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Editorial

Looking forward to better days coming, the editors of Eclet. Quim. Journal cordially welcome the readers
of our journal to the fourth edition of this year which contains publications of excellent level. We wish you a pleasant
read of the findings described in the articles.

Starting the last issue of 2021 there is a review study on embodied ferrous oxide nanoparticles (IONPs)
formed from plant materials. These particles have distinctive properties - biocompatibility, low toxicity, catalytic
behavior and multi reaction mechanism - which enabled several biomedical applications. This review significantly
summarized the synthesis, optimum conditions and characterization techniques involved in the synthesis of IONPs
and presented in great detail their uses as antimicrobial and anticancer therapeutic agents. In sequence appears a study
on the adsorption of lead in aqueous solution onto Acrocomia aculeata pulp. By adding sodium azide to the solution,
the pulp’s thermal stability increases to 200 °C. The removal efficiency reached a maximum of 91.9% when a solution
of 50 ppm of lead was placed in contact with the pulp for 30 min. The column experiments revealed a theoretical
maximum adsorption capacity of 11.97 mg g*. Research on the nutraceutical properties of mandarins produced in
Uruguay raised great interest by the presence of free amino acids in addition to their high vitamin C content and
flavonoids. A targeted metabolomics study in ‘Ellendale’, ‘Willowleaf® and ‘Page’ mandarin varieties was
performed; the concentration levels of the amino acids separated well apart the three varieties. The amino acids with
higher levels in mature samples were histidine, asparagine, glutamine, and glutamic acid. Another research obtained

an approximate solution of the Schrodinger equation for the 4 _deformed Hulthen-quadratic exponential-type
potential model within the framework of the Nikiforov—Uvarov method. This method finds many applications in
guantum chemistry, atomic and molecular physics. The authors analyzed in detail the graphical and numerical effect
of the deformation parameters and other potential parameters on the energy spectra of the system. The energy
eigenvalues expressions agreed with that obtained in literature.

The Editor and the team of Eclet. Chem. J. are immensely grateful to the authors and reviewers’ dedication,
who spared no effort for the successful completion of this issue.

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

BEFORE YOU SUBMIT

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

Eclética Quimica Journal is a peer-reviewed quarterly publication of the Institute of Chemistry of Séo 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
most relevant aspects of the topic that is being revised and indicate the likely future directions of the field. Therefore,
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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.

c. 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.

g. 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-MJesé Incorrect
FMJoesé 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-XxXxXX-XXXX-XXXX
Author 2: address@mail.com, ORCID: https://orcid.org/xxxx-XxXxx-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.
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Investigation: Foster, J. C.; O’Reilly, R. K.

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;
¢. 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).
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Supplementary information: all type of articles accepts supplementary information (SI) that aims at complementing
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.
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ABSTRACT: Ferrous oxide nanoparticles (IONPS)
formed from plant materials have been considered as
chemically friendly materials and have offered extensive
applications. The distinctive features of IONPs, such as
biocompatibility, low toxicity, catalytic behavior and multi
reaction mechanism, have embodied them as good
candidate for several biomedical applications. However, the
synthesis of IONPs using plant extracts is gaining high
popularity and recommendations because plant extracts
could act as reducing and stabilizing agents during the
process of synthesis. Furthermore, the biological method of
synthesizing IONPs using plant extract offer some benefits,
such as being simple, economic, environmentally friendly
and require less energy when compared with both physical
and chemical methods of synthesis. Hence, this review significantly summarized the synthesis, optimum conditions and
characterization techniques involved in the synthesis of IONPs using several plant extracts. Consequently, comprehensive
information about the applications of green synthesized IONPs as antimicrobial and anticancer therapeutic agents were well
presented. The effectiveness of IONPs in environmental treatment of effluent containing dyes and other toxic agents were
also properly discussed.
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1. Introduction

Nanoscience and nanotechnology have emerged as
an innovative field of research with numerous
applications in technological and scientific aspects
including medical sciences, applied sciences, material
science,  catalysis, electronics, biofilm  and
biotechnology (Assa et al., 2016). The smaller sizes of
nanoparticles (NPs) compared with large biomolecules
have been reported to enhance their interactions with
several biological molecules, which may revolutionize
microbial treatment and cancer diagnosis (Alharbi and
Al-sheikh, 2014). Among the various kinds of metals
and metal oxides NPs, iron oxide NPs are one of the
most prominent metal oxide NPs. The exceptional
attribute of ferrous oxide nanoparticles (IONPS) has
widened its horizon and applications in medical
sciences and many other industries, such as gas sensor,
electrochemical, magnetic and energy storage
(Vallabani and Singh, 2018). The superparamagnetic
behavior of iron oxide NPs has promoted its extensive
applications in several areas, such as imaging, drug
delivery, targeting and biosensors. Furthermore, their
unique properties, such as biocompatibility, potent
magnetic, low toxicity and catalytic behavior, have
contributed massively to its biomedical applications
(\Vallabani and Singh, 2018). Various types of IONPs,
such as maghemite (y-Fe.Os) hematite (a-Fe;Os) and
magnetite (FesOs) NPs, have been reported as efficient
therapeutic agents against several infections due to
their morphological properties (Yadav and Fulekar,
2018). Physical and chemical methods like chemical
precipitation, mineralization, sol-gel, flow injection,

4. Characterization techniques

4.1 Nanoparticle formation analysis

4.2 Functional group identification

4.3 Morphological assessment of IONPs
4.3.1 Transmission electron microscope (TEM)
4.3.2 Scanning electron microscopy (SEM)
4.3.3 Atomic force microscopy (AFM)

4.3.4 Elemental composition

4.3.4.1 Energy dispersive X-ray spectra (EDX)
4.3.4.2 Crystallinity evaluation

5. Applications of IONPs synthesized from plant
extract

5.1 Antimicrobial applications

5.2 Anticancer applications

5.3 Environmental application

6. Conclusion

microemulsion, hydrothermal technique, biomimetic
precipitation, forced hydrolysis technique,
sonochemical technique and electrochemical technique
have been chosen for the synthesis of IONPs (Gebre
and Sendeku, 2019). The biological methods of
synthesizing metal and metal oxides have been
regarded as the most preferred method due to its cost-
effectiveness, safety and easy protocol of synthesis (El
Shafey, 2020). However, the biological method of
synthesizing IONPs is classified into two main parts;
the first category involves the use of microorganisms
such as algae, bacteria and fungi as reducing agent
while the other form entails the use of plant extracts as
reducing and stabilizing agents (Salem et al., 2019;
Yew et al., 2020). The capability of plant extracts to
function as good reducing and stabilizing agents by
reducing particle size and improve reactivity was
contributed to the general acceptance of biological
synthesis of metal and metal oxides from plant sources
(Akintelu and Folorunso, 2019a; Akintelu et al., 2019a;
Bashir et al., 2019; Folorunso et al., 2019). Plant
extracts used for the synthesis of metal and metal
oxides have been reported to show better stability and
more acquiescent to large scale production of NPs
when compared with the biological approach of
synthesis that uses microorganisms (Akintelu and
Folorunso, 2019b; Akintelu et al., 2019b; Kamran et
al., 2019). The effectiveness of plants extracts as good
reducing and stabilizing agents are linked with the
presence of biomolecules such as flavonoids, alkaloids,
terpenoids, and other hydroxyl containing functional
groups which coat the surface of the NPs, prevent
agglomeration and aid the production of NPs with
uniform particle size (Gunarani et al., 2019).
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Therefore, this review primarily focuses on the recent
developments in the biosynthesis of IONPs using plant
extracts. The various methods used for the synthesis of
IONPs were briefly discussed. The mechanism of
formation of IONPs using plant extract, the techniques
used for the characterization of IONPs were
highlighted. Then, the application of biosynthesized
IONPs in the biomedicine and environmental waste
management is summarized.

2. Synthesis of IONPs

Many reports have shown that the application of
IONPs depend largely on the method of synthesis used
(Arsalani et al., 2019). The preparation method
determines the size distribution, particle sizes, shape
and surface morphology which further influenced their
applications. Moreover, the preparation method has
been reported as the determinant factor for the degree
of structural defects and impurity level of IONPs (Roca
et al., 2019). Several methods and protocols such as
physical, chemical and biological have been designed
for the synthesis of IONPs with desired morphological
features and magnetic properties (Palma et al., 2018).

2.1 Physical methods

Physical methods are based on the use of electrical
fields and some other physical phenomena as the
reducing agent during the synthesis of IONPs. The
most reoccurring one is particle growth, which is based
on physical processes and top-down approach.
Examples of such techniques are sonochemical,
lithography, sputtering, microwaves irradiation and
laser ablation. The sonochemical technique
encompasses the sonication of an aqueous ferric
solution at ambient conditions and in the presence of
air (Nistico, 2021). Ultrasounds generate irregular
compression and expansion acoustic waves which
cause the oscillation of the microbubbles (Wu et al.,
2015). When the bubbles collapse a localized hot spot
is formed at high temperature around 4500 °C and
pressure of about 1000 bar which enhanced the
conversion of iron precursors into IONPs (Pinkas et al.,
2008). The IONPs produced via this technique have
high stability and remarkable magnetic properties.
Despite the aforementioned advantages it is difficult to
control the shape of IONPs produced from this
technique (Ali et al., 2016).

Microwaves irradiation approach uses an
electromagnetic source with wavelength in the range of
1-103 mm as reducing agent (Nistico, 2017). The

19
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radiation during this process causes molecules to align
with the external field to generate motion that produces
internal heating. This process has the advantages of
reduction in treatment time and energy consumption.
Also purified IONPs are mostly obtained.
Notwithstanding, a report has revealed that this
technique is limited because IONPs produced have
poor morphological features and low surface reactivity
(Pascu et al., 2012).

The electrochemical technique encompasses the
immersion of galvanic cell with two electrodes (usually
made up of iron) into a saline solution (Nistico, 2021).
This process involves iron electro-oxidation and
electrolysis of water at the anode, alongside water
reduction at the cathode. The electrochemical
technique is affected by parameters such as working
distance between electrodes, pH, reaction time and
temperature. These techniques allow easy control of
particle size and IONPs with hydrophilic surfaces are
usually obtained (Cabrera et al., 2008).

2.2 Chemical methods

The chemical approach of synthesizing IONPs
depends on the growth of iron oxides from the liquid
phase via the use of some chemical reagents. Among
the several protocols and techniques used for the
chemical method of synthesis such as co-precipitation,
micro-emulsion,  sol-gel and  polyol-mediated
technique, co-precipitation technique is the most
common and simplest (Lenders et al., 2016; Pang et al.,
2016). Co-precipitation entails the stoichiometric
mixture of iron precursor in presence of a
basic conditions, following the given reaction pathway

(Eq. 1).

2Fe* + Fe** + 80OH™ — Fes04 + 4H,0 (D)

Acidic iron ions (Fe* or Fe**) when introduced into
basic solution precipitates to form IONPs because
magnetite is poorly soluble in basic condition. The
formation of magnetite or maghemite NPs using the
co-precipitation route depends on the ratio of Fe** or
Fe?* used (Nistico et al., 2017a). The temperature
requirement for the co-precipitation route is in the
range of (20-250 °C) (Franzoso et al., 2017; Nistico,
2017b). The following parameters iron precursor and
ratio used, ionic strength, temperature, stirring rate and
pH influences the size and shape of IONPs synthesized
via the co-precipitation technique (Yazdani and
Seddigh, 2016). Co-precipitation technique has been
reported as the famous chemical methods for
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synthesizing IONPs with control size distribution and
high yields. However, this process suffers from some
disadvantages such as the use of hazardous chemical
reagents and difficulties in controlling the shape IONPs
(Nistico et al., 2017a).

The micro-emulsion process is another form of
chemical method. In this process iron precursor either
in water or oil biphasic system is exploited in the
presence of amphiphilic molecules in form of block
copolymers or sometimes surfactants such as cetyl
trimethyl ammonium bromide or polyvinyl pyrrolidone
at the interface (Nistico, 2017). As a result of the dual
nature (i.e., occurrence of both hydrophilic head and
hydrophobic tail) of the amphiphiles macro molecules,
the species moved at the interface of the two
immiscible phases form covalent bonds and also
assemble themselves into supramolecular aggregates of
various shapes (Nistico, 2018). The micro-emulsion
process has advantages of narrow size IONPs
production and easy shape regulation. However, the
process has some disadvantages, such as low yield,
impure products and formation of agglomeration (\Wu
etal., 2015).

Sol-gel technique involves acid/based-catalyzed
hydrolysis and condensation of precursors from
colloidal solutions to produce condensed network of
iron oxides (Nistico et al., 2017b). Iron alkoxides or
iron salts are the main precursor for this technique
because they can easily react through hydrolysis or
condensation to yield oxides (Lemine et al., 2012).

Polyol-mediated technique entail the use of polyols
as the reducing and stabilizing agents to aid the shape
and size control during the synthesis of IONPs
(Nistico, 2021). This process is based on spreading iron
containing precursors such as alkoxides in liquid
polyols and heat to its boiling point. A report has
shown that IONPs synthesized by polyol-mediated
techniques are highly crystalline and can be easily
dispersed into polar media due to their hydrophilic
surfaces. Conversely, this technique has the limitation
of generating toxic byproducts (Wu et al., 2015).

2.3 Biological method
The biological method of synthesizing IONPs is
classified into two major routes, namely

microorganism and plant based IONPs synthesis.

2.3.1 Microorganism based IONPs synthesis

Synthesis of IONPs using microorganism has gained
huge attention over the past few decades due to some
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advantages over conventional chemical and physical
methods of  synthesis. The advantages of
microorganism based IONPs synthesis include relative
abundance of microorganism, production of less toxic
byproducts, consumption of less power and energy
because synthesis is carried out at room temperature
and it tolerates large scale production (Park et al.,
2016). Microorganisms such as bacteria, algae, fungi
and yeast have been used for the synthesis of IONPs

via intracellular or extracellular mechanism. The
intracellular mechanism involves the enzymatic
reduction of metal ions or metal oxide ion via
electrostatic  bounding to the cell wall of

microorganism, the ions diffused into the cell and
cause some interaction with enzymes to form IONPs
(Mukherjee, 2017). The extracellular mechanism
entails the enzymatic reduction of iron ions, producing
small size distribution and well dispersed NPs with
genes, peptides or protein that function as reducing
agents, which in turn stabilizes and prevent
agglomeration of IONPs (Singh et al., 2016).

2.3.2 Plant based IONPs synthesis

This is the process of synthesizing IONPs using
extracts obtained from parts of plants, such as back,
leaves, root, shoot, stems or the whole plant. In
general, the desired plant part is obtained, sorted and
washed to remove any impurities (solid or particles),
air dried, chopped/mercerized to provide good surface
area for extraction (Bolade et al., 2018). The extraction
of their chemical constituents is accomplished by
soaking the air-dried plant part at room temperature or
boiled at elevated temperature to obtain the desired
amount of extract (Bolade et al., 2020). This depends
on the successful extraction of bioactive constituents in
plant extracts. These bioactive constituents (phenols,
tannins, saponins, alkaloids, organic acids, flavonoids
and vitamins) function as reducing agents during the
IONPs synthesis by reacting with the iron precursor
(iron chloride, iron nitrate or iron sulphate) to produce
IONPs, which are further stabilized by the chemical
constituent present in the extract (Sorbiun et al., 2018).
Several studies have reported the use of water as
extracting solvent in the extraction of bioactive
components of plants during the synthesis of IONPs
(Prabhakar et al., 2017). Leaves, peel, bark and fruits
of green plants have been studied for the eco-friendly
synthesis of IONPs, as showed in Tabs. 1 and 2. The
methods of synthesizing iron oxide NPs are illustrated
in Fig. 1.
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Table 1. Characterization techniques of biosynthesized IONPs from some plant materials.

10

11

12

13
14
15

16

17

Punica granatum
Magnifera indica
Cynara cardunculus

Tamarix aphylla

K. alvarezii

Moringa oleifera

Amaranthus dubius
Rhamnella gilgitica
Terminalia bellirica

Stevia rebaudiana

Centella asiatica

Avecinnia marina

Green tea
Green tea
Psidium guavaja

Calliandra
haematocephala

Trigonella foenum-
graecum

Seeds

Peel

Leaf
Stem
Whole plant

Leaf

Leaf
Leaf
fruit

Leaf

whole plant

Flower

Leaf
Leaf
Leaf

leaf

Seed

250-280

390
457

448

214

341

300

298-301

550
315

387

3334
2973
1654
3306
1585

1480

3325
1618
1401
3250
1634
2979
1064
3300-340
1600

3416
1621
1387
3422
2923
1630
3440
1629
3034-3366
1669
3645
2935
1662
3428
2940
1756
1544

C H
C=0
O-H
Cc=C

O-H

O-H
C=0
C-N
O-H
C=0
C-H
C-N
O-H
C=0

O-H

UV, XRD, EDX, SEM, AFM

XRD, UV, FTIR, XPS, EDX

UV-Vis, XRD, FTIR, SEM

XRD, UV, SEM-EDX, TEM
XRD, UV, FTIR, HRSEM,
HRTEM, EDX

XRD, FTIR, SEM

SEM, XRDUV, FTIR

SEM, TEM, XRD, DLS, FT-
IR, EDX, UV

SEM, TEM, XRD, FTIR, UV

XRD, HRTEM, Fe-SEM,
XPS, EDX,

TEM, SEM, FTIR, EDX,

UV, FTIR, XRD

SEM, EDS, XPS, FT-IR
UV, SEM, TEM
FTIR, UV, SEM, XRD

UV-Vis, XRD, FTIR, TEM,
EDS

FTIR, UV, SEM, EDX

Spherical 25-55
Semi-spherical 135
Spherical -

Hexagonal 10-30

Irregular spherical =~ 18-20

Oval
Spherical
Spherical

Spherical

Spherical

Spherical
Spherical
Spherical

Spherical

58-530

21-25

21.32

20

20-40

45.09

117
4.96

85

7-14
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Bibi et al., 2019

Desalegn et al., 2019

Ruiz-Baltazar et al., 2019

Ahmad et al., 2020
Arularasu et al., 2018

Aisida et al., 2021

Harshiny et al., 2015
Igbal et al., 2020
Jagadeesan et al., 2019

Khatami et al., 2019

Poka et al., 2019

Karpagavinayagam and
Vedhi, 2019

Linetal., 2017
Liu etal., 2019
Madubuonu et al., 2019

Sirdeshpande et al., 2018

Radini et al., 2018
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18
19

19
20

20
21

21
22

22
23

23

Luffa acutangula

Luffa acutangula
P. guajava

P. guajava
Rheum emodi

Rheum emodi
Citrus maxima

Citrus maxima
Ruellia tuberosa

Ruellia tuberosa
Lawsonia inermis

Lawsonia inermis

Peel

Peel
Leaf

Leaf
Root

Root
Peel

Peel
Leaf

Leaf
Whole plant

Whole plant

320

320

405

405
224

224

3446
2829
1605
1410
1640

3381

2927
1614

3292

2927
1638
3397
1629
1114
3444
2962
1606

O-H
C-H
Cc=C
O-H
C=0

O-H

C-H
c=0

O-H

C-H
c=0
O-H
N-H
c=0
O-H
C-H
N-H

FTIR, XRD, SEM, EDX
FTIR, XRD, SEM, EDX
XRD, SEM, TEM, HRTEM,
EDX, FTIR
XRD, SEM, TEM, HRTEM,
EDX, FTIR
XRD, UV, FESEM, TEM,
EDX, FTIR, AFM, TGA,
VSM
XRD, UV, FESEM, TEM,
EDX, FTIR, AFM, TGA,
VSM
TEM, EDS, XPS, FTIR, DLS
TEM, EDS, XPS, FTIR, DLS
DLS, UV, SEM-EDX, TEM,
FTIR
DLS, UV, SEM-EDX, TEM,
FTIR
UV, SEM-EDX, FTIR

UV, SEM-EDX, FTIR

Note. Thermogravimetric analysis (TGA), vibrating sample magnetometer (VSM), and atomic force microscopy (AFM).

22

Spherical

Spherical
Irregular

Irregular
Pyramidal

Pyramidal
Irregular

Irregular
Rod

Rod
Spherical

Spherical

20-35

20-35
20-30

20-30
10-30

10-30
10-100

10-100
20-80

20-80
150-200

150-200
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Cheera et al., 2016

Cheeraetal., 2016
Rufus et al., 2019

Rufus et al., 2019
Sharma et al., 2020

Sharma et al., 2020
Wei et al., 2016

Wei et al., 2016

Vasantharaj et al., 2019

Vasantharaj et al., 2019
Chauhan and Upadhyay,

2019

Chauhan and Upadhyay,

2019

Eclética Quimica Journal, vol. 46, n. 4, 2021, 17-37

ISSN: 1678-4618

DOI: 10.26850/1678-4618eqj.v46.4.2021.p17-37


http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v46.4.2021.p17-37

Review article

Table 2. Applications of IONPs synthesized from plants extracts.

10
11

12

13

14

15

16

Parkia speciosa
Hassk

Eucalyptus robusta

Skimma laureola
Green and black tea
Eucalyptus
Amaranthus dubius
plantain

Green tea

Eucalyptus
Papaver somniferum

Chinese cabbage
Aloe vera
Amaranthus spinosus
Pisidium guajava
Murraya koenigii

Salvadora persica

Pod

Leaf

Leaf

Leaf

Leaf

Leaf

Peel

Leaf

Leaf
Pod

Leaf

Leaf

Leaf

Leaf

Leaf

Bark

FeSO4

FeSOs

FeCls
FeCls
FeCls
FeCls
FeCls

FeCls

FeCls
FeSO4

FeClz
FeClz
FeCls
FeCls
FeSO4

FeSOa4

Photocatalytic activity

Antibacterial activity

Antibacterial activity
Antimicrobial activity
Phosphate removal
Antibacterial activity

Catalytic activity

Organic pollutant
remediation
Catalytic activity
anti-cancer activity

Antioxidant

anti-cancer activity

Environmental
remediation activities

Antibacterial
Hydrogen Production

Cytotoxic activity

The results imply that the nanoparticles have potential use as
photocatalysts, with applications in dye-containing wastewater
degradation

The result potential antibacterial activity against tested organism, but
more effectiveness was observed against gram positive bacteria (B.
subtilis)

The result revealed the importance of biosynthesized Fe,Os—NPs against
phytopathogen Ralstonia solanacearum in vitro and in plant

These results showed that the synthesized NPs could be effective against
infections caused by multiple drug resistant pathogens

The study demonstrated that the formation of IONPs improved the
efficiency of phosphate removal

The study showed that IONPs enhanced the performance of microbial
fuel cell

The study demonstrates an eco-friendly approach to synthesizing IONPs
as a good bio-catalyst for the treatment of effluent waste of industries
The particles showed effective catalytic activity for removal of organic
contaminants

It displayed good efficiency in removing Cr (VI)

Fe203 NPs displayed superior biocompatibility with human RBCs

The IONPs showed good synergistic antibacterial, anticandidal and
antioxidant activity

The study reported important in vitro cytotoxicity assessments on MCF-7
breast cancer cell line

The IONPs displayed a strong catalytic activity for decolorization of
methylene blue and methyl orange

It is noteworthy that the biosynthesized IONPs are more efficient
antibacterial agent

The photosynthesized IONPs enhanced the production of hydrogen when
compared with FeSO4

The IONPs showed cytotoxicity against colon (HT-29) cancer cell lines
at concentrations above 125 pg mL!
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Figure 1. Green synthesis of iron oxide nanoparticles.

2.4 Possible mechanism for the synthesis of
IONPs

Three stages, namely activation, growth and
termination stage, are involved in the synthesis of
IONPs from plant sources. Plant extracts serve as
reducing agents for the bio-reduction of iron ion due to
the chemical constituents found in plant extract. During
synthesis, iron ions react with chemical constituents
such as flavonoids, polyphenols and tannins via
reduction and oxidation reactions. The electron rich
biomolecules with (-OH) functional groups has the
efficiency of reducing the iron ions (Fe?* or Fe®") from
divalent or trivalent oxidation state depending on the
iron precursor used to metallic form Fe® This
zerovalent iron will then be converted to IONPs due to
some chemical reactivity. Evidently, some reporters
have deduced from the functional group identification
via Fourier transform infrared spectroscopy (FTIR)
analysis that OH functional group in the extract are
responsible for bio-reduction (Mohamed et al., 2020).
The growth phase occurs during the annealing and
segregation of iron atoms which progressively
combined to yield IONPs. Finally, the termination step
encompasses the stabilization of synthesized IONPs,
which occurs when the equivalent amount of function
groups found in the extract bind with the surface of the
IONPs. Another study has reported the three stages
involved in the formation mechanism of IONPs as:
complexing of iron cation with hydroxyl functional
group, simultaneous bio-reduction of iron cation with
hydroxyl functional group to form IONPs and capping
of formed IONPs with hydroxyl containing functional
group (Thilagavathi et al., 2016). The flow chart
illustrating the synthesis of IONPs from plant material
is presented in Fig. 1.

24

ig.unesp.br/ecletica

3. Optimization

During the synthesis of IONPs some conditions
have to be attained to obtain maximum vyield and
desired morphological features. Such conditions and
parameters are ratios of volume of extracting solvent to
plant material, temperature, concentration of precursor
solution, pH of solution, reaction and incubation time.

3.1 Effect of precursor

Result from previous study had shown different
precursors adopted for the green synthesis of IONPs
using plant extract. Examples of such precursors are
ferric nitrate, ferric chloride, iron acetate, ferrous
sulphate, ferric citrate, ammonium ferric citrate. Some
mixture of precursors such as mixture of ferrous
sulphate and ferric chloride, mixture of potassium
ferricyanide and potassium ferrocyanide. The study
conducted by Rajendran and Sen (2016) on the effect
of precursors on the synthesis of IONPs showed that
there was a huge variation in number of days taken for
the synthesis of IONPs using different precursors. They
stated that the solubility of precursors in water has
influence on the reaction kinetics. Furthermore, they
concluded that all the precursors showed different
morphological features when the IONPs synthesized
were compared. Another study had revealed that the
nature of the precursor used for the green synthesis of
IONPs determine its reaction time, shape and size
(Sayed and Polshettiwar, 2015).

3.2 Effect of concentration of precursor

Studies have shown that concentration of precursor
influence the time taken for the synthesis of IONPs.
Increase in concentration of precursor causes an
increase in the rate of synthesis while decrease in
concentration of precursor has been linked with delay
in  bio-reduction process during IONPs. This
phenomenon was attributed to inadequate proportion of
biomolecules present in the extract to the precursor for
growth and nucleation of nanocrystals in the solution
(Zhu et al., 2012). The influence of concentration of
precursor on particle size has been reported, decrease
in concentration of precursor have been found to yield
IONPs with decrease particle size and vice versa
(Verma and Mehata, 2016). Nucleation and growth
models of NPs have been adopted in the explanation of
the effect of concentration of precursor on particle size
claiming that the number of NPs formed in the solution
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increased with increase in precursor concentration.
Aside nucleation rate, delay in particle growth was also
noted as the concentration of precursor increases
resulting to increase in the availability of elemental
concentrations of precursor which cause increase in the
size of particle (Cho et al., 2016).

3.3 Effect of pH

The pH which determines the level of acidity and
basicity of reaction medium has been detected to be an
important factor that influences the synthesis of IONPs
and other metal oxide NPs from plants materials. The
influences of pH of solution medium on size and
texture of NPs synthesized from plant extract has been
documented (Jacob et al., 2019). Therefore, variation
of the pH of solution has been adopted in regulation
and control of shape and size of the synthesized NPs
(Huang et al., 2015). The pH of basic medium (7 to 9)
has been reported as the optimum condition for the
synthesis of IONPs Aeromonas hydrophila (Lenders et
al., 2016). The biosynthesis that occurs at pH 12 and 4
has been reported to completely retard the synthesis of
IONPs. This indicated that extreme acidic and basic
conditions do not favor the synthesis of IONPs using
plant extract (Woznica et al., 2003).

3.4 Effect of temperature

Temperature is one of the crucial parameters that
influences the physical, chemical and biological
method of synthesizing IONPs. The temperature
requirement for the green synthesis of IONPs using
plant extract is in the range of 25 to 100 °C (Patra et
al., 2014). However, most researchers prefer the
synthesis of IONPs at room temperature due to the
volatility of some secondary metabolites of plants
extract that are needed for bio-reduction of iron ions.
Findings have shown that temperature of the reaction
solution influences the morphological identity of NPs
(Patra et al., 2014). Findings from the UV-visible
analysis of IONPs synthesis from plant part at
temperatures interval of 40 and 30 °C shown complete
synthesis at 48 and 72 h, respectively. This indicated
that rapid synthesis occurs at higher temperatures. This
report also indicated that an increase in temperature
beyond 40 °C led to poor synthesis of IONPs, which
was attributed to the inactivation of biomolecules liable
for the reduction of the iron precursor (Rajendran and
Sen, 2016). However, a report has shown the
successful synthesis of IONPs using Punica granatum
seed extract at temperature of 70 °C (Bibi et al., 2019).
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3.5 Time or reaction and incubation

The influence of incubation time on NPs
synthesized using plant extract have been examined to
influence the morphological properties and qualities of
NPs (Harlekar et al., 2014). Other factors, such as
storage conditions, device used for storage and
exposure to light also affect the reaction time of
IONPs. Long time incubation period has been
documented to cause aggregation and shrinkage of
particles (Saif et al., 2016).

3.6 Effect of type of plant extracts and
concentrations of on IONPs synthesis

The synthesis of IONPs using plants extract is
dependent on types of phytochemical found in the
extract and the volume used (Devatha et al., 2018). The
volume of plant extract used for the synthesis of NPs
influence its duration of complete synthesis. When
large volume of extract is being used, the rate of
synthesis occurs rapidly because more chemical
constituents are available in the solution which bind
with the iron precursor to effect rapid bio-reduction
and stabilization of IONPs while limited volume of
extracts are being used the rate of IONPs formation
decreases because there are insufficient biomolecules
to bind with the metal precursor, which finally result
into instability of NPs formed because the iron
precursor would not be completely reduced to
zerovalent form (Fazlzadeh et al., 2017). To attain an
optimum condition for the green synthesis of IONPs,
the ratio of the volume of plant extract must
correspond to the concentration of iron precursor used
because complete bio-reduction occur when there is
equivalent amount of iron precursor and functional
groups capable of causing reduction (Toledo et al.,
2018). Also, the nature and kind of phytochemical
available in plant extract influences the yield of IONPs
produced (Gholami et al., 2018). The yield of IONPs
depend largely on the volume of extract used for
synthesis. High volume of extract has been reported
induced to increased yield of synthesized IONPs when
various volumes of plant extract were used, this was
linked to the present of more functional groups, which
react with the iron salt to produce improved absorption
(Sumera et al., 2018). Findings have proved that
volume and kind of extract used for NPs synthesis also
affected their morphological properties and biological
activities (Shen et al., 2017).

Eclética Quimica Journal, vol. 46, n. 4, 2021, 17-37
ISSN: 1678-4618
DOI: 10.26850/1678-4618¢qj.v46.4.2021.p17-37


http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v46.4.2021.p17-37

Review article

4. Characterization techniques

Several techniques have been used for the
evaluation of the properties of synthesized IONPs. The
confirmation of IONPs formation is examined with UV
spectroscopy (Ramesh et al., 2018). Fourier transform
infrared spectroscopy (FTIR) is used for the functional
group identification (Devi et al., 2018). The
morphological  properties are determined by
microscopy techniques such as transmission electron
microscope (TEM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM)
(Lassoued et al., 2017). The crystallinity of synthesized
IONPs is determined with X-ray diffraction (Akintelu
et al.,, 2020a) while the purity and composition of
element are measured with EDX (Rufus et al., 2017)
and total reflection X-ray fluorescence (TXRF)
(Kulesh et al., 2016).

4.1 Nanoparticle formation analysis

Ultraviolet visible spectroscopy is a technique used
for the confirmation of the formation of metal NPs and
metal oxide NPs, such as IONPs (Madubuonu et al.,
2020). This is carried out by the measurement of its
surface plasmon resonance and estimation of the
oscillations of conduction band electrons obtained in
the electromagnetic radiation (Madubuonu et al.,
2020). Ultraviolet analysis has been used to study the
stability, size, aggregation and structure of the NPs
(Aisida et al., 2020a). Each metal oxide and metal NPs
have specific absorbance wavelength and this is
obtained from the UV spectrum when incident rays of
light encounter the conduction band electrons on the
surface of the metal NPs (Akintelu et al., 2020b). The
specific absorbance band for IONPs is in the range of
280 to 450 nm on the UV spectrum (Aisida et al.,
2020b). Findings obtained from recent studies on the
use of UV analysis for the confirmation of IONPs
formation are summarized in Tab. 1.

4.2 Functional group identification

Fourier transform infrared spectroscopy is useful for
the identification of the functional groups present in the
plant extract and IONPs (Kumar et al., 2016). It is
equally used in the determination of the functional
groups that participated in the bio-reduction of the iron
precursors (Mirza et al., 2018). Fourier transform
infrared spectroscopy analysis can produce the
absorption and infrared emission spectrum of solid,
liquid and gas. The uniqueness in the combination of
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atoms of biomolecules enhance the identification of
functional groups present in synthesized IONPs using
the spectra obtained from FTIR analysis (Vasantharaj
et al., 2019). The spectrum obtained from FTIR
spectroscopic analysis presents fingerprint containing
the absorption peaks that correspond to the wavelength
of vibrations within the bounds of atoms of the NPs
(Ibraheem et al., 2019; Sneha and Karthikeyan, 2019).
Fourier transform infrared spectroscopy analysis have
been used by numerous researchers to confirm the
presence of some biomolecules, such as flavonoids,
tannins, alkaloids, saponins in the extract of plants used
for the bio-reduction of iron precursors during the
formation of IONPs (Rahmani et al.,, 2019). The
prominent functional groups that are responsible for
the reduction process during the synthesis of IONPs
obtained from previous studies are presented in Tab. 1.

4.3 Morphological assessment of IONPs
4.3.1 Transmission electron microscope (TEM)

Transmission electron microscope is one of the
frequently used characterization tools for shape, size,
and  morphology  determination  of  IONPs
(Ebrahiminezhad et al., 2017a). Conversely, the IONPs
preparatory procedure for TEM analysis is very
complicated because the sample (IONPs) must be very
thin for electron transmittance. The IONPs are
enclosed in thin films prepared on copper grids coated
with carbon by releasing small quantity of IONPs in
solution onto the grid and extra solution on the grid are
removed with blotting papers (Rizwan et al., 2018). To
aid easy penetration of monochromatic beam of
electrons through the sample which produce an image
on the viewing screen, the prepared samples are dried
under a mercury lamp (Liu et al., 2015). The used of
TEM in the morphological assessment of IONPs
synthesized from several plant materials have been
reported by many researches and summary of their
results are documented in Tab. 1.

4.3.2 Scanning electron microscopy (SEM)

Scanning electron microscopy is an electron
microscopy-based technique that have been used for
the morphological evaluation of numerous NPs via
direct visualization (Akintelu et al., 2021). These
techniques have some wunique benefits for
morphological and size analysis when compared with
other available techniques. For the preparatory
procedures of IONPs for SEM analysis. The IONPs
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solution will be evaporated to dryness, the powder
obtained are then mounted on a sample holder of the
SEM machine and will be coated with a conductive
metal using a sputter coater (Ebrahiminezhad et al.,
2017b). Subsequently, a beam of high energy electrons
will be focused to the IONPs to produce several signals
on its surface (Ranmadugala et al., 2017). Then the
signals on the IONPs surface are captured by electron
beams and are recorded by the detector where
information about the crystalline structure, external
morphology, orientation and chemical composition of
IONPs are determined (Sulaiman et al., 2018). The
deficiency of SEM is in its inability to provide only
accurate and sufficient information about the average
size distribution of IONPs (Rajiv et al., 2017). Findings
on the morphological determination of synthesized
IONPs using several plant extracts via TEM analysis
are summarized in Tab. 1.

4.3.3 Atomic force microscopy (AFM)

Several findings have shown the use of AFM in
morphological evaluation of NPs (Adio et al., 2017).
This technique is based on scanning of samples
(IONPs) using a probe tip at the submicron level and
with the aid of installed software-based image
processing crucial information about morphology,
surface texture, length, width, and height of NPs can be
deduced (Jubb and Allen, 2010). For sample
preparation for AFM analysis, a small amount of
IONPs solution is placed on a glass slipcover attached
to the AFM stub and dried over nitrogen gas at ambient
temperature. Several images are recorded for better
interpretation (Jagathesan and Rajiv, 2018). This
instrument makes the use of the forces between the
surface and the tip of the sample in generating
topographical map which is scanned in contact mode
(Bishnoi et al., 2018). The advantages of AFM in
morphological evaluation of NPs does not require
sample pretreatment before producing their images, it
can be used to evaluate the morphological features of
nonconducting samples and it also produce information
about the volume and height of NPs (Katata-Seru et al.,
2018).

4.3.4 Elemental composition

4.3.4.1 Enerqy dispersive X-ray spectra (EDX)

In order to evaluate the purity and elemental
composition of NPs synthesized using plant extracts,
some researchers have used EDX technique (Yadav
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and Fulekar, 2018). The elemental composition of
IONPs is determined from the X-rays emission
obtained from IONPs after they have been bombarded
with an electron beam (Khalil et al., 2017). Also, the
use of an attached EDS detector to SEM have been
used to determine the composition of elements in
IONPs by estimating the number of X-rays emitted to
balance the difference in energy of the two electrons
(Badni et al., 2016). This is attainable because the
emitted X-ray energy is a characteristic identity of the
element when quantitatively and qualitatively analyzed
(Akintelu et al., 2020c).

4.3.4.2 Crystallinity evaluation

XRD have been reported as a good technique for
the crystallinity assessment of synthesized NPs
(Demirezen et al., 2018). The crystallinity assessment
is accomplished by analyzing the lattice and structure
parameters of the diffracted IONPs powder by
measuring the diffraction angle when X-ray beam
incident on them. With the aid of Scherrer formula
represented with Eg. 2 the crystal size can be

determined based on the X-ray peaks width
(Truskewycz et al., 2016).

S
Crystal size = Bo0s0 (2)

where k = shape factor (0.94), A = wavelength of
incident X-ray, B = full width half maximum and 6 =
Bragg’s angle.

5. Applications of IONPs synthesized from
plant extract

5.1 Antimicrobial applications

Various investigations have been carried out to
enhance the antimicrobial activities of available
antibiotic drugs and also to develop novel
antimicrobial agents to reduce/eliminate the microbial
resistance towards readily available antibiotics and
antiseptic (Ansari et al., 2017). Reports from the in
vitro antimicrobial studies of metal and metal oxide
NPs on numerous microbial species showed that metal
oxide and metal NPs demonstrated remarkable
inhibition against the growth of tested microbial
species when compared with commercially available
antibiotics and antiseptic (Rana et al., 2019). However,
the antimicrobial activities of IONPs and other NPs
depends upon majorly on particle size and material
used for synthesis. Over the past decades, IONPs
functionalized with therapeutic agents, such as
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antimicrobials, have gained scientific and industrial
attention because of their impressive results of
antimicrobial and antibiofilm activities (Holban, 2015).
When IONPs agglomerate, their surfaces are modified
with important biological molecules and other
polymer, IONPs have been coated with several
antimicrobial agents to prevent IONPS agglomeration
in attempt to extend the utility of engineered IONPs in
biomedical applications (Seabra et al., 2017). The
utilization of metal NPs have been recommended as the
most promising approach for eradicating microbial
drug resistance because of their multiple reaction
mechanisms with microbial cells (Seabra et al., 2017).
Some of the reaction mechanisms are generation of pits
in the bacterial cell, which causes fragmentation of the
cell wall, denaturation of the outermost membrane of
microbes especially bacterial, and reaction with the
disulfide groups of enzymes to obstruct metabolic
processes, which causes cell death (Rai et al., 2013).
Like other metal and metal oxide NPs such as silver,
gold, zinc oxide and copper oxide. The IONPs also
possess potential antimicrobial activities (Taghizadeh
et al., 2019). Patra et al. (2017) reported that IONPs
synthesized using corn plant extract exerted synergistic
antibacterial activities against tested bacterial species.
Previous study on the bactericidal action of IONPs
synthesized using the fruit extract of Couroupita
guianensis revealed that particles exhibited effective
bactericidal potency on tested human pathogens (Gao
et al., 2017). Findings have equally shown that the
growth of Proteus mirabilis and Escherichia coli can
be limited by IONPS obtained using leaf extract of
Argemone mexicana L. (Arokiyaraj et al., 2013). The
potential of IONPs in combating both gram positive
and gram-negative bacteria have been reported
effective and further strategies to develop synergistic
IONPs platform which could function as carrier system
for the treatment of microbial infection in future have
been devised (Nehra et al., 2018). Some results
obtained from recent studies on the antimicrobial
potency of IONPs synthesized using plant extracts
against the growth of some deadly human pathogens
are shown in Tab. 2.

5.2 Anticancer applications

Lack of selective targets and multidrug resistance
have made the effective treatment of tumor and cancer
an abortive and worrisome issue (El-Boubbou, 2018).
The advancement in nanotechnology and nanoscience
over the years have shown some effective contribution
of NPs in cancer treatment due to their exceptional
features and mechanism of reaction with cancerous
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cells (Sathishkumar et al., 2018). Among the existing
metal oxide NPs, IONPs have been recommended as
good anticancer therapy due to their large surface area
to graft targeting substrates and moieties, great
resistance to in vivo degradation and potential
synergistic activity in influencing the sensitivity of
drugs towards the treatment of cancer (Bahrami et al.,
2017). The cytotoxicity effect of biosynthesized IONPs
against human HepG2 liver cell lines reveal that IONPs
is capable of inhibiting the growth of cancer cell as the
concentrations of IONPs increases (Rajendran et al.,
2015). It was deduced from an investigation conducted
to determine the cytotoxicity efficiency of lead oxide
NPs and IONPs against HepG2 cells that IONPs
exhibited higher cytotoxicity efficiency of 38.49%
against HepG2 cells while the cytotoxicity efficiency
of lead oxide NPs was 20.88%. The difference in the
efficiency of the metal oxides in inhibiting the growth
of HepG2 cells was linked with the smaller particle
size of IONPs (Muhammad et al., 2019). The result
obtained from the in vitro cytotoxicity evaluation of
various concentrations of IONPs synthesized using
flaxseed against MCF-7 cells revealed high toxicity
efficacy at concentrations of 4.7 pg mL™* and above
(Rahmani et al.,, 2020). The high cytotoxicity
efficiency of IONPs against the MCF-7 cell line was
attributed to the ability of IONPs in causing breakdown
of MCF-7 cells membrane by interacting with the
phospholipid molecules in the cell layer (Berry et al.,
2004). An outstanding cytotoxicity effect has been
documented from the action of Psoralea corylifolia
mediated IONPs against significant anticancer activity
against renal tumor cells (Nagajyothi et al., 2017).

5.3 Environmental application

The wide use of anionic and cationic dyes in
textiles, plastic, pharmaceuticals, leather, printing, and
paper milling industries had led to their gigantic
demand and supply across the globe (Fowsiya et al.,
2016). Findings have shown that after manufacturing
processes in the aforementioned industries over 20% of
the total dyes used are wasted and are discharged into
the environment where they resulted into various forms
of environmental pollution (Ratna and Padhi, 2012).
The discharge of dye and other toxic waste into the
ecosystem have result to the death of many aquatic
animals, water turbidity and several human health
menace (Jin et al., 2018). However, the management
and effective control of effluents containing dyes have
been a daunting challenge. The implication of the
environmental challenges associated with industrial
effluents have led to the investigation of the catalytic
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degradation and oxidation of dyes by metal and metal
oxide NPs (Thandapani et al., 2018). Interestingly,
metal oxides, such as zinc, copper, titanium and iron
oxides, have showed good dye degradation efficiency
(Gonawala and Mehta, 2014; Stan et al., 2015). The
photodegradation of dyes by IONPs have been
attributed to the easy adsorption of dyes linked with the
high surface area to mass ratio and large number of
surface reactive sites of metal oxide NPs (Dutta et al.,
2014). Catalyst loading, pH, temperature, and time
have reported as the major factors affecting the
photocatalytic activities of IONPs (Ahmed et al.,
2020). Several results obtained from the applications of
IONPs on environmental control of toxic effluent
containing dyes and inorganic substance are
documented in Tab. 2.

6. Conclusion

This review discussed elaborately the various
methods and technigues involved in the synthesis and
characterization of IONPs. In general, the bioactive
constituents of plant extract used for the synthesis of
IONPs offer other benefits, such as improved
biological activities and prevention of agglomeration
aside been a reducing and stabilizing agent during the
process of synthesis. The optimum conditions for the
proper synthesis and improved yield of IONPs with
desirable properties are well discussed. Review from
the literature shows that plant-based synthesis is
environmentally friendly, scalable to industrial
production, nontoxic, very fast and consume less
energy. Despite the numerous applications of
biosynthesized IONPs in effluent treatment, catalysis
and biomedicine, there is need for advance study to
puffer solution to the challenges in comprehending the
subsurface mechanistic pathways and transport of
IONPs in the environments and their toxicological
consequences.
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ABSTRACT: The adsorption of lead in aqueous solution
onto Acrocomia aculeata pulp was examined. The pulp was
characterized in the presence and absence of lead using
Fourier  transform infrared  spectroscopy (FTIR),
thermogravimetric analysis (TG-DTA), and scanning
electron microscopy (SEM). Sulfur and oxygen bonds were
responsible for adsorbing lead onto the pulp surface. The
TG-DTA profile proved that adding sodium azide increases
the pulp’s thermal stability until 200 °C. Adsorption data in
batch and column systems were analyzed to understand the
pulp adsorption compared to other biomaterials. In the
batch experiments, the removal efficiency reached a
maximum of 91.9% when a solution of 50 ppm of lead was 025
placed in contact with the pulp for 30 min and fit 0:2

Contaminant Solution

Contact with Acrocomia
aculeata

0.3

Freundlich isotherm behavior. In the column experiments, < o1s @ ° Tin:zimm) 0
the theoretical maximum adsorption capacity was found to 2 o1 ..-" 0.5029x - 19614
. y=0. x-1.
=ile 0.05

be 11.97 mg g*; more column data is needfad to (?ompare - R?=0.9761 Measure Adsorption
column results to other studies. Further studies to improve ii §& ie &9 0% of Contaminant
the pulp adsorption capacity are needed for it to be a Log(Ce)
competitive biomaterial for water treatment.
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1. Introduction

Lead is one of the five most harmful elements to
human health (Tchounwou et al., 2012). Due to its high
bioavailability, lack of biological function, and
persistence in the environment, it is extremely toxic to
ecosystems and living organisms (Jaishankar et al.,
2014; Tchounwou et al., 2012). Some toxic effects of
lead include damage to the central and peripheral
nervous system, birth defects, inhibition of plant
growth, and ecosystem bioaccumulation (Cardwell et
al., 2013; Flora et al., 2012; Goyer, 1993; Jaishankar et
al., 2014).

Though lead is naturally occurring, the majority of
lead contamination results from anthropogenic sources
(Tchounwou et al., 2012). Industrial sources of lead
include fossil fuels, production of metals, mining,
soldering, battery production, and pipping. Domestic
sources of lead include decorative paint, children’s
toys, and cosmetics (Flora et al., 2012; Jaishankar et
al., 2014; Tchounwou et al., 2012). Humans are
exposed to lead from these products via respiration of
dust containing lead or the ingestion of contaminated
water. Cases of lead contamination are found on every
continent, excluding Antarctica, and 49% of children
and 52% of adults in the world have blood levels of
lead higher than 5 ug dL* (Kessler, 2014). Thus, it can
be concluded that lead contamination is a global public
health crisis (Tong et al., 2000).

The World Health Organization standard for lead in
potable water is below 0.01 ppm, recommending that
contaminated water be treated so that lead levels are
below the standard (WHO, 2006). The most common
methods of water treatment for lead are chemical
precipitation and ionic  exchange.  Chemical
precipitation uses hydroxides and sulfides to produce a
solid precipitate containing lead. This process is fast
and easy to control, however, the chemicals used and
the disposal of toxic solids generate high operation
costs. lonic exchange uses a synthetic organic resin to
attract soluble ions from a liquid phase to a solid phase.
Although this method has low operation costs, it is
very sensitive to pH changes and only works with low
concentrations of lead (Gunatilake, 2015).

Bioadsorption is an alternative method for treating
water contaminated with heavy metals such as lead. In
this study, bioadsorption is defined as the mass transfer
of a substance to the surface of a biomass-derived solid
via physical and chemical interactions. Bioadsorption
is efficient in purification and separation, low cost, and
easy to control. Furthermore, it is a process that is
environmentally friendly. Common materials for
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bioadsorption include agricultural wastes, biopolymers,
and industrial byproducts (Gunatilake, 2015).

In Paraguay, a biomaterial of interest is the coconut
palm Acrocomia aculeata, known by its common name
as “mbokaya” (Yubero et al., 2015). Acrocomia
aculeata is a species native to South America with a
high cultivation potential in Paraguay, home to over
4,546,000 hectares of the species (Plath et al., 2016).
Unlike the African palm and soy, A. aculeata can be
grown in a mixed culture and in infertile, sandy soils
(Poetsch et al., 2012; Roman, 1996). This means that
its cultivation does not compete with the nutrient-rich
rainforest soil nor causes the loss of biodiversity
associated with land clearing for monocultures (Plath et
al., 2016). As this palm survives in extremely low
temperatures, fire, and drought, it is resistant to
extreme weather events brought on by climate change
(Poetsch et al., 2012). The kernel oil from the coconut
is already used in a variety of local products and
industries in Paraguay, such as food, biofuel,
cosmetics, and medicinal soap, and thus is an important
economic resource for the country (Poetsch et al.,
2012; Roman, 1996).

In addition to the environmental, social, and
economic benefits of A. aculeata, the pulp of the
coconut, a byproduct of kernel oil extraction, has
proven capabilities in the bioadsorption of heavy
metals from water. According to Yubero et. al (2015),
the pulp of A. aculeata can adsorb up to 66% of
chromium (V1), another heavy metal toxic to human
health. Thus, it is probable that this material could
effectively remove other heavy metals such as lead.
This study aims to explore A. aculeata as a sustainable
material for lead bioadsorption through the
characterization of the pulp composition and structure
and the analysis of lead adsorption in both column and
batch systems.

2. Experimental
2.1 Pulp preparation

The coconuts were collected in February of 2016, in
semi-open field at the Jack Norment Camp in Caacupé,
Paraguay. The pulp was processed by the Botany and
Physical Chemistry Departments at Universidad
Nacional de Asuncion. First, the epicarp was removed
and mesocarp cuts were made. The slightly insoluble
fibers were then dried at 40 °C for two days (Gonzalez
et al., 2018; Yubero et al., 2016a; b). The size of the
dry fiber was sieved for size selection, to be between
297 and 350 pm. To conserve the fiber, 0.5 g of
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sodium azide was added and homogenized in about 4 g
of the size-selected fiber.

2.2 Characterization methods

Fourier transform infrared spectroscopy (FTIR)
analysis from 500-4000 cm™ was conducted on the
native pulp and the pulp in contact with a 25 ppm
Pb(ll) solution for 5 min, 30 min, and 5 h, using the
Shimadzu  Europa  GmbH IR  Prestige-21.
Thermogravimetric analysis (TG-DTA) was carried out
using TA Instruments ST 2960 Simultaneous DTA-
DTG on a sample of m = 5.6 mg of native pulp/sodium
azide mix. The sample was heated at = 20 °C min™*
under air atmosphere (100 mL min™?) in an open
aluminum crucible (70 pL) during thermogravimetric
analysis (TG-DAT analysis. Scanning electron
microscopy (SEM) images of the pulp azide mix after
contact with Pb(Il) were taken using FEG-SEM JEOL
Model 7500F.

2.3 Solution preparation

The distilled water was tested with a PHS-38W
microprocessor from Bante Instruments. The pH was
found to have a pH of 5.84 at 25.4 °C. As lead has a
solubility between a pH of 2 to 7, distilled water was
used in the following solutions (Wang et al., 2017).
Lead nitrate, Pb(NQOs3)2, were used in the preparation of
all solutions.

A 1 L solution of 50 ppm Pb(NO3), was prepared
using 50 mg of anhydrous Pb(NOs3).. Solutions of 30,
40, and 50 ppm Pb(NOs), were prepared by adding 30,
40, and 50 mL of the 50 ppm Pb(NOs), solution to
50 mL volumetric flasks and filling them with distilled
water.

2.4 Batch study

To prepare the pulp for batch experiments, 200 mg
samples of the pulp were washed three times with
25 mL of distilled water. The batch experiment was
carried out by adding a sample of 200 mg of pulp to a
13 mL solution with an initial concentration of either
30, 40, or 50 ppm Pb(ll) to conical centrifuge tubes.
Each sample was rotated for a required time of either
5 min, 30 min, and 5 h at 8 rpm. Next, the pulp and
solution were centrifuged for 5 min at 6000 rpm. The
supernatant was extracted and the final concentration
of Pb(Il) was tested using AA-6300 Shimadzu atomic
absorption spectrometer. It must be noted that this
experiment was performed in duplicate (i.e. two
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samples of pulp in contact with 30 ppm Pb(ll) for
5 min, two samples in contact with 30 ppm Pb (11) for
30 min).

The Langmuir (Eq. 1) and Freundlich (Eqg. 2)
adsorption isotherms were applied to the batch data
using the following equations.

1 1 1 1
EA O T R 1
de Kpqm ¢ Qm ( )

logq., = logKg +%logcl- (2)

where K¢ is the Langmuir constant (L mg), gm is the
maximum adsorbed capacity (when the adsorbate
monolayer has formed, mg g?), Kr is the Freundlich
constant for adsorption capacity (L mg?), n is
Freundlich constant for adsorption intensity, and ¢; is
the initial concentration adsorbate in solution (mg L™).
Qe is the adsorption capacity at equilibrium (mg g7?),
solved for using Eq. 3.

ci—c¢C
e = —, Lxv ®)

where ¢ is the final solution (mg L), m is the mass of
adsorbent (g), and V is the volume of solution (L).

Removal efficiency (Eq. 4) was also calculated for
batch data using the following equation.

Ci

RemovalEf ficiency = ;Cf x100 4)

2.5 Column study

A 5 mL syringe with needle was used as the
column. A sheet of packing plastic was placed at the
bottom of the syringe and 200 mg of pulp were loaded
into the column. The syringe needle was connected to a
tube that fed through a peristaltic pump that regulated a
flow rate of 4 mL min, as seen in Fig. 1.

Twenty-five mL of distilled water were passed
through the column to stabilize the column bed. After
the pulp was stabilized, a 35 ppm Pb(Il) solution was
continuously passed through the column. Over a 3-time
period, 15 mL samples of effluent solution were
collected every 15 min in conical centrifuge tubes. In
between sampling times, the effluent was collected in a
waste beaker. The levels of Pb(ll) in the conical
centrifuge tube samples were tested using atomic
absorption spectroscopy.
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Figure 1. Column experiment configuration.

The Thomas (Eq. 5) and Yoon-Nelson (Eq. 6)
models were applied to column data using the
following equations.

In [(i—t) ~1] = KTH"TT”’" + Ky Cot ()

where C, is the original concentration of the solution
(mg L), Ctis the concentration of the effluent solution
(mg L), Q is the flow rate (mL min™?), Ky is the
Thomas model constant (mL mg™ min™), g is the
theoretical adsorption capacity, and t is the time (min).

in Cfct) = tKyy — TKyy (6)

o

where C, is the original concentration of the solution
(mg L), Cqis the concentration of the effluent solution
(mg L), flow rate of the influent solution (mL min?),
t is the time (min), Kyn is the Yoon-Nelson constant
(min-?), and 7 is the time to reach 50% saturation of the
column.

3. Results and discussion
3.1 Materials characterization

The data for the infrared (IR) spectrum of the native
pulp is found in Tab. 1. The native pulp had a
characteristic fingerprint region, defined by bands 1-8
in Tab. 1, with representative bands at 1735, 1374, and
1064 cm™ (Yubero et al., 2015). These bands
correspond with C=N/C=0, C-O-C, and C=S/S=0
bonds (Chang, 1981).

ig.unesp.br/ecletica

Table 1. Fourier transform infrared (FTIR) spectrum
bands of A. aculeata pulp.

- ~Area/au.cm
1 996 1.260 27.17
2 1034 1.404 64.96
3 1068 1.426 412
4 1160 1.272 46.69
5 1249 1.331 72.19
6 1330 1.219 9.39
7 1378 1.291 12.37
8 1735 1.366 7.72
9 2348 1.209 10.41
10 2374 1.204 19.64
11 2866 1.281 8.64
12 2922 1.320 20.30
13 3005 1.271 8.58

When the pulp was in contact with a 25 ppm Pb(ll)
solution, the bands in the fingerprint region shrink in
intensity as the contact time with the lead solution
increased, as seen in Fig. 2. This change in intensity, an
indicator of change in dipole movement, indicates that
the oxygen and sulfur bonds are most likely involved in
capturing the Pb(Il). Additionally, a band appears at
around 2300 cm? in the Pb(ll) contact spectra,
highlighted in Fig. 2, at a stronger intensity than in the
raw pulp IR spectrum. This band could indicate the
presence of Pb(ll) nitrate.

6

5h
30m
5m

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

1/em

Figure 2. Fourier transform infrared spectrum (FTIR)
of A. aculeata pulp in contact with 25 ppm Pb(ll)
solution for 5 min, 30 min, and 5 h; insert: expanded
region of 2340-2380 cm™.

The results of the scanning electron microscopy
(SEM) imaging are found in Fig. 3. These images
reveal the pulp to have a rough, fibrous surface texture.
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The thermogravimetric analysis (TGA) profile of the
pulp azide mixture (Fig. 4) was compared to the TGA
of A. aculeata pulp in absence of sodium azide, from
Fig. 4. It must be noted that in Corréa et al. (2019) the
pulp was heated at 10 °C min! under synthetic air
while the conditions for this experiment was 20 °C
min-t. The raw pulp had four decomposition steps,
while the thermogravimetric/derivative
thermogravimetric (TG/DTG) curves of the pulp
sodium azide mixture reveals that there are three
distinct decomposition steps (Fig. 4). In the raw pulp
TG/DTG curve, the first step occurred between room
temperature and 160 °C and was endothermic due to
the presence of water in the fibers (Corréa et al., 2019).
Similarly, the first step in the pulp azide mechanical
mixture is endothermic between 25 and 100 °C and can
be associated with water molecule evolution.

— 10pm IQ-UNESP 9/18/2019
2.00kV SEI GB_LOW WD 4.8mm 2:04:06

P

— 10pm IQ-UNESP 9/18/2019
2.00kV SEI GB_LOW WD 4.8mm 4:39:23

Figure 3. Field emission gun scanning electron
microscope (FEG-SEM) mixed (secondary electron
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and backscatter electron) image of A. aculeata pulp
with Pb(Il) in (&) batch and (b) column.
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Figure 4. Thermogravemetric analysis (TGA) profile
of A. aculeata pulp, % weight with (a) TG and DTG
and (b) TG-DTA; mass sample of 5.6 mg; p = 20 °C
min-; air (100 mL min?); open aluminum crucible
(70 L).

The next decomposition step in the raw pulp TGA
was exothermic and the largest; it occurred between
approximately 190 and 300 °C and can be attributed to
the decomposition of hemicellulose and cellulose. This
step was followed by two small exothermic mass losses
between approximately 390 and 425 °C that can be
attributed to the decomposition of lignin (Corréa et al.,
2019). On the other hand, the pulp azide mixture
demonstrated thermal stability until about 200 °C,
proving that the sodium azide causes a slight
stabilization in the material. The following step for the
sodium azide mixture is strongly exothermic and can
be associated with the kinetically fast decomposition of

Eclética Quimica Journal, vol. 46, n. 4, 2021, 38-46
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v46.4.2021.p38-46


http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v46.4.2021.p38-46

Original article

cellulose and the formation of the metallic Na species
from sodium azide, which both simultaneously occur
between 200 and 340 °C. The largest percentage
weight loss occurs during this step at TP ™peax = 336 °C,
which is right around the temperature that sodium
azide decomposes according to literature. It can be
concluded that the presence of sodium azide
accelerates the decomposition of the material in this
step. The residues from the decomposition reaction of
cellulose and sodium azide to metallic Na then
decomposes in the step between 350 and 510 °C. The
DTG and DTA curves are in agreement with each other
and the literature, revealing two small peaks that are
associated with the slow kinetics steps of consecutive
reactions (Fujimoto et al., 1990). A total of 94.3% of
the pulp sodium azide mixture decomposed.

3.2 Batch study

In the batch study, the removal efficiency (see Eq.
4), or performance in terms of amount of lead removed
was found to reach a maximum of 91.9% when a 13
mL solution of 50 ppm of Pb(Il) was placed in contact
with 200 mg of pulp for 30 min. The Langmuir and
Freundlich adsorption isotherms for 5 min of contact
with the lead solution are found in Figs. 5 and 6,
respectively. It is important to note that most results
from the 5 h and 30 min contact time were found to be
under the limit of quantification of the instrument
(6.30 ppm Pb(ll)), so these isotherms were not
included in this paper (Silva, 2016). The results from
the application of the Langmuir and Freundlich
isotherm models applied to the batch results are
summarized in Tab. 2.

0,9
0,8
0,7
w0 0,6
E 0,5
o 0,4
= 03
0,2
0,1
0
0,015

y =22.757x + 0.0854
R*=0.9747

0,02 0,025

1/Ce (L/mL)

0,03 0,035

Figure 5. Langmuir isotherm of Pb(Il) adsorption for 5
min contact time with A. aculeata.
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Figure 6. Freundlich isotherm of Pb(Il) adsorption for 5
min contact time with A. aculeata.

Table 2. Langmuir and Freundlich isotherms of Pb(ll)
adsorption in batch for 5 min contact time.
~ Langmuirisotherm  Freundlich isotherm
am KL R? KL n R?
11.71  0.0037 0.9747 0.0548 1.108 @ 0.9761

The R? value suggest that the Freundlich model fits
the adsorption behavior slightly more than the
Langmuir model. This indicates that the distribution of
surface energy is heterogenous. The Freundlich model
also is in accordance with the SEM images, as
Freundlich adsorption commonly occurs on rough
surfaces (Fig. 3) (Chang, 1981). The n value, the
Freundlich constant for adsorption intensity is greater
than 1, which indicates that the adsorption reaction is
kinetically favorable. The Freundlich constant for
adsorption capacity, Kge, however, is low compared to
other biomaterials in batch, as seen in Tab. 3. The pulp
was found to have a low adsorption capacity, ge (Eq. 3),
of 2.3 mg gt in comparison to other biomaterials (Tab.
3). Since the adsorption capacity defines the amount of
adsorbate taken up by the adsorbent, the low value
indicates that it is not a promising biomaterial for
filtration (Tab. 3). Future optimization studies
regarding ideal conditions for adsorption or chemical
treatment of the material are needed to improve the
adsorption capacity.
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Table 3. Comparison of Freundlich adsorption parameters for various biomaterials.

Material
Corn cobs Stefan et al., 2010 0.40
Hazelnut shell Pehlivan et al., 2009 4.28
Almond shell Pehlivan et al., 2009 0.18
Activated carbon Singanan, 2011 1.25
Rice husk Zulkali et al., 2006 0.81
Modified peanut husk Lietal., 2007 0.34
A. Aculeata pulp This study 0.05

3.3 Column study

The experimental breakthrough curve from the
column experiment is found in Fig. 7 and the
breakthrough parameters, along with the Thomas and
Yoon-Nelson results, are summarized in Tab. 4. The
breakthrough curve resembles the typical shape for
column adsorption. The breakthrough time, which is
defined as the time at which the concentration of the
effluent solution is equal to 5% of the influent
concentration, occurs in the first 15 min. This signifies
an efficient mass transfer rate. The exhaustion time, the
time at which the concentration of the effluent solution
reaches 95% of the influent concentration, was found
to occur between 2.50 and 2.75 h. The long exhaustion
time indicates that the pulp-column system would have
a long operating life.

~n R ge(mggh)
1.5 0.8794 N/A
1.6 0.9360 28.18
1.9 0.9260 8.08
35 0.9626 N/A
1.9 0.9851 5.69
0.5 0.9773 4.66
1.1 0.9761 2.30
1,2 4
1 .
® 0o  ®
0,8 - ) @ () @ () @
o
L 06 - e
Q
04 -
02 1 @
0 T T T 1
0 50 100 150 200
Time (min)

Figure 7. Experimental breakthrough curve for Pb(ll)
adsorbed on A. aculeata pulp.

Table 4. The parameters in fixed-bed experiments for adsorption of Pb(ll) on A. aculeata.

~ Thomasmodel - Breakthrough parameters
Kri (ML mg*min™t)  qm(mgg™) R? Kyn (1/min) T (min) R®  t(min) t(min) g
0.5714 11.97 0.5782 0.020 17.15 05782  0-15  150-165 1.022

The Thomas (Eg. 5) and Yoon-Nelson (Eqg. 6) are
mathematical models for Langmuir adsorption used to
describe the performance of the column. The Thomas
model is typically used to calculate g, the theoretical
adsorption capacity of the pulp, which describes the
maximum solid phase concentration of Pb(Il) on the
pulp. This was found to be 11.97 mg g*. The Yoon-
Nelson model is a model for fixed bed, single
component adsorption that assumes the decrease in
probability of adsorption for each Pb(Il) molecule is
proportionate to the probability of breakthrough on the
pulp by the Pb(Il). When applied to the data from the
column study, the Thomas and Yoon-Nelson models
had low R? and, therefore, did not fit the adsorption
behavior of Pb(Il) (Tab. 2). The Rq, which is the ratio
of the theoretical adsorption maximum in column
compared to batch, was calculated using the results
from the Thomas model in column and Langmuir
model. The ratio of 1.022 shows that the column and

44

batch systems have almost equal efficiency in
adsorption of Pb(ll), however, as the adsorption does
not follow Langmuir behavior and the Thomas and
Yoon-Nelson models have poor R? coefficients, the
column results cannot truly compare the efficacies of
both systems. It is necessary that more column data be
collected so that an accurate performance assessment
can be made.

4. Conclusions

The IR characterization revealed that bonds
containing oxygen and sulfur were involved in the
adsorption of Pb(ll) ions from water. The TGA
analysis demonstrated that sodium azide increases the
pulp stability. In accordance with the rough surface
revealed from the SEM images, the pulp adsorption of
Pb(ll) specie follows the Freundlich model
preferentially, indicating that the binding sites have a
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heterogenous distribution of energy and do not form a
single layer. The adsorption parameters in batch,
however, indicate lower performance when compared
to other biomaterials. While the breakthrough curve
from the column experiments demonstrated efficiency
and operation durability, more column experiments
need to be conducted in order to determine which
model best describes the adsorption behavior and
performance. Future studies on improving the
adsorption capacity of A. aculeata are needed to
understand this biomaterial full capabilities as a
sustainable water treatment for Pb(ll).

Authors’ contribution

Conceptualization: Novak, A.; Yubero, F.

Data curation: Novak, A.

Formal Analysis: Novak, A.

Funding acquisition: Novak, A.

Investigation: Novak, A.; Yubero, F.; Diez-Pérez-
Nuiez, D.; Fertonani, F. L.; Da Silva Britez, B. G.;
Gonzalez, Y.

Methodology: Novak, A.; Yubero, F.; Diez-Pérez-
Nuiez, D.; Fertonani, F. L.

Project Administration: Novak, A.; Yubero, F.
Resources: Yubero, F.; Diez-Pérez-Nuiiez, D.;
Fertonani, F. L.; Gonzélez, Y.

Software: Not applicable

Supervision: Yubero, F.; Fertonani, F. L.

Validation: Yubero, F.; Diez-Pérez-Nuiiez, D.;
Fertonani, F. L.; Gonzélez, Y.

Visualization: Novak, A.

Writing — original draft: Novak, A.

Writing — review & editing: Novak, A.; Yubero, F.;
Fertonani, F. L.

Data availability statement

All data in this report is licensed under creative
commons.

Funding

Fulbright U.S. Student Study/Research Grant 2019,
The Fulbright Program,
https://us.fulbrightonline.org/countries/western-
hemisphere/paraguay/110

Acknowledgments

We thank the Physical Chemistry Department for all
the support, resources, and mentorship they provided

ig.unesp.br/ecletica

as well as the Fulbright Program for funding this
project. We also would like to thank Redox Quimica,
the Medical Control Laboratory of the National
University of Asuncion, School of Chemical Sciences,
and the Department of Chemistry and Environmental
Sciences at S8o Paolo State University in Sdo José do
Rio Preto for providing us with the instruments and
chemical characterization necessary for this study.
Finally, we thank the Botany Department of the
National University of Asuncion, School of Chemical
Sciences for collecting the coconuts used in the
experiment.

References

Cardwell, R. D.; DeForest, D. K.; Brix, K. V.; Adams, W. J.
Do Cd, Cu, Ni, Pb, and Zn biomagnify in aquatic
ecosystems. In Reviews of Environmental Contamination
and  Toxicology;  Springer, 2013; pp 101-122.
https://doi.org/10.1007/978-1-4614-6898-1 4

Chang, R. Physical chemistry with applications to biological
systems; Collier Macmillan, 1981.

Corréa, A. C.; Carmona, V. B.; Siméo, J. A.; Galvani, F,;
Marconcini, J. M.; Mattoso, L. H. C. Cellulose Nanocrystals
from Fibers of Macauba (Acrocomia Aculeata) and Gravata
(Bromelia Balansae) from Brazilian Pantanal. Polymers
2019, 11 (11), 1785. https://doi.org/10.3390/polym11111785

Flora, G.; Gupta, D.; Tiwari, A. Toxicity of lead: a review
with recent updates. Interdiscip. Toxicol. 2012, 5 (2), 47-58.
https://doi.org/10.2478/v10102-012-0009-2

Fujimoto, Y.; Ando, T.; Morisaki, S. Thermal stability of
sodium azide. Azi ka natorium no netsu anteisei. Kogyo
Kayaku 1990, 51 (3), 148-156.

Gonzalez, Y.; Garcia, M. G.; ArrGa, R. D.; Lopez, M;
Bernal, C.; Ayala, J.; Yubero, F. Morfologia, anatomia
estructural y actividad lipasa de la pulpa de “coco”,
Acrocomia aculeata (Jacq) Lodd. ex Mart. (Arecaceae) en
funcion al tiempo de colecta. Rojasiana 2018, 17 (1), 73-80.

Goyer, R. A. Lead toxicity: current concerns. Environ.
Health Perspect. 1993, 100, 177-187.
https://doi.org/10.1289/ehp.93100177

Gunatilake, S. K. Methods of removing heavy metals from
industrial wastewater. J. Multidiscip. Eng. Sci. Stud. 2015, 1
(1), 12-18.

Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B. B.;
Beeregowda, K. N. Toxicity, mechanism and health effects
of some heavy metals. Interdiscip. Toxicol. 2014, 7 (2), 60—
72. https://doi.org/10.2478/intox-2014-0009

Eclética Quimica Journal, vol. 46, n. 4, 2021, 38-46
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v46.4.2021.p38-46


http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v46.4.2021.p38-46
https://doi.org/10.1007/978-1-4614-6898-1_4
https://doi.org/10.1007/978-1-4614-6898-1_4
https://doi.org/10.1007/978-1-4614-6898-1_4
https://doi.org/10.1007/978-1-4614-6898-1_4
https://doi.org/10.1007/978-1-4614-6898-1_4
https://doi.org/10.3390/polym11111785
https://doi.org/10.3390/polym11111785
https://doi.org/10.3390/polym11111785
https://doi.org/10.3390/polym11111785
https://doi.org/10.3390/polym11111785
https://doi.org/10.2478/v10102-012-0009-2
https://doi.org/10.2478/v10102-012-0009-2
https://doi.org/10.2478/v10102-012-0009-2
https://doi.org/10.1289/ehp.93100177
https://doi.org/10.1289/ehp.93100177
https://doi.org/10.1289/ehp.93100177
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.2478/intox-2014-0009

Original article

Kessler, R. Lead-based decorative paints: where are they still
sold—and why? Environ. Health Perspect. 2014, 122 (4),
A97-A103. https://doi.org/10.1289/ehp.122-A96

Li, Q.; Zhai, J.; Zhang, W.; Wang, M.; Zhou, J. Kinetic
studies of adsorption of Pb (II), Cr (ll) and Cu (II) from
aqueous solution by sawdust and modified peanut husk. J.
Hazard. Mater. 2007, 141 (1), 163-167.
https://doi.org/10.1016/j.jhazmat.2006.06.109

World Health Organization. Guias para la calidad del agua
potable; WHO, 2006.
https://www.who.int/water_sanitation_health/dwg/gdwg3_es
_fulll_lowsres.pdf (accessed 2021-31-08).

Pehlivan, E.; Altun, T.; Cetin, S.; Bhanger, M. |. Lead
sorption by waste biomass of hazelnut and almond shell. J.
Hazard. Mater. 2009, 167 (1-3), 1203-1208.
https://doi.org/10.1016/j.jhazmat.2009.01.126

Plath, M.; Moser, C.; Bailis, R.; Brandt, P.; Hirsch, H.;
Klein, A.-M.; Walmsley, D.; von Wehrden, H. A novel
bioenergy feedstock in Latin America? Cultivation potential
of Acrocomia aculeata under current and future climate

conditions. Biomass Bioenergy 2016, 91, 186-195.
https://doi.org/10.1016/j.biombioe.2016.04.009
Poetsch, J.; Haupenthal, D.; Lewandowski, I.; Oberlander,

D., Hilger, T. Acrocomia aculeata — a sustainable oil crop.
Rural 2012, 21 (3), 41-44.

Roman, C. J. C. Analisis de um sub-sector de la industria de
Productos no Maderables del Bosque (PNMB) del Paraguay.
Kaaguy Revista Forestal del Paraguay 1996, 12 (1), 41-47.

Silva, R. J. N. B. Spreadsheet for designing valid least-
squares calibrations: A tutorial. Talanta. 2016, 148, 177-
190. https://doi.org/10.1016/j.talanta.2015.10.072

Singanan, M. Removal of lead (II) and cadmium (II) ions
from wastewater using activated biocarbon. Science Asia
2011, 37, 115-119. https://doi.org/10.2306/scienceasial513-
1874.2011.37.115

Stefan, D. S.; Belcu, M.; Stefan, M.; Marinescu, |. A.
Sorption of Hg?* and Pb?* ions from aqueous solutions on
corn cobs biomaterials. Rev. Chim. 2010, 61 (1), 31-35.

Tchounwou, P. B.; Yedjou, C. G.; Patlolla, A. K.; Sutton, D.
J. Heavy metal toxicity and the environment. In Molecular,
Clinical and Environmental Toxicology; Luch, A., Ed,;
Springer, 2012; pp 133-164. https://doi.org/10.1007/978-3-
7643-8340-4_6

Tong, S.; von Schirnding, Y. E.; Prapamontol, T.
Environmental lead exposure: a public health problem of
global dimensions. Bull. World Health Organ. 2000, 78 (9),
1068-1077.

46

ig.unesp.br/ecletica

Wang, X.; Wang, L.; Wang, Y.; Tan, R.; Ke, X.; Zhou, X.;
Geng, J.; Hou, H.; Zhou, M. Calcium sulfate hemihydrate
whiskers obtained from flue gas desulfurization gypsum and
used for the adsorption removal of lead. Crystals 2017, 7 (9),
270. https://doi.org/10.3390/cryst7090270

Yubero, F.; Ayala, J.; L6pez, M.; Valdovinos, V.; Bernal, C.;
Gonzélez, Y. Polvo insoluble de pulpa de coco (Acrocomia
aculeata) como biocatalizador. In XXV  Congreso
Iberoamericano de Catalisis (ClCat 2016), Montevideo,
Uruguay, September 18-23, 2016a.

Yubero, F.; Ayala, J.; Lopez, M., Valdovinos, V.; Monteiro,
M.; Gonzalez, Y.; Thompson, W.; Arguello, J.
Physicochemical characteristics of the coconut pulp
(Acrocomia aculeata) for use as support of proteins and
metal material. In 22 Congreso Brasilero de Ingenieria y
Ciencia de los Materiales (CBCIMAT 2016), Natal, Brazil,
November 6-10, 2016b.

Yubero, F.; Oviedo, C.; Arango, M. Biomateriales de fuentes
naturales para la retencion de Cromo (V). Rev. Soc. Cient.
Parag. 2015, 20 (2), 135-143.

Zulkali, M. M. D.; Ahmad, A. L.; Norulakmal, N. H.;
Sharifah, N. S. Comparative studies of Oryza sativa L. husk
and chitosan as lead adsorbent. J. Chem. Technol.
Biotechnol. 2006, 81 (), 1324-1327.
https://doi.org/10.1002/jcth.1429

Eclética Quimica Journal, vol. 46, n. 4, 2021, 38-46
ISSN: 1678-4618
DOI: 10.26850/1678-4618eqj.v46.4.2021.p38-46


http://revista.iq.unesp.br/ojs/index.php/ecletica/index
https://doi.org/10.26850/1678-4618eqj.v46.4.2021.p38-46
https://doi.org/10.1289/ehp.122-A96
https://doi.org/10.1289/ehp.122-A96
https://doi.org/10.1289/ehp.122-A96
https://doi.org/10.1016/j.jhazmat.2006.06.109
https://doi.org/10.1016/j.jhazmat.2006.06.109
https://doi.org/10.1016/j.jhazmat.2006.06.109
https://doi.org/10.1016/j.jhazmat.2006.06.109
https://doi.org/10.1016/j.jhazmat.2006.06.109
https://www.who.int/water_sanitation_health/dwq/gdwq3_es_fulll_lowsres.pdf
https://www.who.int/water_sanitation_health/dwq/gdwq3_es_fulll_lowsres.pdf
https://www.who.int/water_sanitation_health/dwq/gdwq3_es_fulll_lowsres.pdf
https://www.who.int/water_sanitation_health/dwq/gdwq3_es_fulll_lowsres.pdf
https://doi.org/10.1016/j.jhazmat.2009.01.126
https://doi.org/10.1016/j.jhazmat.2009.01.126
https://doi.org/10.1016/j.jhazmat.2009.01.126
https://doi.org/10.1016/j.jhazmat.2009.01.126
https://doi.org/10.1016/j.biombioe.2016.04.009
https://doi.org/10.1016/j.biombioe.2016.04.009
https://doi.org/10.1016/j.biombioe.2016.04.009
https://doi.org/10.1016/j.biombioe.2016.04.009
https://doi.org/10.1016/j.biombioe.2016.04.009
https://doi.org/10.1016/j.biombioe.2016.04.009
https://doi.org/10.1016/j.talanta.2015.10.072
https://doi.org/10.1016/j.talanta.2015.10.072
https://doi.org/10.1016/j.talanta.2015.10.072
https://doi.org/10.2306/scienceasia1513-1874.2011.37.115
https://doi.org/10.2306/scienceasia1513-1874.2011.37.115
https://doi.org/10.2306/scienceasia1513-1874.2011.37.115
https://doi.org/10.2306/scienceasia1513-1874.2011.37.115
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.3390/cryst7090270
https://doi.org/10.3390/cryst7090270
https://doi.org/10.3390/cryst7090270
https://doi.org/10.3390/cryst7090270
https://doi.org/10.3390/cryst7090270
https://doi.org/10.1002/jctb.1429
https://doi.org/10.1002/jctb.1429
https://doi.org/10.1002/jctb.1429
https://doi.org/10.1002/jctb.1429
https://doi.org/10.1002/jctb.1429

Ecletica

» - . -
Q u I m Ica | Vol. 46 [ n. a | 2021 | iq.unesp.br/ecletica
Journal

Variability levels of selected amino acids among mandarins
produced in Uruguay

Sofia Rezende'”®, Sabrina Banchero®®, Ignacio Migues’®, Maria Veronica Cesio’®, Carlos Fernando
Rivas“®, Horacio Heinzen’®, Maria Natalia Besil'*

1. University of the Republic of Uruguay, Chemistry Department of Litoral, Paysandu, Uruguay.
2. Technological University, Southwest Regional Technological Institute, Paysandd, Uruguay.
3. University of the Republic of Uruguay, Faculty of Chemistry, Montevideo, Uruguay.

4. National Institute for Agricultural Research, Salto, Uruguay.

+Corresponding author: Maria Natalia Besil, Phone: +598-4722-7950, Email address: nbesil@fq.edu.uy

ARTICLE INFO

Keywords

Article history: 1. mandarins

Received: July 27, 2020 2. amino acids

Accepted: July 16, 2021 3. nutraceuticals

Published: October 01, 2021 4. high performance liquid chromatography-mass
spectrometry

Section Editor: Assis Vicente Benedetti

ABSTRACT: Nutraceutical properties of
mandarins are of great interest to promote
their consumption. The occurrence of free
amino acids in foods is relevant to assess
the nutritional value of it. To learn more
about the amino acids’ occurrence and
variability between species, a targeted
metabolomics study in  ‘Ellendale’, r
‘Willowleaf” and ‘Page’ varieties was j;
performed through ion exchange liquid L
chromatography coupled to tandem mass e )
spectrometry. The studied amino acids were

asparagine, glutamic acid, glutamine, histidine, methionine, phenylalanine, proline, threonine and tyrosine. The difference
between two consecutive seasons was evaluated, as well as the influence of fruit maturity of ‘Page’ collected in two periods
of 2015. The analytical methodology was validated. The concentration of the compounds through principal component
analysis, separated well apart the three cultivars in both harvests, showing a particular profile for each of them. When
comparing mature and immature cultivar ‘Page’, the amino acids with higher levels in mature samples were histidine,
asparagine, glutamine and glutamic acid. The profiles were different due to genetic diversity, and the climatic conditions.
These results add value to citric production.
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1. Introduction

In recent years, the consumption of healthy foods
by the world population has been increasing. The
knowledge on food composition seeking a healthier life
boosts consumer demand for foods with low amounts
of additives, fewer colorants, nontransgenic, with

beneficial health properties beyond their own
nutritional capacity (Fernandez, 2007).
Particularly, citrus fruits contain  nutritious

ingredients and their consumption is associated with a
reduction in the risk of cardiovascular diseases,
diabetes and cancer, linked to the presence of
flavonoids among other compounds with antioxidant
and anti-inflammatory activity (Khan et al., 2014; Xi et
al., 2014). Nevertheless, the presence and contribution
of amino acids to the healthy properties of citrus fruits
has not been acknowledged in recent reviews (Lado et
al., 2018). It is reported that the amino acids present in
different foods are used as nutraceuticals for the
treatment and prevention of diseases (Sharma et al.,
2016). It is also known that amino acids are essential
nutrients in the diet and supplements containing them
can be beneficial in strict vegetarian people. Recent
studies suggest that a supplementation of tryptophan
could improve the therapeutic treatment of patients
with anorexia nervosa (Haleem, 2017). Besides, the
supplements containing essential amino acids together
with keto acids is beneficial to ensure an adequate
supply of essential amino acids in patients with chronic
kidney disease (Cupisti and Bolasco, 2017).
Particularly, mandarins have eight of the nine
essential amino acids (histidine, isoleucine, leucine,
lysine,  methionine,  phenylalanine,  threonine,
tryptophan and valine), which makes their
consumption beneficial to human health, but the
content of free amino acids is different depending on
the variety. The total content of amino acids in
Satsuma mandarin has been reported as 15 pmol g7,
being the most abundant ones aspargine (3.5 pmol g 1),
arginine (2.4 pmol g?), aspartic acid (2.0 umol g?),
proline (1.5 umol g) and glutamine (1.0 pumol g7?).
Meanwhile, the remaining amino acids are in
concentrations lower than 1 umol g*. Besides, in
mandarin juices the most abundant amino acids are
proline (1 mg mL™), arginine (0.85 mg mL™),
asparagine (0.18-0.86 mg mL™), aspartic acid (0.24—
0.50 mg mL™), glutamic acid (0.17-0.34 mg mL™),
serine (0.12-0.26 mg mL™?), alanine and phenylalanine
(0.60-0.15 mg mL™1). The total content of free amino
acids changes during the maturity of the fruit, being
proline and arginine those that showed the most
substantial changes (Ladanyia, 2008). In citrus fruits,
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free amino acids play an important role as
osmoprotectants, but also their connection to disease
resistance had been highlighted (Killiny and Hijaz,
2016; Sadka et al., 2019). Although amino acids are
compounds which belong to the primary metabolism,
their contribution to specific adaptive properties to
stress places them as contributors to the role of
secondary metabolism. Secondary metabolites are
normally at concentration levels of one or two orders
of magnitude lower than primary metabolites. Given
the reported amounts of amino acids in citrus fruits, it
could be of interest to study the changes they go
through between two different cropping years, with
distinct water availability during fruit development. To
study these changes, coupling analytical determinations
with statistical analyses is the most appropriate strategy
(Dewick, 2009). Within this frame, the study of
changes in the amino acids profile, using the concepts
of targeted metabolomics was faced using liquid
chromatography-tandem mass spectrometry. Up to
date, there have not been studies using a targeted
determination by ion exchange liquid chromatography-
mass  spectrometry  (LC-(ESI)-MS/MS) of the
occurrence of amino acids in mandarins produced in
the region. These data allow the regional and national
industries to characterize and differentiate their
production from a nutraceutical point of view. With
this idea in mind, the inter-cultivar composition
variability of nine amino acids in cultivars Willowleaf,
Page and Ellendale, as well as the variations between
two consecutive harvests, is presented in this work.

2. Materials and methods
2.1 Samples

Mandarin samples were bred at Instituto Nacional
de Investigacion Agropecuaria (INIA) — Salto Grande
(31°16°18” S 57°53°26” W) in two consecutive
harvesting seasons during 2015 and 2016. Fruits were
harvested at their optimal fruit ripening and stored at —
20 °C until processed.

A total of 59 samples of mandarins of three
different genetically stable cultivars: Willowleaf
(Citrus reticulata), Page (Tangelo minneola x
Clementina), Ellendale (Citrus sinensis x Citrus
reticulata) were selected for this study. In the sampling
process, 10 mandarins were taken from each tree
randomly. At the time of harvest, the quality
parameters of the fruit (titratable acidity, soluble solids,
texture, internal and external color) were evaluated to
ensure that the maturity between the varieties was the
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same. In the case of ‘Page’ (2015), the samplings were
carried out in May and July in order to evaluate the
amino acids profile for the same variety at different
maturity stages.

2.2 Reagents and materials

High purity amino acid standards were provided by
Sigma-Aldrich. Individual standard solutions were
prepared at a concentration of 1000 mg L™, using a
mixture of 50:50 CH3;OH:H,O 0.1% formic acid
(HCOOH) as solvents. Subsequently, a mix of
10 mg L was prepared, containing all the purchased
amino acids, making the corresponding dilutions from
the different standard solutions. Ultra-pure water was
used as solvent for the mobile phase and acidified
water with 1 mmol L™* citric acid (Analar-BDH
Chemical Ltd Poole England) and finally adjusted to
pH 11 with dimethylamine (DMA). Methanol
(PHARMCO-AAPER) quality UV-HPLC and
chloroform (J.T. Baker) quality HPLC were used as
extraction solvents.

For the extraction procedure, 50 mL conical
polypropylene tubes, 5 mL syringes and 0.45 pm
hydrophobic PTFE filters were used. Vials of 12 and
4 mL to store the samples, and vials for automatic
sampling of 2 mL with screw cap and septum for
injection in the chromatographic equipment were used.

2.3 Apparatus and experimental conditions

The LC-(ESI)-MS/MS analysis was performed with
an Agilent 1200 LC system (Agilent Technologies,
Palo alto, CA, USA) coupled to a 4000 QTRAP LC-
MS/MS system from AB SCIEXI (Framingham,
Massachusetts, USA) run in the Scheduled MS/MS-
mode. The LC-Separation was performed on a Dionex
AS11 (250 x 2 mm, 4 um) ion exchange column. The
column temperature was 40 °C and it was reconstituted
after de analysis with a solution of NaOH 30 mmol L.
The operation of the LC gradient involved the elution
program described in Fig. 1, A: water; B: water
1 mmol L citric acid and adjusted to pH 11. It was
run at 300 uL min~t. The injection volume was 5 L.
The MS/MS detection was performed with a QqQ
analyzer in the multiple reaction monitoring (MRM)
mode using an Electrospray lonization (ESI) interface
in the negative ion mode (Bringans et al., 2011). The
ionization voltage was 5000 V, the nebulizer and the
curtain gases were nitrogen at 50 psi each. The solvent
evaporation in the source was assisted by a drying gas
(heated nitrogen at 500 °C per 50 psi). The optimal
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MRM transitions, collision energies (CE), cell exit
potential (CXP) and declustering potentials (DP) for
each investigated compound were determined infusing
with a syringe directly the amino acids individual
standard solutions to the instrument at a constant flow
of 10 L min.

@«
[=]

8

% Mobile phase

0 5 10 15 20 25

Figure 1. LC-MS/MS elution program.
2.4 Instrumental identification

The criteria used for identification of the targeted
analytes using MRM acquisition mode, based in mass
spectrometry pesticide residue analysis guidelines,
were retention time of the analyte corresponding to that
of the calibration standard (0.1 min of tolerance) and
the precursor ion that yields product ions of specific
m/z., called transitions. Additional confirmation was
achieved evaluating the reference ion ratio. The
reference ion ratio (m/z ratio) is the average obtained in
solvent of standards measured in the same sequence
and under the same conditions as the samples
[Intensity (m/z)wansition/ (iNtensity(M/z)paren)]. The MRM
transitions ratio from sample extracts should be within
*+ 30% (relative) of average of calibration standards
tolerance deviation (EURL, 2017).

2.5 Amino acids extraction

The amino acids were extracted from mandarins
pulp with a methodology adapted from Verpoorte et al.
(2007). For the extraction of the amino acids, 2.0 +
0.1 g of frozen crushed pulp were placed in a 50 mL
polypropylene centrifuge tube together with 8 mL of
CHClI; (LiChrosolv, Merck, Germany), 4 mL of MeOH
(LiChrosolv, Merck, Germany), and 4 mL of ultrapure
water (Millipore Milli-Q Ultrapure Water Solutions
Type 1). The resulting suspension was vortexed for
30 s and sonicated for 60 s. It was then centrifuged for
5 min at 1400 xg, the phases were separated, and 8 mL
of CHCI; were added to the aqueous phase. The whole
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process was repeated, and the organic phases were
combined and stored for future analysis. The aqueous
extract was filtered, distilled under reduced pressure to
remove MeOH, and then lyophilized to remove water
(Migues et al., 2021). Finally, the freeze-dried extract
was dissolved in water and citric acid adjusted to
pH 11 with DMA, filtered and placed in a 2 mL
injection vial.

2.6 Study of linearity and limit of quantification

(LOQ)

The LOQ and linearity were determined from the
calibration curves performed in solvent for each
analyte. To establish the linear range, curves that have
a correlation coefficient greater than 0.99 and a good
visual adjustment were considered acceptable. The
LOQ was determined by the lowest level of
concentration studied in which a signal-to-noise ratio
greater than 10 was obtained and an adequate peak
shape with correct superposition between transitions
was observed.

2.7 Statistical analysis

For data treatment, the XLSTAT version 2015
software was used, as well as the principal component
analysis (PCA) and Levene’s test for homogeneity of
variances.

A student’s t test was applied to the results obtained
for two samples, assuming equal variances with 95%
confidence. This test assumes normal distribution and
homogeneity of variances between the samples. For the
samples that did not present homogeneous variances, a
student’s test was performed for two samples with
unequal variances.

ig.unesp.br/ecletica

For the classification of mandarin varieties, to
evaluate their diversity, and to identify outliers within
each class, PCA was employed. For the identification
of the most relevant amino acids between harvests, a
discriminant analysis of partial least squares (PLS-DA)
was performed using MetaboAnalyst software (version
4.0) (Chong et al., 2018; Chong and Xia, 2018). Pareto
scaling was applied to minimize the weight of large
values while maintaining data structure partially intact
(van den Berg et al., 2006). The models derived from
PLS-DA were validated using permutation tests of 100
iterations where the classes were randomly reassigned,
two thirds of the data were used as training data to
build a classifier, and the remaining third of the data
was used to test it. The VIP scores study based on
loadings from the PLS analysis show the amino acid
that contribute to the separation and differentiation of
the two harvests.

3. Results and discussion

The production of mandarins in Uruguay has a
broad harvest calendar that covers from the end of
February (mid-summer) to the end of October (mid-
spring) according to the different varieties that are
cultivated. These numerous varieties have been
originated by spontaneous mutations of mandarins or
by crossing with other citrus fruits, such as orange or
grapefruit (Otero et al., 2020). Differences in their
amino acids profiles are expected due to their wide
genetic variety and harvesting times during the year
(Kefford and Chandler, 1970; Underwood and
Rockland, 1953). The amino acids selected for the
study, listed in Tab. 1, represent a combination of
essential amino acids and those with relevant
osmoprotective properties.

Table 1. Mass of the ions generated operating in ESI negative mode. Amino acid, precursor ion and product (m Z1),
fragmentation potential (DP), collision energy (CE), input potential (EP), cell output potential (CXP) is from the
mass analyzer operating in ESI mode negative.

132.0 88.0 -10 -10 -16

Asparagine 132.0 115.0 -10 -10 -16 —10
132.0 71.0 -10 -10 -18 -6
Glutamine 145.0 128.0 -10 -10 -12 -6
Methionine 148.0 47.0 -10 -10 -22 -6
164.0 147.0 -70 -10 -18 -25
Phenylalanine 164.0 103.0 -70 -10 —24 -15
164.0 72.0 -70 -10 -20 -11

Continue...
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Tvrosine 180.0 163.0
y 180.0 119.0

. 118.0 74.0
Threonine 118.0 720
Proline 114.0 68.0
114.0 66.0

154.0 109.0

Histidine 154.0 93.0
154.0 137.0

. . 146.0 102.9
Glutamic acid 146.0 1280

3.1 Targeted analysis

Taking into account that the level of the
concentrations of free amino acids reported in
mandarins are in the order of pg/kg, as well as the
polarity of the moieties, the most suitable analytical
approach for their analysis is liquid chromatography
coupled to mass spectrometry. Due to the ionic
behavior of these compounds, the use of the reverse
phase in liquid chromatography (LC) is not the best
selection for the analysis. The reported methods show
that it is possible to analyze them directly, using an ion

ig.unesp.br/ecletica

-80 -10 —20 27
-80 -10 —26 -19
-55 -10 -16 -11
-55 -10 -14 -11
—75 -10 -18 -9

—75 -10 —20 -11
—40 -10 -12 -17
—40 -10 —26 -13
—40 -10 —20 -21
-50 -10 -18 -15
-50 -10 -18 -9

exchange column (Piraud et al., 2003), polar columns
(Yao et al., 2013), or indirectly, using derivatization
(Alterman and Hunziker, 2012). Particularly, in this
work the analysis was performed using an ion
exchange column, as it is described in section 2.3, to
avoid the standardization of the derivative reaction and
make the analysis simpler.

For the analysis it was necessary to optimize the
chromatographic separation with an ion exchange
column (Fig. 2), as well as the tandem mass detector
conditions described above (Tab. 1).

. XIC of - MRM (26 pairs): 132.000/115.000 amu Expected RT: 0.0 ID: asp 2 from Sampl

1000000
900000
800000
700000
600000 n

500000 [ |

Intensity, cps

400000
300000 ‘

200000 ‘

100000 I {
0 S s A

e 23 (Cva 1ppm) of Data20170508_muestras reales.wiff (Turbo Spray)

Max_5.7ed cps.

i

4.5 5 55 & 6.5

Figure 2. Multi reaction monitoring (MRM) chromatogram of the nine studied amino acids at a 1 mg L level.

The final instrumental method was based on the
MRM operation mode, which is a highly specific and
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sensitive mass spectrometry operation mode that can
selectively quantify compounds in a complex matrix
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(Bringans et al., 2011; Wright et al., 2015). Multiple
reaction monitoring provides high selectivity to the
determination, enhancing the signal to noise (S/N) ratio
of the peaks, improving the overall sensitivity.

In summary, the triple quadrupole configuration
allows to work in tandem mass spectrometry
configuration. The first quadrupole acts as a filter for
the [M-H]" ions generated in the ESI source, they are
then guided to a second quadrupole which is a collision
chamber. The [M-H]" ions (precursor ion) degrade to
fragmented ions (product ions). The third quadrupole
filters the product ions, eliminating the back noise that
spoils the S/N relationship. The transitions from the
precursor ion to the product ion are highly specific and
are the basis for the high selectivity and sensibility of
the MRM acquisition mode. In this work, precursor
ions, declustering potential, product ions, cell exit
potential and collision energies were determined by
direct infusion of each analyte. It is important to notice
that, for each precursor ion, different collision energies
and cell exit potential are settled in order to enhance
the production of each product ion and, as a
consequence, a better S/N ratio will be obtained.

For MRM compounds optimization and MRM
quantitative analysis, amino acids standards are
necessary. Focused on the instrumental confirmation of
the analytes, two transitions were monitored, and a
time-scheduled acquisition method was developed.
However, this criterion has not been accomplished for
glutamine and methionine, it was only possible to
optimize just one transition for each of these
compounds.

3.2 Linearity and LOQ

The linearity was evaluated with calibration curves
in solvent in a range between 5-1000 pg L. For all

ig.unesp.br/ecletica

the amino acids in study a linear adjustment was
obtained with a correlation coefficient higher than 0.99
in a range that varies with the analyzed compound. The
linear ranges for each compound were set from the
LOQ value to 1000 ug L.

The LOQs obtained were 10 pg L* for asparagine,
methionine and threonine, 20 ug L™ for phenylalanine
and glutamic acid, 50 pg L for histidine, 100 pg L
for glutamine, 250 pg L for tyrosine and 500 pg L
for proline, respectively.

3.3 Sample analysis

A total of 59 mandarin samples were analyzed (33
belonging to the 2015 harvest and 26 to the 2016
harvest). The samples from 2015 were: 10 cultivar
Ellendale, 13 cultivar Page and 10 cultivar Willowleaf.
While the ones from 2016 were: 10 cultivar Ellendale,
9 cultivar Page and 7 cultivar Willowleaf.

To study the variability of the amino acids content
during maturation of cultivar Page, a total of 23
samples collected in May and July of 2015 were tested.

The content of each amino acid (expressed as ug g
of dried extract) present in the different varieties in two
years of production are presented in Tabs. 2 and 3. The
amino acids were distributed in a wide range of
concentration as it was reported by Ladanyia (2008).
The amino acid with higher concentration was a
different one in the three studied varieties. Ellendale
presented proline, as the amino acid with higher
concentration in both years of production studied,
while ‘Willowleaf”” was characterized by the presence
of asparagine and for cultivar Page the prevalent ones
were proline and asparagine in both harvests, being the
concentration level of glutamic acid remarkably close
to the levels of the other two.

Table 2. Average, maximum and minimum concentrations of the nine amino acids for the three varieties year 2015.

Concentration

1 Average = Minimum Maximum Average
(Mg g™
Glutamic acid 266.0 240.0 500.0 163.0
Asparagine 1215.7 40.0 4560.0 20214
Phenylalanine 26.2 16.0 35.0 196.1
Glutamine 665.8 18.0 2593.0 200.6
Histidine <LOQ <LOQ <LOQ 33.8
Methionine <LOQ <LOQ <LOQ <LOQ
Proline 6.7 1.0 11.0 7431.0
Tyrosine <LOQ <LOQ <LOQ 77.9
Threonine 15.8 7.0 35.0 84.8
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Minimum = Maximum Average Minimum Maximum
89.0 305.0 577.1 358.9 1360.6
811.0 3556.0 806.4 66.0 1369.0
89.0 254.0 46.0 12,0 92.0
101.0 362.0 55.9 10.0 86.0
26.0 61.0 <LOQ <LOQ <LOQ

<LOQ <LOQ <LOQ <LOQ <LOQ
330.6 11615.5 996.9 641.2 1440.2
37.0 111.0 113 6.0 20.0
45.0 114.0 16.2 9.0 38.0
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Table 3. Average, maximum and minimum concentrations of the nine amino acids for the three varieties year 2016.

Concentration

(19 o) Average = Minimum Maximum Average
Glutamic acid 348.1 51.0 963.0 280.0
Asparagine 5629.2 3148.0 8044.0 1377.1
Phenylalanine 60.1 39.0 76.0 130.0
Glutamine 340.9 114.0 570.0 231.7
Histidine <LOQ <LOQ <LOQ 68.2
Methionine 2.0 1.0 3.0 <LOQ
Proline 18.6 13.0 24.0 4293.6
Tyrosine <LOQ <LOQ <LOQ <LOQ
Threonine 31 2.0 5.0 97.4

In general, asparagine showed a wide range of
concentrations among all the varieties. Low
concentration levels of threonine, methionine and
tyrosine were observed in the three varieties.
Moreover, low concentrations ranges were observed
for these amino acids in both evaluated years.

For ‘Willowleaf” it was only possible to identify but
not to quantify histidine and tyrosine because they
concentration levels were below the LOQs. Same
scenario was seen for asparagine, glutamine, threonine
and methionine in ‘Ellendale’; and for ‘Page’,
methionine was not detected in neither of the studied
years of production.

These results are in line with previous literature
reports which assigned the variability in the mandarins
amino acids composition to their wide genetic variety
and their harvest time during the year (Otero et al.,
2020; Underwood and Rockland, 1953).

3.4 Statistical analysis

A student’s t-test was carried out to study if the
amino acid profiles were the same in each variety in
the harvest of 2015 and 2016. The results for
‘Willowleaf” variety showed that the concentrations of
the amino acids asparagine, phenylalanine and proline
have significant differences, while glutamine,
methionine and glutamic acid have no significant
differences.

Cultivar Ellendale showed that glutamic acid,
phenylalanine, histidine, tyrosine and proline presented
significant differences between their concentrations.

For cultivar Page, it was observed that glutamic
acid, asparagine, phenylalanine, glutamine, proline,
tyrosine and threonine present significant differences,
while histidine did not present significant differences.

53

Minimum Maximum = Average Minimum Maximum
195.0 346.0 1457.4 865.0 1969.3
517.0 2769.0 2255.5 1128.3 2985.2
81.0 264.0 83.6 69.4 99.4
66.0 689.0 148.5 103.0 231.0
40.0 127.0 19.8 10.0 33.0

<LOQ <LOQ <LOQ <LOQ <LOQ

3055.0 5627.0 1601.1 634.0 3429.0

<LOQ <LOQ 43.0 24.0 96.0
67.0 146.0 26.3 19.0 45.0

The student’s t-test was also carried out for ‘Page’
harvested in May and July 2015 to study the
differences in the amino acid profiles due to ripening.
The results show that there are no significant
differences between the concentration levels of the
amino acids: glutamic acid, asparagine, phenylalanine,
tyrosine and threonine. However, significant
differences were observed for glutamine, histidine and
proline. The difference between the amino acids*
profiles can be explained by the influence of several
factors, such as genetic, maturity, the position of the
fruit in the tree, management of the plant, climatic
conditions and field factors (Otero et al., 2020;
Underwood and Rockland, 1953). The differences in
appearance and taste that distinguish the different types
and varieties of citrus are fundamentally differences in
chemical composition because of genetic factors
(Underwood and Rockland, 1953).

After the evaluation of the amino acid profiles in
each mandarin variety, a PCA was carried out to study
the differentiation of these varieties due to their amino
acids composition. The PCA was implemented
separately for the 2015 and 2016 samples.

3.4.1 Principal component analysis (PCA) of 2015
samples

In the PCA carried out for the varieties harvested in
2015, a slight separation between samples was
achieved. According to the concentration levels,
cultivar Ellendale is characterized by the presence of
threonine, histidine, proline, phenylalanine and
tyrosine; the cultivar Page is distinguished by
containing a high concentration of glutamic acid; while
‘Willowleaf” mandarin is differentiated by its content
of methionine and glutamine (Fig. 3).
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Figure 3. Principal component analysis of the three varieties of mandarin harvested in 2015 (1: ‘Willowleaf’; 2:

‘Ellendale’; 3: ‘Page’).

3.4.2 Principal component analysis of ‘Page’
May-July 2015 samples

Page variety harvests were carried out in two
periods of the same year, in May and July 2015, being
able in this way to compare the amino acid profiles of
the fruit depending on the ripening grade (Tab. 4). Lin
et al., (2015) reported that the concentration of free
amino acids may increase or decrease depending on the
maturity of the fruit. In this study, it was observed that
some amino acids content increased (glutamic acid,
asparagine and phenylalanine) upon maturity. The

level of proline slightly decreased and a possible
explanation for this result is the well-known increment
in sugars concentration upon maturation, which will
also increase the osmotic pressure within the juice sacs
and, therefore, the contribution of proline as
osmoprotectant is no longer needed (Torres et al.,
2007). The results of the PCA (Fig. 4) showed a
differentiation between mandarins at different harvest
times, being those of July better represented by the
amino acids histidine, asparagine, glutamine and
glutamic acid.

Table 4. Average, maximum and minimum concentrations of the nine amino acids for the variety ‘Page’ May-July

2015.

Concentration (ug g2 Average Minimum
Glutamic acid 589.7 178.0
Asparagine 2378.8 43.7
Phenylalanine 45.8 30.6
Glutamine 345.2 24.8
Histidine 126.6 5.8
Methionine <LOQ <LOQ
Proline 1803.6 947.8
Tyrosine 14.7 3.7
Threonine 19.5 1.7

Maximum Average Minimum Maximum
976.5 1457.4 865.0 1969.3
8378.3 22555 1128.3 2985.2
74.0 83.6 69.4 99.4
943.2 148.5 103.0 231.0
260.4 19.8 10.0 33.0
<LOQ <LOQ <LOQ <LOQ
2947.9 1601.1 634.0 3429.0
20.3 43.0 240 96.0
24.6 26.3 19.0 45.0
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Figure 4. Principal component analysis of ‘Page’ variety with different degree of maturity (3a: May harvest; 3b:

July harvest).

3.4.3 Principal
samples

For the varieties harvested in 2016, there is a clear
differentiation between the samples of the three
cultivars Ellendale, Page and Willowleaf. ‘Ellendale’

F2(26.25 %)

component analysis of 2016

a5

glutamine,

was characterized for its high concentration levels of
phenylalanine, histidine and threonine;

whereas cultivar Page is represented by its high content
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of glutamic acid and tyrosine; and asparagine and
methionine were the major amino acids for cultivar
Willowleaf samples (Fig. 5).

Figure 5. Principal component analysis of the three varieties of mandarin harvested in 2016 (1: ‘Willowleaf’; 2:
‘Ellendale’; 3: ‘Page’).
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3.4.4 Discriminant analysis of partial least
squares of the varieties harvested in 2015 and
2016

The comparison between Ellendale variety
harvested in 2015 and 2016 indicate that the amino
acid that weighted the most in the differentiation
between both years is proline followed by asparagine
(Fig. 6a). In Page variety, the most important amino
acid for this classification was asparagine followed by

iq.unesp.br/ecletica

In the case of ‘Willowleaf” (Fig. 7a), asparagine
was the amino acid that showed greater changes
between harvests followed by glutamic acid and
proline, the same was as in cultivar Page. When this
analysis was performed with all the three samples
together (Fig. 7b), the results also indicate asparagine,
glutamic acid and proline as the amino acids that
suffered the most drastic change between one harvest
and the other.

glutamic acid and proline (Fig. 6b). Willowleaf o
a) P
Ellendale Asparag
a) '19\?9\9 ine o HE
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Figure 7. The VIP score plots of the PLS analysis
VIP scores

Figure 6. The VIP score plots of the PLS analysis
performed on ‘Ellendale’ (a) and ‘Page’ (b) cultivated
in 2015 and 2016.

performed on ‘Willowleaf” (a) and the three varieties
together (b) cultivated in 2015 and 2016.
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Even though the most abundant amino acid for each
variety was the same between harvests (see section
3.2), this type of analysis allows to identify the most
important concentration changes between one harvest
and the other. These changes could also be attributed to
environmental conditions during maturation process as
2016 was characterized by a larger precipitation range
than 2015 specially during the first months of each
year (INIA, 2017).

4. Conclusions

A sensitive methodology for the underivatized
analysis of amino acids in mandarins was developed
and applied to the extraction and determination of nine
amino acids: asparagine, glutamic acid, glutamine,
histidine, methionine, phenylalanine, proline, threonine
and tyrosine.

Fifty-nine mandarin samples were analyzed, and the
results showed the differences between the amino acid
profiles which allow to differentiate the varieties. The
most abundant amino acid of each variety was the
same in both harvests, however, it was observed that
there were significant differences in the concentrations
of amino acids between the two years. These
differences were also observed when comparing the
evolution of the amino acid profiles of cultivar Page
upon maturation. The increase in sugar concentration
dropped down the proline levels. The results could be
explained by the genetic differences between the
varieties, as well as due to the environmental
conditions. Osmoprotectants as proline showed lower
levels in the rainy year 2016 (Zulfigar et al., 2020).

The analysis of the main amino acids profile in
different mandarin varieties using targeted MRM
determination by LC-MS/MS proved to be a
straightforward methodology to broaden marketing
opportunities for the citrus industry, giving emphasis to
the health-promoting effects of mandarins consumption
due to their amino acids composition.
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1. Introduction

Since the early days of quantum mechanics (QM),
the study of a particle confined by a potential field has
been of utmost importance (Edet and Okoi, 2019; Edet
et al., 2020a; b; Landau, 1977; Schiff, 1995). Studies
of this nature are carried out by solving the
Schrédinger equation  with  different interaction
potentials of interest. The solutions of the Schrédinger
equation with different potential models of interest
have been employed by many researchers to give
insights, explanations, and predictions into the
behavior of diatomic molecules, quarks, etc (Edet et
al., 2020c; 2021a; Greiner, 2000; Okoi et al., 2020;
Okorie et al., 2019).

Recently, numerous researchers have proffered
solutions to the Schrodinger equation for some
potential of interest. The analytical solution of the
Schrodinger equation with £ =0 and ¢ # 0 for some
potentials has been addressed by many researchers in
non-relativistic and relativistic quantum mechanics for
bound states (Durmus and Yasuk, 2007; Edet et al.,
2020d; 2021b; Louis et al., 2018a; 2018b). Some of
these potentials include Deng-Fan potential (Falaye et
al., 2015), Hyperbolic potential (Onate et al., 2018b),
Eckart potential (Onate et al.,, 2017), generalized
trigonometric Pdschl-Teller potential (Edet et al.,
2020¢), and screened Kratzer Potential (Ikot et al.,
2020a).

Also, several methods have been employed to
obtain the solutions of the nonrelativistic wave
equations with some potential models of interest, some
of these methods include: the factorization method
(Dong, 2007), formula method (Falaye et al., 2015),
supersymmetry quantum mechanics (SUSYQM)
(Falaye et al., 2014), Nikiforov-Uvarov method (NU)
(Nikiforov and Uvarov, 1988) asymptotic iteration
method (AIM) (Ciftci et al., 2003; 2005; Falaye, 2012),
exact quantization Rule (Gu and Dong, 2011; Ma and
Xu, 2005), proper quantization rule (Qiang and Dong,
2007), WKBJ (lta et al., 2018), etc.

Moreover, it is the goal in the present consideration
to propose a potential of the form:

2. The parametric NU method

ig.unesp.br/ecletica
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Where Vo and V: are the potential strengths, «a is the
screening parameter, a, b and c are the adjusted
parameter and q is deformation parameter. We call the
potential g-deformed Hulthen-quadratic exponential-
type potential (g-HQEP). With respect to what was
obtained in previous studies of the molecular potential,
the potential to allow for more physical application and
a comparative analysis to existing studies of the
molecular potential was modified. In addition, in
molecular physics, it has also been established that
potential energy functions with more parameters tend
to fit experimental data than those with fewer
parameters and researchers have recently paid great
attention to obtaining modified version of potential
functions by employing dissociation energy, and
equilibrium bond length for molecular systems as
explicit parameters. This model will be an important
tool for spectroscopists to represent experimental data,
verify measurements, and make predictions.

The potential is a superposition of the Hulthen
(Ikhdair, 2009; Ikhdair and Sever, 2007; Onate et al.,
2018a) and Quadratic exponential-type potentials
(Okorie et al., 2018). These potentials have been
individually applied to carry out studies extensively by
several researchers (lkot et al., 2014). Hence, the
motivation to combine them.

In this research article, the goal is in two-fold. First,
the Schrédinger wave equation (SWE) is solved with
the g-HQEP via parametric Nikiforov—Uvarov method.
The effect of the deformation parameter on the energy
spectra of some diatomic molecules is analyzed with
the aid of some graphical representation and numerical
analysis.

The outline of the paper is as follows: section 2
provides brief a description of the parametric
Nikiforov—Uvarov method. In section 3, the solutions
of the three-dimensional (3D) Schrddinger equation
(SE) with the g-HQEP via parametric NU. In Section
4, special cases of the potential understudy were
discussed. In section 5, the results of this study are
presented and discussed. Finally, in section 6, the
concluding remarks are given.

The parametric form of the NU method takes the form (Tezcan and Sever, 2009):

d%y a;—ays diy
ds? = s(1-ass) ds

e st + s — EJP(s) = 0 @)
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The energy eigenvalues equation and eigenfunctions satisfy the following sets of equations, respectively:

an—0C2n+ Das+ 2n+ D(Jag + azfag) + n(n — Daz + a; + 2azag + 2,/agag =0 3)
S p— k| (alo—l'%—alo—l)

Y(s) = s“2(1 — azs) “ P, : (1-2a3s) (4)

where

1 1

Ay = 5(1 —ay),as = 5(052 —2a3),a6 = af +§;

a7 = 20,05 — &, 05 = aF +&3,a9 = aza; + afag + ag ®)
Qg = a1 + 204 + 2\/ag, a1 = 0y — 205 + 2(,/0(9 + a3,/a8)

a1 = ay + /g, a13 = a5 — (a9 + az,/ag)

and Py, is the orthogonal Jacobi polynomial, which is defined as

Pﬁfa.l?) (x) = r(a+n+1) n (n )F(a+ﬁ+n+m+1)

nll (a+B+n+1) “M=0 r(a+m+1)

=Hm (6)

3. Bound-state solutions of g-deformed Hulthen plus quadratic exponential-type potential

The radial Schrodinger equation in arbitrary dimensions (Rampho et al., 2021; Ebomwonyi et al., 2017) can be
given as:

£(0+1)h?
2ur?

danf(r)
dar?

2
+ 2 Ene = V() = 3| Ruer) = 0 (7)
where u is the reduced mass, E,, is the energy spectrum, # is the reduced Planck’s constant and n and ¢ are the
principal and orbital angular momentum quantum numbers, respectively (or vibration-rotation quantum numbers in
guantum chemistry) (Onate et al., 2018c). Substituting Eq. 1 into Eq. 7 gives:

d%Ry(r 2UE 2 Voe " Vi(a+be™ %" +ce~2a" o(t+1
ne(r) [ HEng __ll(_ 0 — 1 ( — )) _ ( )] Rn[(r) =0 (8)
dr2 hZ hZ 1—qe ar (1—qe aT)Z T'2

The radial Schrodinger equation with this potential can be solved exactly for £ = 0 (s-wave) but cannot be
solved with this potential for £ + 0. To obtain the solution for £ # 0, the approximation scheme proposed by
Greene and Aldrich (1976) is employed to deal with the centrifugal term, which is given as:

1 aZe—aT

T_Z ~ (1_qe—ar)2 (9)

It is noted that for a short-range potential, the relation in Eq. 9 is a good approximation to = as proposed by

Greene and Aldrich (1976), Ikot et al. (2020b) and Okorie et al. (2020). This implies that Eq. 9 is not a good
approximation to the centrifugal barrier when the screening parameter a becomes large. Thus, the approximation is
valid when o « 1. Substituting the approximation Eq. 8 into Eq. 9, an equation of the form is obtained:

d?Rp (1) 2uEn;  2p ( Voe~® | Vi(at+be T +ce™29T) L(t+1)a?e207 R —0 10
dr2 nz n2 \1-qe-ar (1-qe—a7)2 T (1—gear)2 ne(r) = (10)

To solve the differential equation above, the transformation s = e~%" is used so as to enable to apply the NU

2
method as a solution technique to the hypergeometric-type differential equation. Hence, this transforms d%‘ém

into the form:
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d*Rpe(r) _ o 2 d*Ru(s) 2 dRp(s)
gz S atst +a S e (1)

2UuEn; 2u ( VoS Vl(a+bs+csz))
2 2 2 2
2.2 A“Rne(s) 2 ARp(s) h h2 \1-gs (1-gs) _
a=-S"———— a“S—— R s)=0 12
asz T ds ((t+Da’s ne(S) (12)

(1-gs)?

In view of the above, the differential equation of the form is obtained:

d?Rpi(s) | 1-qs dRp(s) 1 [_(Snfqz + Bq — 85)s* + ] _
ai T as PO Qe+ B~ 8~ 1) — (e — 6] T 7O =

where the following dimensionless abbreviations have been introduced for mathematical convenience:

_ 2UEny _2uVy _ 2uVja __2uVib __2uVyc
_Sn{’ - h2q2 !ﬁ - h2a2!81 - h2 g2 ’82 - h2q2 163 - h2q2 Y = €(€+ 1) (14)

Equation 13 is of the form that is solvable by the NU method. Therefore, on comparison to Egs. 2 and 13, the
following parameters are obtained:

§1 = eneq”® + Bq — 83
a2 =2eqq+ B —65—y (15a)
$3 = €np— 03

and
a=la,=qa3=q

§1 = €neq® + Bq— 83,8, = 26+ B — 83 —V,83 = € — 53

q q*
—5 % =:+5n€q2+ﬂq—53:a’7 =-2eq—-p+063+y

2
0‘8=5n£+51'a9=qj—52‘I+VQ+51q2—53 (15b)

a0 =1+2\/ep,— 81,091 = 2q+2<\/q:2—52q+yq+51q2 — &3 +q,/£ng+61>
2
A1z = +/Enr + 61, 13 = —g— <\/q7—52CI+VCI +6.19% — 63 +q\/€n€+61>

Substituting these polynomials into Eq. 3, it is possible to obtain

a, =0,a5 =

1\2 1 2
q(n+3) +2(n+5)<\/q:—62q+yq+61q2—83+qw/£ng+61>—ﬁ+62+y+261q+%+

2
2\/(511{ + 61) (q:— 8,9 +vq +6,q% — 53) =0 (16)

By carrying out some algebraic manipulation, the following equation is obtained:

2
2
<n+1+ /1—5—2+Z+51—5—§) +345,-8
1 2 N4 g9 q q q q (17)

Ene = —61 + -
4 1, 1 82,7 5 83
(TL+2+ 2 q+q+51 qz)

Substituting Eq. 14 into Eq. 17 and carrying some simple manipulative algebra, it is possible to arrive at the
energy eigenvalue equation of the g-deformed Hulthen plus quadratic exponential-type potential in the form:
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2 22

[ 1, |1 2pVyb ((t+1) 2pVia_ 2uVic
(n+2+\/4 n2a2q’ q ' h2a? hZa2q? +

2 2 2uVic  2uVia  2uVy
h“a h2a2q2' n2a?  n2a?q

8u n+1+ 1 2uVqb (((+1)  2puVia 2uVqc
4 h2a2q  q ' hZ2a? n2a2q?

Enf = Vla -

The corresponding wave functions can be evaluated from Eqg. 4 as follows:

1 1_5_2 LAIPN 83 2/ Enet+61,2 1—8—2+Z+6 _83
R () = Npgs\enri(1 — )2 a7 "™ Prg T >(1 2s)
From the definition of the Jacobi polynomials (Edet et al., 2020a; b).

p@®20(1 _2g) = 2O by om+ 2y +n+ 12w + 1;5)

nirQo+1)
W=,/ + ;1

= A%y Y s
)(—\/4 q+q+61

a
In terms of hypergeometric polynomials, Eqg. 21 can be written as

+X rn+2w+1)

oy 21 (-n2w+2x+n+12w+1;s)

nt’(s) - nfsw(l S)

4. Special cases

4.1 Deformed Hulthen potential

ig.unesp.br/ecletica

(18)

(19)

(20)

(21)

(22)

If Vi issetas V; =a = b = c = 0, the potential model (1) reduces to deformed Hulthen potential (Hall et al.,

2018):

Voe~ e—ar

1—-qe~ ¢

Vo(r) = ——=

and the energy equation as follows:

2

1, 0(0+1) 2uVq
h2a? <n+ + / +— > “3%aZq
8u <n+ " 1+(((;-1))

This is in agreement with Eq. 44 (Edet and Okoi, 2019).

Ene=—

4.2 Hulthen potential

(23)

(24)

If VyissetasV, =a =b=c=0andq — 1, the potential model (1) reduces to the Hulthen potential:
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V() = Yo (25)

1—e—Qr

and the energy equation as follows:

2
L [E _2uvg
22 <n+2+ 4+€(€+1)> 2
B <n+%+ E+f(€+1)>

Equation 26 is in agreement with the energy equation given in Eq. 39 (Ikhdair, 2009), Eq. 31 (Ikhdair and Sever,
2007), Eq. 34 (Agboola, 2009), Eq. 35 (Bayrak et al., 2006) and Eq. 27 (Jia et al., 2008).

Ene=—

(26)

4.3 Deformed quadratic exponential-type potential

If V, is setas V, = 0, the potential model (1) reduces to deformed quadratic exponential-type potential:

Vi(a+be™ %" +ce™247)

‘/q(r) = (1_qe—ar)2 (27)

and the energy equation as follows:

2 -2

[ n+l+ 1 2uVqib  ((t+1) 2uVqia  2uVqc
2'\4 h2a2q  q @ h%2a? n2a2q?

2 o 2uVvic 2uvia
ha hZanZ h2a2

8u n+l+ 1 2uVqb (((+1)  2puVia  2uVqc
2'\4 hZ2a2q  q @ h%2a? n2a2q?

En =Via— (28)

4.4 Quadratic exponential-type potential

If V, is setas V, = 0 and g — 1 the potential model (1) reduces to quadratic exponential-type potential (Okorie
etal., 2018):

Vi(a+be 4" +ce20T)
(1_9—6{1‘)2

V(r) = (29)

and the energy equation as follows:

- 2
1 1 2uvqb L 2uVqa 2uVqc
(n+2+\/4 W72 +(0+1)4 W7ol nZaz | T

2uVic 2uVia
h?a?| 52,2 242
hea ha (30)

su 1, |1 2pVqb L 2uVqa 2uVic
(n+2+\/4 22 HO(0+1)4 wZa?  h2a2

Eng = Vla —

Equation 30 is in agreement with the energy equation given in Eq. 31 (Okorie et al., 2018).
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5. Results and discussions

In our study, the energy (Eq. 18) and wave function
(Eq. 22) of the deformed Hulthen potential plus the
quadratic exponential-type potential obtained using the
parametric NU. For validity purposes, were also
obtained the energy eigenvalues and wave function of
the deformed Hulthen potential, Hulthen potential,
deformed quadratic exponential-type potential and
quadratic exponential-type potential, shown in Eqgs.
23-30 as special cases.

@ (A1)
u(a.m.u)

1.9426
0.50391

1.8677

In Tab. 2, the energy values for the g-deformed
Hulthen-quadratic  exponential-type potential was
shown for Hy, HCI, CO and LiH diatomic molecules
for various values of the deformation parameter and of
guantum states. It is seen clearly that when the
deformation parameter is q = —0.5, the energy is low

Table 1. Spectroscopic parameters of the molecules used in this work (Edet et al., 2020e; Rampho et al., 2021).

- Edet et al., 2020e Rampho et al., 2021 Edet et al., 2020e Rampho et al., 2021

0.980105

ig.unesp.br/ecletica

In the present study, the energy spectrum was used
to study the four selected diatomic molecules, Hz, HCI,
CO and LiH. The spectroscopic parameters of these
molecules are given in Tab. 1 and taken from (Edet et
al., 2020e; Rampho et al.,, 2021). The following
conversions were used; hc=1973.269 eVA and

lamu = 931.5 x 10%eV(A) 'for all computations

(Edet et al., 2020e; Rampho et al., 2021). All non-
spectroscopic parameters are kept in natural units.

2.294
6.860672

1.128
0.880122

and for instance in LiH molecule it becomes more
bounded. But for q = 0.5, the energy is raised
significantly although drops slightly and remains
positive when q = 1 (i.e., absence of deformation).

Table 2. Energy values for the g-deformed Hulthen-quadratic exponential-type potential for Hz, HCI, CO and LiH
diatomic molecule for various values of the deformation parameter and of quantum states.

‘State g H
0.5 1.208540
1 05 3.865880
1.0 3.547310
05 0.910264
25 05 3.885060
1.0 3.423210
05 1.221470
2p 05 3.867670
1.0 3.542160
05 0.600211
3s 05 3.872680
1.0 3.284190
05 0.923715
3p 05 3.885170
1.0 3.417380
05 1.247280
3d 05 3.870960
1.0 3.531790
05 0.278707
as 05 3.830940
1.0 3.131300
05 0.614176
4p 05 3.871240
1.0 3.277720

~co  uH
1.104410 2.021420 —0.338560
3.710050 4.565230 2.225200
3.415690 4.299980 1.950540
0.901356 1.928360 -0.466642
3.730360 4578700 2.241860
3.333520 4.263660 1.899950
1.110510 2.022730 -0.336094
3.711040 4.565480 2.225650
3.413300 4.299470 1.949580
0.692631 1.834060 -0.597053
3.735150 4,588670 2.252040
3.243990 4.225680 1.846270
0.907634 1.929690 -0.464130
3.730790 4,578890 2.242160
3.330900 4.263140 1.898930
1.122710 2.025350 -0.331163
3.712950 4.565970 2.226530
3.408500 4.298470 1.947680
0.478346 1.738530 -0.729764
3.725190 4595210 2.255940
3.147490 4,186070 1.789610
0.699079 1.835410 -0.594496
3.735050 4,588800 2.252200
3.241150 4.225130 1.845200
Continue...
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-0.5 0.950587

4d 0.5 3.885150
1.0 3.405660

-0.5 1.285910

4f 0.5 3.875230
1.0 3.516090

0.920182
3.731590
3.325650
1.140990
3.715670
3.401270

1.932350
4.579270
4.262080
2.029280
4.566710
4.296950

ig.unesp.br/ecletica

—0.459108
2.242750
1.896900

—0.323769
2.227830
1.944810

The variation of the energy eigenvalues with
different parameters of the combined potential, such as
Vo, V1, @, b, ¢ and g, is shown in Figs. 1-7,
respectively, for H;, HCI, CO and LiH diatomic
molecule in the ground state. In Fig. 1a and b, the
variation of the energy spectrum was plotted for
various values of n as a function of the parameter ¢ for
g=1 and q = —1, respectively. Figure 1a shows that
the energy decreases as the angular momentum
increases. In Fig. 1b, it is possible to observe that the
energy increases as the £ increases up to a maximum
and then drops again sporadically. Figure 2a and b
shows the variation of the energy spectrum for various
values of n as a function of the parameter Vo for q =1
and q =1, respectively, in the region 0 <V, < 3. In
Fig. 2a, the energy of the system increases as the
parameter Vo increases. In Fig. 2b, the energy linearly
decreases as Vo increases. Figure 3a and b shows the
variation of the energy spectrum for various values of n
as a function of the parameter Vi for q=1 and q =
—1, respectively, in the region 0 < V; < 0.16. In both
figures, the energy increases monotonically as the
parameter Vi increases as well. Figure 4a and b shows
the variation of the energy spectrum for various values
of diatomic molecules as a function of the parameter a,
respectively, in the interval 0 < a < 0.25. In both
cases considered, the energy increases linearly with
increasing a, but in the case q = —1 (Fig. 4b), there is
a wider spacing between the energy levels. Figure 5a
and b shows the variation of the energy spectrum for
various values of n as a function of the parameter b for
q=1 and q = —1, respectively, in the region 0 < b <
1. In Fig. 5a, the energy increases linearly as the
parameter b increases. In Fig. 5b, the energy decreases
linearly as the parameter b increases. Figure 6a and b
shows the variation of the energy spectrum for various
values of n as a function of the parameter ¢ for q=1
and q = -1, respectively, in the region 0 < ¢ < 0.20. In
Fig. 6a, the energy decreases linearly as the parameter
c increases. In Fig. 6b, the energy decreases linearly as
the parameter c increases. Figure 7a and b shows the
variation of the energy spectrum for various values of n
as a function of the parameter —q and +q in the
intervals —1 < q < 0 and 0 < q < 1, respectively. In
Fig. 7a, the energy increases up to a maximum as q

increases and then declines again. In Fig. 7b, the
energy increases linearly as q upsurges.

a) | S T~ —
N
“
-10 \\
E /eV \\
-20 \
\
\
-304 \
\
0 20 10 60 80 100

b) |

E

eV

—-H,. - HCl— - CO — LiH

Figure 1. (a) The variation of the energy spectrum for
various values of n as a function of the parameter ¢ for
g=1. (b) The variation of the energy spectrum for
various values of n as a function of the parameter ¢ for
g=-1. a= 2fml, b=1fm™!, ¢= -3fm™1, V, =
2fm~1 and V, = 3fm™1.
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Enefel'

—-H,....HCl—-CO0—LiH

Figure 2. (a) The variation of the energy spectrum for
various values of n as a function of the parameter V,
for q = 1. (b) The variation of the energy spectrum for
various values of n as a function of the parameter V,
forq=—-1.h=1,pu=1,a=2,b=1,c=-3,V; =
2 and a = 0.05.
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0_
a)
-20- /.{
-40-
E_ eV
ne -60
-80-
-1004
0 002 004 006 008 010 012 0.14 0.16
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1
—-H,- - HCl=— - CO — LiH
ﬂ_
b)
EMKEV

0 002 0.04 006 008 010 012 014 0.16
V,

—-H,. - HCl— - C0 — LiH

Figure 3. (a)The variation of the energy spectrum for
various values of n as a function of the parameter Vi
for g = 1. (b) The variation of the energy spectrum for
various values of n as a function of the parameter V,
forq=-1l.a=2,b=1,c=-3andV, = 3.
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S1ad,

0 G.l:')i 0.10 0.15 0.20 023

—-H, .- HCl—-CO — LiH

b} -0.60

-0.65 1

-0.704

E ./eV

-0.754

-0.80 4

=0.83 1
0 0.05 0.10 0.13 0.20 0.23

—-H,----HCl— - CO — LiH

Figure 4. (a) The variation of the energy spectrum for
various values of n as a function of the parameter a for
g=1. (b) The variation of the energy spectrum for
various values of n as a function of the parameter a for
q=-1.b=1,¢c=-3,V,=3andV; = 2.

69

ig.unesp.br/ecletica

b

— -H,- .- HCl—-CO—LiH

Figure 5. (a) The variation of the energy spectrum for
various values of n as a function of the parameter b for
q=1. (b) The variation of the energy spectrum for
various values of n as a function of the parameter b for
g=-1l.a=2,c=-3,Vy=3andV; = 2.
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0 0.05 0.10 0.15 0.20
¢

—-H, - HCl — - CO — LiH

0 0.05 0.10 0.15 0.20

¢
— -H, ... HCl— - CO — LiH

Figure 6. (a) The variation of the energy spectrum for
various values of n as a function of the parameter ¢ for
g=1. (b) The variation of the energy spectrum for
various values of n as a function of the parameter ¢ for
q=-l.a=2b=1V,=3andV; = 2.
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Figure 7. (a) The variation of the energy spectrum for
various values of n as a function of the parameter —q.
(b) The variation of the energy spectrum for various
values of n as a function of the parameter +q. a = 2,
b=1,c=-3,V; =2andV, = 3.
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6. Conclusion

In this work, the bound state solutions of the
Schrodinger equation were studied with the ¢-
deformed Hulthen-quadratic exponential-type potential
using parametric NU method. The Greene and Aldrich
approximation scheme was used to deal with the
centrifugal term; the energy eigenvalues and the
corresponding eigenfunctions were obtained and some
special cases of the potential were also discussed. The
energy spectrum is applied to study four selected
diatomic molecules, H,, HCI, CO and LiH. The effect
of the deformation parameters and other potential
parameters on the energy of the system were
graphically and numerically analyzed. The results are
in excellent agreement with literature. Finally, the
results can find many applications in quantum
mechanical systems, atomic and molecular physics.
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