer, equipped with a sealed tube MoKa X-ray source, and Sapphire CCD detector.
Instrument control and data reduction were performed with the CrysAlisPRO.!® Intensities
were correct for the absorption effects by the multi-scan method.!® The crystal structure was
solved with the SHELXT?? and refined with the SHELXL.2! All non-hydrogen atoms were
refined anisotropically. The methyl group hydrogen atoms were introduced in idealized posit-
ions and refined by employing the riding model which allowed refinement of the torsion
angle. Their Ui, are approximated from U, of their parent atoms. The ShelXle software??
was used as a graphical user interface for refinement procedures. The crystal structure model
was validated by using Platon?3 and Mercury.2*

Synthesis and characterization of 3-[(2-hydroxybenzylidene)amino]-2-thioxo-
imidazolidin-4-one

The preparation of 3-[(2-hydroxybenzylidene)amino]-2-thioxoimidazolidin-4-one was
done according to a previously reported protocol.” Salicylaldehyde (0.01 mol) and thiosemi-
carbazide (0.01 mol) were heated under reflux in 30 ml of methanol for 3 h and then cooled.
The solid formed was filtered off, dried, and purified by re-crystallization with methanol,
giving the corresponding thiosemicarbazone. A mixture of the thiosemicarbazone (0.01 mol),
ethyl chloroacetate (0.01 mol) and anhydrous sodium acetate (0.03 mol) was heated under
reflux in 50 ml of methanol for 6 h. The mixture was cooled and poured into cold water. The
resulting solid was filtered off, washed with hot water, dried, and purified by re-crystallization
with hot methanol. The structure was confirmed by elemental analysis, IR and NMR spec-
troscopy (Figs. S-1-S-3 of the Supplementary material to this paper).

Synthesis of cis-[{CuCI(DMSO)}(1-C)], (1)

0.76 mmol of thiohydantoin was dissolved in 10 ml of methanol under reflux. 0.76 mmol
of the trans-[CuCl,(DMSO),], complex in 10 ml of methanol was slowly added dropwise.
The mixture was heated under reflux overnight. The mixture was cooled at 0 °C and the solid
was removed in vacuo. The off-white solid was washed with hot water. The filtrate was eva-
porated and the remaining solid was dissolved in a mixture of acetonitrile and chloroform
(3:5). The solution was left to crystallize and two days later, big, rounded, green crystals were
formed. Combustion analysis for CgH,4,04S4Cu,Cly: Caled. C, 16.53, H, 4.16, S, 22.06; found
C, 16.70, H, 4.35, S, 21.93. Crystallographic and refinement details are listed in Table S-I
(Supplementary material).
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Antimicrobial activity determination

Antimicrobial activity of the tested compounds was investigated on a panel of human
pathogenic bacteria (ESKAPE panel: Enterococcus faecium ATCC 6037, Staphylococcus
aureus ATCC43300, Klebsiella pneumoniae ATCC BAA2146, Acinetobacter baumannii
ATCC 19606, Pseudomonas aeruginosa PAO1 and Enterobacter cloacae ATCC 13047) and
fungi of Candida genus (Candida albicans SC5314, Candida glabrata ATCC 2001, Candida
parapsilosis ATCC 22019 and Candida krusei ATCC 62528), all obtained from the National
Collection of Type Cultures (NCTC) and the American Type Culture Collection (ATCC).

The minimum inhibitory concentrations (MICs) against the tested bacteria and fungi
were determined in accordance with the standard broth microdilution assay by CLSI (Clinical
and Laboratory Standards Institute). Methods for Dilution Antimicrobial Susceptibility Tests
for Bacteria That Grow Aerobically; Approved Standard — Tenth Edition M07-A10. CLSI)?
and EUCAST (European Committee on Antimicrobial Susceptibility Testing, EUCAST anti-
fungal MIC method for yeasts, v. 7.3.1),20 respectively.

Bacteria and fungi were cultured in Luria-Bertani broth (Biolife Italiana s.r.l., Milano,
Italy) and in RPMI 1640 medium with 2 % glucose and diluted in the respective media to give
inocula with the final concentration of 5x10° and 105 CFU/ml, respectively. Stock solution of
the tested compounds were made in DMSO and applied in a dose range from 1 to 250 uM.
After 24-h incubation at 37 °C, the MIC values were determined measuring absorbance at 600
nm (OD600), using a Tecan Infinite 200 Pro multiplate reader (Tecan Group Ltd., Ménnedorf,
Switzerland). The negative control (media only) and positive control (only microorganisms in
liquid broth) on the same plate were used as references to determine the growth inhibition of
bacteria. Samples with inhibition values above 90 % were classified as active agents.

RESULTS AND DISCUSSION

Synthesis and characterization of 3-[(2-hydroxybenzylidene)amino]-2-thioxoimi-
dazolidin-4-one and complex (1)

As a starting ligand for the reaction with the trans-[CuClo(DMSO);],, com-
plex, a derivative of 3-arylidene-2-thiohydantoin, 3-[(2-hydroxybenzylidene)-
amino]-2-thioxoimidazolidin-4-one, was used. The thiohydantoin type ligand
was prepared by the previously published two step procedure (Scheme 1).4 In the
first step 2-hydroxybenaldehyde reacted with thiosemicarbazide. The obtained
2-hydroxybenaldehydethiosemicarbazone in an intramolecular cyclocondenza-
tion reaction with ethyl chloroacetate yielded 3-[(2-hydroxybenzylidene)amino]-
-2-thioxoimidazolidin-4-one. Identity and purity of the synthesized compound
are confirmed by elemental analysis and IR and NMR spectroscopy.

S
N—NH NH >X\NH

0O
2
/" NH,NHCSNH, / W CICH,COOC,Hs y N—N
MeOH s AcONa, MeOH Q—/
(6]

OH OH
OH

Scheme 1. Synthesis of 3-[(2-hydroxybenzylidene)amino]-2-thioxoimidazolidin-4-one.
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As shown in Scheme 1, the synthesized 3-arylidene-2-tiohydantoin deri-
vative has four potential donor atoms in its thiohydantoin nucleus: the oxygen
atom of the carbonyl group, the sulphur atom of thiocarbonyl group and the two
amide nitrogen atoms, as well as the exocyclic imine nitrogen atom and the
oxygen atom of the phenol hydroxyl group. All these different electron-donating
atoms make 3-[(2-hydroxybenzylidene)amino]-2-thioxoimidazolidin-4-one an
interesting chelating ligand towards metal ions. Some complexes with transition
metal ions are already prepared, such as Ag(I),27 Hg(II),28 Co(II),29-30 Ni(11)29-30
and Cu(II).29-31

The mononuclear trans-[CuCl,(DMSO);],, complex was prepared according
to the procedure reported by Selbin et al., dissolving anhydrous copper(Il) chlo-
ride in an ethanol solution of DMSO.!¢ Equimolar amounts of the trans-
-[CuCl(DMSO),],, complex and 3-[(2-hydroxybenzylidene)amino]-2-thioxoimi-
dazolidin-4-one ligand were mixed in methanol. But, in the reaction of trans-
-[CuCl(DMSO);],, complex with the polydentate 3-[(2hydroxybenzylidene)-
amino]-2-thioxoimidazolidin-4-one ligand, coordination did not occur at all and
the dinuclear copper(Il) complex, cis-[{CuCl(DMSO),}(#-CD]» (1), was formed
predominantly as the final stable product (Scheme 2). The starting thiohydantoin-
type ligand is mostly recovered after the reaction.

S
M
DMSO  DMSO  DMSO /N—NV DSMO o
DMSO | cl
CI\|/CI\|/C|\|/C| o ~J NS
Cu Cu\ Cu\ OH Cu\ /Cu\
o a | Dc / e’ | Souso
DMSO  DMSO  DMSO CHsOH c DMSO
n
trans-[CuCl,(DMSO),], 1

Scheme 2. Synthesis of complex 1.

Crystal structure description of 1

The molecular structure of complex 1 is depicted in Fig. 1, and selected
structural parameters are listed in Table I. Structural parameters of 1 are in excel-
lent agreement (rmsd of all atoms is 0.0283 A) with those published by Vakulka
and Goreshnik.!7 For the sake of more rigorous comparison, the chemical coor-
dinates of the molecular structures (excluding hydrogen atoms), expressed as
independent distances, dj, and corresponding standard uncertainties, o(d;), are
calculated for both structures. Although the number of non-hydrogen atoms, N, is
24, there are only 30 independent distances ((3N — 6)/2), since the point group of
the molecule is Cj. Differences Ap; between pairs of independent distances in the
two structures, d(1); and d(2);, are examined in a half-normal probability plot
(Fig. 2).32 The values dm; = Api/a(Ap;) are calculated by Eq. (1) for all indepen-
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dent distances, arranged as ordered statistics, and plotted versus the expected
values (a;) for half-normal probability deviates. The corresponding plot is then
analyzed by linear regression:

om; = |d(1); = d(2)il/[oX(d(1);) — o*(d(2))]" (1)

Fig. 1. Molecular structure of complex 1, with atom lab-
elling scheme. Symmetry code (i) —x+ 1, —y + 1, —z+ 1.

TABLE I. Structural parameters of complex 1; symmetry code (i) —x+ 1, —y+1,—=z+1

Bond Length, A Bonds Angle, °
Cul-0O1 2.0082(16) 01-Cul-02 83.57(7)
Cul-02 1.9662(18) O1-Cul-Cl1 88.70(5)
Cul-Cl1 2.2631(7) 02—Cul-CI2 92.71(5)
Cul-CI2 2.2484(7) Cl1-Cul-CI12 94.40(3)
Cul-Cl1! 2.7164(8) O1-Cul-Cl1i 91.62(6)
S1-01 1.5322(17) 02-Cul-Cl1i 91.71(7)
S2-02 1.5300(18) Cl1-Cul-Cl1i 88.44(2)
S1-C1 1.769(3) CI2—Cul-Cl1i 112.26(3)
S1-C2 1.767(3) O1-Cul-CI2 155.96(6)
S2-C3 1.777(3) 02—Cul-Cl1 172.26(5)
S2-C4 1.765(3) Cul-Cl1-Cul! 91.56(2)
o
20
) 15 F °
£ B
10 | Jo T
5k ° Fig. 2. Half normal probability plot of experimental
deviates between two structural determination of com-
0 L L L L J plex 1. The equation of the linear regression line is

om; = 4.7(2)o; — 0.01(17). Pearson correlation coeffi-
a cient R =0.976.

Results reveal that, apart from two outliers, the experimental deviates are
normally distributed, indicating no significant geometrical differences between
structures. The intercept (—0.01(17)), and the slope (4.7(2)) of the linear regres-
sion line, calculated after zero-weighting two outlier values, indicate the absence
of systematic errors, and underestimation of the standard uncertainties of the
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experimental interatomic distances by factor 4.7, respectively. It must be taken
into consideration that two structures are determined at significantly different
temperatures (295 K for our structure, and 150 K for structure by Vakulka and
Goreshnik!7), which affects the scale of standard uncertainties.

The crystal structure of 1 is composed of centrosymmetric dinuclear mole-
cules, with Cu-+-Cu separation of 3.5827(7) A. Cu(Il) atoms are five-coordinated,
by two DMSO molecules, and three chloride ions. Cu-ligand bond lengths lay in
the wide range, from 1.9662(18) to 2.7164(8) A, due to different nature of
ligating atoms and the coordination polyhedron peculiarities. Coordination envi-
ronment of Cu(Il) atom is deformed, and can be best described as square pyra-
midal, so that basal plane consists of O1, O2, Cl1, Cl2, and the apical position is
occupied by Cl1i (symmetry code (i) —x+ 1, =y + 1, —z + 1). Three chloride ions
constitute bonds with Cu(Il) of different lengths. As expected, the shortest is the
one incorporating non-bridging basal chloride ion (Cul-CI2 =2.2484(7) A);
intermediate is the one incorporating bridging basal chloride ion (Cul-CIl1 =
= 2.2631(7) A); the longest one incorporates apical chloride ion (Cl11-Cul =
=2.7164(8) A).

The degree of coordination polyhedron deformation is assessed by several
criteria. The simplest, Addison trigonality index,33 which has value of 0 for a
square pyramid with equal trans-basal angles (SPY-5), and 1 for a perfect trigo-
nal bipyramid (TBPY-5), amounts 0.27 for complex 1. More complex analysis by
the Holmes method34 yields slightly different degree of distortion, as percentage
along Berry pseudorotation coordinate Cqy — Cry — D3y is 39.7 (the chosen
reference SPY-5 has trans-basal angles of 150°). Finally, when deformations
were analyzed by continuous shape measures, according to which the coordin-
ation polyhedron is closer to SPY-5 (CShM = 2.175 if the trans-basal angles of
the reference shape are 150°, and CShM = 3.005 if the trans-basal angles of the
reference shape are 174°) then to TBPY-5 (CShM = 3.496). These CShM values
point to substantial deformations from the reference shapes, and calculation of
Berry pseudorotation coordinate is not reliable, as the distance of polyhedron at
hand from minimal distortion path from SPY-5 to TBPY-5 is too severe. To exc-
lude the effect of Cu—ligand bond lengths differences, and make the results com-
parable to Holmes method, calculation of continuous shape measures was also
performed with equalized Cu-ligand bond lengths. The result shows that the
polyhedron traversed 43.1 % along minimal distortion path from SPY-5 (with
trans-basal angles of 174°) to TBPY-5, which is in good agreement with the
value obtained by the Holmes method.

Molecular packing in the crystal structure of complex 1 is depicted in Fig. 3.
Hirshfeld surface analysis of this complex reveals dominant intermolecular con-
tacts. The H---H contacts are the most abundant (48 %), followed by CI---H
(31 %), and O---H (10 %), which is depicted through fingerprint plots in Fig. 4.
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Fig. 3. Molecular packing in the crystal structure of complex 1 viewed along
crystallographic g-axis.
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Fig. 4. Fingerprint plots of complex 1.

The calculation of enrichment ratios, reveals that Cl---H and O---H inter-
molecular contacts are enriched (Ecig=1.33, Eog=1.37), S---H and H---H are
slightly depleted (Egg=0.84, Egp = 0.91.), while CI---S, Cl---Cl, CI---O, and
O---O significantly or totally avoided (Ecis=0.52, Ecic1=0, Ecio=0, Eoo=0)
in the crystal structure of complex 1. The Cl---H and O---H intermolecular con-
tacts involve C3 and C4 methyl groups hydrogen atoms, as well as apical Cl1i,
and O1 atoms. Hirshfeld surface breakdown into element-specific contacts, and
corresponding enrichment ratios are summarized in Table II.

Complex isomerization and stability study

Until now, only one procedure for the synthesis of complex 1 was reported,
based on a specific preparation via decomposition of a tetranuclear
[CugClg(DMSO)g(hmta)] complex. It should be noted that the cis-configuration
of DMSO molecules in complex 1 was directly transferred from
[CugClg(DMSO)g(hmta)], while the trans-[CuCly(DMSO),], isomer was always
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formed as the final stable product. The crystals of the template complex left
under the parent solution slowly (after about one week) decomposed, while com-
plex 1 appeared consequently. Crystals of 1 were also found to slowly decom-
pose (after 1-2 weeks), resulting in formation of the trans-[CuCly(DMSO);],
complex only.47

TABLE II. Hirshfeld surface breakdown into element-specific contacts, and corresponding
enrichment ratios for the crystal structure of complex 1

Observed contact, %

Atom

Cu Cl S (0] C H
Cu 0 0 0 0 0 1.4
Cl 0 0 0.4 0 0 18.0
S 0 04 1.5 0 0 3.5
(0] 0 0 0 0 0 5.3
C 0 0 0 0 0 0
H 1.3 12.5 2.5 4.8 0 48.4

Enrichment ratio

Cu Cl S (0] C H
Cu - - - - - -
Cl - 0.00 - - - -
S - 0.52 - - - -
(0] - 0.00 - 0.00 - -
C _ _ _ _ _ _
H — 1.33 0.84 1.37 — 0.91

In our reaction, under the given experimental conditions, complex 1 was the
final stable product, as it did not decompose to the trans-isomer, like it was
previously reported. This is supported by the fact that the initial filtrate of the
reaction mixture was left to crystallize for 4-5 weeks. As crystals were not
formed after the given period, the filtrate was evaporated and the cis-isomer was
obtained through recrystallization.

The isomerization of frans-[CuCly(DMSO),], to its cis-form occurred under
the influence of the 2-thiohydantoin derivative. To confirm this, a simple control
experiment was done. The reaction was repeated under the same experimental
conditions, but without the 2-thiohydantoin derivative. Since in this case, the cis-
-isomer was not obtained, it is concluded that 3-[(2-hydroxybenzylidene)amino]-
-2-thioxoimidazolidin-4-one has a crucial role in the isomerization. Based on the
results reported so far, we assume that some sort of unstable intermediate com-
plex was formed, in which the DMSO ligands, due to their size and steric hind-
rance, occupy cis-position in respects to each other. Upon cleavage of the 2-thio-
hydantoin derivative, DMSO ligands retain the cis-configuration during the form-
ation of dinuclear complex.
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Antimicrobial activity of 1. The results of antimicrobial susceptibility assay
showed that none of the tested compounds had antibacterial activity towards the
ESKAPE pathogens and the tested Candida species, except of a moderate acti-
vity against Candida krusei. Among them, complex 1 showed better antifungal
activity than trans-[CuCly(DMSO);,], complex on C. krusei ATCC 62528, show-
ing the MIC value of 125 and 250 uM, respectively. Although Candida albicans
remains the most common fungal isolate obtained from the blood of the patients
with invasive fungal infection, the epidemiological studies conducted in last 20
years have demonstrated a trend toward an increased prevalence of infections
with non-albicans Candida spp., such as C. glabrata and C. krusei.3> Moreover,
C. krusei was evidenced as the leading cause of candidemia in some hematologic
malignancies, especially in the patients with neutropenia caused by chemo-
therapy.35 Taken together, these data indicate that the tested complexes may be
regarded for further derivatization, aimed to improve their anticandidal activity.

Our further investigation will be directed to the resolving of the mechanism
of this reaction and the role of the presence of the starting thiohydantoin type
ligand in the isomerization of #rans-complex to cis-form by theoretical methods.

CONCLUSION

A 3-arylidene-2-thiohydantoin derivative, 3-[(2-hydroxybenzylidene)-
amino]-2-thioxoimidazolidin-4-one, was synthesized and fully characterized. In
the reaction of the thiohydantoin with the polymeric frans-[CuCly(DMSO),];,
complex, instead of the corresponding copper-thiohydantoin complex, the
dinuclear cis-[{CuCl(DMSO);}(u-Cl)], (1) was obtained. The structure of the
complex was fully characterized by X-ray crystallography and a deeper insight
into the structure and molecular packing was achieved. The complex 1 showed
moderate antimicrobial activity against Candida krusei. Decomposition of the
cis-complex to the more stable trans-form was not observed and the cis-isomer
was found to be the final stable product. A clear role of the thiohydantoin
derivative in the isomerization of the complex is implied, since no isomerization
occurred in the absence of the thiohydantoin.

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.
Crystallographic data associated with this publication are deposited with the Cambridge Crys-
tallographic Data Centre under the CCDC Number 2023294. They can be obtained free of
charge via https://www.ccdc.cam.ac.uk/structures/.
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U3BON
PEAKLIUJA OEPUBATA 3-APUJINIEH-2-TUOXUIAHTOUHA CA ITIOJIMMEPHUM
trans-[CuCl2(DMSO0):], KOMIUTEKCOM: HEOYEKMBAHA U30MEPU3ALIUIA Y
OUHYKITEAPHU cis-[{CuCl(DMSO)2}(u-CD)]2
TIETAP B. CTAHUR', MAPKO B. POTIUE’, TAbA B. COJITATOBUR’®, ATIEKCAHIIAP B. [TABUER',
HATAIIIA C. PATAKOBHR', BUJbAHA M. IIMUT® u MAPUJA [I. )KHBKOBUR®
1YHusep3uL_ueu7 y Kpaiyjesuy, [Ipupogrno—matiemainiuuxu Gaxyniieid, Hucmuinyw 3a xemujy, Pagoja
Homanosuha 12, 34000 Kpaiyjesay, ZYHueeps'umew y Hosom Cagy, IIpupogro—matiiemaiiuuxy Gpaxyniieid,
Tpi Jocuitieja Odpagosuha 3, 21000 Hosu Cag, 3ﬂpmaeuu Ynusepsuinewi y Hosom Ilasapy, Jeuapiuman 3a
Xemujcko—imexHonouke Hayke, Byxa Kapayuha 66, 36300 Hosu ITa3ap, 4YHusep3uu7.em y Beoipagy,
Hnciiutuyw 30 monexynapHy ieHeluky u leHeltiuuko unmernepciiso, Bojeoge Cuietie 444a, 11000 Beoipag,
EYHusepsumem v Kpaiyjesuy, Hnctiuiniyii 3a unpopmayuone texnonoiuje, Cexiiop 3a ipupogro—maiie-
maituuke Hayke, Josana Lleujuha 66, 34000 Kpaiyjesay, u 6YHM66p3uu76L_u y Kpaiyjesuy, ®axyniiei
MeguyuHckux Hayxa, Jetdapiman 3a papmayujy, Ceeitiozapa Mapxosuha 69, 34000 Kpaiyjesay,

3-ApwinneH-2-THOXUAAHTOMHCKA [epUBaT, 3-[(2-XuopoKCHOeH3WTHIEeH)aMHHO]-2-THO-
KCOMMH/IA30THINH-4-0H, je CHHTEeTHCAaH y JIBOCTENeHO0j KOHJeH3allHOHOj peaklUUjHi 2-XUIPOK-
cudeHsangexuna, THOceMUKapbasuia U eTwiI-xJopaleTara. JIMrauy je CTpyKTypHO OKapakTe-
prcad NMR u IR criekTpockonujom, Kao U eJIleMEeHTaIHOM aHaIU30M. Y peakiuju Jodpo mos-
HaTor nonumepHor trans-[CuCly,(DMSO0);], KOMIUleKca ca OBUM MOJTHIEHTATHUM JTHTAaHIOM
THOXWAAHTOMHCKOT THIIA, YMECTO OAroBapajyher THOXHIAHTOMHCKOr komIuiekca daxpa(ll),
HEOYEeKHBAHO je HacTao AuHykineapHH cis-[{CuCl(DMSO),}(u-Cl)], xomrutekc (1) kao ryaBHH,
KOHAuHH, CTaduiaHM mpousBoz. Mosnekyscka cTpykTypa komiuiekca 1 je ogpehena peHpres-
CKOM CTPYKTYPHOM aHa/lNU30M. cis-Komruiekc je modujeH MOTIIOMOTHYTOM H30MepH3aLHjoM
frans-obnMKa, y K0joj TAOXHUIAHTOMHCKY IepUBaT UMa NIPECYHY YIIOTY.

(ITpummeno 17. centemdpa, npuxsaheno 20. centemdpa 2020)
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Reaction of a 3-aryilidene-2-thiohydantoin derivative with
polymeric trans-|CuCly(DMSO);],, complex: unexpected
isomerization to dinuclear cis-[{CuCl(DMSO),}(«-Cl)],

PETAR B. STANIC!, MARKO V. RODIC2, TANJA V. SOLDATOVIC3,
ALEKSANDAR B. PAVIC4 NATASA S. RADAKOVIC#, BILJANA M. SMIT?*
and MARIJA D. ZIVKOVIC6**

!University of Kragujevac, Faculty of Science, Department of Chemistry, Radoja Domanovica
12, 34000 Kragujevac, Serbia, 2University of Novi Sad, Faculty of Sciences, Trg Dositeja
Obradovica 3, 21000 Novi Sad, Serbia, 3State University of Novi Pazar, Department of
Chemical-Technological Sciences, Vuka Karadziéa bb, 36300 Novi Pazar, Serbia, University
of Belgrade, Institute of Molecular Genetics and Genetic Engineering, Vojvode Stepe 444a,
11000 Belgrade, Serbia, >University of Kragujevac, Institute for Information Technologies,
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Kragujevac, Faculty of Medical Sciences, Department of Pharmacy, Svetozara Markoviéa 69,
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J. Serb. Chem. Soc. 85 (12) (2020) 15911603

TABLE S-I. Crystallographic and refinement details of cis-[(DMSO),ClCu(u-Cl),CuCl(DMSO),]

Crystal data

Chemical formula C4H,CL,CuO,S,
M, 290.70

Crystal system Monoclinic

Space group P2/c
Temperature, K 295

alA 8.1773 (3)

b/ A 16.6064 (8)

c/A 8.4323 (3)

pB/° 109.356 (4)

v/ A3 1080.35 (8)

Z 4

Radiation type Mo Ko

u/ mm1) 2.86

Crystal size, mm 0.58 x0.47 x 0.38
Data collection

Diffractometer Gemini S (Oxford Diffraction)
Absorption correction Multi-scan

* Corresponding authors. E-mail: (*)biljana.smit@uni.kg.ac.rs; (**)mzivkovic@kg.ac.rs
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Crystal data

Tin> Trmax 0.822, 1.000
No. of measured reflections 6720

No. of independent reflections 2209

No. of observed [> 2a(])] reflections 2000

Riy 0.018

(in O/ oy / A1 0.626
Refinement

R[F®> 26(F?)] 0.027
WR(F?) 0.058

S 1.17

No. of reflections 2209

No. of parameters 104
H-atom treatment Constrained
Ap o Appin /€ A7 0.25,-0.40

3-[(2-hydroxybenzylidene)amino]-2-thioxo-imidazolidin-4-one. Yield: 2.103
2 (89 %). IR (KBr): 3441m, 3318m, 3031w, 2958m, 2776m, 1718s, 1640s, 1623s,
1568w, 1492w, 1469w, 1334m, 1317m, 1266m, 1254m, 1204m, 1149w, 890w,
838w, 757m, 735m, 710m, 637w, cm’'. 'TH-NMR (200 MHz, DMSO-d,, 6 / ppm):
12.10 (bs, NH, exchangeable with D,0), 10.88 (s, OH, exchangeable with D,0),
8.64 (s, 1H, H-7), 7.58 (dd, 1H, ] = 8.0 and 1.9 Hz, H-6), 7.32 (dt, 1H, J = 7.8
and 1.8 Hz, H-1), 6.95 (m, 2H, H-4, H-5), 3.97 (s, 2H, CH,-8). 3C-NMR (50
MHz, DMSO-d,, 6 / ppm): 173.77, 164.44, 158.01, 157.76, 132.17, 130.62,
119.54, 118.50, 116.38, 33.46. Combustion analysis for C;yHoN;0,S: Cald. C
51.05, H 3.86, N 17.86; found C 51.10, H 3.89, N 17.88.
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Fig. S-1. 'H-NMR spectra of 3-[(2-hydroxybenzylidene)amino]-2-thioxoimidazolidin-4-one.
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Fig. S-2. 13C-NMR spectra of 3-[(2-hydroxybenzylidene)amino]-2-thioxoimidazolidin-4-one.
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Improvement and modification of the energy-dispersive X-ray
fluorescence method for the determination of metal elements in
cement leachates — A chemometric approach

NEVENKA N. MIJATOVIC!*, ANJA M. TERZIC!, LATO L. PEZO?,
LJILJANA R. MILICIC! and DRAGANA Z. ZIVOJINOVIC?
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Karnegijeva 4, 11000 Belgrade, Serbia

(Received 1 May, revised 24 August, accepted 27 October 2020)

Abstract: A modification of an analytical procedure for the energy-dispersive
X-ray fluorescence (EDXRF) quantification of ten chemical elements (As, Ba,
Cd, Co, Cr, Cu, Mo, Ni, Pb and Zn) in the leachates obtained from cement
binders was developed. Twenty-nine testing samples were used in the experi-
ment. All samples were based on Portland cement. Fly ash of different origin,
zeolite and bentonite were employed as mineral additives in the cement bin-
ders. Distilled water was used as the leachate. Validation of the modified
EDXRF procedure was conducted in terms of limits of detection and quantific-
ation, working range, linearity, selectivity, precision, trueness, and robustness.
Traceability of the procedure was established using certified reference mat-
erials. Uncertainty of measurement was confirmed via an “in-house” laboratory
validation approach. The expanded uncertainties for the ten analysed elements
were obtained for the entire working range of the EDXRF method. Robustness
of the modified EDXRF procedure was assessed by means of a chemometric
in-house approach. The results obtained by the modified X-ray fluorescence
method were additionally correlated to those acquired by inductively coupled
plasma optical emission spectrometry to confirm that EDXRF could be used as
an effective and reliable alternative method for analysis of cement leachates.

Keywords: in-house validation; mineral additives; cluster analysis; ICP-OES;
EDXREF, building materials.
INTRODUCTION

Waste depots on which fly ash is being disposed are constantly producing
significant amounts of waste water as a result of precipitation or contact with ext-
ernal water resources.! Fly ash leachates are characterized by high concentrations

* Corresponding author. E-mail: nevenka.mijatovic@institutims.rs
https://doi.org/10.2298/ISC200501067M
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of toxic elements and high salinity.2 The employment of fly ash as a compo-
nential material in the construction industry is a successful means for the removal
of potential pollutants from the natural environment.3—5 Addition of sorbent
clays, such as zeolite and bentonite, in the mix-design of a construction material
enables the immobilization of the toxic elements.*

Identification and quantification of the chemical elements contained in
leachates can be acquired by various instrumental techniques: atomic absorption
spectrometry (AAS),® optical emission inductively coupled plasma spectrometry
(ICP-OES),” inductively coupled plasma-mass spectrometry (ICP-MS)8 and X-ray
fluorescence spectrometry (XRF).? The energy dispersive X-ray fluorescence
(EDXRF) method is extensively being used in environmental protection!? and
construction materials studies.!1~13 However, the application of EDXRF for
simultaneous multi elemental analysis of liquid samples and leachates is sparsely
investigated. For instance, S. Zhoua et al.!4 successfully identified heavy metals
in polluted water using a portable XRF. The authors indicated that at least two
factors limit the application of this instrument for in-situ analysis of water
samples, i.e., high detection limits and water damage to the instrument. Margui et
al.15> proved that XRF instrument can be used for precise quantitative chemical
analysis of leachates obtained from waste material rich in heavy metals. Pearsona
et al.16 obtained highly comparable results from XRF analyses conducted on
solid and liquid samples, thus proving the reliability of this non-destructive method.

The preparation of the XRF testing samples is rapid since a digestion pro-
cedure is not required, which makes XRF analysis low-cost and free of harmful
chemicals.!” However, water-based samples (leachate, waste water, efc.) require
a specific optimization procedure for their preparation and analysis.!8 There is no
standard method for EDXRF analysis of cement leachates. In addition, a fully
validated EDXRF analytical methodology has not yet been established for the
determination of toxic elements in leachates or wastewater. Therefore, the valid-
ation of multi elemental EDXRF analysis (As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb
and Zn) of cement leachates was conducted in this study. Cement-based binders
with mineral additives (fly ash, zeolite and bentonite) were used in the experi-
ments. Validation included the statistical evaluation of data from the linear calib-
ration range for each analysed element, as well as the limits of detection and
quantification. Precision and trueness were evaluated at different concentration
levels. Robustness was evaluated by application of multivariate statistics. The
amount of sample used for the preparation for plastic container and the different
thickness of polyester film were employed as the main process parameters for the
determination of the robustness of the EDXRF technique for liquid samples.
Traceability and measurement uncertainty were determined by an “in-house”
validation approach. The results obtained by modified X-ray fluorescence

Available on line at www.shd.org.rs/JSCS/
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method were additionally correlated to those acquired by inductively coupled
plasma optical emission spectrometry.

EXPERIMENTAL
Preparation and characterization of the cement binders

The chemical composition of the componential materials (Portland cement CEM 1 42.5R,
Zeolite “Vranjska banja”, Bentonite “Sipovo”, Fly ash “Kolubara”, fly ash “Kostolac”, fly ash
“TENT A” and fly ash “TENT B”) used for preparation of the cement binders is given in
Table 1. Chemical analyses were performed by EDXRF method.!®

TABLE I. Chemical composition of the raw materials used in the mix-design of the cement
binders; Lol — loss of ignition

Kolubara Kostolac TENTA TENTB

Parameter Cement Zeolite Bentonite fly ash fly ash fly ash fly ash
csio. ! %o 20.6+1.4 63.7+1.8 48.1+1.7 58.3+1.6 553+1.7 57.5+1.7 59.7+1.6
caLo. | % 5.6+0.7 13.440.6 11.6+0.7 18.940.5 17.4+0.5 17.7+0.5 21.0+0.5
CFe.0,/ %0 2.6£0.4 14403 3.1£04 6.80.5 10.3£04 10.5£04 6.0=0.5
cko! % 0.8+0.1 1.6+0.3 0.74£0.1 1.2+0.2 0.6£0.1 0.6+0.1 5.8+0.1
cNa.o /% 0.20+0.02 1.2+0.1 2.9+0.2 0.5+0.03 0.4+0.03 0.40+0.03 0.40+0.03
ccao ! % 61.6+1.3 3.5+0.8 3.5+0.8 8.7+0.9 7.9+0.9 7.0+0.8 5.8+0.7
cMeo ! %o 24+04 12+03 24+04 2.3+04 2.3+04 2.0+0.4 2.2+0.4
cso. ! % 3.6£0.9 0.3+0.02 1.1+£0.2 1.3+0.2 0.9£0.05 1.1£0.2 0.50+0.02
cpo./mgkg! 1000+190 500480 800+100 300450 300450  200+40 200440
cps/ mg kgl <0.03 <0.03 <0.03 182+50 104+2 112 17+£3
cpa/ mg kgl <0.03 <0.03 <0.03 8620 49+10 52+10 62+10
ccq/ mg kgl <0.03 <0.03 <0.03  0.20+0.01 0.20+0.01 0.10+0.01 0.20+0.01
cco / mg kgl <0.01 <0.01 <0.01 1543 5+1 8+1 7+1
ccr/ mg kgl <0.01 <0.01 <0.01 135+40  105+25 98425 170+50
ccy / mg kgl <0.01 <0.01 <0.01 36+4 54+5 53+5 30+4
oMo / mg kgl <0.05 <0.05 <0.05 10+1 5+0.5 5+0.5 3+0.3
oni / mg kg <0.01  <0.01  <0.01 51+5 2442 22+2 3243
cpy, / mg kg'! <0.01 <0.01 <0.01 25+4 1443 16+3 1843
czn / mg kgl 46+4 <0.01 <0.01 57+5 50+5 53+5 2743
Lol | % 1.4£0.3 13.7£0.7 19.6+0.8 1.840.3 4.5+0.7 2.9+0.4 2.9+0.4

Twenty-nine samples of cement binders based on Portland cement were prepared for the
experiment. Mineral additives (fly ash, zeolite and bentonite) were employed in the mix-
design in different ratios. The mix-design of the cement binders is provided in Fig. 1. The
experimental mixtures were prepared according to the standard procedure provided in SRPS
EN 196-1:2017: Methods of testing cement — Part 1: Determination of strength. After 28 days
of solidification, the samples were crushed and subsequently ground in a laboratory mill.
Leaching test

The leaching test was conducted according to SRPS EN 12457-4:2008.20 The leach-
ability of heavy metals for each sample was investigated on the mixtures of the testing
samples and deionised water using a 1:10 liquid to solid ratio. The mixtures were prepared in
a laboratory mixer manufactured by the Institute IMS, Centre for Laboratory equipment
(volume 15L and a mixing speed 10 rpm) at room temperature (2042 °C) during 24 h,

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

(CC) 2020 SCS.



1608 MUJATOVIC et al.

according to the above-mentioned EN standard.20 Afterwards, the leachate was filtered over a
membrane filter (0.45 um). The concentrations of metal elements in the leachates obtained
from 29 samples were determined using EDXRF and ICP-OES analyses.

N I II| |

80 1
70 4
60 -

50 1

Content, %

40

30 A

20

10

0_
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Sample No.
oCement mZeolite OBentonite O Kolubaraash ®Kostolac ash @TENTA ash @ TENTB ash

Fig 1. The mix-design of the cement binders.

Instrumentation and measurement conditions

The EDXRF analysis was performed using a Spectro Xepos system equipped with a 50
W and 60 V X-ray tube with a binary Co/Pd alloy thick target anode. The excitation mode of
the X-ray tube was combined polarized/direct excitation. The characteristic radiation emitted
by the elements present in the sample was detected by a silicon drift detector with Peltier
cooler system. Spectro XRF Analyzer Pro, Xepos C Software was used. Liquid samples
analysis was conducted in a helium atmosphere.

The multi element standard solution was diluted at different concentrations to obtain
calibration standards. Stock solutions were prepared by a single dilution or series of dilutions
in order to acquire a working concentration set in the range from 0.10 to 100.00 mg dm™ for
each element for the EDXRF technique. Liquid samples were packed in plastic containers.
The diameter of the plastic container was 32 mm (24 mm inner diameter) with enough volume
to cover the surface of the plastic container and give a depth of 10 mm (5 g for distilled
water). The upper orifice of the container was covered with the polyester film (4.0 um thick-
ness) and with the help of two rings of the same material a taut wrinke free sample support
window was created.

An ICP-OES (Spectro Genesis, Germany) analyser equipped with a plasma generator
(27.12 MHz; 1.700 KW power) was used. The argon consumption was 16 L min-!. The holo-
graphic grating had 2400 point mm!. The plasma with a wavelength range of 175-775 nm
was positioned radially. High purity argon (99.9999 %) was used for the plasma initiation, as
a carrier gas, and for cooling of the quartz system. Smart Analyzer Vision software was used.

Commercially available 1000 mg L-! multi element standard solution in nitric acid (ICP
multi element standard solution IV in 10 % nitric acid, Merck) containing Ag, Al, B, Ba, Bi,
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Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Ni, Pb, Sr, Tl and Zn was used for the
calibration of the ICP analysis. The calibration was performed for ten elements (As, Ba, Cd,
Co, Cr, Cu, Mo, Ni, Pb and Zn). The wastewater sample for the proficiency test (test code
586) and reference material (test code 500) were provided by ERA. Ultra-pure deionized
water, 0.5 uS cm!, obtained from a deionizer (Heming, Serbia) was used for dilution. Addit-
ional preparations of calibration standards, reference materials, and cement leachates were not
necessary for the ICP-OES analysis.
Chemometric analysis

The applied experimental design corresponded to a 5x3 Latin square design with two
factors (sample amount and different thickness of polyester film). All determinations were
made in three repetitions and all data were averaged, expressed as mean =+ standard deviation
(SD). Analysis of variance (ANOVA) was used to analyse the variations of the element con-
tents in cement leachates. Pattern recognition techniques (cluster analysis — CA) was applied
to the experimental data (used as descriptors) to characterize and differentiate among the obs-
erved samples. The data were processed statistically using the software package Statistica 12
(StatSoft Inc., Tulsa, OK, USA, 2012).

RESULTS AND DISCUSSION

A full validation of the modified EDXRF method for liquid samples inc-
luded the characterization of calibration curves, linearity, selectivity, limit of det-
ection (LOD), limit of quantification (LOQ), precision (repeatability and repro-
ducibility), trueness and robustness. Traceability and uncertainty of the method
were also determined. Limits of detection were determined as:

Lon=332 (1)
S
Limits of quantification were determined as:
LOQ = 10% )

where: o — standard deviation of blank; S — slope of regression line.

The equations for LOD and LOQ were used according to the International
Union of Pure and Applied Chemistry (IUPAC) Procedures.2! The LODs and
LOQs for the modified XRF method were determined for each metal element
present in the cement leachates, i.e., As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb and Zn.
In order to experimentally confirm the LOQ, six standard solutions with concen-
trations close to the LOQ were prepared and analysed. The calibration parameters
were determined using Merck multi-element standard stock solutions in the con-
centration range from 0.10 to 100.00 mg dm3. The concentration reference value
in CRM for all elements was 100 mg dm=3. The calibration curves for all chem-
ical elements were constructed using seven nominal points (working standards
0.10, 1.00, 5.00, 10.00, 20.00, 50.00 and 100.00 mg dm=3) with addition of a
nominal blank. Calculations for mean concentration values for the calibration
curve points were obtained as replicates of two series of triplicate measurements.
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Calibration parameters for all analytes were employed in ANOVA (MS Excel)
analysis for producing the calibration and residual. The emission wavelengths,
Y-intercepts, slopes, coefficients of determination, LOD and LOQ, working range
and selectivity of calibration curve for metal elements are given in Table II.

TABLE II. Parameters of calibration curves of 10 chemical elements found in cement
leachates

Ele- Emission lines Y-intercept LOD LOQ Working range Ratio

ment series/ E/keV ~ mgdm3 Slope  R? mgdm3 mgdm?3 mgdm3  cey/Con
As K-a/10.542 0.048 0.999 0.999 0.028 0.092 0.092-110 1.07
Ba K-0/32.188 0.045 0.999 0.999 0.024 0.079 0.079-103 1.08
Cd K-a/23.170 0.054 0.998 0.999 0.044 0.102 0.102-108 1.01
Co K-a/6.929 0.064 1.001 0.999 0.068 0.224 0.224-105 1.05
Cr K-a/5.414 0.048 0.999 1.000 0.024 0.079 0.079-115 1.28
Cu K-a/8.046 0.080 0.999 0.999 0.087 0.287 0.287-110 1.03
Mo K-a/17.476 0.046 1.000 0.999 0.031 0.102 0.102-105 1.07
Ni K-a/7.477 0.076 0.999 0.999 0.084 0.277 0.277-105 1.08
Pb L-a/10.550 0.039 0.999 0.999 0.022 0.073 0.073-108 0.98
Zn K-a/8.637 0.065 1.000 0.999 0.068 0.224 0.224-110 0.96

The selectivity (cca/ccrm) Was determined as the ratio of the obtained
concentration of the observed element (in mg kg~!) and its concentration in the
certified reference material (CRM). If this ratio is close to 1.00, the selectivity for
elements identified and quantified by developed the EDXRF method indicates
that it can successfully assess the analyte in the presence of components that are
expected to occur in the solution (Matrix effect).

Emission lines K-a type were used for all investigated elements. Only for
lead, was the L-a emission line used. The calculated Y-intercepts for ten elements
spanned from 0.039 mg dm3 for lead to 0.080 mg dm=3 for copper. The steepest
slope was obtained for cadmium (0.998), while cobalt (1.001) had the most even
slope of the calibration curve. The obtained linearity was good for all inves-
tigated elements. Coefficients of determination (R2?) were in satisfactory interval
from 0.999 (As, Ba, Cd, Co, Cu, Mo, Ni, Pb and Zn) to 1.000 (Cr). The values
obtained for LOD varied between 0.022 (Pb) and 0.087 mg dm3 (Cu), while the
LOQ was between 0.073 (Pb) and 0.287 mg dm—3 (Cu). The calculated values of
LOD and LOQ are in conformity with the waste acceptance criteria for leachates
obtained from inorganic wastes.22 The highest concentration limits obtained for
the working ranges for the investigated elements were from 103 (Ba) to 115 mg
dm3 (Cr). The highest obtained selectivity value was for chromium (1.28). Zinc
showed the lowest selectivity value (0.96). The high values of selectivity indi-
cated that the matrix of the calibration standard corresponded adequately to the
matrix of the tested cement leachates.
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Traceability was determined using the results of the analyses of certified
reference materials (CRM).23 The precision was evaluated using the conditions
that are normally employed for the determination of repeatability and repro-
ducibility. Namely, the precision (which is expressed as repeatability and repro-
ducibility) and trueness of the developed EDXRF method were evaluated through
analysis of the certified reference materials for wastewater (ERA 500 and ERA
586). In addition, recovery tests for four levels of concentration (standard solut-
ions of 0.05, 2.5, 30 and 80 mg dm3) were performed. Trueness was expressed
as the recovery percent (R). The mean recovery for each analyte was calculated
according to the formula reported in Guidelines for the In-House Validation of
Methods of Analysis, IUPAC.24 The calculations of the above-mentioned para-
meters included 10 independent measurements of CRM during 2 h for repeat-
ability and 20 independent measurements (two operators per 10 measurements)
of CRM over two consecutive days. All measurements were performed in trip-
licate for different concentrations levels of the same working range. The obtained
results for precision, trueness, and expanded uncertainty for 10 elements detected
in the liquid samples for different concentration levels (low, medium, high) of the
working range (0.05-80.0 mg dm=3) are given in Table III. “In-house” validation
approach was used for the assessment of measurement uncertainties:2>

e z\/u(RW)2 + (u(Bias))? 3)

where: u. is the combined standard uncertainty; u(Ry,) is the uncertainty of the
estimated within-laboratory reproducibility; u(Bias) is the uncertainty of the
estimation of the laboratory and the method bias;

u(Bias) = \/RSM Bias2 +u (Cref)2 4)

where: u(Bias) is the contribution to the uncertainty from the bias; RMSgi,s is the
root mean square of the individual bias values; u(Cref) is the standard uncertainty
component for the certified or assigned value, i.e., mean value of the individual
uncertainties.

The CRM-s for the estimation the u(Bias) were analysed in at least 10
different analytical series (two operators on two consecutive days) in triplicate:

U(x) = k u(x) (%)

where: k = 2 is the coverage factor corresponding to a 95 % confidence level.25

This approach is quick, easy and straightforward because it uses data from
the in-house validation process. Therefore, this approach was adopted for the
uncertainty budget estimation of the concentration of 10 elements in leachates of
cement l;inders for different concentration levels of the working range (0.05-80.0
mg dm™).
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TABLE III. Precision, trueness and expanded uncertainty for elements found in cement leachates

CRMs and standard ERA Level 1 Level 2 Level 3 Level 4
solutions 500cal 0.05 mg dm> 2.5 mg dm3 30 mgdm?> 80 mgdm?
As
Repeatability? RSD, % 1.8 1.7 1.2 1.7 1.1 1.6
Reproducibility® RSD, % 2.5 2.3 2.1 24 2.2 24
Trueness? Recovery, % 953 99.1 98.1 98.0 98.8 99.1
Expanded uncertainty, % 11.0 10.2 13.9 13.7 11.6 9.9
Ba
Repeatability? RSD, % 1.2 1.1 1.0 1.1 1.2 1.3
Reproducibility? RSD, % 1.8 1.7 1.9 1.7 1.9 1.9
Trueness? Recovery, % 99.2 100.3 98.8 98.9 102.2 103.2
Expanded uncertainty, % 10.1 11.9 12.1 10.3 10.5 11.3
Cd
Repeatability? RSD, % 1.8 15 1.4 1.6 1.7 1.6
Reproducibility? RSD, % 1.9 2.1 1.9 1.7 2.1 1.9
Trueness? Recovery, %  101.3 100.5 97.7 98.3 99.8 97.9
Expanded uncertainty, % 11.4 14.9 13.1 14.0 11.1 12.0
Co
Repeatability? RSD, % 1.3 15 1.7 0.8 0.7 0.7
Reproducibility? RSD, % 2.1 2.0 2.5 1.9 1.9 1.8
Trueness? Recovery, % 98.8 98.3 98.5 98.7 99.3 98.5
Expanded uncertainty, % 12.2 12.9 14.8 13.0 9.5 12.0
Cr
Repeatability? RSD, % 08 1.6 1.0 1.2 1.8 1.3
Reproducibility? RSD, % 1.6 2.3 1.7 1.4 2.0 1.8
Trueness? Recovery, %  101.3 100.5 100.3 100.1 98.8 98.9
Expanded uncertainty, % 11.5 11.0 15.2 14.0 9.1 11.8
Cu
Repeatability? RSD, % 25 24 2.8 3.1 2.8 34
Reproducibility? RSD, % 2.8 2.7 3.6 4.2 3.6 4.5
Trueness? Recovery, % 98.8 97.8 99.8 96.5 97.9 98.8
Expanded uncertainty, % 15.8 17.3 15.2 14.3 13.5 12.6
Mo
Repeatability? RSD, % 27 28 29 2.1 2.8 23
Reproducibility® RSD, % 2.9 3.2 3.7 4.0 3.1 4.1
Trueness? Recovery, % 97.8 98.9 95.8 96.6 98.8 97.8
Expanded uncertainty, % 16.3 17.4 15.1 14.1 133 12.9
Ni
Repeatability? RSD, % 09 1.7 1.8 1.9 1.9 1.8
Reproducibility? RSD, % 1.8 2.3 1.9 1.6 2.8 2.8
Trueness? Recovery, %  100.1 97.5 98.0 100.5 99.7 95.8
Expanded uncertainty, % 15.5 13.9 14.8 133 12.6 11.3

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

(CC) 2020 SCS.



EDXRF PROCEDURE FOR CEMENT LEACHATES 1 6 1 3

TABLE III. Continued

CRMs and standard ERA ERA Level 1 Level 2 Level 3 Level 4
solutions 500cal 0.05 mg dm> 2.5 mg dm3 30 mg dm> 80 mgdm?
Pb
Repeatability? RSD, % 1.1 19 1.8 1.9 22 23
Reproducibility? RSD, % 2.6 2.4 2.7 2.4 2.8 3.8
Trueness? Recovery, % 99.3 98.5 98.7 97.3 95.8 100.5
Expanded uncertainty, % 11.6 11.1 18.2 13.3 12.6 16.3
Zn
Repeatability? RSD, % 0.8 0.7 1.0 0.8 0.7 1.1
Reproducibility® RSD, % 1.5 1.3 1.2 1.3 1.3 1.6
Trueness? Recovery, % 98.3 100.1 99.5 98.8 100.1 97.7
Expanded uncertainty, % 9.2 10.3 19.1 18.0 15.2 12.4

“In triplicate

The obtained results for repeatability varied from 0.4 % for cobalt in the
standard solution (80 mg dm=3) to 3.4 % for copper in the standard solution (80
mg dm3). The values of RSD for reproducibility were from 1.2 % for zinc in the
standard solution (0.05 mg dm3) to 4.5 % for copper in the standard solution
(80 mg dm™3). The investigated analytical method could be considered precise
because the obtained precision parameters were below 10 %.26 The recoveries
varied from 95.3 % for As in CRM ERA 500 to 103.2 % for Ba in the standard
solution (80 mg dm3). The expanded uncertainties of the measurements, expres-
sed as the percentage of the concentration of an analyte, were between 9.1 % for
chromium in the standard solution (30 mg dm—3) and 19.1 % for zinc in the stan-
dard solution (0.05 mg dm=3). When the uncertainty is not defined in a regulat-
ion, an additional criterion for tolerance level (20-30 %) could be considered in
order to acknowledge the variability of the uncertainty estimation process.2’
High values of the measurement uncertainty for low concentration of an element
could be explained by its low concentration in the analysed test solutions.

Chemometric analysis of the data obtained by modified EDXRF method

The robustness of the EDXRF method and the correlation between the
obtained results and the experimental conditions were evaluated through the vari-
ation of two parameters: the amount of liquid sample and the thickness of the
used polyester film. Samples were prepared with the following amounts of test-
ing liquid (reference material ERA 500): 2.0, 3.0, 4.0, 5.0 and 6.0 g. The con-
tainers for liquid samples were covered with a polyester film of different thick-
ness: 3.6, 4.0 and 5.0 um. Fifteen tests on a XRF instrument were performed in
order to monitor the influence of each input parameter on the final result. The
results obtained from cups with 5.0 g of liquid sample and 4.0 pm thick polyester
films (i.e., calibration conditions) were adopted as optimal based on the manufac-
tures instruction. The concentrations of metal elements in cement leachates
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(modified XRF method) as an implication of the mass sample and film thickness
are given in Table IV. Each value is the mean of three replicates. The standard
deviation values are given in parentheses. The means in the same columns with
different superscript letters are statistically different (at the level of statistical
significance p < 0.05).

TABLE IV. The experimentally obtained metal element concentrations (mg dm) using the
XRF method on cement leachates depending on the mass of the sample and the film thickness

Sample Polyester Element
amount, g thickness,um As Ba Cd Co Cr Cu Mo Ni Pb Zn
2.0 3.6 4823 12327 67.7 6213 392.0 313.7 423 814.7 546.0 960.7
(3.5 (257 (2.5 (1.5 (3.5° (11.8)* (2.5 (12.7)* (3.6)* (3.1
2.0 4.0 492.3 1296.0 733 6183 3973 317.0 450 823.3 545.0 956.0
2.5 (5.3)° 3.1)P (3.5 (0.6)® (12.0)* (2.6 (2.1 (2.6)* (5.3
2.0 5.0 491.7 12533 663 6203 3940 319.7 413 822.0 551.7 957.0
@51 (7.6 (3.1 (0.6)* (1.0 (1.5 (1.5 (2.6)* (1.57 (3.0
3.0 3.6 504.7 1476.7 98.0 659.0 402.7 4283 54.0 854.0 569.31000.3
(2.5)° (15.3)¢ (2.0 (1.0)° (2.5)% 4.7 (1.0) (3.6)° (7.0)° (1.5)
3.0 4.0 516.7 15043 96.7 6623 4033 4240 52.7 851.7 568.71004.7
(3.1)F (4.004 (1.5 (2.5)% (2.1 (3.6)° (1.2)* (3.2)P (1.5)° (0.6)>
3.0 5.0 517.3 15283 99.0 666.7 403.7 431.7 533 8523 587.71009.7
(5.0 (2024 (3.6)¢ (1.5 (1.5)¢ (1.5 (2.5 (2.1 (7.1)¢ (0.6)¢
4.0 3.6 5833 1620.0 114.7 7133 5933 5263 109.0 1219.7751.7 1158.0
(3.5)4 (174 (3.5 (1.5)% 3.1)¢ (5.5¢ (3.6 (1.5 (1.5)¢ (2.0)d
4.0 4.0 591.7 1648.0 112.3 711.0 5983 5287 115.0 1204.0751.7 11583
(1.5)% (11.3) (2.5)¢ (1.0)d (1.5)%f (5.0)c (1.0)% (2.6)d (2.1)¢ (0.6)d
4.0 5.0 595.0 1653.3 118.0 7163 595.0 529.3 115.3 1210.3757.01161.7
(1.0 (25.2)¢ (1.0)% (1.5)F (1.7)% (1.2)° (2.5)0% (2.5)¢ (3.6)¢ (1.5)d
5.0 3.6 587.0 1633.3 124.7 717.3 5983 523.7 1203 1215.3751.7 1160.3
(2.6)% (7.6) (1.5 (1.5 (1.5)¢f (3.5)c (2.5)f (1.5)¢d (2.1)¢ (1.5)¢
5.0 4.0 585.7 1657.7 124.7 7213 598.0 534.7 124.7 1223.0757.0 1160.3
2.3)% (6.8 (1.2)f (1.5)2 (1.7)%f (5.0 (1.5 (9.8)d (2.6)¢ (1.5)
5.0 5.0 591.0 1637.7 122.3 721.0 599.0 531.0 124.0 1215.7757.31157.3
(2.6)% (17.5)¢ (1.2)F (1.0)% (1.0)¢f (1.0)c (1.0) (1.5)cd (4.9)d (1.2)d
6.0 3.6 590.3 1643.0 122.0 718.0 5963 525.7 118.3 1222.3752.01155.0
(6.5)% (9.5 (1.0)F (1.0)f8 (1.2)¢f (2.5)¢ (6.5)F (3.1)d (1.0)¢ (5.0)¢
6.0 4.0 591.0 1659.3 122.0 7183 601.0 529.0 117.3 1218.3754.0 1158.0
(4.6)% (16.7)¢ (1.0)¢F (0.6) (1.0)f (1.7)¢ (1.5)f (8.6)d (1.0)¢ (2.0)d
6.0 5.0 593.7 1630.0 122.7 719.0 599.3 527.0 121.3 1210.7751.7 11563

(1.5)% (3.5¢ (L5 (L0 (2.1 (3.6)° (2.5 (2.1)% (1.5 (3.8

As could be seen from Table IV, there was highly significant differences
(level p < 0.05) between samples obtained using different sample amounts and
polyester thicknesses. Grouping of the samples was presented by cluster analysis
(CA) and the results are illustrated in Fig. 2. The dendrogram was obtained by
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grouping variables using the Complete linkage method - City-block (Manhatten)
distances.

Complete Linkage

Sample . .
City-block (Manhattan) distances

amount
2g
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amount

1
3
2
4
5
6
7
8
4¢g 9

(]

10

15
Sample 12
amount
Sorbg 1

14

11

o

500 1000 1500 2000 2500
Linkage Distance

Fig. 2. Dendrogram for robustness of EDXRF data for liquid samples.

Four groups of samples were formed (4 clusters). The first group contained
2 g samples, the second group contained 3 g samples, and the third group con-
tained samples prepared with 4 g samples, while the fourth cluster contained
samples with 5 and 6 g samples. The shortest distance, i.e., the strongest correl-
ation was achieved between the first and the second group.

ANOVA exhibits the significant effect of independent variables as well as
the interactions of these variables (Table V). This analysis revealed that the linear
terms of sample amount (SA) in the second order polynomial (SOP) model were
found statistically significant at p < 0.01 level, for each metal element calcul-
ations. The quadratic terms of the sample amount in the SOP models were sta-
tistically significant for Ba, Cd, Co, Cu and Zn calculation, statistically signific-
ant at p < 0.01 level, while the influence of the quadratic terms of sample amount
in the SOP models for As, Mo and Pb calculation was statistically significant at
the p < 0.05 level.

All SOP models had an insignificant lack of fit tests, which means that all
the models represented the data satisfactorily.

Comparison of EDXRF and ICP-OES results by the linear regression method

Results obtained by the EDXRF and ICP-OES methods applied on cement
leachates were compared and correlated via linear regression analysis. Linear
regression parameters for the concentrations of metal elements in the analyzed
leachates are presented in Table VI.
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Table V. ANOVA table of the yield evaluation (sum of squares) for each element content in
the leachates samples (df - degrees of freedom, PT- polyester thickness); SA — sample
amount, g; PT — polyester thickness (um); significant at level: +p < 0.01, *p < 0.05, **p <
0.10; error terms statistically insignificant

SA S42 PT PT? SA4 x PT Error r?

df 1 1 1 1 1 9

As 22828.5" 3080.0* 168.1 40.5 9.9 275896  0.907
Ba  236038.9" 81664.4* 940.9 2187.6 502.2 61254  0.982
Ccd 5116.6" 1023.5* 0.2 0.3 0.6 51.288 0.992
Co 18807.7* 3777.8* 20.5 0.4 0.2 455.55 0.981
Cr  106476.4* 9103.2%* 6.9 21.1 0.3 23834.6  0.833
Cu 79441.6" 22773.4* 44.1 11.7 5.2 1495.0  0.986
Mo 14483.5% 1329.8* 12.8 6.9 10.0 2009.62  0.889
Ni  390389.8" 37640.2%* 22.5 0.2 63.7 783722 0.849
Pb  100809.2* 12058.8* 120.2 2.3 47.1 17996.0  0.866
Zn 88579.5* 13849.1* 5.9 0.1 1.6 11044.8  0.905

TABLE VI Linear regression parameters for the results of EDXRF and ICP-OES analyses;
correlations significant at level: p < 0.01; slope and intercept values statistically significant at
the p <0.01 level

Oxide/element Determination coefficient  Slope SD Intercept SD

As 0.9994 1.00357 0.01000 -0.01432 0.00014
Ba 0.9995 1.00045 0.00838 -0.02958 0.00029
Cd 0.9996 0.99894 0.00914 0.019277 0.00019
Co 0.9998 1.00102 0.00771 —-0.03803 0.00038
Cr 0.9995 1.00701 0.00999 0.00226 0.00002
Cu 0.9994 1.00016 0.00826 0.00989 0.00010
Mo 0.9971 1.00042 0.00902 —0.00665 0.00007
Ni 0.9982 0.99527 0.00833 1.00101 0.01000
Pb 0.9989 0.99939 0.00769 0.00035 0.00000
Zn 0.96998 0.99889 0.00910 0.01008 0.00010

The obtained determination coefficients for the analysed chemical elements
were within the confidence interval at a level of 95 %. The determination coef-
ficients were in the range from 0.96998 (Zn) to 0.9998 (Co).

The determination coefficients (=1.0) indicated that there were no significant
differences between the outputs of the applied analyses methods. The statistical
parameters of the intercepts and the slopes for the ten studied elements showed
that the intercepts were in the range from —0.03803 (Co) and 1.00101 (Ni). The
slopes (0.99527 for Ni—1.00701 for Cr) were not significantly different from 1.
The regression parameters verified a good correlation between EDXRF and ICP-
-OES results, which means that both of techniques are adequate for the determin-
ation of metal elements in leachate of cement-based binders.

Regarding the analytical performances, the proposed and validated EDXRF
method features a straightforward quantification method in which periodic recal-
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ibration is not required. On the other hand, the ICP-OES method shows superior
detection capabilities for low concentrations of elements. The cost of analyses,
reagents and personnel expenses undoubtedly support the application of both
ICP-OES and EDXREF techniques for liquid samples. However, on-site analyses
support the EDXRF method.

CONCLUSIONS

A modified EDXRF analytical procedure for multi elemental determination
of As, Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb and Zn in leachates of cement binders with
additions of fly ash, zeolite and bentonite was successfully developed. The modi-
fied analytical technique proved to be a reliable tool for the analysis of a wide
variety of building materials based on cement. The former statement could be
substantiated with faster unattended analysis of samples within a wide range of
concentrations and matrices, different states of matter are applicable and simul-
taneous multi-trace detection is feasible. The obtained values for the detection
limits were within the range from 0.022 (Pb) to 0.080 mg-dm—3 (Cu). Measure-
ment uncertainty for the developed method ranged from 9.1 for Cr to 19.1 % for
Zn. The robustness of the EDXRF technique for liquid samples was successfully
evaluated in altered testing conditions (sample amount and variable film thick-
ness). It was highlighted that different thickness of film did not significantly inf-
luence the final results unlike the amount of the liquid sample that induced sig-
nificant variations in the outputs of EDXRF analysis. The precision of EDXRF
method for liquid samples was confirmed by the high values obtained for coefti-
cients of determination (=1) in comparison with the ICP-OES results. This means
that the modified EDXRF calibrations could be used with high precision in the
analysis of the leachate of cement-based materials with mineral additives and that
this validated EDXRF method could be a good and reliable alternative for the
commonly used laboratory technique: ICP-OES.

Acknowledgment. This investigation was financially supported by the Ministry of
Education, Science and Technological Development of the Republic of Serbia (Contract No.:
451-03-68/2020-14/200012).
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YHATIPEBELE U MOOUOUKALIUJA EHEPTETCKU OIUCIIEP3UBHE PEHATEHCKE
®JIYOPECUEHIIUJE 3A OJPEBUBAE METAJIAY ETYATY UEMEHTHUX BE3UBA —
XEMOMETPHJCKU ITPUCTVYTI
HEBEHKA H. MUJATOBUR', AFbA M.TEP3WUR', JIATO JI. TIE30°, JbUJbAHA P. MWJINYWR'

u JIPATAHA 3. )KUBOJUHOBUR®
Hucwiuiny 3a uctiumiusare maitiepujana, Hnciuitywi UMC, Bynesap eojeoge Muwuha 43, 11000 Beoipag,
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Y oBOM papny u3BplleHa je MogudHUKallija aHaTUTHUKE METOZe EHEPIeTCKHU NUCIIEP3UBHE
pennrercke dnyopecuennuje (EDXRF) 3a kBanTH(DMKALM)y JeceT XxeMujckuxenemeHara (As,
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Ba, Cd, Co, Cr, Cu, Mo, Ni, Pb, Zn) y enyatuma iemeHTa. ¥ eKCliepUMeHTY je kopuirheHo 29
y30pKa 3a Tectupame. CBU y30puu cy Ha dasu [lopianp nemeHta. Kao MUHEpanHU Oofauy y
LIeMEHTHUM Be3UBHMMa KopulIheHH cy: neTehy neneo pasmiuuuTor NOPEKIA, 3€0JUT U DEHTO-
HUT. JlecTu0BaHa Bofia je kopuurheHa Kao METUjyM U3TyKUBamwe MeTana. Banuganuja Moou-
¢uxosaHor nocrynka EDXRF u3BpieHa je y CMUCITy TpaHULe feTeKlHje U KBaHTUdHKaLyje,
PpajHOr pacloHa, JTMHEapHOCTH, CEIEKTUBHOCTH, NMPELU3HOCTH, UCTUHUTOCTH U POOYCHOCTH.
Cnep noctynka yTepheH je kopuimrhemem cepTudUKOBaHUX pedepeHTHUX MaTepHjana. Hecu-
TYPHOCT Mepema M0TBpheHa je ,MHTepHUM" 1adopaTOpHjCKUM IPUCTYNIOM Banumauuje. I1po-
IIMPEHe HECUTYPHOCTH 3a NECeT aHa/IM3MPaHUX ejleMeHaTa Ao0ujeHe Cy 3a Lieo pafiHu OIcer
EDXRF metope. PodycHoct mogudukosanor EDXRF moctynka mponemeHa je XeMOMETPHj)-
CKUM HHTEPHUM IpHUCTyHOM. Pesynratu pobujeHHM MOAHM(UKOBAHOM METOLOM DPEHATEHCKE
(yopecueHnyje JOAATHO Cy KOPEIHCAHU Ca OHMMA JJOOUjeHUM METONOM ONTHYKE eMHUCHOHE
CIeKTPOMeTpHje ca HMHIOYKTUBHO crperHytom miasmom (ICP-OES) mpumeHoM perpecuoHe
aHanuse kako ou ce yrepauwio ga ce EDXRF Moxe KOPUCTUTH Kao aJTepHaTHBHA METOJa 3a
aHajM3y ejlyaTta LieMEeHTa.

(ITpummeno 1. Maja, peBuAUpaHo 24. aBrycra, mpuxsaheno 27. oktodpa 2020)
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Abstract: In this work, the electrokinetic properties of alkali and oxidatively
modified jute fabrics were studied. In contrast to the control fabric, chemically
modified jute fabrics had a small positive zeta potential in the basic pH range,
which could be attributed to the presence of sodium cations (originating from
the undertaken chemical modifications) on their surfaces. At lower pH values,
the samples modified under milder alkali and oxidative conditions had about
2.2-3.5 times lower zeta potential since the protonation process led to the
formation of a higher positive charge in the electrochemical double layer, caus-
ing higher adsorption of CI- (originating from the electrolyte). On the other
hand, more intensive chemical modifications increased the zeta potential at
lower pH values due to the increased amount of carboxyl groups and the ability
of the fibres for water retention and hence swelling. The isoelectric point of the
fabrics, having lower zeta potentials than that of the control fabric, was shifted
towards higher pH values, indicating to a lower contribution of surface acidic
groups of the fabrics. In the case of extensive oxidation conditions (60 and 90
min), the isoelectric point was shifted toward lower pH values because of lig-
nin removal and the mentioned higher availability of newly formed carboxyl
groups.

Keywords: zeta potential; isoelectric point; hemicelluloses; lignin.

INTRODUCTION

In the past, jute fibres were considered as a source of raw material for the
packaging industry but nowadays, they have emerged as a versatile raw material
for diverse applications, such as household textiles, floor coverings, biobased
composites, etc. To meet the worldwide demand for jute fibres, their production,
processing and quality should be improved.

* Corresponding author. E-mail: aivanovska@tmf.bg.ac.rs
# Serbian Chemical Society member.
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1 622 IVANOVSKA and KOSTIC

Jute fibres are recognized by their complex structure and very heterogeneous
chemical composition comprising of cellulose, hemicelluloses, lignin and other
minor components. The main steps for the purification of jute fibres (i.e., rem-
oval of non-cellulosic components) include the simplest, most direct, economical
and efficient alkali and oxidative modifications. During these modifications, the
selective removal of hemicelluloses and lignin in parallel with cellulose lateral
swelling contributed to the liberation of elementary fibres, resulting in increased
availability of surface functional groups.! The dissociation ability of these groups
affects the distribution of the surface charge, as well as the thickness and distri-
bution of the electrochemical double layer, altogether resulting in changed zeta
potential and isoelectric point.2 Accordingly, it could be stated that the alkali and
oxidative modifications of raw jute fabric change its electrokinetic properties and
alter its interaction with the components of the liquid phase. An extensive under-
standing of the electrokinetic properties of jute fabrics is still required to optimize
the chemical modification processes, which might increase the utilization of such
modified fabrics.

EXPERIMENTAL
Material

A raw jute fabric (in further text: control fabric or sample C) purchased from a com-
mercial supplier was chemically modified with sodium hydroxide or sodium chlorite, as given
in Fig. 1.

Chemically modified jute fabrics’ sample codes

Alkali modifications with Oxidative modifications with
NaOH at room temperature 0.7 % NaClO, at boiling temperature
AS5/5 Aé/] 7.5  A30/17.5 A45/17.5 Ol5 030 060 090
X \
5 min 5 min 45 min 30min 60 min 90 min
17.5 % NaOH 5 % NaOH 17.5 % NaOH !
30 min 15 min
17.5 % NaOH

Fig. 1. Conditions for the chemical modifications of jute fabrics and
the designation of the samples.

Characterization of the materials

Chemical composition of the jute fabrics. The chemical composition of the jute fabrics
was determined according to a modified procedure described in the literature.>

Determination of the electrokinetic properties of the jute fabrics. The jute fabrics’ elec-
trokinetic properties, i.e., the zeta potential ({) as a function of pH, were determined by a
streaming potential method using a SurPASS electrokinetic analyzer (Anton Paar GmbH,
Austria), according to the procedure described by Lazi¢ et al.* Before the measurements, the
samples were pre-swelled in distilled water to avoid the influence of fibre swelling on the zeta
potential. Since the isoelectric point (IEP, the pH value where the value of {"is 0) of jute fab-
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rics is in the low pH region (i.e., pH < 3), it was extrapolated from the experimental curve.
Two measurements were performed for each sample, whereby the standard deviation was
below 5 %.

RESULTS AND DISCUSSION
Chemical modification of jute fabric

The modification conditions shown in Fig. 1 were selected to obtain jute fab-
rics with different chemical compositions and to study their influence on the elec-
trokinetic properties of the resulting fabrics.

859

804 Hemicelluloses [[[[[] Lignin [N Cellulose
75~ -l N

70 N N NN
65 - ‘

604 &

Content, %

Uil

el \] S QS
& @ 3

Fig. 2. Chemical composition of the jute
Jute fabric samples fabrics.

By increasing the modification intensity (duration and/or concentration of
the chemical agent), jute fabrics with gradually decreasing hemicellulose or lig-
nin contents as well as increased cellulose content were obtained, Fig. 2. Namely,
the alkali modifications decreased the hemicellulose content by 2547 %, com-
pared to the control jute fabric. Moreover, depending on the duration of the oxid-
ative modification (15-90 min), jute fabrics with 38-79 % lower lignin content
were obtained. A detailed discussion regarding the influence of the chemical
modification conditions on the chemical composition and structure of jute fabrics
is given in the literature.3-3

Electrokinetic properties of chemically modified jute fabrics

The chemical modifications of the fabrics not only lead to changes in their
chemical composition, structure, sorption, mechanical and electro-physical pro-
perties,3-> but also change their electrokinetic properties, i.e., surface charge of
the fabrics. In this investigation, the measurement of the zeta potential was
chosen to give valuable insight into the surface charge of the fabrics. In order to
monitor the changes occurring on the surface of the fabrics (i.e., the presence,
availability and nature of surface groups) caused by chemical modifications, the
zeta potential is measured over a wide pH range, Fig. 3. Furthermore, the pH
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value where the smallest zeta potential was detected (pH ), the minimum value
of zeta potential ({,,;,) and the isoelectric point (IEP) determined by extrapolation
are given in Table I.

| )i —=C | = C
» “ ASl5 2 . 015
304 4 A AS/175 30 —+—030
v AISNTS v 060
37 A30/17.5 =351 —+— 090
40 T T T T T T T T T 1 40 T T T T T 1
2 3 4 5 6 7 8 o 10 1 12 2 7 8 9 10 11 12
pH (in 0.001 M KCI) pH (in 0.001 M KCl)

Fig. 3. Zeta potential ({) as a function of pH for control (C), alkali (a) and oxidatively
modified jute fabrics (b).

TABLE 1. pH Value where the smallest zeta potential was detected (pH; min), zeta potential
minimum value ({,;,) and isoelectric point (IEP)

Sample code PHemin Cin / MV 1IEP
C 3.82 -11.17 2.52
A5/5 3.32 -25.16 2.84
A5/17.5 3.19 -28.93 2.83
Al15/17.5 3.37 -9.60 2.44
A30/17.5 4.11 -4.61 2.67
015 3.51 -28.11 2.98
030 3.39 -38.79 2.74
060 3.49 -10.76 2.46
090 3.49 -8.34 2.24

The control jute fabric as other cellulosic materials has a negative zeta pot-
ential in the basic pH range (pH > 7, (,jaean) due to the presence of anionic func-
tional groups (i.e., hydroxyl and carboxyl) on its surface,® Fig. 3. According to
Hubbe et al.,” these groups are prone to dissociation in the high pH range. In
contrast, the chemically modified jute fabrics have a small positive zeta potential
value in the mentioned region ({pjaean)> Which is probably caused by the presence
of “strongly” adsorbed sodium cations (originating from the chemical modific-
ations with NaOH or NaClO,) on their surfaces.8

The applied chemical modifications increase the active surfaces of fabrics
and the availability of their surface groups, which is characterized by a sudden
change in the zeta potential of the fabrics at lower pH values (Fig. 3) and the
pHimin values are shifted towards lower pH values (excluding sample A30/17.5,
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Table 1), which may be a consequence of the protonation of acetyl or ether link-
ages in cellulose or lignin residues.” Most remarkable decreases in the ¢, values
(by 2.2-3.5 times) at lower pH values and in shifts in the pH,;, values toward
lower pH values were noticed for the samples from which up to 36.6 % of the
hemicelluloses (samples AS5/5 and A5/17.5) and up to 38.8 % of the lignin
(samples O15 and O30) had been removed, Figs. 2 and 3 and Table 1. For these
samples, protonation contributed to the formation of a higher positive charge in
the electrochemical double layer, causing higher adsorption of CI~ (originating
from electrolyte), and therefore, resulting in a significant decrease in {;, values
at lower pH values.” Change of the experimental curve shape in parallel with the
decrease in (,;, value and simultaneously increased {jjyean Were also reported for
alkali modified jute8 and sisal® fibres, as well as oxidized cotton? and flax# fibres.

On the other hand, the removal of more than 36.6 % of the hemicelluloses
(samples A15/17.5 and A30/17.5) and more than 38.8 % of the lignin (samples
060 and 0O90) increase the (;, value by 4-59 % compared to that of the control
sample. The alkali and oxidative chemical modifications increase the amount of
carboxyl groups and the fibre ability for water retention and hence swelling,d
which together increase the (., value of the fabrics. The results are in accordance
with the data reported for mercerized cotton in which the {;, value increased due
to the considerable increase in the available surface of the fibres caused by the
intensive interfibrillar and intrafibrillar swelling of the fibres. It should be men-
tion that in the case of sample A30/17.5 (the most intensive alkali modification
conditions), the pH,,;, was shifted toward higher values (pH;, 4.11) compared
to that of control fabric (pH; ., 3.82), indicating that the protonation process
became more difficult.

The IEP, as an indicator for the nature of functional groups and surface
charge of fabrics, was determined by extrapolation, Table I. The IEP shifted
towards higher pH values for fabrics with a lower {;;, value than that of the con-
trol fabric (samples A5/5, A5/17.5, O15 and 030) as well as for sample A30/
/17.5, indicating to a lower contribution of the surface acidic groups of the fab-
rics. In the case of intensive oxidation conditions, the IEP was shifted towards
lower pH values (from pH 2.52 for the control fabric to 2.46 and 2.24 for fabrics
060 and 090, respectively), which could be ascribed to selective lignin removal,
i.e., the formation of dicarboxylic groups and conversion of aldehyde to carboxyl
groups during oxidations followed by the simultaneous increase in their availabil-
ity.> The IEP at pH 2.46 and 2.44 extrapolated for the samples O60 and A15/
/17.5, respectively, indicate that these samples had very similar surface chem-
istry, while the lower (in/Cyiatean Value of fabric A15/17.5 reflects its higher swell-
ling ability.
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CONCLUSIONS

In this investigation, the effects of alkali and oxidative chemical modific-
ations on the electrokinetic properties of jute fabrics were studied. The control
fabric had a negative zeta potential in the basic pH range due to the presence of
anionic functional groups on its surface, while the chemically modified fabrics
has a small positive zeta potential in that region caused by the presence of
sodium cations on their surfaces. The samples modified under milder conditions
(5 % NaOH for 5 min, 17.5 % NaOH for 5 min and 0.7 % NaClO; for 15 and 30
min) had 2.2-3.5 times lower zeta potential at lower pH values; their isoelectric
points were shifted toward higher pH values indicating a lower contribution of
the surface acidic groups of the fabrics. In contrast, intensive oxidation con-
ditions (0.7 % NaClO, for 60 and 90 min) increased the availability of newly
formed carboxyl groups, which contributed to increased zeta potential at lower
pH values and shifted the isoelectric point towards lower pH values.
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U3BOJ
EJTEKTPOKMHETHUYKA CBOJCTBA XEMUJCKU MOJU®UKOBAHE TKAHUHE O JYTE
AJIEKCAHIIPA M. UBAHOBCKA' 1 MUPJAHA M. KOCTUR
1Yuueep3uweu7 y Beoipagy, Hnosavuonu uyeniiap Texnonowrxo—memianypwkol paxynitiemia, Kapueiujesa 4,
11000 Beoipag Ynueepsuinewi y beoipagy u ZYHueep3uL_ueu7. y Beoipagy, TexHonowxo—memanypuKu
paxynitewi, Kapueiujesa 4, 11000 Beoipag

Y 0oBOM pamy HCIMTHBAHA Cy €IeKTPOKMHETHYKA CBOjCTBA alKaJIHO MOJU(UKOBaHE U
OKCHIWCaHe TKaHWHe of jyTe. CympOTHO CUPOBOj TKAaHWHM, XeMHjCKM MOZU(UKOBAHE TKa-
HUHE MMajy MaJly IO3UTUBHY BDEJHOCT 3€Ta NOTeHNIMjana y basHoM noppydjy pH BpemHoCTH,
IITO MOKe DUTH MPOYy3POKOBAHO MPUCYCTBOM HATPHUjyMOBHX jOHA (KOjU MOTUUYY U3 TOMEHYTE
XeMHjcke MopuduKalyje) Ha MOBPLIMHU TkaHMHe. [Ipu HWwKuM pH BpemHOCTMMa, TKaHUHE
mopuduKoBaHe NpU OaKUM aKaTHUM M OCKHIATHBHHUM yCIOBUMa MMajy OKo 2,2-3,5 myTa
MamM 3eTa NOTEHLWjasll LITO CEé MOXKE O0jaCHUTH YMIBEHHUIIOM Jia MPOLEeC NPOTOHU3aLuje
nosogyu 1o dopmupama Beher NMO3UTHBHOI HaeleKTpUCama Yy €JIEKTPOXEMHjCKOM IBOJHOM
Cy0jy, WITo MoXe Ja u3a3oBe mosehany ancopnuujy Cl” (koju motuuy u3 enextponuta). C
Ipyre cTpaHe, MHTEH3UBHUjU YCJIOBH XeMHjCKOr MoaudHKoBama f0BoAe Oo nosehama 3eTa
NOTeHLHjasa Ipy HWKUM pH BpepHoCTHMa Kao pe3ynTar nosehaHor cagpkaja KapdoKCHITHUX
rpyna 4 nosehaHe CIoCODHOCTH BjlakaHa 3a 3afp)KaBame BOE, a CAMUM TUM U OyOpeme.
[ToMepamwe U30eIeKTpHYHe Tauke Ka BUIIMM pH BpeoHOCTHMA je 3anakeHO KOJ TKaHWHA KOJ
KOjHUX je 3amakeH MamwH 3eTa MOoTeHLHjan y nopehemy ca CHPOBOM TKAaHHHOM, LITO yKa3yje Ha
TO I je JONMPUHOC KUCENUX Ipyla Ha NOBPLUIMHU TKAHWHA HWKU. KoJ MHTEeH3UBHHUjUX YCJIOBA
oxcupanyje (y Toky 60 u 90 min), youeHo je noMepame U30eleKTPUYHe Tauke Ka HWKOj pH
BPEJHOCTH 300T CEJIEKTUBHOT YKiIawamwa JIMTHUHA, ald U (opMHpama HOBUX KapOOKCHUIHUX
rpyna y3 UCTOBpeMeHO nosehamwe BUXO0BE JOCTYITHOCTH.

(ITpumsmeno 13. okrodpa, peBunupaHo 2. HoBemdpa, npuxsaheHo 3. HoBemdpa 2020)
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Abstract: This paper presents intensification of the ultrafiltration of milk pro-
teins by application of twisted tapes as turbulence promoters to minimize mem-
brane fouling. The aim was to examine the influence of operating conditions
and twisted tape dimensions on the alleviation of flux and the consumption of
specific energy. A twisted tape was inserted in the ultrafiltration membrane (50
nm pore size) to alleviate turbulence and minimize fouling. The response sur-
face methodology was used for the sensitivity analysis of the effects of oper-
ating conditions on the responses. The analysis showed that the linear effect of
the aspect ratio of the twisted tape has a dominant significant effect on flux
improvement. The linear effect of cross-flow rate has a positive dominant
effect on the specific energy consumption. The linear effect of concentration
and the mutual effect of aspect ratio and transmembrane pressure are statistic-
ally significant for both responses. By properly adjusting the operating con-
ditions, a high flux improvement of 300 % could be reached with a specific
energy consumption below 1.0 kW h m using a twisted tape of an aspect ratio
of 1.0 and imposing low transmembrane pressure.

Keywords: turbulence promoter; fouling minimization; membrane filtration;
response surface methodology; sensitivity analysis.

INTRODUCTION

Ultrafiltration is commonly employed in the dairy industry for concentrating
and fractionating proteins.! Even though the separation characteristics of ultra-
filtration are excellent, the fouling of a membrane poses a problem in terms of
process efficiency. The fouling by proteins is severe and difficult to mitigate and
thus, the frequent cleaning of membranes is required causing membrane deterior-
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ation and consequently their frequent replacement. The fouling occurs because of
accumulation and adsorption of the proteins on the membrane surface and/or in
the pores of the membrane.2-3 The permeation flux declines during the filtration
process resulting in lower process efficiency due to the appearance of both, con-
centration polarization and fouling. Concentration polarization and surface foul-
ing can be controlled by applying hydrodynamic methods.

Among others, the simplest hydrodynamic method of fouling minimization
is an acceleration of fluid, i.e., an increase in the cross-flow velocity of the fluid.
In this way, the turbulence in the fluid is increased and fouling particles are taken
away from the membrane surface by the turbulent fluid flow. The hydrodynamic
technique proved highly efficient is the insertion of motionless turbulence pro-
moters in the membrane module. Besides the acceleration, the main impact of
turbulence promoters is the formation of secondary flows additionally contri-
buting to the disruption of the boundary layer and an improvement of mass trans-
port. The effect of the geometry of the turbulence promoter on the flow field in
the membrane channel and fouling minimization have been widely presented.4-¢
Turbulence promoters of diverse geometries were studied in the microfiltration of
various mixtures, such as yeast,’-8 skimmed milk,%° bentonite,” etc. where excel-
lent flux improvements were gained. Furthermore, they have been studied in sev-
eral ultrafiltration processes, such as the ultrafiltration of oily wastewaters,10.11
milk,!2 dispersion with colloidal SiO,!3 and natural organic matter.!4 The
ultrafiltration of milk was enhanced by a cork-screw thread turbulence promoter,
which causes a high pressure drop along the membrane and operation under high
transmembrane pressure,!2 which is energetically inefficient.

Generally, the drawback of the application of a turbulence promoter is an
increase in pressure loss across the membrane module. However, it depends on
geometrical characteristics and dimensions that influence the flux improvement
greatly. Thus, it is necessary to find a compromise between flux improvement
and the energy consumed per the cubic meter of the produced permeate. Other
operating conditions cannot be disregarded and their influence has to be analysed
as well.

Response surface methodology (RSM) is a simple and widely used tool for
detecting and quantifying influences of the chosen independent variables (fac-
tors) on the dependent variables (responses) and for process optimization. The
RSM approach is multivariate so the responses of the system are analysed by
varying the multiple independent variables simultaneously. For analysis, the
experimental measurement has to be organized using an appropriate design of
experiments (DOE). The factorial design of the experiments allows wider and
more differentiated information on the system and greatly usable conclusions.!3
There are various designs of experiments used for the planning of experiments.
The RSM has been successfully used in studies on the membrane processes, to
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examine the influence of the operating conditions and thereby to find the optimal
process solutions.”-!1

In previous studies, the focus was on the application of various geometries of
turbulence promoters in the microfiltration of partially skimmed milk to prove
the concept and to analyse the fluid dynamics in the membrane with a promo-
ter.50 Given that membrane fouling is considerably affected by the character-
istics of filtered feed, case studies are needed to detect the influences of all pos-
sible factors.

This study was designed to identify the significance of particular operating
conditions for intensification of the ultrafiltration of milk proteins. Twisted tapes
as low-pressure loss turbulence promoters were for the first time used for fouling
mitigation, thereby enhancement of the ultrafiltration of milk proteins. The sen-
sitivity of the flux improvement and specific energy consumption to the dimen-
sion of twisted tape (aspect ratio), cross-flow rate, transmembrane pressure and
the concentration of proteins were examined.

EXPERIMENTAL
Materials and methods

Ultrafiltration of reconstituted skimmed milk was performed using the microfiltration/
/ultrafiltration set-up described in details elsewhere.® The transmembrane pressure (TMP) was
measured by digital pressure gauges (0—10 bar accuracy +1 %, Cerebar M, Endress+Hauser,
Germany) and the flow rate was measured using a rotameter. All experiments were realised at
50+0.5 °C. Ultrafiltration was operated completely recycling both streams, permeate and ret-
entate, maintaining the concentration of the feed at a constant value. Each experiment took 90
min to assure the achievement of a steady-state flux. The permeate was gathered in a beaker
placed on a digital balance. The mass of permeate with time was measured while the data
were transferred to a PC unit and used for the calculation of the flux.

A single-channel ceramic membrane with a zirconium filtering layer on an a-alumina
support was used for the ultrafiltration. The dimensions of the membrane were as follows: an
average pore size of 50 nm, length of 250 mm and OD/ID 10 mm/6.8 mm (GEA, Germany).
The active filtering area of a membrane was 46.2 cm?.

Custom-made stainless-steel twisted tapes (Inox Bravarija, Backi Petrovac, Serbia) were
used as turbulence promoters. An illustration of a membrane module with a twisted tape and
the streamlines of fluid flow is shown in Fig. 1. The characteristics of the twisted tapes are
given in Table I. For comparing various geometries and dimensions of turbulence promoters,
the aspect ratio (4R) has usually been used. The AR is the ratio of the pitch length (L), to its
diameter (Dp).

Fig. 1. An illustration of the mem-
brane module with a twisted tape:
1 — membrane module, 2 — housing,
3 — twisted tape, 4 — streamlines in
the retentate flow field and 5 — per-
meate.
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1632 POPOVIC, ILICIC and GASPAR

TABLE I. Characteristics of the twisted tapes

Annotation Dyp/mm  Lrp/mm  dpp/ mm L./ mm Niwists AR
TT1.0 6.5 241 1.2 6.5 37 1.0
TT2.5 6.5 238 1.2 16.2 15 2.5
TT4.0 6.5 250 1.2 26 9.6 4.0

Reconstituted skimmed milk was used as the feed. The composition of the skimmed milk
powder (Subotica Dairy Industry, Serbia) according to the manufacturer was as follows in
mass %: proteins 33.55, fat 1.1, lactose 52.7, ash 7.8 and moisture 4.85. A batch of seven
kilograms of milk was prepared a day before the filtration experiment by mixing the skimmed
milk, anti-microbial agent (NaN; 0.2 g L), and deionised water. Firstly, a given mass of the
skimmed milk was reconstituted to obtain 1 kg of the concentrated emulsion by stirring on a
magnetic stirrer at S00 rpm for 10 min. Then it was mixed with the rest amount of water using
an overhead stirrer at 1000 rpm for 15 min. The reconstituted milk was stored overnight in a
refrigerator at 2—4 °C. Before the experiment, the reconstituted milk was heated to 50 °C. The
pH of the feed was measured before and after each filtration experiment and it was stable at a
value of 6.8+0.1. After each ultrafiltration experiment, the set-up unit was thoroughly cleaned
and rinsed. The acid-based cleaning-in-place procedure was performed according to the mem-
brane manufacturer recommendation. The membrane was considered as clean if 95 % of the
new membrane water flux was restored.

Calculations

Response surface methodology (RSM) is a statistical method that allows a multifactorial
analysis of data.!® Using this approach, it is possible to identify the order of the effects of fac-
tors on the responses, and whether there are mutual effects of the factors. The experimental
data are usually fitted with a second-order polynomial equation. The effects of the factors on
the responses are analysed by subjecting the coefficients in the model equation to significance
testing using an analysis of variance method (ANOVA). The level of confidence was set at 95 %
(two-sided) and the probability expressed as a p-value at the significance level of 0.05. Box—
—Behnken experimental design (BBD) with four factors on three levels, —1, 0 and 1, was
chosen (Table II). The concentration of milk proteins (c), cross-flow rate (CFR), trans-
membrane pressure (TMP) and aspect ratio (AR) of the twisted tape (TT) were chosen as the
factors. The flux improvement, FI, and specific energy consumption, E, were chosen as
responses. The flux improvement is the most important from the productivity perspective for
membrane processes. The specific energy consumption is important from an economic point
of view. The BB runs and the obtained responses are presented in Table S-I of the Supple-
mentary material to this paper. The same experimental plan was used to obtain fluxes without
twisted tape to calculate the flux improvement, %:

Flzloom (1)
TT

where Jpp is the steady-state flux with a twisted tape, L m2 h'!, and Jypp is the steady-state
flux without the twisted tape, L m™2 h™l.
For fitting experimental data, a second-order polynomial model equation was employed:

k k k

i=1 i=1 I<i<j
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where Y is the process response, X; are the independent variables and » polynomial coef-
ficients: by the intercept, b; the linear, b; the quadratic and b;; the mutual effect of the inde-
pendent variables.

TABLE II. Levels of factors and characteristics of the Box—Behnken design

No. Factors Low (-1) Centre (0) High (1) Box—Behnken design
1 c!% 2.0 2.5 3.0 Total runs 27
2 CFR, L min’! 1.0 2.0 3.0 Centre points 3
3 AR 1.0 2.5 4.0 - -
4 TMP, kPa 50 100 150 — —

The specific energy consumption in kW h m3 is suitable for comparing the energy con-
sumption in the empty module and the module with an inserted twisted tape and can be cal-
culated from*:

_CFRAP

"

E €)

where CFR is the cross-flow rate, m3 s'!, AP is the pressure loss, Pa, and V5, is the volumetric
flow of a permeate, m> 57!,

Software Statistica 13 was used for the calculations. The least square method was chosen
as the calculation method that should enable residual error near zero. The results of the
ANOVA method were used for the sensitivity analysis of the responses to the variables.

RESULTS AND DISCUSSION

The time dependency of flux obtained during ultrafiltration with and without
twisted tapes had the shape typically indicating the occurrence of concentration
polarization with stable steady-state fluxes after an initial period of fouling (Fig.
S-1 of the Supplementary material). The internal fouling of pores is more pro-
nounced in ultrafiltration than in microfiltration of milk and thus, it has an influ-
ence on the decrease in the flux particularly when high TMPs are imposed. Yet,
in this study, besides concentration polarization, the internal fouling was con-
trolled due to the improved hydrodynamics by using a twisted tape. Therefore,
the obtained steady-state fluxes are considerably higher than in conventional
operation. Since the effects of cross-flow rate and twisted tapes on hydrodyn-
amics are similar, statistical analysis has to be performed to confirm which vari-
able is more effective.

The second-order polynomial equation in RSM was used for modelling the
experimental data a presented in Table S-I of the Supplementary material. The
equations obtained for the flux improvement and specific energy consumption
are given in the Supplementary material (Egs. (S-1) and (S-2), respectively). To
validate the hypothesis that Ho: b; = b;; = bjj--by, = 0, Hy: b; # 0, the ANOVA test
of the analysis of variance was performed. The model is proved to fit the experi-
mental data when the regression coefficient is significant, and a lack of fit is non-
significant within the confidence interval.
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The results of the analysis of variance (ANOVA) and the lack-of-fit test for
the flux improvement and specific energy consumption are given in Tables III
and IV, respectively. The lack-of-fit test for both responses confirms that the null
hypotheses could be rejected as the p-values are 0.74 and 0.81 (>0.05) for the
flux improvement and specific energy consumption, respectively. The proposed
model fits the experimental data very well over the entire experimental range.
For the flux improvement, the coefficient of determination (R?) and the adjusted
coefficient of determination (Rzadj) are 0.969 and 0.940, respectively. This means
that less than 6 % of the variation in the flux improvement could not be explained
by the model. For the specific energy consumption, the coefficient of determin-
ation (R?) and the adjusted coefficient of determination (Rzadj) are 0.996 and 0.992,
respectively. Further, given that the F-value is 13.46 and 243.1 (>Frit(0/2,14,12) =
= 2.51), for the flux improvement and specific energy consumption, respectively,
with p-value < 0.00001 confirms the consistency and robustness of both models.

TABLE III. Results of ANOVA analysis for flux improvement

Factor Sum of squares Degrees of freedom Mean square  F-Ratio p-Value
Model 59760.83 12 4268.63 13.46 0.0000?
c 3605.33 1 3605.33 11.36 0.00552
c? 31.15 1 31.15 0.098 0.7594
CFR 40.33 1 40.33 0.127 0.7276
CFR? 1526.26 1 1526.26 4.811 0.04872
AR 50052.08 1 50052.08 157.8 0.0000?
AR? 28.01 1 28.01 0.088 0.7714
T™MP 690.08 1 690.08 2.175 0.1659
TMP? 158.90 1 158.90 0.500 0.4926
cxCFR 210.25 1 210.25 0.663 0.4314
cxAR 2.25 1 2.25 0.007 0.9343
cxTMP 961.00 1 961.00 3.029 0.1073
CFRxAR 30.25 1 30.25 0.095 0.7628
CFRxTMP 9.00 1 9.00 0.028 0.8690
ARXTMP 1892.25 1 1892.25 5.965 0.03102
Error 3806.58 12 317.22 - -

Total SS 63567.41 26 - - -

Lack-of-fit 2905.92 10 290.59 0.645 0.7407
Pure error 900.7 2 450.35 — —

Significant if p-value < 0.05

The response surfaces of flux improvement are shown in Fig. 2 for pairs of
the aspect ratio of TT (4R) with the each of operating conditions: CFR (a), the
concentration of proteins (b) and TMP (c). The effects of AR and CFR on the flux
are shown in Fig. 2a for a concentration of proteins of 2.5 mass % and a TMP of
100 kPa (central point). It could be observed that flux improvement increases
with decreasing AR. In the dependency of flux improvement on cross-flow rate, a
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small maximum could be observed. It could be noticed that the flux improvement
slightly increases with increasing cross-flow rate and then slightly decreases with
further increasing in CFR. The fluxes are significantly higher when twisted tapes
were used compared to the conventional operation. However, under higher CFRs,
operation without promoters delivers higher fluxes and thus, the flux improve-
ment as a relative value decreases slightly.

TABLE IV. Results of ANOVA analysis for specific energy consumption

Factor Sum of squares Degrees of freedom Mean square  F-Ratio p-Value
Model 7.02 12 0.50 243.1 0.0000?
c 0.16 1 0.16 79.1 0.00002
2 0.003 1 0.003 1.53 0.2398
CFR 6.53 1 6.53 3165.4 0.0000?
CFR? 0.12 1 0.12 59.5 0.0000?
AR 0.08 1 0.08 39.17 0.00002
AR? 0.047 1 0.05 22.93 0.00042
T™P 0.012 1 0.012 6.1 0.02972
TMP? 0.000 1 0.000 0.000 0.9834
¢xCFR 0.039 1 0.04 18.9 0.00092
cxAR 0.005 1 0.006 2.8 0.1224
cxTMP 0.000 1 0.000 0.004 0.9484
CFRXAR 0.008 1 0.008 3.924 0.0709
CFRxTMP 0.002 1 0.002 1.211 0.2927
ARXTMP 0.016 1 0.016 7.569 0.0310?
Error 0.025 12 0.002 - -

Total SS 7.05 26 - - -

Lack-of-fit 0.018 10 0.0018 0.51 0.8104
Pure error 0.007 2 0.0035 — —

Significant if p-value < 0.05

The effects of the AR and concentration of proteins on the flux improvement
are shown in Fig. 2b for a CFR of 2.0 L min~! and a TMP of 100 kPa (central
point). The flux improvement increases with increasing the concentration of pro-
teins for all the tested aspect ratios. Since the fouling is severe when the concen-
tration of proteins is high, operation without promoters is very ineffective and so
the flux improvement as a relative value increases with increasing concentration
of proteins.

The effects of AR and TMP on the flux improvement are shown in Fig. 2c
for a concentration of proteins of 2.5 mass % and a CFR of 2.0 L min! (central
point). The influence of TMP decreases with decreasing aspect ratio. The flux
improvement increases with an increase in 7MP for the twisted tape of the aspect
ratio 4.0. Yet, the influence of TMP can be neglected for the twisted tape of
aspect ratio 1.0. Generally, the flux should increase with increasing TMP as the
driving force but that could cause a build-up of fouling matters in the pores.
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Fig. 2. Response surfaces for the flux improvement for pairs of the aspect ratio of TT with
each of operating conditions: a) cross-flow rate, b) the concentration of proteins and c¢) TMP.

However, this also depends on imposed CFR. As the cross-flow velocity is
higher for the twisted tape of AR 1.0 and both concentration polarization and in-
pore fouling are minimized, the influence of TMP is shifted to higher values,
beyond 150 kPa. The insertion of a twisted tape in the membrane module causes
an acceleration of the fluid and changes in the flow field such as the, alternation
of streamlines from straight to helical.%!7 The acceleration of the fluid causes an
increase in shear stress. An increase in the shear stress alleviates the detachment
of the fouling matter from the membrane surface and its removal back to the bulk
of the feed. In this way, the fouling boundary layer is disrupted and fouling is
controlled by shear stress at the membrane surface. In microfiltration, fouling is
predominantly controlled by shear stress but the 7MP has no significant influ-
ence.6
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The efficiency of a twisted tape is proven by the remarkably high flux imp-
rovements obtained under low TMPs. For instance, the flux improvement can
reach 300 % for a concentration of proteins of 3 % under a CFR of 2.0 L min~!, a
TMP of 100 kPa and the smallest AR of 1.0 (Fig. 2b). However, it should be
noted that for other concentrations of proteins, there is a combination of CFR,
TMP and AR that can deliver very high flux improvements even beyond 300 %.
Still, the flux improvement as the response has to be analysed alongside the
specific energy consumption in decision making concerning the operating con-
ditions that should be imposed.

The significance of effects for flux improvement was determined by ana-
lysing the ANOVA results presented in Table III. All factors with a p-value
below 0.05 are statistically significant. Here, for flux improvement, the linear
effects of concentration and AR, the squared effect of CFR and the mutual effect
of AR and TMP are significant. The sensitivity of the response to the significant
factors can be explained from a Pareto chart of the standardized effects presented
in Fig. S-2 of the Supplementary material. The absolute values of the standard-
ized effects are presented in descending order from the largest to the smallest
one. Flux improvement is most sensitive to a linear variation in AR and the con-
centration, followed by the mutual effect of AR and TMP, and the quadratic
effect of the CFR. The standardized effect of AR has a negative value —12.56
because the flux improvement decreases with increasing AR. The standardized
effect of concentration is less influential than that of AR and has a positive value
of 3.37, meaning that the flux improvement increases with increasing concen-
tration of proteins. This confirms that the application of twisted tapes is more
effective when the concentration of proteins is high. The standardized mutual
effect of AR and TMP has a positive value of 2.44. Although the value is small, it
shows that a simultaneous change in TMP and AR affects the flux improvement.
In addition, the standardized quadratic effect of CFR is positive because the flux
improvement increases with increasing CFR. However, its value of 2.19 indicates
the low sensitivity of flux improvement. Based on the absolute values of stan-
dardized effects, the flux improvement is the most sensitive to the AR of turbu-
lence promoter.

The response surfaces of specific energy consumption for the pairs of the AR
of TT with each of the operating conditions are shown in Fig. 3, CFR (a), the
concentration of proteins (b) and TMP (c). Fig. 3a shows the effects of 4R and
CFR on the specific energy consumption for a concentration of proteins of 2.5
mass % and a TMP of 100 kPa (central point). The specific energy consumption
increases sharply with increasing cross-flow rate for all aspect ratios. A minor
influence of AR on increasing specific energy consumption could be observed
under higher CFR values.
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Fig. 3. Response surfaces for the specific energy consumption for pairs of the aspect ratio of
TT with the operating conditions: a) cross-flow rate, b) the concentration of proteins
and c) TMP.

The effects of AR and concentration of proteins on the specific energy con-
sumption are shown in Fig. 3b for a CFR of 2.0 L min~! and a TMP of 100 kPa
(central point). The specific energy consumption increases slightly with inc-
reasing concentration of proteins for all tested ARs. This is because with a higher
concentration of proteins, the membrane is more fouled and consequently the
flux is lower.

The effects of AR and TMP on the specific energy consumption are shown in
Fig. 3¢ for a concentration of proteins of 2.5 mass % and a CFR 2.0 L min~!
(central point). A significant influence of 7MP on the specific energy consump-
tion could not be observed. Only a slight decrease in the specific energy con-
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sumption could be noticed with increasing TMP when the AR of twisted tape was
4.0. This is due to low pressure loss in the case of this aspect ratio.

The significance of effects for the specific energy consumption was deter-
mined by analysing the ANOVA results presented in Table IV. For the specific
energy consumption, the linear effects of concentration, cross-flow rate, aspect
ratio and TMP, squared effects of cross-flow rate and aspect ratio, and the mutual
effects of concentration and cross-flow rate, and aspect ratio and TMP are
significant. The sensitivity of the response to the significant effects could be ana-
lysed from the Pareto chart of the standardized effects presented in Fig. S-3 of
the Supplementary material. The specific energy consumption is the most sensi-
tive to the linear variation in CFR and concentration, followed by the quadratic
variation in CFR, the linear and the quadratic variation in AR, and the mutual
variation in AR and TMP. The linear effect of CFR has a positive value of 56.26,
indicating that the specific energy consumption increases the most with inc-
reasing CFR. The standardized effect of concentration is less influential and has a
positive value of 8.89, meaning that it is significantly less influential. The linear
and the quadratic effect of AR are negative with values of —7.71 and —6.26, res-
pectively, showing that the energy consumption decreases with increasing 4AR.
The standardized effect of the mutual effect of concentration and CFR is positive
(4.35), meaning that a simultaneous change in both factors increases the specific
energy consumption. Given that twisted tapes cause pressure loss in a membrane
module, it could be suggested the aspect ratio as the most significant effect for
specific energy consumption. However, this analysis shows that the specific
energy consumption is extremely more sensitive to the linear effect of CFR than
to that of AR.

The consumption of specific energy can be low (below 1.0 kWh m=3) in the
enhanced ultrafiltration of proteins if the operating conditions are chosen appro-
priately. This applies especially to the choice of CFR as one of the most influ-
ential effects.

The analysis showed that energy consumption is not significantly sensitive
to AR despite the pressure loss caused by the twisted tape. On the other hand, the
flux improvement is highly sensitive to AR. Furthermore, the twisted tape of the
smallest aspect ratio of 1.0 is proven to be the most efficient and suitable for the
application. However, the efficiency of the process also depends on the concen-
tration of proteins. In practice, concentrations above 3 mass % of proteins are
expected and higher energy consumption should be expected due to operation
under higher CFR. For conventional operation without a promoter, the specific
energy consumption can reach 10 kWh m3. In the dairy industry, long mem-
brane modules are used, typically 1.2 m, with a big pressure loss. Generally, the
energy consumption is high due to the pressure loss, larger than in a short mem-
brane with a promoter, and due to high 7MPs applied in the ultrafiltration of
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milk. Operation under high TMPs can be unbeneficial because the high TMPs
worsen in-pore fouling. In the present study, however, it was shown that oper-
ation under low TMPs is possible despite the pressure loss caused by the twisted
tape. Moreover, it was proved that the pressure loss and energy consumption
dominantly depend on the imposed cross-flow rate. In commercial ultrafiltration
of milk, high cross-flow velocities (4-10 m s~!) and TMPs (300700 kPa) are
imposed to obtain fluxes ranging up to 50 L m2 h~1,18 and thus energy con-
sumption is very high. Here, it should be noted that the fluxes could be slightly
higher depending on the milk content and pre-treatment. When milk is skimmed
and thermally treated, the milk proteins become partially denatured and they are
more prone to fouling of the membrane. An increase in certain operating con-
ditions, such as the concentration of proteins and transmembrane pressure, can
exacerbate fouling in the ultrafiltration making it more challenging to mitigate.
However, this is not the case with fouling in microfiltration. In previous studies
on the microfiltration of partially skimmed milk, very high flux improvements
were achieved with twisted tapes ranging from 400 to 600 %.6 Flux improve-
ments in the ultrafiltration are lower due to the different mechanisms of fouling
compared to microfiltration. This is especially the case with the ultrafiltration of
skimmed milk with the high content of proteins where in-pore fouling can be
predominant under certain operating conditions, such as higher 7TMPs and lower
cross-flow rates.

However, this study provides enhanced ultrafiltration of skimmed milk with
operating fluxes above 70 L m~2 h~! and low specific energy consumption below
1.0 kW h m=3. Moreover, the overall energy consumption is lower due to TMP as
low as 50 kPa. Generally, this study confirms the feasibility and sustainability of
the application of twisted tapes as low-pressure turbulence promoters for the
enhancement of ultrafiltration of milk proteins.

CONCLUSIONS

A sensitivity analysis of enhanced ultrafiltration of milk proteins has been
presented in this study. For the enhancement of ultrafiltration, twisted tapes as
low-pressure loss turbulence promoters were used. The effects of the operating
conditions and twisted tape dimensions on flux improvement and specific energy
consumption were analysed by application of response surface methodology. The
fluxes are remarkably alleviated using twisted tapes due to minimisation of both
concentration polarization and in-pore fouling of the membrane. The results of
the goodness of fit justified the application of a second-order polynomial model
for predicting both the flux improvement and the specific energy consumption.
The analysis of variance (ANOVA) test showed that the aspect ratio has a domi-
nant linear effect on flux improvement while the cross-flow rate has a dominant
positive linear effect on the specific energy consumption. The linear effect of
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concentration and the mutual effect of aspect ratio and TMP are significant for
both responses. By proper adjustment of the operating conditions, a high flux
improvement of 300 % could be attained with specific energy consumption
below 1.0 kW h m3 using a twisted tape with an aspect ratio of 1.0 and imposing
a low transmembrane pressure.

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
YHAIIPEREGE VITPAOUIITPALTUJE [TPOTEMHA MJIEKA ITPUMEHOM YBUJEHUX
TPAKA: UCITUTUBAILE OCET/BUBOCTHU ITPUMEHOM METOJE OJ3MBHE ITOBPIIMHE
CBETJIAHA C. [IOTIOBUR', MUPEJIA [l. WJIMUUR' u IGOR L. GASPAR*
"Texnonownu paxyniues Hosu Cag, Yrnusep3uiieii y Hosom Cagy, Bynesap yapa Jlazapa 1, Hosu Cag u

%Szent Istvdn University, Faculty of Food Science, Food Engineering Department, H-1118. Budapest,
Menesi st. 4, Hungary

Y oBOM pamy je mpe3eHTOBAHA aHalIM3a yTHLAja PAgHUX yCJIOBa Ha yaTpaduiTpanujy
MpoTerHa MileKka yHanpeheHy MpUMEeHOM YBHjeHUX Tpaka Kao MPOMOTOpa TypOyIeHLuje Kako
du ce cmamuio nprpame, nodospmao GIyKe U cMamuia NoTpolIka eHepryje. wm pana je na
Ce UCNHTa OCET/BUBOCT yHanpeheHor npoleca Ha NIPOMEHE PaJHUX yCI0Ba U JUMEH3Hje yBU-
jeHe Tpake. YBUjeHa Tpaka je yMeTHyTa y yaTpaduiaTpanrony MmemdpaHy (BenuuuHa nopa 50
nm) kako Ou ce moehana TypdyneHUUja U CMambUIO Np/hake. MeToma of3MBHE MOBPIIKHE
NpPUMEEHA je 33 MOJe/IOBahe U aHaIM3y yTHIIaja PAJHUX YCIOBa U KAPAKTEPUCTHYHE TUMEH-
3uje yBUjeHe Tpake. AHaiu3a je Mokasajia Ja KapakTepuCTHYHA TUMEHHW3Wja yBHjeHe Tpake
MMa JJOMMHaAHTaH JIMHeapaH yTulaj Ha nosehame diaykca. IIpoTok HanojHe cMelle UMa JOMU-
HaHTaH JIMHeapaH yTUIlaj Ha cnelu(UYHy IOTPOLIKY eHepruje. JInHeapaH yTHLaj KOHIIeHTpa-
UMje Y 3ajeSHHYKH yTHULaj] KapakTepUCTHUYHE JUMEH3Hje U TPaHCMeMOpaAHCKOT IPUTHCKA CY
3HavajHU 3a 0Da op3uBa. [IOrOJHUM TMOJEIIaBakeM PAJHHUX YCI0BA, MOCTHXKE Ce PeaTUBHO
Beniuko nosehame dutykca oz 300 % mpu crieniMUYHOj NOTPOIIKBYU eHepryje Mamoj off 1,0 kW h
m™3 npuMeHOM yBHjeHe Tpake KapaKTepHCTHUHe AuMeHsuje 1,0 MpH HHCKOM TpaHCMEM-
OpaHCKOM NPUTHCKY.

(ITpumsbeno 5. jyna, pesunupano 29. oktodpa, mpuxsaheno 18. HoBembpa 2020)
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TABLE S-I. Box-Behnken design and responses

c CFR TMP E
Run mass% L min! AR kPa L‘Q\II_TZP;_I L r‘n]TzT . FIT% kW hm3

0.6 X) X)) (X ) 00))
1 2.0 1.0 2.5 100.0 10.4 31.0 198 0.30
2 3.0 1.0 2.5 100.0 8.2 27.7 238 0.33
3 2.0 3.0 2.5 100.0 30.9 80.3 160 1.58
4 3.0 3.0 2.5 100.0 19.2 63.1 229 2.01
5 2.5 2.0 1.0 50.0 15.1 60.3 299 1.06
6 2.5 2.0 4.0 50.0 15.1 37.0 145 0.99
7 2.5 2.0 1.0 150.0 15.1 59.1 269 1.08
8 2.5 2.0 4.0 150.0 15.1 48.3 202 0.76
9 2.5 2.0 2.5 100.0 15.8 53.2 237 0.84
10 2.0 2.0 2.5 50.0 17.4 55.3 218 0.81
11 3.0 2.0 2.5 50.0 13.9 42.8 208 1.04
12 2.0 2.0 2.5 150.0 18.7 59.4 218 0.75
13 3.0 2.0 2.5 150.0 12.3 45.5 270 0.98
14 2.5 1.0 1.0 100.0 9.1 34.6 280 0.36
15 2.5 3.0 1.0 100.0 23.9 88.4 270 2.00
16 2.5 1.0 4.0 100.0 9.1 21.6 137 0.32
17 2.5 3.0 4.0 100.0 239 57.0 138 1.78
18 2.5 2.0 2.5 100.0 15.8 47.1 198 0.95
19 2.0 2.0 1.0 100.0 18.8 68.8 266 0.93
20 3.0 2.0 1.0 100.0 13.0 51.5 296 1.24
21 2.0 2.0 4.0 100.0 18.8 429 128 0.85
22 3.0 2.0 4.0 100.0 13.0 332 155 1.01
23 2.5 1.0 2.5 50.0 9.5 279 194 0.33

* Corresponding author. E-mail: svetlana.popovic@uns.ac.rs
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24 2.5 3.0 2.5 50.0 22.7 71.3 214 1.78
25 2.5 1.0 2.5 150.0 8.8 26.2 198 0.35
26 2.5 3.0 2.5 150.0 23.8 74.5 212 1.70
27 2.5 2.0 2.5 100.0 15.8 52.4 232 0.85
* NTP without promoter
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Fig. S-1. Flux dependency in time for the operation without promoter, NTP, and with twisted
tapes of two aspect ratios, 1.0 and 4.0; 2.5 mass % concentration of proteins, cross-flow rate
of 3 L min'! and transmembrane pressure of 100 kPa.

MATHEMATICAL MODELS USED FOR FITTING THE EXPERIMENTAL DATA:

FI=416.1-5.5c¢+28 CFR—68.1 AR —2.5 TMP —9.37 ¢2—-16.9 CFR?-

— AR? —0.002 TMP? — 14.5¢ CFR — ¢ AR + 0.62c TMP + 1.83 CFR AR — (S-1)
—0.03 CFR TMP —0.29 AR TMP — 0.03 CFR TMP — 0.29 AR TMP

E=0.695 - 0.52¢ - 0.24 CFR - 0.05 AR - 0.003 TMP - 0.15 ¢+

+0.15 CFR? +0.042 AR?2 + 0.2 ¢- CFR — 0.05 ¢ AR — 0.00006 ¢ TMP —(S-2)
—0.03 CFR AR - 0.0005 CFR TMP + 0.0008 AR TMP
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Fig. S-2. Pareto chart of standardized effects for flux improvement ((L) —linear;
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Fig. S-3. Pareto chart of standardized effects for specific energy consumption ((L) —linear;

(Q) — quadratic).
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Abstract: Natural coagulants are of organic nature and can increase the organic
load of treated water and thus, they require purification in order to remove
compounds that do not have coagulation activity. In this work, natural coagul-
ant was extracted from 50 g L of ground common bean with 0.5 mol L-!
NaCl. Proteins from this crude extract were precipitated by addition of ammo-
nium sulphate. After the precipitation, separation and resolution of proteins,
further purification was performed using the anion-exchange resin Amberlite
IRA 958 Cl in a batch process. Partially purified coagulant eluted with 2 mol
L-! NaCl solution achieved the highest coagulation activity of 53.3 % at a dose
of 1 mL L! although it contained the lowest amount of proteins, but a slightly
lower coagulation activity of 49.8 % was achieved at more than 5 times lower
dosage of the same fraction. The organic load in treated water when the puri-
fied fraction was applied as coagulant was almost 4 times lower than in case of
the crude extract as coagulant.

Keywords: proteins; coagulation activity; water clarification; organic load.

INTRODUCTION

In the era of evident and fast environmental degradation, the usage of green
and sustainable technologies are in line with global efforts for nature and life
preservation and water quality protection, which is one of the environmental
aspects concerning not only scientists and environmentalists but all humans. The
usage of natural coagulants extracted from different sources, such as plants, ani-
mals and microorganisms, in water and wastewater treatment, though not a com-
pletely new idea, is a promising technique considering environmental and health
protection.

* Corresponding author. E-mail: jejap@uns.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC200311031P
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Application of natural coagulants dates back centuries, but it was limited to
household water treatment mainly in developing countries. In the past few dec-
ades, they have attracted the attention of researchers around the world due to
their advantages over conventional coagulants and flocculants (i.e. salts of alum
and iron). Since the 60°s of the last century, many studies that drew attention to
the potential harmful health influence (Alzheimer’s and Parkinson’s diseases,
carcinogenic and neurotoxic effects) of residues of alum and synthetic organic
flocculants in treated water were published.!~2 Additionally, epidemiological and
clinical investigations showed that an increased content of iron in the body is
linked with increased risk of cancer, vascular diseases and neurological dis-
orders.3-4 Beside the potential adverse health effects, the remaining alum and iron
sludges are hazardous to the environment and so cannot be disposed of into the
surroundings while, on the other hand, high concentrations of metals complicate
their further biological treatment. In addition, the alum sludges are acidic, gel-
atinous, and difficult to dewater and to dispose of in the environment, and the
lowering of pH of treated water and increase in conductivity are additional disad-
vantages of alum coagulants.> Natural coagulants do not present a health threat in
general. They are obtained from renewable sources and the sludges remaining
after their application can be added to feed or fertilizers, or biologically treated.

The main drawback of the application natural coagulants is an increase in
organic matter content in treated water. Organic matter can cause colour and an
unpleasant odour of water, may lead to increased microbial growth and will react
with chlorine or other disinfectants giving toxic and carcinogenic by-products
during the disinfection process at the water treatment plant. This problem can be
addressed by purification of the coagulant, which can be accomplished by differ-
ent techniques.2 The importance of purification of natural coagulants is ref-
lected through novel papers dealing with this subject.10-13

The most investigated plant in terms of the preparation of natural coagulants
is the tropical plant Moringa oleifera.5-7-14-17 During previous research, the pot-
ential of common bean, as a widely grown, cheap and easily available source of
natural coagulants in the region of the Balkan, as well as Europe, was inves-
tigated and its crude seed extract was confirmed as an effective coagulant.!8-22

The present paper deals with the purification of the crude extract of common
bean seed on IRA 958 CI anion exchange resin the aim of removing compounds
that did not possess coagulation activity.

EXPERIMENTAL

Extraction of active component

To obtain the natural coagulant, common bean (P. vulgaris) seeds were ground and
sieved through 0.4 mm sieve. The smaller fraction, 50 g L1, was suspended in 0.5 mol L
NaCl. The suspension was stirred 10 min using a magnetic stirrer in order to extract the active
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coagulant, and then filtered through filter paper Macherey—Nagel MN 651/120 to obtain a
crude extract.

Precipitation of active component

Proteins extracted from common bean seed were further processed by precipitation and
dialysis. The crude extract was saturated to 80 % by adding (NH,4),SO4 and centrifuged at
3000 rpm for 10 min. The precipitate was dissolved in 0.01 mol L'! phosphate buffer (pH 7)
and dialysed overnight at 4 °C against Millipore water in a dialysis bag with a molecular cut-
off of 12—14 kDa.

Optimization of resin binding conditions and elution of active component

Prior to further purification of the active component, the kinetics of protein binding to
the anion exchange resin (the optimal binding time), the optimal resin/protein solution ratio,
the influence of initial protein concentration, buffer ionic strength and pH on the binding effi-
ciency were examined. The optimization of binding conditions was conducted using a dial-
ysed extract, obtained according to the above-explained procedure, in batch ion-exchange
experiments with Amberlite™ IRA 958 Cl (Rohm and Haas) as the matrix. Amberlite™ IRA
958 Cl is a macroreticular strong base anion exchange resin having quaternary ammonium
functionality in a crosslinked acrylic polymer matrix. Its shipping weight is 720 g L-! and its
total exchange capacity is > 0.80 eq L' (CI- form). The choice of the optimal binding con-
ditions was made by measuring the amount of bound protein (g):

q=(Co—C)m (M
where ¢ is the amount of bound protein, mg protein mL-! of resin, C, is the initial protein
concentration in the protein solution, mg mL-!, C is the protein concentration in solution in
equilibrium, mg mL-! and m / mL is the amount of the resin added in 1 mL of protein solution.
The protein concentrations were measured according to Bradford??® with bovine serum albu-
min as the standard.

Another parameter used for selection of optimal binding conditions was the binding
efficiency (£):

E /% = 100(Cy— C)/C, ©)

After optimization of the binding conditions, the kinetics of elution was examined when
the optimal elution time was determined. NaCl (0.5 mol L) was mixed with resin at a 1:1
ratio. Samples of 0.1 mL during 60 min were taken and analyzed for their protein content.

Purification of the active component

The binding of the active component was performed in a batch mode at the previously
determined optimal binding conditions. The dialysed extract was diluted to achieve a defined
initial protein concentration and mixed with Amberlite™ IRA 958 Cl. Thereafter, the residual
solution of protein was removed, and resin was washed for 15 min with 0.01 mol L' phos-
phate buffer (pH 7) at a resin/buffer ratio 1:1. The flushing buffer was removed. After bind-
ing, different concentrations (0.5, 1, 1.5 and 2 mol L!) of NaCl solution were applied in con-
secutive order during 20 min for each solution and at a resin/NaCl solution ratio 1:1 to accom-
plish elution of the active components. Coagulation activity of obtained eluates was examined
by jar tests in model water.

Model water

The coagulation activity of partially purified natural coagulant was assessed by the jar
test using synthetic turbid water. First, kaolin was ground in a ceramic mortar and sieved
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through 0.4 mm sieve. The smaller fraction was used to prepare a 10 g L"! suspension in tap
water. The suspension was stirred for 60 min on a magnetic stirrer to achieve uniform
dispersion of the kaolin particles, and left for 24 h in order to achieve complete hydration of
the kaolin. Model water was prepared just before performing the coagulation tests, by adding
this 1 % kaolin suspension to tap water to obtain water with an initial turbidity of 35 NTU
(nephelometric turbidity units).
Coagulation test

Coagulation activities were assessed by jar tests in a jar tester VELP FC6S using model
water of initial turbidity 35 NTU. The pH value of the model water was adjusted to 9 by
addition of 33 % NaOH, in accordance with previous investigations.!824 The jar tests were
performed by addition of different amounts of eluates to 200 mL of model water. After fast
stirring at 200 rpm for 1 min in order to disperse the coagulant, it was continued with slower
stirring at 60 rpm for 30 min in order to promote the flocculation of the kaolin particles pre-
sent in the model water, and then the systems were left for 1 h for sedimentation. As the
blank, the same coagulation test was conducted but with no coagulant. After sedimentation for
1 h, the residual turbidity was determined in the upper clarified liquid using a WTW Turb
550/5501R turbidimeter and the coagulation activity was calculated:

CA, % =100(Ty, — Ty)/Ty, 3)

where T}, and T are the turbidity of the blank and the sample, respectively.
Analytical methods

The turbidity was measured using a turbidimeter (WTW TURB 550/550 IR) and it was
expressed in nephelometric turbidity units. The permanganate demand was determined in an
acid medium according to the Kiibel-Tiemann method.?
Statistical analysis

All analyses were run in triplicate and the results were expressed as means + standard
deviation (SD). Mean values were considered significantly different at p < 0.05 confidence
level, after performance of the one-way ANOVA statistical analysis followed by Tukey’s test.

RESULTS AND DISCUSSION

According to literature data, proteins are compounds from plant material that
possess coagulation ability.6~7-26 Thus, the coagulation active components in the
current study were precipitated by ammonium sulphate, dialysed, and dialysed
extract was used for further purification.

Optimization of the binding conditions

As the first step of binding optimization, the kinetics of proteins binding to
the anion exchange resin was studied at room temperature. The dialysed extract
was diluted with 0.01 mol L1 phosphate buffer (pH 7) to achieve an initial pro-
tein concentration of 0.401 and 0.239 mg mL-!. The resin was equilibrated with
0.01 mol L-! phosphate buffer (pH 7) for 15 min. The diluted dialysed solutions
were added to the resin at a resin/solution ratio of 1:1 and the mixtures were stir-
red at 100 rpm. Samples (0.1 mL) of the solution were collected in certain inter-
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vals for 120 min and analyzed for their protein content. The amounts of bound
protein (g) were calculated and results are presented in Fig. 1.
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£0.05
|
S

0 20 40 60 80 100 120 Fig. 1. Adsorption kinetics of the dialysed

7/ min extract from common bean seed by the anion
—— Initial protein concentration = 0.401 ~ exchange resin Amberlite™ IRA 958 Cl at
mg/mL 10 mmol L-! phosphate buffer, pH 7.

As could be seen from Fig. 1, the rate of protein adsorption was high at the
beginning of the adsorption. The highest binding efficiency was achieved in the
first 25 min of the binding process and thereafter, the process became unstable.
Hence, 15 min was chosen as the binding time for the following experiments.
The results of the performed statistical analysis suggested that there was signific-
ant difference in the binding efficiencies in protein solutions of different initial
protein concentrations. For a binding time of 15 min, in the protein solution of
higher initial protein concentration, a binding efficiency of 52.82 % was attained,
while in protein solution of lower initial protein concentration, a higher binding
efficiency, 75.12 %, was achieved.

The estimate of the optimum volume of resin required for adsorption and
purification of protein extracted from common bean was based on the experi-
ments conducted with constant amount of resin but varying the volumes of dial-
ysed extract. The dialysed extract was diluted with 0.01 mol L-! phosphate buf-
fer (pH 7) to obtain a protein solution with initial protein concentration of 0.260
mg mL-L. It was afterwards mixed with resin for 15 min at 100 rpm and after that
analyzed for protein content. Based on obtained data, binding efficiencies were
calculated. The results of these experiments are shown in Fig. 2.

The results revealed that increasing the volume of the protein solution led to
a decrease in the percentage of adsorbed protein, and a resin/protein solution
ratio of 1:0.5 gave the highest binding efficiency, when 88.46 % of protein was
adsorbed. This ratio was applied in the succeeding experiments.

The effect of initial protein concentration in the protein solution on the bind-
ing efficiency and the amount of bound protein was also investigated. The dial-
ysed extract was diluted with 0.01 mol L-! phosphate buffer (pH 7) to obtain pro-
tein solutions with different initial protein concentrations. These solutions were
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mixed with matrix for 15 minutes at 100 rpm and matrix/solution ratio 1:0.5.
After separation, protein content in liquid phase was measured and the binding
efficiency and amount of bound protein were calculated. The obtained results are
shown in Fig. 3.

6l

E/%
LT
LTI ke

LT
IR

Fig. 2. The influence of resin/protein solution ratio (¥,:V,,) on the binding of proteins on the
anion exchange resin Amberlite™ IRA 958 CI at 10 mmol L~! phosphate buffer, pH 7; the
different letters indicate significant differences between the samples (p < 0.05).
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Fig. 3. The effect of initial protein concentration on binding efficiency and amount of bound
proteins on the Amberlite™ IRA 958 CI anion exchange resin at 10 mmol L-! phosphate
buffer, pH 7.

According to results presented in Fig. 3, the highest binding efficiency was
attained when initial protein concentration was 0.248 mg mL~!. At higher initial
protein concentrations, the amount of bound protein increased and achieved the
highest value at an initial protein concentration of 0.583 mg mL-!. However, the
binding efficiency was significantly lower at higher initial protein concentrations,
i.e., more unbound proteins remained in solution.

The effect of ionic strength of the buffer on the adsorption was investigated
by measuring the binding efficiency of proteins to the matrix in phosphate buffer
within the concentration range 10-100 mmol L1 at pH 7. The initial protein con-
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centration in solution was adjusted to 0.260 mg mL~!. The obtained protein sol-
utions were mixed with the matrix for 15 min at 100 rpm and a matrix/protein
solution ratio of 1:0.5. The results are presented at Fig. 4. An increase in the ionic
strength of the buffer from 0.01 to 0.05 mol L-! did not significantly affect the
adsorption of proteins. However, at buffer ionic strength 0.1 mol L1, the amount
of adsorbed protein decreased. This could be explained by the competition for
adsorption sites at the matrix between protein ions and buffer ions, which inc-
reases when buffer ions are present in higher concentrations.2” The highest bind-
ing efficiency was observed with 0.05 mol L-! buffer, but it was just slightly
higher than the one obtained with 0.01 mol L1 buffer, which is economically
better. Hence, 0.01 mol L-! phosphate buffer was chosen for further work.

=
H‘ :

40 A

Fig. 4. The effect of phosphate buffer
concentration (Cy,) on the adsorption of
proteins extracted from common bean
on the anion exchange resin Amber-
lite™ IRA 958 Cl at pH 7; different
letters indicate significant differences
G,/ moi it between the samples (p < 0.05).

According to previous research (data not shown),8 the isoelectric point (p/)
of the dialysed extract obtained from common bean is between pH 4 and 5.5.
Thus, the effect of the pH of the buffer on the amount of bound proteins from
dialysed extract on the anion exchange resin was studied within the pH range 7—
—9. In order to find the optimal pH of the buffer for the adsorption, the dialysed
extract was diluted in universal Mcllvaine buffer having pH from 7 to 9 with an
increment pH increase of 0.5. The initial protein concentration was around 0.260
mg mL~1. The matrix and the protein solution were mixed in a ratio 1:0.5 for 15
min at 100 rpm. The results (Fig. 5) revealed that the maximum of protein ads-
orption was achieved at pH 7 and 7.5. Considering this, further experiments were

h“I\\I“I\\I“I\\I“IHIHI“IHI“IHI\ML
= [NRHARIIEEE- -

T, 008 \J A
E \/
26
£
= 004
Fig. 5. The effect of the buffer pH on the ads-
0.00 orption of proteins extracted from common
6 7 8 9 bean on the anion exchange resin Amberlite™
pH IRA 958 CI.
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conducted at pH 7. Statistical analysis showed significant difference between the

protein adsorptions at pH 8 and 8.5 in comparison to that achieved at other pH
values.

Optimization of the elution

Following optimization of binding conditions and prior to purification of
active component, optimization of elution was performed. The dialysed extract
was diluted with 10 mmol L~! phosphate buffer (pH 7) to obtain a protein solut-
ion with an initial protein concentration of 0.262 mg mL-1. The protein solution
was added to AmberliteT™ IRA 958 ClI resin, which had previously been equi-
librated in 10 mmol L-! phosphate buffer (pH 7). The resin/protein solution ratio
was 1:0.5 and the system was mixed for 15 min at 100 rpm. After completion of
the adsorption, the remaining protein solution was drained and the matrix was
washed with 10 mmol L1 phosphate buffer (pH 7). The elution was performed
with 0.5 mol L~! NaCl solution at a 1:1 resin/solution ratio. The kinetics of elut-
ion were monitored during 60 min. Solution samples of 0.1 mL were collected in
certain time intervals and analysed for their protein content. From the obtained
results, presented in Fig. 6, an optimal elution time of 20 min was determined.

0.08

Chrorens/ g L

7/ min

Fig. 6. Kinetics of the elution of proteins from common bean seed on anion exchange resin
Amberlite™ IRA 958 Cl with 10 mmol L-! phosphate buffer, pH 7.

According to ANOVA, there were significant (p < 0.05 confidence level)
differences in protein contents in fractions obtained during the first 40 min of
elution of proteins from common bean seed from anion exchange resin Amberlite
TM IRA 958 Cl. However, the performed statistical analysis suggested that there

were insignificant differences between proteins contents of samples collected
after 40 min.

Purification of active component and coagulation study

Dialysed extract was diluted with 10 mmol L-! phosphate buffer (pH 7) to
obtain a protein solution with an initial protein concentration of 0.261 mg mL-1.
The protein solution was added to Amberlite™ IRA 958 Cl anion exchange
resin, which had previously been equilibrated with 10 mmol L-! phosphate buf-
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fer (pH 7), and the binding was performed under the previously determined opti-
mal conditions. The amount of adsorbed proteins was 0.230 mg mL-!, ie., a
binding efficiency of 88.35 % was achieved. After washing with 10 mmol L1
phosphate buffer (pH 7) at 100 rpm and resin/buffer ratio of 1:1 during 15 min,
elution was performed by step gradient of NaCl during 20 min for each step and
at a resin/NaCl solution ratio 1:1. In this way, four fractions were obtained, the
protein contents of which were determined (Fig. 7).

0107
_0.08 *
) b
.06 ]:
g c Fig. 7. Protein contents in fractions
\204 I c obtained by elution of bound common bean
5.02 | I proteins from the anion exchange resin
o Amberlite™ IRA 958 Cl in step gradient
0.00 T T T 1 of NaCl solutions; different letters indicate
0.5 1 L5 2 significant differences between samples
Crac1/ mol L (» <0.05).

With increasing concentration of the NaCl solution, the protein content of
the fractions decreased. An elution efficiency of 87.37 % was achieved, i.e.,
12.63 % of the proteins remained bound to the resin.

In order to determine whether there was a correlation between the concen-
trations of the proteins in the fractions and their coagulation ability, fractions
were examined as coagulants in coagulation tests. The main aim of coagulation/
/flocculation process is turbidity removal and thus, the coagulation activities of
the fractions were estimated in synthetic turbid water of initial turbidity 35 NTU
at pH 9. The results of the coagulation tests of the fractions in relation to applied
coagulant dose are shown in Fig. 8.

50 - .\

40 R
-& \ —4—0.5 mol/L NaCl
30
i m —&— | mol/L NaCl
20

1.5 mol/L NaCl
10 4 —&—2 mol/L NaCl

CA/ %

0 0.5 1 1.5 2
Dose,mL L!

Fig. 8. Coagulation activity of the fractions purified on anion exchange resin Amberlite TM
IRA 958 Cl at different doses.
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Significant differences in coagulation behaviour of the fractions obtained by
elution with different NaCl concentrations were confirmed by ANOVA statistical
analysis.

Although it contained the lowest amount of proteins, the fraction obtained by
elution with 2 mol L~! NaCl showed the best coagulation ability. The fraction
obtained with 1.5mol L-! NaCl showed similar behaviour to the fraction
obtained with 2 mol L-1 NaCl, which imposes that they contained proteins of
similar characteristics considering coagulation, but with lower coagulation act-
ivities. The highest coagulation activity of the fraction obtained with 2 mol L-!
NaCl was 53.3 % at an applied dose 1 mL L1, but only a slightly lower coagul-
ation activity of 49.8 % was achieved at more than 5 times lower dosage (0.17
mL L-1) of this fraction. Thus, it could be considered as optimal one. Calculated
based on proteins concentration, the optimal coagulation dose was 0.0041 mg L1

In a previous investigation® when AmberliteT™ IRA 900 Cl was used for
purification of coagulant from common bean in the continual mode, the highest
coagulation activity of 72.3 % was obtained at dose of purified fraction 0.081
mg L-1. When compared to the results from that study, the optimal dose of the
fraction obtained by purification on AmberliteT™ IRA 958 Cl was almost 20
times lower than the dose of fraction obtained by purification on AmberliteT™
IRA 900 Cl, and when calculated on the basis of proteins that were added in the
model water, the coagulation activity obtained with optimal dose in the present
research was almost 14 times higher than that of the purified fraction obtained on
AmberliteT™ IRA 900 CI.

Baptista et al.19 fractionated protein coagulants from Moringa oleifera seed
based on their solubility in different extraction systems. According to their
results, fraction obtained by extraction with 0.5 mol L~! NaCl that corresponded
to globulin (I1)!9 showed turbidity removal of about 30 % in surface water the
initial turbidity of which was 102.42 NTU. As the authors claimed, the presented
removal value was similar to the analysis control (without addition of Moringa
oleifera), meaning that it was inherent to the decanting process through gravity of
particles and not due to an effective action of the coagulant tested. However,
fractions obtained by water extraction showed high turbidity removal ranging
from 79-89 %. The higher coagulation activities of these fractions compared to
those of the fractions obtained in this work could be attributed to the fact that the
initial turbidity of the treated water in the paper of Baptista et al.10 was almost
1.5 times greater than that of the model water used in experiments presented in
the present paper. Literature data show that natural coagulants achieve higher
efficiency of particles removal in more turbid waters28-31, Moreover, the applied
dosage of the fractions in the paper of Baptista et al.10 was more than three
thousand time higher than optimal dosage achieved in the present work.

Organic matter in the water before and after coagulation tests with common
bean crude extract and the fraction obtained with 2 mol L-! NaCl at the optimal
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doses was assessed to determine the increase in organic load. The results rev-
ealed that the crude extract and purified fraction had increased organic matter
content in treated water by 68 and 19 %, respectively. This was in accordance
with the low protein content in the tested fraction, but it could also be explained
by the absence of other organic compounds in purified fraction.

CONCLUSIONS

Evaluation of fractions obtained by purification of common bean seed crude
extract on AmberliteT™ IRA 958 Cl anion exchange resin for their suitability for
model water clarification revealed that they were efficient. The highest coagul-
ation activity of 53.3 % was achieved by the fraction obtained with 2 mol L-!
NaCl at a dose of 1 mL L-1. The optimal dose of the fraction obtained by puri-
fication on AmberliteT™ IRA 958 C1 was almost 20 times lower than the optimal
dose of the fraction obtained by purification on AmberliteT™ IRA 900 CI, while
its coagulation activity was almost 14 times higher.
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U3BOJ
IMMPEYHMITRABAE [TPUPOOHOI KOATY/JIAHTA U3 CEMEHA ITACYJbA HA
AHJOHCKOM MEIAYY JOHA IRA 958 CL

JEJTEHA M. ITPOOAHOBHK, MAPMHA B. ITRKBAH, IPATAHA B. KYKHWK, BECHA M. BACHR,
HEBEHA T. BJIATOJEB 1 MUPJAHAT. AHTOB

Texnonowxu paxynivei Hosu Cag, Ynusep3uuieit y Hosom Cagy, Byn. Llapa Jlazapa 1, 21000 Hosu Cag

ITpUpONHYU KOaryJaHTH NpeNcTaBbajy OpraHCKa jeoumema U Mory nosehaTw canpxaj
OpraHCKHMX MaTepHja y TPETHUPaHOj BOOH, Te€ MX je CTora NoTpedHO NMPEeYUCTUTH Kako O ce
VKJIOHWIE MaTepuje Koje Hemajy KoarylalHdOHY CIOCOOHOCT. Y 0BOM papjy je IpHUPOAHHU
KoarynaHT excrpaxosaH ca 0,5mol L1 pacteopom NaCl us 50¢g L1 camnesenor cemena
nacysba. IIpOTEMHH M3 CHUPOBOT €KCTpakTa Cy MCTAJIOKEHM Jl0llaBaleM aMOHHjyM-cyndarta.
HaxoH Tanoxemna, ofjBajatka Tajora ¥ NOHOBHOT pacTBapama IPOTeHHa, Jake Npeunirhabame
je u3BemeHoO Ha aHjOHCKOj joHOM3MemnBaukoj cMoinu Amberlite IRA 958 Cl y mapxHOM noc-
Tynky. JemuMuuHO npeunurheHd KoarynaHT Koju je modujeH emyuparmem ca 2 mol L1 pac-
tBopoM NaCl je mokasao Hajeehy KoarynaalHOHy akTHBHOCT of 53,3 % mpu mo3u ox 1 mL L1
MaKo je Ta pakuyja cafgpkana HajMawy KOHLEHTpauyjy mpoTerHa. HesHaTHO HHMXKy Koaryina-
LJMOHY aKTHUBHOCT of 49,8 % je ucra pakuyja NOCTUIIA IPU 5 MyTa HUXKOj Ko3u. [ToBehame
cafipkaja OpraHCKHUX MaTepuja y obpaheHoj Bonu je dumo oko 4 myta HHXKe Y CITy4ajy MpH-
MeHe oBe npeunitheHne dpaxuyje kao koarynaHTa y nopehemwy ca CHpoBUM €KCTPAKTOM.

(ITpummeno 11. mapra, pesuaMpaHo 24. maja, mpuxsaheno 26. maja 2020)
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