
Journal of Chemistry

Metal and Metal Oxide
Nanomaterials for the Environment
and Engineering Applications

Lead Guest Editor: BR Ramesh Bapu
Guest Editors: Palanisami Thavamani and Hak Yong Kim

 



Metal and Metal Oxide Nanomaterials for the
Environment and Engineering Applications



Journal of Chemistry

Metal and Metal Oxide Nanomaterials
for the Environment and Engineering
Applications

Lead Guest Editor: BR Ramesh Bapu
Guest Editors: Palanisami avamani and Hak
Yong Kim



Copyright © 2023 Hindawi Limited. All rights reserved.

is is a special issue published in “Journal of Chemistry.” All articles are open access articles distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Chief Editor
Kaustubha Mohanty, India

Associate Editors
Mohammad Al-Ghouti, Qatar
Tingyue Gu  , USA
Teodorico C. Ramalho  , Brazil
Artur M. S. Silva  , Portugal

Academic Editors
Jinwei Duan , China
Luqman C. Abdullah  , Malaysia
Dr Abhilash  , India
Amitava Adhikary, USA
Amitava Adhikary  , USA
Mozhgan Afshari, Iran
Daryoush Afzali  , Iran
Mahmood Ahmed, Pakistan
Islam Al-Akraa  , Egypt
Juan D. Alché  , Spain
Gomaa A. M. Ali  , Egypt
Mohd Sajid Ali  , Saudi Arabia
Shafaqat Ali  , Pakistan
Patricia E. Allegretti  , Argentina
Marco Anni  , Italy
Alessandro Arcovito, Italy
Hassan Arida  , Saudi Arabia
Umair Ashraf, Pakistan
Narcis Avarvari  , France
Davut Avci  , Turkey
Chandra Azad  , USA
Mohamed Azaroual, France
Rasha Azzam  , Egypt
Hassan Azzazy  , Egypt
Renal Backov, France
Suresh Kannan Balasingam  , Republic of
Korea
Sukanta Bar  , USA
Florent Barbault  , France
Maurizio Barbieri  , Italy
James Barker  , United Kingdom
Salvatore Barreca  , Italy
Jorge Barros-Velázquez  , Spain
THANGAGIRI Baskaran  , India
Haci Baykara, Ecuador
Michele Benedetti, Italy
Laurent Billon, France

Marek Biziuk, Poland
Jean-Luc Blin  , France
Tomislav Bolanca  , Croatia
Ankur Bordoloi  , India
Cato Brede  , Norway
Leonid Breydo  , USA
Wybren J. Buma  , e Netherlands
J. O. Caceres  , Spain
Patrizia Calaminici  , Mexico
Claudio Cameselle  , Spain
Joaquin Campos  , Spain
Dapeng Cao  , China
Domenica Capasso  , Italy
Stefano Caporali  , Italy
Zenilda Cardeal  , Brazil
Angela Cardinali  , Italy
Stefano Carli  , Italy
Maria F. Carvalho  , Portugal
Susana Casal  , Portugal
David E. Chavez, USA
Riccardo Chelli  , Italy
Zhongfang Chen  , Puerto Rico
Vladislav Chrastny  , Czech Republic
Roberto Comparelli  , Italy
Filomena Conforti  , Italy
Luca Conti  , Italy
Christophe Coquelet, France
Filomena Corbo  , Italy
Jose Corchado  , Spain
Maria N. D.S. Cordeiro  , Portugal
Claudia Crestini, Italy
Gerald Culioli  , France
Nguyen Duc Cuong  , Vietnam
Stefano D'Errico  , Italy
Matthias D'hooghe  , Belgium
Samuel B. Dampare, Ghana
Umashankar Das, Canada
Victor David, Romania
Annalisa De Girolamo, Italy
Antonio De Lucas-Consuegra  , Spain
Marcone A. L. De Oliveira  , Brazil
Paula G. De Pinho  , Portugal
Damião De Sousa  , Brazil
Francisco Javier Deive  , Spain
Tianlong Deng  , China

https://orcid.org/0000-0002-4208-210X
https://orcid.org/0000-0002-7324-1353
https://orcid.org/0000-0003-2861-8286
https://orcid.org/0000-0003-4785-9296
https://orcid.org/0000-0003-1147-4677
https://orcid.org/0000-0001-9024-9579
https://orcid.org/0000-0003-3588-6932
https://orcid.org/0000-0001-9384-7144
https://orcid.org/0000-0002-7547-6025
https://orcid.org/0000-0002-7152-531X
https://orcid.org/0000-0003-0191-9708
https://orcid.org/0000-0002-3773-5196
https://orcid.org/0000-0001-7476-8766
https://orcid.org/0000-0002-1651-0166
https://orcid.org/0000-0002-5086-8559
https://orcid.org/0000-0001-9970-4494
https://orcid.org/0000-0002-9011-6191
https://orcid.org/0000-0003-2228-1600
https://orcid.org/0000-0002-6807-2110
https://orcid.org/0000-0003-2047-4222
https://orcid.org/0000-0003-3774-4209
https://orcid.org/0000-0002-8473-1657
https://orcid.org/0000-0002-6082-3194
https://orcid.org/0000-0002-6595-103X
https://orcid.org/0000-0002-5863-9400
https://orcid.org/0000-0002-9854-1598
https://orcid.org/0000-0003-4742-9384
https://orcid.org/0000-0002-9301-9776
https://orcid.org/0000-0002-0947-2552
https://orcid.org/0000-0002-2268-8139
https://orcid.org/0000-0002-4243-0290
https://orcid.org/0000-0003-2691-6052
https://orcid.org/0000-0003-4666-2301
https://orcid.org/0000-0002-1265-8016
https://orcid.org/0000-0003-4801-4172
https://orcid.org/0000-0001-9842-4271
https://orcid.org/0000-0003-4785-1585
https://orcid.org/0000-0002-9035-8123
https://orcid.org/0000-0002-6981-7794
https://orcid.org/0000-0001-7201-3431
https://orcid.org/0000-0002-5673-0462
https://orcid.org/0000-0003-1383-6299
https://orcid.org/0000-0002-9746-7437
https://orcid.org/0000-0002-0309-2356
https://orcid.org/0000-0002-6825-1696
https://orcid.org/0000-0002-1686-3850
https://orcid.org/0000-0003-3492-5709
https://orcid.org/0000-0002-1445-9184
https://orcid.org/0000-0001-8383-1755
https://orcid.org/0000-0003-4640-7204
https://orcid.org/0000-0001-6699-005X
https://orcid.org/0000-0002-0402-1293
https://orcid.org/0000-0002-6951-1103
https://orcid.org/0000-0002-8463-3168
https://orcid.org/0000-0003-3375-8670
https://orcid.org/0000-0001-5760-6394
https://orcid.org/0000-0002-7341-3661
https://orcid.org/0000-0002-8100-3726
https://orcid.org/0000-0002-4442-4337
https://orcid.org/0000-0001-8080-8293
https://orcid.org/0000-0001-6026-9608
https://orcid.org/0000-0002-7395-5700
https://orcid.org/0000-0002-7180-4896
https://orcid.org/0000-0001-6781-4082
https://orcid.org/0000-0002-1728-2943


Fatih Deniz  , Turkey
Claudio Di Iaconi, Italy
Irene Dini  , Italy
Daniele Dondi, Italy
Yingchao Dong  , China
Dennis Douroumis  , United Kingdom
John Drexler, USA
Qizhen Du, China
Yuanyuan Duan  , China
Philippe Dugourd, France
Frederic Dumur  , France
Grégory Durand  , France
Mehmet E. Duru, Turkey
Takayuki Ebata  , Japan
Arturo Espinosa Ferao  , Spain
Valdemar Esteves  , Portugal
Cristina Femoni  , Italy
Gang Feng, China
Dieter Fenske, Germany
Jorge F. Fernandez-Sanchez  , Spain
Alberto Figoli  , Italy
Elena Forte, Italy
Sylvain Franger  , France
Emiliano Fratini  , Italy
Franco Frau  , Italy
Bartolo Gabriele  , Italy
Guillaume Galliero  , France
Andrea Gambaro  , Italy
Vijay Kumar Garlapati, India
James W. Gauld  , Canada
Barbara Gawdzik  , Poland
Pier Luigi Gentili  , Italy
Beatrice Giannetta  , Italy
Dimosthenis L. Giokas  , Greece
Alejandro Giorgetti  , Italy
Alexandre Giuliani  , France
Elena Gomez  , Spain
Yves Grohens, France
Katharina Grupp, Germany
Luis F. Guido  , Portugal
Maolin Guo, USA
Wenshan Guo  , Australia
Leena Gupta  , India
Muhammad J. Habib, USA
Jae Ryang Hahn, Republic of Korea

Christopher G. Hamaker  , USA
Ashanul Haque  , Saudi Arabia
Yusuke Hara, Japan
Naoki Haraguchi, Japan
Serkos A. Haroutounian  , Greece
Rudi Hendra  , Indonesia
Javier Hernandez-Borges  , Spain
Miguel Herrero, Spain
Mark Hoffmann  , USA
Hanmin Huang, China
Doina Humelnicu  , Romania
Charlotte Hurel, France
Nenad Ignjatović  , Serbia
Ales Imramovsky  , Czech Republic
Muhammad Jahangir, Pakistan
Philippe Jeandet  , France
Sipak Joyasawal, USA
Sławomir M. Kaczmarek, Poland
Ewa Kaczorek, Poland
Mostafa Khajeh, Iran
Srećko I. Kirin  , Croatia
Anton Kokalj  , Slovenia
Sevgi Kolaylı  , Turkey
Takeshi Kondo  , Japan
Christos Kordulis, Greece
Ioannis D. Kostas  , Greece
Yiannis Kourkoutas  , Greece
Henryk Kozlowski, Poland
Yoshihiro Kudo  , Japan
Avvaru Praveen Kumar  , Ethiopia
Dhanaji Lade, USA
Isabel Lara  , Spain
Jolanta N. Latosinska  , Poland
João Paulo Leal  , Portugal
Woojin Lee, Kazakhstan
Yuan-Pern Lee  , Taiwan
Matthias Lein  , New Zealand
Huabing Li, China
Jinan Li  , USA
Kokhwa Lim  , Singapore
Teik-Cheng Lim  , Singapore
Jianqiang Liu  , China
Xi Liu  , China
Xinyong Liu  , China
Zhong-Wen Liu  , China

https://orcid.org/0000-0002-2771-2652
https://orcid.org/0000-0003-1418-1431
https://orcid.org/0000-0003-1409-0994
https://orcid.org/0000-0002-3782-0091
https://orcid.org/0000-0002-4117-7545
https://orcid.org/0000-0003-4872-094X
https://orcid.org/0000-0001-6680-2821
https://orcid.org/0000-0002-6236-9116
https://orcid.org/0000-0003-4452-0430
https://orcid.org/0000-0003-4093-1814
https://orcid.org/0000-0003-4317-6543
https://orcid.org/0000-0002-6181-2833
https://orcid.org/0000-0002-3347-0506
https://orcid.org/0000-0002-2280-7986
https://orcid.org/0000-0001-7104-6530
https://orcid.org/0000-0002-4550-5657
https://orcid.org/0000-0003-3325-216X
https://orcid.org/0000-0001-6393-8387
https://orcid.org/0000-0002-7477-1903
https://orcid.org/0000-0002-2956-9781
https://orcid.org/0000-0003-4856-0309
https://orcid.org/0000-0003-1092-9190
https://orcid.org/0000-0001-6451-6784
https://orcid.org/0000-0002-1816-5810
https://orcid.org/0000-0001-8738-6150
https://orcid.org/0000-0003-1710-4933
https://orcid.org/0000-0003-3324-4733
https://orcid.org/0000-0001-9441-7867
https://orcid.org/0000-0001-5542-2858
https://orcid.org/0000-0001-8699-0575
https://orcid.org/0000-0003-3330-1320
https://orcid.org/0000-0002-6780-632X
https://orcid.org/0000-0002-5841-3460
https://orcid.org/0000-0002-1103-8261
https://orcid.org/0000-0001-8895-5554
https://orcid.org/0000-0001-6016-8620
https://orcid.org/0000-0002-9410-0154
https://orcid.org/0000-0002-5749-094X
https://orcid.org/0000-0001-9476-9627
https://orcid.org/0000-0003-3023-4871
https://orcid.org/0000-0002-0500-2422
https://orcid.org/0000-0001-7237-0041
https://orcid.org/0000-0003-0437-6139
https://orcid.org/0000-0003-4717-9012
https://orcid.org/0000-0002-6335-8902
https://orcid.org/0000-0003-2842-7666
https://orcid.org/0000-0001-6842-9127
https://orcid.org/0000-0001-5012-0666
https://orcid.org/0000-0002-5169-7333
https://orcid.org/0000-0002-9147-4484
https://orcid.org/0000-0003-1235-0107
https://orcid.org/0000-0001-6418-7378
https://orcid.org/0000-0002-5164-8638
https://orcid.org/0000-0002-3021-972X
https://orcid.org/0000-0002-2261-9491
https://orcid.org/0000-0002-7440-7722
https://orcid.org/0000-0002-0553-7937
https://orcid.org/0000-0002-7343-3443
https://orcid.org/0000-0002-7302-2214
https://orcid.org/0000-0002-4458-4998


Eulogio J. Llorent-Martínez  , Spain
Pasquale Longo  , Italy
Pablo Lorenzo-Luis  , Spain
Zhang-Hui Lu, China
Devanand Luthria, USA
Konstantin V. Luzyanin  , United Kingdom
Basavarajaiah S M, India
Mari Maeda-Yamamoto  , Japan
Isabel Mafra  , Portugal
Dimitris P. Makris  , Greece
Pedro M. Mancini, Argentina
Marcelino Maneiro  , Spain
Giuseppe F. Mangiatordi  , Italy
Casimiro Mantell  , Spain
Carlos A Martínez-Huitle  , Brazil
José M. G. Martinho  , Portugal
Andrea Mastinu  , Italy
Cesar Mateo  , Spain
Georgios Matthaiolampakis, USA
Mehrab Mehrvar, Canada
Saurabh Mehta  , India
Oinam Romesh Meitei  , USA
Saima Q. Memon  , Pakistan
Morena Miciaccia, Italy
Maurice Millet  , France
Angelo Minucci, Italy
Liviu Mitu  , Romania
Hideto Miyabe  , Japan
Ahmad Mohammad Alakraa  , Egypt
Kaustubha Mohanty, India
Subrata Mondal  , India
José Morillo, Spain
Giovanni Morrone  , Italy
Ahmed Mourran, Germany
Nagaraju Mupparapu  , USA
Markus Muschen, USA
Benjamin Mwashote  , USA
Mallikarjuna N. Nadagouda  , USA
Lutfun Nahar  , United Kingdom
Kamala Kanta Nanda  , Peru
Senthilkumar Nangan, ailand
Mu. Naushad  , Saudi Arabia
Gabriel Navarrete-Vazquez  , Mexico
Jean-Marie Nedelec  , France
Sridhar Goud Nerella  , USA

Nagatoshi Nishiwaki  , Japan
Tzortzis Nomikos  , Greece
Beatriz P. P. Oliveira  , Portugal
Leonardo Palmisano  , Italy
Mohamed Afzal Pasha  , India
Dario Pasini  , Italy
Angela Patti  , Italy
Massimiliano F. Peana  , Italy
Andrea Penoni  , Italy
Franc Perdih  , Slovenia
Jose A. Pereira  , Portugal
Pedro Avila Pérez  , Mexico
Maria Grazia Perrone  , Italy
Silvia Persichilli  , Italy
ijs A. Peters  , Norway
Christophe Petit  , France
Marinos Pitsikalis  , Greece
Rita Rosa Plá, Argentina
Fabio Polticelli  , Italy
Josefina Pons, Spain
V. Prakash Reddy  , USA
athan Premkumar, Republic of Korea
Maciej Przybyłek  , Poland
María Quesada-Moreno  , Germany
Maurizio Quinto  , Italy
Franck Rabilloud  , France
C.R. Raj, India
Sanchayita Rajkhowa  , India
Manzoor Rather  , India
Enrico Ravera  , Italy
Julia Revuelta  , Spain
Muhammad Rizwan  , Pakistan
Manfredi Rizzo  , Italy
Maria P. Robalo  , Portugal
Maria Roca  , Spain
Nicolas Roche  , France
Samuel Rokhum  , India
Roberto Romeo  , Italy
Antonio M. Romerosa-Nievas  , Spain
Arpita Roy  , India
Eloy S. Sanz P rez   , Spain
Nagaraju Sakkani  , USA
Diego Sampedro  , Spain
Shengmin Sang  , USA

https://orcid.org/0000-0002-0180-5172
https://orcid.org/0000-0002-7685-1093
https://orcid.org/0000-0003-3007-461X
https://orcid.org/0000-0001-9312-7139
https://orcid.org/0000-0002-4494-7509
https://orcid.org/0000-0001-5311-8895
https://orcid.org/0000-0001-6033-1731
https://orcid.org/0000-0003-1258-3517
https://orcid.org/0000-0003-4042-2841
https://orcid.org/0000-0002-3521-0628
https://orcid.org/0000-0002-6209-5426
https://orcid.org/0000-0003-1806-1568
https://orcid.org/0000-0002-8862-2896
https://orcid.org/0000-0002-6948-9348
https://orcid.org/0000-0002-9174-128X
https://orcid.org/0000-0002-2705-2383
https://orcid.org/0000-0003-4070-1357
https://orcid.org/0000-0001-7542-2636
https://orcid.org/0000-0003-4244-0912
https://orcid.org/0000-0001-7587-9329
https://orcid.org/0000-0002-0691-3199
https://orcid.org/0000-0002-4914-8087
https://orcid.org/0000-0002-1978-340X
https://orcid.org/0000-0003-2900-7479
https://orcid.org/0000-0001-9883-5951
https://orcid.org/0000-0002-4800-4436
https://orcid.org/0000-0002-1157-2405
https://orcid.org/0000-0001-9482-8914
https://orcid.org/0000-0001-6056-587X
https://orcid.org/0000-0001-5344-4762
https://orcid.org/0000-0002-8243-6849
https://orcid.org/0000-0002-0132-9516
https://orcid.org/0000-0002-6052-8697
https://orcid.org/0000-0003-0536-6397
https://orcid.org/0000-0002-6767-6596
https://orcid.org/0000-0002-3951-2260
https://orcid.org/0000-0002-7986-0040
https://orcid.org/0000-0002-8273-3798
https://orcid.org/0000-0001-7564-0692
https://orcid.org/0000-0002-3306-0419
https://orcid.org/0000-0001-9508-294X
https://orcid.org/0000-0002-8416-7291
https://orcid.org/0000-0002-2260-0600
https://orcid.org/0000-0002-6373-885X
https://orcid.org/0000-0003-4195-5228
https://orcid.org/0000-0002-7955-8810
https://orcid.org/0000-0002-1168-3455
https://orcid.org/0000-0003-3206-0246
https://orcid.org/0000-0002-7836-4862
https://orcid.org/0000-0002-7657-2019
https://orcid.org/0000-0003-3011-4175
https://orcid.org/0000-0002-3399-6129
https://orcid.org/0000-0002-2286-7727
https://orcid.org/0000-0003-0412-6551
https://orcid.org/0000-0002-5011-3949
https://orcid.org/0000-0002-7284-673X
https://orcid.org/0000-0003-3083-5482
https://orcid.org/0000-0001-7708-9208
https://orcid.org/0000-0001-6225-7336
https://orcid.org/0000-0002-3513-2041
https://orcid.org/0000-0002-9549-8504
https://orcid.org/0000-0002-8200-6910
https://orcid.org/0000-0003-3681-9846
https://orcid.org/0000-0001-8790-0578
https://orcid.org/0000-0001-8820-569X
https://orcid.org/0000-0002-0745-0763
https://orcid.org/0000-0002-6285-9262
https://orcid.org/0000-0002-1928-3093
https://orcid.org/0000-0003-1271-0555
https://orcid.org/0000-0002-2326-0548
https://orcid.org/0000-0003-2772-6453
https://orcid.org/0000-0002-5005-3616


Vikram Sarpe  , USA
Adrian Saura-Sanmartin  , Spain
Stéphanie Sayen, France
Ewa Schab-Balcerzak  , Poland
Hartwig Schulz, Germany
Gulaim A. Seisenbaeva  , Sweden
Serkan Selli  , Turkey
Murat Senturk  , Turkey
Beatrice Severino  , Italy
Sunil Shah Shah  , USA
Ashutosh Sharma  , USA
Hideaki Shirota  , Japan
Cláudia G. Silva  , Portugal
Ajaya Kumar Singh  , India
Vijay Siripuram, USA
Ponnurengam Malliappan Sivakumar  ,
Japan
Tomás Sobrino  , Spain
Raquel G. Soengas  , Spain
Yujiang Song  , China
Olivier Soppera, France
Radhey Srivastava  , USA
Vivek Srivastava, India
eocharis C. Stamatatos  , Greece
Athanassios Stavrakoudis  , Greece
Darren Sun, Singapore
Arun Suneja  , USA
Kamal Swami  , USA
B.E. Kumara Swamy  , India
Elad Tako  , USA
Shoufeng Tang, China
Zhenwei Tang  , China
Vijai Kumar Reddy Tangadanchu  , USA
Franco Tassi, Italy
Alexander Tatarinov, Russia
Lorena Tavano, Italy
Tullia Tedeschi, Italy
Vinod Kumar Tiwari  , India
Augusto C. Tome  , Portugal
Fernanda Tonelli  , Brazil
Naoki Toyooka  , Japan
Andrea Trabocchi  , Italy
Philippe Trens  , France
Ekaterina Tsipis, Russia
Esteban P. Urriolabeitia  , Spain

Toyonobu Usuki  , Japan
Giuseppe Valacchi  , Italy
Ganga Reddy Velma  , USA
Marco Viccaro  , Italy
Jaime Villaverde  , Spain
Marc Visseaux  , France
Balaga Viswanadham  , India
Alessandro Volonterio  , Italy
Zoran Vujcic  , Serbia
Chun-Hua Wang  , China
Leiming Wang  , China
Carmen Wängler  , Germany
Wieslaw Wiczkowski  , Poland
Bryan M. Wong  , USA
Frank Wuest, Canada
Yang Xu, USA
Dharmendra Kumar Yadav  , Republic of
Korea
Maria C. Yebra-Biurrun  , Spain
Dr Nagesh G Yernale, India
Tomokazu Yoshimura  , Japan
Maryam Yousaf, China
Sedat Yurdakal  , Turkey
Shin-ichi Yusa  , Japan
Claudio Zaccone  , Italy
Ronen Zangi, Spain
John CG Zhao  , USA
Zhen Zhao, China
Antonio Zizzi  , Italy
Mire Zloh  , United Kingdom
Grigoris Zoidis  , Greece
Deniz ŞAHİN  , Turkey

https://orcid.org/0000-0001-9855-8923
https://orcid.org/0000-0002-9099-3450
https://orcid.org/0000-0002-7219-8664
https://orcid.org/0000-0003-0072-6082
https://orcid.org/0000-0003-0450-2668
https://orcid.org/0000-0002-9638-2896
https://orcid.org/0000-0002-3887-8869
https://orcid.org/0000-0001-7084-1399
https://orcid.org/0000-0003-0455-9963
https://orcid.org/0000-0002-5671-4649
https://orcid.org/0000-0001-6469-4871
https://orcid.org/0000-0001-8180-7292
https://orcid.org/0000-0002-5880-9596
https://orcid.org/0000-0002-9760-8690
https://orcid.org/0000-0001-8178-0034
https://orcid.org/0000-0002-1706-1788
https://orcid.org/0000-0002-8253-0595
https://orcid.org/0000-0002-9798-9331
https://orcid.org/0000-0001-9344-0889
https://orcid.org/0000-0001-5949-0778
https://orcid.org/0000-0003-4643-6013
https://orcid.org/0000-0002-0335-4707
https://orcid.org/0000-0002-7856-5197
https://orcid.org/0000-0002-7692-3501
https://orcid.org/0000-0003-4073-5362
https://orcid.org/0000-0001-9244-8889
https://orcid.org/0000-0003-4331-714X
https://orcid.org/0000-0002-2285-6710
https://orcid.org/0000-0002-9568-1528
https://orcid.org/0000-0003-1774-9301
https://orcid.org/0000-0001-9162-8263
https://orcid.org/0000-0001-9779-5820
https://orcid.org/0000-0002-0212-5371
https://orcid.org/0000-0002-8792-0947
https://orcid.org/0000-0001-5054-2519
https://orcid.org/0000-0002-7050-9879
https://orcid.org/0000-0002-8694-7929
https://orcid.org/0000-0002-2060-9433
https://orcid.org/0000-0002-8440-6395
https://orcid.org/0000-0002-0125-0744
https://orcid.org/0000-0002-8963-2439
https://orcid.org/0000-0002-3594-0495
https://orcid.org/0000-0002-1522-7713
https://orcid.org/0000-0003-1161-8669
https://orcid.org/0000-0001-6021-5589
https://orcid.org/0000-0002-3477-8043
https://orcid.org/0000-0003-1102-1993
https://orcid.org/0000-0002-4029-9356
https://orcid.org/0000-0001-8283-1032
https://orcid.org/0000-0002-6593-7705
https://orcid.org/0000-0002-2838-5200
https://orcid.org/0000-0003-4391-354X
https://orcid.org/0000-0001-7174-5956
https://orcid.org/0000-0001-5253-693X
https://orcid.org/0000-0002-4848-2737
https://orcid.org/0000-0002-9442-5186
https://orcid.org/0000-0003-3519-4434


Contents

Bioconvection Flow in the Presence of Casson Nanoparticles on a Stretching/Shrinking Vertical Sheet
with Chemical Reaction
B. Arun  , M. Deivanayaki  , and Selvakumar Kuppusamy Vaithilingam 

Research Article (9 pages), Article ID 6199200, Volume 2023 (2023)

Investigation of the Wear Behavior of AA6063/Zirconium Oxide Nanocomposites Using Hybrid
Machine Learning Algorithms
R. Reena Roy, Leninisha Shanmugam, A. Vinothini, Nirmala Venkatachalam  , G. Sumathy,
Bhavadharini Murugeshan, P. Mercy Rajaselvi Beaulah, and Gizachew Assefa Kerga 

Research Article (16 pages), Article ID 7571588, Volume 2023 (2023)

Green Synthesis by Microwave Irradiation of TiO2 Using Cinnamomum verum and the Application in

Photocatalysis
Dante E. González-Anota  , Silvia P. Paredes-Carrera  , Rosa M. Pérez-Gutierrez  , Brandon
Arciniega-Caballero  , Raul Borja-Urby  , Jesús C. Sánchez-Ochoa  , and Elizabeth Rojas-García 

Research Article (17 pages), Article ID 2245685, Volume 2023 (2023)

Biologically Reduced Zinc Oxide Nanosheets Using Phyllanthus emblica Plant Extract for
Antibacterial and Dye Degradation Studies
Awais Khalid  , Pervaiz Ahmad  , Mayeen Uddin Khandaker  , Yosra Modafer, Hanadi A. Almukhlifi,
Abdulrahman S. Bazaid  , Abdu Aldarhami, Abdulaziz M. Alanazi, Ohoud A. Jefri, Md. Mohi Uddin, and
Husam Qanash 

Research Article (10 pages), Article ID 3971686, Volume 2023 (2023)

Study of Microstructure and Wear Resistance of AA5052/B4C Nanocomposites as a Function of

Volume Fraction Reinforcement to Particle Size Ratio by ANN
D. Dinesh Kumar, A. Balamurugan, K. C. Suresh, R. Suresh Kumar  , N. Jayanthi, T. Ramakrishnan  , S.
K. Hasane Ahammad, S. Mayakannan, and S. Venkatesa Prabhu 

Research Article (12 pages), Article ID 2554098, Volume 2023 (2023)

https://orcid.org/0009-0000-0550-6607
https://orcid.org/0000-0002-7501-9334
https://orcid.org/0000-0001-9237-5560
https://orcid.org/0000-0001-9662-9425
https://orcid.org/0000-0002-1479-0870
https://orcid.org/0000-0003-0151-3732
https://orcid.org/0000-0002-5388-7982
https://orcid.org/0000-0002-8014-9555
https://orcid.org/0009-0006-2493-5451
https://orcid.org/0000-0003-1303-910X
https://orcid.org/0000-0003-1696-2397
https://orcid.org/0000-0003-3973-352X
https://orcid.org/0000-0002-6084-8703
https://orcid.org/0000-0003-3969-1489
https://orcid.org/0000-0003-3772-294X
https://orcid.org/0000-0002-5884-0278
https://orcid.org/0000-0002-3068-0313
https://orcid.org/0000-0001-9487-2755
https://orcid.org/0000-0001-8978-7628
https://orcid.org/0000-0003-1101-6051


Research Article
Bioconvection Flow in the Presence of Casson Nanoparticles on a
Stretching/Shrinking Vertical Sheet with Chemical Reaction

B. Arun ,1 M. Deivanayaki ,2 and Selvakumar Kuppusamy Vaithilingam 3

1Department of Mathematics, Karpagam Academy of Higher Education, Coimbatore, Tamil Nadu, India
2Department of Science and Humanities, Karpagam Academy of Higher Education, Coimbatore, Tamilnadu, India
3Process, Energy and Environmental Engineering Chair, School of Chemical and Bioengineering,
Dire Dawa University Institute of Technology, Dire Dawa University, Dire Dawa 1362, Ethiopia

Correspondence should be addressed to Selvakumar Kuppusamy Vaithilingam; selvakumar.kuppusamy@ddu.edu.et

Received 3 November 2022; Revised 19 December 2022; Accepted 22 March 2023; Published 26 October 2023

Academic Editor: B. R. Ramesh Bapu

Copyright © 2023 B. Arun et al.Tis is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A Casson nanoparticle is used in this study to investigate the efects of toxic reactions, temperatures, and concentrations on
convective heat transfer fow across a stretching/shrinking vertical sheet. Te goal is to convert the control linear partial dif-
ferential equations (PDEs) into an ordinary diferential equations (ODEs) set and analyses them statistically using the Bvp4c
technique in MATLAB software. It is necessary to look how various variables, such as the Casson nanofuid measurement, the
chemical change constants and Prandtl numbers, the concentration-thermal-buoyancy ratio, the microorganism-to-thermal-
buoyancy rate of return, the Lewis number, and other bioconvection-related parameters (such as the variation in micro-organism
concentration and the buoyancy parameter), afect each other. Te numerical results of the velocity, temperature, concentration,
and bioconvection fow profles are displayed.

1. Introduction

Due to various outstanding thermal conductivities, nano-
fuids are now used as working fuids instead of base fuids.
Choi [1] was the frst one to discover nanofuids, which are
having a concentration of nanosized particles. According to
Lee et al. [2], nanofuids have superior heat transmission
properties as compared to basic fuids. Many industrial and
technological applications exploit non-Newtonian nano-
fuids, such as embedded polymers, biological remedies,
paints, asphalts, and glues. Nanofuids are manufactured by
suspending nanoparticles which include nitrides, carbon
nanotubes, and metal carbides in warm trading fuids; the
lukewarm conductivity of these liquids is contingent on the
sparkle trade coefcient between the vivacity trade in-
termediate and the sparkle trade shell. It is found that the
non-Newtonian nanofuid has behaved diferently on
a vertical plate and truncated cone immersed in a porous
media. Te Casson fuid structure is a combination of non-
Newtonian fuid involving applications in food encoding,

smelting, excavating, and genetics. In order to mimic the
fow properties of pigment oil suspensions, Casson created
the Casson nanofuid fow in 1959 [3]. Studies of the Casson
fuid or Casson nanofuid fowing in boundary layer
thickness across diferent forms have been conducted by
several authors [4–7]. Nanofuids may afect chemical
processes, heat production, and MHD radiation across
a stretched sheet, according to a number of researchers
[8–10]. For many domains of management and innovation,
chemical reaction efect is an essential consideration in the
study of heat and mass mobility. A chemical reaction be-
tween the base liquid and nanoparticles can occur frequently
either throughout a phase or at the phase’s boundary. Affy
[11] has revealed that in the presence of fuid motion and
chain reaction, slip boundary conditions infuence Casson
nanofuid fow across a stretched plate. Bioconvection has
demonstrated excellent prospects in the feld of environ-
mental sustainable and long-term fuel cell technology. Te
chemical sensitivity of magneto Casson nanofuids has been
researched by Arun et al. [12].
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Microorganisms are a generic description of organisms
that are too tiny to be identifed individually. Bacteria, yeast,
viruses, protozoa, and green algae constitute characteristics
of microorganisms. Microorganism colonies all ecological
niches, in the unfavorable conditions such as engine fuel
lines, coal mines, and hot springs where few other living
things can persist. Bioconvection emerges when microor-
ganisms migrate upstream in a fuid, culminating in in-
stability and an amorphous pattern. Te modular system of
such systems required periodic computational geometry
optimization in conjunction with laboratory and feld
testing. Kuznetsov and Avramenko [13] evaluated the bio-
convection of gyrotactic microorganisms exploiting nano-
particles for the frst time. Hill and Pedley [14] presented
a research article on the hydrodynamics of bioconvection.
According to Alloui et al. [15], the composition of gravitactic
microbes in a cylinder is characterized. Using a dynamic
stretching/shrinking sheet, Uddin et al. [16] have evaluated
the Stefan blowing phenomena on bioconvection nanofuid
fow. Te spontaneous bioconvective fow of such a nano-
fuid containing gyrotactic microorganisms across a pro-
jected vertical plate is shown by Chamkha et al. [17].
Mallikarjuna et. al. [18] studied the combined bioconvective
fow of nanofuid including gyrotactic microorganisms
across a vertical and thin cylinder of nanofuid. Te called
peristalsis fow of non-Newtonian nanofuid further than the
diference of the two infnite coaxial conduits containing
swimming oxytactic microorganisms is studied by Abdel-
salam and Bhatti [19]. Te nondimensionalized governing
partial diferential equation model is constructed by cal-
culating bioconvection fow and heat transfer in the porous
annulus and performance capacity transformations. Te
results of this analysis demonstrate that after non-
dimensionalizing microbe guiding equations, the Peclet
number initially increases. Ahmad et al. [20] evolved the
nonlinear partial diferential equations and converted them
into dimensionless form using homotopic transformations.
Tey were then analytically explained using the homotopic
technique, and they came to the conclusion that the mag-
netic parameter is responsible for the transformation in both
components of velocity. In the horizontal direction, the
velocity tends to decrease while the bioconvected Rayleigh
number and buoyancy ratio remain stable. It is also ac-
knowledged that increasing the bioconvected Lewis and
Peclet numbers results in a decrease in the dispersion of
motile microorganisms, but the thermophoresis constant
exhibits the opposite propensity.

Te impact of major physical parameters discussed
numerically in bioconvection fow was explained by Dhanai
et al. [21] in their description of the numerical analysis of
bioconvection boundary layer fow and heat transfer of
electrically conducting nanofuid containing nanoparticles
and gyrotactic microorganism over an inclined permeable
sheet. Te free convective heat transfer from a vertical plate
in a porous media saturated with nanofuid under laminar
circumstances was explained by Hady et al. [22] to the

power-law non-Newtonian fow, and the efects of Brownian
motion and thermophoresis are factored in the
nanofuid model.

In the presence of bioconvection and chemical reaction
efects, Shah et al. [23] illustrate method to quantify the heat
transfer attributes of a magneto hydrodynamic Prandtl
hybrid nanofuid covering a stretched surface. Across
stretching sheets, this article evaluates the bioconvection,
inclined magneto hydrodynamic radiations, thermal linear
radiations, and chemical reaction of hybrid nanofuid.
Additionally, the conclusions are contrasted with nanofuid
fow. Also, emphasis is ofered to the Prandtl fuid, a non-
Newtonian fuid. A few illustrations of real-world impli-
cations for hybrid nanofuids encompass microfuidics,
business, transportation, the military, and medicine.

Te bioconvection efects in Walter’s B nanofuid fow
are currently explored by Alqarni [24] as a reaction of the
stretchable surface, which culminates in important prop-
erties such as heat radiation, activation energy, motile mi-
croorganisms, and convective boundary restrictions. In
graphical and tabular representations, the consequences of
interesting parameters on the velocity feld, heat feld,
species concentration, and microbe concentration are dis-
played. Te present strategy is more practical in a variety of
domains, including pharmaceutical delivery systems,
recombinant proteins, synthetic biology, tissue engineering,
and biofuel cells.

With swimming gyrotactic microorganisms in a conju-
gate mixed bioconvection fow of Carreaunanofuid via an
inclined stretchable cylinder with variable magnetic feld
incidence and binary chemical reaction, Nabwey et al. [25]
examine heat transmission. Te assessment also considers
nonuniform thermal conductivity and stochastic decrease or
rise in the heat source. Tis nano-bioconvection fow ex-
ample is estimated using a passively controlled nanofuid
pattern, which is thought to bemore physically accurate than
the earlier actively controlled nanofuid typically used. Te
important discovery of the current study is that the acti-
vation energy constraint improves with increasing nano-
particle concentration in the nanofuid.

According to Dhlamini et al. [26], using nanofuids in
place of traditional fuids and exploiting motile microor-
ganisms are two methods for moderating the rates of heat
and mass transmission. Activation energy, Brownian mo-
tion, and thermophoretic efects are only taken into account
for the solute and not for the microorganisms in some recent
studies of bioconvection fow. Te dynamics of the micro-
organisms are extensively controlled by the activation en-
ergy, the thermophoretic force, and Brownian motion.

Diferent malignant cells can be completely cured with
nanoparticles. Te most similar therapeutic that sheds light
in biomedical science is nanoparticles. Researchers have
recently devoted a great deal of attention to the study of
nanoparticles due to their structure, shape, low toxicity, and
phenomenal compatibility with the human body. A special
type of nanoparticle was used to obstruct and kill cancer
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cells. Te gold and Casson nanoparticles among them each
had an intended role. Developed specifcally nanoparticles
were used to injure and kill cancer cells. Te problem is tried
to pick because it is motivated by this particular application.

2. Mathematical Formulation

Across a semi-infnite moving fat plate, a nanofuid fows in
a stable boundary layer in a homogenous free stream.

Normal to move, surface coordinates are used to measure
the fow. Moreover, the fuid temperature and nanoparticle
concentration in the fowing fuid would directly relate to
the surface temperature and nanoparticle concentration.
Schematic representation of the fow is represented in
Figure 1.

Te new systems of equations for bioconvection fow are
then generated.
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where u is component velocity on the x-axis, v is along the
y-axis component velocity, υ is kinematic viscosity, βT is
thermal expansion coefcient of temperature, βc is thermal
expansion coefcient of concentration of nanoparticles, βN is
thermal expansion coefcient of density of microorganism, g

is buoyancy parameter, N is density motile of microorganism,
N∞ is constant ambient density of microorganism, k is
thermal conductivity, (ρcp) is heat capacity of nanofuid, β is
Casson parameter, k0 is chemical reaction of species with
reaction rate constant, Dn is difusivity of nanoparticles, Dm is
difusivity of microorganism, b is constant velocity of the
plate, and Wc is maximum cell swimming speed.

Te appropriate boundary conditions are applied to the
governing equations (1)–(5):

v � 0

u � uw

T � Tw

C � Cw

N � Nw
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⎪⎪⎪⎪⎪⎪⎪⎪⎭

aty � 0,

u⟶ ue

T⟶ T∞

C⟶ C∞

N⟶ N∞

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭
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where Nw is surface density of microorganism.
uw(x) � be
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Using the similarity transformation method, PDE gov-
erning equations are generated into ODEs. Te followings
are the similarity variables which are used as follows:
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(8)
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where η is similarity variable, with u � (zψ/zy) and v �

− (zψ/zx) symbolizes the stream function, ψ, θ is di-
mensionless temperature, L is sheet’s characteristic length, ϕ
is dimensionless nanoparticle fractional function, X is di-
mensionless microorganisms fractional function, a is

constant velocity of stagnation fow, T0 is constant velocity
of temperature, C0 is constant velocity of concentration, and
N0 is constant velocity of microorganism.

Te PDEs are turned into ODEs as follows using the
similarity transformation variables:
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In contrast to the boundary constraints,

Microorganisms

Nanoparticles

x (Tw , Cw  , Nw)

Momentum (T∞), Termal (C∞)
and Species boundary layers
(N∞)

y

Figure 1: Characteristics of the problem.
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f(η) � 0,

f
′
(η) � ε,

θ(η) � 1,

ϕ(η) � 1,

X(η) � 1 at η � 0,

(13)

f
′
(η) � 1,

θ(η) � 0,

ϕ(η) � 0,

X(η) � 0 as η⟶∞,

(14)

where λ � (gβT0L/a2) is mixed convection parameter, Pr �

(μCp/k) � (υ/α) is Prandtl number, Le � (α/Dn) is Lewis
number, Pe � (b Wc/Dm) is bioconvection Peclet number,
Lb � (α/Dm) is bioconvection Lewis number,
Ω � (N∞/Nw − N∞) is microorganisms concentration
diference parameter, Nc � (C0/T0) is concentration to
thermal buoyancy ratio parameter, NN � (N0/T0) is mi-
croorganism to thermal buoyancy ratio parameter,
Ec � (a2/CP T0) is Eckert number, K � (2 k0 L/a) is
chemical reaction parameter, and ε is the stretching/
shrinking parameter.

3. Results and Discussions

As it is much more feasible in many engineering applica-
tions, this study uses a specifc BVP to estimate numerical
solutions. Te governing equations in this analysis are re-
duced to nonlinear ODEs and numerically solved using
MATLAB’s bvp4c mathematical solver. MATLAB’s bvp4c is
used to solve a system of nonlinear ODEs (9) to (12) having
boundary conditions (13) and (14).

Te obtained results are validated with the already
existing results. Te validation for physical parameters is
given in following Table 1. Numerical values of − θ′(0) and
− ϕ′(0) with Ec for Pr � 4, Le � 5, Pe � 1, Lb � 1, Nc �

0.1, NN � 0.1, K � 1, and Ω � 0.2.
Te values obtained are in good agreement with the

already existing work. Tis shows that the problem is well
defned and the formulation of the problem is perfect.

Figure 2 depicts the impression of β on velocity profle,
where the velocity profles decrease for the rising values of β.
So the fuid parameter has created on retarding force. Tis
force elevates the viscosity of the fuid despite slowing rapid
velocity. Te infuence β on temperature profle is polled in
Figure 3. It is found from Figure 3 that the temperature
reduces with an increase in β. Figure 4 depicts the efect of β
on concentration profle. It can sight that the concentration
decreases in 0≤ η≤ 0.5 and increases in 0.5≤ η≤ 4 for in-
creasing values of β. Figure 5 illustrates the efect of β on
bioconvection fow profle. Te profle accelerates for in-
creasing values of β. It is found from Figure 6 that the
temperature profle is impeding with an increasing value in
Ec. It is noticed from Figure 7 that the concentration profle
increases with an increase in K. It is observed from Figure 8
that the concentration distribution amplifes with an

increase in Le. It is found from Figure 9 that the bio-
convection fow profle decreases with an increase in Lb.

Te bioconvection Peclet number Pe and cell swimming
speed Wc are directly proportional with each other and
inversely proportional to Dn (microorganism’s difusivity).
Te bioconvection Peclet number modulates the rates of
advection and difusion. Terefore, a rise in the amount of
adventive transport leads to a higher bioconvection Peclet
number, which in turn makes the fux of microorganisms to
increase quickly. As a response, peak intensity of the bio-
convection Peclet number degrades the profle of motile
microbe density while increasing the fux of wall motile

Table 1: Comparison of results for − θ′(0) and − ϕ′(0).

Ec

Affy [11] Present results
− θ′(0) − ϕ′(0) − θ′(0) − ϕ′(0)

0.2 0.655854 1.19213 0.655882 1.19311
0 0.795783 1.113521 0.795698 1.113421
1 0.082093 1.515737 0.082088 1.515682
1.3 − 0.139103 1.641030 − 0.139179 1.641082
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Figure 2: Efect of Casson fuid parameter on velocity profle.
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bacteria. Te motile bacteria density profle degrades, and
the fux of motile microorganisms on the wall increases as
the bioconvection Peclet number values increase. Figure 10
elucidates the infuence of Pe on bioconvection fow profle.
Te bioconvection fow profle amplifes with an increase in
Pe. Figure 11 refects the extent of said microorganism
concentration discrepancy parameter on the bioconvection
fow profle. Bioconvection fow profle is seen to improve
with a decrease in Ω.

Te Prandtl number is a dimensionless quantity that
relates a fuid’s viscosity to its thermal conductivity (Pr). Pr is
the product of difusivity and thermal conductivity. Con-
sequently, a larger difusivity is triggered by a higher
Prandtl number, but the highest thermal difusivity is
characterized by a lower Prandtl value. Both the temper-
ature and the thickness of the boundary layer tend to
decrease due to this mechanism. Terefore, it is dependent
solely on the fuid and is not dependent on the geometry of
an object that is causing the issue. Te Prandtl number is
a trait of the fuid itself; hence, it has no bearing on the
prevalence of bacteria in the fow. It is observed from
Figure 12 that the temperature distribution amplifes with
an increase in Prandtl number. It is found from Figure 13
that the bioconvection fow profle decreases with an in-
crease in Prandtl number.

4. Conclusions

Over a stretching/shrinking vertical sheet, the infuence of
chemical reaction, temperature, and concentration in the
presence of Casson nanoparticles in bioconvection fow is
examined. Te similarity transformation technique is being
used to determine the concerns that have been resulted.
From the results and discussion, it is clear that velocity
profle decreases with increase in β. Te efect of β and Ec

decreases the temperature profle in both cases. Te con-
centration profle increases with increasing values of β, K,
and Le. It is observed that bioconvection fow profle is
enhanced with increase of β and decrease with increase of
Lb, Pe, Pr, and Ω.
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Tis research created hot-pressed composites of the AA6063matrix with varying concentrations of ZrO2 (0.25, 0.5, and 1wt %). At
sliding speeds of 80, 120, and 150mm/s, the wear performance of the specimen was studied at loads of 10N, 15N, 20N, and 25N.
Te authors analyzed the counter-face material, the wear debris, and the worn surfaces to learn about the wear mechanisms.
Developing these threemachine learning (ML) algorithms was to evaluate the ability to predict wear behavior using the same small
dataset collected using varying test processes. A thorough examination of each model hyperparameter tuning phase was per-
formed.Te predictive performance was analyzed using several statistical tools.Temost efective decision-making algorithms for
this data collection were those based on trees. Predictions made by the decision tree algorithm for the test and validation
measurements have an accuracy of 86% and 99.7%, respectively. Te best model was picked out based on the results of the
predictions.

1. Introduction

Aluminum (Al) has considerable potential to be utilized in
the aviation and automation industries to minimize emis-
sions owing to its less density, well machinability, damping
capability, and recyclability. Al has a less elastic modulus,
minimal wear resistance, and a maximum corrosion rate,
which are all signifcant problems. Various particle re-
inforcements have been reported to be added to the Al alloy
matrix to solve these issues [1].

Unfortunately, weak tribological characteristics are
a drawback of Al alloys. Compared to pure Al alloys,
AMMCs (aluminum metal matrix composites) perform
better in strength, stifness, and wear [2]. AMMCs in-
corporate Al alloys with various reinforcements, including

SiC, Al2O3, B4C, TiB2, CNT, and GNPs [3]. Due to its
outstanding thermal stability, Al2O3 is widely used in many
applications. As a result, the metal matrix and the re-
inforcement elements do not go through the brittle phase.
So, because of its exceptional characteristics, Al2O3 is fre-
quently used in the manufacturing of AMMCs [4].

Aerospace applications for the high-strength AA6063
include fasteners, shafts, and gears.Te natural deterioration
of these parts through rubbing is important [5]. Terefore,
signifcant breakdowns in industrial operations may result
from material loss due to wearing [6]. For this reason, in-
vestigating how AMMCs behave tribologically is essential. It
is common knowledge that running trials to determine wear
behavior is time consuming and costly. Machine learning
strategies are used to cut down on the cost and duration of
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probes. By analyzing past wear patterns, these techniques
allow for accurate predictions of future behavior [7]. Te
surface roughness and wear loss of materials are predicted
using a variety of machine learning techniques, including
artifcial neural networks (ANNs) [8], support vector re-
gression (SVR), and extreme learning machines (ELMs) [9].
In addition, the efect of several wear factors (sliding speed,
load, and sliding distance) was investigated using analysis of
variance (ANOVA).

Most industrial procedures can be classifed as either
solid-state or liquid-state processes. Te mechanical prop-
erties of solid-state processes are far superior to those of their
liquid-state counterparts. Improved mechanical properties
are linked to decreased segregation and intermetallic phase
formation [10].

Machine learning (ML) was the only available method to
solve the computational problems of big data science.
Glasses and alloys have intricate and disordered micro-
structures and have beneftted from ML approaches in
comprehending composition-engineering property re-
lationships [11]. Mechanical property predictions can also be
made with reasonable accuracy using ML methods based on
atomistic descriptors. For instance, an ANN can be trained
to estimate organic structure composites based on structural
or topological properties [12].

Pumps, bearings, propellers, engineering tools, and dies
all beneft from copper alloys’ excellent strength, hardness,
wear resistance, and abrasive resistance [13]. Te material’s
high tensile strength and hardness exemplify the mechanical
properties of aluminum bronze. Right now, we must resort
to destructive testing methods that are both expensive and
time consuming to evaluate the mechanical parts made of
aluminum bronze. Terefore, there is an immediate need for
a reliable means of evaluating aluminum bronze’s me-
chanical qualities.

Predicting the mechanical properties of materials using
machine learning techniques has grown increasingly pop-
ular in recent years. Te author found that the back-
propagation artifcial neural network (BP-ANN) model
could reliably forecast AMC’s bending toughness and
hardness [14]. Te strength of aluminum-copper-magne-
sium-silver alloys was predicted using support vector re-
gression (SVR) [15]. Tis research showed that, compared to
BP-ANN, SVR models performed better under controlled
conditions. Te author developed a high-precision ANN
model to forecast the UTS of niobium-silicon alloy [16]. Te
model was essential in facilitating their mission of improving
specimen strength by modifying its microstructure. Te
authors [17] employed an ANN model to predict the me-
chanical properties of A357 alloy, and their results show that
the back-propagation model is very accurate. Using an ar-
tifcial neural network model, the authors [18] could predict
the HB of 18-5PH and fne-tune a temperature treatment
protocol to achieve maximum HB.

Since its inception over 20 years ago, the feld of ar-
tifcial intelligence, known as machine learning, has been
an indispensable and foundational part of many busi-
nesses. AlthoughML was initially researched in the feld of
computer science and mathematics, it is often preferred

by researchers to use low-content nano-reinforcement
particles rather than high-range microsupplements [19].
Nano-reinforcements improve particular strength and
fexibility without compromising density, in contrast to
microreinforcements.

Only a few investigations on Al/ZrO2 composites were
found when searching the academic literature. Te authors
investigated the corrosion and mechanical performance of
powder metallurgy-produced nanocomposite Al-0.5 Zn/1.0
ZrO2 [20]. Composite materials, they said, have greater
compressive strength than pure aluminum. Al/1 ZrO2
composite has also been reported to have the highest cor-
rosion resistance [21]. Disintegrated melt deposition of Al
yields mechanical and fammability qualities, which were
studied by the authors [22], who looked at the impact of
ZrO2 particle size (submicron, micron, and nano) on these
characteristics.

Te exceptional success of machine learning in fore-
casting the outcomes of expensive and time-consuming
trials makes it a crucial tool for predicting the wear per-
formance of Al matrix composites [23]. No research was
found in the literature studies that indicated the wear be-
havior of AA6063/ZrO2 composites.

Tis research examines the various machine learning
models (support vector regressor, random forest, and de-
cision tree) that can forecast how the AA6063/ZrO2 com-
posites will perform under wear conditions. Powder
metallurgy was used to create 0.25 wt%, 0.5 wt%, and 1wt%
AA6063/ZrO2 composites. Sliding at 80mm/s, 120mm/s,
and 150mm/s while applying 10N, 15N, 20N, and 25N was
used to assess the s wear performance samples. It was de-
termined that three-machine learning algorithms could be
used to forecast the wear performance of the sample.

2. Experimental Density

Te matrix and reinforcing materials are AA6063 and ZrO2
powders, respectively. Te matrix material has an even
distribution of the elements Zn (0.1 wt %), Cu (0.1 wt %), Si
(0.6 wt %), and Al (0.1wt %) in its chemical composition.
Te average particle size of AA6063 powder is 40 µm, while
99.35% ZrO2 comes in at 78 nm. Methanol is used as an
etching solution to clean the specimen before SEM analysis.
Powdered AA6063 and ZrO2 are depicted in Figures 1(a)
and 1(b) using scanning electron microscopy (Carl Zeiss
MA15/EVO 18).

Te composites were made with ZrO2 in three distinct
weight percent fractions: 0.25%, 0.5%, and 1%. ZrO2
nanoparticles were found to have a vol% of 0.25%, 0.5%, and
1%. It took 12.5 grams of powder per output unit to achieve
this blend. After subjecting the ZrO2 nanopowders to ul-
trasonic vibration treatment, the AA6063 matrix powders
were added. Te composites were blended at a temperature
of 190°C using a void distillation technique. Due to its low
boiling point of 78.3°C, alcohol quickly evaporated from the
mixture. Once the powder was well mixed, it was put into the
graphite mold. A hot-pressing furnace with a controlled
environment was used in the manufacturing process. Te
time spent hot pressing was 1 hour, the temperature was
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525°C, and the pressure was 45MPa. Creating everything
was carried out in an argon-flled environment.

Te manufactured composite specimen has a radius of
about 16mm and an altitude of about 8mm. Tests for
measuring hardness were conducted using Vickers hardness
test equipment (FIE, VM50) with a 1 kg load. Te authors
took seven readings from each sample and calculated the
hardness based on the mean value.

When calculating density, a 0.1mg resolution Kern
electronic balance was used. Archimedes’ principle was used
to calculate the actual and relative densities of the specimen.
Both air and distilled water were used to make accurate
weight measurements of the samples.Te applicable formula
used in the calculation is as follows:

ρ �
ma

ma − mw

ρw, (1)

where ρ is the de nsity of the sample (g/cm3), ma is the mass
of sample in the air, mw is the mass of the sample in water,
and ρw is the density of the water.

X-ray difraction (XRD) was used to identify the phases
generated during the manufacturing of AA6063 matrix
composites. Te microstructure was inspected using scan-
ning electron microscopy (SEM) coupled with an energy
dispersive spectrometer (EDS).

Under dry sliding conditions, the wear behavior of Al/ZrO2
nanocomposites was investigated using a reciprocating trib-
ometer device. Ten, ffteen, twenty, and twenty-fve-newton
loads at speeds of 80, 120, and 150mm/s are used in wear tests.
One hundred meters was the slide distance. Te authors used
AISI 420 stainless steel balls for the countertops. Te wear
cross-section of the specimen was calculated precisely after the
abrasion tests were completed. Multiplying the cross-sectional
area by the stroke distance yields the lost volume (ml).

3. Results and Discussion

3.1. Density and Microstructural Properties. Table 1 displays
the outcome of density testing on AA6063 and AA6063/
ZrO2 composites. Te theoretical and actual densities of the

samples show a remarkable degree of agreement. Tis
demonstrates that AA6063/ZrO2 composites may be pro-
duced using hot pressing. To achieve the highest relative
density, the AA6063 alloy was used. Increasing the per-
centage of ZrO2 in the samples causes them to become less
dense in comparison [24]. A high melting temperature of
ceramic nanoparticles hinders compressibility and impairs
consolidation, leading to a lower relative density and hence
greater porosity [25]. Te authors [26] found that as the
ZrO2 content of the composites with an Al matrix increased,
the porosity of the composites also increased. Te reports
show less than 1.5% overall porosity [27]. Te density
fndings of this investigation are found to be compatible with
the literature.

SEM micrographs with magnifcation of 500X, 1000X,
and 2000X of the samples, displayed in Figures 2(a)–2(d),
reveal that neither defects nor microporosity are present.
Te intermetallic phase and the nanoparticles are shown to
be in motion. It is easy to see the intermetallic stages in
Figure 2(a). Te authors [28] reported that AA6063 alloys
could generate Al-Zr intermetallics. ZrO2 nanoparticle ag-
gregation is observed for all composite materials irrespective
of ZrO2 concentration. Te increased surface area of
nanoparticles is evidence of their accumulation in the
composite structure [29]. Nanoparticle aggregation was
reported for AA6063/2ZrO2 composite.

Te EDS results for the AA6063 alloy are shown in
Figure 3. A high concentration of Al and a relatively low Zr
content were found in the frst analytical zone. It is good to
know that the AA6063 alloy’s chemical arrangement has
been confrmed [30]. Te high concentrations of Al and Zr
found in the white particles (area 2) study identify them as
Al-Zr intermetallic complexes. High O content in the
structure also allows for the production of Al2O3. In the
literature [31], Al matrix composites with Al2O3 were
mentioned. Oxide production is linked to increased
chemical action among Al and O.

Tese graphs display Al, O, and Zr abundance within the
mapped region. Te analysis conclusively demonstrated that
Al makes up a large percentage of the area. High O

(a) (b)

Figure 1: Scanning electron microscope of (a) AA6063 and (b) ZrO2 powders.
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distribution is also observed near grain borders. Zr was also
found to be present in some locations.

TeXRD patterns of AA6063, AA6063/0.25 ZrO2, AA6063/
0.5 ZrO2, and AA6063/ZrO2 composites are presented in
Figures 4(a)–4(d). Te analysis confrmed the Al phase present
in the samples. Te peak of the Al-Zr phase can also be seen for
unreinforced alloy and compositematerials [32]. Evidence ofAl-
Zr intermetallic compounds was verifed by EDS and XRD
investigation. For composites, there was no ZrO2 peak observed.
As a result of the minimal ZrO2 in the composites, ZrO2 peaks
cannot be kept in complete constant perusing [33]. X-ray dif-
fraction (XRD) examination of an Al/2 ZrO2 composite was
claimed to shownoZrO2 peaks authors [24].Te test was held at
a constant of between 2 and the square root of 2 or between 28.5
and 30.5. It was possible to determine both the step size (0.05)
and the counting period (60 s).Te inset of Figure 5 provides the
value of 2 equal to 29.6, at which the ZrO2 peak was observed.

3.2. Wear Test and Hardness Results. Table 2 displays the
range of the hardness produced in the specimen. Te results
show that as the ZrO2 level of the samples rises, hardness

increases. Tis study found that the AA6063/1 ZrO2 sample
had the highest hardness (83 HV). Hardness increased from
6.2% for AA6063/0.25 ZrO2 to 9.5% for AA6063/0.5 ZrO2 and
14.5% for AA6063/1 ZrO2. ZrO2 nanoparticle indentation
resistance is linked to hardness improvement in composite
materials. In addition to preventing dislocation movement, the
reinforcing particles are responsible for the hardness increase.

A plot of volume loss versus load for variant sliding
speeds is indicated in Figure 6. It is clear from the plots that
for every sliding speed and load, volume loss declines with
rising ZrO2 content. In terms of volume loss, the AA6063/1
ZrO2 sample showed the highest durability over time.
Furthermore, with a load of 25N and a sliding speed of
80mm/s, for instance, the volume loss of the AA6063 was
recorded to be 1.56 (mm3), but it fell to 1.13 (mm3) for the
AA6063/1 ZrO2. Te volume loss of AA6063/1 ZrO2 was
18.6% less than that of unreinforced AA6063 when sliding at
150mm/s while under a stress of 25N. Increased wear
behavior for MMC materials has been attributed to several
distinct causes in the published literature. One of the crucial
wear-increasing mechanisms [34] involves the resistance of

Table 1: Specimen’s density.

Specimens Teoretical density Experimental density Relative density
Units (g/cm3) (g/cm3) (%)
AA6063 alloy 2.70 2.68 99.25
AA6063/0.25 ZrO2 2.71 2.69 99.26
AA6063/0.5 ZrO2 2.72 2.70 99.26
AA6063/1 ZrO2 2.73 2.72 98.63

(a) (b)

(c) (d)

Figure 2: SEM photograph of the specimens: (a) AA6063, (b) AA6063/0.25 ZrO2, (c) AA6063/0.5 ZrO2, and (d) AA6063/1 ZrO2.
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high-hardness reinforcement elements in the composite ma-
terial’s structure to wear degradation. Te particles of re-
inforcement are said to bear the weight of the structure [35].

Reducing the surface area of contact between theMMCand the
steel counterpart is crucial for better tribological behavior. In
Figure 6, it is evident that an increase in the applied load results
in a noticeable rise in the wear rate for both samples, as
measured by volume loss. Te wear rate of Al/ZrO2 nano-
composites (0.3 and 0.6wt%) increases with rising loads(from
5N to 30N), as observed by a researcher [36].

A plot of volume loss vs. sliding speeds for various loads
is shown in Figures 5(a)–5(d). Te authors saw that in-
creasing the sliding speed reduces the volume loss across the
board for all materials for a given weight. For instance, it was
measured that the volume loss of AA6063/ZrO2 under a load
of 25N varied from 1.13 (mm3) for a sliding speed of 80mm/
s to 0.91 (mm3) for a speed of 120mm/s and 0.78 (mm3) for
a speed of 150mm/s.Te volume loss rises in the limits of 80
to 120mm/s, then falls in the range of 110mm/s and above
(except for AA6063 under the load of 15N). Surface
hardness enhances wear behavior by decreasing contact area,
and strain rate and surface hardness increase with increased
sliding speed [37].

Te authors found the wear rate of the Al/BN nano-
composite to lessen as the sliding speed was increased (from
80 to 180mm/s) [38]. Researchers [39] analyzed a varied
wear behavior for the Al alloy under minimal load and
variable sliding speed, in contrast to the literature above
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investigations. A higher wear rate was seen up to a sliding
speed of 0.1mm/s, after which it was observed to decrease.
Te authors concluded that this was because the frictional
heat produced among the matrix and the counter material
signifcantly impacted the wear process. Te contact tem-
perature and surface oxidation both rise as sliding velocity

increases. Because the surface is being oxidized, friction and
wear are reduced. Te outcome of the low-load wear test for
this investigation agrees with the study’s fndings [40].

In addition, Figure 5 shows wear behavior as a function of
the ZrO2 level. Te volume loss diminishes with rising ZrO2
for all weights and sliding speeds. Compared to AA6063 alloy,
the volume loss of the AA6063/1 ZrO2 composite was 44.6%
less under a load of 10N and a sliding speed of 80mm/s. Te
volume loss of an AA6063 alloy decreased from 1.44 (mm3) to
1.01 (mm3) when loaded with 25N while sliding at 80mm/s,
with the addition of 1wt % ZrO2. ZrO2 nanoparticle in-
corporation signifcantly increased wear resistance under
both low and high loads. Incorporating nano-sized ZrO2
particles into composites results in a material with a much
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Figure 5: Variation of volume loss and sliding speed at variant loads: (a) 10, (b) 15, (c) 20, and (d) 25 N.

Table 2: Specimen’s hardness.

Materials Hardness (HV1)
AA6063 83.2± 1.3
AA6063/0.25 ZrO2 84.7± 1.7
AA6063/0.5 ZrO2 89.6± 1.8
AA6063/1 ZrO2 91.9± 2.1
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higher hardness, which contributes to the material’s excep-
tional wear resistance [41]. Results from this study onwear are
consistent with Archard’s law. Tere was a claim that more
rigid materials have better tribological performance. Re-
searchers have shown that incorporating nano-
reinforcements into an Al matrix composite improves the
wear resistance of the material.

Graphs of the coefcients of friction (COF) under wear
conditions (80mm/s and 150mm/s) are presented in
Figures 7(a)–7(h). In particular, it was found that the mean
COF of AA6063, AA6063/0.25 ZrO2, AA6063/0.5 ZrO2, and
AA6063/1 ZrO2 at loads of 10 and 25N at sliding speeds of
80mm/s was 0.363–0.391, 0.307–0.316, 0.245–0.267, and
0.214–0.224, respectively. With a sliding speed of 150mm/s

and weights of 10 and 25N, the mean COF of AA6063,
AA6063/0.25 ZrO2, AA6063/0.5 ZrO2, and AA6063/1 ZrO2
was calculated to be 0.335–0.367, 0.292–0.317, 0.231–0.253,
and 0.213–0.226, respectively. Te correlation between COF
values and volume reduction was negative (Figures 5 and 6).
Growing the strengthening in a structure improves its load-
bearing volume and reduces the stress on the Al matrix.
Shearing the reinforcement particles requires more energy.
Hence, the composite surface has a lower friction
coefcient [42].

Particles on the worn surface further reduce friction by
delaying strain hardening and plastic deformation [43].
Multiple studies have found that when reinforcement
content increases, COF levels fall.
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Figure 6: Variation of volume loss and load at variant sliding speeds: (a) 80, (b) 120, and (c) 150 mm/s.
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Figure 7: Continued.

8 Journal of Chemistry



Figure 7 shows that the COF increases with load, in-
dependent of material type, or sliding velocity. More plastic
deformation occurred with a higher load, leading to a higher
COF [44]. High loads cause plastic deformation and wear
damage, as evidenced in the worn surface studies. Sliding
faster results in a drop in the samples’ COF levels, as ob-
served in this research. According to the study, the COF
drops as the wear rate rises because the oxides generated on
the surface are constantly delaminating. Increased wear
surface separation and larger delamination result from high
speeds and contribute to a lower COF. Te friction co-
efcient decreases due to oxygen entering metallic surfaces
and forming an oxide coating on the surface.

3.3. Analysis ofWorn Surface. Scanning electron microscope
images of wear on the samples, taken at 80mm/s, are shown
in Figure 8(a). Even under a light 10N load, there was
evidence of deep grooves and worn detritus (Figure 8(b)).
Wear caused by abrasion can be identifed by grooves
running perpendicular to the direction of sliding. Re-
searchers have found that AA6063 alloy and its composites
are susceptible to abrasion at low stresses [45]. When the
load is increased, AA6063 alloy shows a signifcant
delaminated region and some cracks. A large load causes
shear deformation, which results in breaks during de-
lamination wear. Under high load (25N), the primary wear
mechanism for AA6063/ZrO2 hybrid composites was ob-
served to be delamination and oxidation. Some grooves may
be seen on the AA6063/0.25 ZrO2 composite’s worn surface.

At greater stress, the cracks and wear debris become
apparent. Under a load of 10N, the AA6063/0.5 ZrO2 and
AA6063/1 ZrO2 surfaces show signs of wear in the form of
scratches. As the load rises from 10N to 25N, craters and
cracks appear on the AA6063/0.5 ZrO2 and AA6063/1 ZrO2
wear surfaces. Delamination wear leads to the creation of

craters. In the images of the worn surfaces of the samples, the
transition from depth grooves to scrapes indicates that the
character has experienced reduced wear damage as the ZrO2
content increases during the sliding test at 80mm/s and
a force of 10N. A 25N load caused a vast section of the
composite material to delaminate, creating a crater. Tis
confrms the fndings of the volume loss graph, which
showed that AA6063/1 ZrO2 showed the least amount of
wear damage out of all the samples.

Figure 9 displays the EDS analyses of AA6063/0.25 ZrO2
at 25N and a sliding speed of 80mm/s. As seen in an EDS
study, both the frst and second zones are rich in Al and
O. Tis is because, at extreme friction (25N), Al2O3 is
formed. Because of this, authors might say that oxidized
patches cover worn surfaces.

Figure 10 displays the outcomes of an EDS analysis
conducted on the samples at a sliding speed of 150mm/s.
Several studies using the EDS analysis confrmed the exis-
tence of elevated O on worn surfaces for Al matrix com-
posites. Te energy dispersive spectroscopy analysis reveals
exceptionally high concentrations of Al and Zr in the
structure, indicating that these areas interact with com-
pounds containing Al and Zr.

Moreover, the research revealed an amount of Zr within
the specimen. After the wear test, the ZrO2 nanoparticles
were still present in the structure, proving their durability.
Analysis by EDS revealed a high percentage (68.42%) of
aluminum. Increases in sliding speed and ZrO2 concen-
tration are readily seen to reduce the material area moved
into the counter-face ball. Tis is because the steel counter-
face makes less contact with the Al matrix due to the
presence of reinforcing particles (ZrO2). It has been
established through chemical analysis that the second sec-
tion contains a high concentration of steel counter-face
material, as evidenced by the presence of iron (55.7%),
chromium (10.5%), and carbon (5.3%).
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Figure 7: Evaluation of the coefcient of friction (a)-(b) AA6063, (c)-(d) AA6063/0.25 ZrO2, (e)-(f ) AA6063/0.5 ZrO2, and (g)-(h) AA6063/
1 ZrO2.
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4. The Methods of Machine Learning Models

Many supervised machine learning regression models have
been developed to create a mapping function between the
input characteristics (sliding speed, ZrO2 content, and load)
and the desired output feature (accuracy).

Before being fed into ML algorithms, data from actual ex-
periments must be cleaned, sorted, and prepared. Te in-
formation is then divided randomly into two groups: training
data (75%) and validation data (25%).All threeMLmodels are set
up and educated on data sets. At the end of the training process,
the stability of eachMLmodel is evaluated using cross-validation.
When assessing the efciency of the training phase, the authors
used 3-folds cross-validation, which involved splitting the
training data into fve sets and analyzing each group separately.

However, experimentation is necessary for determining the
optimal settings for the machine learning model. Te grid
search method is utilized, with multiple variations of each
model. Te models were cross-validated against one another,
and the optimal settings were identifed using the training set.
Terefore, the top estimators were applied to validation data,
and the outcomes are shown here. Te data must be cleaned
and normalized for the ML model to have a high degree of
accuracy. Te data have been preprocessed using a standard
scaling method for this application. To improve the ability to
forecast theMLmodels, preprocessing normalizes all input and
output features to the same scale.

4.1. ML Models. Te support vector regressor (SVR), random
forest (RF), and decision tree (DT) models, three of the most
widespread and efective models in recent literature [46], have
been chosen for a head-to-head performance comparison on the
current dataset. Volume loss is a constant real value, and a re-
gression can be used to predict its value. Python was used for all
code implementations, and all the source code is available on the
GitHub platform1. Te machine learning was accomplished
with the help of the sci-kit learn libraries, and the visualization
was performed using the seaborn libraries. Tis section briefy
describes the theoretical foundations uponwhich algorithms are
built. Readers interested in further exploring the topic of al-
gorithms are directed to recent literature surveys of individual
algorithms, which cover topics such as the algorithm’s math-
ematical foundations and current uses.

4.1.1. Support Vector Regressor (SVR). For regression, SVR is
a particular case of the original support vector machine. In
support vector regressor, high-order hyperplanes are set up to
establish a correlation between the input and the intended output
measurement within predetermined limits. Tese hyperplanes
are built using kernel functions, like radial basis and linear
functions, to reduce the generalized error bound to a minimum.
Te regularization parameter and gamma are two primary pa-
rameters infuencing themodel’s accuracy while constructing the
hyperplanes. While SVR models can function with a small
dataset, research in machine learning and tribology suggests that
accuracy can be improved by providing high-dimensional data.

4.1.2. Decision Tree (DT). TeDTtechnique constructs a tree-
like structure with nodes and leaves to make predictions about
the output data based on learning choice rules from the input
dataset. Te nodes make binary judgments dependent on the
values of the input features, while the leaf displays a numerical
goal. Splitting nodes can be done with the aid of mean squared
error (MSE) and mean absolute error (MAE) functions. Even
though increasing the tree’s depth adds complexity to the
model, doing so runs the risk of overftting, wherein the model
performs well on the training data because it has memorized
the input but poorly on the testing data.

4.1.3. Random Forest (RF). Te supervised machine learning
model random forest is still another option. Classifcation
problems shine the brightest although it also excels in regression.
Te random forest algorithm is called the ensemble technique
that uses decision trees that have been randomly generated. It
uses randomdata sampling from the training set to train various
decision trees. Te parameter n estimators, which represent the
total number of trees in the forest, control how many trees will
be created through the training phase. Inheritance from the DT
model is used for the remaining model parameters.

4.2. Hyperparameter Tuning. Te process of fne-tuning each
parameter of ML model values has begun. Table 3 shows the
various models and their respective setup parameters. For this
reason, the factor subset combinations have been put up in-
dependently for each model due to their unique tuning
parameters.

(a) (b)

Figure 8: (a) AA6063 alloy and (b) AA6063/0.25 ZrO2 for 10N and worn surface of the specimen at 80mm/s sliding speed.
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After fnishing the hyperparameter tuning process, the
optimal settings for each model may be identifed. Results
from experiments show that the optimal settings for SVR
are as follows: regularization parameter C � 100, rbf
kernel, and coefcient gamma � 0.001. Te optimal set-
tings for RF include a maximum of two features per split
(MF), one leaf node (MSL), and 100 decision trees (NE).
Assuming a maximum depth of 8, the optimal splitting
criterion for DT is absolute error and the minimum
splitting level is set at 1.

A total of four measures (R2, RMSE, MSE, and MAE)
were employed to evaluate the results of ML models. For
scoring regression functions, authors utilize a statistic called
R2, which is determined by the following formula:

R
2
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2

􏽐
n
i�1 yi − y( 􏼁
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where n is the no. of tests, yi is the real measuring output
value, 􏽢yi is the predicting output value, and y is the mean
value of yi.
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Mean squared error (MSE) is the average squared de-
viation from the projected values.
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Mean absolute error (MAE) is the diference between the
actual and expected values.
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Te R2 value of the model will be 1, and the others will be
0 if it is a perfect match for the data, as is evident from
equation (2). R2 provides more insight into the data’s var-
iability than the other three measures. Due to their
monotonically connected representation of the squared
errors among observed and predicted output values, RMSE
and MSE are of interest. More resilient to outlier data, MAE
also displays the mean value of the absolute error among the
actual and predicted output values.

Models with optimal settings had the best R2, RMSE,
MSE, and MAE values, shown in Table 4. Cross-validated
training has allowed us to give mean and standard deviation.
Table 4 indicates that DT is the most precise and reliable
model, with a mean R2 of 0.8580 and a standard deviation of
0.0220. Results on the test dataset showed that RF was
competitive with DT.

Te regression, root mean squared error, mean squared
error, and mean absolute error for each algorithm volume
loss validations are shown in Table 5. It has been claimed that
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Figure 9: AA6063/0.25 ZrO2 at 25N for 80mm/s analysis on EDS.
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values of R2 for a model between 0.7 and 0.9 are acceptable.
A model is deemed high quality if its R2 value is more than
0.9. Te R2 value on the validation dataset ranged from
0.8078 to 0.9973 (Table 5). Tree-based ML models (RF and
DT) outperformed higher-order models (SVR), which is an
exciting fnding. Terefore, the overftting problem associ-
ated with limited data and the inability to generalize could be

a contributing factor. Te fundamental disadvantage of tree-
based approaches is that they need to be recreated and
recalculated whenever new data is introduced to the current
model because this impacts all prior iterations.

Figure 11 displays the predicted and observed volume
decrease from each regressor. Volume loss was successfully
expected by both RF(b) and DT(c). However, SVR (a) fared
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Figure 10: EDS specimen at 150mm/s and AA6063/0.5 ZrO2 (10N).

Table 3: Models with a certain class of hypertuned parameters.

ML algorithms Factors
RF MF� {3, 4}, MSL� {4, 5, 6}, NE� {15, 25, 55, 100}
DT S� {MSE, MAE}, MD� {1, 5, 7, 10}, MSL� {4, 5, 6}, MWFL� {0.1, 0.2, 0.5}
SVR kernel� {rbf, linear}, gamma� {1e− 4, 1e− 5}, C� {1, 10, 100}

Table 4: Relative results of machine learning algorithms on testing data.

Metrics Regression Root mean squared
error Mean squared error Mean absolute error

Machine
learning
algorithm

Mean STD Mean STD Mean STD Mean STD

Support vector regression 0.8186 0.0949 0.3774 0.1908 0.1788 0.1873 0.3055 0.1766
Random forest 0.8504 0.0599 0.3523 0.1502 0.1467 0.1381 0.2896 0.1126
Decision tree 0.8587 0.0226 0.3481 0.1114 0.1337 0.0917 0.2696 0.0924
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poorly on the validation data set. SVR has a more signifcant
margin of error compared to RF and DT.

As shown in Figure 12, the load, ZrO2 content, and
sliding speed are three of the most important input variables
used by various ML models to estimate volume loss. Each
variable afects the predicted volume loss, as shown in

Figure 12. Te load was the primary factor in determining
the outcome. According to various reports in the research
literature, the load is the most critical factor when using
machine learning to estimate wear rate. In contrast, the
percentage of ZrO2 and the sliding velocity were determined
to be other crucial factors.

Table 5: Relative results on machine learning algorithm on validating data.

Machine learning algorithms Regression Root
mean squared error Mean squared error Mean absolute error

Support vector regression 0.8084 0.3922 0.1539 0.2578
Random forest 0.9784 0.1326 0.0183 0.0937
Decision tree 0.9926 0.0814 0.0071 0.0214
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Figure 11: Evaluation of the actual volume loss and predicted volume loss by the machine learning algorithm.
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5. Conclusions

In this research, the wear behavior and wear mechanism of
a specimen made from an AA6063 matrix composite
strengthened by ZrO2 (0.25, 0.5, and 1wt %) nanocomposites
were examined after successful hot pressing. Wear resistance
was predicted using three distinct machine learning methods.
Here, the following are the most important fndings:

(i) By adding more ZrO2, the resulting specimens were
found to have a somewhat lower relative density.
For the highest porosity (1.44%), the AA6063/1
ZrO2 composite was used. A 1wt% ZrO2 compo-
nent enhanced the hardness of the AA6063 alloy
from a measured 66.1 to a measured 74.9.

(ii) A study of the composite materials’ microstructure
reveals that the ZrO2 nanoparticles aggregate into
larger particles. X-ray difraction testing confrms
the existence of the Al, Al-Zr, and ZrO2 phases.

(iii) With the same load and sliding speeds, an increase
in ZrO2 content reduced volume loss.

(iv) Abrasion was found to be a wear mechanism at
10N, while abrasion and delamination were present
at 25N. Wear graphs showed that surfaces with
higher ZrO2 content showed reduced wear and
damage.

(v) Tree machine learning algorithms were evaluated
for their predictive abilities on a substantial ex-
perimental dataset.

(vi) On this data set, tree-based decision algorithms
performed the best. Te accuracy of the decision
tree algorithm’s predictions for the test and vali-
dation measurements was 86% and 99.7%,
respectively.

(vii) Tree ML techniques were used to state the relative
weights of the input features explicitly. It has been

found that the load parameter has the most sig-
nifcant impact on the prediction of volume loss
measurement.
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Te extraction process of bioactives from the aqueous extract of cinnamon (Cinnamomum verum) was optimized using the Design
Expert 11 program and analysis of variance (ANOVA) by considering the following parameters: cinnamon weight (g), power (W),
and time (s) of microwave irradiation. Te optimal conditions are cinnamon weight of 4.5 grams, time of 600 seconds, and power
of 150watts of microwave irradiation. With Cinnamomum verum extract under optimal conditions and titanium (IV) tetra-
chloride as a precursor, TiO2 nanostructures were synthesized using the sol-gel method assisted by microwave irradiation in the
crystallization stage with a power and irradiation time of 150W and 600 sec, respectively. Similarly, a sample without extract was
synthesized under the same conditions. Te following techniques characterized the materials: X-ray difraction (XRD), Fourier
transform infrared (FTIR) spectroscopy, UV-vis difuse refectance, Raman spectrometry, and high-resolution transmission
electron microscopy (HRTEM). It was feasible to obtain nanocrystalline solids of TiO2 anatase phase with and without cinnamon
extract; the particle size and the crystallinity were infuenced by the bioactive agents during the synthesis (aqueous extract of
Cinnamomum verum) and the synthesis method (microwave irradiation); a smaller crystal size, a smaller particle size, a higher
crystalline order, and a lower band gap were achieved for the material synthesized with cinnamon extract compared to the
material synthesized without extract and other methods. Te synthesized materials were evaluated in the photodegradation of
methyl orange (as a model of photodegradation), employing as reference parameters the commercial TiO2 brand Sigma-Aldrich
phase anatase and the photolysis of the system. Te amount of dye adsorbed in the tested materials was quantifed, fnding an
equilibrium time of 15min, where the TiO2 synthesized with Cinnamomum verum extract was the material that most adsorbed
methyl orange at 7.5%. In the case of photodegradation, the TiO2 synthesized with cinnamon extract apparently promoted the
total mineralization of methyl orange in 40minutes of reaction, making it the best material of those evaluated in the photo-
degradation. In all cases, the degradation models were adjusted to a frst-order kinetic model, where it was confrmed that the
highest reaction rate corresponded to TiO2 synthesized with Cinnamomum verum.
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1. Introduction

Te generation of nanomaterials through green synthesis
uses low-cost sustainable methodologies with low or zero
emission of waste and toxic by-products [1, 2] as an alter-
native to existing synthesis methods such as coprecipitation,
solvothermal, and the sol-gel method, among others, that
require a high energy expenditure and purifcation and
generate toxic by-products and waste for the
environment [3].

In green synthesis, natural sources such as microor-
ganisms (bacteria, fungi, and yeasts), extracts of plants
(fowers, stems, and leaves), or products of metabolism or
parts of them (enzymes) are used [4, 5]. Natural extracts
contain bioactive compounds present in plants, such as
alkaloids, polyphenols, terpenoids, antioxidants, sugars,
favonoids, organic acids, and quinones, together with low
molecular weight proteins [6] which can be used in the
reduction of precursor agents for the synthesis of nano-
materials [4, 7] because they act as electron donors [8],
stabilizers, and capping agents [9–11]. Coating agents pre-
vent coagulation and spontaneous focculation of the pre-
cursors and intermediate products during the synthesis
processes through electrostatic interaction [12].

A viable biological material for the green synthesis of
nanomaterials is cinnamon (Cinnamomum verum) due to its
high content of bioactive compounds such as aldehydes,
alcohols, esters, acids, monoterpenes, diterpenes, sesqui-
terpenes, benzopyrenes, hydrocarbons, favonoids (procya-
nidin dimers type A and B), and phenolic compounds
(eugenol and pyrogallol). Previous studies have shown that
the aqueous extract of Cinnamomum verum has high an-
tioxidant activity [13, 14], which suggests its application in
the synthesis of nanomaterials as an efective reducing agent
for metallic particles and promoting chemical processes such
as hydrolysis [15]; in addition, no reported applications for
the synthesis of nanomaterials were found for this
compound.

Te nanomaterial employed in this work was titanium
dioxide (TiO2), with high photocatalytic activity (>50–80%
in 2 H) [16, 17] and can be found in three crystalline
structures: anatase, rutile, and brookite [18]. Te anatase
phase is the one with the highest photoactivity [19]. How-
ever, although TiO2 is an excellent photocatalytic material, it
also has some drawbacks since it has a limited absorption in
the visible spectrum with a band gap of 3.2 eV [20], mainly
absorbing UV radiation, with a high recombination rate of
electron-hole pairs and presenting photo corrosion which
decreases its photocatalytic efciency. For this reason,
various works [21–23] have sought to generate a change in
the band pap, morphology, texture, and/or particle size
[20, 24]. Tis is through doping (with noble metals such as
silver and gold), coupling it to other semiconductors and/or
materials such as graphene (composites and hybrid mate-
rials), with morphosynthesis (polymeric templates), and/or
obtaining with diferent synthesis methodologies and pre-
cursors [25, 26]. Tis is where microwave-assisted green
synthesis provides a viable and novel technology.

Microwave irradiation has been implemented in the
search for methodologies that represent a lower energy
expenditure and allows the manipulation of properties such
as the texture and morphology of nanoparticles [27]. Mi-
crowaves are a type of electromagnetic radiation between 0.3
and 300GHz; the heating mechanism involves two main
processes: dipolar polarization and ionic conduction. Irra-
diation of a sample with microwaves results in the alignment
of the dipoles or ions in the electric feld. Because electro-
magnetic radiation produces an oscillating feld, the dipoles
or ions continually try to realign themselves in the electric
feld. Depending on the oscillation phenomena in relation to
the frequency of the irradiation, diferent amounts of heat
are produced through molecular friction and dielectric loss
[28, 29]; this superheat allows a fast reaction speed, re-
producibility, and control of the morphology and texture
depending on the parameters of power and irradiation time
[28, 30], which makes it a suitable irradiation source both for
the extraction of bioactive compounds and for the synthesis
of nanomaterials [30–32].

Methyl orange was used as a photodegradation model
for the synthesized materials [33, 34], belonging to the azo
dyes, and these constitute between 60 and 70% of the dyes
used in the industry, being one of the most important
contaminants that reproduce in the environment [35–37]. It
is worth mentioning that the objective of this research is
focused on the properties of TiO2 synthesized by green
synthesis by microwave irradiation of TiO2 using Cinna-
momum verum and its potential application, constituting
a starting point for future work. Te quantifcation of the
percentage of methyl orange degradation was evaluated by
UV-vis spectroscopy (467 nm).

On the other hand, the optimization of the aqueous
extract of Cinnamomun verum was carried out using the
Box–Behnken Design (BBD) model, which is one of the
methods for predicting response surface methodologies
(RSMs). Tis model has its origin from the graphic per-
spective and an adjustment through empirical models. Te
response surface methodology (RSM), introduced by George
E. P. Box and K. B. Wilson in the early 1950s, consists of the
collection of statistical andmathematical techniques useful for
modeling and analyzing experimental data, which determine
the efects and response of quantitative variables to identify
the optimal point. Te advantage is the decrease in the
number of experiments to evaluate their independent vari-
ables, and the disadvantage is the inability to provide a global
optimal point. Te RSM largely uses the BBD response
surface, which is suitable for ftting quadratic and cubic
models and is feasible to investigate and optimize variables in
the experimental space with the fewest number of experi-
ments without being an expert in statistics. Te central
composite design (CCD) is based on the same criteria as BBD;
however, the main diference between them is the number of
star points or center points in the experimental space, which
gives CCD more points and, therefore, more experiments.
Compared to the “one-variable-at-a-time” approach and the
full factorial design, the BBD has more advantages due to the
reduced number of experiments [38–46].
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In this work, we sought to obtain photocatalytic
nanomaterials such as TiO2 via green synthesis by the sol-gel
method assisted with microwave irradiation of the TiO2 type
through the use of bioactive compounds from the aqueous
extract ofCinnamomum verum,which were optimized using
the RSM statistical technique, with the premise of obtaining
efcient and economically sustainable nanomaterials that
improve the photocatalytic processes.

2. Experimental

2.1. Chemicals. Te reagents used for the preparation of the
precursor solutions for the extraction of bioactives from
cinnamon and TiO2 synthesis were as follows: TiCl4Sigma-
Aldrich 99.9%, C14H14N3O3SNa Sigma-Aldrich 99.9%,
C2H5OH Sigma-Aldrich 98%, TiO2Sigma-Aldrich 99.5%,
and Caledon brand bidistilled, tridistilled, and
deionized water.

2.2. Cinnamomum verum Aqueous Extract Optimization.
Cinnamomum verum aqueous extract optimization by mi-
crowave irradiation was performed with the use of Design
Expert software (Version 8.0.6, Stat-Ease Inc., Minneapolis,
MN, USA). It employs the BBD as an algorithm, which is one
of the methods for predicting response surface methodol-
ogies (RSMs) to examine the relationship between one or
more response variables and a set of quantitative experi-
mental parameters. Te optimization was made using three
independent variables and one response variable, with 17
runs to optimize the extraction conditions of bioactive
(Table 1). Aqueous extracts of Cinnamomum verum were
obtained in an SBL CW-2000Amicrowave reactor.Te three
independent variables were as follows: the weight of Cin-
namomum verum (1.5, 3.0, and 4.5 g) with deionized water,
microwave irradiation time (300, 600, and 900 s), and mi-
crowave irradiation power (150, 250, and 350W); the re-
sponse variable was the weight of the Cinnamomum verum
extract. Regression analysis was made according to the
experimental data, and the second-order polynomial model
(equation (1)) was ftted to express the amount of extract
obtained through theANalysisOfVAriance (ANOVA) [47].
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where Y is the amount of Cinnamomum verum extract, a0 is
the intersection (constant), ?1X1 to ?3X3 are linear co-
efcients, a11X

2
1 to a33X

2
3 are quadratic coefcients and

interaction coefcients,X1 is the weight of theCinnamomum
verum (g), X2 is microwave irradiation power (W) y, and X3
is the microwave irradiation time (s).

2.3. Green Synthesis of TiO2 Nanoparticles by the Sol-Gel
Method Assisted by Microwave Irradiation and Cinnamo-
mum verum Extract as Reductant. In the synthesis of TiO2
nanoparticles (a code C-TiO was assigned) using the sol-gel
method assisted by microwave irradiation, 100ml of Cin-
namomum verum extract (prepared according to optimal

results) was added to a fanged reactor, and the equivalent of
5% TiCl4 was added dropwise, keeping the system under
constant agitation for 40minutes in a cryogenic bath at 4°C.
Finally, the mixture was introduced into the SBL CW-2000A
microwave reactor and irradiated for 10minutes at 150W.
Washes were performed by centrifugation with a 1:
1 ethanol-water mixture at 15 000 rpm at room temperature
for 15minutes. Te precipitate was dried in a convection
oven for 5 hours at 70°C, and the resulting material was
calcined for 4 hours at 450°C with a heating ramp of
30minutes at 10°C·min−1. Te procedure was repeated
without extract, and the code CO-TiO was assigned to this
sample. It is worth mentioning that in the evaluation, Sigma-
Aldrich brand TiO2 was used as a reference, which was
identifed as A-TiO .

2.4. Characterization of the Samples. Te synthesized com-
pounds were characterized by X-ray difraction (XRD),
Fourier transform infrared spectroscopy (FTIR), UV-vis
difuse refectance spectroscopy (UV-vis), Raman spec-
troscopy, and High-resolution transmission electron mi-
croscopy (HRTEM). Te XRD spectra were obtained on
a PANalytical model X’Pert PRO difractometer for thin
flms or crystalline coatings (λ�1541 Å), and the infrared
spectra were obtained on a Nicolet Magna-IR 550 spec-
trometer in a range of 4000− 650 cm. UV-vis spectra were
obtained via a Cary 100 UV-vis spectrophotometer, with an
integrating sphere (Labsphere DRA-CA-30) and was op-
erated over a wavelength interval between 200 and 800 nm.
Raman spectra were recorded at ambient temperature on
a Raman Termo Nicolet Almaga between 100 cm−1 and
1000 cm−1 with an exposure time of 1 s; the emission
wavelength was 532 nm, and a nominal power of 25mWwas
applied with a Nd: YVO4 laser. HRTEM and BFTEM mi-
crograms were obtained in a transmission electron micro-
scope JEOL brand JEM-ARM200CF model at 200 kV.

2.5. Evaluation of the Adsorption-Photodegradation ofMethyl
Orange

2.5.1. Adsorption of Methyl Orange. Te materials were left
in the dark in contact with the 3 ppm solution of methyl
orange and found that the equilibrium time was 15min. Te
adsorption of methyl orange was quantifed in a Perkin
Elmer brand UV-vis Lambda XLS spectrophotometer at
a wavelength of 467 nm. After the adsorption, the materials
were subjected to the photodegradation process.

2.5.2. Photodegradation of Methyl Orange. Te process was
carried out in 15ml vials in triplicate for each point. 10ml of
methyl orange at 3 ppm and 0.1 g of C-TiO2 were added to
each vial; the resulting suspensions were subjected to UV
light irradiation in a Luz Chem brand photoreactor
equipped with 2 Philips 125W UV lamps and an agitation
system. Every 10minutes, 5ml aliquots were taken in
triplicate until reaching equilibrium (100minutes of re-
action), and each aliquot was fltered with a 45 μ hydro-
phobic membrane. Te concentration of degraded methyl
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orange was quantifed in a Perkin Elmer brand UV-vis
Lambda XLS spectrophotometer at a wavelength of
467 nm. Te above procedure was repeated for the CO-TiO2
and A-TiO2 photocatalysts and the photolysis.

3. Results and Discussion

3.1. Cinnamomum verum Aqueous Extract Optimization.
According to Table 1, the highest amount of extracts was
obtained for run number 3 with 0.0902 g of bioactive, with
4.5 g of ground cinnamon, power of 150W, and microwave
irradiation time of 600 s, followed by runs 9 and 13, and the
one that obtained the least amount of cinnamon extract was
run 5. ANOVA results considering the second-order
polynomial model of the 17 runs are shown in Tables 2 and 3.

ANOVA results predicted a quadratic model (equation
(2)) for the three independent variables (weight of Cinna-
momum verum, microwave irradiation time, and microwave
irradiation power). Te results in Table 2 suggested that the
generated model had a high value of the coefcient of de-
termination R squared (0.8283). Te results in Table 3 in-
dicate that the model had a high F value (3.75) and a low p

value (0.0476) for the response indicating that the quadratic
model is signifcant. Tis suggests that the model could
predict 82% of the variations in the experimental data. In this
sense, the quadratic model is signifcant during microwave
extraction.

Te analysis of variance (ANOVA) determined the
following second-order polynomial model:

Y � 0.08 − 0.018X1 − 1.52E10− 4
X2 + 0.71EX3

+ 2.5E10− 6
X1X2 + 5.16E10− 6

X1X3 − 1.87EX2X3

+ 3.58E10− 3
X

2
1 + 3.92E10− 7

X
2
2 − 4.30EX

2
3.

(2)

Te analysis of the response surface and contour is
shown in Figure 1. 3D dimensional graphs were obtained by
the ANOVA for the 17 runs, and the relationship of the
independent and dependent variables was studied for getting
the Cinnamomum verum extract.

Te analysis of the response surface and contour of the
weight of the Cinnamomum verum extract shows the efect
of these independent variables. It can be seen in the response
surface graphs that the best results for the weight of the
Cinnamomum verum extract tend to be red color, that is,
lower microwave irradiation powers produce higher cin-
namon extract weights, and the lowest value on the blue scale
with higher irradiation power and lower Cinnamomum
verum weights produces the lowest cinnamon extract
weights (Figures 1(a)–1(c)).

When comparing the same weight of cinnamon and
microwave irradiation power at diferent irradiation times at
(A) 300 sec, it can be seen that the best results in terms of the
greater amount of extract obtained tend to have higher
cinnamon weights (4.5 g) and low microwave irradiation
powers (150W). In the case of (B) 600 sec and (C) 900 sec,
the same trend can be observed. In general, the increase of
the microwave irradiation time during the extraction of the
bioactives promotes a decrease in the amount of extract
obtained due to the degradation efect.

Preferably, when comparing the same weight of cin-
namon andmicrowave irradiation power, the degradation of
the resulting bioactives is promoted as the irradiation time
increases.

Table 1: Optimization by Design Expert software of aqueous extracts of Cinnamomum verum.

Runs

Independent variables Response variable
X1

Weight of Cinnamomum
verum (g)

X2
Microwave irradiation power

(W)

X3
Microwave irradiation time

(s)

Weight of Cinnamomum
verum extract (g)

1 3.0 350 300 0.0582
2 1.5 150 600 0.0617
3 4.5 150 600 0.0902
4 3.0 350 900 0.0453
5 1.5 350 600 0.0406
6 1.5 250 300 0.0610
7 3.0 250 600 0.0535
8 3.0 250 600 0.0521
9 4.5 350 600 0.0706
10 3.0 250 600 0.0558
11 3.0 150 300 0.0511
12 1.5 250 900 0.0440
13 4.5 250 300 0.0673
14 3.0 150 900 0.0607
15 3.0 250 600 0.0542
16 4.5 250 900 0.0596
17 3.0 250 600 0.0533

Table 2: Predicted and experimental values of the responses were
obtained under optimal extra extraction conditions.

Predicted model Sum of squares Df R2

Quadratic 0.0018 9 0.8283
Df: degree of freedom and R2: coefcient of determination.
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Figure 2 shows the Pareto diagram, prepared with the
variables X1, X2, and X3 and the frequency of the response
variable (amount of theCinnamomum verum extract) for the
17 experiments proposed by the Design Expert program.

Based on the 80/20 Pareto principle to establish priorities
in obtaining the greatest amount of theCinnamomum verum
extract, it corroborates the trend of the ARS graphs; that is,
the greatest amount of the extract is obtained towards

Table 3: ANOVA statistics of quadratic models for the extraction yields of the weight of the Cinnamomum verum extract.

Source Mean square F-value p value ∗Signifcant
Model (quadratic) 0.0018 3.75 0.0476 Signifcant
F-value: Fisher-Snedecor distribution value, p value: probability value, ∗signifcant (p< 0.05).
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Figure 1: Analysis of response surface (ARS) and analysis of response contour, respectively: weight of Cinnamomum verum, microwave
irradiation power vs. weight of Cinnamomum verum extract: (a) 300 sec, (b) 600 sec and (c) 900 sec of microwave irradiation.
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greater weights of cinnamon (4.5 g), at low microwave ir-
radiation powers (150W) and an irradiation time of 600 sec
[48–51].

3.2.X-RayDifraction(XRD). Figure 3 shows the normalized
X-ray difraction patterns of the C-TiO2 and CO-TiO2
samples.

Based on the JCPDS (Joint Committee on Powder
Difraction Standards) library, it can be seen that in all cases,
the characteristic refections of the anatase phase were ob-
tained at 2θ � 25.3, 38.5, 48.03, 55.0, 62.11, 68.76, 75.05, and
82.16° (JCPD letter 00-021-1272) corresponding to a te-
tragonal unit cell. Te CO-TiO2 sample synthesized without
the extract has a refection attributed to the brookite phase
(JCPD letter 01-075-2548) at 2θ � 31° (B), and for the C-TiO2
sample, two refections are observed at 2θ� 28 and 42° (R)
identifed for the rutile crystallographic phase (JCPD letter
00-021-1276), where the commercial sample A-TiO2 is the
lowest crystallinity. Comparing the intensity of the re-
fections (1 01), (1 0 3), (2 0 0), and (1 0 5) shows that the CO-
TiO2 sample is more ordered than the C-TiO2 sample. Te
crystal size was determined by the Debye–Scherrer equation.
Te sample synthesized by microwave and the aqueous
extract of Cinnamomum verum (C-TiO2) presented
a smaller crystal size (1.96 nm) than the one synthesized
without extract CO-TiO2 (2.35 nm), which indicates that the
phenolic and favonoid compounds contained in the cin-
namon extract promote a smaller crystal size and improve
the crystallinity since both samples were synthesized under
the same microwave irradiation conditions [52]. Also, the
reaction time is reduced from hours to minutes (10minutes)
during the synthesis of materials with the use of microwaves.

3.3. Fourier Transform Infrared (FTIR) Spectroscopy.
Figure 4 shows the absorption bands of the functional
groups present in TiO2, obtained by Fourier transform in-
frared (FTIR) spectroscopy for samples A-TiO2, C-TiO2,
CO-TiO2, and the aqueous extract of cinnamon.

In the cinnamon extract, it is possible to observe the
signal corresponding to the −OH bonds of the phenolic
compounds of the extract at 3244 cm−1. At 2922 cm−1, the

Pareto diagram of the microwave extraction of bioactives from Cinnamomum verum
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Figure 2: Te Pareto diagram of the microwave extraction of bioactives from Cinnamomum verum.
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signal for the C-H bond of the methylene group corresponds
to terpenes. Te phenolic compounds appear with the ab-
sorption bands for −COOH bonds at 1350 cm−1, for C-O at
1230 and 1055 cm−1, and for the favonoids, the signals for
aromatic C�O bonds are presented at 1600 cm−1 with its
harmonics at 1500 and 1435 cm−1. Tis indicates that the
extract of Cinnamomum verum is composed of phenolic
compounds, terpenes, and favonoids, which have been
reported to be able to promote the synthesis of TiO2 [53].

In the case of the C-TiO2 and CO-TiO2 samples, the
signal at 1104 cm−1 indicates the distribution of TiO2
nanoparticles in the anatase phase; this has already been
reported by Raghunandan et al. [54]. Te additional signals
that appear in the C-TiO2 sample at 1633, 1387, and
1250 cm−1 could correspond to remnants of the extract.

3.4. High-Resolution Transmission Electron Microscopy.
Figure 5 shows the images by bright-feld micrographs
(BFTEM) at diferent magnifcations for the commercial
samples A-TiO2 (A and D) and the samples synthesized by
microwave irradiation in 10min: CO-TiO2 (B and E) and C-
TiO2 (C and F).

At 20 and 10 nm scales, it can be seen that the sample
synthesized with the Cinnamomum verum extract C-TiO2 (C
and F) is the one with the smallest particle size and with
regular hemispherical shapes with an approximate size of
15 nm, followed by the synthesized sample without the
extract CO-TiO2 (B and E) with semielliptical irregular
shapes and sizes from 20 to 40 nm and the commercial A-
TiO2 (A andD) with the least uniform shape and particle size
ranging from 20 to 50 nm. At magnifcations of 10 nm, it can
be seen that the samples synthesized with microwaves CO-
TiO2 (E) and C-TiO2 (F) planes of atoms with preferential
orientation are observed.

Figure 6 shows the images by high-resolution trans-
mission electron microscopy (HRTEM) at diferent mag-
nifcations of the C-TiO2 sample: (A) 5 nm, (B) 1.5x, and (C)
5x. Additionally, the difraction pattern obtained by TEM is
shown in (D).

Te digital enlargement of the microgram of a C-TiO2
nanoparticle is shown (Figure 5(b)), in which the crystal
lattice of this material can be observed, and the top view of
the unit cell can be seen (Figure 5(c)), which corresponds to
the tetragonal crystal system (marked in yellow) corre-
sponding to the anatase phase for TiO2, according to what
was found by XRD.Terefore, the use of the aqueous extract
of Cinnamomum verum during the synthesis assisted by
microwave irradiation with titanium precursor (TiCl4)
promoted nanoparticles of uniform nanometric size (ap-
proximately 15 nm in diameter) with a high degree of
crystallinity and preferential anatase phase. Te difraction
pattern of the C-TiO2 sample (Figure 5(d)) indicates that
a polycrystalline sample of TiO2 nanoparticles was obtained,
confrming the polycrystalline nature of the material as
shown in the HRTEM images (Figure (A)) [55–57].

3.5. UV-Vis Difuse Refectance Spectroscopy. Based on the
difuse refectance data, it is possible to determine the optical
band gap (Eg) of the A-TiO2, C-TiO2, and CO-TiO2 samples
using the Kubelka–Munk equation and the Tauc graphs
following the formula: αh]�A (h]−Eg)n/2 for semi-
conductors [58–60]; these values are represented in Figure 7.

Te samples synthesized by microwave irradiation with
C-TiO2 and without the CO-TiO2 extract have a band-gap
value of 3.42 and 3.67 eV, respectively, both being higher
than the commercial sample A-TiO2 brand Sigma-Aldrich
(3.19 eV), which would indicate in the theory that to pho-
toactivate the C-TiO2 and CO-TiO2 samples with UV light,
more energy will be required, whereas the commercial
sample (A-TiO2) needs less energy to be photoactivated by
UV light.

Te TEM images show that the CO-TiO2 sample has
sizes between 20 and 40 nm (Figures 5(b) and 5(e)) with
a band gap equal to 3.67 eV. In the case of the sample
synthesized by cinnamon C-TiO2 of 15 nm (Figures 5(c) and
5(f )), its band-gap value decreases to 3.42 eV, which in-
dicates that there is a correspondence between the particle
size and the band-gap value. Tis is attributed to the efect of
quantum confnement of the material promoted by mini-
aturization, having a greater uptake of UV light absorption
for the sample synthesized with the Cinnamomum verum
extract.

3.6. Raman Spectroscopy. In Figure 8, the Raman spectra of
the C-TiO2 and CO-TiO2 samples are presented.

In all cases, the vibrations that characterize the typical
tetragonal structure of the anatase phase can be seen; the
signal that appears at 450 cm−1 can be attributed to traces of
the rutile crystallographic phase with a face-centered cubic
structure, according to what is indicated in the X-ray dif-
fraction spectra in the refections at 28 and 42° (Figure 1)
[61, 62].Te vibrations at 144 and 639 cm−1 are generated by
the symmetric stretching of the O-Ti-O bond; the vibration
at 399 cm−1 is caused by the symmetric bending of the O-Ti-
O bonds; the vibration at 519 cm−1 was generated by the
asymmetric bending in the O-Ti-O bond, sending signals
that confrm the anatase phase as predominant in all cases
[63, 64].

In Figure 9, we present a reaction proposal for the
synthesis of TiO2 using the Cinnamomum verum extract,
based on what was proposed for the sol-gel method by Rojas
et al. [65].

Te synthesis of TiO2 needs an abundance of −OH ions;
on the other hand [66], the bioactives contained in the
Cinnamomum verum extract (mainly favonoids and phe-
nolic compounds) contain numerous −OH groups in their
structure [67–69], which efciently promote a nonstable
polymeric structure by hydrolysis generating Ti(OH)4 and
HCl, where the use of the aqueous extract of cinnamon
contributes to the nucleation and growth of the polymeric
phase.Te resulting mixture was washed to remove HCl and
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calcined (450°C for 4 h); after calcination, the tetragonal
crystallographic structure was generated, and that corre-
sponds to the anatase phase for the nanometric TiO2
(Figure 7), which has a smaller particle size, more uniform
size, and crystallinity than the rest of the materials evaluated
(CO-TiO2 and A-TiO2).

3.7. Evaluation of the Adsorption-Photodegradation ofMethyl
Orange. Figure 10 shows the profle with the adsorption-
photodegraded percentages of methyl orange at the optimal
conditions for the samples C-TiO2, CO-TiO2, and A-TiO2
and the photolysis (without catalyst) of the system at 3 ppm
of contaminant with adsorption (15min (a)) and degrada-
tion (100min (b)) time of equilibrium, respectively, using
a ratio of 1 g of catalyst per liter of methyl orange.

According to Figure 10(a), the sample synthesized with
theCinnamomum verum extract (C-TiO2) is the one with the
highest percentage of adsorption (7.5%), reaching equilib-
rium time experimentally in 15min, followed by the C-TiO2
sample (4.7%) and A-TiO2 (1.76%). 10(b)Te percentages of
photodegradation for photolysis and samples A-TiO2, CO-
TiO2, and C-TiO2 with 100min of UV irradiation resulted in
34.22, 81.42, 95.56, and 100%, respectively. Te C-TiO2
sample, synthesized with an aqueous extract of cinnamon
(Cinnamomum verum), completely photodegraded methyl

orange (100%) in just 40minutes, reaching equilibrium at
this time, unlike the rest of the experiments.

Figure 11 shows a comparison of the percentages of
adsorption-photodegradation with all the materials evalu-
ated with an exposure of 40min.

Te photolysis after 40minutes only reaches up to
photodegradation of 12.95%, followed by the A-TiO2 sample
(commercial) with 36.97%. For the samples synthesized with
TiCl4, with the aqueous extract of Cinnamomun verum and
microwave irradiation (C-TiO2), there is an improvement of
52.22% of methyl orange photodegradation when compared
with CO-TiO2. Tis can be attributed primarily to the fact
that the band gap for the C-TiO2 sample (Eg = 3.42 eV) is
lower than that for the CO-TiO2 sample (Eg = 3.67 eV),
indicating that less energy is required to pass electrons from
the valence band to the conduction band. In addition, the
particle size was smaller, and the crystallinity was higher
than the synthesized sample without extract; therefore, the
active sites of the catalyst were better exposed than the
sample synthesized without the extract. Other authors have
found that there could be traces of the bioactives used as
precursors (corroborated by FTIR, Figure 3), which could
additionally have a photochromic efect and facilitate the
photoreaction [66]. Additionally, when quantifying the
adsorption of the dye, it can be seen that the resulting

Figure 5: Bright-feld transmission electron microscopy (BFTEM) micrograms for the samples: A-TiO2 (a, d), CO-TiO2 (b, e), and C-TiO2
(c, f ).
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morphology for the C-TiO2 sample allowed a better in-
teraction of the catalyst with the reaction medium, con-
tributing to the photodegradation (Figure 5(f )).

In the comparison of the C-TiO2 (15 nm) and A-TiO2
(50 nm) samples, the smaller particle size of the sample
prepared with extract allowed for the exposure of a greater
number of active sites in photodegradation, in addition to

Figure 6: Micrograms by high-resolution transmission electron microscopy (HRTEM) for the C-TiO2 sample at (a) 5 nm, (b) 1.5x, and (c)
5x. (d) Difraction pattern obtained by TEM.
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the already mentioned photochromic efect. Terefore, the
sample synthesized with the aqueous cinnamon extract,
despite having a higher band gap (Eg� 3.42 eV), was more
photoactive than the commercial sample (Eg� 3.19 eV).

Figure 12, (A) shows the values obtained for the constant
rate (k (min−1)) and the order (n) of the reaction calculated
for the adsorption-degradation of methyl orange. Sections
(B) to (C) present the speed profles (-rmethyl orange adsorption-

degradation) for the evaluated samples.
In all cases, the adjustment of the speed model (ppm

methyl orange/min) corresponds to order one (n� 1), where
the speed constants (k) resulted in values of k� 0.89, 0.021,
0.012, and 0.003min−1 for the samples C-TiO2, CO-TiO2, A-
TiO2, and the photolysis of the system, respectively, with R2
settings between 0.89 and 0.99 (Figure 12(a)). Tese values
can be corroborated in the speed profles (Figures 12(b) and
12(c)), where the sample synthesized with the Cinnamomum
verum extract is the one with the highest speed according to
the highest value of k of the tested materials, which shows the
excellent interaction of TiO2 with the reaction medium,

attributable to the higher adsorption of methyl orange in the
C-TiO2 sample; therefore, the C-TiO2 sample has smaller
crystal size, smaller particle size, higher crystallinity, and
smaller band gap than the one synthesized without cinnamon.

Figure 13 shows the UV-vis spectra obtained for the
remnants of the sorption photodegradation of methyl or-
ange to identify intermediate products, using the semi-
conductor CO-TiO2 (%MOD� 95.56), that did not reach
total mineralization after 40 and 100min of
photodegradation.

In the spectrum at the beginning of the reaction
(0min), two signals are presented. Te frst is located at
λ= 466 nm, which is indicative of the chromophore group
-N=N- (azo); the second signal at λ= 269 nm is associated
with the benzene rings in the methyl orange structure.
After 40min of irradiation with UV light, the signal at
466 nm reduces its intensity, and after 100min of irra-
diation, it disappears; this indicates the breaking of the
-N=N group bond [70, 71]. In the case of the signal at
269 nm, it can be observed that after 40min of irradiation
it decreased, and at 100min, a displacement of the signal is
observed at approximately 253 nm, which indicates that
the aromatic group was not fractionated, generating by-
products derived from the aromatic ring which can be
attributed to N,N-dimethyl-p-phenylenediamine, as re-
ported by Lide and Col. [72] and sulfanilic acid in [73]. It
is worth mentioning that the C-TiO2 sample does not
show any signal after photodegradation, and it is likely
that it has reached mineralization.

Table 4 shows a comparison of studies where TiO2 was
used for the degradation of methyl orange compared to TiO2
synthesized with the Cinnamomum verum extract.

Fortunately, the C-TiO2 sample being a pristine material
shows a very good percentage of degradation in a short time
compared to binary and ternary materials (Table 4). So, the
green synthesis of nanostructures such as C-TiO2 represents
an area of opportunity for the synthesis of more efcient
materials since it can be coupled with other semiconductors
and graphitic materials and decorated or doped with metals.

10

8

6

4

2

0

C-TiO2
7.56%

CO-TiO2
4.77 %

A-TiO2
1.76 %

15 min
Time

M
et

hy
l o

ra
ng

e a
ds

or
pt

io
n 

(%
)

(a)

100
90
80
70
60
50
40
30
20
10

0

100
90

80
70

60
50

40
30

20
10

0

M
et

hy
l O

ra
ng

e a
ds

op
tio

n-
de

gr
ad

at
io

n
(%

)

Ti
m

e (
m

in
)

(b)

Figure 10: Methyl orange adsorption-photodegradation profles, with 15minutes (a) of adsorption and 100minutes (b) of photo-
degradation for the samples CO-TiO2, C-TiO2, A-TiO2, and the photolysis of the system.

100

80

60

40

20

0

M
et

hy
l o

ra
ng

e d
eg

ra
da

tio
n 

(%
)

100

47.78
36.97

12.95

% MOD (40 minutes)

C-TiO2 CO-TiO2 A-TiO2 Fotholysis
Sample

Figure 11: Percentage of adsorption-photodegradation of methyl
orange (% MOD) at 40minutes of reaction for the samples CO-
TiO2, C-TiO2, A-TiO2, and the photolysis of the system.
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4. Conclusions

Te optimization of the aqueous extract of Cinnamomum
verum predicts a signifcant quadratic model, with an 82%
prediction to the experimental variations.

It was feasible to synthesize nanocrystalline solids of the
TiO2 anatase phase by microwave irradiation for 10minutes
at 150watts of power, with and without the aqueous extract
of Cinnamomum verum, where the size of the particle is
infuenced by the bioactive during the synthesis (the aqueous
extract of Cinnamomum verum) and the synthesis method
(microwave irradiation), resulting in smaller size and
crystallinity when synthesized with the aqueous extract of
cinnamon.

Te signals obtained in the FTIR spectrogram for the
aqueous extract of Cinnamomum verum suggest the pres-
ence of terpenes, phenolic compounds, and favonoids. For
the samples A-TiO2, C-TiO2, and CO-TiO2, the vibration
modes of the Ti-O and Ti-O-Ti bonds are confrmed with the
signal at 625 cm−1. For the C-TiO2 and CO-TiO2 samples,
the signal at 1104 cm−1 confrms the formation of TiO2
nanoparticles in the anatase phase since this signal does not
appear in the A-TiO2 sample.

Te use of the aqueous extract of Cinnamomum verum
FIGURAS FIONALES promotes during the synthesis of
TiO2 that the value of the band gap decreases, afects the
crystallinity, and decreases the size of the crystal, compared
to the sample synthesized without the extract (CO-TiO2)
since both were prepared under the same synthesis
conditions.

Raman spectroscopy confrms that the C-TiO2 and CO-
TiO2 samples mostly contain the tetragonal crystallographic
structure corresponding to the anatase phase. In both cases,
the presence of traces of the face-centered cubic crystallo-
graphic structure of the rutile phase is also confrmed.

Te commercial sample A-TiO2 does not have a good
particle size uniformity, where larger size particles pre-
dominate (50 nm). Te sample synthesized by microwave
irradiation without the extract promoted the formation of
elliptical nanoparticles with good uniformity and sizes of
approximately 20 nm in diameter. When using an aqueous
extract of Cinnamomum verum during the synthesis, it
generated a material with a uniform particle size (less than
15nm in diameter), with a higher degree of crystallinity.

Te use of the aqueous extract of cinnamon (Cinnamo-
mum verum) during the synthesis of TiO2 generated
a semiconductor with a smaller crystal size, smaller particle
size, higher crystallinity, smaller band gap, and greater ad-
sorption capacity for the dye tested as a reaction model
(methyl orange) than the one synthesized without cinnamon,
which apparently promotes the total mineralization of methyl
orange in 40minutes of reaction, making it the best material
of those evaluated in the adsorption-photodegradation.
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Sociedad Quimica del Peru, vol. 81, no. 3, pp. 201–211, 2015.

[66] E. I. Moreno Valencia, S. P. Paredes Carrera, J. C. Sánchez
Ochoa, S. O. Flores Valle, and J. R. Avendaño Gómez,
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1. Introduction

Nanotechnology is considered a developing feld in science
and technology. It has been playing a crucial role in the
development of various nanomaterials in recent years.
Numerous advantages of pharmaceutical nanoparticles have
grabbed the attention of many researchers for innovations
[1]. Te prevalence of infections that are resistant to anti-
biotic treatment has prompted a constant quest for new
substitutes [2]. Water-borne bacteria species constitute
a serious hazard to public health among drug-resistant
pathogens because they cause the spread of illnesses such
as diarrhea [3]. A variety of pathogenic bacterial species have
shown inorganic nanoparticles to be poisonous [4, 5]. Te
bactericidal impact of inorganic nanoparticles is poorly
understood, even though their broad-spectrum biocidal
action is well documented [6, 7]. It has been suggested that
when ions are released into a solution, reactive oxygen
species are generated that are harmful to bacteria [8]. Other
studies indicated that due to their small size, nanoparticles
could enter the cell wall of bacteria and damage organelles,
which results in cell death [9, 10]. In contrast to their organic
counterparts, inorganic antibiotics have multiple targets
[11, 12].

Zinc oxide is considered a quite interesting material
because of its application in areas such as optical, end-
odontics, and gas sensing. In addition, zinc oxide has been
considered an antifungal agent which has no toxicity and
harmful environmental efects [13–15]. Due to the safety of
zinc oxide nanoparticles and their compatibility with human
skin, it is accepted as an additive for textiles and surfaces that
meet human skin [16]. ZnO nanoparticles express high
photocatalytic properties, which enhances their antifungal
activity [17, 18]. ZnO nanoparticles produce ROS under UV
light. Te primary uses of zinc oxide in the chemical, cos-
metics, and pharmaceutical sectors are for its photocatalytic
and antibacterial properties [19]. Zinc oxide nanoparticles’
antibacterial capabilities have been widely investigated
[20, 21], and the development of oxidative stress linked to
the particles’ photocatalytic activity is thought to be the main
cause of toxicity [22]. ZnO is a potential water purifcation
product due to its antiseptic characteristics [23–27].

Te plant Phyllanthus emblica, commonly identifed as
Indian gooseberry, grows in areas of Indonesia, India, China,
and the Malay Peninsula that are tropical and subtropical.
Emblica is one of the most signifcant herbs in the con-
ventional Ayurvedic medical system and has excellent an-
tioxidant properties. Other conventional medical systems
employ it for its immunomodulatory, hepatoprotective,
antiulcer, anti-infammatory, and anticancer efects. Flavo-
noids, gallic acid [24], kaempferol, pyrogallol, ellagic acid,
elaeocarpusin, nor sesquiterpenoids, geraniin, corilagin, and
prodelphinidins B1 and B2 are some of this plant’s chemical
components. Plants that have been reported to produce ZnO
NPs through biosynthesis are Citrus aurantifolia [28],
Calotropis gigantea [29], Ocimum tenuiforum [30], Tam-
arindus indica [31], Maple leaf [32], Phyllanthus niruri [23],
Solanum nigrum [21], and Anisochilus carnosus [22]. Green
synthesis of nanomaterials has recently been performed

using microbes and plant extract that have been reported to
produce ZnO-NSs due to their accessibility, afordability,
nontoxic nature, biodegradability, and environmentally
friendly qualities.

In this study, ZnO with nanosheets (NSs) like mor-
phology has been synthesized using a green approach. Zinc
nitrate and Phyllanthus emblica leaves extract were used to
prepare ZnO-NSs. XRD, XPS, SEM, FTIR, and UV spec-
trophotometer were used to analyze the prepared NSs.
Studies have also been carried out to analyze the antibac-
terial and photocatalytic efciency of ZnO-NSs. Several
methods were reported to synthesize ZnO, but no one in the
literature claims to synthesize ZnO-NSs using Phyllanthus
emblica plant leaves extract.

2. Material and Methods

2.1. Preparation of Zinc Oxide Using Phyllanthus emblica
Leaves Extract. Freshly collected PE leaves were washed
using distilled water to eliminate any dust, and after that,
they were dried at room temperature. A mortar and pestle
were used to convert the dried leaves into fne powder.
10 grams of fne powdered PE were added to 100ml of
deionized water under stirring. Te subsequent mixture was
poured into 0.05M ZnCl2 solution under continuous stir-
ring on a magnetic hot plate at 90°C for 2 hours. Te yellow-
colored precipitate was obtained and cooled down to room
temperature. To remove the impurity contents, this extract
was then centrifuged for 15minutes at 1000 rpm. Te pre-
cipitate was continually washed in methanol and distilled
water before being dried at 80°C. Finally, at 650°C, the
product was calcined for roughly 3 hours in a mufe furnace.
Te complete synthesis procedure of ZnO using PE extract is
shown in Figure 1.

2.2. Characterization. Te authors used SEM (MAIA3
TESCAN) to study the physical appearance of ZnO, XRD
(Bruker D8 (Germany) was employed to study crystallo-
graphic structure, FTIR (Nicolet Avatar 370) was used to
analyze the attached functional groups, and chemical
composition of synthesized material is studied using XPS
Kratos Axis Ultra DLD apparatus (Manchester, UK).

2.3. Antimicrobial Assay. Te efciency of the prepared
nanomaterials to inhibit human pathogens was evaluated
against microorganisms using the disc difusion method
[26]. Gram-negative pathogenic strains of E. coli (ATCC®33876), S. typhimurium (ATCC® 14028), and Gram-positive
pathogenic strains of S. aureus (ATCC® 11632) and
S. pyogenes (ATCC® 19615) were employed. To ensure that
the nanoparticles were distributed uniformly, 20mg of the
prepared samples were used to make dilution in 1ml of
deionized water. After adding nutrient agar and allowing it
to settle, the sterilized Petri plates were inoculated with
Gram-negative and Gram-positive bacteria. Te solid agar
was covered with discs of Whatman flter paper, size 6mm.
At 37°C, nutritional broth was added to all the strains for 18
to 24 hours. Te sterile cotton swabs were used to make
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streaks across the Muller Hinton agar (MHA) surface. Te
extract (20 μL) was pipetted onto a sterile paper disc 6mm in
diameter. As a standard reference antibiotic/control, discs
containing 40 μl/mL of ciprofoxacin, were employed.
Moreover, the plates were placed in an incubator and
subjected to incubation at 37°C for 24 h after the solvent had
evaporated. Te development of a clean zone around the
discs is proof that the test sample has antibacterial prop-
erties. Using an antibiotic zone scale, the diameter of the
inhibition zones was assessed. Tere were three repetitions
for each experiment.

2.4. Photocatalytic Activity Measurement. ZnO nano-
particles’ photocatalytic activity was calculated based on the
rate at which methylene orange (MO) and rhodamine B
(RB) was oxidized when exposed to UV light. Before illu-
mination, both MO and RB dyes (10 ppm) were mixed for
30min in the dark with the required amount of catalyst
(0.5 g). UV-visible spectrophotometer was used at various
time intervals to observe the reaction’s progress.Te color of
reaction mixtures progressively faded until it eventually
became colorless. An indication of the successful catalytic
activity of ZnO was the absorbance for MO and RB mea-
sured with a UV-vis spectrometer.

3. Result and Discussion

3.1. Scanning Electron Microscopy (SEM). Te morphologi-
cal features of the synthesized material were investigated
through SEM. Te obtained images of the ZnO sample

showed square-shaped nanosheets with signifcant particle
aggregation, as shown in Figure 2. ZnO-NSs are compar-
atively homogeneous due to the regular dispersal of Zn
cations within a three-dimensional structure. Te cluster
(agglomeration) in the sample is a result of increased density
carried on by the small gap between the particles, while it
may also be related to the rapid grain development and
nucleation at higher temperatures.

3.2. Structural Analysis. Phase and structural analysis of
ZnO NPs prepared using Phyllanthus emblica is carried out
by XRD analysis and shown in Figure 1. All marked dif-
fraction peak positions in Figure 3 are well matched with the
standard JCPDS Card: 36-1451. Te corresponding X-ray
difraction peaks at observed planes (100), (002), (101), (102),
(110), (103), (200), (112), (201), and (004) confrm the
formation of hexagonal wurtzite structure of ZnO. Te
difraction peaks’ observed line broadening is proof that the
produced ZnO NPs are in the nanoscale range. Major peaks’
increasing full width at half maxima (FWHM) supports the
decline in crystallite size. Using the Scherrer formula, the
average crystallite size of ZnO-NSs is determined from the
X-ray line broadening.

D �
kλ

β cos θ
. (1)

D and λ represent the crystallite size and radiation’s
wavelength (1.5406 for Cu kα), β is the peak intensity width
at half maximum, θ is the peak position, and k is a constant

Phyllanthus Emblica Leaves

Grinding

ZnCl2

PE Leaves
Extract

Stirring

Scanning Electron
Microscope Image

Filtration
PE Extract

ZnO
Nanostructures

Drying at 80 °C
Calcination at 650 °C for 3 hDistilled Water Stirring at 90 °C for 2 h 1000 rpm for 15 minutes

Figure 1: Te schematic diagram for the complete synthesis procedure of ZnO-NSs.
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(0.94). Te synthesized ZnO-NSs have an average crystallite
size of 31 nm.

TeWilliamson–Hall method was used to determine the
lattice strain and crystallite size of ZnO, as shown in Figure 4.

β cos θ � kλD + 4ε Sin θ, (2)

where β, D, and ε in the above equation represent full width
at half maximum (FWHM), crystallite size, and strain, re-
spectively. Te strain is obtained from the linear ft of the
data while plotting β cos θ against 4 sin θ. In comparison to
the Williamson–Hall method, which measures crystallite
sizes using microstrain, the Scherrer method measures
crystallite sizes using the X-rays cohesion length. Any va-
cancies and defects will make the observed size to be smaller
than the actual size.

3.3. Elemental and Chemical State Analysis. To identify the
constituent elements of the compound synthesized and
examine the sample’s surface, a surface-sensitive XPS
analysis was conducted. Surface scanning was performed to
get the survey spectrum, which provides information about
the elemental content of the sample surface, as shown in
Figure 5(a). Zn and O are recognized with their corre-
sponding distinctive peaks in a low-resolution spectrum
(survey analysis). All samples underwent charge shift cor-
rection using the adventitious carbon peak binding energy
(284.6 eV). High-resolution spectra of the relevant elements

were examined in the chemical state study. After laser
fragmentation, we carried out high-resolution scanning of
the sample. Due to spin-orbital coupling, high-resolution
spectra of transition metals such as zinc will exhibit
a doublet. Zn thus had doublets for the sample examined in
this study.Tese doublets, which are known as 2p3/2 and 2p1/
2, represent 2p orbitals. Figures 5(b) and 5(c) show the high-
resolution spectra of the materials following laser frag-
mentation, namely the ZnO sample for Zn 2p and O 1s. Te
binding energies that are displayed are those that match the
primary peak, Zn2p3/2.Te energy diference between the Zn
2p doublets was 23.1 eV for all samples, which is consistent
with previous research [33]. Te Zn2+ oxidation state is
indicated by Zn 2p binding energies in the range of 1022 eV
[34]. Pure metallic oxides were chemically represented in the
ZnO XPS spectra.

3.4. Fourier Transform Infrared. FTIR spectra of ZnO-NSs
produced using the green method were captured in the
500–4000 cm−1 range, as shown in Figure 6. Te vibrations
of the H-O-H bending and O-H stretching were believed to
be responsible for the peaks in 1734 and 3418 cm−1, re-
spectively. Tis demonstrates that the nanocrystalline ZnO
contains a little amount of H2O. Te sample was calcined at
400°C for 3 hours, although not all the adsorbed OH groups
were removed.Te peak in the range of 1451–1734 cm−1 was
linked to the stretching mode of the C�O group, whereas the
band at 847 cm−1 corresponds to the vibrations of de-
formation and elongation of the vibratory Zn-O in
ZnO [35].

3.5. Antibacterial Activity. According to numerous studies
[36, 37], varying particle morphologies have a considerable
impact on ZnO’s antibacterial efcacy. Tis morphology-
dependent behavior can be addressed considering the per-
centage of active aspects on the NPs. Nanomaterial studies
have been encouraged, to produce specifc nanosized ZnO
for antibacterial measurements [38]. Te antibacterial ac-
tivity is also signifcantly infuenced by the concentration
and particle size. Research fndings have shown that the
harmful efect of NPs on microorganisms increases with

Figure 2: SEMmicrographs for ZnO nanosheets synthesized using
Phyllanthus emblica extract.
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decreasing NP size [39, 40]. Smaller NPs are more efective
in penetrating bacterial membranes due to their smaller size
and larger contact area [41–43]. Te ZnO-NSs employed in
this study were prepared using a green chemistry approach
and shaped like nanosheets with an average length of
97.2 nm.

Te microbial sensitivity of ZnO-NSs fuctuates with the
microorganisms and the concentrations of the ZnO-NSs. A
zone of inhibition is formed for measured values of 30μg/mL,
50μg/mL, and 100μg/mL.Te disc difusion method was used
to test the antibacterial activity of ZnO-NSs against diverse
microbes, as shown in Figure 7. Antibacterial activity of pure
ZnO shows 18mm, and 21mm of inhibition zone for E. coli
(ATCC® 33876) and S. Typhimurium (ATCC® 14028) while
for S. aureus (ATCC® 11632), S. pyogenes (ATCC® 19615)
ZnO shows 17mm and 18mm of inhibition zone as dem-
onstrated in Table 1 and Figure 8.Te inhibition zone indicates
the sensitivity of the bacteria to toxic substances, resulting in
large inhibition diameters for disinfectant-sensitive pathogens
and smaller or even no inhibition diameters for resistant
pathogens. Our fndings demonstrate that ZnO-NSs can only
efectively inhibit bacteria at concentrations of 100μg/mL or
above. Tis validates that greater volume and concentration
result in improved antibacterial action.

3.6. Dye Degradation Study. Te factors that afect the
photocatalytic dye degradation efciency of ZnO-based
materials are large surface area, particle size, and the
presence of functional groups on the surface [44, 45]. ZnO’s
surface area and photodegradation abilities are improved
when its size is reduced. Figures 9(a) and 9(b) show the
degradation of MO and RB over time under UV light

Zn
 2

p 1/
2

Zn 2p3/2

O
 1

s
Zn

 K
LL

Zn
 L

M
M

Zn
 3

p
Zn

 3
s

Zn
 3

d

C 
1s

0.0

2.0×105

4.0×105

6.0×105

8.0×105

1.0×106

1.2×106

In
te

ns
ity

 (a
.u

.)

800 1000600 12000 400200
Binding energy (eV)

(a)

Zn 2p3/2

Zn 2p1/2BE=1026.6 eV

BE=1049.8 eV

1048104310381033102810231018 1053
Binding energy (eV)

4.0×104

6.0×104

8.0×104

1.0×105

1.2×105

1.4×105

1.6×105

1.8×105

2.0×105

In
te

ns
ity

 (a
.u

.)

(b)

O 1s

Zn-O
BE=537.2 eV

C-O
BE= 533.1 eV Zn-OH

BE=534.7 eV

2×104

3×104

4×104

5×104

6×104

7×104

8×104

9×104

1×105

1×105

In
te

ns
ity

 (a
.u

.)

540.0537.5532.5 530.0 535.0 542.5 545.0
Binding energy (eV)

(c)

Figure 5: X-ray photoelectron spectroscopic micrographs for (a) survey scan and (b, c) high-resolution spectra for Zn 2p and O 1s.

1734
847

1100

1451

2844
2918 3418

70

75

80

85

90

95

100

105

Tr
an

sm
itt

an
ce

 (%
)

35003000 400020001000 25001500500
Wavenumber (cm-1)

ZnO

Figure 6: FTIR spectra of ZnO-NSs using Phyllanthus emblica
extract.

Journal of Chemistry 5



irradiation in the presence of ZnO-NSs. Te relative in-
tensity of UV-visible spectra was used to determine the
amount of dye degradation. Te MO and RB dyes were kept
in the dark for 20min before exposure to UV light. No
change was observed in the absorption behavior of the dyes
in the dark before exposure to UV light.Te fndings showed
that the maximum absorbance of MO and RB dye solution
occurs at 481 nm and 563 nm, and constantly decreases

when the UV irradiation time is increased. Tis indicates
that ZnO may have accelerated dye degradation with in-
creasing UV exposure time. Te degradation % of RB and
MO is shown in Figures 10(a) and 10(b); it is observed that
the degradation % progressively increased, and about 96% of
RB dye and 90% of MO dye degraded within two hours. Te
kinetics of the photodegradation of organic dyes using ZnO-
NSs photocatalyst can be described by several models,

Figure 7: Petri plates containing ZnO-NSs employed against microorganisms using disc difusion method (a) S. typhi, (b) E. coli, (c)
S. pyogenes, and (d) S. aureus.

Table 1: Information zone of inhibition formed against bacterial isolates.

Bacteria 30 μg/mL 50 μg/mL 100 μg/mL
E. coli

Inhibition zone (mm)

14± 0.28 15± 0.36 18± 0.34
S. typhimurium 15± 0.3 16± 0.34 21± 0.38
S. aureus 13± 0.26 14± 0.48 17± 0.3
S. pyogenes 9± 0.18 12± 0.4 18± 0.32
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Figure 9: Te photocatalytic dye degradation efciency of ZnO-NSs against (a) methyl orange (MO) and (b) rhodamine B (RB) dyes.
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including the pseudo-frst-order kinetics model and the
pseudo-second-order kinetics model [46]. Tese models are
based on the observation that the rate of degradation of RB is
dependent on the concentration of both RB and ZnO-NSs.
By understanding the kinetics of the photo degradation
process, it is possible to optimize the conditions for the
efcient removal of MB using ZnO photocatalyst.Te rate of
degradation calculated using the pseudo-frst-order kinetics
and schematic illustration for the charge transportation
process of ZnO-NSs is shown in Figures 10(c) and 10(d).

4. Conclusion

Green leaf extract from the Phyllanthus emblica plant was
used to successfully prepare ZnO-NSs, which demonstrates its
efciency as an environmentally friendly, nontoxic, and cost-
efective technique to synthesize nanomaterials. Te PE ex-
tracts employed in the production of nanoparticles act as
capping and reducing agents. By using the disc difusion
method, the antibacterial activity of produced nanomaterial
was analyzed. It was discovered that ZnO-NSs had a larger
zone of inhibition for S. typhi (21mm) than all other tested
microbes. Te growth and survival curves found in this study
help us better understand how ZnO NPs work to kill mi-
croorganisms over time. Finally, the fndings of this study
indicate that some of the most severe and prominent food-
borne pathogens can be successfully inhibited when ZnO-NSs
prepared from PE extract are used as an antibacterial agent in
food systems. Te comparative dye degradation studies
revealed that the catalysts were able to degrade both rho-
damine B (cationic) and methyl orange (anionic) dyes.
Rhodamine B (RB) and methyl orange (MO) were degraded
by ZnO photocatalyst with the highest efciency of 96% and
90%, respectively, in 120minutes. Results suggest that many
other hazardous organic compounds that are present in both
commercial and residential water resources can also be
photodegraded using a ZnO photocatalyst.
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1. Introduction

MMCs are an emerging material class with a wide range of
desirable properties, including low weight, high strength,
specifc modulus, low density, low elongation, and high
stifness [1]. Excellent operating performance, wear re-
sistance, thermal stabilization, minimal thermal extension,
andmaximum fexibility to experience the distortion process
by conventional methods such as powder metallurgy and
casting have contributed to the increase in emerging of
AMMC strengthened with ceramics in both the industry and
academia. As a result of its compatibility with a wide variety
of metallic and ceramic substrate plating materials, AA5052/
B4Cp is useful in microelectronic packing for aviation,
automation, and microapplications.

Because of its unique qualities, including the lack of
undesired reaction products and less processing cost, solid-
state powder metallurgy (PM) is frequently employed as
a production method for Al-based MMCs [2, 3]. However,
this approach also has drawbacks, such as a lack of ho-
mogeneity and a low density from the pores [4].

Sintering, pressing, mixing settings (external factors),
and material aspects all infuence the qualities of particulate-
reinforced MMCs made through solid-state powder met-
allurgy. Material factors (internal factors) considered in this
investigation include Ms and Rs and the percentage volume
of reinforcement particles.

Wear resistance in Al-based MMCs has been found to
increase with both Rs and volume percentage of re-
inforcement [5]. Although internal parameters have a sig-
nifcant bearing on tribological features and reinforcement
particle clustering, the impact of the matrix size of the
particle and the ratio of Rs/Ms has not been extensively
studied.

Analysts frequently resort to analytical approaches to
investigate the efects of MMCs’ material features [6]. Te
use of an ANN is currently one of the most widely adopted
and successful approaches. Characterizing the material and
providing insight into the efective manufacturing material
and processing parameters are two additional benefts of
using ANN [7]. Tickness, porous, and stifness predictions
for AA5052/B4C MMC were investigated by authors [8].
Teir analysis took a Cu-weight percentage and a B4C
volume fraction as input parameters. A maximum inac-
curacy of 5.99% was determined.

Researchers [9]employed an artifcial neural network to
examine the relationship between the axial stress and strain
of AA5052/B4Cp MMCs and the thickness, size of the
particle, percentage volume of particles, and load. Te au-
thors [10] also used an artifcial neural network to examine
the results of particle size, percentage of volume, and milling
duration on the density, hardness, and tensile strength of
Al2024/B4C MMCs. Te authors examined the bending
strength and stifness of aluminium-silicon-magnesium-
basedMMC [11] using ANN to see if they varied with the Rs.
Te B4C particle was the only input during ANN. Re-
searchers found that B4C’s hardness and bending strength
improved along with its particle size [11].

Te wear resistance of MMCs was studied using ANN in
specifc research. To examine wear behavior, authors [12]
used ANN on AA5052/B4C MMCs. Te wear behavior of
AA5052/B4C MMCs was studied to determine the impact of
load and testing temperature. At the same time, in in-
vestigating the wear rate of aluminium/Al2O3 MMCs, au-
thors [13] employed an ANN technique, with a wear rate as
output and percentage volume of reinforcement, applying
pressure, sliding speed, and testing temperature as input
factors. Clustering, an undesirable phenomenon, is reported
to increase the volume percentage of reinforcement. Authors
[14] also investigated the impact of the reinforcing volume
fraction. Te researchers discovered that squeeze-cast
AA5052/B4C MMCs with a higher volume proportion of
B4C particles had better wear resistance [15–17]. Tey also
found that an increase in percentage volume led to a higher
critical transition temperature between the moderate and
severe regimes of wear loss [17]. Additional instances of the
successful application of ANN to the characterization of
MMCs can be found in the scholarly literature [18].

Tis research looked at how the Rs/Ms ratio afected the
wear behavior of AA5052/B4Cp MMCs. Te studies relied
on a model function determined with the help of a neural
network simulator and the data collected in the experiments.
Micrographs of the microstructures were acquired before
and after the wear testing, allowing for a comparison of the
two data sets. To get a more in-depth look at AA5052/B4Cp
MMCs to wear, an ANN was used with wear loss and
hardness as input factors and percentage volume of re-
inforcement, Ms and Rs as output parameters.

2. Materials and Experimental Procedure

Production of AA5052-B4C composites was achieved
through powder metallurgy. Five diferent volume fractions
of B4C particles were used to strengthen the aluminum
particles (99.5% purity). Matrix and reinforcement particle
sizes of 70, 95, 120, 145, and 170 μmwere tested and found to
be optimal. In a triaxial mixer, particles of aluminum and
B4C of varying sizes were mixed for a one-hour cold compact
at a pressure 450MPa. After compacting, the particle mixes
were sintered at 600 C for 8 hours.

Te hardness of the composite specimen was evaluated
using a Brinell hardness tester (DM-AKB-3000, Navin
Engineering) outftted with a ball indenter measuring
2.5mm in diameter and a 62.5 kgf force. Te wear tests were
conducted in the ball-on-disc-type machine with dry sliding
circumstances. Steel ball bearings with a diameter of 6mm
and a hardness of 62HRCwere employed as the counter-face
material. Normal loads of 10N were applied for the wear
testing, and the sliding velocity was held constant at
0.421ms−1, with the sliding distance set at 550m. Te
starting and ending weights of every sample were recorded
to calculate wear.

Table 1 displays the wear loss and hardness test results
for all the specimens tested, including those with a wide
variety of matrix particle sizes, reinforcement particle sizes,
and reinforcement volume fractions.
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3. Artificial Neural Network

Digital models of the nervous systems and artifcial neural
networks are based on the biology of intelligence [19]. Tey
are typically depicted as networks of neurons that can
calculate values from inputs when data are fed into the
system. Te ability of artifcial neural network models to
infer a function from observation is often cited as proof of
their usefulness. Tis is especially helpful when it would be
impractical to design such a function by hand, as is the case
when working with complex data or tasks. Tis means that
ANNs can provide meaning for the interrelationships be-
tween the variables of a high-dimensional space. When
asked to represent intricate linear and nonlinear connec-
tions, ANNs have excelled well. Compared to statistical
approaches, ANNs provide a radically new way to describe
materials and manage their processing.

Neural networks can be programmed to do a variety of
tasks. Te neural network is seen in Figure 1. Te weight
matrices (w), bias vectors (b), transfer function (f ), re-
inforcement (R), and outputs (a) in this network are R, f, w,
and a, respectively.

Training a neural network needs to receive examples of
data that may be used as inputs. Each input is multiplied by
a variant known as the weight and added to a variant known
as the bias beforehand, incoming the neuron; the preliminary
range of both variations can be specifed in advance if the
neural network has only one layer [18]. Te experimental
output value is compared with the neuron’s output, which is
the functional transfer input. Te input is the total of the
values received from each input. If the resulting error value
exceeds the allowed error value, the result is sent back to the
network to adjust the weights and biases until the intended
efect is achieved. Figure 2 depicts the iterative process of
network training and evaluation, with various techniques
used to explore the resulting model’s performance.

3.1. Implementation of the Neural Network. Numerous pa-
rameters can be adjusted during installation to optimize the
performance, speed, and accuracy of an ANN [20]. Pa-
rameters include the network learning rate, the number of
layers, the number of neurons in each layer, and many
others. In this research, the neural network was trained using
abrasive resistance and hardness as input factors and the Rs,
Ms, and the reinforcement volume fraction. Te network
was educated using the most popular and efective approach
for training, backpropagation error. According to authors
[21], the Pearson correlation coefcient is the other artifcial
neural network metric that demonstrates how successfully
a network is trained. Te research shows that Pearson
correlation coefcient values greater than 0.9 are considered
satisfactory for this parameter [22].

Dispersion in the training data can signifcantly afect the
number of layers and neurons; similarly, variation in the

input and output factors might cause difculties in the
network learning process. Data are normalized to reduce the
variation in such circumstances. Similar to the method used
by authors [23], all parameter values were normalized in this
study by dividing them by the most signifcant value of the
relevant parameter to place them in a uniform range from
0 to 1. Te optimal PCC (postclassifcation comparison)
value was found by trial and error. Table 2 provides the
artifcial neural network’s specifc architecture and the rel-
evant factors’ values. Tere were three distinct layers to the
network. Te ANN structure gave nominal values for the
sum of neurons in the input, hidden, and output layers.
Authors [24] indicate that growing the number of neurons,
being the minor process units, does not result in enhanced
network performance and accuracy. Tis is something to
remember while choosing the number of layers and neurons.
Te rate at which a network learns is another crucial variable
that must be considered during deployment. Authors [25]
discussed that a low value for this parameter results in slow
network convergence, which slows down the time it takes to
obtain the desired response. In that case, there is a risk that
the training process may become unstable, increasing the
amount of inaccuracy in the response from cycle to cycle.

3.2. Model Function. Te values of w, f, p, and b parameters
can be acquired upon successful training of the neural
network. Figure 3 indicates the overall structure of the
neural network used in this research. Using these values, one
may determine the function that connects the
manufacturing process parameters as inputs to themeasured
outcomes (wear loss and hardness) as outputs. Te model
function can be derived as follows:

w¹1
+b1

1 f

f

a1

+b1
2 a2

f
WR

S

Input
Layer

Neurons
Layer

+b1
S aS

Output
Layer

∑

∑

∑

Figure 1: Single layer network with R/S neurons.
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Start

Normalise the Raw Inputs & Outputs

Feed the Data into Neural Network

Finding the
Optimum Network Parameters

Execute Network Training

Revise the Parameters of
Network Structure

Obtain Pearson Correlation Coefcient

No Is R ≥ 0.99?

Obtain Weights and Biases Values

Create the Model Function

Conduct the Analysis Based on Model Function

Verifying the Results by use of Micrographs of Microstructures

End

Figure 2: Network training, exploration of ANN training results, and evaluation of result composition of the technique.

Table 2: Assembly and the factors of ANN.

ANN framework PCC Rate of learning Number of epochs Mean error (%)
3× 8× 2 0.9991 0.094 150000 0.096
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a3 is the output of the third layer, which is equivalent to the
function G (g(1), g(2)), and a1 and a2 are the outputs of the
frst and second layers, respectively. G(g(1) and g(2)) are the
resultant factors for measured values. Ms, Rs is used in the
function G to calculate wear loss and hardness.

4. Results and Discussions

4.1. Artifcial Neural Network. For wear loss as well as
hardness, as can be shown in Figures 4(a) and 4(b), the ANN
predictions are close to the experimental results. Te ANN
model has a 1% margin of error for making predictions
(Table 2). Tis means that the projected fndings agree well
with the experimented data. Te results show that an arti-
fcial neural network is a valuable tool for predicting the

wear behavior of particle-strengthened MMCs and can be
utilized in conjunction with experimental results.

4.2. Analysis of Microstructure. Figure 5 shows the optical
microstructures of AA5052-B4Cp MMCs. Microscopically,
8% volume fraction composites have a homogeneous dis-
tribution of reinforcing particles (Figures 5(a) and 5(b)). In
these composites, the reinforcement (Rs) and the matrix
(Ms) particle size ratio is more than one or equal to 1. While
the reinforcement volume percentage is less, Figure 5(c)
shows that few particle clusters arise in the microstructure
when the reinforcement size is lesser than the matrix size of
the particle (Rs/Ms< 1) (8%). However, particle clusters are
more numerous in composites with a large volume fraction

b2, w2, f2

b1, w1, f1

b3, w3, f3

Inputs
Reinforcement PS.

Matrix PS
Reinforcement Vol.

Outputs
Wear Loss
Hardness

Figure 3: Framework of the functional ANN.
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(18%), which is true regardless of the Rs/Ms (Figures 5(d)–
5(f)). Tis research determined the clustering rate of re-
inforcement particles by comparing the cluster area to the
total microstructure area. Seven micrographs were obtained
from each sample, the parameter value was determined for
each, and the average was used to determine the clustering
rate. Comparing only specimens with 18% of reinforcement
reveals that the clustering of strengthening particles becomes
less severe with an increasing Rs/Ms ratio.

It can also be seen clearly from Table 1 and Figure 5 that
when the volume proportion rises and the Rs/Ms ratio falls,
the degree of reinforcement particle clustering increases.
Tese fndings suggest that reinforcement particles’ distri-
bution and cluster formation are controlled by the Rs/Ms
ratio in addition to the volume fraction. Te dashed arrows
represent particle clusters with space in Figure 5. Tere are
two distinct ways these gaps can emerge. Inefcient bonding
between the groups of reinforcement particles makes them
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Figure 4: Evaluation of the experimented values and theoretical values (a) wear loss and (b) hardness.
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Figure 5: Microstructure images of AA5052-B4Cp MMCs: (a) 8% AA5052/95-B4C/145; (b) 8% AA5052/95-B4C/95; (c) 8% AA5052/95-
B4C/95; (d) 18% AA5052/95-B4C/145; (e) 18% AA5052/95-B4C-95; (f ) 18% AA5052/145-B4C/95.
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easy to dislodge or remove from the matrix. In this case,
sliding wear tests have not yet been conducted. Second,
when deformed plastically, the matrix material has difculty
flling the gaps between the reinforcement particles. Tis is
because the reinforcing particles are clustered too closely
together, which impedes the fow of the matrix material
during the pressing and sintering processes. It explains how
the reinforcement particle clustering afects the AA5052/
B4Cp MMCs’ wear behavior.

4.3. Wear Behavior. Figure 6 shows that AA5052/B4Cp
composites’ wear behavior is afected by reinforcement
volume percentage and the Rs/Ms factors. Te percentage of
reinforcement volume in a material’s total volume is es-
sential in determining its wear resistance. As the volume
fraction of reinforcement rises, wear loss falls. However, as

seen in Figures 6(a)–6(d), wear loss rises with the increasing
matrix size of the particle. Te impact of particle size re-
inforcement on wear resistance is complex and cannot be
analyzed in isolation. Once the strengthening volume per-
centage is more signifcant than 12% and the Rs is less than
half that of the Ms (Rs/Ms 0.5), the wear loss appears to
decrease slightly. However, wear loss starts to diminish as
the relative Rs increases drastically. Tere is a minimum in
the wear loss’s lowering trend at high reinforcement volume
fraction and Rs, which then starts to climb again. Te wear
behavior of AA5052/B4Cp MMCs can be better examined
and comprehended if a second parameter is defned to
account for the size of the reinforcement particles.Tis study
developed a new metric, Rs/Ms, to accomplish this.

Temodel function (Figure 6, Table 1) and experimented
data show wear loss reductions as the ratio of Rs and Ms
increases. Previously established, this ratio demonstrates
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Figure 6: Predicted wear loss for various matrix particle sizes (a) 70 μm, (b) 95 μm, (c) 120 μm, and (d) 145 μm.
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how many reinforcement particles there are for every
hundred matrix particles [26]. As the mixture is stirred, the
smaller matrix particles can more efectively fll the spaces
between the larger reinforcement particles. Wear resistance
improves as the ratio of Rs/Ms increases. With just two
exceptions, wear loss reduces with increasing Rs/Ms. In the
frst scenario, the volume fraction is between 6 and 8%. As
shown in Figure 6, the wear rate decreases after reaching
a maximum. In this second scenario, the volume percentage
of reinforcement is more than 14%, the reinforcement and
matrix particle size proportion is close to 1, and the matrix
particle size is more than 120 μm. When the particle size of
the matrix increases, the wear loss falls until a minimum is
attained, and then the minimum moves to a lesser range of
the ratio of Rs and Ms (Figures 6(c) and 6(d)).

Figure 7(a) demonstrates that the reinforcement parti-
cles cannot prevent substantial plastic distortion in the frst
situation, while the sample surface is in metal-metal contact
when the testing load is relatively high. Larger reinforcement
particles induce extensive plastic deformation and wear loss,
which may be attributed to their poorer strength due to
harboring more defects, as observed by authors [27, 28]. In
addition, low Rs/Ms can cause particle clusters, resulting in
a signifcant amount of wear loss. But after wear loss has
plateaued at a given reinforcing particle size, further in-
creases in particle size reduce the rate of wear (Figure 6).
Because larger reinforcement particles are lodged so pro-
foundly in the matrix, they are better able to shield the
matrix from damage and hence prevent the plastic distortion
of the specimen’s surface.

As shown in Figure 5, the volume proportion of re-
inforcement particles and the number of particle clusters raise
the reinforcement and matrix size particle ratio to a specifc
fxed maximum value of volume percentage. Authors [29–31]
conducted a few other study teams that have come to similar
conclusions. Wear loss decreases initially despite an increase
in Rs/Ms in another case when the percentage volume of
reinforcement is more signifcant than 14% and the Ms
is> 120 μm (Figures 6(c) and 6(d)). A maximum volume
proportion of reinforcement (>14%) is responsible for the

observed upward trend in wear loss. Te minimum process
temperature of the MMC prevents difusion between the B4C
and AA5052 particles, resulting in weak bonding in the
clustered particles that make up the microstructure of MMCs
[32, 33]. Because of this, particles are easily knocked of the
sample’s surfaces during the wear test [34]. Te spaces left
behind by considerable dislodged particles are not always
flled. Depending on the particle cluster, the voids created in
the present investigation may be noticed in Figure 5 well
before the wear test was performed. As shown in Figure 7(b),
the wear loss increases because the dislodged particles become
imprisoned among the sample surface and counter-face,
breaking apart (Figures 6(c) and 6(d)). When the percentage
volume of reinforcement (14%) and the percentage volume of
the matrix (120 μm) are both high, the high Rs/Ms cannot
improve the wear resistance of MMCs.

(a) (b)

Figure 7: SEM morphologies of worn surfaces of (a) 8% AA5052/145-B4C95 μm and (b) 18% AA5052/145-B4C/145 μm.
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4.4. Hardness. Hardness increases with increasing volume
fraction, as demonstrated by investigations by the authors
[35–37]. Dislodging and fracturing of reinforcing particles
diminish wear resistance, as seen in Figure 8. In contrast to
the wear loss trends, which show an increase as a function of
rising volume fraction, it is clear that hardness improves for
all ranges of Rs/Ms. Tis suggests an inverse relationship
between hardness and wear resistance in this region.

5. Conclusions

Using a numerical model derived from a trained ANN, this
research examined the wear resistance as well as hardness of
AA5052/B4Cp metal matrix composites and found the
following:

(1) Percentage volume of reinforcement, followed by the
ratio of particle size reinforcement to particle size
matrix, is the essential factor in defning the wear
resistance of AA5052/B4Cp MMCs, and more ac-
curate results can be obtained

(2) Except in two situations, wear resistance improves
with an increase in the Rs/Ms ratio: for (a), the
reinforcement volume fraction must be less than 8%.
Here, (a) the percentage volume is greater than 14%,
(b) the Rs/Ms is close to 1, and (c) the Ms is more
signifcant than 120 μm; wear loss diminishes as the
Rs/Ms ratio increases. Te lost wear reduces until it
reaches a minimum and then rises again.

(3) Reinforcing particle clustering has a signifcant
impact on wear loss. Te wear resistance goes down
with the number of clusters. Te proportion of re-
inforcement volume to particle volume and the
strengthening stifness to particle stifness are es-
sential factors in particle clustering. Wear resistance
is inversely proportional to the Rs/Ms ratio, which
means that raising the volume percentage increases
the particle clustering.

(4) Te reinforcement particles become dislodged and
break when the volume percentage of re-
inforcement is high (14%) and when the particle
sizes of both the reinforcement and the matrix are
signifcant (120 μm). Te material’s wear resistance
is decreased because these fragmented particles can
be readily cleaned of the surface. Here, increasing
the volume fraction results in a greater hardness
across the board for all Rs/Ms values; hence,
composites with lower reinforcement volume
percentages exhibit more excellent wear resistance.
Tere is no correlation between wear resistance
and hardness.

(5) Trough the use of a qualifed ANN, the wear be-
havior of particle-reinforced metal matrix compos-
ites was successfully characterized for the frst time.
Te network took as input parameters the particle
size and volume fraction of the reinforcement in the
matrix, and the network output factors were the wear
loss and hardness of the composite.
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