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Editorial

The Eclética Quimica Journal’s team proudly announces the third issue of vol. 47 of 2022nd year desiring to
all a continue and fruitful scientific research. The first article focuses on the impact of the sulfur vacancies on the
photocatalytic response of the ZnS nanocrystals synthesized by solvothermal method varying the concentration of
the precursors zinc acetate and thiourea. The obtained products have hexagonal structure with different degrees of
crystallinity and a comparison of experimental results and theoretical calculations revealed the formation of
intermediate levels inside the bandgap due to structural polarization. The bandgap engineering has a significant
impact on the photocatalytic response of these samples and the mechanism investigation confirmed the formation of
the reactive oxygen species, usually responsible for methylene blue dye degradation. Sequentially, an
electroanalytical method based on differential pulse voltammetry with glassy carbon electrode is described for
analysis of doxorubicin (DOX), an anthracycline antibiotics widely used in the clinical treatment of cancer patients.
It was performed the DOX stability after reconstitution and determined the correct time for safe administration to
patients in hospitals, allowing application in the drug quality control with low-cost methodology and with similar
results to those obtained using high-performance liquid chromatography analysis of pharmaceutical samples
containing DOX. Follows an experimental and theoretical study of a pure commercial sample of
dichlorodiphenyltrichloroethane (DDT) and its application for molecular docking against human estrogen receptor
alpha is presented. The DDT molecule was experimentally characterized by means of FT-IR and GC-MS and the
results compared to those obtained from theoretical molecular calculations. According to molecular docking
investigation, the only interaction found in the complex after docking was steric interaction and the most reactive
sites in the compound and its overall reactivity were identified. Closes this issue a case study of 2101 duplex stainless
steel tank applying a portable electrochemical microcell system for on-site weld inspection and corrosion monitoring
from the manufacturing until 12 months of operation. The double loop electrochemical potentiokinetic reactivation
technique was used to evaluate the sensitization degree on the welded regions during the tank manufacturing and a
passivation treatment was applied to improve the passivation level, confirmed by on-site cyclic polarization tests.
After 12 months of operation the passivation level decreased, new passivation treatment was applied and evaluated.
Final, an acceptance criterion to passivation level was proposed.

The Editor and members of Editorial Board of Eclética Quimica Journal want to thank the great effort
developed by the Authors and Reviewers making possible this publication.

Assis Vicente Benedetti
Editor-in-Chief of EQJ
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INSTRUCTIONS FOR AUTHORS

BEFORE YOU SUBMIT

1. Check Eclet. Quim. }.’s focus and scope

Eclética Quimica Journal is a peer-reviewed quarterly publication of the Institute of Chemistry of S&o Paulo State
University (UNESP). It publishes original researches as articles, reviews and short reviews in all areas of Chemistry.

2. Types of papers

a. Original articles

b. Reviews

c. Short reviews

d. Communications

e. Technical notes

f. Articles in education in chemistry and chemistry-related areas

Manuscripts submitted for publication as full articles and communications must contain original and unpublished
results and should not have been submitted elsewhere either partially or whole.

a. Original articles

The manuscript must be organized in sections as follows:

1. Introduction

2. Experimental

3. Results and Discussion

4. Conclusions

References

Sections titles must be written in bold and sequentially numbered; only the first letter should be in uppercase letter.
Subsections, numbered as exemplified, should be written in normal and italic letters; only the first letter should be in
uppercase letter.

Example:

1. Introduction
1.1 History

2. Experimental
2.1 Surface characterization
2.1.1 Morphological analysis

b. Reviews

Review articles should be original and present state-of-the-art overviews in a coherent and concise form covering the
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most relevant aspects of the topic that is being revised and indicate the likely future directions of the field. Therefore,
before beginning the preparation of a Review manuscript, send a letter (one page maximum) to the Editor with the
subject of interest and the main topics that would be covered in the Review manuscript. The Editor will communicate
his decision in two weeks. Receiving this type of manuscript does not imply acceptance to be published in Eclet.
Quim. J. It will be peer-reviewed.

c. Short reviews

Short reviews should present an overview of the state-of-the-art in a specific topic within the scope of the Journal
and limited to 5,000 words. Consider a table or image as corresponding to 100 words. Before beginning the
preparation of a Short Review manuscript, send a letter (one page maximum) to the Editor with the subject of interest
and the main topics that would be covered in the Short Review manuscript.

d. Communications
Communications should cover relevant scientific results and are limited to 1,500 words or three pages of the Journal,

not including the title, authors’ names, figures, tables and references. However, Communications suggesting
fragmentation of complete contributions are strongly discouraged by Editors.

e. Technical notes

Descriptions of methods, techniques, equipment or accessories developed in the authors’ laboratory, as long as they
present chemical content of interest. They should follow the usual form of presentation, according to the peculiarities
of each work. They should have a maximum of 25 pages, including figures, tables, diagrams, etc.

f. Articles in education in chemistry and chemistry-correlated areas

Research manuscript related to undergraduate teaching in Chemistry and innovative experiences in undergraduate

and graduate education. They should have a maximum of 25 pages, including figures, tables, diagrams, and other
elements.

3. Special issues

Special issues with complete articles dedicated to Symposia and Congresses and to special themes or in honor of
scientists with relevant contributions in Chemistry and correlate areas can be published by Eclet. Quim. J. under the
condition that a previous agreement with Editors is established. All the guides of the journal must be followed by the
authors.

4. Approval

Ensure all authors have seen and approved the final version of the article prior to submission. All authors must also
approve the journal you are submitting to.

ETHICAL GUIDELINES

Before starting the submission process, please be sure that all ethical aspects mentioned below were followed.
Violation of these ethical aspects may preclude authors from submitting or publishing articles in Eclet. Quim. J.

a. Coauthorship: The corresponding author is responsible for listing as coauthors only researchers who have
really taken part in the work, for informing them about the entire manuscript content and for obtaining their
permission to submit and publish it.
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b. Nonauthors: Explicit permission of a nonauthor who has collaborated with personal communication or
discussion to the manuscript being submitted to Eclet. Quim. J. must be obtained before being cited.

¢. Unbiased research: Authors are responsible for carefully searching for all the scientific work relevant to their
reasoning irrespective of whether they agree or not with the presented information.

d. Citation: Authors are responsible for correctly citing and crediting all data taken from other sources. This
requirement is not necessary only when the information is a result of the research presented in the manuscript
being submitted to Eclet. Chem. J.

e. Direct quotations: The word-for-word reproduction of data or sentences as long as placed between quotation
marks and correctly cited is not considered ethical deviation when indispensable for the discussion of a specific
set of data or a hypothesis.

f. Do not cite: Master’s Degree dissertations and PhD theses are not accepted; instead, you must cite the
publications resulted from them.

0. Plagiarism: Plagiarism, self-plagiarism, and the suggestion of novelty when the material was already published
are unaccepted by Eclet. Quim. J. Before reviewing a manuscript, the Turnitin antiplagiarism software will be
used to detect any ethical deviation.

h. Simultaneous submissions of the same manuscript to more than one journal is considered an ethical deviation
and is conflicted to the declaration has been done below by the authors.

i. Studies with humans or other animals: Before submitting manuscripts involving human beings, materials
from human or animals, the authors need to confirm that the procedures established, respectively, by the
institutional committee on human experimentation and Helsinki’s declaration, and the recommendations of the
animal care institutional committee were followed. Editors may request complementary information on ethical
aspects.

COPYRIGHT NOTICE

The corresponding author transfers the copyright of the submitted manuscript and all its versions to Eclet. Quim. J.,
after having the consent of all authors, which ceases if the manuscript is rejected or withdrawn during the review
process.

When a published manuscript in Eclet. Quim. J. is also published in other Journal, it will be immediately withdrawn
from Eclet. Quim. J. and the authors informed of the Editor decision.

Self-archive to institutional, thematic repositories or personal webpage is permitted just after publication. The articles
published by Eclet. Quim. J. are licensed under the Creative Commons Attribution 4.0 International License.

PUBLICATION CHARGES

Eclética Quimica Journal is supported by the Institute of Chemistry/UNESP and publication is free of charge for
authors.
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MANUSCRIPT PREPARATION

COVER LETTER

We provide a template to help you prepare your cover letter. To download it, click here.
The cover letter MUST include:

1. Identification of authors

a. The authors’ full names (they must be written in full and complete, separated by comma)

Jodo-M—Jesé Incorrect
F—MJoesé Incorrect
Jodo Maria José Correct!

b. E-mail addresses and affiliations (neither more nor less than two instances) of all authors;
c. ORCID ID links;
d. A plus sign (+) indicating the corresponding author.

Example:
Author Full Name®*, Author Full Name?

1. University, Faculty or Institute, City, Country.
2. Company, Division or Sector or Laboratory, City, Country.

+ Author 1: address@mail.com, ORCID: https://orcid.org/xxxx-XxXxX-XXXX-XXXX
Author 2: address@mail.com, ORCID: https://orcid.org/XxxxX-XxXXxX-XXXX-XXXX

2. Authors’ contribution

We request authors to include author contributions according to CRediT taxonomy standardized contribution
descriptions. CRediT (Contributor Roles Taxonomy) is a high-level taxonomy, including 14 roles, that can be used
to represent the roles typically played by contributors to scientific scholarly output. The roles describe each
contributor’s specific contribution to the scholarly output.

a. Please, visit this link (https://casrai.org/credit/) to find out which role(s) the authors fit into;

b. Do not modify the role names; do not write “all authors” in any role. Do not combine two or more roles
in one line.

c. If there are any roles that no author has engaged in (such as funding in papers that were not funded), write “Not
applicable” in front of the name of the role;

d. Write the authors’ names according to the American Chemistry Society (ACS) citation style.

Example:

Conceptualization: Foster, J. C.; O’Reilly, R. K.

Data curation: Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K.
Formal Analysis: Foster, J. C.; Varlas, S.

Funding acquisition: Not applicable.

Investigation: Foster, J. C.; O’Reilly, R. K.
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Methodology: Coe, J.; O’Reilly, R. K.

Project administration: O’Reilly, R. K.

Resources: Coe, J.

Software: Not applicable.

Supervision: O’Reilly, R. K.

Validation: Varlas, S.; Couturaud, B.

Visualization: Foster, J. C.

Writing — original draft: Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K.
Writing — review & editing: Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K.

4. Indication of reviewers

We kindly ask the authors to suggest five suitable reviewers, providing full name, affiliation, and email.

5. Other information
a. The authors must write one paragraph remarking the novelty and relevance of the work;
b. The corresponding author must declare, on behalf of the other authors, that the manuscript being submitted is
original and its content has not been published previously and is not under consideration for publication elsewhere;
c. The authors must inform if there is any conflict of interest.

6. Acknowledgements and funding

Acknowledgements and funding information will be requested after the article is accepted for publication.

7. Data availability statement

A data availability statement informs the reader where the data associated with your published work is available, and
under what conditions they can be accessed. Therefore, authors must inform if:

Data will be available upon request;

All dataset were generated or analyzed in the current study; or
Data sharing is not applicable.

MANUSCRIPT

We provide a template to help you prepare your manuscript. To download it, click here.

1. General rules

Only manuscripts written in English will be accepted. British or American usage is acceptable, but they should not
be mixed. Non-native English speakers are encouraged to have their manuscripts professionally revised before
submission.

Manuscripts must be sent in editable files as *.doc, *.docx or *.odt. The text must be typed using font style Times
New Roman and size 12. Space between lines should be 1.5 mm and paper size A4, top and bottom margins 2.5 cm,

left and right margins 2.0 cm.

All contributions must include an abstract (170 words maximum), three to five keywords and a graphical abstract
(8 cm wide x 8 cm high).

Supplementary information: all type of articles accepts supplementary information (SI) that aims at complementing
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the main text with material that, for any reason, cannot be included in the article.
TITLE

The title should be concise, explanatory and represent the content of the work. The title must have only the first letter
of the sentence in uppercase. The following are not allowed: acronyms, abbreviations, geographical location of the
research, en or em dashes (which must be replaced by a colon). Titles do not have full point.

ABSTRACT

Abstract is the summary of the article. The abstract must be written as a running text not as structured topics, but its
content should present background, objectives, methods, results, and conclusion. It cannot contain citations. The text
should be written in a single paragraph with a maximum of 170 words.

KEYWORDS

Keywords are intended to make it easier for readers to find the content of your text. As fundamental tools for database
indexing, they act as a gateway to the text. The correct selection of keywords significantly increases the chances that
a document will be found by researchers on the topic, and consequently helps to promote the visibility of an article
within a myriad of publications.

FIGURES, TABLES AND EQUATIONS

Figures, tables and equations must be written with initial capital letter followed by their respective number and period,
in bold, without adding zero “Table 17, preceding an explanatory title. Tables, Figures and Equations should appear
after the first citation and should be numbered according to the ascending order of appearance in the text (1, 2, 3...).

Figures, tables, schemes and photographs already published by the same or different authors in other publications
may be reproduced in manuscripts of Eclet. Quim. J. only with permission from the editor house that holds the
copyright.

Nomenclature, abbreviations, and symbols should follow IUPAC recommendations.
DATA AVAILABILITY STATEMENT

The data availability statement informs the reader where the data associated with your work is available, and under
what conditions they can be accessed. They also include links (where applicable) to the data set.

a. The data are available in a data repository (cite repository and the DOI of the deposited data);

b. The data will be available upon request;

c. All data sets were generated or analyzed in the current study;

d. Data sharing is not applicable (in cases where no data sets have been generated or analyzed during the current
study, it should be declared).

GRAPHICAL ABSTRACT

The graphical abstract must summarize the manuscript in an interesting way to catch the attention of the readers. As
already stated, it must be designed with 8 cm wide x 8 cm high, and a 900-dpi resolution is mandatory for this journal.
It must be submitted as *.jpg, *.jpeg, *.tif or *.ppt files as supplementary file.

We provide a template to help you prepare your GA. To download it, click here.
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SUPPLEMENTARY INFORMATION

When appropriate, important data to complement and a better comprehension of the article can be submitted as
Supplementary File, which will be published online and will be made available as links in the original article. This
might include additional figures, tables, text, equations, videos or other materials that are necessary to fully document
the research contained in the paper or to facilitate the readers’ ability to understand the work.

Supplementary material should be presented in appropriate .docx file for text, tables, figures and graphics. All
supplementary figures, tables and videos should be referred in the manuscript body as “Table S1, S2...”, “Fig. S1,
S2...” and “Video S1, S2...”.

At the end of the main text the authors must inform: This article has supplementary information.

Supplementary information will be located following the article with a different DOI number from that of the article,
but easily related to it.

CITATION STYLE GUIDE

From 2021 on, the Eclet. Quim. J. will follow the ACS citation style.
Indication of the sources is made by authorship and date. So, the reference list is organized alphabetically by author.

Each citation consists of two parts: the in-text citation, which provides brief identifying information within the text,
and the reference list, a list of sources that provides full bibliographic information.

We encourage the citation of primary research over review articles, where appropriate, in order to give credit to those
who first reported a finding. Find out more about our commitments to the principles of San Francisco Declaration on
Research Assessment (DORA).
What information you must cite?

a. Exact wording taken from any source, including freely available websites;

b. Paraphrases of passages;

c. Summaries of another person’s work;

d. Indebtedness to another person for an idea;

e. Use of another researchers’ work;
f. Use of your own previous work.

You do not need to cite common knowledge.

Example:

Water is a tasteless and odorless liquid at room temperature (common knowledge, no citation needed)
In-text citations

You can choose the cite your references within or at the end of the phrase, as showed below.
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Within the cited information:

One author: Finnegan states that the primary structure of this enzyme has also been determined (2004).
Two authors: Finnegan and Roman state that the structure of this enzyme has also been determined (2004).
Three or more authors: Finnegan et al. state that the structure of this enzyme has also been determined (2004).

At the end of the cited information:

One author: The primary structure of this enzyme has also been determined (Finnegan, 2004).
Two authors: The primary structure of this enzyme has also been determined (Finnegan and Roman, 2004).
Three or more authors: The primary structure of this enzyme has also been determined (Finnegan et al., 2004).

If you need to cite more than one reference in the same brackets, separate them with semicolon and write them in
alphabetic order:

The primary structure of this enzyme was determined (Abel et al., 2011; Borges, 2004; Castro et al., 2021).
Bibliographic references

Article from scientific journals

Foster, J. C.; Varlas, S.; Couturaud, B.; Coe, J.; O’Reilly, R. K. Getting into Shape: Reflections on a New Generation
of Cylindrical Nanostructures’ Self-Assembly Using Polymer Building Block. J. Am. Chem. Soc. 2019, 141 (7),
2742-2753. https://doi/10.1021/jacs.8b08648

Book
Hammond, C. The Basics of Crystallography and Diffraction, 4th ed.; International Union of Crystallography Texts
on Crystallography, Vol. 21; Oxford University Press, 2015.

Book chapter
Hammond, C. Crystal Symmetry. In The Basics of Crystallography and Diffraction, 4th ed.; International Union of
Crystallography Texts on Crystallography, Vol. 21; Oxford University Press, 2015; pp 99—134.

Book with editors
Mom the Chemistry Professor: Personal Accounts and Advice from Chemistry Professors Who Are Mothers, 2nd ed.;
Woznack, K., Charlebois, A., Cole, R. S., Marzabadi, C. H., Webster, G., Eds.; Springer, 2018.

Website
ACS Publications Home Page. https://pubs.acs.org/ (accessed 2019-02-21).

Document from a website

American Chemical Society, Committee on Chemical Safety, Task Force for Safety Education Guidelines.
Guidelines for Chemical Laboratory Safety in Academic Institutions. American Chemical Society, 2016.
https://www.acs.org/content/dam/acsorg/about/governance/committees/chemicalsafety/publications/acs-safety-
guidelines-academic.pdf (accessed 2019-02-21).

Conference proceedings

Nilsson, A.; Petersson, F.; Persson, H. W.; Jonsson, H. Manipulation of Suspended Particles in a Laminar Flow. In
Micro Total Analysis Systems 2002, Proceedings of the uTAS 2002 Symposium, Nara, Japan, November 3—7, 2002;
The Netherlands, 2002; pp 751-753. https://doi.org/10.1007/978-94-010-0504-3_50

Governmental and legislation information
Department of Commerce, United States Patent and Trademark Office. Section 706.02 Rejection of Prior Art [R-
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07.2015]. Manual of Patent Examining Procedure (MPEP), 9th ed., rev. 08.2017, last revised January 2018.
https://www.uspto.gov/web/offices/pac/mpep/s706.html#d0e58220 (accessed 2019-03-20).

Patent

Lois-Caballe, C.; Baltimore, D.; Qin, X.-F. Method for Expression of Small RNA Molecules within a Cell. US
7732193 B2, 2010.

Streaming data

American Chemical Society. Game of Thrones Science: Sword Making and Valyrian Steel. Reactions. YouTube,
April 15, 2015. https://www.youtube.com/watch?v=cHRcGoje4j4 (accessed 2019-02-28).

For more information, you can access the ACS Style Quick Guide and the Williams College LibGuides.

SUBMITTING YOUR MANUSCRIPT

The corresponding author should submit the manuscript online by clicking here. If you are a user, register by clicking
here.

At the User home page, click in New submission.

In Step 1, select a section for your manuscript, verify one more time if you followed all these rules in Submission
checklist, add Comments for the Editor if you want to, and click Save and continue.

In Step 2, you will upload your manuscript. Remember it will pass through a double-blind review process. So, do
not provide any information on the authorship.

In Step 3, enter submission’s metadata: authors’ full names, valid e-mail addresses and ORCID ID links (with “http”
not “https”). Add title, abstract, contributors and supporting agencies, and the list of references.

In Step 4, upload the cover letter, the graphical abstract and other supplementary material you want to include
in your manuscript.

In Step 5, you will be able to check all submitted documents in the File summary. If you are certain that you have
followed all the rules until here, click in Finish submission.

REVIEW PROCESS

The time elapsed between the submission and the first response of the reviewers is around three months. The average
time elapsed between submission and publication is around seven months.

Resubmission (manuscripts “rejected in the present form” or subjected to “revision”) must contain a letter with the
responses to the comments/criticism and suggestions of reviewers/editors should accompany the revised manuscript.
All modifications made to the original manuscript must be highlighted.

If you want to check our Editorial process, click here.
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EDITOR’S REQUIREMENTS

Authors who have a manuscript accepted in Eclet. Quim. J. may be invited to act as reviewers.

Only the authors are responsible for the correctness of all information, data and content of the manuscript submitted
to Eclet. Quim. J. Thus, the Editors and the Editorial Board cannot accept responsibility for the correctness of the
material published in Eclet. Quim. J.
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ABSTRACT: This study focuses on the impact of the sulfur
vacancies on the photocatalytic response of the ZnS nanocrystals
synthesized by solvothermal method varying the concentration of
zinc acetate/thiourea precursors. XRD patterns show that these
samples have a hexagonal structure with different degrees of
crystallinity, varying the crystallite size from 2.48 to 2.85 nm. The
UV-Vis data reveals an absorption peak (at about 320 nm)
characteristic of ZnS nanocrystals. As a result, a decrease in the
bandgap value of these materials was observed from 3.78 to 3.62
eV. In principle, a comparison of these results and theoretical
calculations reveals the formation of intermediate levels inside the
bandgap due to structural polarization. These findings also
corroborate the zeta potential measured for these samples,
evidenced by an increase of positive charge of ZnS surfaces. Also,
the low Miller-index surfaces, such as (1010), (1120) and (0001),
were investigated by periodic density functional theory
calculations, in nice agreement with the experimental data. A
photocatalysis mechanism was investigated and confirmed the
formation of reactive oxygen species.
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1. Introduction

In recent years, the contamination of water by
micropollutants, especially organic dyes, has become a
matter of serious environmental concern (Ayodhya and
Veerabhadram, 2018; Bilal et al., 2019; Byrne et al.,
2018). Additionally, recent studies have also shown a
troubling detection of the novel coronavirus (denoted as
SARS-CoV-2) in feces and sewage, raising the
hypothesis of fecal-oral transmission (Heller et al.,
2020). To catalyze the decomposition reactions of these
organic pollutants and pathogens, a wide variety of
novel nanoscale semiconductor materials has attracted
particular interest, because of their high photocatalytic
efficiency in converting pollutants into environmentally
friendly byproducts (Amorin et al., 2019; Ayala-Duran
et al., 2020).

Among the materials proposed for this purpose, the
zinc sulfide (ZnS) semiconductor materials have a wide
bandgap of about 3.6 eV and exhibit highly tunable
chemical and physical properties as well as unique
functionalities for a huge variety of emerging
technologies (Chen et al., 2010; Hussain et al., 2017;
Ippen et al., 2014; Jellison et al., 1986; La Porta et al.,
2014a; Lee and Wu, 2017; Lin et al., 2019; Sultana et
al., 2018; Xiao et al., 2016; Zhang et al., 2013; Ziegler
et al.,, 2008). A notable example of ZnS-related
applications includes light-emitting diodes (LEDS),
lasers, sensors, solar cells, piezoelectric nanogenerator,
(photo)catalysis, and biomedical applications (Hussain
et al., 2017; Ippen et al., 2014; Jellison et al., 1986; La
Porta et al., 2014a; Lee and Wu, 2017; Lin et al., 2019;
Sultana et al., 2018; X. Wang, et al., 2011; Xiao et al.,
2016; Zhang et al., 2013; Ziegler et al., 2008).
Furthermore, more recently, the ZnS-based
heterostructure have been widely studied, mainly due to
high quality of ZnS shell (in core/shell structures with a
lower bandgap core) that contributes to an increase in
the efficiency and stability of optoelectronic devices
based on ZnS heterostructures (Chen et al., 2021;
Mukherjee and Selvaraj, 2021; Talapin et al., 2004; P.
Wang et al., 2021).

Likely, due to their outstanding chemical and
physical properties and incredible versatility, such
nanocrystals have enormous importance in academic
and industrial scenery. For this reason, several
methodologies have been widely developed in the last
decades for their simple and straightforward
manufacture of ZnS-related materials with desired
particle  sizes, structures, compositions, and
morphologies (Hussain et al., 2017; Jellison et al., 1986;
Lee and Wu, 2017; Sultana et al., 2018; X. Wang et al.,
2011; Xiao et al., 2016; Zhang et al.,, 2013).
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Nonetheless, among solution-based synthetic routes, it
is known that the solvothermal approach is a relatively
low-cost method and is widely used to produces diverse
crystalline materials of high purity (La Porta et al.,
2014a; Li et al., 2015; Santana et al., 2011). Varela and
coauthors have optimized the kinetics of solid-state
reactions from hours to minutes, leading to obtaining
spherical ZnS nanocrystals with controlled phase based
on this strategy coupled with the use of microwave
energy (La Porta et al., 2013a; 2014a; b) Their work
enabled a deep understanding of these ZnS crystals from
a modern perspective based on the combination of
theory, computational simulations, and experimental
results aiming to elucidate these new nanoscale
materials' physical and chemical behavior.

Therefore, this study is focused on the effects of
structural defects caused by decreased concentration of
zinc acetate/thiourea precursors in the solvothermal
growth of ZnS nanocrystals with hexagonal structures
for enhanced photocatalysis applications. Also, this
study can significantly contribute to provide new
chemical insights towards materials design with highly
tailoring properties.

2. Experimental
2.1 Materials and synthesis

The ZnS nanocrystals with the hexagonal structure
used in this study were synthesized from a one-pot
solvothermal strategy based on a modification of the
protocol established by Varela and collaborators (La
Porta et al., 2014a). Briefly, different concentrations of
1:1 zinc acetate/thiourea precursors system (such as 7.34
mmol for sample A, 3.68 mmol for sample B, or 1.835
mmol for sample C) were dissolved in approximately 50
mL of ethylene glycol. Then, 16 mmol of
tetrabutylammonium hydroxide (40% wt/v) were added
quickly and after 10 min the resulting reaction mixture
was transferred into a Teflon-lined stainless-steel
autoclave, properly sealed and then placed inside a
muffle furnace for one-pot solvothermal synthesis at
160 °C for 120 min. After this period, the solvothermal
system was slowly cooled and samples were collected
near room temperature. Then, the precipitated powder
was rinsed with deionized water/isopropanol several
times in sequence and extracted by centrifugation,
followed by room temperature drying for 24 h.
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2.2 Characterization

The ZnS nanoparticles obtained were structurally
characterized by X-ray diffraction (XRD) using
a Bruker-D2 PHASER with Cu Ka radiation (A= 1.5406
A) in the 20 range from 20 to 80° at 0.02° s, For better
reading and identification, the ZnS samples at the three
different concentrations were named as A (7.34 mmol of
zinc acetate/thiourea), B (3.67 mmol of zinc
acetate/thiourea), and C (1.835 mmol zinc
acetate/thiourea). Then, the UV-Vis spectra were
recorded using a S60 Libra spectrophotometer
(Biochrom), with a range of 190-1100 nm, using a
quartz cuvette with a 10-mm optical path and two
polished windows. Dynamic light scattering (DLS)
analysis was performed using a Litesizer 500 particle
size analyzer (ANTON PAAR), with 658 nm laser
wavelength, usinga 12.5 x 15.5 x 45 mm quartz cuvette.
For these measurements, the powders (about 0.0005 g)
were dispersed in 1 mL of water.

2.3 Photocatalytic degradation

The photocatalytic activity of spherical ZnS
nanocrystals was evaluated in this study for the
degraded methylene blue (MB) dye solution under
ultraviolet C (UVC) lamps (15W, G15T8/OF,
OSRAM) at 254 nm irradiation. In a typical procedure,
about 10 mg of the as-prepared catalyst was dispersed in
14 mL of 10 mg L™! MB). In each test, the solution was
continuously stirred for about of 20 min in the dark at
room temperature (25 °C) in order to establish an
adsorption-desorption equilibrium (Amorin et al., 2019;
Suzuki et al., 2019a; 2021). During UVC irradiation, 1
mL of the solution was collected with an interval of 120
min. These MB dye solutions collected during
degradation tests and then were analyzed at room
temperature by a UV-Vis spectrometer (Biochrom).

2.4 Scavenger test

About 10 mg of catalyst in 14 mL of MB solution (10
mg L) in the presence or not of different radical
scavengers (in about 1 mmol), such as isopropanol
(1SO), AgNO; (Ag), ammonium oxalate (AO), and
pbenzoquinone (p-BQ), were added to the MB solution
containing the photocatalyst (Pereira et al., 2018;
Suzuki et al., 2021; Zhang et al., 2012) and were mixed
at a stirring rate of 300 rpm in the dark for 20 min. Later,
the mixture was placed in the ultraviolet (UV) reactor at
the same agitation rate. A 1 mL aliquot of the solution
was collected after 120 min. The UV-Vis absorption
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spectra of the supernatant liquid were recorded using the
same equipment as the previous experiment.

2.5 Computational simulation

The computational density functional theory (DFT)
simulations were performed for the bulk ZnS and the
(1010), (1120) and (0001) surfaces under periodic
conditions as implemented in the CRYSTAL17 package
(Dovesi et al., 2017). Here, both the Zn and S atomic
centers were described using the Triple-zetta Plus
Polarization (TZVP) basis set, together with the
B3LYP-D3 functional (zZhang et al., 2012). The
convergence criteria were controlled by a set of five
thresholds (10-8, 10-8, 10-8, 10-8, 10-16) and for both
Pack—Monkhorst and Gilat shrinking factor of 8. Also,
tolerances were set to 0.0001 Hartree/bohr and
0.0004 bohr, respectively, to check on the gradient
components as well as nuclear displacements (Dovesi et
al., 2017).

The surfaces with lower Miller index: (1010), (1120)
and (0001) were simulated taking into account the
stoichiometry/symmetry condition. Here, the surface
energy (Esur) was calculated as showed in Eqg. 1:

Esiap —M X Epy
Esurf:( lab 721 bulk) (1)

where Esiab represent the total energy per unit cell of the
slab in the (hkl) direction, Enux is defined as the total
energy of the bulk per molecular unit, n is the number of
surface layers and A is defined as the surface unit cell
area (Dovesi et al., 2017). In this case, the surfaces
presented convergence in slab models from 8, 10 and 12
molecular units for the (1010), (1120) and (0001),
respectively.

3. Results and discussion

As is well-known, the single-crystalline ZnS
nanocrystals are usually required for many of their
technological applications. Therefore, with that in mind,
based on the solvothermal protocols developed by
Varela and coauthors (La Porta et al., 2013b; 2014a),
this study has modified them to obtain single-crystalline
ZnS spheric nanoparticles from the alteration of (zinc
acetate/thiourea) precursor concentrations. Thus, the
authors of this work have found that the variations in the
(zinc acetate/thiourea) precursor concentrations lead to
a different coloration for the prepared ZnS
nanopowders, as shown in Fig. 1le—g. This important
visual aspect reveals that this approach may, in
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principle, indicate a possible increase in defects in the
material, usually seen as a white/yellow colored powder
and its darkening is likely due to the formation of sulfur
vacancies in the ZnS prepared samples, which it can
usually occur in three different load states (i.e., Vs*, Vs’
and Vs™), and these cannot be distinguished. Hence, the
darkening of the powder color indicates an increase in
the density of sulfur vacancies, according to the
decrease in the amount of precursor, which in turn can
influence the photocatalytic properties of such materials
significantly. In order to confirm these hypotheses, a
structural analysis of these samples was performed.
From the XRD pattern shown in Fig. la, it can be
observed that ZnS crystals has a hexagonal structure
(belongs to space group P63mc) as well as a high degree

revista.iq.unesp.br

of crystallinity at the long-range (JCPDS #36-1450). No
characteristic impurity peaks were observed in XRD
data. Hence, this suggests that the products obtained
have high purity. These results are in nice agreement
with the work of Varela and coauthors (La Porta et al.,
2013b; 2014a). Figure 1b-d shows the average grain
size and dispersion of sizes for these ZnS polycrystals
which were determined from the XRD patterns. In
particular, it can be assumed that these samples have a
spherical crystallite as a model to XRD calculation of
the grain size distribution, which is therefore based on
using of a lognormal function. As a general result, these
analyses suggest that such obtained powders have
nanometric sizes.

ZnSA n _ L
rrrrrrrrr ZnS B ; InS A
- ZnSC '
g = JCPDS 36-1450
c
- |
8 Grain Size (nm)
—
)
F
@
c
[}
.
E 2
Grain Size (nm)
InS C
T T T T T Ll

20 (Degree)

Zns A

Gramn Size (nm)

InSC

Figure 1. The XRD patterns, grain size distribution and digital photograph of powders. (a) XRD patterns of spheric
ZnS nanoparticles; (b-d) Grain size distribution of ZnS samples, with grain sizes of about 2.6 nm, 3.1 nm, and 3.3
nm, for A, B and C samples; (e-g) Digital photograph of as-prepared ZnS nanopowders prepared using different (zinc
acetate/thioureia) precursor concentrations in solvothermal conditions.

Moreover, another important aspect pertaining to the
XRD peaks, as shown in Fig. 1a, reveals a significant

widening due to the very small crystallite size, as well
as a certain degree of amorphization of the samples may
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indicate. Thus, from this perspective, the degree of
crystallinity was determined for these prepared samples
in this study (Tab. 1).
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Table 1. Lattice parameters (a, b and c, in A), crystallite size (nm), crystallinity (%), microstrain, theoretical band,
gap energy (Egap, in V) and surface energy (Esurs, in J m2). For the (1010), (1120) and (0001) the ¢ parameters are

described by the thickness of the surface.

Crystallite Size (nm)

Crystallinity (%)

Microstrain (g)

2.85 90.1 0.030
Lattice parameters
Plane dhi a c Unit cell volume (A)
(100) 3.2786 3.7858 6.5571 93.9768
(002) 3.0686 3.5433 6.1371 77.0524
(101) 2.8832 3.3292 5.7663 63.9129

Crystallite Size (nm)

Crystallinity (%)

Microstrain (g)

2.72 86.2 0.031
Lattice parameters
Plane dhia a c Unit cell volume (A)
(100) 3.2786 3.7858 6.5571 93.9768
(002) 3.0538 3.5263 6.1077 75.9460
(101) 2.8832 3.3292 5.7664 63.9129
Crystallite Size (nm) Crystallinity (%) Microstrain (g)
2.48 83.2 0.034
Lattice parameters
Plane A a c Unit cell volume (A)
(100) 3.2786 3.7858 6.5571 93.9768
(002) 3.0408 3.5113 6.0817 74.9805
(101) 2.8588 3.3010 5.7176 62.3035
- a b C Egap Esurf
Bulk 3.77 3.77 6.14 4.01 -
(1010) 3.77 6.15 17.78 3.88 1.07
(1120) 6.14 6.53 21.04 413 1.10
(0001) 3.77 3.77 8.87 4.47 1.61

However, based on the XRD data for a more accurate
structural analysis we performed the peak deconvolution
according to JCPDS #36-1450. Therefore, nine peaks
are evident in the XRD pattern and were then
deconvolution using a Voight function, as shown in Fig.
2a—c. After deconvolution of the XRD peaks, these
results were analyzed and used to calculate the
crystallite size, microstrain, interplanar distance, and
lattice parameters for all prepared samples are
summarized in Tab. 1. Here, the crystallite size for these
samples as prepared was estimated by two methods.
First, using the deconvoluted XRD peaks, the average

crystallite size (T) was calculated by the Scherrer
method (Eq. 2).

0.94
- Lcosb (2)

where A is defined as Cu Ka radiation; 0 is defined as
Bragg diffraction angle, and g is defined as peak width
at half the maximum (FWHM) in radians (Guinier et al.,
1964). In this case, as the particles of ZnS have a
spherical form the value of Scherrer constant is 0.9.
Second, both the average strain and crystalline size of
all prepared samples were then calculated using the
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Williamson-Hall method (Eq. 3) (Suryanarayana,
1998). That is:

Bcosd _ 0.9 | 4csend
7 T T2 @)

Here, FWHM can be expressed in terms of
deformation (¢) which is determined by the slope of the
straight line, and, in this case, T is determined by the
intersection with the vertical axis, and the other
parameters have the same meaning as in the Eq. 2
(Guinier et al., 1964; La Porta et al., 2014a;
Suryanarayana, 1998). The Williamson—Hall plot for
spheric ZnS nanocrystals as-prepared are here shown in
Fig. 2d-f. In general, this trend observed in these
Williamson—Hall results (negative slope) is due to the
small crystallite size of about 3 nm obtained for these
samples. This behavior has been explained in detail in a
previous work (Suzuki et al., 2019b).

Moreover, the interplanar spacing (dna) is related to
the ZnS lattice parameters a and ¢, from Egs. 4 and 5:

ZdhleinQ =nA (4)

1 4 (h?+hk+k? 12
=:(E)a ®)

az 3

Using the estimated values of interplanar distance,
according to the above expression, the lattice parameters
a and c were calculated by the following relation (Eg.
6):

a= C=—= (6)
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revista.iq.unesp.br

y = 0.04775x-0.00438

ZnS A

0.8 1.0 1.2 14

1.6 1.8 2.0

4 sen 0O/A

Intensity (arb. units)

ZnS B

0.046

0.045

0.044

0.043

3 cos 6/A

0.042

0.041

0

22

20 (Degree)

y= 0.0501x-0.00461

.8 1.0 1.2 1.4

1.6 1.8 2.0

4 sen O/A

Eclética Quimica Journal, vol. 47, n. 3, 2022, 17-31

ISSN: 1678-4618

DOI: 10.26850/1678-4618eqj.v47.3.2022.p17-31


https://revista.iq.unesp.br/index.php/ecletica
https://doi.org/10.26850/1678-4618eqj.v47.3.2022.p17-31

Original Article

ZnS C

(002)

Intensity (arb.units)

20 (Degree)

0.050 R

ZnS C

0.049

0.047

B cos 6/%

0.046

0.045

y=0.05483x-0.00506
0.8 1.0 1.2 1.4 1.6 1.8 2.0
4 sen 6/L

Figure 2. Deconvolution of XRD and Williamson—Hall
analysis. (a-c) Deconvoluted XRD pattern into nine
bands (according to JCPDS #36-1450); (d-f)
Williamson—Hall analysis of the ZnS nanopowders.

0.044

As is well-known, the ZnS hexagonal structure
(space group P63mc) is formed by tetragonal [ZnSa]
clusters as shown in Fig. 3a. As is well-known, the low-
Miller index (1010), (1120) and (0001) surface planes,
in general, are the most stable faces of hexagonal ZnS
structure and hence are usually predominant in the
obtained crystals, it has been extensively characterized
from the diverse theoretical and experimental
methodologies (Hamad et al., 2002; La Porta et al.,
2017; Meng et al., 2013). However, a more detailed
analysis of clusters formed by the (1010), (1120) and
(0001) surfaces show different atom arrangements as
seen in Fig. 3. The surface modeling shows that for the

revista.iq.unesp.br

(1010) and (1120), the outermost layers are mainly
composed by [ZnSs] clusters, as its inner layers are
composed by [ZnS4]; as well as the (0001) which is
formed by [ZnS.] clusters (Fig. 3). This leads to
modulation of the catalytic activity in these crystal
planes. In line with theoretical and experimental results,
a decrease in cluster coordination of these exposed
surfaces, particularly, contributes to an increase in
surface energy, leading to a high chemical reactivity of
these crystal planes (La Porta et al., 2017; Huang et al.,
2012; Su et al., 2014); however, as it can depend on the
symmetry and between system planes, the results do not
follow it perfectly. The surface energy of the (0001),
(1010) and (1120) surfaces are shown in Tab. 1, in
which the following stability order (1010) > (1120) >
(0001) is shown. Even though the (0001) does not
follow perfectly the rule, the (1010) is more favorable
than the (1120) due to its lower concentration of [ZnS3]
in the exposed surface (La Porta et al., 2017).

It is well-known that the UV-Vis absorption
spectrum of colloidal semiconductor nanocrystals is
size-dependent, as a direct consequence of the quantum
confinement effect (El-Sayed, 2004; Jesus et al., 2021;
Talapinetal., 2010). Figure 4a shows the first derivative
UV-Vis absorption spectra of spheric ZnS nanocrystals,
which were recorded after the powder sample being
dispersed in water. For ZnS samples, it shows a red-
shifted of the UV-Vis absorption peak at about 315, 317
and 323 nm, which is consistent with an increase in
particle size and with the literature of ZnS (Yoffe, 2001).
According to Calandra et al. (1999), the mathematical
relation for the estimation of spherical diameter of the
ZnS nanocrystals from the UV-Vis absorption peak is
expressed as:

Amax = 186.7d913 (7)

As expected from the following power law (Eq. 7),
the spherical diameter values of samples A, B and C are,
respectively, 55.9, 58.7 and 67.8 nm. Optical energies of
the bandgap for these ZnS samples have been
determined in this study by the analysis of their first
derivative UV-Vis absorption curves according to a
methodology discussed by Suzuki et al., (2019a). As a
result, the bandgap for the samples under study are
shown in Tab. 1 and are in the range of 3.78 to 3.62 eV.
In principle, a comparison of these results and
theoretical calculations are also shown in Fig. 4c,
reveals the formation of intermediate levels inside the
bandgap due to structural polarization, as has been
proposed by Varela and co-authors (La Porta et al.,
2013b; 2014a).

Eclética Quimica Journal, vol. 47, n. 3, 2022, 17-31
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v47.3.2022.p17-31


https://revista.iq.unesp.br/index.php/ecletica
https://doi.org/10.26850/1678-4618eqj.v47.3.2022.p17-31

Original article

(0001)

revista.iq.unesp.br

Figure 3. lllustration of the hexagonal ZnS unit cell and the cluster configurations for the (0001), (1010) and (1120)

crystal planes.
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Figure 4. (a) First-derivative curves of the UV-Vis spectra. (b) DLS particle size analysis of the ZnS nanoparticles
in water. Density of states of ZnS; (c) bulk; (d) (1010); (e) (1120); (f) (0001) surfaces.

Additionally, the projected density of states analysis
for bulk ZnS model in Fig. 4c shows that the valence
bands are mainly composed of sulfur 3p orbitals with a
minor contribution of the zinc 3p orbitals, along with 3p
and 4s zinc orbitals in the conduction band. From the
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ZnS surface models, it can be observed that the valence
bands are quite similar to what was observed for the
bulk, but in the conduction band the (1010) and (0001)
has a major contribution of the zinc 4s orbital and a
minor of zinc 3p orbital, but the (1120) has an equal

Eclética Quimica Journal, vol. 47, n. 3, 2022, 17-31

ISSN: 1678-4618

DOI: 10.26850/1678-4618eqj.v47.3.2022.p17-31


https://revista.iq.unesp.br/index.php/ecletica
https://doi.org/10.26850/1678-4618eqj.v47.3.2022.p17-31

Original Article

contribution of the zinc 4s and 3p orbitals with a minor
contribution from the 3p from the sulfur (Fig. 4d and f).

Next, to complement the experimental results, the
hydrodynamic diameter of the dispersed phase particles
in solution was determined by DLS, in which the
method is based on the analysis of light intensity
fluctuations of light scattered by particles in the chaotic
Brownian motion state (Lorber et al., 2012; Stetefeld et
al., 2016). Figure 4b shows the hydrodynamic diameter
values for the ZnS nanoparticles, dispersed in water. An
analysis of the particle distribution obtained by the DLS
suggests an increase in the size distribution with a
decrease in the concentration of precursors, which is
consistent with the UV-Vis results.

Also, the zeta potential of ZnS nanoparticles with
varying concentrations of precursors was also measured
on the same instrument, as shown in Fig. 5, which
presents the stability characteristic of the system, for
nanoparticles in solution by detecting the Doppler
frequency change in scattered light because of particle
motion (Kuznetsova et al., 2016). As expected, an
increase in the positive charge of ZnS nanocrystals was
seen, which consists of the formation of sulfur
vacancies. In addition, these results have agreed with the
theoretical calculations.

Zeta Potential
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s
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B 3616 27.4
C 4035 20.0

Figure 5. Zeta potential, hydrodynamic diameter (HD)
and polydisposition index (PDI) of the ZnS
nanoparticles.

The photocatalytic degradation of aqueous MB dye
solution by ZnS samples was also investigated in this
study (Fig. 6a-d). It is well-known that the
photodegradation efficiency of the catalysts can, in
principle, be fully adjusted through pseudo-first order
reaction kinetics (Eq. 8):
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Figure 6. (a-c) UV-Vis absorption spectra of MB
solutions at various irradiation times in the presence of
the catalysts; (d) In(C/CO0) vs. degradation time.

As a result, it was observed that sample C is a better
photocatalyst (k = 0.0115) than B (k =0.0111) and A (k
=0.0082). This is due to the greater number of structural
defects and sulfur vacancies on the ZnS samples,
considerably favoring the adsorption of water (H.O) and
molecular oxygen (O.) dissolved in MB solution. Thus,
the following Egs. 9-13, based on the Kréger-Vink
notation (Chen et al., 2015; Kroger and Vink, 1956; La
Portaetal., 2017; Sousa et al., 2020), are used to explain

Degradation (%)
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Standard ISO Ag p-BQ
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the formation of the reactive oxygen species (ROS),
which are usually responsible for degrading MB dye
solution (Chen et al., 2015; Pereira et al., 2018; Su et
al., 2014).

[ZnS,]* + [ZnS3. V"] = [ZnS,]" + [ZnS5. V5] 9)
[ZnS5.V5'] + Hy0 — [ZnS5. V'] ... OHyaqs) (10)
[ZnS3. V] ... OHyaas) = [ZnS3.V¥] .. OH* + H*  (11)
[ZnS5. V] + 05 = [ZnS3. V'] ... Oz(aas) (12)
[ZnS,) + [ZnS5. V5] ... Oz(aas) = [ZnS,]* +

[ZnS5.V:] ... 0 (13)

It is well-known that photodegradation reactions are
conducted by ROS (Chen et al., 2015; Pereira et al.,
2018; Zhang et al., 2012), as shown in the proposed
mechanism above (Egs. 9-13). Thus, with the specific
purpose of confirming the formation of ROS,
photodegradation tests were performed in the presence
of different radical scavengers (Suzuki et al., 2021).
Figure 7 showed that the addition of AO, as a holes (h®)
scavenger, did not cause significant changes in the
photocatalytic degradation of the MB dye solution.
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Figure 7. (a-c) Variation of degradation efficiency and (d-f) In(C/C0) vs. degradation time for the ZnS samples in

the presence of different scavengers.

In comparison, as illustrated in Fig. 7, it was found
that the photodegradation of the MB dye solution is
notably inhibited by the addition of ISO, Ag and p-BQ,
which are reactive species such as radical species
(OH*), electron (¢’) and superoxide radicals (°0’;),
indicating a more significant role to the photocatalytic
mechanism. Photodegradation tests suggest that the high
concentration of sulfur vacancies and structural defects
significantly contribute to the adsorption of H,0 and O,
improving the material's photocatalytic activity (Chen et
al., 2015; Ligiang et al., 2006). Therefore, from this
perspective, it can be assumed that these ROS are the
active species responsible for leading to the complete
degradation of the MB dye solution (Amorin et al.,
2019).

4. Conclusions

ZnS nanoparticles with different degrees of
crystallinity were synthesized by the one-pot
solvothermal method under different concentrations of
zinc acetate/thiourea precursors. It was found from XRD
patterns that the samples have a hexagonal structure,
varying the crystallite size range from 2.48 to 2.85 nm.
The DLS and UV-Vis measurements were also
performed to analyze the particle size distribution and
its optical properties. Overall, the results show the
decrease in the concentration of precursors favors the
formation of sulfur vacancies. Furthermore, bandgap
engineering has a significant impact on the
photocatalytic response of these samples. A
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photocatalysis mechanism was investigated and
confirmed the formation of ROS. Therefore, these
complex defects are more effective sites for adsorption,
leading to improved photocatalytic response. Studies are
ongoing to assess the interaction of ZnS nanocrystals
with the main protease of SARS-CoV-2.
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ABSTRACT: Doxorubicin (DOX) is an anthracycline antibiotic that is widely used in the clinical treatment of cancer
patients. DOX has a high market value. Electroanalytical methods for DOX analysis are an alternative and promising
approach compared to chromatographic techniques. In this context, electroanalysis provides a low-cost method for
determining drugs such as DOX lyophilized powder for the injection. Differential pulse voltammetry with a glassy carbon
electrode was used. DOX stability after reconstitution was performed, and the correct time for safe administration to
patients in hospitals was determined. The electroanalytical method showed a limit of detection of 0.54 pmol L and limit of

quantification of 1.83 umol L™, which is enough for
the application in quality control of DOX. The high-
performance liquid chromatography analysis was also
applied in pharmaceutical samples containing DOX to
compare with the proposed method, showing that the
obtained results are relatively similar for both
methods. Therefore, the electroanalytical approach
shows the viability of an attractive alternative
technique for applying this sensor for drug quality
control.
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1. Introduction

Doxorubicin hydrochloride (DOX) (Fig. 1) is an
anthracycline antibiotic which starting material is
Streptomyces percetius var. cesium, which is widely
used in the clinical treatment of patients with
leukemias and tumors in the lung or breast.
Doxorubicin hydrochloride is composed of an amino
sugar linked to anthraquinone aglycone, as shown in in
its chemical structure (Fig. 1). Its mechanism of action
is elucidated in four different ways, i.e., a) inhibition of
deoxyribonucleic acid (DNA) synthesis in tumor cells;
b) creation of free radicals, which can damage DNA, c)
induction of DNA damage due to DOX interference
with topoisomerase Il; and d) induction of apoptosis
(Alhareth et al., 2012; Li et al., 2020; Skalova et al.,
2020).

HCI

"NH,

H ; c“,““.

Q
Figure 1. Doxorubicin chemical structure.

Doxorubicin hydrochloride is highly prescribed for
therapeutic use in the form of a lyophilized powder for
injection, so it is necessary to ensure the quality of the
drug. Doxorubicin hydrochloride has a high market
value, so it is a drug with less accessibility to patients
with less purchasing power However, hospitals allow
the use of the DOX injection form to grant access to
more patients. Nonetheless, it is necessary to carry out
stability control after reconstitution of the lyophilized
powder for DOX injection to ensure the drug’s efficacy
and safety (Navas et al., 2013; Radi, 2003; Rodrigues
et al., 2018).

Quality control tests involve checking the content
and possible impurities and stability of the drug.
Techniques with good sensitivity are needed to
perform the quality control tests for DOX, with the
official methods used to determine the content
consisting of high-performance liquid chromatography
(HPLC) tests with UV detection and UV-VIS
spectrometry (Felix and Angnes, 2018; Navas et al.,
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2013). These  techniques require  expensive
instrumentation, centralized laboratory and well-
qualified  personnel,  time-consuming  sample

pretreatment steps in addition to making use of many
organic reagents, also not environment-friendly (ACS,
2019; Hahn and Lee, 2004; Shellaiah and Sun, 2020).

As an alternative to those above conventional
analytical methods, electrochemical sensors offer
several remarkable attributes, such as low-cost
instrumentation, elimination or reduction of sample
pretreatment steps, fast response, and the possibility of
online and in situ detection. Furthermore,
electroanalytical methods provide good sensitivity,
versatility, and cleaner and more sustainable analysis.
The glassy carbon electrode (GCE) and the carbon
paste electrode (CPE) have been used frequently
among many electrodes employed in electroanalysis.
Modifications of these electrodes, mostly with catalysts
and/or nanoparticles, have displayed a significant
increase in sensitivity for electrochemical detection
(Hajian et al., 2017; Shah et al., 2018; Skalova et al.,
2020).

This work aims to perform the electroanalytical
determination of DOX in lyophilized powder form, by
differential pulse voltammetry (DPV) with a GCE
sensor. We also aimed to verify the stability of DOX
after reconstitution, establishing the correct time for
safe administration to patients in hospitals. For
comparison, DOX determination was also performed
by HPLC-UV.

2. Materials and Methods

Electrolyte solutions were prepared using high
analytical grade salts, which were solved in Milli-Q
water (conductivity < 0.1 uS cm™) (Millipore S. A.,
Molsheim, France).

Analytical grade DOX was obtained from the
United States Pharmacopeia (USP) (= 99%).
Pharmaceutical formulations of DOX (10 mg mL™)
were kindly provided by a private oncology health unit
(Rio de Janeiro/RJ — Brazil). The stock standard
solution was prepared from a test dose of 27.18 mg ina
50 mL volumetric flask, then 25 mL of Milli-Q water
was added and taken to ultrasound until complete
solubilization, then the volume of the flask obtaining a
concentration of 1.0 mmol L™* DOX, the solution was
prepared immediately before the experiments.

The samples of the reconstituted drug destined for
the evaluation of the stability against the ambient
temperatures and at 2 to 8 °C by voltammetric tests
were prepared from an initial solution of DOX
reconstituted in water for injection in its original
packaging and divided into four 10-mL amber glass
volumetric flasks. In contrast, those for monitoring by

Eclética Quimica Journal, vol. 47, n. 3, 2022, 32-38
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v47.3.2022.p32-38


https://revista.iq.unesp.br/index.php/ecletica
https://doi.org/10.26850/1678-4618eqj.v47.3.2022.p32-38

Original Article

chromatographic tests were packaged in four 100-mL
amber glass volumetric flasks. The tests were
performed at zero time and repeated in 2, 4, 6, 12, 24,
48, and 96 h in the samples exposed to the
environmental conditions proposed by the study.

2.1. Electroanalytical tests

Voltammetric measurements were performed using
a potentiostat/galvanostat PGSTAT model 204 with a
FRA32M module (Metrohm Autolab, Eco Chemie,
Netherlands) integrated with NOVA 2.1 software. All
measurements were carried out in a 1-mL one-
compartment electrochemical cell coupled to a three-
electrode system consisting of a GCE, a Pt wire
counter electrode and an Ag/AgCI/KClsat reference
electrode (both purchased from Lab Solutions, Sé&o
Paulo, Brazil).

The experimental conditions used for the DPV were
pulse amplitude of 50 mV, pulse width of 0.5 s, and
scan rate of 10 mV s*. All voltammetric assays were
performed in 0.1 mol L™ phosphate buffer solution
(PBS), pH 7.0. The DP voltammograms were
background-subtracted and baseline-corrected. All
experiments were conducted in triplicate, and data
were analyzed wusing Origin Pro 9 software
(Northampton,  MA,  USA).  Between each
voltammogram reading, the GCE was sanded with 0.3
um alumina suspension and subsequently rinsed with
Milli-Q water, in order to renew the electrode surface,
thus ensuring the reproducibility of the tests.

2.2 Chromatography tests

For the chromatographic assay, a stainless-steel
column (250 x 4.6 mm) was used, packed with
octadecylsilyl silica gel for chromatography (5 pm)
(Hypersil C18). The elution was isocratic with the
mobile comprised of acetonitrile and acid surfactant
solution (containing 0.288% w/v dodecyl sulfate and
0.225% wi/v orthophosphoric acid) in a 50:50 (v/v)
proportion. The analyses were performed at room
temperature (25 °C). The flow was 1 mL min?, the
wavelength was 254 nm, and the injection volume
wasl10 pL. The samples were prepared with 0.01% wi/v
of the reconstituted solution for injection diluted in the
mobile phase, compared to the USP standard’s
declared value (USP, 2020; Zhao and Dash, 1999).

2.3 Method validation

The method was developed and validated for
linearity, accuracy, precision, quantification limit,
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detection limit, and selectivity in accordance with ICH
Q2 (R1). The linearity of the method was performed
through three analytical curves using DOX standard
solutions. The results were statistically analyzed by
linear regression analysis using the least squares
method (ICH, 2014).

3. Results and discussion
3.1 Electroanalytical tests

The DP voltammogram obtained with GCE showed
one main oxidation peak for DOX at Ep = 0.33 V
corresponding to oxidation in the quinonic portion of
the anthracyclines drug class, followed by a second and
third oxidation peaks, at Epa = 0.60 V and Epa = 0.75 V
that are explained by the adsorption of DOX, attributed
to the formation of a hydrogen bond between the
hydroxyl groups of the phenolic compound and the
carbonyl group (Piovesan and Spinelli, 2014).

14 4
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4 8 12 16 20 24

Doxorubicin (zmol L)

Figure 2. Calibration curve of DOX with DPV with
GCE in PBS pH 7.0.

A calibration curve (Fig. 2) was constructed to
determine the ideal concentration for DOX recovery in
the stability study. Linearity was found on the
calibration curve for the anodic peak Ep. a.a. 0.33 V.
As Epa presented a good linearity coefficient
(r=0.9993), it was used to calculate the regression
equation: y = (2.81+ 0.09) + (0.48 + 0.01 x [DOX]
(umol L™). As the p-value (0) found in the ANOVA F
test is less than 0.05, it was rejected the null hypothesis
(zero slope) at the significance level of 5%, whereas
the P-value of 2755.7954 of the t-test is greater than
0.05, therefore, it was not rejected the null hypothesis
(intercept equal to zero) at the significance level of 5%.
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The correlation coefficient found of 0.9993 is greater
than 0.9900, so it was concluded that there is an
adequate linear relationship, showing residual sum of
squares of 3.94 x 10°°.
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A comparison of the analytical parameters obtained
by the proposed method and HPLC for the
determination of DOX in pharmaceutical samples is
described in Tab. 1.

Table 1. Precision and Repeatability assays values for voltammetric and chromatographic assays.

DOX lyophilized powder for injection
Repeatability (intraday)
DOX lyophilized powder for injection tablets
Intermediary precision (interday)

SD: standard deviation.

For comparison reasons, HPLC recovery assays
were performed. Repeatability assays were performed
within a single day with intervals of 2 h. Intermediary
precision assays were performed on three different
days with three different analysts with intervals of 4 h
for each day. It can be seen from Tab. 1 that both
methods displayed acceptable precision.

The voltammetric method displayed slightly higher
deviations of precision in both assays in comparison
with HPLC, as expected. However, due to the great

100.0

100.0

DPV - GCE HPLC
(% + SD) (n = 6) (% + SD) (n = 6)
101.4+0.8 100.9 + 0.2
101.0+ 0.5 100.6 + 0.1

difference between equipment and preprocessing of
both approaches, the precision difference shows that
the method developed in this work is within an
appropriate range of precision in comparison with
pharmacopoeia methods. The results are further in
agreement with the study conducted by Macédo et al.
(2020) and Cunha et al. (2019). Accuracy assays were
also performed for both methods and the results are
shown in Tab. 2.

Table 2. Accuracy assays validation data for voltammetric and chromatographic assays for DOX lyophilized

powder for injection.

.~ Methods
N e e ) e o

DOX lyophilized powder 80.0
for injection 100.0
120.0

RSD: Relative standard deviation.

As observed in Tab. 2, the accuracy of both
methods was satisfactory, with results within 5%
deviation range. The chromatography approach showed
only slightly lesser deviation than the voltammetric
method with the GCE, corroborating the considerations

81.4+0.7 80.7+0.2
101.1+0.5 101.5+0.2
120.7+0.8 120.1+0.4

made previously. Table 3 presents the limit of
detection (LOD) and limit of quantification (LOQ)
values of this study compared to the results obtained
from the literature data used to determine DOX.

Table 3. Comparisons of the limits of detection and the limits of quantification in the determination of DOX with

other methods.

DPV 0.54 pmol L™
HPLC 0.5ng mL™?
DPV-PGE 9.9 pmol L™

DPCSV 0.44 pmol L™*
HPLC 0.2ngmL™?

Next, a summary and a comparison of our method
depicted in Tab. 3 were provided, which shows the
current analytical approaches for the detection of DOX,
from which it is possible to infer that an adequate

1.83 umol L™ This work
5.0ng mL™? Skalova et al., 2020

33.31 ymol L Cunhaetal., 2019
0.6 pmol L™ Deepa et al., 2020
0.6 ng mL™? Thomaz et al., 2018

sensitivity ~was obtained for the simplified
electroanalytical approach used. The results further
demonstrate the availability of a faster analytical
method and at a lower cost compared to other methods.
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The electroanalytical method proposed in this work
showed a LOD of 0.54 pmol L* and LOQ of
1.83 umol L7, which is sensitive enough for the
application in quality control of DOX in lyophilized
powder for injection.

3.2 Extended stability study test on a DOX
pharmaceutical sample

The GCE sensor was also used to monitor the
stability of DOX lyophilized powder for injection
applications. In this context, injectable DOX solutions
were evaluated after reconstitution at room temperature
and at temperatures from 2 to 8 °C. Analytical assays
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were performed at different times monitoring the decay
of the DOX content after reconstitution, where the
recovery in percentage after each period was evaluated,
determining the stability after its reconstitution through
the assay found (Tab. 4). As expected, the recovery
values for voltammetric and chromatographic
determinations showed DOX degradation after
reconstitution. However, at room temperature, it shows
DOX degradation after 48 h, while from 2 to 8 °C it
remained stable until 96 h. (Tab. 4). All concentrations
found were less than 5% of the relative standard
deviation. Both methods showed effective approaches
to assess the stability of DOX lyophilized powder for
injection after reconstitution.

Table 4. Results obtained for the recovery of DOX in the evaluation of the extended stability study at different

times.
~ Time(h)  %DOX(atroomtemperaturey % DOX(28°C)
DPV HPLC DPV HPLC
0 92.74 92.33 92.74 92.33
2 92.18 93.36 92.22 93.34
4 91.13 92.92 93.62 93.84
6 92.04 92.61 91.61 91.50
12 91.38 90.20 92.55 92.33
24 92.07 88.47 91.12 90.74
48 83.36 84.23 91.78 90.89
96 79.51 81.52 91.06 91.41

4. Conclusions

The GCE sensor, when compared to other sensors
and evaluation methods, offers efficiency in its
analytical performance for the determination of
lyophilized powder for injection. This characteristic,
when associated with low cost, easy access, quick and
efficient cleaning of the electrode surface area,
indicates that the GCE sensor can be a useful tool for
DOX analysis. Also, the GCE sensor exhibited
satisfactory detection and recovery, although the
standard deviation values were slightly higher than
most of the sensors and methods applied. However, the
results are following the specifications for such an
analysis. The general analytical performance and the
low cost of the material associated with the immediate
analysis provided by both electrodes, consistently
justify the choice of these analytical devices as
alternative approaches to quality control and extended
drug stability studies.
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ABSTRACT: Advanced computational tools allowed to study a
pure commercial sample of dichlorodiphenyltrichloroethane (DDT)
prepared in liquid phase in KBr pellets and characterized using FT-
IR and GC-MS followed by the application of DDT for molecular
docking against human estrogen receptor alpha. The compound was
modelled using GaussView software. Using Veda 04 program, the
theoretical vibrational energy distributions and experimental
vibrational frequencies were compared. Interestingly, C1 and
C2 possess the highest atomic charge density distribution
(ACDD) of -0.284e and -0.283e while C21 and C11 have lowest
ACDD of -0.064e and -0.063e in a relative manner, since the
deactivating power of chlorine atoms decreases charge densities of
the bonded carbon. The highest intramolecular interacting
perturbation energy is 1121.92 kJ mol-* occurs between ©*C19-C21
donor orbital and n*C14-C16 acceptor orbital while the least
intramolecular interaction occurs in the lone pair of LPC26 and
the sigma nonbonding (6C1-Cl24) NBO orbitals with E®@ of
32.21 kJ mol. Steric interaction was the only interaction found
within the complex after the docking.
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1. Introduction

Experimental and density functional theory (DFT)
studies of the powerful insecticide
dichlorodiphenyltrichloroethane (DDT), often referred
to as 4%, 41 — DDT have been carried out by several
researchers, and studies showed that it has great impact
on human health and environment in general. The DDT
is one of the organochlorine pesticides (OCPs) with the
potential to contaminate or pollute water and other
environmental matrices due to its toxic effect on
human and aquatic organisms (Buah-Kwofie et al.,
2018; Miao et al., 2020). Notwithstanding, the
persistent nature of DDT in water is due to its feeble
solubility and excess half-life and the flimsy soluble
nature of DDT in water results in their deposition on
soil, which may either spread to the surface water or
affect the groundwater. Besides, when aquatic
invertebrates are subjected to DDT, it has the potential
to disturb the function of the endocrine system of
fishes and birds that consume them (Kowenje et al.,
2013; Sruthi et al., 2017).

R. Zhang et al. (2021) studied the detoxifying
mechanism of 1-chloro-4-[2, 2, 2-trichloro-1-(4-
chlorophenyl) ethyl] benzene metabolized by human
P450 enzymes using a combination of molecular
dynamic, quantum mechanics/molecular mechanics
and DFT. Their fact-findings reveals that DDT can be
broken-down by P450 enzymes through the hydrogen
abstraction and electrophilic addition mechanism, and
the primary derivatives are epoxides (2, 3-oxide-DDT
and 3, 4-oxide-DDT), DDE and dicofol. Similarly,
Iramain et al. (2020) carried out a combine
experimental (Fourier Transform Infrared (FT-IR) and
Fourier Transform Raman (FT-Raman) and different
DFT  methodologies  (B3LYP/6-31G+(d) and

B3LYP/6-311++G(d, p)) studies to structurally
characterized the potent insecticide
dichlorodiphenyltrichloroethane 4, 4'-DDT).

Furthermore, DFT technique at the Becke-86 exchange
functional and LeeYang-—Parr correlation functional
under generalized gradient approximation methods was
used in inspecting the chemiresistive detecting
potential of a buckled configuration of antimonene
nanotube (SbNT) towards the water pollutants—-DDT
and toxaphene (Bhuvaneswari et al., 2020).

The DFT calculations were carried out using
B3LYP/6-31G (d) basic sets. The experimental and
theoretical results for the vibrational frequency analysis
were reported. The energies of the frontier molecular
orbitals (FMQOs) involving the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) were analyzed with tabular
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and graphical representation. Fukui functions, chemical
reactivity descriptors, natural bond orbital (NBO),
electrostatic potential, and a comparison between three
population analysis; MPA, NPA and atomic dipole
moment corrected Hirshfeld (ADCH) were calculated
and reported to reveal the most reactive sites in the
compound and its overall reactivity.

2. Methodology
2.1 Experimental method

A pure commercial sample of liquid DDT was
prepared in potassium bromide (KBr) pellets and used
to study experimental FT-IR spectrum using KBr disc
at wavenumber region 4000-650 cm with a CARY
630 FTIR-Agilent technology spectrophotometer and
with a spectral resolution at 8 cm™. Similarly,
electrospray ionization mass spectroscopy (ESI-MS)
was employed for further structural determination of
DDT.

2.2 Computational method

The initial structure of I,1,1,2-tetrachloro-2,2-bis(p-
chlorophenyl)ethane (DDT) was modeled using
GaussView software (Fig. 1) according to the single X-
ray crystal structure obtained by Hovmoller et al.
(1978). Geometry optimization of DDT were
performed using B3LYP which includes Becke’s (B3)
parameter exchange functional along with Lee-Yang
Parr’s (LYP) gradient corrected correlation functional
(Lee et al., 1988) using Gaussian 09 and GaussView
6.0.16 softwares (Dennington et al., 2016; Frisch et al.,
2009). Pregeometry optimization using the molecular
mechanic optimization with molecular mechanics in
combination with forcefield implemented in the
HyperChem program (HyperChem, 2001) has been
performed on model structures and outputs used for
further geometry optimization at the B3LYP/6-
31+G(d,p) level of theory. Natural bond orbital
analyses were calculated by the NBO 3.1 module
embedded in Gaussian. In the calculation, a 6-
31+G(d,p) basis set was used for the investigation,
using water solvation model as an implicit approach.
The QTAIM investigations and all other wavefunction
analyses were conducted by Multiwfn 3.7 dev, which is
a multifunctional wavefunction analysis program
developed by Lu and Chen (2012). Unless otherwise
specified, the default settings were used throughout
these calculations. All  molecular electrostatic
isosurface maps were rendered by visual molecular
dynamic (VMD) 1.9.3 program (Humphrey et al.,
1996) based on the outputs of Multiwfn analyzer.
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Source: Elaborated by the authors, obtained using Visual molecular dynamic (VMD) 1.9.3 program based on the

outputs of Multiwfn analyzer.

3. Results and discussion

3.1 Structural analysis

infrared vibrational

3.1.1 Fourier transform
analysis

The vibrational modes associated with relevant and
specific molecular structures of the calculated
compound in question have been the main goal of the
vibrational analysis. From the vibrational analysis
carried out, the maximum number of possibly active
noticeable fundamentals of a nonlinear molecule that
contains N atoms is equal to (3N-6) usual modes of
vibration (Agwupuye et al., 2021a). The studied
compound has 36 atoms and 102 modes of vibrations.
Out of the 102 modes of vibration, 35 are stretching
modes, 34 are bending modes, and 33 are torsional.
The DFT computed vibration wavenumber are often of
much magnitude as compared to the experimentally
determined wave number owing to the DFT basic set
deficiencies and the combination of electron
correlation effects. Hence, factors called scale factors
are used to fit the DFT computed wave numbers
compared to the observed ones for accurate results

41

fitting. The scale factor used is less than one (0.96) to
reduce the overall deviation. The fundamental modes
in terms of vibrational assignments associated with
theoretical IR and potential energy distributions
computed with the DFTB3LYP/6-311++G(d,p) method
along with investigational FT-IR spectrum presented in
Tab. S1 and Fig. S1 of the supporting information
respectively. Few bands with weak intensity were not
present in the spectra which can be confirmed by
theoretically computed FT-IR intensity values.

C—Cl vibrations: The characteristic R-NH. vibrations
for primary amines have been assigned in the region
3500-3200 cm™? (Pretsch et al., 2013). Bend in
primary amines results in a broadband in the range
1640-1560 cm* (Pretsch et al, 2013). The
present calculations place the R-NH- stretching modes
at 3451 and 3358 cm in experimental FT-IR. The H-
N-H band was also observed experimentally to occur
at 1640 cm. The bands at 3516 and 3417 cm™ for R-
NH, stretch and 1628 cm™ for N-H bond B3LYP/6-
31++G(d,p) set are in good agreement with observed
spectral data. These are intense stretching modes and
identified from the PED in Tab. 1.
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Table 1. Detailed assignments of fundamental experimental and theoretical vibrations of AATCo by normal mode

analysis.

99

2214

1607

690

- Theoretical Value
3235 3106
869 801
3229 3100
3220 3091
3216 3087
3206 3078
3193 3065
3183 3056
3183 3056
3180 3053
2316 2223
1655 1589
1636 1571
1620 1555
1574 1511
1559 1497
1533 1472
1366 1311
1349 1295
1340 1286
1226 1177
1190 1142
1186 1139
1049 1007
1032 991
1015 974
979 940
940 902
703 675
694 666
654 628
630 605
534 513
421 404
419 402
274 263
115 110
83 80

64 61
61 59

2.10
100.22
4.10
6.28
27.29
37.66
14.70
23.77
5.87
17.90
124.98
2.85
1.61
16.61

35.87

283.54
15.54
1311
3.83
6.88
49.48
0.79
0.35
3.47
0.15
0.13
0.06
3.85
25.25
2.87
1.41
0.12
21.23
1.41
6.33
7.34
0.83
2.98
4.58
3.30

vCH(98)
v CIC(42)+ v CIC(49)
vCH(84)
vCH(95)
vCH(84)
Vs, CH(88)
vCH(89)
vCH(88)
vCH(88)
vCH(97)
Vqsy(90)+vCC(10)
vCC(51)+BHCC(20)
vCC(53)+BHCC(13)
vCC(53)+BHCC(10)
vCC(14)+v4s, CC(12)+B HCC(29)
V4asyCC(38)+B HCC(29)
BHCC(52)+BCCC(11)
Vasy(52)+BHCC(18)
BHCC(56)
»CC(39)+BHCC(25)
VqsyCC(20)+BHCC(71)
BHCC(79)
B HCC(84)
vCC(46)+BHCC(24)+BCCC(17)
BHCC(11)+BCCC(70)
vCC(27)+BCCC(57)
THCCC(81)
THCCC(83)
THCCC(27)+THCCC(13)+TRCCCC(40)
§CCCC(25)+TRCCCC(25)+TRCCCC(13)+5CCC(15)
BCCC(63)+BCCC(12)
BCCC(84)
BCCC(28)
THCCC(13)+TRCCCC(67)
TRCCCC(69)
vCC(19)+BCCC(16)
5CCCC(18)
BCCC(10)+BCCS(10)+BCCC(14)+TCCCC(10)
TRCCCC(63)
TRCCCC(55)+5CCCC(65)

v = symmetrical stretching; vay = asymmetrical stretching; p = in plane bending; 8 = out of plane bending; t = torsional; TR =
torsional ring.
Source: Elaborated by the authors using data obtained from a CARY 630 FTIR-Agilent technology spectrophotometer and

Gaussian 09/ GaussView 6.0 software.
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=C—H Vvibrations: The C-H stretching vibration
modes in the aromatic ring was observed at range
3300-3000 cm region (Bassey et al., 2022). The title
compound observes =C—H stretching vibrational mode
at 3239 cm? for experimental FT-IR while the
computational frequency of the title compound was
observed at 3106 cm™. These are intense stretching
modes and identified from the PED.

C—C and C=C vibrations: The aromatic C=C and C—C
stretching  vibrations  (aromatic ring  stretching
vibrations) arises in the region 1625-1400 cm
(Tadesse, 2017). In the present study, the observed
C=C stretching vibrational modes of the title
compound are 1607 and 1506 cm™* in experimental FT-
IR and also C-C stretching vibrational modes are
assigned at 1297 and 1181 cm™ respectively in
experimental FTIR. The C-C-C the range 999-
665 cm™ was reported for planar vibration wave
number by Saminathan et al. (2021). The experimental
aromatic ring C—-C—C bending vibrations of the title
compound has appeared at 731 and 690 cm™ in
experimental FT-IR. The computationally calculated
FT-IR for C=C stretching vibrations, C—C stretching
vibrations, and aromatic ring C-C-C bending
vibrations are 1602 and 1411, 1286 and 1190, 763 and
688 cm! respectively.

3.1.2 Electron spray ionization-mass spectrometry
analysis

The ESI-MS is a high-speed and accurate
spectroscopic technique used in the qualitative and
guantitative identification of small organic molecules
and the determination of their component molecular
weights. The ESI-mass spectrum of DDT is presented
in Fig. S1 of the supporting information, the peaks with
higher intensity at m/z are 42.0, 125.0, 81.0, 152.0 and
170.0 and they correspond to the species C;HaN,
CsHsN,S, C4HS, C/HgN.S and CuHigN.. The peaks
with low intensity at m/z are 53.0, 68.0, 97.0, 108.0
and 137.0. Their corresponding species are—[C,S]",
C5H8, CsHsS, N.C4S and CeHsNzS.

3.2 Frontier Molecular Orbital (FMO)

The can be linked on two important parameters in
qguantum chemistry—HOMO and LUMO. These
parameters are very important in the analysis of the
reactivity and the Kkinetic stability of a molecule
(Agwupuye et al., 2021b). Within the molecule, the
electron donating capability can be seeing in the
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HOMO, while the ability of an atom or molecule to
accept electrons is indicated by the LUMO. The
difference between these two parameters, which are
HOMO and LUMO energies (Exomo — ELumo) match to
the energy gap of the molecule. The bond gap depicts
information which indicate the structure’s stability and
intramolecular interaction as a result of charge transfer
from the donor and acceptor atom (Khalid et al., 2020).
Using Gauss View 6.0.16 software, the values of the
Enomo, ELumo and energy gap were obtained
maximizing the used with the output log file gotten
from the free optimized structure. The computed FMO
and global reactivity descriptors are reported in Tab. 2.
Using the Multiwfn analyzer for calculating the
HOMO-LUMO orbital compositions, the results
revealed that the HOMO orbitals are majorly
distributed within Cs, C11, Cus, and Ca1 ring atoms with
compositions of 13.10, 10.84, 12.75, and 11.43%
respectively. However, the LUMO molecular orbital
compositions are primarily situated on Ci, Clus, Clas,
and Cly atoms respectively. The HOMO-LUMO
molecular orbital distributions are reported in Fig. 1.

Table 2. HOMO-LUMO energy.

~ SINo ~ Values

1 Etotal ~2839.87 a.u.
2 Dipole moment 1.04 Debye
3 Enomo —-6.71 eV

4 ELumo -1.48 eV

5 Egap 5.23 eV

6 Ehomo-1 —7.12 eV

7 ElLumo+1 -0.89 eV

8 Emomo-1) — Equmo+1) 6.23 eV

9 u 4.09

10 | 2.62

11 w 3.20

12 S 0.19

13 X ~4.09

Source: Elaborated by the authors, calculated using B3LP/6-
31G(d) in Gaussian 09 software.

3.3 Natural Bond Orbital Analysis

The NBO provides a profitable technique in
understanding the computational solutions of the
Schrddinger equation, it also provided the convenient
basis for studying the charge transfer or conjugate
interaction in the molecules especially the nature of
hydrogen bonding and also interaction among bonds
(Agwupuye et al., 2021b). This parameter is very
significant in studying the interactions of donor and
acceptor orbitals of molecules that enables the
understanding of intra- and intermolecular bonding and
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interactions. Donor occupied orbitals can interact
strongly (Suresh et al., 2014). Second-order
perturbation Fock matrix was carried out to study the
Lewis valence orbital (donor) i, non-Lewis valence
orbital (acceptor) j, interactions in the NBO basis. The
stabilization energy associated with the electron
delocalization between Lewis (filled) and non-Lewis
(unfilled) is estimated in Eq. 1 (Armakovi¢ et al., 2012;
Enudi et al., 2021).

25 s
E® = AE;; = g, =2 1)

Si—S]'

From the equation above, the donor orbital
occupancy was represented by i the donor orbital
occupancy, & and g; represent the diagonal elements,
and the Fock matrix elements were represented by F;.
The larger perturbation energy value also called the
stabilization energy value E@ depicts a stronger
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interaction between electron donors and electron
acceptors, i.e., the greater extent of conjugation of the
whole system and the more donating tendency from the
electron donors to electron acceptor was vividly
understood by this analysis. NBO analysis of the
studied structure has been performed by using the
DFT/B3LYP/6- 311+G(d) level of theory (Agwupuye
et al., 2021c) to understand clearly the charge transfer
or conjugative interaction, delocalization of electron
density in the molecule and energy of interaction as
reported in Tab. 3. From the results, the highest
intramolecular interacting perturbation energy is
1122 kJ mol™ occurring between m*Ci9 — Cp1 donor
orbital and n*Ci4 — C16 acceptor orbital while the least
intramolecular interaction is observed to occur in the
lone pair of 7pCys and the sigma nonbonding (¢Ci —
Cl24) NBO orbitals having E® energy of 32 kJ mol .

Table 3. NBO second order perturbation energies for the studied compound.

1 1*C19— C1 n*Ci4 — Cis
2 n*Co— Cu n*Cs— Ceo

3 n*C19 — C21 n*C15 — C17
4 1*Co— Cu1 n*Cs — Cr

5 1*C14 — Cis n*C19— Ca1
6 1*C15 — C17 n*C19— Ca1
7 n*C19 — C21 n*C15 — C17
8 7*C19 — C21 1*C14 — Cip
9 npClzs 7*Co—Cn1
10 npCas 0C1—Cl2a

268.21 0.01 0.094
255.27 0.01 0.084
218.48 0.01 0.800
184.74 0.01 0.079
21.57 0.27 0.069
20.49 0.27 0.067
19.58 0.30 0.068
18.99 0.30 0.067
12.28 0.33 0.062
7.70 0.39 0.043

Source: Elaborated by the authors, calculated using NBO 3.1 module embedded in Gaussian 09 software.

3.4 Population Analysis

DFT study of atomic charge is very important
analysis in describing the distribution and location of
ionic charges within the molecule thereby predicting the
individual atomic reactivity. This is very relevant in
many areas of studies as it stretches across the field of
guantum chemistry and molecular modeling, details of
electrostatic interaction with molecular force fields can
also be provided by this analysis (Agwupuye et al.,
2021a) Using Mulliken Population Analysis (MPA), the
atomic charges of the studied DDT in this present study
are obtained, Hirshfeld (HPA), Atomic dipole moment
corrected Hirshfeld (ADCH), and Becke (BPA)
methods. The computational population result for the
charge distributions for the different methods is
presented in Fig. 2. It is observed that C; and C, possess
the highest atomic charge density distribution of -0.284
and -0.283e while Cy; and Cjy: are less with atomic
charge distribution of -0.064 and -0.063e respectively.
This is caused by the electron withdrawing power of the

chlorine atoms resulting in decreasing
densities of the bonded carbon.

39

in charge

—+=ADCH

=@-HPA
BPA

=s=MPA

IL.- il

C/C\H €HCHH CELH C H H @ @aa-cg

Figure 2. Population analysis plot.
Source: Elaborated by the authors, plotted using multiwfn
analyzer software.
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3.5 Absorption Study

The excitation type, energy, wavelength, oscillator
strength, and major orbital contributions in both gas
and solvents are presented in Tabs. 4 and 5
respectively. The studied compound has vertical
excitation energies of 5.34 and 5.37 eV with associated
wavelengths of 232 and 230 nm in gas and solvents
respectively. In the gas phase, the prominent intense
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absorption (of 21.39% orbital contributions) arises as a
result of electronic transitions from HOMO (89) —
LUMO+2 (91) molecular orbital. It can also be
deduced that the electron density is uniformly
distributed throughout within the LUMO in the
molecule, as the result of the electron withdrawing
moiety it is shifted towards the LUMO and LUMO+2
transition accordingly.

Table 4. Excitation energies and oscillator strength in solvation.

So—S1 5.3436 232.02
So—S; 5.3601 231.31
So—Ss 5.6127 220.90
So—S4 6.0123 206.22
So—Ss 6.1582 201.33

0.0104

0.0107

0.3030

0.1097

0.0537

89 —91 (21.39%)
86 —92 (11.49%)
89 —92 (10.05%)
89 —93 (20.00%)
89 —90 (17.02%)
89 —92 (10.88%)
89 -90 (71.58%)
89 -93 (5.40%)

88 —92 (3.15%)

88 —90 (45.09%)
89 -94 (11.36%)
89 -92 (11.03%)
89 -91 (26.72%)
85 -90 (14.31%)
89 -92 (10.08%)

n - ¥

T -k

T >k

n - ¥

n - ¥

Source: Elaborated by the authors, calculated using DFT/B3LYP/6- 311+G(d).

In the solvents, a similar transition is involved
between HOMO — LUMO+2 molecular orbitals with
an oscillator strength of 0.0207. Other LUMO orbitals
having different vertical excitations in solvents are
LUMO+3 and LUMO+5 having orbital contributions

of 12.66 and 12.93% respectively. For all the ground
state (So) to the fifth singlet states (S1), So — Si first
vertical singlet states transition has the highest orbital
contributions in solvents involving HOMO-2 to LUMO
orbitals.

Table 5. Excitation energies and oscillator strength in solvation.

Excitationtype  EfeV
So-S:1 5.3730 230.75
So-S2 5.3794 230.48
So-Ss 5.5677 222,69
So-Ss 5.9995 206.66
So—Ss 6.1053 203.07

0.0207

0.0150

0.3205

0.1320

0.1008

89 —91 (13.18%)
89 -92 (12.66%)
89 -94 (12.93%)
87 —90 (100.46%)
89 —93 (16.56%)
88 —92 (9.31%)
89 —90 (70.20%)
88 —92 (4.00%)
89 94 (3.71%)
88 —90 (47.5859)
89 —92 (10.30%)
88 —91 (6.76%)
89 —92 (44.37%)
89 —90 (10.82%)
89 —92 (5.35%)

T > *

n - ¥

T - *

T - *

n - ¥

Source: Elaborated by the authors, calculated using multiwfn software.
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3.6 Molecular Electrostatic Potential

Molecular electrostatic potential diagrams are
primarily used to show the electron density distribution
difference in a compound. In the title molecule,
electron density is evident around the DDT ring
without any significant distortion. The distance of these
electrons apart is also indicated as can be seen in
Fig. 3.

3.7 Density of States

Density-of-state (DOS) is essentially the number of
different states at a particular energy level that
electrons are allowed to occupy, and it is very vital in
this kind of study to appropriately characterized orbital
composition by visualizing them. In the underlying
curves, the plots show the different energy levels in
unit energy interval at the number of molecular
orbitals. Multiwfn analyzer was used in plotting the
total DOS (TDOS) map for the title molecule with
contribution from different sets of molecular orbitals
(Fig. 4) (Liu et al., 2020) and the prominent curves are
denoted by the colored peaks.

00 . : . 4
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Figure 3. Molecular electrostatic potential map of the
title molecule.

Source: Elaborated by the authors. Isosurface maps were
rendered by visual molecular dynamic (VMD) 1.9.3 program
based on the outputs of Multiwfn analyzer.

1 L | 1 L

00 - e
Je— |)

— TDOS
HOM
3,%

.00 ~

4.00 +

00 <

00 <

00 -

Density-of-states

.00 A

00 -

/\

00

1

LIS

! |
00 - Hllrl
-0.80 -0.70 -0.60

1

-0.50

Tam
-0.40

LUMO

Ni. N )’a.-‘ig ' .....
-0.30 -0.20 -0.10 0.00 010 0.20

Energy (a.un.)

Figure 4. Density of states plot for DDT.

Source: Elaborated by the authors, plotted using Multiwfn analyzer software.
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3.8 Nonlinear optics

Nonlinear response of properties like amplitude,
phase, frequency and other propagation features of
incident fields were clearly explained by nonlinear
optics. The interaction of applied electromagnetic
radiation to produce new fields form incidents one
coins the term nonlinear optical effects (Ray, 2010).
The growth of nonlinear optical materials has attracted
important attention in fundamental and applied
research. Nonlinear optical materials have vast
applications in technologies such as in the design of
information storage, processing of signal, switching of
optical and design of optoelectronic devices in modern
communication technology (Y. Zhang and Wang,
2017). Highly delocalized m — electron parts in a
molecule and also high electron donors and acceptors
containing organic materials are very good sources of
nonlinear optical materials (Prasad and Ulrich, 2012).
Taylor’s series expansion of the total dipole moment,
utot induced by the field is used to present the NLO
response of an isolated molecule in an electric field (w)
Eq. 2.

1 1
:ui(Ei) =p;+ aijEj + ZﬂijkEjEk + EYifklEjEkEl + . (2)

where, E; is the homogenous electric field, wi(E) is
known as the dipole moment in an electric field, y; is
refers to dipole moments at zero field, ai, Bijk, yiju are
the polarizability tensor component, first-order
hyperpolarizability component, and second-order
hyperpolarizability component respectively. Using the
X, Y, and z components, electric dipole moment (u)
(Eq. 3) and the average polarizability (a:.:) (EQ. 4) can
be obtained as:

p= /(u§+u§+#§ ®)

+ @y +
Aot = Dox” Byy e a;:y ez (4)

Anisotropy of polarizability, Eq. 5.

Aa =2~ 1/2 [(axx - ayy)z + (ayy — azz)z +

(azz - axx)z]l/z (5)

The first order polarizability (Bix) is a 3 rank
tensor (3 x 3 x 3 matrix). The magnitude of the first
order hyperpolarizability i is calculated using the Eq. 6.

revista.iq.unesp.br

Btot = vV .312 + 522 + ﬁ?? (6)

Where, beta is given by Eq. 7:

Bi = % 31(Bijj + Bjij + Byji) (7)
= Y31 Bijj

Here i, j = X, y, and z. and the final form resulting from
Kleinman symmetry (Isborn et al, 2007).

The calculations were carried out by incorporating
polar keyword and B3LYP functional and 6 — 311 +
G(d) basis set and the output was loaded lunching
multiwave function analyzer where the results obtained
and presented in Tab. 6.

Table 6. The electric dipole moment (u), polarizability
(Aa), and first order hyper polarizability (8) of reduced
compound by B3LYP/6-311+G(d,p) approach and
Multi wave function analyzer.

Ly 0.355
Ky -0.204
. —0.002
MUTotal 0.410
. valee
Olyx 171.175
Oxy 11.897
Uy 159.84
Oy, 0.811
Ay, 2.334
0y 255.023
OTotal 88.786
Alrotal 537.319
Broxx ~26.884
Byxy -11.862
Bxyy —65.056
Byyy -165.703
Bxz 2.624
Bxyz 17.599
Byyz 52.314
Byzz —1355.432
Byzz —355.432
Bzzz 87.982
BTotal 597.706

Source: Elaborated by the authors, calculated using
B3LYP/6-311+G(d,p) and Multiwfn analyzer.

3.9 Molecular docking studies

Molecular docking studies were carried out using
human estrogen receptor alpha for human X-ray
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structures  (1R5K, 1ERR, 2BJ4 and 3ERT)
cocrystallized with DDT. The structure of the
compound was drawn using Gassian 09 (Glendening et
al., 2018). The optimize structure of the compound was
use in Multiwfn (Lu, 2017) to invoke the different
atomic number in order to know the specific atoms that
interacted with the deferent amino acid. The main
purpose of molecular docking is to obtain an optimized
conformation for each of the drug and protein with
relative orientation between them such that the free
energy of the overall system is minimized
(Mascarenhas and Ghoshal, 2008). It is a
computational tools and techniques employed in
predicting and evaluating the suitability of the studied
compounds as drug candidate. It is a method that
analysis the orientation and conformation of molecules
into the binding site of a macromolecular targe.
Toward this objective, comparative molecular docking
was employed to study the drug delivery of human
estrogen receptor alpha for human X-ray against DDT.
The receptor proteins were prepared by removing water
molecule, adding explicit hydrogens, charges and
correction of deformation in amino acid sequence. The
active sites of the receptor protein were predicted and
defined based on the interaction of the crystallographic
ligand and the complexes with the receptor molecules
respectively as visualized with the discovery studio
visualizer. This aims at predicting the type of
interactions and the docking procedure also aims to
identify and recognize the correct and most favorable
binding poses within the binding site of the studied
protein (Pagadala et al., 2017). From these docking
results hydrogen bonding was not the only bonding
type that exists in the studied compounds, other
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interaction like unfavorable Donor—Donor bond, pi
cation, pi sigma, pi alkyl, salt bridge and other as can
be seen in 2D and 3D plots. However, for each receptor
interaction with DDT the highest pose was recorded as
—34, -26, —25 and —32 kJ mol! for 1LERR-DDT, 1R5K-
DDT, 2BJ4-DDT and 3ERT respectively. These
interactions are shown in Fig. 5a and 5b from this
docking result, it can be seen that DDT interaction with
1ERR have the highest binding affinity compared to
other receptors. The 3D structure of the hERo within
the receptor backbone is presented in Fig. 5b. This
steric effect that was observed in the docking result is
due to the constituent atoms that make up the molecule
occupy some degree of space, and when atoms come
too close together there’s a rise in the energy of the
molecule due to the atoms being forced to occupy the
same physical space. This explains why steric effect
can have a dramatic effect on the observed or preferred
shape of a molecule and in some cases even its
chemical reactivity (Barnes, 2019; Yang et al., 2010).
The docking results of the DDT 1ERR, 1R5K, 2BJ4
and 3ERT as well as the root means square distance in
reference to the first mode are presented in Tab. 7.

Table 7. Binding affinities and root mean square
distance of the docking score.

1ERR -33.9 2.448 5.061
1R5K -25.9 2.122 3.872
2BJ4 -25.1 1.169 5.252
3ERT -32.2 1.297 4.858

Source: Elaborated by the authors, calculated using autoDoc
Vina tools.

Human estrogen receptor; 1r5k interaction with DDT
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Human estrogen receptor; lerr interaction with DDT

Aoceptoc B

Acceptor

HEBonds

Donor

Acceptor I
'

Figure 5. Showing 3D, steric interactions and other forms of interaction of the human estrogen receptor alpha X-

ray structures as cocrystallized with DDT.

Source: Elaborated by the authors, Generated using AutoDoc Vina tools.

4. Conclusions

High level quantum computational tools were used
to study a pure commercial sample of DDT prepared in
liquid phase in KBr pellets and characterized using FT-
IR and GC-MS followed by the application of the title
molecule for molecular docking against human
estrogen receptor alpha (hERa). Using water model as

an implicit approach, the high calculations were
computed using a 6 — 31 + G(d,p) basic set. The
fundamental modes in terms of vibrational assignments
associated with theoretical IR and potential energy
distributions were computed by the use the DFT-
B3LYP/6-311++G(d,p) basic sets along with
experimental FT-IR spectrum. It was observed that
bands with weak intensity were not existing in the
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spectra, and this was confirmed with theoretically
calculated FT-IR intensity values. Using Multiwfn
analyzer for calculating the HOMO-LUMO orbital
compositions, the results revealed that the HOMO
orbitals are majorly distributed within Cs, C11, C14, and
Ca1 ring atoms with compositions of 13.10, 10.84,
12.75, and 11.43% respectively. However, the LUMO
molecular orbital compositions are primarily situated
on Cy, Clzs, Clas, and Clzs atoms respectively. From the
NBO result, the highest intramolecular interacting
perturbation energy is 1122 kJ/mol occurring between
w¥Ci9 — C2 donor orbital and n*Ci4 — Ci6 acceptor
orbital while the least intramolecular interaction is
observed to occur in the lone pair of electron from
npCas and the sigma nonbonding (¢Ci — Cl.s) NBO
orbitals having E® energy of 32 kJ/mol. ADCH
analysis shows that C; and C, possess the highest
atomic charge density distribution of —0.284 and —
0.283e while C2; and Ci; are less with atomic charge
distribution of —0.064 and —0.063e accordingly. The
electron withdrawing power of chlorine atoms in the
molecules was observed to be the cause of this changes
resulting in decreasing in charge densities of the
bonded carbon. And in the adsorption studies, all the
ground state (So) to the fifth singlet states (S1), So—S1
first vertical singlet states transition has the highest
orbital contributions in solvents involving HOMO-2 to
LUMO orbitals. While in the molecular docking
studies, steric interaction was the only observable
interaction that was found within the complex after the
docking however, there were no observable hydrogen
interactions between the drug (DDT) and any of the
hERa, which would have been the bases for
determining the drug activeness with the receptors.
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Figure S1. The ESI-Mass spectrum of dichlorodiphenyltrichloroethane (DDT).
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Table S1. ADCH, HPA, BPA and MPA result of DDT.

C 0.0957 0.1321 0.6365 -0.2842
C 0.1777 -0.0175 -1.1844 -0.2833
H 0.0929 0.0392 0.0717 0.1909
C -0.4344 -0.0101 1.8669 0.1801
C -0.2849 -0.0315 0.4992 -0.1513
C 0.1021 -0.0369 -0.9841 -0.1694
C -0.0902 -0.0414 0.3357 -0.1334
H 0.3078 0.0409 -0.7734 0.1491
C -0.1675 -0.0429 -0.1831 -0.1292
H 0.1019 0.0435 0.1667 0.1465
C 0.1569 0.0293 0.2059 -0.0629
H 0.1153 0.0531 -0.1346 0.1607
H 0.1457 0.0531 0.0220 0.1602
C -0.2301 -0.0048 1.1507 0.1756
C -0.1779 -0.0341 0.2824 -0.1718
C 0.5055 0.0408 -3.6223 -0.1747
C -0.0821 0.0409 -0.1093 -0.1254
H 0.1251 0.0479 0.0671 0.1417
C -0.2409 -0.0407 0.3509 -0.1330
H -0.1773 0.0332 1.9935 0.1603
C 0.0014 0.0278 0.3894 -0.0635
H 0.1409 0.0536 0.0787 0.1607
H 0.1367 0.0532 0.1088 0.1611
Cl -0.0631 -0.0517 -0.2071 0.0373
Cl -0.0569 -0.0520 -0.2055 0.0475
Cl -0.0343 -0.0332 -0.2737 0.0418
Cl -0.0664 -0.0619 -0.2387 -0.0157
Cl -0.0971 -0.0616 -0.3100 -0.0157
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ABSTRACT: Stainless steel tanks are frequently degraded
by localized corrosion in bioprocess industries. A case study [
of 2101 duplex stainless steel tank allowed to apply a
portable electrochemical microcell system (PassivityScan) for
on-site weld inspection and corrosion monitoring from the
manufacturing until 12 months of operation. During the tank
manufacturing, the  double  loop  electrochemical
potentiokinetic reactivation technique was applied to measure
the sensitization degree on the welded regions. The
manufactured tank was submitted to the passivation treatment
to improve the passivation properties and corrosion
resistance. On-site cyclic polarization tests were performed
and confirmed the increase of passivation level of treated
surface. The passivation level was measured again after
12 months of operation and detected a lower passivation level
compared to the initial passivated surface, indicating that the
passivation treatment lost its effect after that period.
Therefore, an acceptance criterion to passivation level was
empirically determined. PassivityScan is an advanced device
to qualify the welds and the passivated surfaces, and useful
for corrosion monitoring and the reliability maintenance.
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Technical Note

1. Introduction

Stainless steel is widely wused to build the
bioprocessing equipment and facilities due to its
natural capacity to generate and recovered a passive
film on the surface, characterized as a thin layer of
chromium oxide (Cr20O3) that becomes the steel surface
with high electrical resistance, almost inert and then,
adequate to aseptic and anticorrosive applications. The
electrical resistance of the passive film is dependent on
the steel chemical composition and particularly on the
content of chromium (Cr), molybdenum (Mo) and
nickel (Ni). Besides the chemical composition, the
stainless steel grade to be selected must consider the
characteristic of the particular industrial process. The
most used stainless steels in bioprocessing applications
are from austenitic (304L and 316L) and duplex (2205,
2101 and 2304) groups, because they have showed
adequate performance in processes in which hygienic
characteristic and anticorrosive properties are required
(Guilherme et al., 2022).

The American Society of Mechanical Engineers:
Bioprocessing Equipment (ASME BPE, 2019) standard
aims to define requirements to the project and
construction of the equipment and facilities to the
bioprocessing industry, such as pharma and life
science, food grade products, as well as any industrial
sector where high level of hygienic and asepsis
requirements are established. The welding process, the
surface finishing and the chemical passivation
treatment are considered by ASME BPE as special
processes to obtain a hygienic surface and, therefore,
the standard has specific requirements to each process.

In the field of welding, the ASME BPE defines
physical and metallurgical requirements to achieve an
aseptic and corrosion resistant welded joint. The
equipment design needs to specify the average
roughness (Ra) of the surface finishing, which can be
obtained by mechanically polishing or electropolishing
processes. The surface in contact with the aseptic
product also needs to be submitted to the chemical
passivation treatment because this procedure removes
the impurities and contaminants from the surface,
providing a passive film with high corrosion resistance.

The ASME BPE recommends the use of
electrochemical techniques to field services as an in
situ advanced inspection, being specifically suggested
the application of the electrochemical impedance
spectroscopy (EIS) to assess the rouge contamination
and the cyclic potentiodynamic polarization (CPP) to
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assess the level of surface passivation. However, the
ASME BPE mentions that the development of an
electrochemical tool to in situ services is still ongoing.
On the other hand, recent works (Guilherme et al.,
2019a; 2021a; b; c; d) have showed a portable
electrochemical microcell, named PassivityScan, that
can apply electrochemical techniques in on-site surface
inspection of the tanks and pipelines.

This work aims at showing the results obtained by
PassivityScan in advanced on-site inspection and how
it is useful to the reliability maintenance. For this
purpose, results from on-site metallurgical integrity
and passivation properties inspections are presented
and discussed. It is important to highlight that the on-
site surface inspections were performed in three steps
of the tank life cycle: as built, after chemical
passivation treatment and after 12 uninterrupted
months of operation.

2. Study of case

The study of case shows the results of the on-site
inspection of an aseptic stainless steel tank where
advanced electrochemical techniques were applied.
The inspections were made in the following steps of
the tank life cycle as built, after surface chemical
passivation and after 12 uninterrupted months of
operation. The LDX 2101 lean duplex was used as base
metal to construct the tank that was designed to storage
NFC orange juice in an industrial cold chamber that
works at around 1-3 °C. Figure 1 shows a general view
of the tanks during its manufacturing and the tank
inside view regarding the bottom plate and inner wall
that were the objective of the surface inspections.
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Figure 1. Construction site of the industrial cold
chamber where it is showed the tanks. (a) In building
process; (b) Internal face of tank showing the bottom
plate and shell.

The welding of the tank parts was made using a
semiautomatic tungsten inert gas (TIG) process (TIP
TIG) by applying a double side synchronous welding
technique, which means that two welders attack the
joint simultaneously on opposite sides, and the
maximum heat input was regulated as 2.5 kJ mm™ to
generate an appropriate weld metallurgy (Guilherme et
al., 2021c; Huang, 2015; Reccagni et al., 2019; Wang
et al., 2021). The surface finishing was obtained by
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mechanically grinding with an average surface
roughness, Ra < 0.76 um, and this parameter was
controlled by a digital profilometer. After the surface
finishing was concluded, a chemical treatment
according to ASTM A-380 using a based nitric acid
aqueous solution (12 v/v%) was performed to improve
the passivation property of the inner surface of the
tank.

The PassivityScan is a portable system capable of
making electrochemical tests directly on the industrial
site to evaluate equipment and facilities. It works as a
typical three-electrodes microcell that was designed to
be used in on-site inspection services (Guilherme et al.,
2019a). PassivityScan is robust and versatile to be used
in all positions because its O-ring with diameter of 1.0
mm (scanned surface area is 0.008 cm?) inserted on the
bottom of the cell gets a well coupling with the surface,
avoiding crevice corrosion, noise, or any external
influence. The coupling of the microcell O-ring with
the tank bottom surface can be seen in Fig. 2.

The construction site inspection management
considered on-site electrochemical techniques in the
Quality Control Inspection & Test Plan, and the aim
was to assess the metallurgical integrity of welds by
double  loop  electrochemical potentiokinetic
reactivation technique (DL-EPR tests) and to certify
the passivation level after chemical passivation
treatment (by CPP tests), as described in Tab. 1.
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Figure 2. PassivityScan being used to measure the passivation level of the tank’s internal surface. ()
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.....

PassivityScan’s overview; (b) view of support and mini-cell; (c) Cyclic potentiodynamic polarization measurement

on going.

Table 1. Goals of using PassivityScan in the integrity inspection and passivation.

as built Int?g:ﬁg”g}?;ﬁg: " on-site DL-EPR ia, ir, Qa) Q1 DOS <1
after chemical passivation —_— on-site cyclic Ecorr, Epit, Eprot Eprot — Ecorr > 350
(ASTM A-380) passivation level polarization passivation level mV

The degree of sensitization criteria is based on the literature (Deng et al., 2010).

The passivation criterion is an empirical criterion.

The DL-EPR technique was applied to measure the
degree of sensitization (DOS) on the weld regions, and,
for that, the electrochemical potential was scanned first
in the anodic direction, from —500 mV to +300 mV vs.
Ag/AgCI/KCI 3 mol L™, where the polarization scan
was reversed, and scanned back to —500 mV vs.
Ag/AgCI/KCI 3 mol L. A sweep rate of 1.67 mV st
was used for the tests. The criteria for the degree of
sensitization consider the limit value to the DOS ratio
of 1%, according to previous study (Deng et al., 2010).

Cyclic potentiodynamic polarization tests were
carried out to measure the passivation level integrity in
view of ensure the passive film resistance at all over
the surface (Guilherme et al., 2019b), and the
procedure was performed in 3.5% wt. NaCl solution to
evaluate the pitting corrosion resistance. After
stabilization of the open circuit potential (OCP) (~5
min), an anodic polarization scan was performed at a
sweep rate of 1.67 mV s’ The anodic scan was
reversed after it reaches one of the criteria: (i) current
density of 1 mA cm= or (ii) potential of 1 V. Finally,
the samples were scanned in the cathodic direction to a
potential of — 200 mV vs. OCP.
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The passive region (or passivation level) takes into
consideration the electrochemical parameters from the
CPP curves in order to evaluate the resistance of the
material to localized corrosion: Ecor, Epit, Eprot. If Eprot IS
nobler than Ecor there is a potential range where the
passive film is stable and no localized corrosion such
as pits, crevice or crack initiation, will initiate or grow.
The literature called this region as perfect passivity and
the ASME BPE named it as passivation level, and the
difference between Epor—Ecor indicates the amount of
passivation level (ASME BPE, 2019; Esmailzadeh et
al., 2018). An empirical criterion for passivation level
of 350 mV was determined.

The DL-EPR technique was tested at 90 surface
points throughout 270 linear m of weld regions and the
CPP technique was tested at 125 surface points on
bottom plate and shell related to a total superficial area
of 375 m2,

Table 1 describes the electrochemical techniques
applied to assess the tank welds and surface and the
respective performance parameters and criterion of
acceptance. It is important to emphasize that DL-EPR
technique was applied to assess the metallurgical
features of welds and figure out if the weld region has
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Cr-depleted zones, whereas CPP technique assessed the
resistance of passive film. Bear this in mind, the
criterion of acceptance to the DL-EPR was based on the
literature (Deng et al., 2010); nevertheless, there was
not a stablished criterion of acceptance to the CPP
technique and/or passivation level  (Epror—Econ).
Considering that it is important to have a minimum
range of passive region in order to obtain a reliable
material for engineering applications, it was empirically
defined the criterion of acceptance of 350 mV.

3. Results and discussion

Figure 3 presents typical DL-EPR curves of the
nonsensitized base metal and sensitized weld heat
affected zone (HAZ) and their DOS values that were
calculated using two different data: (i) activation and
reactivation current densities (i, and i) (Ebrahimi et al.,
2011; Hong et al., 2013), and (ii) activation and
reactivation charge densities (Qa. and Qr) (ASTM G108,
2004).

(a)
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Figure 3. On-site DL-EPR curves calculating DOS
based on current density [(i/ia) x 100%] and charge
density [(Q/Q.) x 100%] to not sensitized base metal
(a) DOS; = 0.14%; (b) DOSq = 0.08%; and to heat
affected zone of sensitized weld surface; (c) DOS; =
25.64%; (d) DOSq = 21.87%.

First, the current of the reactivation peak (i;) and the
peak activation current density (i.) were graphically
determined using Origin v.9 software and the DOS was
figured out as the ratio (i/ia) x 100%. Second, the
typical DOS curve (potential vs. current density) was
converted into current density vs. time, following the
charge determination by calculating the integrate of the
gray area observed in Fig. 3b and d. It was done using
integrate tool in Origin v.9 software and then the DOS
was measured as the ratio (Q/Qa) x 100%.

The degree of sensitization is a powerful criterion of
acceptance to approve stainless steel tanks in
manufacturing phase or maintenance projects, taking
into account that it is extremely important to avoid
operation fails caused by improper welding processes.
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All the same, the DOS might be determined from the
current density or the charge density, as shown in
Fig. 3, and it was noted a soft difference between the
DOS results. For practical applications, it is considered

Table 2. On-site DL-EPR tests results.

revista.iq.unesp.br

the higher value in view of reducing the risk to failure.
Table 2 illustrates how the results are shown in the
metallurgical integrity report.

ir DOS Qr Qa DOS
(uLAcm™?) | (uAcm?) idia(%) (mCcm?)  (MCcm?) = Qr/Qa(%)
base metal base metal 0.08 56.23 0.14 3.21 3890.21 0.08
weld 0.002 1.50 0.10 0.09 124.45 0.07
weld-01 fusion line 0.004 3.00 0.12 0.44 401.56 0.11
HAZ 0.003 2.10 0.13 0.27 345.47 0.08
weld 4.79 45.20 10.60% 233.20 2486.15 9.38*
weld-18 fusion line 15.23 59.40 25.64% 874.40 3998.60 21.87%
HAZ 10.27 55.80 18.40% 507.76 3254.87 15.60%
#Inspected surface with DOS > 1 has submitted to the repair protocol.
It is to note that these on-site DL-EPR G sy ,’,?9‘0'546_'59*% g 5

measurements were useful to optimize the parameters
of the Welding Procedure Specification (WPS) to
produce high-performance welds due to the welding
energy control and consequently to obtain a
microstructure free of sensitization (DOS < 1) (Hong et
al., 2013). After that, while the tanks were assembled,
on-site DL-EPR tests were made to assess and control
the compliance of the metallurgical integrity of the
welded joints. Eight inspected areas in a total of 90
were reproved based on the criteria of DOS < 1, which
represent a failed level of 8.9%. Each reproved area
was double-checked by field metallography performed
after electrolytic etching using a 10% (w/v) oxalic acid
aqueous solution to attack the microstructure. It was
also observed the preferential corrosion attack of Cr-
depleted regions around Cr-carbides and Cr-nitrides,
which  promote  increased DL-EPR  values,
corroborating the on-site DL-EPR measurements
(Guilherme et al.,, 2019b). Figure 4 shows
photomicrographs from sensitized surfaces obtained by
field metallography, where the morphology of the Cr-
depleted zones was noticed. All reproved welds in the
on-site DL-EPR inspection were submitted to the
repair protocol.

T2 e A e T P
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Figure 4. Field metallography of the sensitized surface
with (a) DOS =10.50% and (b) DOS = 22.59%. The
Cr2N regions were responsible for the high level of the
degree of sensitization and these regions are

highlighted in the figures.
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Cyclic potentiodynamic polarization curves in 3.5
wt% NaCl solution are presented in Fig. 5. All CPP

curves showed a passive behavior and the
electrochemical parameters used to quantify the
passivation level were corrosion potential (Ecorr),

pitting potential (Epit), protection potential (Epror), and
the passivation level was calculated as Epor—Ecor,
which represents the perfect passive range (Kelly et al.,
2002). Figure 5a shows the CPP curves of the finished
surface of as-built conditions (black curve), where a
passive level of around 180 mV was obtained, and it is
highlighted that the weld metal (blue curve) always had
a higher performance due to the chemical composition
of filler metal ER2209. In contrast, weld HAZ (red
curve) showed the lowest performance due to the
metallurgical features of this region. Figure 5b
compares the passive film resistance between as-built
condition (just mechanically polished) and chemical
passivated surface (mechanically polished plus
chemical treatment), with the latter achieving 4x
superior performance (from 185 to 750 mV). It is
important to highlight the passivation level obtained
from as-built surfaces registered a pitting potential and
presented a positive hysteresis after it, which means
that the nucleated pits continued to grow until reaching
the protection potential. On the other hand, the CPP
measurements after chemical passivation treatment did
not register a pitting or breakdown potential and
demonstrated a negative hysteresis when the scan
current density was reversed, which means that the
passive film was not degraded by pitting corrosion in
this test condition (Kelly et al., 2002).
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Figure 5. On-site cyclic polarization curves of (a)
inspected regions such as base metal, weld metal, and
heat affected zone and (b) comparison of performance
between chemically passivated and not passivated
surfaces.

The electrochemical parameters to assess the
surface performance regarding passivation property are
shown in Tab. 3 for the three life cycles of the tank: as-
built, after chemical passivation treatment and after 12
uninterrupted months of operation. First, it is worth
emphasizing that the as-built surfaces did not obtain
satisfactory corrosion electrochemical parameters
regarding the passivation properties. When compared
to the passivated surface, the as-built surfaces
demonstrated the lower corrosion potential and a
premature pitting potential, which result in a low level
of passivation based on the criteria Epor—Ecor. The
passivated surfaces shown the best performance in
electrochemical corrosion tests with emphasis about
the pitting potential: pit was not generated. It means
that the passivated surfaces are more resistance than as-
built surfaces against localized and pitting corrosion.
The hypothesis is related to the complete removal of
free iron on the surface after mechanical polishing, and
the chemical passivation promotes the richer passive
film in chromium (ASME BPE, 2019).

All the same, it is important to point out that in the
most cases the manufactured tanks are included in the
industrial process without chemical passivation
treatment and it is a fault considering that the corrosion
resistance and aseptic properties are significant
increased by this treatment. In addition, the cost to
apply the passivation treatment is inconsiderable when
compared to the total investment in a new tank or the

Eclética Quimica Journal, vol. 47, n. 3, 2022, 55-65
ISSN: 1678-4618
DOI: 10.26850/1678-4618¢qj.v47.3.2022.p55-65


https://revista.iq.unesp.br/index.php/ecletica
https://doi.org/10.26850/1678-4618eqj.v47.3.2022.p55-65

Technical Note

cost to repair corrosion degradation. Finally, it was
noted that after 12 months of operation the passivation
properties were reduced when compared to the
passivated surface, and it may be concerned to the

revista.iq.unesp.br

industrial environment that the tank works in term of
cleaning solutions used to sterilize it, corrosive
elements present in bioprocessing and biofilm
formation.

Table 3. Passivation level assessment in different periods of the tank life cycle as built, after chemical passivation,

and after 12 uninterrupted months of operation.

base metal
weld metal
HAZ
base metal
weld metal
HAZ
base metal
weld metal
HAZ

As-built

passivated surface (ASTM A-380)

after 12 months of operation

-270 -85 +230 185
-170 -80 +300

-180 -30 +198 150
-115 +635 +1000* 750
+70 +680 +1000* 610
+140 +660 +1000* 520
-185 91 +345 311
-130 204 +389 334
-169 128 +255 297

'Epi=1000 mV indicates that stable pit nucleation and grow did not occur.

Looking at Fig. 5a, one may have the impression
that different values of current density were used for
the reversal of the scanning direction of potentials in
the different regions of the weld. To clarify this, the
readers are invited to see the Appendix.

4. Conclusions

The results from CPP measurements demonstrated
that the surface finishing with Ra = 0.76 um had a
passive behavior, and a low passivation level was
obtained after polishing process. The surface chemical
passivation treatment significantly increased the
passivation level. The surface passivation level was
reduced after 12 uninterrupted months of tank
operation. The surface chemical passivation, applied
according to ASTM A-380 restores the passivation
level.

The on-site surface advanced inspection can be
useful to reliability maintenance of managing the assets
and facilities that operate in corrosive or aseptic
processes. The application of the welding procedure
specification permitted the obtention of a proper weld
microstructure to be corrosive resistant and perform the
weld quality control during tank manufacture. The CPP
measurements gave the surface passivation level of the
tank critical parts and qualify the compliance of the
surface after chemical passivation treatment. These
measurements also supported the assessment of the
tank inner surface in contact with food grade product
and allow demonstrating the passivation level
decreased as a function of time. Bear it in mind, an
acceptance criterion to passivation level was
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determined for practical application, and this is an
important data manage to the reliability maintenance.
Based on passivation level parameter is defined the
correct moment to restore the tank by chemical
passivation treatment.
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Appendix
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To clarify the current limit of 1 mA cm, the curves were plotted as line+symbol and each symbol refers to
individual measurements during the tests (Fig. Al). It is important to emphasize that the current limit was
1,000 mA cm (it corresponds to limit the current to 8 pA in the data set of the Palmsens Pstrace software),
however, when the sample reached and exceeded this value normally the material performance increased the
current density a little bit more before beginning the decrease of current density. The green line represents the limit
of the current density, and the circles show the last measurements before exceeding the limit.
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Figure Al. CPP curves showing the limit criterion to reverse the potential scan in current density of 1 mA cm?
(attained before achieving 1 V) or potential of 1 V versus reference electrode (attained before achieving 1 mA cm).
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In Fig. A2 it is possible to observe the Palmsens Pstrace software screen where it is showed the CPP curve in
axis of current vs. potential and in the left it is possible to see the current limit criterion (8 uA).
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Figure A2. Cyclic polarization curve of fusion line showing a graphic of current (uA) vs. potential (V) where the
scan is reversed at the first point exceeding 8 pA.
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