
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ISSN: 3102-0798 (Print/Online) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover page:  The cover page, reflecting the underlying themes of design, synthesis, physics, 
and engineering, particularly in terms of dimensionality, organizational hierarchy, and 
connections to biological systems, captures the essence of innovations in nanomaterials and 
polymers. The parallelogram-shaped micrographs positioned on the lower left of the cover, 
depicting hexagonally arranged cylindrical structures, illustrate the nanostructural hierarchy 
of a block copolymer system. They are based on a transmission electron micrograph captured 
by Ms. Sylvia Goerliz in the laboratory of Prof. Goerg Hannes Michler in Halle, Germany. 
The conceptualization and design of the cover were carried out by Mr. Manish Man Shrestha, 
with the assistance of AI tools. 
 
Disclaimer: The authors of the articles are solely responsible for all legal and ethical issues 
related to the content, both in words and notion, of the materials published in this Journal. 
 
Editor In-Chief 
Rameshwar Adhikari 
Tribhuvan University, Research Centre for Applied Science and Technology (RECAST), Kirtipur, 
Kathmandu 44618, Nepal 
 
Special Issue Editors 
Rameshwar Adhikari, Sven Henning, and Ralf Lach 

Editorial Assistance 
Nelson Rai and Manish Man Shrestha provided support in the overall manuscript design, 
typesetting, and printing. Ms. Prasamsha Panta and Ms. Elina Maharjan assisted in 
establishing the journal’s online platform. 
 

© Nepal Polymer Institute (NPI), P. O. Box 24411, Kathmandu, Nepal 

 



INTERNATIONAL EDITORIAL AND ADVISORY BOARD 

Dr. Raju Adhikari, RMIT University, Australia 

Prof. Volker Abetz, University of Hamburg, Germany 

Prof. Dr. Devesh Kumar Avasthi, University of Petroleum and Energy Studies, Dehradun, India 

Prof. Berhard Blümich, University of Aachen, Germany 

Prof. Ratiram G. Chaudhary, Seth Kesarimal Porwal College, Kamptee, Nagpur, India 

Dr. Sven Henning, Fraunhofer Inst. Microstructure of Materials and Systems, Halle, Germany 

Prof. Wasudeo Gurnule, Kamla Nehru Mahavidyalaya, Sakkardara, Nagpur, India 

Dr. Roger Hiorns, Université de Pau et des Pays de l'Adour (UPPA), France 

Prof. Sreekantha Jonnalagadda, University of KwaZulu-Natal, Durban, South Africa 

Prof. Vimal Katiyar, Indian Institute of Technology (IIT) Guwahati, Assam, India 

Dr. Ralf Lach, Polymer Service GmbH Merseburg (PSM), Merseburg, Germany 

Prof. Dr. Beate Langer, University of Applied Sciences, Merseburg, Germany  

Prof. Dr. Elizabete F. Lucas, Federal University of Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil 

Prof. Ricardo Manríquez González, Universidad Nacional Autónoma de México, México 

Prof. Takahiro Maruyama, Meijo University, Nagoya, Japan 

Prof. Dr. Sanjay Mathur, University of Cologne, Cologne, Germany 

Dr. Yogendra Kumar Mishra, University of Southern Denmark, Sønderborg, Denmark 

Prof. Dr. Mehrdad Negahban, University of Nebraska-Lincoln, USA 

Dr. Shigeru Okamoto, Nagoya Institute of Technology, Nagoya, Japan 

Prof. Tarasankar Pal, Indian Institute of Technology (IIT) Kharagpur, India 

Prof. Suprakash Sinha Roy, Council for Scientific and Industrial Research, Pretoria, South Africa 

Prof. Dr. Jean-Marc Saiter, Université de Rouen Normandie, Rouen, France 

Prof. Sinichi Sakurai, Kyoto Institute of Technology, Kyoto, Japan 

Prof. Dr. Holger Schönherr, University of Siegen, Siegen, Germany 

Prof. Ajaya Kumar Singh, Government VYT PG Autonomous College, Durg, CG, India 

Prof. N. B. Singh, Sharda University, Greater Noida, India 

Prof. Dr. Sabu Thomas, Mahatma Gandhi University, Kottayam, Kerala, India 

Prof. Dr. Patrick Theato, Karlsruhe Institute of Technology, Karlsruhe, Germany 

Dr Santosh K. Tiwari, NMAM Institute of Technology, India 

Prof. Wei Wang, Chang’an University, Xi’an, China 

 

 
 
 
 

 



CONTENTS 

 

Editorial  

NPI - A Journey to Innovation and Solidarity in New Materials 
Research 

R. Adhikari 
Nanomat. Polym. Innov. 2025, 1 (1), 1 

 

Letter to the Editor 

NPI - MBENEs: A New Class of 2D Materials Beyond MXenes S. K. Tiwari 
Nanomat. Polym. Innov. 2025, 1 (1), 2-4 

 

Review Paper 

Nuclear Magnetic Resonance (NMR) of Deformed Polymers B. Blümich 
Nanomat. Polym. Innov. 2025, 1 (1), 5-18 

 

Original Research Papers 

Cellulose Nanocrystal-Based Nanocomposites for Magnetic Solid
Phase Extraction of PAHs from Water Samples 

L. C. dos Reis, I. K. Ribeiro Dias, V.  
Arantes, E. F. Lucas, B. G. Soares 

Nanomat. Polym. Innov. 2025, 1 (1), 19-31 
Dip-Coated Cobalt Oxide Thin Film: A Tailored Approach for 
Oxygen Evolution Reaction 

S. Pradhan, M. R. Kandel, L. Pradhan 
Joshi, D. K. Chaudhary, S. M. Hoque, 

C. L. Gnawali, S. P. Shrestha 
Nanomat. Polym. Innov. 2025, 1 (1), 32-39 

Synthesis of Zinc Oxide Nanocatalyst and Its Application in 
Photodegradation of Rhodamine B 

S. R. Regmi, N. H. Khan, N. P. Shawd, D. 
K. Shahi, L. N. Khatiwada, R. Adhikari 

Nanomat. Polym. Innov. 2025, 1 (1), 40-49 

 

YSC Research Paper* 

Preparation, Structural Characterization, and Biodegradability of 
Cassava- and Potato-Starch-Based Bioplastics 

A. Thadarai, S. Dhakal, N. Rai, S. 
Bhandari, B. Budha Magar, O. P. 

Basyal, M. M. Shrestha 
Nanomat. Polym. Innov. 2025, 1 (1), 50-57 

* The young scientists column (YSC) is dedicated to the works led by young scientists from high schools  

 

Brief Note 

Traditional Nanotechnology of Nepal R. Adhikari 
Nanomat. Polym. Innov. 2025, 1 (1), 58-60 

 

 

 

 



EDITORIAL 

NPI: A Journey to Innovation and Solidarity in New Materials Research 

The inaugural issue of Nanomaterials and Polymers Innovations (NPI), the official Diamond Open-

Access Journal of Nepal Polymer Institute (NPI), the National Adhering Organization to the 

International Union of Pure and Applied Chemistry (IUPAC), holds special significance as its 

publication marks the 80th auspicious birthday of Professor Dr. Goerg Hannes Michler, a pioneering 

scientist whose outstanding contributions have profoundly shaped the fields of polymer science and 

nanostructured materials. 

Professor Michler’s scientific legacy spans several decades and encompasses seminal work in polymers, 

nanostructured polymers, semicrystalline polymers, and structure–property correlations. He is 

particularly renowned for his groundbreaking contributions in elucidating the relationships between 

morphological features of homogeneous and heterogeneous solid polymers, gels, and blends and 

composites, and their micromechanical deformation mechanisms. His work has fundamentally advanced 

our understanding of how nanoscale and microscale structures govern the macroscopic mechanical 

performance of polymeric materials. 

A hallmark of Professor Michler’s research is his unique and innovative use of electron microscopy, 

especially advanced and in situ techniques, to determine micromechanical properties of materials 

subjected to deformation. His contributions in constructing and designing materials based on 

micromechanical insights derived from electron microscopy have set benchmarks in the field and 

continue to influence contemporary materials research worldwide. 

Beyond his scientific achievements, Professor Michler’s passion for microscopy and education is truly 

remarkable. He has been actively collaborating with his contemporaries, students, and young 

researchers to build strong foundations in microscopy, extending even to school students and 

enthusiastic beginners. Through these efforts, he has inspired generations of scientists and fostered a 

deep appreciation for materials characterization and microscopy across diverse communities. 

This special issue of Nanomaterials and Polymers Innovations (NPI), the journal’s inaugural issue, is 

guest edited by Professor Michler’s former students and is dedicated to honoring his exceptional 

scientific contributions, mentorship, and enduring influence. We gratefully acknowledge the support of 

the POLY-CHAR International Polymer Characterization Forum for the journal and warmly thank 

Professor Michler for his inspiring address at the 10th Microsymposium on Applied Sciences 

(Nano/Bio) - 2025, held to celebrate his birthday and to mark the public release of this inaugural journal 

issue. On this occasion, we extend our heartfelt wishes to Professor Goerg H. Michler for good health 

and a continued active and inspiring life ahead.  
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Letter to the editor 

MBENEs: A New Class of 2D Materials Beyond MXenes 
Santosh K. Tiwari*  
Centre for New Materials and Surface Engineering, NMAM Institute of Technology, Nitte, 574110, India 
ORCID: 0000-0003-1602-9345 

 

Abstract: Developing advanced materials is key to progress in energy, electronics, and environmental technologies. 
MBENEs, a new class of 2D transition metal borides (Mn+1Bn), offer exceptional electrical conductivity, thermal 
stability, and chemical resilience. Derived from MAB phases via selective etching, MBENEs differ from MXenes in 
their strong M–B bonds, making synthesis more challenging but promising for harsh-environment applications. Unlike 
graphene and MXenes, MBENEs combine metal-like conductivity with catalytic activity and structural robustness. 
Though current research on MBENEs is largely theoretical, early studies highlight their potential in catalysis, energy 
storage, and high-temperature electronics. Indeed, key challenges remain in scalable synthesis and surface property 
control to realize their technological promises. 

शोधसार: उÆनत सामúीहłको िवकास ऊजाª, इल³ेůोिन³स, र वातावरणीय ÿिविधमा ÿगितको ÿमखु कु¼जी हो। MBENEs (Mn+1Bn) नामक 
नयाँ वगªका दईु-आयामी ůािÆजशन मेटल बोराइडहłले असाधारण िवīितय सचुालकता, तापीय ÖथाियÂव, र रासायिनक ÿितरोध ÿदान गछªन्। 
MAB फेजहłबाट छािनएको एिचङ ÿिविधमाफª त ÿाĮ गåरने यी MBENEs, MXenes भÆदा फरक छन् िकनभने ितनीहłमा M–B बÆधनहł 
बिलया हòÆछन्, जसले गदाª ितिनहŁलाई संĴेषण किठन हòÆछ तर कठोर वातावरणमा ÿयोगका लािग सÌभावनायुĉ बनाउँछ। úािफन र MXenes 
भÆदा फरक łपमा, MBENEs ले धात-ुजÖतै सचुालकता, उÂÿेरक सिøयता, र संरचनाÂमक ŀढता संयोजन गछªन्। यīिप हालसÌमको अनुसÆधान 
ÿायः सैĦािÆतक छन्, ÿारिÌभक अÅययनहłले उÂÿेरक, ऊजाª स¼चयन, र उ¸च तापमा काम गन¥ इल³ेůोिनक उपकरणहłमा ितनीहłको सÌभावना 
दखेाएका छन्। यÖता ÿिविधगत सÌभावनाहł साकार पानª अझै पिन ठूला चनुौतीहł, जÖतै ठूलो माýामा संĴेषण र सतह गणुहłको िनयÆýण, 
कायम छन्। 

INTRODUCTION

The development of new materials is essential for 
cutting-edge technology, enabling breakthroughs in 
energy, aerospace, electronics, tissue engineering, 
and environmental sustainability [1,2]. Novel 
materials with tailored properties boost innovation 
in devices and systems by overcoming the 
limitations of existing materials [1,2]. In this 
context, MBENEs (Cr₂B₂, Fe₂B₂, Mo₂B₂, W₂B₂, etc. 
based on first-principles calculations) a new 2D 
transition metal borides class, offer exceptional 
electrical conductivity, thermal stability, and 
chemical resilience [3,4]. These properties position 
MBENEs as promising candidates for next-
generation applications in catalysis, energy storage, 
and harsh environment electronics, addressing 
critical challenges where other 2D materials like 
graphene or MXenes may fall short [3,5,6]. The 

emergence of MBENEs exemplifies the 
transformative potential of engineered 2D 
materials. In this regard, over the past three decades, 
research has surged into discovering and 
synthesizing numerous 2D systems with tailored 
properties for applications spanning sensing, 
robotics, electronics, energy storage, catalysis, and 
many more. Among these, graphene, transition 
metal dichalcogenides MXenes, and h-BN 
nanosheets got great consideration, and now the 
emerging class of MBENEs (a 2D transition metal 
borides, having general formula Mn+1Bn where M = 
early transition metal, and B = boron) represent 
critical milestones. Thus, MBENEs are composed 
of metal boride nanosheets and are directly 
exfoliated from MAB phases (Figure 1). MAB 
phases are structurally analogous to the more 
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established MAX phases from which MXenes are 
derived. In a typical MAB phase, a transition metal 
(M) is bonded to a boron sublayer (B), and the 
structure is interleaved with an (A) group element, 
commonly from groups 13 to 16. Through selective 
etching usually targeting the A-site element 
researchers aim to exfoliate the M–B layers, thereby 
yielding MBENE sheets. However, unlike MAX-

derived MXenes, where the M–C or M–N bonds are 
relatively ionic and easier to disrupt, the M–B bonds 
in MAB phases exhibit stronger covalency and 
greater structural rigidity. This difference makes the 
synthesis of MBENEs greatly challenging, 
requiring innovative etching strategies and 
thermodynamically guided processes, including 
molten salt and electrochemical methods [4,6–8].

Figure 1. Schematic diagram showing the composition of MAB phases, MBENE, and the general strategy 
for conversion of MAB phases to MBENE

Each class of 2D materials offers distinct chemistry, 
structure, and functionality and possesses its 
advantages and shortcomings. In this line, 
MBENEs, introduce a different paradigm; 
combining the advantageous features of transition 
metals and boron in ultrathin, crystalline 
architectures. These materials, though still in their 
infancy, hold the promise of addressing some of the 
limitations faced by graphene, MXenes and h-BN 
nanosheets. Nevertheless, the attraction of 
MBENEs lies in their combination of robust thermal 
stability, high electrical conductivity, and chemical 
durability behaviors that make them mainly 
outstanding for harsh environments and high-
performance applications. Compared to MXenes, 
which are often terminated with–F, –OH, or –O 
groups that enhance hydrophilicity and reactivity 
but also introduce structural instability in certain 
conditions, MBENEs provide a more chemically 
resilient alternative. The presence of boron, known 
for forming strong covalent bonds and contributing 
to high hardness and oxidation resistance, imparts 
greater thermal and chemical endurance to 
MBENEs. Therefore, MBENEs become promising 
candidates for next-generation electrocatalysts, 
high-temperature electronics, and protective 
coatings. In comparing MBENEs to MXenes, 
several important distinctions appear. MXenes first 
synthesized in 2011 have undergone extensive 
development, with over 30 distinct compositions 
reported and widespread application in 
supercapacitors, battery electrodes, electromagnetic 

shielding, and sensors [7,9]. The surface chemistry 
of MXenes, enabled by abundant terminal groups, 
is both a strength and a weakness. Although 
MXenes allow for functionalization and dispersion 
in aqueous media, these also contribute to oxidation 
degradation and electrochemical side reactions. In 
contrast, MBENEs are expected to be less reactive, 
thereby offering better longevity in operational 
devices. However, the trade-off is limited surface 
tunability, at least based on present research. In the 
same line, compared to graphene, MBENEs present 
an even more differentiated profile. Graphene, with 
its pristine sp²-bonded carbon lattice, remains 
unmatched in terms of carrier mobility, mechanical 
flexibility, and chemical purity. Yet graphene's 
chemical inertness, although beneficial in some 
contexts, limits its ability to host active sites for 
catalysis or ion intercalation without defect 
engineering or heteroatom doping [5,10]. MBENEs, 
due to their transition metal centers and boron-based 
structure, naturally offer metal-like conductivity 
and catalytically active sites, especially when 
surface terminations or structural defects are 
introduced [2–4]. This makes them promising 
alternatives in energy storage and conversion 
technologies where graphene falls short. 
Nevertheless, the current state of MBENE research 
is largely exploratory. Moreover, the experimental 
reports are sparse, with only a handful of successful 
syntheses (e.g., Ti2B and Mo2B) documented 
whereas 100 s of methods have been developed for 
graphene production. In the case, of MBENEs most 
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studies remain computational and theoretical, using 
density functional theory to predict properties such 
as electronic structure, magnetic ordering, and 
thermodynamic stability [11]. These theoretical 
insights suggest that MBENEs can exhibit a rich 
diversity of behaviors, from metallic to 
semiconducting phases, and from nonmagnetic to 
ferromagnetic configurations, depending on the 
choice of transition metal and boron framework. 
The potential for tunable band structures via 
strain/doping further improves the importance of 
MBENEs. Importantly, to transition MBENEs from 
concept to technology, several challenges must be 
addressed. First, scalable and controllable synthesis 
methods are required to produce phase-pure, few-
layer MBENE sheets with the defined morphology. 
Second, a deeper understanding of their structural, 
surface, and morphological properties, especially 
regarding possible terminations and their impact on 
properties, is very indispensable. Third and most 
crucial, application-specific optimization such as 
improving ion diffusion kinetics for battery 
electrodes, or maximizing surface area and active 
sites for catalysis must be undertaken. 
In summary, MBENEs represent a compelling 
addition to the 2D material family, combining 
aspects of MXenes and graphene but carving out a 
unique identity defined by boron-rich chemistry and 
transition-metal functionality. Although, the 
theoretical promise of MBENEs is high, and their 
experimental progress, currently it is in a nascent 
stage, and gaining momentum widely in the 
materials science fraternity. Based on scientific 
progress, it is assumed that as synthetic techniques 
improve and mechanistic understanding deepens, 
MBENEs could become central to future materials 
platforms in energy, electronics, and beyond. Their 
arrival signals a continued diversification of the 2D 
materials landscape, offering new possibilities for 
designing functional matter at the atomic scale. 
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Original research paper 
Nuclear Magnetic Resonance of Deformed Polymers  
Bernhard Blümich* 
*Institut für Technische und Makromolekulare Chemie, RWTH Aachen University, Germany 

 
Abstract: Most polymer products are designed to bear mechanical loads. These affect the conformation and mo-
bility of their constituent macromolecules. Nuclear magnetic resonance (NMR) is sensitive to molecular confor-
mation and mobility and has been employed to study the signature of macroscopic deformation of polymer mate-
rials on a scale ranging from molecular to macroscopic dimensions. This report reviews key studies of polymer 
deformations by NMR spectroscopy, relaxometry, and imaging. 
 
Keywords: NMR, relaxometry, imaging 
 

शोधसार: धेरैजसो पोिलमर उÂपादनहł यांिýक भार सहन स³ने गरी िडजाइन गåरएका हòÆछन्। यÖता भारहłल े ितनीहłको 
संरचनाÂमक Ìयाøोमोले³यलुहłको आकृित र गितशीलतामा असर पादªछ। Æयिु³लयर Ìयाµनेिटक रेजोनÆेस (NMR) ÿिविध 
आणिवक आकृित र गितशीलताको लािग संवेदनशील हòÆछ, र यसलाई पोिलमर सामúीको आणिवकदेिख ÌयाøोÖकोिपक 
ÖतरसÌमको बÖतुको सरंचनामा हòने ŁपाÆतरणको अÅययन गनª ÿयोग गåरएको छ। यो ÿितवेदनल े NMR Öपे³ůोÖकोपी, 
åरÐया³सोमेůी, र इमेिजङ ÿयोग गरी पोिलमरको संरचनामा हòने ŁपाÆतरण तथा सरंचनाÂमक िवकृित सÌबÆधी गåरएका ÿमखु 
अनुसÆधानहłलाई समेट्छ। 
 
INTRODUCTION 
Polymer materials are formulated from 
macromolecules, processing and antiaging 
additives, plasticizers, and fillers [1-4]. Their main 
constituent are the macromolecules. These are 
large molecules, most often chains of small 
molecular repeat units, typically with branches, 
and some with cross-links to other chains. 
Elastomers are the most important representative 
of cross-linked macromolecules in the molten or 
rubbery state. Technical macromolecules are not 
uniform like small molecules but exhibit 
distributions in molecular weight and 
configuration in terms of branches and sequences 
of repeat units if there is more than one repeat unit 
or if the same repeat units are connected in 
different ways.  

Polymer materials are often classified 
according to the conformation of the 
macromolecules in the solid state. In the melt, the 
macromolecular chains form random, 
interpenetrating coils with free volume between 
chains, which enables translational motions of 
entire chains and local motions of chain segments. 
The melt freezes upon cooling below the glass 
transition temperature. In the frozen melt, the 

translational motion of entire chains is largely 
disabled while local motions persist. Such 
amorphous polymers typically are transparent and 
are called glassy polymers. Strictly speaking, they 
are not in thermodynamic equilibrium, and given 
enough time, chain segments can still slip past 
each other, particularly under pressure or strain, 
unless the chains are crosslinked. The nature of 
cross-links can be either chemical, i. e., the cross-
links are formed by chemical bonds, or physical, 
i.e., the macromolecules are physically entangled 
through loops and knots or linked through 
crystalline domains formed by two or more 
polymer chains.  

Partially crystalline polymers are called 
semicrystalline, and their crystalline domains may 
form ordered structures, for example, lamellae. 
The term crystalline polymer is used 
synonymously with semicrystalline polymer, as 
single crystals of large macromolecules are 
difficult to grow. The mobility of the polymer 
chain segments in the amorphous regions is 
higher, along with more free volume, while it is 
lower in the crystalline regions and mostly located 
at crystal defects. At the interface from ordered 
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crystalline domains to disordered amorphous 
domains, the segmental chain mobility transitions 
from low to high. Molecular order also arises in 
polymer melts under shear and in liquid-
crystalline polymers. It is directly probed by 
diffraction patterns from x-ray scattering and by 
wide-line solid-state NMR (nuclear magnetic 
resonance) spectroscopy. It is indirectly probed 
via molecular mobility, for example, by NMR 
relaxometry.  

NMR probes the magnetic moments of nuclear 
spins in molecules exposed to magnetic 
polarization fields. It has three major modalities, 
spectroscopy, imaging, and relaxometry [5]. NMR 
spectroscopy of molecules in solution is one of the 
most important methods of chemical analysis for 
identification of molecular structures [6]. With 
molecules in the solid state, NMR spectroscopy 
for chemical analysis is hampered by various 
anisotropic interactions between the nuclear spins. 

But the rapid thermal molecular motion prevalent 
in solution can be artificially replaced in solids by 
rapid rotation of the entire solid sample at a 
particular angle relative to the direction of the 
applied magnetic field. This technique is known as 
magic angle spinning (MAS) NMR and leads to 
solid-state spectra with lines nearly as narrow as 
in liquid-state NMR spectra. On the other hand, 
the anisotropic spin interactions can be exploited 
to probe molecular order and mobility [7]. To this 
end, many studies of solid polymers have been 
conducted by recording wide-line deuteron (2H) 
NMR spectra from selectively deuterated 
chemical positions of interest. These spectra are 
much broader than the lines in MAS spectra, 
because each molecular orientation in the 
magnetic field gives rise to a different NMR 
frequency. 

Solid-state NMR spectra are recorded with 
expensive NMR instruments fitted with high-field  

 

Figure 1. (a) Magnet of an 800 MHz spectrometer for chemical analysis by NMR spectroscopy [5]. 
(b) Orientation-dependent 13C wide line NMR spectra of a 13C-labeled liquid-crystalline sidechain 
polymer with different orientation angles  between the alignment direction and the magnetic field [8]. 
(c) Low-field NMR set-up for measurement of NMR relaxation signals [5]. The sample is positioned 
inside the permanent magnet (left). A transverse NMR relaxation curve (red) is shown on the computer 
screen. (d) Strained rubber band positioned on a stray-field magnet (NMR-MOUSE [9]) for angle-
dependent relaxation measurements [5]. (e) Strain and angle-dependent relaxation rates measured for 
unfilled natural rubber [10]. With increasing strain, the relaxation anisotropy increases. (f) Isotropic and 
anisotropic relaxation rates extracted from (e) as a function of elongation  [5]. 
 
 
 
 

 
superconducting magnets (Fig. 1a) [5]. Liquid-
state NMR spectra, on the other hand, can 
nowadays also be measured routinely with small 
bench 
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top instruments, which are considerably less 
expensive and simpler to operate [11]. Compact as 
well as portable or mobile  
NMR instruments also exist for measuring NMR 
relaxation signals (Fig. 1c) [12,13]. NMR 
relaxation does not provide  
molecular information about the chemical nature 
of a substance, but instead it provides mesoscopic 
information about the physical properties of a 
material. It refers to the NMR relaxation times T1 
and T2 characterizing build-up and decay of 
nuclear magnetization [14], which relate to the 
mobility of molecules and, in turn, to the 
viscoelastic properties of matter [15]. NMR 
relaxometers are less demanding on magnet 
performance than NMR spectrometers; they are 
more robust and can be operated in harsher 
environments. While most benchtop NMR 
instruments require a sample to be fitted inside a 
center hole of a permanent magnet (Fig. 1c), 
portable instruments acquire essentially the same 
information locally from a selected region inside 
intact objects by facing them from one side (Fig. 
1d) [16]. When shifting the sensor relative to the 
object, images can be acquired pixel by pixel.  

NMR imaging (MRI – magnetic resonance 
imaging) is a modality of NMR where spatial 
resolution is introduced by means of magnetic 
gradient fields [17-19]. NMR images report 
molecular properties visually on a macroscopic 
scale. The main use of MRI is in clinical 
diagnostics, but it is also employed to a 
considerable extent in materials science, chemical 
engineering, and related fields [13,20-23], 
including rheological studies of complex fluids 
[24].  

All three NMR modalities, spectroscopy, 
relaxometry, and imaging have been explored to 
investigate the effects of mechanical force on 
polymer materials. In the following, major 
contributions of the NMR literature in this field 
are reviewed for different types of 
macromolecular materials. 
 
RUBBERY MATERIALS 
Basic NMR 
Rubber is a melt of entangled macromolecules. 
Crosslinking inhibits translational motion of the 
macromolecules, so that they can no longer diffuse 
and slip past each other. Active fillers like carbon 
black strongly interact with the macromolecules 
and affect their segmental motion near the filler-
particle surface and significantly alter the 
mechanical properties of the material. Between 
crosslinks the motion of the macromolecular 

chains is fast reminiscent of the motion in a low-
molecular melt, but anisotropic so that orientation-
dependent spin interactions like the dipole-dipole 
coupling among protons and the quadrupolar 
coupling of deuteron spin labels are no longer 
averaged out. Rubbery materials have been 
studied extensively by NMR to understand their 
structural and dynamic properties and the effects 
of strain, exploring the orientation-dependent 
residual dipolar and quadrupolar couplings.  

In the relaxed state without deformation, the 1H 
NMR resonance of elastomers is broadened 
compared to that of liquids due to the molecular 
motion being constrained by crosslinks and 
entanglements between polymer chains. As a 
result, the information attached to the chemical 
shift is blurred and mostly lost so that most 
investigations concern the 1H NMR signal decay 
in the time domain or the transverse magnetization 
decay, while spectral analyses rely on other nuclei 
such as 13C with a far wider chemical shift range 
and on 2H after site-specific isotope enrichment.  
 
1H relaxometry 
Models of the 1H NMR signal decay of cross-
linked rubber account for different motional 
regimes in the rubber network [25-27]. Depending 
on the model, different simplifying assumptions 
are made in calculating the 1H signal decay [28]. 
The frozen-bond model assumes that all crosslink 
positions in a network are immobile and that the 
end-to-end vectors of the inter-crosslink chains 
have a Gaussian distribution [29–31]. The second-
moment model assumes a Gaussian distribution of 
dipolar interactions and an exponential correlation 
function of the segmental motion [32]. Both 
models can explain the non-exponential nature of 
the NMR impulse response, specifically the free 
induction magnetization decay (FID) of the 
amplitude in the Hahn-echo NMR experiment 
[28]. Yet for practical purposes a simple 
approximation of the signal decay in terms of a 
sum of three relaxation decays often suffices, in 
which the individual terms account for the more 
fixed inter-crosslink chains, for dangling chains 
and for the sol part.  

Fitting theoretical relaxation decays to 
experimental data gives access to the cross-link 
density [33,34]. Its variation across an elastomer 
product can be assessed by NMR imaging [35,36] 
or depth-resolved stray-field NMR relaxometry 
[9,37,38]. Approaches to cross-link density and 
other material parameters more sophisticated than 
simple relaxation analyses explore multi-quantum 
phenomena resulting from the residual dipole-
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dipole interactions among the protons in randomly 
oriented inter-crosslink chains [39-42]. 

Upon straining, the motional anisotropy of the 
intercross-link chains is enhanced, and the signal 
decay changes from more liquid-like to more 
solid-like [25-27]. This means that the chemical 
shift anisotropy, the dipole-dipole interaction 
among nuclear spins, and the quadrupole 
couplings of 2H isotope labels are enhanced 
because the molecular motion is averaged to a 
lesser degree. In the deformed regions, the 
macromolecular chains align so that the overall 
NMR signal depends on the orientation of the 
alignment direction with respect to the applied 
magnetic field [31,43]. Not only can an 
orientation-dependent splitting of the resonance 
line be observed, but also the NMR relaxation 
times become anisotropic. While the dependence 
of the NMR signal on strain and time in terms of 
relaxation times and component amplitudes can be 
followed with moderate effort employing a 
conventional NMR setup, where the sample is 
positioned in the center inside an NMR magnet 
[44], to study the orientation dependence of the 
NMR signal requires the angle between the strain 
direction and the magnetic field to be varied. This 
can be achieved either with the sample and the 
stretching device inside the confinement of the 
NMR magnet or with a simple stray-field setup 
using a sensor like the NMR-MOUSE (MObile 
Universal Surface Explorer), where the strained 
sample rests on the magnet, and the NMR signal 
is acquired from a region inside the sample but 
outside the magnet (Fig. 1d) [9,10]. When 
approximating the signal decay of the strained 
elastomer by a single exponential function, the 
orientation dependence of the transverse 
relaxation rate in natural rubber (Fig. 1e) can be 
modelled by the sum of an orientation-
independent relaxation rate and a relaxation rate 
which depends on the square of the second 
Legendre polynomial. With increasing strain, both 
relaxation rates increase albeit at different rates 
(Fig. 1f). At an elongation of about  = 2.3, strain-
induced crystallization sets in. At this elongation 
the anisotropic relaxation rate exhibits a first order 
phase transition as a function of  while the 
isotropic relaxation rate changes in a way 
reminiscent of the glass transition or a second 
order phase transition [45]. Strain-induced 
crystallization has been investigated by NMR 
relaxometry and multi-quantum NMR for natural 
rubber and polyurethane elastomers [46,47]. 

Along with chain alignment, mechanical 
deformation alters segmental mobility, affecting 

proton transverse relaxation [48-50] and 
relaxation dispersion [50] as well as multipolar 
spin states [51] and multi-quantum build-up 
curves [39-42]. Fillers enhance mechanical 
reinforcement but introduce heterogeneous strain 
fields. They affect local strain distributions and 
overstrain phenomena [52,53]. Reinforced 
elastomers exhibit non-affine deformation, where 
local strain does not follow macroscopic 
deformation. In solid propellants, ¹H NMR 
relaxometry identifies deformation-induced 
microstructural changes [54]. In thermoplastic 
elastomers, deformation influences the 
microphase-separated structure of the copolymers, 
affecting chain dynamics and relaxation times 
[48]. 
 
13C NMR spectroscopy 
Effects of strain are also observable in NMR 
spectra of 13C in natural abundance and of 2H 
isotope labels enriched at selected chemical sites. 
13C NMR spectra of strained rubber exhibit 
broadened lines which depend on the sample 
orientation in the magnetic field [55,56]. While 
the 1H-13C dipole-dipole interaction is suppressed 
during measurement, the 13C-13C dipole-dipole 
coupling is negligible due to the low natural 
abundance of the nuclei, but the large 13C chemical 
shift range enables the chemical shift anisotropy 
to be resolved, leading to small variations in 
resonance frequencies for different chain-segment 
orientations. In natural rubber, the efficiency of 
transferring 1H magnetization to 13C by cross-
polarization was affected by strain-induced chain 
orientation, revealing a time-dependent 
mechanism of chain-segment dynamics on 
dynamic strain [57], and strain-induced 
crystallization was studied by high-resolution 
solid-state 13C NMR spectroscopy of natural 
rubber samples stretched in situ [58].  
 
2H NMR spectroscopy 
The most detailed insights by NMR into the 
molecular dynamics and structural characteristics 
of strained or deformed elastomers are obtained by 
analyzing the resonance of chemical sites 
specifically enriched with deuteron isotope labels. 
2H is a quadrupolar spin 1 nucleus which exhibits 
orientation-dependent line shapes on the order of 
2 kHz wide in elastomers and up to 250 kHz wide 
in rigid polymers, dominating the dipole-dipole 
coupling and the chemical shift anisotropy 
[59,60]. From fits of modelled to measured line 
shapes, the orientational distribution function, 
geometry, and timescale of molecular motion can 
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be extracted. Two-dimensional NMR experiments 
are particularly powerful in this regard [60]. 

Early on, this chemically demanding approach 
was employed to study the effects of deformation 
on chains in rubber-elastic networks. Strain, but 
also compression, leads to strain-dependent 
splitting of the 2H NMR resonance due to average 
uniaxial chain orientation under strain [61-64]. 
Experiments on homogeneously deuterated 
networks and on partially deuterated networks 
with short deuterated segments at network 
junctions revealed a nonaffine deformation 
mechanism where short elastically effective 
chains are stretched to a greater extent than long 
chains along with an excess orientation near 
network junctions [2,65]. By analyzing the 2H 
NMR line shape, the contributions from the 
network constraints and the chain interactions to 
the average orientation of the chain segments can 
be separated, and the average molecular weight 
between topological constraints be calculated 
[66,67]. Moreover, 2H NMR spectroscopy reveals 
that the molecular dynamics along the cross-link 
chain are heterogeneous and more restricted in the 
junction zones [68,69]. Consequently, effects of 
chain orientation from strain are stronger in the 
center of cross-link chains than near the cross-link 
points [70]. Similar heterogeneity of molecular 
dynamics is produced by active fillers, where local 
chain mobility is slowed down in an adsorption 
layer [72]. A relatively small fraction of chains 
strongly absorbed to active fillers impacts the 
stress-strain properties of filled elastomers 
significantly [72].  

The chemical labelling effort is avoided, if 
deuterated network-like chains are incorporated 
into the elastomer sample by swelling prior to 
measurement [73-75]. In this way, stress-induced 
crystallization and melting have been studied in 
natural rubber with and without carbon black filler 
[76,77]. The segmental order observed upon 
dilution, however, depends on the solvent. The 
chain order is less affected by chain oligomers as 
solvents than with conventional low molecular 
weight solvents [78]. Yet the anisotropy of the 
cross-linked network suffices even in stretched 
poly(dimethyl siloxane) gels to slightly align 
biomolecules so that their residual dipolar 
couplings can assist the effort to unravel their 
molecular structures [79-81]. 
 
Magnetic resonance imaging 
NMR imaging (MRI – Magnetic Resonance 
Imaging) is a nondestructive method particularly 
suited to obtain 3D and 2D tomographic images of 
soft matter [17,18]. It has become an 

indispensable diagnostic tool in medicine, 
complementing X-ray tomography by its 
abundance of contrast parameters for soft matter 
diagnosis. The synthetic equivalence to biological 
soft matter is rubber and elastomers, so that early 
on, MRI has been explored to study rubbery 
materials, with particular attention to variations in 
crosslink density, filler distribution, solvent 
ingress, and aging [20,35,36]. While on a 
sufficiently coarse scale rubbery materials are 
considered homogeneous, the NMR signal from 
sufficiently small volume elements reveals 
variations in cross-link density and filler content, 
an observation to be expected when considering 
the statistical nature of their distributions. 
Already, the voxel volume of MRI and even stray-
field NMR is small enough to be sensitive to such 
inhomogeneities [82]. Additional 
inhomogeneities arise from insufficient mixing 
during product manufacturing [83], so that MRI, 
along with stay-field NMR relaxometry, are 
valuable assets in rubber process control and 
manufacturing [84]. Large products do not fit into 
the MRI magnet, and those containing steel, like 
most tires, are unfit because of their interaction 
with the magnet. While the use of rubber MRI is 
mainly of interest in research, stray-field NMR 
relaxometry is well integrated in parts of the tire 
industry [9,37,38].  

An early MRI study revealed that the spatial 
distributions of the 1H spin density is lowered and 
the molecular motion of water molecules in a gel 
is slowed down by compression compared with 
those in the surrounding uncompressed region 
[85]. A filled polysiloxane rubber band with a cut 
was imaged under elongation [83]. The filler 
distribution was found to be inhomogeneous, and 
images of the transverse relaxation time were 
calibrated to report stress and strain maps. Local 
strain has also been mapped by means of 
deuterated spy oligomers incorporated into the 
object and making use of their strain-dependent 
double-quantum signal or the 2H line splitting, as 
has been demonstrated with deuterated 
poly(butadiene) oligomers incorporated into a 
natural rubber band with cuts [86,87]. The same 
information can be obtained without sample 
preparation by mapping different multi-quantum 
NMR parameters associated with the strain-
dependent residual 1H-1H dipolar coupling 
[88,89]. In a comparative study, MRI and stray-
field relaxometry with the NMR-MOUSE were 
found to reveal differences in molecular mobility 
in silicone elastomers arising from differences in 
cross-link density, material heterogeneity, aging, 
and strain [90]. Moreover, the impact of radiation 
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on the shear modulus of silica-filled PDMS 
elastomers was quantified by 1H relaxation 
measurements and stray-field imaging [91].  

Depending on the loss modulus, the 
mechanical energy imparted to the rubber material 
by dynamic mechanical load raises the 
temperature. The thermal energy is dissipated 
through the surface of the object, leading to a 
temperature distribution inside. The distributions 
of molecular mobility associated with different 
carbon-black filler contents of dynamically 
sheared rubber cylinders were reported by 
parameter images of the transverse relaxation time 
and recalibrated to temperature distributions [92].  

In a unilateral stray-field NMR setup, 
oscillation-synchronized NMR excitation served 
to extract the deformation waveforms in different 
viscoelastic polyurethane samples, which were 
then processed to calculate the loss-angle and 
magnitude of the dynamic modulus for each 
sample [93]. Mechanical motion, like oscillatory 
or viscous fluid shear, can well be studied by MRI 
and unilateral stray-field NMR. The underlying 
NMR methodology and instrumentation have 
recently been reviewed in the literature with 
particular attention to portable stray-field NMR, 
which provides open access to the sample for 
mechanical deformation accessories [94].  

By means of magnetic field gradients 
oscillating with the same frequency as the 
mechanical deformation, the propagation of 
mechanical waves can be imaged, and their 
interference patterns can be analyzed, giving 
access to maps of the storage and loss moduli 
across an object [18]. This approach is termed 
NMR elastography. It can be employed for 
elastomers [95–98] but more importantly, it is of 
considerable interest for diagnosing cancer in 
living tissue [99–103].  
 
RIGID POLYMERS 
1H relaxometry 
Rigid polymers are predominantly in the 
amorphous, glassy state below the glass transition 
temperature or the semicrystalline state between 
the glass transition temperature and the melting 
temperature. The amorphous regions usually are 
characterized by higher segmental mobility and 
larger free volume than the defect-bearing 
crystalline regions. They are commonly 
understood to respond to increasing mechanical 
deformation before the crystalline domains are 
affected, leading to strain hardening, brittle or 
ductile behavior depending on the deformation 
rate and temperature, and crazing until failure 

[104,105]. 1H NMR relaxation studies are also 
well suited to investigate the impact of 
deformation and aging in solid polymers, because 
these phenomena primarily affect the segmental 
mobility on a time scale to which NMR relaxation 
is sensitive.  

Mobile, single-sided NMR relaxometry is a 
unique tool for investigating the effects of 
polymer aging, deformation and annealing, which 
has been demonstrated on a variety of 
technologically relevant materials like LDPE (low 
density poly(ethylene)) steel-pipe shells, HDPE 
(high density poly(ethylene)) pipes, 
polypropylene, and Nylon 6 [106–111]. The NMR 
signal decay of a semicrystalline polymer can be 
decomposed into three different components, 
which are attributed in decreasing order of the 
relaxation times to the amorphous, interfacial, and 
crystalline domains constituting the material 
morphology. In uniaxially stretched 
poly(propylene), both the relaxation times of the 
amorphous and the interfacial regions decreased 
with increasing elongation while the amorphous 
content increased, and the interfacial and 
crystalline contents decreased [109]. Similarly, a 
recent, combined study of the amorphous-chain 
reorientation under uniaxial elongation of low-
density polyethylene relying on wide-angle X-ray 
scattering data and orientation-dependent solid-
state NMR signal decays revealed the formation of 
additional rigid amorphous regions above a 
threshold elongation [112]. On the other hand, in 
a weakly curved, carbon-black-filled PE pipe 
section, both the relaxation times of the 
amorphous and the interfacial regions increased 
upon straining the pipe [106,108|.  
 
NMR spectroscopy of 2H and 13C isotope labels 
Enhanced chain mobility was also observed by 
deuteron NMR in the amorphous regions of 
deuterated Nylon 6 under active uniaxial 
deformation near the glass transition temperature, 
which relaxed upon stress release [110], whereas 
the mobility of D2O incorporated into Nylon-6 
became progressively confined with increasing 
alignment of polymer chains and strain-associated 
changes in polymer morphology [111]. 

Strain-enhanced molecular mobility is also 
expected from molecular dynamics simulations 
for glassy polymers [113,114]. This has been 
observed by 2H NMR for bulk polycarbonate and 
poly(p-phenyleneterephthalamide) fibers [115–
118]. Wideline 2H 2D exchange NMR 
spectroscopy of phenyl-ring deuterated 
polycarbonate revealed that the reorientation 
angle distribution of the phenyl-ring flip widened 
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upon stretching the sample inside the NMR 
magnet with a dedicated titanium rig [117]. 
Subsequently, enhanced phenyl ring dynamics 
were observed by the same method in poly(p-
phenyleneterephthalamide) fiber bundles 
uniaxially loaded to 55% of their breaking 
strength [116]. Moreover, double quantum 
correlated 2D NMR spectroscopy on doubly 13C 
labeled polycarbonate confirmed that the 
geometry of the entanglement network is the most 
important structural parameter for the plastic 
behavior of glassy polymers [117]. The 
conformational distribution was found to be 
unaffected by the deformation, whereas small 
changes in the local packing of molecular 
segments could be detected in terms of the 
phenylene ring planes tending to orient parallel to 
one another upon deformation [118]. The same 
experimental technique revealed that the degree of 
molecular alignment in dragline silk fibers 
increases with the fiber draw rate, and that it 
changes more, when the drawing tension on the 
fiber is relaxed from higher draw rates [119]. 
Wideline 13C NMR spectra were also measured to 
follow the light-induced change in orientational 
order of an oriented liquid-crystalline side-chain 
polymer film (Fig. 1b) [8]. 
 
NMR imaging 
NMR imaging of rigid polymers is challenged by 
short transverse relaxation times, which require 
special solid-state imaging techniques, unless 
images of the soft fractions suffice. Else, high 
excitation power, small samples, and line-
narrowing techniques like MAS (magic angle 
spinning) or isotope enrichment of the sample 
need to be applied [18,120–122]. Information on 
molecular order and dynamics can be extracted 
from spatially resolved wide-line spectra of 
samples labelled by 2H at selected chemical sites 
when the spatial information is encoded in the 
narrow double quantum resonance, an approach 
which has been demonstrated on a phantom 
constructed from drawn poly(ethylene) [123,125]. 
On the other hand, the 13C resonance is sufficiently 
narrow to enable space encoding, albeit at the 
expense of long measurement times due to the low 
natural abundance of the nucleus. This has been 
demonstrated with a spectroscopic 13C image of a 
tensile bar from syndiotactic poly(propylene), 
which revealed the skin-core layer structure of the 
object that resulted from the orientation and 
associated inhomogeneous cooling of the material 
during injection molding [124,125].  

Special multi-pulse NMR line-narrowing 
sequences can sufficiently extend the duration of 

the 1H NMR signal for space encoding and give 
access to relaxation rates sensitive to defect 
structures in rigid polymers. In this way, 
polycarbonate samples drawn to different 
elongation ratios up to l = 2.7 have been imaged 
with the multi-pulse relaxation time as a contrast 
parameter [126]. In the necking region, the 
relaxation rate was increased due to 
immobilization of the small amplitude phenylene 
motion corresponding to a temperature shift of 10 
K. Moreover, two crossing shear bands were 
clearly visible in an NMR image, whereas they 
were far less resolved in a polarization microscopy 
image.  

In a detailed study, 1H NMR imaging served 
among others to yield the chain director 
distribution in macroscopic sections derived from 
a frozen contraction flow of a main-chain liquid 
crystalline polymer [127]. The crack-growth 
resistance of ABS, a blend of poly(styrene-co-
acrylonitrile) with poly(butadiene) and 
PBT/PTMO, a block copolymer of poly(butylene 
terephthalate)/poly(tetramethylene oxide) was 
studied by 1H MRI of the crack tip with a 
dedicated stretching device that allowed to keep 
notched materials under load inside the magnet 
during imaging [128]. Numerous damage bands 
appeared in the images of strained ABS, which 
converged toward the crack tip and remained upon 
unloading. The image contrast was due to reduced 
material density. With the same setup, notched 
specimens of two different types of extruded 
polyamide 6 and maleic anhydride grafted 
ethylene-propylene blends were examined under 
critical load, where one blend contained pure 
rubber particles dispersed in the PA6 matrix, and 
the other contained PA6 occlusions within the 
rubber particles [126]. MRI experiments revealed 
a gradual increase of rubber cavitation toward the 
crack tip, whereby the tougher blend with the 
occlusions had a significantly more extended 
plastic zone ahead of the crack tip. 
 
SUMMARY 
Mechanical deformation of polymer materials 
changes the mobility and alignment of their 
constituting macromolecules. These properties 
can be probed by NMR in terms of NMR 
relaxation times and resonance frequencies. 
Relaxation times are primarily determined by 
molecular motion, whereas resonance frequencies 
are determined by the impact of average molecular 
order on anisotropic spin interactions between 1H 
nuclei, 13C chemical shifts, and 2H isotope labels. 
The NMR modalities of spectroscopy and 
relaxometry have been employed individually and 
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combined with spatial resolution in NMR images 
to unravel many details of the molecular response 
to strain and pressure on a space scale ranging 
from the chain segment to a macroscopic sample 
section. While the execution of most NMR 
techniques demands the skills of experts, NMR 
relaxometry inside and outside the magnet is 
simple to use and has found its way to elastomer 
manufacturing sites, providing valuable 
information on cross-link density, quality of 

mixing, and aging. Investigations of the polymer 
response to static and dynamic strain, on the other 
hand, have greatly contributed to the principle 
understanding of the impact of deformation on 
molecular dynamics, order, and polymer 
morphology on the way to real-time monitoring of 
polymer processing steps and the  
conception of ecologically sound, smart, and 
responsive polymer materials. 
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Original research paper 
Cellulose Nanocrystals-Based Nanocomposites for Magnetic 
Solid-Phase Extraction of PAHs from Water Samples   
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Abstract: An eco-friendly magnetic nanocomposite based on cellulose nanocrystals (CNCs) was synthesized through 
a rapid and straightforward method, utilizing electrostatic interactions between Fe2O3 nanoparticles and CNCs 
(CNCs/Fe2O3). These nanocomposites were characterized by scanning electron microscopy-energy dispersive X-ray 
spectrometry (SEM-EDX) and Fourier transform infrared spectroscopy (FTIR). These hybrid materials were 
effectively employed for the adsorption of three polycyclic aromatic hydrocarbons (PAHs), naphthalene, fluorene and 
pyrene from water samples, using magnetic solid-phase extraction (MSPE) as the preconcentration technique. Among 
the tested formulations, the CNCs/Fe2O3 with a mass ratio of 3/1 demonstrated the highest adsorption capacity for all 
three PAHs. The following order was observed for the extraction efficiency: pyrene > fluorene > naphthalene. MSPE 
process was optimized using a Plackett–Burman design to identify the most influential experimental parameters. 
 
Keywords: cellulose nanocrystals; polycyclic aromatic hydrocarbons; preconcentration; sorbent 
 

शोधसार: ÿÖतुत अनुसÆधानमा फेåरक अ³साइड र सेललुोजका नानोकिणकाहŁ िबचको िÖथर िवīिुतय अÆतरिøयाको उपयोग गरेर 

चÌुबकìय गणुयĉु वातावरणमýैी नानोसिम®ण सĴेंषण गन¥ िछटो र सरल िविधको अÅययन गåरएको िथयो । यसरी तयार गåरएका 

सिम®णहłको अनेकन िवशेषताहŁ िनधाªरण गनªका लािग Ö³यािनङ इले³ůोन माइøोÖकोपी–इनजê िडÖपिसªभ ए³स-रे Öप³ेůोमेůी 

(SEM-EDX) र फोåरएर ůाÆसफमª इÆĀारेड Öप³ेůोÖकोपी जÖता उपकरणहŁ ÿयोग गåरएका िथए । उĉ सिम®णहłलाई चÌुबकìय 

ठोस िनÕकषªण ÿिविध (MSPS) समेत अपनाएर पानीलाई नराăरी दिुषत गन¥ ३ िबिभÆन ÿकारका पोिलएरोÌयािटक हाइűोकाबªनहł 

(जÖतैः नाÉथािलन, Éलोåरन र पाइåरन ) को ÿभावकारी अवशोषणका लािग ÿयोग गåरयो । परी±ण गåरएका नमनुाहł मÅय ेसेललुोज 

र फेåरक अ³साइडका नानोकिणकाहŁको माýाÂमक अनुपात ३:१ रहकेो नानोसिम®णल ेदेहाय अनुसारको øममा सवō°म अवशोषण 

±मता ÿदशªन गरेको पाईयो: पाइåरन > Éलोåरन > नाÉथािलन । िनÕकषªमा दिुषत-जल-ÿशोधन ÿयोजनाथª ÿभावी ÿयोगाÂमक 

सुचकहłको पिहचान हतेु Èलाकेट् -बमªन िडजाइनको उपयोग गरी उÐलेिखत चÌुबकìय ठोस िनÕकषªण ÿिविधको पिन सधुार गåरएको 

िथयो । 
 

INTRODUCTION

Water is extensively used in the petroleum industry 
to enhance oil production. The resulting byproduct, 
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known as produced water or oily water, is extracted 
from the reservoir alongside crude oil. This mixture 
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comprises formation water (naturally occurring 
water within the reservoir) and connate water 
(injected water used to boost oil extraction and 
maintain the reservoir pressure). Produced water 
contains elevated level of organic pollutants, 
notably polycyclic aromatic hydrocarbons (PAHs) 
(Amakiri et al., 2024). Other prevalent 
contaminants include BTEX compounds (benzene, 
toluene, ethylbenzene, xylenes, and phenol), all 
classified as high-priority chemicals by the EPA 
(2019) and WHO (2019). Nowadays, global oil 
production increases to supply energy demand. 
Consequently, the volume of produced water also 
escalates. (Amakiri et al., 2022). 
PAHs are persistent organic pollutants 
characterized by two or more condensed aromatic 
rings. They are hazardous to both the environment 
and human health, exhibiting carcinogenic, 
mutagenic, and immunosuppressive properties 
(EPA, 2019; WHO 2019). The discharge of the 
produced water into marine environments is a 
significant source of PAH contamination. Studies 
have identified and quantified PAHs in oily water 
samples (Binet et al., 2011; Gabardo et al., 2011; 

Venkatesan and Wankat, 2017). PAHs present low 
water solubility, low volatility, and tend to 
accumulate in organisms and aquatic sediments 
(Zhang et al., 2016). 
Concentrations of PAHs in produced water range 
from about 0.01 µg L-1 to 1512 µg L-1, with 
naphthalene and fluorene among the most prevalent 
(Table 1) (Pampani and Sydnes, 2013; Petrobras, 
2021). Variations in concentration levels are 
attributed to differences in oil field locations and 
reservoir characteristics.  
Naphthalene is genotoxic and induces tumors in 
experimental animals (IARC, 1985; IARC, 2012). 
Additionally, naphthalene irritates human skin and 
can cause allergic reaction in both humans and 
animals (IARC, 2012). Fluorene is not classified as 
a carcinogen; however, studies on oral exposure in 
humans demonstrated a decrease in red blood cell 
count, packed cell volume, and hemoglobin levels 
(EPA, 1990a). Pyrene is not classified as 
carcinogenic by the EPA (1990b); nevertheless, it is 
a skin irritant, a suspected mutagen, and a possible 
tumor-causing agent (EPA, 1990b). 

 
Table 1. Concentration values (µg L-1) of major PAHsin produced water from various marine regions 
(Pampanim and Sydnes, 2013; PETROBRAS, 2021. 
 

Compound Great 
Britain 

North Seaa 

Scotian Shelf 
Canadaa 

North America 
Gulf of 
Mexicoa 

Brazil 
Santos Basin  

FPSO* 
Mangaratibab 

Brazil 
Santos Basin  
FPSO* P-66 

Angra dos Reisb 

Pyrene 0.03 - 1.9 0.36 0.01 - 0.29 0 - 0.40 <0.05 - 0.12 

Naphthalene 237 – 394 1512 5.3 - 90.2 17.3 - 33.5 20.2 - 80.3 

Fluorene 2.6 - 21.7 13 0.06 - 2.8 1.2 - 1.8 0.80 - 4 

Phenanthrene 1.3 - 32.0 4.0 0.11 - 8.8 0 - 7.0 2.7 – 16.5 

Anthracene ND 0.26 0.45 ND <0.05 

Total PAHs 419 - 1559 2148 40 - 600 27.6 - 39 23.8 - 101 

a (Pampanim and Sydnes, 2013);  
b (PETROBRAS, 2021).                            
*Floating Production Storage Offloading Unit

Produced water treatment typically occurs at the oil 
field surface, utilizing separation tanks, 
hydrocyclones and floaters units. The disposal 
process follows the guideline established by 
CONAMA Resolution 393/2007, which allows for 

an average concentration of oil and grease up to 29 
mg L-1, and a maximum daily limit of 42 mg L-1 
(CONAMA, 2007; Petrobras, 2022). For marine 
disposal, the resolution also establishes monitoring 
of additional parameters, including organic 
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compounds (PAHs, BTEX, phenols and evaluation 
of total hydrocarbons) (CONAMA, 2007).  
Precisely measuring PAH levels in water samples is 
crucial to ensure adherence to environmental 
regulations. This requires effective sample 
preparation and extraction techniques. The common 
analytical techniques for PAHs detection include 
high-performance liquid chromatography (HPLC) 
with UV-visible or fluorescence detection, gas 
chromatography-mass spectrometry (GC-MS), and 
fluorescence spectroscopy (Gratz et al., 2000; Song 
et al., 2012).   
Gabardo et al. collected water samples from 
Guanabara Bay (Rio de Janeiro, Brazil), storing 
them in dark containers at temperatures below 5 °C. 
PAHs were extracted using liquid-liquid extraction 
with n-hexane and analyzed by UV-fluorescence 
spectrometry. PAHs concentrations ranged from 
0.04 to 24.48 µg L-1 (Gabardo et al., 2001).  
Delgado et al. collected seawater samples from a 
Spanish beach near an oil industry and analyzed the 
presence of PAHs by liquid chromatograph 
equipped with a scanning fluorescence detector. 
Subsequent quantification by HPLC allowed the 
determination of 13 PAHs, with limits of detection 
up to 23 mg L-1 and an average total relative 
standard deviation (RSD) of 9.2 % (Delgado et al., 
2004).  
Analyzing PAHs in water requires indirect methods, 
as direct detection is often challenging due to the 
complex composition of the produced water. 
Therefore, the determination of the concentration of 
each compound requires a sample preparation 
process, including efficient extraction techniques. 
One of the miniaturized extraction techniques that 
has been widely used for the extraction of PAHs is 
magnetic solid phase extraction (MSPE). This is a 
miniaturized method that becomes popular for PAH 
extraction. In MSPE, a magnetic hybrid adsorbent 
is dispersed in the liquid sample, favoring 
interaction between the sample and the extracting 
solid phase (Šafařı́ková and Šafařıḱ, 1999). The 
magnetic component allows for easy handling using 
an external magnetic field (magnet), while the 
extracting phase adsorbs the target analytes through 
various chemical interactions (Sasaki and Tanaka, 
2011). Selecting appropriate adsorbent materials 
enhances extraction selectivity and efficiency, and, 
in some cases, the materials can be reused (Yaping 
et al., 2014).  

The magnetic phase in MSPE technique often 
consists of iron-based minerals or iron oxides, such 
as magnetite (Fe3O4) or maghemite (γ-Fe2O3). The 
extracting phase may include organic and inorganic 
compounds forming composites (Yang et al., 2019). 
Some of them include carbon nanotubes integrated 
into iron-based metal-organic frameworks (Yang et 
al., 2022), or graphene oxide modified with 
polyaniline (Manousi et al., 2021) among others. 
The main adsorption mechanism for PAHs is based 
on π-π interactions between the aromatic structures 
and those of the adsorbent material. Consequently, 
an ideal solid adsorbent should possess a high 
surface area and abundant conjugated double bonds 
(Zhang et al., 2011). Carbon-based materials are 
commonly used for PAH adsorption due to their 
high specific surface area and presence of π orbitals 
(Kong et al., 2011).  
The cellulose nanocrystals (CNCs) are renewable 
nanomaterial that serve as green alternatives to 
traditional sorbents for the sample preparation 
techniques due to their biocompatibility, 
biodegradability, and chemical stability (Dufresne, 
2013). CNCs exhibit strong intermolecular and 
intramolecular hydrogen bonds enhancing their 
reactivity (Ruiz-Palomero et al., 2017). 
Additionally, CNCs can be easily coupled with 
magnetic nanoparticles to form magnetic 
nanocomposites, offering efficient and economical 
options for preconcentration, clean-up and 
extraction operations. These composites are 
hydrophilic with controlled retention of the target 
analytes and can be rapidly recovered using a 
magnet (Abujaber et al., 2019).   

The multifunctional properties of the nanocellulose-
based offer significant advantages in the application 
of adsorbent composite materials (Soares et al., 
2024). These materials have garnered attention in 
the treatment of heavy metal wastewater due to their 
increased number of adsorption active sites and 
greater biocompatibility (Habibi, 2014; Bhatnagar 
et al., 2015). These inherent qualities make it 
suitable as a material for oil-water separation. Bio-
based nanocellulose materials are also effective in 
the adsorption and degradation of organic pollutants 
due to their excellent physicochemical properties 
(Aoudi et al., 2022). Nanocellulose can remove 
several pollutants from water such as heavy metal 
ions, nitrates, phosphates, dyes, oils, pesticides and 
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pharmaceuticals due to the possibility of modifying 
their hydroxyl groups (Mautner, 2020). 

In this work, cellulose nanocrystals (CNCs), 
previously produced by an enzyme-mediated 
method (Arantes et al., 2020a), an eco-friendly and 
low-cost method compared to traditional processes, 
was used to synthesize a magnetic nanocomposite. 
In aqueous solution, the CNCs are dispersed and 
negatively charged, allowing the formation of a 
nanocomposite through electrostatic attraction with 
positively charged iron oxide (Fe2O3) magnetic 
nanoparticles. The magnetic composite was 
employed as a sorbent in the MSPE technique. This 
technique, using the newly produced CNCs/Fe2O3 
nanocomposite, enabled the isolation and 
preconcentration of naphthalene, fluorene and 
pyrene in water. These PAHs were selected due to 
their high abundance in the produced water by the 
petroleum industry. 

 

MATERIALS AND METHODS  
Materials 

The CNCs sample used in the synthesis of the 
magnetic nanocomposite was previously obtained 
by enzyme-mediated isolation from a Eucalyptus 
bleached Kraft pulp according to the literature 
(Arantes et al., 2020a; 2020b) and dispersed in 
water at a concentration of 0.3 wt%. FeCl3-6H2O 
and FeSO4-7H2O, as well as naphthalene, fluorene 
and pyrene (analytical standard) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA), NaOH 
(97 % purity, pellets) and HNO3 65 % were acquire 
from Vetec Química Fina (Xerém, RJ, Brazil).  
Distilled water (pH 5) was prepared on a water 
purification system (Q341) supplied by Quimis. The 
organic solvents (acetonitrile, hexane, methanol, 
dichloromethane and pentane) were obtained from 
Labsynth (Diadema, SP, Brazil). Stock standard 
solutions of each PAH (100 mg L-1) were prepared 
in acetonitrile. Working solution (10 mg L-1) of the 
three PAHs was prepared daily by diluting the stock 
standard solutions with distilled water. All solutions 
were stored protected from the light at 4 °C. 

Fe2O3 synthesis 

The magnetic component of nanocomposite, iron 
oxide (Fe2O3), was synthesized exactly according to 
the literature (Fernández and Vidal, 2016). Briefly, 
0.780 g of FeCl3.6H2O and 0.400 g of FeSO4.7H2O 

were dissolved in 250 mL of distilled water. Then, 
a 5 M NaOH solution was added dropwise under 
constant stirring to precipitate the iron oxide. The 
resulting Fe2O3 nanoparticles were washed with 
distilled water until the pH of the washings reached 
7, separated from non-magnetic nanoparticles using 
a neodymium magnet, and dried at 60 °C overnight. 

Synthesis of CNCs/Fe2O3 nanocomposite  

The CNCs/Fe2O3 nanocomposites were synthesized 
based on a method described by Costa dos Reis et 
al. (2017). A dispersion of CNC in distilled water (1 
mg mL-1) was prepared using ultrasound energy 
(Fisherbrand CPX3800) for 1 h. CNC possess 
hydroxyl (-OH) groups on their surface, which, 
upon ultrasound treatment, loose hydrogen ion 
rendering the surface negatively charged. 
Separately, Fe2O3 nanoparticles were dispersed in 
1M HNO3 and sonicated for 30 min to achieve a 
concentration of 150 mg mL-1. This process 
produces a positive charge in their surface. The two 
dispersions were then mixed, and the pH of the 
mixture (CNCs solution + Fe2O3 solution) was 
adjusted to 2. The mixture was vigorously stirred for 
1 h, allowing the electrostatic self-assembly occur, 
forming the CNCs/Fe2O3 nanocomposite. The 
nanocomposite was separated using an external 
magnetic field and dried in an oven at 60 °C 
overnight. CNCs/Fe2O3 ratios of 1/1 and 3/1 (w/w) 
were prepared. Figure 1 illustrates the synthesis 
procedure.  
 
 
 
 
 
 
 
Figure 1. Synthesis procedure of CNCs/Fe2O3 
nanocomposite. 

Magnetic solid-phase extraction procedure 

The CNCs/Fe2O3 nanocomposite developed in this 
study was used as adsorbent in the aqueous sample 
pretreatment technique known as MSPE. The 
studies employed fluorene, pyrene and naphthalene 
as model analytes. Standard solutions of each PAH 
were prepared in acetonitrile at concentrations of 
100 mg L-1. A working aqueous solution containing 
10 mg L-1 of each PAH was then prepared by 
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diluting the standard solutions. The MSPE 
procedure is illustrated in Figure 2.  

 
Figure 2. MSPE procedure for the preconcentration 
of PAHs (prepared by the author). 
 
In the MSPE procedure, 20 mg of CNCs/Fe2O3 
nanocomposite (1/1 and 3/1 mass ratios) were 
mixed with 10 mL of work solution. The mixture 
was agitated for 10 min and the vial was placed on 
a neodymium magnet to separate the 
nanocomposite, which was deposited at the bottom 
due to magnetic attraction. The liquid phase was 
discarded.  
For the adsorption of PAHs, the nanoparticles of the 
nanocomposite were treated with 0.5 mL of hexane 
(eluent) in an ultrasonic bath for 5 min. The eluate 
was separated from the nanocomposite using 
magnetic separation and transferred to a 
chromatography vial for analysis. 
Acetonitrile/dichloromethane mixture was also 
used as eluent. 

Gas chromatography- Flame ionization detection 
(GC-FID) analysis 

Eluates obtained from the MSPE procedure, along 
with standard solutions containing the three PAHs, 
were analyzed using a gas chromatograph 
(Shimadzu, model QP2010) equipped with a 
split/splitless automatic injector and a flame 
ionization detector, Japan. A capillary column 
RTX-5 (diphenyl dimethyl polysiloxane, 30 m x 
0.25 mm ID, 0.25 μm film thickness) was used. The 
injector temperature was set at 250 °C and the 
injection volume was 1 µL in splitless mode. The 
oven temperature program was as follows: initially 
set at 50 °C (held for 3 min), then increased at 30 

°C/min to 300 °C (held for 4 min). Helium (99.999 
%) at a flow rate of 30 mL min-1 was used as carrier 
gas. The detector temperature was set at 320 °C.  

SEM-EDX analysis 

The morphology of the nanoparticles was examined 
using scanning electron microscopy (SEM) with a 
TESCAN VEGA III microscope (Czech Republic), 
operating at 20 kV. Elemental analysis was 
performed with an energy dispersive X-ray (EDX) 
detector from Bruker Nano GmbH (Germany), 
model XFlash 630M. EDX microanalysis is an 
elemental analysis technique associated with SEM, 
based on the generation of characteristic X-rays that 
reveals the presence of elements in the sample. 

Particle size analysis 

Particle size and particle size distribution was 
determined using a laser diffraction particle size 
analyzer (Mastersizer 3000, Malvern Instruments). 
The analyzer employs two light sources: red (632.8 
nm) and blue (470 nm), allowing measurement of 
the hydrodynamic diameter of particles in the range 
of 10 nm to 3500 μm. Analyses were conducted at 
low obscuration (0.5 – 4 %), with a stir rotation 
speed fixed at 3500 rpm, without sonication. The 
input parameters were manually set to assume a 
non-spherical particle model, and the refractive 
index for cellulose (1.4683) was used (Sultanova et 
al., 2013). Each analysis was performed in 
duplicate, with three runs, each comprising five 
successive laser diffraction measurements, totaling 
15 readings per sample. Before each analysis, the 
dispersion unit was automatically cleaned three 
times with ultrapure water.  
Changes in particle size distribution were evaluated 
by comparing the reduction in peak height after 
enzymatic treatment to that of the untreated 
reference pulp (BEKP). The particle size metrics, 
Dx (10), Dx (50) Dx (90), represent the diameters 
below which 10 %, 50 % and 90 % of the particles 
fall, respectively, indicating the distribution of 
particle sizes within the sample. 
 

FTIR analysis 

Fourier Transform Infrared Spectroscopy (FTIR) 
was employed to investigate the chemical structure 
of the samples. Measurements were performed 
using a Perkin Elmer FTIR Spectrometer (Frontier, 
Perkin Elmer, UK), operating with scanning in the 
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range of 400 to 4000 cm−1, with a resolution of 1 
cm−1, and 32 scans. 

Data processing 

The optimization of the MSPE conditions was 
carried out using NEMRODW® statistical software 
(version 2007/2010) (“New Efficient Methodology 
for Research using Optimal Design”) developed by 
LPRAI (Marseille, France). This software 
facilitated the construction of experimental design 
matrices and the analysis of response variables. The 
peak areas from chromatographic analysis of each 
PAH were used as the response function to evaluate 
extraction efficiency. All experimental procedures 
were conducted in compliance with laboratory 
safety protocols and adhered to principles of good 
scientific practice and research integrity. 

 

RESULTS AND DISCUSSION 
Characterization of CNCs/Fe2O3 nanocomposites 

Figure 3 shows the FTIR spectra of CNCs, Fe2O3, 
and the CNCs/Fe2O3 nanocomposites. The CNCs 
spectrum exhibits a broad absorption band centered 
around 3420 cm-1, which is attributed to the O-H 
stretching vibrations of hydroxyl groups in cellulose 
and absorbed water (Maria Claro et al., 2024). A 
distinct peak at approximately 2900 cm-1 
corresponds to the C-H stretching vibration. The 
absorption band observed near 1640 cm-1 is also 
indicative of absorbed water in the sample (Maria 
Claro et al., 2024). Additionally, the band at 1200 - 
1000 cm-1 region is associated with C-O stretching 
vibrations, characteristic of the cellulose backbone. 
In the Fe2O3 spectrum, a broad band around 3400 
cm-1 is attributed to O-H stretching vibrations, while 
a small peak at 1640 cm-1 confirms the presence of 
absorbed water. A prominent absorption band at 
around 630 cm-1 is assigned to the Fe-O stretching 
vibration, in agreement with previously reported 
results (Farahmandjou and Soflaee, 2015). The 
CNCs/Fe2O3 nanocomposite spectrum displays key 
absorption features: a band at 1640 cm-1 consistent 
with absorbed water, a peak around 1390 cm⁻¹ 
corresponding to C–H bending vibrations, and a 
band near 607 cm⁻¹ attributed to Fe–O bond 
stretching. The overall spectral profile of the 
nanocomposite closely resembles that of the CNCs 
spectrum, which can be explained by the high 
proportion of CNCs in the composite (3/1 w/w). 

 
Figure 3. FTIR spectra of (a) CNCs, (b) Fe2O3 and 
(c) CNCs/Fe2O3 nanocomposite. 
 

Figure 4 exhibits the SEM micrographs and the 
corresponding EDX analysis of CNCs, Fe2O3 and 
the CNCs/Fe2O3 (3/1) nanocomposite. The Fe2O3 

nanoparticles appear as irregularly shaped 
agglomerates (Figure 4a) (Costa dos Reis et al., 
2017). EDX analysis confirms the presence of iron 
(58.23 %) and oxygen (36.01 %), consistent with 
iron oxide composition. The SEM image of the 
CNCs (Figure 4b) reveals sheets-like structures, 
which contribute to a high surface area, 
advantageous for extraction purpose. The 
corresponding EDX spectrum (Figure 4e) indicates 
a high carbon content (63.44 %), followed by 
oxygen (33.55 %). A small amount of iron detected 
in the CNCs sample is likely due to contamination 
of CNCs during the enzymatic hydrolysis of 
eucalyptus Kraft pulp. 

Figure 4c shows SEM image of the CNCs/Fe2O3 

(3/1) nanocomposite. The image indicates that the 
smaller Fe2O3 nanoparticles are anchored as discrete 
clusters on the surface of the CNCs sheets. This 
morphology is attributed to electrostatic self-
assembly (Han et al., 2012; Costa dos Reis, 2017), 
driven by the interaction between the positively 
charged Fe2O3 surface and the negatively charged 
CNCs in aqueous solution. As expected, the 
quantity of Fe2O3 in the particle is virtually lower 
than that of CNCs, reflecting the 3/1 (w/w) 
composition. The EDX spectrum of the 
nanocomposite (Figure 2f) shows a predominant 
carbon signal (27.41 %) from the nanocellulose 
matrix, along with oxygen (22.92 %) from both 
CNCs and Fe2O3 , and iron (12.08 %), confirming 
the successful incorporation of Fe2O3 into the 
nanocomposite. 
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Figure 4. SEM images and EDX spectra of (a,d) 
Fe2O3 (b,e) CNCs and (c,f) CNCs/Fe2O3 
nanocomposite. 

 
Figure 5 illustrates the particle distribution of 
Fe2O3, CNCs and CNCs/Fe2O3 (3/1) 
nanocomposite. According to the results, Fe2O3 

nanoparticles presented the average size of 0.46 µm, 
CNCs nanoparticles and CNCs/Fe2O3 (3/1) 
nanocomposite particles presented the average size 
of 0.49 µm and 0.89 µm, respectively. These results 
suggest that Fe2O3  nanoparticles were anchored as 
clusters onto the surface of the CNCs nanoparticles.  
The particle size of the CNCs/Fe2O3 (3/1) 
nanocomposite reduced drastically (0.89 µm) in 
comparison to Fe2O3 and CNCs. The decrease in 
size could be attributed to the breakage of CNCs 
particles during the formation of the nanocomposite 
carried out under vigorous stirring of the mixture of 
Fe2O3 and CNCs solutions. 

Evaluation of the nanocomposite’s ability to 
adsorb PAH 

Preliminary investigations into the adsorption 
performance of the CNCs/Fe2O3 nanocomposite 
were conducted by varying the CNCs/Fe2O3 mass 
ratio. The adsorption efficiency was assessed based 
on the area of the chromatographic peak, since it is 
proportional to the concentrations of the analyte. 

The preconcentration factor (PF) was calculated as 
the ratio Ae/Ao, where Ao and Ae represent the 
chromatographic area of the PAH in the standard 
solution and in the eluate after the extraction, 
respectively. Experiments were initially carried out 
with nanocomposite synthesized at pH 2. Using the 
CNCs/Fe2O3  (1/1) nanocomposite, the PF values 
obtained for naphthalene, fluorene and pyrene were 
0.1, 0.1 and 0.2, respectively. These results suggest 
that pyrene exhibited the highest affinity for the 
adsorbent material. 
 

 
Figure 5. Particle size distribution of Fe2O3, CNCs 
and CNCs/Fe2O3 (3/1) nanocomposite. 
 
When the CNCs/Fe2O3 mass ratio was increased to 
3/1, the PF values improved significantly, reaching 
0.5 for naphthalene, 0.87 for fluorene, and 1.64 for 
pyrene. This indicates that the adsorption efficiency 
is enhanced by increasing the proportion of CNCs 
in the composite, because of their high surface area 
and the electron delocalization (Arantes et al., 
2020). These findings support the hypothesis that 
CNCs serve as the primary adsorptive component in 
the nanocomposite. Higher CNCs contents were not 
tested, as an adequate proportion of Fe2O3 is 
necessary to ensure magnetic responsiveness. A 
significant imbalance between the mass of the 
adsorbent and the magnetic phase could impair the 
efficiency of the magnetic solid-phase extraction 
(MSPE) process.  
Based on the improved performance of the 
CNCs/Fe2O3 (3/1) nanocomposite prepared at pH 2, 
additional batches of this nanocomposite were 
synthesized at pH 7 and pH 10 to evaluate the 
influence of the pH during the synthesis on 
adsorption capacity. Figure 6 shows the average 
chromatographic peak areas for naphthalene, 
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fluorene and pyrene extracted using composites 
prepared at different pH values.  
 

 
Figure 6. Average chromatographic area for 
naphthalene, fluorene and pyrene obtained in 
MSPE´s using nanocomposites synthesized with 
different pH´s. Synthesis conditions: CNCs/Fe2O3 
ratio (w/w) 3/1 and 1 h of magnetic stirring. 
Extraction conditions: nanocomposite = 20 mg; 
standard solution = 20 mL; extraction time = 10 
min; eluent = 1 mL; desorption time = 5 min; pH = 
5; without NaCl addition. 
 
The highest adsorption capacity was observed with 
the nanocomposite synthesized at pH 2. This result 
can be attributed to the electrostatic self-assembly 
process that occurs between the negatively charged 
CNCs and the positively charged Fe₂O₃ 
nanoparticles (Costa dos Reis et al., 2017). At a 
neutral pH (7), the concentration of H+ ions is 
insufficient to fully protonate the Fe2O3 particles, 
reducing the extent of positive charge. 
Consequently, the electrostatic attraction between 
Fe2O3 and CNCs is weakened, resulting in and 
inadequately formed composite with fewer 
magnetic nanoparticles, which negatively affect its 
adsorption capacity. 
In MSPE, nanocomposites with a low proportion of 
the magnetic phase can present challenges in the 
separation step. To further optimize the synthesis 
conditions, nanocomposites with CNCs/Fe2O3 

 mass ratio of 3/1 were prepared at pH 2 with 
different stirring durations - 1 h and 3 h. These 
composites were then evaluated for their 
performance in the preconcentration of 
naphthalene, fluorene and pyrene. The highest 
chromatographic peak areas were achieved using 
the nanocomposite synthesized with 1 h of magnetic 
stirring.  
In conclusion, the optimal synthesis conditions for 
the CNCs/Fe2O3 nanocomposite synthesis were 
determined to be: CNCs/Fe2O3 mass ratio of 3/1, pH 
2 and 1 h of magnetic stirring. 
 

Optimization of the MSPE procedure 

The optimization study employed a Plackett-
Burman design, a two-level fractional factorial 
design suitable for evaluating up to K = N − 1 
variables in N experimental runs, where N is a 
multiple of 4. This design assumes that interactions 
between factors are negligible, allowing the main 
effects to be estimated with a reduced number of 
experiments (Draper, 1985). In this study, an 
experimental matrix was constructed to evaluate 
eight factors, as shown in Table 2. 

Based on the selected experimental design, twelve 
independent trials were conducted in a random 
order. The resulting data were analyzed using 
analysis of variance (ANOVA), and the influence of 
each factor on the response variables was illustrated 
using Pareto charts for each PAH, as shown in 
Figure 7. In these charts, the length of each bar 
represents the magnitude of the factor’s effect. 
Factors with bar extending beyond the reference 
vertical line are considered statistically significant 
at a 95 % confidence level. 

Additionally, the sign of each event (negative or 
positive) indicates whether the response decreases 
or increases, respectively, when the factor changes 
from its low to high level.

Table 2. Factors and levels of Plackett-Burman design.

Factor Low level (-1) High level (+1) 
Amount of nanocomposite (mg) 20 40 
Vortex extraction time (min) 5 10 
Type of eluent acetonitrile/dichloromethane hexane 
Volume of eluent (mL) 0.5 1 
Desorption time in ultrasound (min) 2.5 5 
Sample pH 5 12 
Volume of sample (mL) 10 20 
Ionic strength (% of NaCl) 0 15 
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In the Pareto charts for all three analytes studied, 
naphthalene, fluorene, and pyrene, the graphic 
values for each factor did not exceed the reference 
line, indicating that none of the evaluated factors 
were statistically significant for the magnetic solid 

phase extraction (MSPE) process at the 95 % 
confidence level. Despite this, the direction of each 
factor’s effect (positive or negative) was used to 
guide the selection of optimal conditions. 

Figure 7. Pareto chart of the Plackett-Burman design for naphthalene, fluorene and pyrene: (a) amount of 
nanocomposite; (b) vortex extraction time; (c) type of eluent; (d) volume of eluent; (e) desorption time in 
ultrasound; (f) sample pH; (g) volume sample; (h) ionic strength; (i) ghost 1; (j) ghost 2; and (k) ghost 3.  
 
For all three PAHs, the following factors showed 
negative effect on the response: amount of 
nanocomposite (20 mg), eluent volume (0.5 mL), 
sample volume (10 mL), and ionic strength (0 % 
NaCl). Conversely, the following factors had a 
positive influence: vortex extraction time (10 min), 
eluent type hexane), and desorption time in an 
ultrasound (5 min). Sample pH showed a negative 
effect for naphthalene and fluorene, but a slight 
positive effect for pyrene. However, due to the 
minimal impact observed for pyrene, the sample pH 
was fixed at its lowest tested value (pH 5). 
According to the Plackett-Burman experimental 
design (Draper, 1985), the optimal MSPE 
conditions for the extraction of naphthalene, 
fluorene and pyrene were established as follows: 20 
mg of CNCs/Fe2O3 (3/1) nanocomposite, vortex 
extraction for 10 min, hexane as the eluent, 0.5 mL 
of eluent volume, 5 min of ultrasonic desorption 
time, sample pH of 5, 10 mL of sample volume and 
no added NaCl. 

MSPE under optimal conditions 

Three replicate MSPE procedures were performed 
under the optimal conditions, and the 
preconcentration factors (PFs) were calculated for 
each PAH. The PF values were 2 for naphthalene, 4 
for fluorene, and 7 for pyrene. These results indicate 
that the CNCs/Fe2O3 (3/1) nanocomposite 
synthesized under optimal conditions exhibits a 
greater adsorption - desorption efficiency for 
pyrene. However, the relatively low PF observed for 
naphthalene suggests that the current MSPE 
protocol is suboptimal for its preconcentration. A 
separate optimization study would be necessary to 
enhance the extraction efficiency for naphthalene 
specifically. 

CONCLUSION 

Based on the findings of this study, the following 
conclusions can be drawn: 
A scalable and efficient method for preparing 
CNCs/Fe2O3 hybrid particles was described, which 
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relies on the electrostatic attraction between both 
components.  
Magnetic solid-phase extraction (MSPE) was used, 
to isolate the PAHs from the aqueous phase. Among 
the composites used, the CNCs/Fe2O3 (3/1) 
exhibited the highest adsorption efficiency. This 
result suggests that CNCs serves as the primary 
adsorptive component, while Fe₂O₃ contributes to 
magnetic separation.  
The best extraction performance was observed at 
pH 2, with the adsorption efficiency following the 
order: pyrene > fluorene > naphthalene. 
To further optimize the extraction process, a 
Plackett–Burman experimental design was applied 
to investigate the effects of several variables. The 
optimal MSPE conditions determined through this 
design included: 20 mg of CNCs/Fe₂O₃ 
nanocomposite, 10 minutes of vortex extraction, 
hexane as the eluent (0.5 mL), 5 minutes of 
ultrasonic desorption, a sample pH of 5, and a total 
sample volume of 10 mL. 
In conclusion, the CNCs/Fe₂O₃ (3:1) nanocomposite 
offers a fast, simple, and environmentally 
sustainable option as an adsorbent in MSPE 
procedures for the preconcentration of PAHs. It is 
scalable and eco-friendly synthesis, ease of 
handling, and effective preconcentration—
especially for fluorene and pyrene—underscore its 
potential in environmental applications, particularly 
for water quality monitoring and pollutant 
remediation. 
The adsorption-desorption performance 
demonstrated here may be extended to other PAHs 
commonly found in produced water. 

Availability of Data and Materials 

The sets of data generated during and/or analysed 
during the research work can be available from the 
corresponding author on logical request. 

Funding 

The research received grant from: Programa de 
Recursos Humanos da Agência Nacional do 
Petróleo, Gás Natural e Biocombustíveis – 
PRH16.1- ANP; CNPq (305.565/2022-2) and 
FAPERJ (E-26/204.066/2024).  

Author Contributions 

Luciana Costa conceived, designed and performed 
the experiments. Isabella Dias and Valdeir Arantes 
provided the CNCs (BR 10 2020 025815 0 A2) and 

provided scientific support on the characteristics 
and properties of CNCs. Isabella Dias performed 
particle size and FTIR analyses. Luciana Costa and 
Bluma Soares performed SEM/EDX analysis. 
Elizabete Lucas and Bluma Soares analyzed the 
data. Luciana Costa, Elizabete Lucas and Bluma 
Soares wrote the paper.   

Conflicts of Interest 

The authors declare no conflict of interest. 

Declarations  

No experimental procedure requiring ethical 
concern was established during this research work. 
Thus, ethical approval is not required.  

Acknowledgments 
The authors thank the financial support from 
“Programa de Recursos Humanos da Agência 
Nacional do Petróleo, Gás Natural e 
Biocombustíveis – PRH16.1- ANP”. Elizabete 
Lucas thank the Brazilian Agencies: CAPES, CNPq 
(305.565/2022-2) and FAPERJ (E-
26/204.066/2024). Bárbara Pereira, technician of 
the “Laboratory of Applied Bionanotechnology of 
the Department of Biotechnology in the 
Engineering School of Lorena” (Lorena, São Paulo, 
Brasil). 
 

REFERENCES 

Amakiri KT, Ogolo NA, -Dimakis AA, Albert O. 
Produced water treatment by semi-continuous 
sequential bioreactor and microalgae 
photobioreactor. Bioresources and Bioprocessing. 
2024 Jun 8:87-95. DOI: 
https://doi.org/10.1186/s40643-024-00775-3 
 Amakiri KT, Canon AR, Molinari M, Angelis-
Dimakis A. Review of oilfield produced water 
treatment technologies. Chemosphere. 2022 Jul 
298:1-20. DOI: 
https://doi.org/10.1016/j.chemosphere.2022.13406
4 
Abujaber F, Jiménez-Moreno M, Bernardo FJG, 
Martín-Doimeadios RCR. Simultaneous extraction 
and preconcentration of monomethylmercury and 
inorganic mercury using magnetic cellulose 
nanoparticles. Microchimica Acta. 2019 Jun 
186:400. DOI: https://doi.org/10.1007/s00604-019-
3492-8 



29 
 

Aoudi B, Boluk Y, Gamal El-Din M. Recent 
advances and future perspective on nanocellulose-
based materials in diverse water treatment 
applications. Science of the Total Environment. 
2022 Oct 843:156903. DOI: 
https://doi.org/10.1016/j.scitotenv.2022.156903 
Arantes V, Dias IKR, Berto GL, Pereira B, Marotti 
BS, Nogueira CFO. The current status of the 
enzyme-mediated isolation and functionalization of 
nanocelluloses: production, properties, techno-
economics, and opportunities. Cellulose. 2020 Jul 
27:10571-10630. (a). DOI: 
https://doi.org/10.1007/s10570-020-03332-1 
Arantes V, Dias IKR, Santos JC, Hilares RT. 
Processo de Preparação de Soluções Estáveis de 
Nanocristais de Celulose por Meio de Pós-
tratamento por Cavitação Hidrodinâmica. Holder: 
Universidade de São Paulo. BR 10 2020 025815 0 
A2. Deposit: Dec 17, (2020). Concession: Jun 28, 
2022. Int. Ci. D21C 9/00 (2006.01), D21C 3/00 
(2006.01). (b). 
Bhatnagar A, Sillanpaa M, Witek-Krowiak A. 
Agricultural waste peels as versatile biomass for 
water purification – A review. Chemical 
Engineering Journal. Jun 2015 270:244-271. DOI: 
https://doi.org/10.1016/j.cej.2015.01.135 
Binet MT, Stauber JL, Winton T. The Effect of 
Storage Conditions on Produced Water Chemistry 
and Toxicity. In Lee, K., Neff, J. (eds) Produced 
Water 2011. Springer, New York. DOI: 
https://doi.org/10.1007/978-1-4614-0046-2_7 
CONAMA RESOLUTION 393, August 8, 2007; 
“Establishes provisions for the continuous release 
of processed water or water produced on oil and 
natural gas sea platforms and makes other 
provisions; Published in Official Gazette 153 on 
August 9, Section 1, pages 72-73. 
Costa dos Reis L, Vidal L, Canals A. Graphene 
oxide/Fe3O4 as sorbent for magnetic solid-phase 
extraction coupled with liquid chromatography to 
determine 2,4,6-trinitrotoluene in water samples. 
Analytical and Bioanalytical Chemistry. 2017 Feb 
409:2665-2674. DOI: 
https://doi.org/10.1007/s00216-017-0211-3 
 Delgado B, Pino V, Ayala JH, González V, Afonso 
AM. Nonionic surfactant mixtures: a new cloud-
point extraction approach for the determination of 
PAHs in seawater using HPLC with fluorimetric 
detection. Analytica Chimica Acta. 2004 Aug 
518:165-172. DOI: 
https://doi.org/10.1016/j.aca.2004.05.005 

Draper NR. Plackett and Burman designs. In: Kotz 
S, Johnson L, editors. Encyclopedia of Statistical 
Sciences 1985. New York: John Wiley & Sons.   
Dufresne A. Nanocellulose: a new ageless 
bionanomaterial. Materials Today. 2013 Jun 
16:220-227. DOI: 
https://doi.org/10.1016/j.mattod.2013.06.004 
EPA “Industrial Wastewater Treatment 
Technology”. United States Environmental 
Protection Agency. 2019 [12/05/2025] Available 
from: Final Report: Oil and Gas Extraction 
Wastewater Management | US EPA 
EPA, “IRIS Assessment”. United States 
Environmental Protection Agency. 1990 
[12/05/2015] Available from: Fluorene CASRN 86-
73-7 | IRIS | US EPA, ORD (12/05/2025) (a). 
EPA, “IRIS Assessment”. United States 
Environmental Protection Agency. 1990 
[12/05/2025] Available from: Pyrene (CASRN 129-
00-0) | IRIS | US EPA (b). 
Farahmandjou M, Soflaee F. Synthesis and 
characterization of α-Fe2O3 nanoparticles by simple 
co-precipitation method. Physical Chemistry 
Research. 2015 Sep 3:191-196. DOI: 
https://doi.org/10.22036/pcr.2015.9193 
Fernández E, Vidal L, Canals A. Zeolite/iron oxide 
composite as sorbent for magnetic solid-phase 
extraction of benzene, toluene, ethylbenzene and 
xylenes from water samples prior to gas 
chromatography/mass spectrometry. Journal of 
Chromatography A. 2016 Aug 1458:18-24. DOI: 
https://doi.org/10.1016/j.chroma.2016.06.049 
Gabardo IT, Meniconi MFG, Falcão LV, Vital 
NAA, Pereira RCL, Carreira RS. Hydrocarbon and 
Ecotoxicity in seawater and sediment samples of 
Guanabara Bay after the oil spill. International Oil 
Spill Conference Proceedings 2001. 2:941-950. 
DOI: https://doi.org/10.7901/2169-3358-2001-2-
941 
Gabardo IT, Platte EB, Araujo AS, Pulgatti FH, 
Evaluation of Produced Water from Brazilian 
Offshore Platforms. In: Lee, K., Neff, J. (eds) 
Produced Water 2011. Springer, New York. DOI: 
https://doi.org/10.1007/978-1-4614-0046-2_3 
 Gratz LD, Bagley ST, Leddy DG, Johnson JH, 
Chiu C, Stommel P. Interlaboratory Comparison of 
HPLC-Fluorescence Detection and GC/MS: 
Analysis of PAH Compounds Present in Diesel 
Exhaust. Journal of Hazardous Materials. 2000 May 
74:37-46. DOI: https://doi.org/10.1016/s0304-
3894(99)00197-1 



30 
 

Habibi Y. Key advances in the chemical 
modification of nanocelluloses. Chemical Society 
Reviews. 2014 43:1519-1542. DOI: 
https://doi.org/10.1039/C3CS60204D 
Han Q, Wang Z, Xia J, Chen S, Zhang X, Ding M. 
Facile and tunable fabrication of Fe3O4/graphene 
oxide nanocomposites and their application in the 
magnetic solid-phase extraction of polycyclic 
aromatic hydrocarbons from environmental water 
samples. Talanta. 2012 Nov 101:388–395. DOI: 
https://doi.org/10.1016/j.talanta.2012.09.046 
IARC, International Agency for Research on 
Cancer 1985 [12/05/2025] Available from: 
http://monographs.iarc.fr/ENG/Monographs/vol1-
42/mono35.pdf. 
 IARC, International Agency for Research on 
Cancer 2012 [12/05/2025] Available from: 
http://monographs.iarc.fr/ENG/Monographs/vol10
0F/mono100F.pdf. 
Kong H, He J, Gao Y, Han J, Zhu X. Removal of 
Polycyclic Aromatic Hydrocarbons from Aqueous 
Solution on Soybean Stalk–based Carbon. Journal 
of Environmental Quality. 2011 Nov. 40:1737-
1744. DOI: https://doi.org/10.2134/jeq2010.0343 
Manousi N, Deliyanni EA, Rosenberg E, 
Zachariadis GA. Ultrasound-assisted magnetic 
solid-phase extraction of polycyclic aromatic 
hydrocarbons and nitrated polycyclic aromatic 
hydrocarbons from water samples with a magnetic 
polyaniline modified graphene oxide 
nanocomposite. Journal of Chromatography A. 
2021 May 1645: 462104. DOI: 
https://doi.org/10.1016/j.chroma.2021.462104 
Maria Claro A., Dias IKR, Fontes ML, Colturato 
VMM, Lima LR, Sávio LB, Berto GL, Arantes V, 
Barud HS. Bacterial cellulose nanocrystals obtained 
through enzymatic and acidic routes: A comparative 
study of their main properties and in vitro biological 
responses. Carbohydrate Research. 2024 Apr 539: 
109104. DOI: 
https://doi.org/10.1016/j.carres.2024.109104 
Mautner A. Nanocellulose water treatment 
membranes and filters: a review. Polymer 
International. 2020 Feb 69:741-751. DOI: 
https://doi.org/10.1002/pi.5993 
Pampanin DM, Sydnes MO. Polycyclic aromatic 
hydrocarbons a constituent of petroleum: presence 
and influence in the aquatic environment. In 
Hydrocarbon 2013. InTech, Rijeka, Croatia. DOI: 
https://doi.org/10.5772/48176 

PETROBRAS “Relatório Anual de Monitoramento 
da Água Produzida Descartada em Plataformas” 
2021 [12/05/2025]. Available from: Relatórios 
Anuais: transparência é fundamental | Petrobras 
PETROBRAS 2022 [12/05/2025]. Available from: 
Monitoramento de Água Produzida | Comunicação 
Bacia de Santos (petrobras.com.br) 
Ruiz-Palomero C, Soriano ML, Valcárcel M. 
Nanocellulose as analyte and analytical tool: 
Opportunities and challenges. TrAC-Trends in 
Analytical Chemistry. 2017 Feb 87:1-18. DOI: 
https://doi.org/10.1016/j.trac.2016.11.007 
Šafařı́ková M, Šafařı́k I. Magnetic solid-phase 
extraction. Journal of Magnetism and Magnetic 
Materials. 1999 Ap 194:108-112. DOI: 
https://doi.org/10.1016/S0304-8853(98)00566-6 
Sasaki T, Tanaka S. Adsorption behavior of some 
aromatic compounds on hydrophobic magnetite for 
magnetic separation. Journal of Hazardous 
Materials. 2011 Nov 196:327-334. DOI: 
https://doi.org/10.1016/j.jhazmat.2011.09.033 
Soares APS, Marques MFV, Mothé MG. Green 
Composite Sorbents from Coffee Capsule Waste 
and Eucalyptus urograndis Holocellulose. Arabian 
Journal for Science and Engineering. 2024 Mar 
14:4539-4553. DOI: 
https://doi.org/10.1007/s13369-025-10030-2 
Song X, Li J, Xu S, Ying R, Ma J, Liao C, Liu D, 
Yu J, Chen L. Determination of 16 polycyclic 
aromatic hydrocarbons in seawater using 
molecularly imprinted solid-phase extraction 
coupled with gas chromatography-mass 
spectrometry. Talanta. 2012 sep 99:75-8. DOI: 
https://doi.org/10.1016/j.talanta.2012.04.065 
Sultanova NG, Kasarova SN, Nikolov ID. 
Characterization of optical properties of optical 
polymers. Optical and Quantum Electronics. 2013 
Sep 45:221-232. DOI: 
https://doi.org/10.1007/s11082-012-9616-6 
 Venkatesan A, Wankat PC. Produced water 
desalination: An exploratory study. Desalination. 
2017 Feb 404:328-340. DOI: 
https://doi.org/10.1016/j.desal.2016.11.013 
WHO – World Health Organization “Water, 
Sanitation, hygiene and Health” 2019 [12/05/2025]. 
Available from: 
https://www.who.int/publications/i/item/97892400
13391 
Yang X, Yin Y, Zong Y, Wan T, Liao X. Magnetic 
nanocomposite as sorbent for magnetic solid phase 
extraction coupled with high performance liquid 



31 
 

chromatography for determination of polycyclic 
aromatic hydrocarbons. Microchemical Journal. 
2019 Mar 145:26-34. DOI: 
https://doi.org/10.1016/j.microc.2018.10.013 
Yang J, Zhang X, Wang X, Wang H, Zhao J, Zhou 
Z, Du X, Lu X. In situ anchor of multi-walled 
carbon nanotubes into iron-based metal-organic 
frameworks for enhanced adsorption of polycyclic 
aromatic hydrocarbons by magnetic solid-phase 
extraction. Journal of Chromatography A. 2022 Oct 
1681:463459. DOI: 
https://doi.org/10.1016/j.chroma.2022.463459 
Yaping L, Qi L, Shen Y, Ma H. Facile preparation 
of surface-exchangeable core@shell iron 
oxide@gold nanoparticles for magnetic solid-phase 
extraction:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Use of gold shell as the intermediate platform for 
versatile adsorbents with varying self-assembled 
monolayers. Analytica Chimica Acta. 2014 Feb 
811:36-42. DOI: 
https://doi.org/10.1016/j.aca.2013.12.020 
Zhang S, Du Z, Li G. Layer-by-Layer Fabrication 
of Chemical-Bonded Graphene Coating for Solid-
Phase Microextraction. Analytical Chemistry. 2011 
Aug. 83:7531-7541. DOI: 
https://doi.org/10.1021/ac201864f 
Zhang A, Zhao S, Wang L, Yang X, Zhao Q, Fan J, 
Yuan X. Polycyclic aromatic hydrocarbons (PAHs) 
in seawater and sediments from the northern 
Liaodong Bay, China. Marine Pollution Bulletin. 
2016 Dec 113:592-599. DOI: 
https://doi.org/10.1016/j.marpolbul.2016.09.005 



 
* Corresponding authors, E-mail: mrk.shringa4@gmail.com (MRK), shankarpds@yahoo.com (SPS)  
© Nepal Polymer Institute, Kathmandu, Nepal  

Received: April 23, 2025; Revised: May 11, 2025; Accepted: May 12, 2025; Published: May 19, 2025            32 

Nanomaterials and Polymers Innovations Vol. 1, No.1 (2025); 32-39 
ISSN: 3102-0798 (Online). Available online at www.nepalpolymer.org       
DOI:https://doi.org/……xyy…….xyz (to be updated) 

Original research article 
 

Dip-Coated Cobalt Oxide Thin Film: A Facile Approach for 
Oxygen Evolution Reaction 
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Abstract: This study presents a low-cost and scalable dip-coating approach for synthesizing nanoparticles of cobalt 
oxide (Co3O4) thin films on stainless-steel substrate and assesses electrochemical performances in alkaline water 
electrolysis (AWE). Electrochemical assessment via linear sweep voltammetry (LSV) exhibited that the 10L Co₃O₄-
coated steel exhibited reduced overpotentials of 258, 350, and 430 mV at current densities of 10, 50, and 100 mAcm⁻², 
respectively, compared to uncoated steel, highlighting the influence of film thickness on OER performance. The OER 
activities of the as-synthesized electrocatalyst are due to the intrinsic electronic structure, promising oxidation states 
of Co, and catalytic properties. This study brings a cost-effective and controllable synthesis approach for cobalt oxide 
thin films, presenting insights into the influence of layer deposition on electrocatalytic activity. 

Keywords: dip-coating, nanoparticles, linear sweep voltammetry, oxygen evolution reaction, thin film 

शोधसार: यो अÅययनले Öटेनलेस िÖटल सÊसůेटमा कोबाÐट अ³साइड (Co₃O₄) Æयानोपािटªकलहł समािवĶ िथन िफÐमहł तयार गनªका 
लािग कम लागतमा र ठूलो पåरमाणमा उपयोग गनª िमÐने िडप-कोिटङ ÿिविध ÿÖतुत गदªछ । साथै यसल े उĉ सामúीको ±ारीय जल 
इल³ेůोलाइिसस (AWE) मा इल³ेůोरासायिनक कायªसÌपादनको मÐूयाङ्कन पिन गदªछ। िलिनयर Öवीप भोÐटामůेी (LSV) माफª त गåरएको 
परी±णमा १० िलटर कोबाÐट अ³साइड-लेिपत िÖटलल े१०, ५०, र १०० िमिलएÌपेएर ÿित वगª सेिÆटिमटर धारा घनÂवमा øमशः २५८, ३५०, 
र ४३० िमिलभोÐटको घटाइएको ओभरपोटेिÆसयल दखेाएको छ, जुन लेप नगåरएको िÖटलको तुलनामा उÐलेखनीय सधुार हो। यसल ेिथन िफÐमको 
मोटाइले अि³सजन इभोलुसन åरए³सन (OER) कायªसÌपादनमा महÂवपणूª ÿभाव पान¥ कुरा ÖपĶ गछª। तयार गåरएको इल³ेůो³याटािलÖटको OER 
सिøयता यसको अÆतिनªिहत इल³ेůोिनक संरचना, कोबाÐटको अनुकूल अि³सडेशन अवÖथाहł, र उÂकृĶ उÂÿेरक गणुहłका कारण दिेखÆछ । 
समúमा, यो अÅययनले कोबाÐट अ³साइड िथन िफÐमहł िनमाªणका लािग लागत-ÿभावकारी र िनयÆýणयोµय संĴेषण िविध ÿÖतुत गदªछ । साथै 
यसल ेतह-लेपनको इल³ेůो³याटािलिटक कायªसÌपादनमा पान¥ ÿभावसÌबÆधी उपयोगी जानकारी पिन ÿदान गदªछ। 

INTRODUCTION 

Fossil fuel combustion is a major contributor to air 
pollution, posing severe environmental challenges 
[1–3]. As global energy demands continue to rise, 
transitioning to sustainable energy sources is 
essential to mitigate ecological damage [4,5]. 
Renewable alternatives such as solar, wind, and 
hydrogen energy offer practical solutions, as they 
produce power with minimal environmental impact 
[6]. Among these, oxygen and hydrogen are 

particularly promising energy carriers, capable of 
meeting the world's growing energy needs. Their 
production is primarily driven by water-splitting 
reactions, namely the oxygen evolution reaction 
(OER) and hydrogen evolution reaction (HER), 
which are electrochemical processes facilitated by 
electrocatalysis at the electrode-electrolyte interface 
[7,8]. However, achieving long-term stability under 
operational conditions remains a significant 
challenge, as only a few electrocatalytic materials 
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demonstrate the necessary durability [9]. To 
improve reaction efficiency, both cathodic and 
anodic processes typically require catalysis, with 
noble metals (Pt, Ru, and Ir) and their oxides (PtO₂, 
IrO₂, and RuO₂) being the most used electrodes [10–
12]. Nevertheless, the scarcity and high cost of 
noble metal-based materials demand the exploration 
of alternative, efficient, and eco-friendly 
electrocatalysts based on transition metals [13,14]. 
Exploring such alternatives opens new avenues for 
developing cost-effective, high-performance 
catalysts, which are crucial for advancing hydrogen-
based energy systems [4,15,16].  
Transition metal oxides (TMO) are promising 
electrocatalysts due to their excellent mechanical 
and chemical stability, as well as their high charge 
transfer capacity, even in amorphous states, 
highlighting their versatility. Their electronic 
structure can also be finely tuned, making them 
ideal candidates for water splitting applications 
[10,17]. For example, NiO/NF exhibits an 
overpotential of 310 mV at 10 mA cm⁻², while 
NiCo₂O₄ synthesized via the hydrothermal method 
shows an overpotential of 390 mV under the same 
conditions [18]. Another study found that 
mesoporous NiCo₂O₄ achieved a lower 
overpotential of 350 mV at 10 mA cm⁻² [19]. 
However, challenges such as stability issues and 
relatively high overpotentials of transition metal-
based monometallic oxides during OER must be 
addressed through various synthetic strategies [10]. 
The synthesis methods for metal oxides play a 
crucial role in determining their morphology and 
particle size. Various techniques, including the sol-
gel method, chemical vapor deposition (CVD), co-
precipitation, electrodeposition, and hydrothermal 
synthesis, have been employed [20]. However, 
these methods have limitations such as temperature 
control issues in sol-gel processes, impurity 
incorporation and low crystallinity in co-
precipitation, and hydrolysis-related contamination 
in hydrothermal synthesis [20,21]. 
Thin-film deposition offers an alternative and 
effective approach for synthesizing OER transition 
metal oxide electrocatalysts, as it enables precise 
control over film thickness, morphology, and 
composition, all of which significantly impact 
catalytic performance and stability [22,23]. This 
technique allows us to produce uniform, defect-free 
films with adjustable electronic properties [24]. 
Furthermore, thin films enhance the active surface 

area, electrical conductivity, and long-term 
durability, making them ideal for water-splitting 
applications [25]. Previous literature has shown the 
synthesis of various transition metal-based 
electrocatalysts. For instance, CoFeOx and CoOx 
nanowires synthesized exhibited superior 
overpotential due to their tuned electronic structure 
and charge transfer capacitance. Similarly, cobalt 
oxides and their composites exhibit high reactivity 
and self-repair capabilities. Additionally, their 
nano-sized hierarchical structures and doping 
potential enhance their efficiency and cost-
effectiveness as electrocatalysts [25]. Several 
studies have demonstrated enhanced OER 
performance of transition metal oxide thin films. 
For instance, the NiO thin films displayed better 
OER performance, attributed to their good 
electrocatalytic behavior [26]. Similarly, spray-
assembled nanoscale CoOx exhibited better OER 
performance due to their high electrochemically 
active surface area and favorable electrode kinetics 
[27]. Wu et al. reported mesostructured Co3O4 thin 
film delivered a low OER potential 340 mV@10 
mA cm-2, owing to enhanced electrode-electrolyte 
interface [28]. In another study, CoOx thin films 
fabricated by two-step electrolytic method exhibit 
an overpotential of 362 mV at 10 mA/cm2 for OER, 
further highlighting the effectiveness of tailored 
thin-film architectures in boosting activity [29]. 
Although the overpotential reported here is slightly 
higher than that of the reported value, the simplicity 
of the preparation technique could undoubtedly 
reduce the cost of the electrode for OER. Further, 
cobalt oxide is recognized as an effective 
electrocatalyst for water splitting due to its unique 
characteristics, including the formation of 
heterogeneous interfaces, nanoscale structures, and 
the dynamic oxidation states of Co²⁺ and Co³⁺ 
during electrochemical reactions [30,31]. Their 
nanostructured and porous nature increases the 
available surface area and improves reaction 
kinetics [17]. However, challenges such as low 
electrical conductivity and stability must be 
addressed through structural modifications, surface 
treatments, or hybridization with conductive 
materials. These improvements make Co₃O₄ a 
promising candidate for efficient and durable OER 
applications. Therefore, this work focuses on the 
effect of cobalt oxide layers on water electrolysis.  
Herein, a thin film of Co₃O₄ was synthesized using 
the cost-effective dip coating technique, which was 
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chosen for its low cost, simplicity, and non-
hazardous nature. Co₃O₄ nanoparticles are highly 
effective catalysts for the oxygen evolution reaction 
(OER) due to their spinel structure, which contains 
both Co²⁺ and Co³⁺ ions that facilitate electron 
transfer. During OER, Co³⁺ is converted to Co⁴⁺, 
generating active sites for oxygen formation 
through a sequence of hydroxide adsorption, 
oxidation, and molecular oxygen release. Given 
these characteristics, the as-synthesized 
electrocatalyst is considered an effective OER 
electrocatalyst prepared via the dip coating method. 
 
MATERIALS AND METHODS  
Chemicals 
Cobalt chloride hexahydrate (CoCl2.H2O, Purity > 
99%, Sigma Aldrich) of A. R grade, acetone (99%, 
Sigma Aldrich), ethanol (99%, Sigma Aldrich), 
potassium hydroxide (KOH), distilled water was 
used for the experiment. Stainless steel pieces were 
brought from the local market. 
 

Precleaning of Stainless-Steel Substrate 
Prior to deposition, contaminants such as dirt, 
grease, and others organic residues were removed 
from the stainless-steel substrate. Initially, the 
substrate was immersed in 30 ml acetone and 
ultrasonicated for 15 minutes to remove organic 
residues and grease, followed by cleaning with 
distilled water under sonication for 10 minutes. 
Next, the cleaned substrate was immersed in 30 ml 
ethanol and sonicated for 15 minutes to disregard 
the residual contaminants. After that, the substrate 
was dried and stored in a dust free chamber at room 
temperature.  
 

Synthesis of Electrocatalyst Cobalt Oxide (Co3o4) 
A thin film of cobalt oxide (Co3O4) was synthesized 
using cost-effective dip coating technique. Briefly, 
0.1 M cobalt chloride hexahydrate (CoCl2.6H2O) 
solution was prepared by dissolving 1.22 g of 
CoCl2.6H2O in distilled water, followed by 
continuous stirring at 60 °C for 2 hours. Pure 
stainless-steel substrates (5 × 2.5) cm² were 
employed for thin-film deposition. The dip-coating 
process was conducted at a withdrawal rate of 50 
mm/min, with an immersion time of 1 s and an air-
drying period of 1 min. The cycle of dipping, 
withdrawal, and drying at 100 °C was repeated 
multiple times to fabricate films with varying 
thicknesses. Thin films comprising 5, 10, and 15 
layers (5L, 10L, and 15L) of Co₃O₄ were 

synthesized and subsequently subjected to 
annealing at 300 °C for 2 hours. 
 

Physicochemical Characterization and 
Electrochemical Characterization    
X-ray diffraction (XRD) analysis was achieved 
using a Rigaku Ultima IV diffractometer (Rigaku 
Corporation, Japan) with Cu Kα radiation (λ = 
1.5406 Å) to investigate the crystal structure, phase 
composition, and particle size of OER 
electrocatalysts, supporting the identification of 
active phase metal oxides [32,33]. Variations in 
peak positions and broadening provide information 
on structural distortions and nanoscale 
characteristics, which are crucial for electrocatalytic 
efficacy. Likewise, UV-Vis spectroscopy is utilized 
to explore the optical properties and electronic 
structure of the as-synthesized electrocatalysts. By 
examining absorption spectra and employing Tauc 
plots, the bandgap energy can be determined, 
offering insights into charge transfer processes and 
metal oxidation states. This technique is principally 
convenient in assessing the light absorption 
potential of photo-assisted OER electrocatalysts and 
understanding their electronic interactions and 
catalytic behaviour.  
For electrochemical characterization of the OER, a 
workstation typically includes an electrochemical 
setup designed to operate experiments and assess 
electrocatalytic activities. The core component is a 
potentiostat which regulates the applied potential or 
current while recording electrochemical responses, 
enabling methods such as LSV (34). 
Electrochemical measurements were conducted 
using a CORRTEST CS310M electrochemical 
workstation (Wuhan Corrtest Instruments Corp., 
Ltd., China). The system employs a three-electrode 
setup, where the working electrode (WE) consists of 
the catalyst-coated electrode. The counter electrode 
(CE) is platinum wire, while the reference electrode 
(RE) is a stable standard like Hg/HgO to ensure 
precise potential measurements. The 
electrochemical cell is operated with a suitable 1M 
KOH electrolyte at room temperature. This setup 
enables the reliable evaluation of OER 
electrocatalysts in terms of their efficiency, 
durability, and reaction kinetics. 
 

RESULTS AND DISCUSSION 
Cobalt oxide thin films were successfully 
synthesized using a dip-coating method, offering a 
cost-effective and controllable approach to film 
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deposition (Scheme 1). The synthesis involved 
dissolving cobalt chloride hexahydrate in water to 
create a uniform precursor solution. During dip 
coating, the substrate was immersed in the solution, 
forming a thin layer that underwent gradual 
hydrolysis and oxidation upon exposure to air. To 
ensure complete phase transformation, the coated 
films were annealed at 300°C, promoting the 
conversion of precursor materials into the spinel 
Co₃O₄ phase through oxidation. The number of 
coating cycles (5L, 10L, and 15L) directly 
influenced the thickness and crystallinity of the 
films. Based on the controlled dip-coating 
procedure and consistent solution concentrations, 
we anticipate that the film thickness increases 
proportionally with the number of coating layers 
(i.e., 5L, 10L, and 15L). This relative increase is 
also supported by the observed trends in 
electrochemical performance.  Thermal treatment 
further enhanced crystallite formation, improved 
film adhesion, and eliminated residual solvents. The 
presence of mixed-valence cobalt ions (Co²⁺/Co³⁺) 
within Co₃O₄ contributes to its electrocatalytic 
performance, particularly in the OER, by facilitating 
electron transfer and providing active catalytic sites. 

 
Scheme 1.  Schematic diagram of the synthesis of 
Co₃O₄ electrocatalyst. 
 

Crystallography and Morphological Analysis 
The structural properties of cobalt oxide thin films 
were analysed using the X-ray diffraction technique 
over a Bragg’s angle (2θ) range from 10° to 80°, as 
displayed in Figure 1. The diffraction pattern shows 
sharp peaks at 43.27° and 74.44°, corresponding to 
the (400) and (620) crystal planes of Co₃O₄, in 

agreement with JCPDS file no. 43 – 1003. The XRD 
results confirm the fruitful formation of the cobalt 
oxide phase, consistent with earlier reported 
literature [35,36]. Furthermore, the diffraction 
pattern reveals the formation of Co3O4 thin film 
with face-centred cubic spinel crystal. An extra peak 
observed at 50° is attributed to reflection from the 
steel substrate. The additional peak observed at 
around 50° is attributed to the underlying stainless-
steel substrate, which contributes to the overall 
diffraction pattern of the coated sample. Since the 
cobalt oxide thin films were deposited directly on a 
stainless-steel substrate, certain substrate reflections 
(especially from Fe or Cr constituents) can appear 
in the XRD pattern, especially if the film thickness 
is not sufficient to completely mask substrate 
contributions. 

 
Figure 2. X-ray diffraction pattern of Co₃O₄ 
electrocatalyst.       
Table 1. Structural parameters of thin layers of 
cobalt oxide Co3O4.  

 
B=Bragg’s angle (2θ, degree), obs d=observed d spacing (Å), Rep. d= reported d 

spacing (Å), β=FWHM (degree), D=Crystallite size(nm), Avg Crys. = Average 

crystallite size (nm). 

 

The crystallite size of he as fabricated electrode 
material was determined using Debye Scherrer’s 
equation (37). 
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D = 𝐾𝜆 𝛽𝑐𝑜𝑠𝜃⁄ ……………………… (1) 

 
where K= 0. 9, λ = 0.154 nm, and β = full width at 
half maximum (FWHM) obtained from Gaussian 
fitting of the diffraction peak. Table 1 displays the 
observed and stated values of d-spacing along with 
crystallite size. The calculated average crystallite 
size of 5, 10 and 15L Co3O4 thin film is found to be 
28.24, 26.78 and 26.88 nm, respectively. The 
reduction in crystallite size for 10 and 15 L films 
proposes an augmented active surface area 
compared to 5L films, which could be improve the 
electrocatalytic performance. 
 

UV-Vis Spectroscopy 
Optical properties of cobalt oxide thin film were 
explored using transmittance spectra within the 
wavelength range 420 to 900 nm. Fig. 2(a) shows 
the variation of the absorbance of Co3O4 film with 
wavelength. The figure depicts two broad 
absorbance at wavelengths of 440 nm and 760 nm 
lying in the visible light region, attributing for the 
two optical transitions. In general, the edge of the 
absorbance is determined by the Tauc formula, 
equation (2)(37). 
(𝛼ℎ𝑣) = 𝐴൫ℎ𝑣 − 𝐸௚൯

௡
…………………… (2) 

where 
α is the absorption coefficient 
  hʋ - the photon energy 
  Eg - the optical band gap 
A – the constant depending on the effective masses 
of electrons in the conduction band and holes in the 
valence band. n- takes the values ½, 2, 3/2, or 3..  

 
Figure 2. (a) Transmittance vs wavelength of 5L 
cobalt oxide film prepared by dip coating technique; 
(b) Tauc plot of the same sample. 
 
 It is n=1/2 for direct allowed one, n=2 for indirect 
allowed, n=3/2 for direct unallowed, and n= 3 for 
indirect unallowed transition [37]. Fig. 2(b) shows 
the Tauc plot of (αhʋ)2 versus hʋ of Co3O4 thin 
films. 

The extrapolation of the linear portion to zero 
absorption coefficient gives band gap energy (Eg) of 
the sample. The plot consists of two straight line 
regions, designated as A) at low energy side, and B) 
at higher energy side. The extrapolation of low 
energy region (A) leads to the intercept at 1.48 eV 
whereas in region (B), the extrapolation leads to the 
intercept at 1.98 eV.  These intercepts give band gap 
(Eg1 and Eg2) of deposited films which quite match 
with that of the literature [38]. 
 
ELECTROCATALYTIC CHARACTERIZATION 
FOR OER 
 

Linear Sweep Voltammetry Analyses 
Oxygen Evolution Reaction (OER) of cobalt oxide 
thin film of different layer was studied using 0.1 M 
KOH electrolyte. The OER of alkaline water 
electrolysis was explored with linear sweep 
voltammetry (LSV) at applied voltage range of 0 V 
to 0.08 V and scan rate of 10 mV/s. The 
voltammograms of cobalt oxide thin films of 5, 10 
and 15 L, along with uncoated (0 L) steel are 
presented in Figure 3.  

 
Figure 3.  Linear sweep voltammogram of various 
layered dip-coated cobalt oxide films (a) 0 L, (b) 5 
L, (c) 10 L, (d) 15 L measured at 10 mV/s scan rate. 
 
The figure clearly shows that the variation of OER 
overpotentials of cobalt oxide-coated thin films is 
lower than that of uncoated steel. It indicates that 
cobalt oxide-coated thin films evolve oxygen with 
less energy.   ERHE is calculated from the Nernst 
equation as depicted in equation 3. 
𝐸ோுா     = 𝐸௢௕௦௘௥௩௘ௗ  + 𝐸଴ (SCE)

+ 0.059∗  pH … … … … . [3] 
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The overpotential (ղ) of thin films at 10 mAcm-2 
current density was calculated using the relation, 
overpotential, ղ (V) = ERHE - 1.23 
In Figure 3, the LSV curves show the variation in 
OER overpotentials. For the 0 L electrode, the 
overpotentials are 350, 420, and 490 mV at current 
densities of 10, 50, and 100 mA cm⁻², respectively. 
In addition, For the 5 L electrode, the overpotentials 
are 270, 360, and 460 mV at current densities of 10, 
50, and 100 mA cm⁻², respectively. For the 10 L 
electrode, the overpotentials are 258, 350, and 430 
mV at current densities of 10, 50, and 100 mA cm⁻², 
respectively. For the 15 L electrode, the 
overpotentials are 300, 380, and 470 mV at current 
densities of 10, 50, and 100 mA cm⁻², respectively. 
From the as aforementioned electrode and 
respective OER potentials, it can be observed that 
the overpotential at current densities 10, 50, and 100 
mAcm-2 gradually decreased with an increase in the 
number of layers of cobalt oxide up to 10L, beyond 
that, it tends to fluctuate.  
The variation in overpotentials with increasing 
cobalt oxide layers can be attributed to changes in 
active surface area, charge transfer efficiency, and 
material properties. Up to 10L, the decreasing 
overpotential suggests improved catalytic 
performance due to an expansion of the 
electrochemically active surface area, as supported 
by XRD findings. This enhancement facilitates 
better charge transfer and increases the accessibility 
of active sites, optimizing OER activity. However, 
beyond 10L, the overpotential begins to fluctuate, 
likely due to mass transport constraints, higher 
charge transfer resistance, and structural issues 
arising from excessive film thickness. A thicker 
layer may reduce electrical conductivity and limit 
active site exposure, thereby lowering catalytic 
efficiency. Additionally, the increase in current 
density at a fixed potential with more layers 
indicates enhanced charge transport and surface 
reactivity up to 10L. Overall, the LSV results 
suggest that 10L provides the ideal balance between 
the surface area, conductivity, and charge transfer, 
making it the most effective for OER.  
 

Conclusions 
In this study, cobalt oxide (Co₃O₄) thin films were 
successfully synthesized using a simple yet 
effective dip-coating technique. The optical 
absorbance peaks at 440 nm and 760 nm in the 
visible light spectrum confirm the formation of 

Co₃O₄, further validated by the Tauc plot, which 
revealed two distinct band gaps of 1.48 eV and 1.98 
eV, corresponding to direct allowed and forbidden 
transitions. XRD analysis confirmed the formation 
of nanostructured Co₃O₄ thin films with well-
defined crystallinity. Electrochemical assessment 
via linear sweep voltammetry (LSV) exhibited that 
the 10L Co₃O₄-coated steel exhibited reduced 
overpotentials of 258, 350, and 430 mV at current 
densities of 10, 50, and 100 mA cm⁻², respectively, 
compared to uncoated steel, highlighting the 
influence of film thickness on OER performance. 
LSV also demonstrated that increasing the number 
of Co₃O₄ layers leads to a significant reduction in 
overpotential, enhancing OER efficiency. 
Moreover, a notable increase in current density at a 
fixed voltage with additional layers indicates 
improved charge transport and an expanded 
electrochemically active surface area. These 
findings underscore the potential of Co₃O₄ thin 
films as efficient electrocatalysts, highlighting the 
importance of precise thickness control to optimize 
performance in energy conversion applications. 
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Synthesis of Zinc Oxide Nanocatalyst and Its Application in 
Photodegradation of Rhodamine B 
Shukra Raj Regmi1*, Nurul Hoda Khan1, Narendra Prakash Shawd1, Dikpal Kumar Shahi1, Lekha 
Nath Khatiwada2, Rameshwar Adhikari3*   
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Abstract: We synthesized zinc oxide nanoparticles (ZnO-NPs) by the co-precipitation method for the 
catalytic degradation of Rhodamine B. The obtained nanoparticle was characterized by a UV-visible 
spectrophotometer, FTIR (Fourier Transform Infra-Red), EDX (Energy Dispersive X-ray), and XRD 
crystallography. The ZnO-NPs have shown maximum absorbance intensity at 365 nm, and an optical band 
gap of 3.29 eV based on Tauc plot. The FTIR spectra reveal strong stretching of Zn-O at 779.11 cm-1. The 
EDX spectra depicted 81.90 % zinc (Zn), and 17.99 % oxygen (O) as an elemental composition. The XRD 
spectra show hexagonal wurtzite geometry. Solving Scherrer’s equation, we obtained the average size of 
the particle 23.9 nm, and the crystallinity 75.43%. The solar light intensity 5.74±0.14 kWh/m2/day was 
used to degrade Rhodamine B completely within 140 minutes with ≈80% catalytic efficiency, and in the 
dark medium, the degradation is found prolonged up to 220 minutes with ≈15% efficiency. The degradation 
in heat and light is achieved in 110 minutes at 110 °C. The degradation of dye obeys pseudo-first-order 
kinetics and the rate constant is obtained at 0.01274 min-1 in light. The finding reveals that photocatalytic 
degradation under controlled temperature is superior to the degradation achieved in light and dark. The 
mineralization of Rhodamine B demonstrates the potential application of ZnO-NPs as a photocatalyst.  

Keywords: photocatalysis, ZnO-NPs, Rhodamine B, dye degradation, nanocatalyst 

शोधसार: ÿÖतुत अनुसÆधानमा हामीले रोडािमन बी को उÂÿेरक ±यका लािग को-ÿेिसिपटेसन िविधबाट िजंक अ³साइड ÆयानोपािटªकÐस (ZnO-NPs) 
संĴेषण गरेका छŏ। ÿाĮ Æयानोपािटªकललाई यूभी-िभिजबल Öप³ेůोफोटोिमटर, FTIR (फोåरयर ůाÆसफर इÆĀारेड), EDX (एनजê िडÖपिसªभ ए³स-रे), र XRD 
िøÖटालोúाफìĬारा िवशेषण गåरएको छ। ZnO-NPs ले ३६५ nm मा अिधकतम अवशोषण तीĄता देखाएको छ र टक Èलटको आधारमा ३.२९ eV को 

अिÈटकल ÊयाÆड µयाप पाइएको छ। FTIR Öपे³ůाले ७७९.११ cm⁻¹ मा Zn-O को बिलयो Öůेिचङ देखाउँछ। EDX Öपे³ůाले तßवीय संरचना अनुसार 
८१.९०% िजंक (Zn) र १७.९९% अि³सजन (O) रहकेो देखाएको छ। XRD Öप³ेůाले हेµजागोनल वटुªजाइट ºयािमती देखाउँछ। शेरेरको समीकरण ÿयोग 
गदाª, कणको औसत आकार २३.९ nm र िøÖटिलिनटी ७५.४३% पाइएको छ। सौयª ÿकाशको तीĄता ५.७४±०.१४ kWh/m²/day ÿयोग गरेर रोडािमन 

बी लाई १४० िमनेटिभý पूणª łपमा ±य गåरएको छ, जसमा ≈८०% उÂÿेरक द±ता देिखएको छ; अÆधकार वातावरणमा ±य ÿिøया २२० िमनेटसÌम िवÖतार 

भएको छ र द±ता ≈१५% माý देिखएको छ। ताप र ÿकाशमा भने ±य ११०°C मा ११० िमनेटिभý सÌपÆन भएको छ। रङको ±य ÿिøयाले Öयूडो-ÿथम-
अडªर काइनेिट³स पालना गछª र ÿकाशमा ±य दर िÖथरांक ०.०१२७४ ÿितिमनेट पाइएको छ। अनुसÆधानले देखाउँछ िक िनयिÆýत तापøममा गåरएको 
फोटोउÂÿेरक ±य ÿिøयाले केवल ÿकाश वा अÆधकारमा गåरएको ±यभÆदा उÂकृĶ पåरणाम िदÆछ। रोडािमन बी को िमनरलाइजेसनले ZnO-NPs लाई 
फोटोउÂÿेरकको łपमा ÿयोग गनª सिकने सÌभावना देखाएको छ। 

INTRODUCTION 

Zinc oxide is a naturally intrinsic n-type 
semiconductor having a wide band gap of 3.37 eV 

(1). It is considered one of the most promising 
nanocompounds in the multidisciplinary field, and 
it is used in industries, medicine, electrical 
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appliances, advanced semiconducting materials, 
research, and innovation (2). Zinc oxide-based nano 
derivatives have revolutionized the world with their 
tremendous applications in each field, including the 
polymer industry, drug design, pollutant remover, 
sensors, cosmetic products, and anti-cancerous and 
photosensitive products (3). The burgeoning use of 
ZnO-NPs has made an inalienable bond between 
technology and human welfare (4). The cost-
efficient and less toxic nature of ZnO-NPs synthesis 
has made the research community a favorite 
nanomaterial in different research fields. The high 
electron mobility and wide band gap have made the 
ZnO-NPs a unique semiconductor, so; it is kept as 
one of the most prominent and promising candidates 
in material science (5).  
Recently, different techniques are frequently used 
for the synthesis of ZnO-NPs, including 
precipitation/co-precipitation, hydrothermal 
technique, physical vapor deposition, impeded laser 
beam, sol-gel method, green synthesis, thermal 
decomposition, spray pyrolysis, and various 
mechano-chemical processing  (6). The common 
approach applied in the synthesis of ZnO-NPs is the 
precipitation method. Reports have shown that 
different precursor concentrations based on zinc 
acetate Zn(CH3COO)2.2H2O, zinc nitrate (ZnNO3), 
zinc chloride (ZnCl2), zinc sulphate (ZnSO4) with 
appropriate stabilizers like gelatin, starch, DEA 
(diethanolamine), under suitable temperature give 
fine ZnO-NPs with variable shape and size. The 
precursor solution of zinc sulphate and sodium 
hydroxide, when vigorously shaken and followed 
by calcination, gives fine ZnO-NPs (7). Another 
report has shown that a mixture of zinc salt with 
precipitant NaOH in an ethanol solution stirred at 9 
0oC for 1 hour gives ZnO nanorods (8). A similar 
process for the solvothermal process gives 33±2 nm, 
and 48±7 nm ZnO-NPs by taking Zn(NO3)2.6H2O 
precursor with ethanol solution (9). Another faster 
and cost-efficient method shows that 0.1 M 
concentration of zinc acetate dihydrate with 
propanol boiling with constant stirring at 70 oC turns 
into a milky solution, which is stabilized by 5-6 
drops of DEA (diethanolamine), giving a 
transparent solution. The spin coating on the 
substrate by heating the film at 120oC for 5 minutes 

and annealing at 350oC for 15 minutes gives ZnO 
thin film (10).  
For the synthesis of ZnO-NPs, different factors 
should be maintained under the laboratory 
parameters such as the concentration of precursor, 
pH of the solution, aging of the solution while 
stirring and settling precipitation, purification, and 
finally drying (11). These factors generally control 
the shape, size, crystallinity, and morphology of the 
particles. Reports show that the precursor 
concentration highly influences the formation of 
particle size. High precursor concentration 
increases the rate of nucleation of the particle and 
enhances the chance for the formation of smaller 
nanoparticles, which increases surface reactivity by 
affecting the surface area to volume ratio. Sensing 
and catalytic properties are determined by the 
smaller particles (12,13). Moreover, low precursor 
concentration forms larger nanoparticles and 
reduces the chances of nucleation under controlled 
circumstances; as a result, less reactive particles 
with a smaller surface area to volume ratio are 
obtained (14). Size and morphology maintenance is 
another tedious task in ZnO-NPस synthesis. Higher 

precursor concentrations increase the chances of 
aggregation to get fine and homogeneous particles; 
however, irregular and non-crystalline particles are 
synthesized by the low precursor concentration due 
to low agglomeration. Precursor concentration also 
affects the optoelectronic properties, band gap 
energy, and size of particles (15). In the present 
work, we have synthesized ZnO-NPs for the 
catalytic degradation of Rhodamine B under 
controlled pH conditions to compare the catalytic 
efficiency with existing parameters. 
Although we have existing studies to explore 
photocatalytic degradation by ZnO-NPs in different 
parameters, controlled pH with tailored 
temperature-based synthesis is specifically 
remarkable. Such a method provides the variation in 
size of the particle, is easy to control, and allows the 
formation of defect-free particles. The pure ZnO-
NPs effectively show their optical property, which 
avoids possible recombination. This study aims to 
degrade Rhodamine B to establish the catalytic 
strength in controlled laboratory parameters. The 
fundamental rationale for choosing Rhodamine B is 
considering it as a model pollutant dye. The excess 
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use of Rhodamine B in textile, leather, dye industry, 
biological processing, as a tracer in underground 
water flow, biological strain, and florescent has 
made the water resources a pollutant. In the present 
work, our objective is to investigate the minimum 
quantity of ZnO-NPs requirement for the effective 
mineralization of dye for the purification of 
wastewater(16–19). 
 
MATERIALS AND METHODS  
Materials 
Zinc acetate dihydrate (Zn(CH3COO)2.2H2O, CAS 
no. 5970-45-6, 219.50 g/M, 98.5 %) and sodium 
hydroxide (NaOH, CAS no. 1310-73-2, 40 g/M, 97 
%) were purchased from Qualigen, India. 
Polyethylene glycol (PEG, HO(C2H4O)n

7H, 100 
g/L, CAS no. 25322-68-3) was purchased from 
Merc, India. Ethanol (C2H5OH, 99.99 %, 46.06 
g/M, CAS no. 64-17-5) was purchased from Fusion 
Biotech, India. Rhodamine B (C28H31CIN2O3, 
479.02 g/M, CAS no. 81-88-9) was purchased from 
Sigma, Aldrich Chemicals, Pvt., India.  
 

 
Figure 1. The schematic representation for the 
synthesis pathway of ZnO-NPs and its 
characterization. 

 
The overall research design of the present project is 
depicted in Fig. 1. The decimolar zinc acetate 
dihydrate precursor was prepared by adding 21.95 g 
in 1L deionized distilled water. Similarly, decimolar 
sodium hydroxide was prepared by dissolving 4 gm 
in 1L water. Both solutions were stirred for 20 
minutes at 25oC. The process was achieved by 
dropping sodium hydroxide from the burette until 
the pH of the solution was maintained at 11, at 
constant stirring of 250 rpm in 50 mL zinc acetate 
solution. The synthetic pathway is carried out by the 
formation of zinc hydroxide. The polyethylene 
glycol (PEG) was added continuously dropwise to 
avoid the agglomeration of the precipitate mass. 

After 1 hour of stirring in a thermoregulatory stirrer, 
the mass was kept for one hour at room temperature 
for aging. The process was followed by keeping the 
obtained mass at 80oC in a hot-air oven. The dry 
zinc hydroxide mass was scrapped and kept on a 
silica crucible for calcination at 550 °C. The dry 
crystalline white powder obtained is represented as 
ZnO-NPs in the experiment, which was stored in a 
dry borosilicate airtight container. 

 
Characterization of ZnO-NPs  
The synthesized zinc oxide nanoparticles (ZnO-
NPs) are characterized by modern spectroscopic 
techniques. The UV-visible spectrophotometer 
(UV-1900i, Shimadzu, Japan) was used to find out 
the maximum absorbance of the nanoparticle. The 
Fourier-Transform Infrared Spectroscopy (FTIR, IR 
Affinity-1s, Shimadzu, Japan) was used to find out 
the vibrational spectra of the zinc oxide bond. The 
energy-dispersive X-ray (EDX-8000, Shimadzu, 
Japan) was used to find out the elemental 
composition of the nanoparticles. The 
crystallographic indices of the nanoparticle were 
obtained by XRD (Bruker, D2 Phaser, 
Massachusetts, USA). 

 
Photocatalytic activity of ZnO-NPs 
Photocatalytic degradation was achieved in the solar 
light having an intensity of 5.64±0.14 kWh/m2/day. 
The solar intensity is measured by CMP3 
pyranometer. Zinc oxide is a semiconductor that 
absorbs light having an intensity equal to the band 
gap or greater than the band gap. The ZnO-NPs are 
an intrinsic n-type semiconductor that absorbs 
photons that excites the electron from the valence 
band to the conducting band as a result free 
electron-hole pairs are formed. These pairs form 
free radicals and superoxide, which causes the 
mineralization of dye. Generally, photocatalytic 
degradation obeys zero-order kinetics, which can be 
determined by the following relations. 

−K୲  = ln
C୲

C୭
                                        . . … … … (1) 

where, ‘kt’ = Rate constant for Pseudo-First-Order 
Kinetics, ‘Ct’ = Concentration of dye at the time‘t’, 
and ‘Co' = Initial concentration of dye. 
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The following relation calculates the catalytic 
efficiency (20). 

Degradation (%) =
C୭  −  C୲

C୭
           . . … … … (2) 

The photocatalytic degradation mechanism can be 
explained in the following chemical equations. 

ZnO-NPs   
௛ఔ
ሱሮ  ZnO (e-)CB  + ZnO (H+)VB             …(3) 

ZnO(Hole+)VB   +   H2O →  H+  + OH- (ions)      …(4) 
ZnO (Hole+)VB   +   OH- → OH. (Radicals)         …(5) 
4OH-(Solution)   →   2H2O   +   O2                          …(6) 
ZnO(e-)CB    +   O2   → .O2

- (Superoxide)                …(7) 
Rhodamine B + OH-(Radical) →   CO2   +   H2O..(8) 
Rhodamine B    +   O2

-   →   CO2   +   H2O              …(9) 
 
RESULTS AND DISCUSSION 
UV-visible Spectra of ZnO-NPs 
The results obtained from the UV-vis 
spectrophotometry are presented in Fig. 2 
 

Figure 2: UV-visible spectra of ZnO-NPs showing 
maximum absorbance at 365 nm (a) and Tauc plot 
for the determination of band gap of ZnO-NPs 
showing Eg = 3.29 eV (b). 
 
The maximum wavelength absorbed by ZnO-NPs 
was found at 365 nm (Fig. 2a). The Tauc plot was 

obtained based on the absorbance (Fig. 2b). The 
band gap of ZnO-NPs is found to be 3.29 eV, which 
is almost equal to the reported band gap (21). The 
calculation shows that the synthesized ZnO-NPs 
have a wide band gap but are very efficient in 
absorbing light. This band gap signifies that the 
nanomaterial is thermally stable and has a low 
intrinsic carrier to conduct electricity in the 
conductance band (22,23). By solving Brus’s 
equation, we obtained the size of particle 1.31 nm at 
wavelength 365 nm. The optical band gap 3.29 eV 
is obtained using Tauc plot. The Brus’s equation can 
be defined as: 

     𝐸ொ஽ = 𝐸௚ +
௛మగమ 

ଶோమ ቀ
ଵ

௠೐
+

ଵ

௠೓
ቁ −

ଵ.଼௘మ

ସగ ೚ఌோ
  …...(10) 

where, ‘EQD’ is the band energy of quantum dot, ‘Eg’ 
is the bulk band gap, ‘me’ and ‘mh’ are the mass of 
electron and hole, 𝜖௢ is the permittivity of vacuum, 
and 𝜀 is the dielectric constant (24). Tauc’s equation 
is used to calculate optical band gap (25). 

αh𝜗 =   A(h𝜗 −  𝐸௚  )୬   … … … … … (11) 

The energy h𝜗(eV), is calculated as; 

h𝜗(eV) =
1240

λ
… … … … . . … … … … (12) 

 
FTIR Spectra Analysis for ZnO-NPs 
FTIR analysis of ZnO-NPs shows its characteristic 
peak in different wavenumbers (Fig. 3). The 
particles show the trapped water molecule showing 
its strong O-H stretching in 3448.96 cm-1. Spectra 
also reveals O-H bending at 1597.83 cm-1.  

 
Figure 3: FTIR analysis for zinc oxide 
nanoparticles (ZnO-NPs) 
 
The small extent of bending found in 2930.02 cm-1 
shows the stretching of the C-H bond found in the 
sample, which is due to the precursor of zinc acetate 
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prepared in organic solvent. The distinct stretching 
in 578.74 cm-1 shows the presence of Zn-O in the 
sample. The additional bending of Zn-O found in 
1013.93, 827.25, 779.11 cm-1 confirms the presence 
of zinc oxide nanoparticles in the sample (26–29). 
 
EDX Analysis for Elemental Composition 

 
Figure 4: A) EDX spectra of ZnO-NPs showing the 
elemental composition in C-Sc, and B) EDX spectra 
of ZnO-NPs showing high resolution of Al-U mode, 
showing the elemental composition of zinc and 
oxygen. 
 
The EDX spectra of the samples presented in Fig. 4 
reveal that the elemental composition of 81.90% 
zinc (Zn) and 19.99% oxygen (O). The sharp and 
significant peak obtained in different energy ranges 
shows the presence of zinc oxide nanoparticles. The 
dispersive peak spectra obtained at Al-U mode 
show the oxygen peak of energy 3.56 keV and 
Intensity (0.23 cps/uA). Furthermore, the peak of 
zinc shows an energy of 8.59 keV and an Intensity 
of 84.63 cps/uA). The peak obtained for zinc with 
an energy of 9.52 keV, and an intensity of 10.78 also 

confirms the presence of zinc oxide nanoparticles in 
the sample (30–32). 

 
XRD Crystallographic Analysis for the ZnO-NPs 
Crystallography of ZnO-NPs depicts its sharp peak 
at the plane 101 (2θ = 35.5o), 111 (2θ = 34.28o), 102 
(2θ = 47.30o), 110 (2θ = 56.47o), 103 (2θ = 62.67o), 
112 (2θ = 67.79o), 200 (2θ = 68.86o, Intensity 
388.37), 201 (2θ = 76.74o, Intensity 106.96), 202 
(2θ = 81.23o), 002 (2θ = 29.59o). For ZnO-NPs, the 
obtained 2θ = 36.5o for 111 plane which gives 
0.3185 radians. The FWHM (β) obtained ≈0.35o, 
and β radians = 0.00611. Solving Scherrer’s 
equation the diameter of the ZnO-NPs gives a 
crystallite size of 23.9 nm and crystallinity of 75.43 
%. The obtained crystalline size and crystallinity 
confirms the presence of ZnO NPs (33,34) 

D =
Kλ

βCosθ
=  

0.9 x 1.5406 x 10ିଵ଴

0.00611 x Cos (0.3185)
= 2.39 x 10ି଼ meter = 23.9 nm 

The crystallinity is obtained by the following 
relation. 
Crystallinity(%)

=  
Crystalline Area

Total Area (Crystalline + Amorphous)
x100 

=  
12759.66

16914.58
 x 100 = 75.43% 

 
Figure 5:  X-ray diffraction pattern of ZnO-NPs. 
 
The X-ray diffractogram of the NPs is presented in 
Fig. 5. The analysis of the X-RD crystallographic 
peaks confirms the presence of zinc oxide 
nanoparticles with wurtzite geometry. The 3D 
geometric pattern of the particle shows the distinct 
lattice parameters having bond length (a = 3.22, b = 
3.22, c = 5.20), and bond angle (α = 90o, β = 90o, γ 
= 120o). The unit cell volume for the wurtzite 
structure is found to be 46.962348 Å3. The three-
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dimensional crystal structure of the ZnO-NPs is 
presented in Fig. 6. 
 

 
Figure 6: 3D geometric structure of zinc oxide 
nanoparticles showing the representation in Ball 
and stick, space-filling, polyhedral, and wireframe 
structure drawn from VESTA (Visualizing Crystal 
structures) based on crystallographic open 
databases (35). 
 
Influence of Light Intensity on ZnO-NPs 
Photocatalytic degradation was carried out in the 
average intensity of light 5.76±0.14 kWh/m2/day 
obtained by pyranometer in the days of August 
2024. The results are plotted in Fig. 7. 

 
Figure 7:  Photo intensity of light in August 2024, 
obtained by using CMP3 pyranometer in Gurashe, 
Surkhet, Nepal 
 
The photocatalytic degradation of Rhodamine B 
was achieved by the action of ZnO-NPs in the 
presence of light. When ZnO-NPs are added to 
Rhodamine B dye, the degradation process starts on 
exposure to light with an intensity of 5.76±0.14 
kWh/m2/day. The degradation process was carried 
out by adding 10 mg of the NPs in 100 mL of 
Rhodamine B solution.  The degradation 
mechanism is achieved by the absorption of light by 
ZnO-NPs that excites the electron from the valence 
band to the conduction band (see Fig. 8). The 
process of absorption and excitation of electrons 

ultimately creates the electron-hole pairs, which 
convert OHିions into OH. free radical and 
superoxide Oଶ

.ି. The free radicals and superoxides 
are very reactive intermediates that degrade 
Rhodamine B into simple molecules like CO2 and 
H2O. Hence, mineralization takes place. The 
degradation process ultimately discharges the pink 
color Rhodamine B into the colorless solution, that 
is measured by the intensity of absorbance on the 
spectrophotometer. The maximum absorption 
intensity and degradation intensity of Rhodamine B 
is recorded at a wavelength of 555 nm. 

 
Figure 8: Photocatalytic degradation mechanism of 
Rhodamine B.  
 
The illustrative mechanism presented in Fig. 8 
shows the absorption of photo light, excitation of an 
electron from the particle surface and formation of 
holes, formation of hydroxide and superoxide 
radicals, and recombination and mineralization of 
dye. 
 
Photocatalytic Degradation of Rhodamine B by 
ZnO-NPs 
The photocatalytic process was carried out by the 
absorption of photo-light intensity from the 
exposure of solution over the light having an 
intensity of 5.76±0.14 kWh/m2/day. The results are 
presented in Fig. 9A. Photocatalytic reactions on 
semiconductor materials like ZnO are very 
sensitive. Though the calculated band gap is 
considerably high for the synthesized material, the 
intensity of solar radiation is huge to generate free 
radicals and superoxide in the solution. The process 
is distinctly explained by absorption, excitation, 
radical and superoxide radical formation, 
recombination, and mineralization. When 10 mg 
ZnO-NPs are added to 100 mL of 20 mg/L 
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Rhodamine B solution in a borosilicate conical flask 
in exposure to light, the degradation process starts. 
The initial time at dark was assumed to be zero, and 
the successive reading was taken in 10 minutes. The 
light source was not interrupted while the 
degradation process continued.  
 

 
Figure 9:  A) Photocatalytic degradation of 
Rhodamine B in light by ZnO-NPs; B) 
Photocatalytic degradation of Rhodamine B on 
increasing temperature by ZnO-NPs, and C) 
Catalytic degradation of Rhodamine B by ZnO-NPs 
in dark medium. 
 

The photocatalytic degradation persisted up to 120 
minutes for Rhodamine B, which was confirmed by 

the complete discharge of color and having no 
absorbance in the spectrophotometer. After the 
decolorization of pink-colored Rhodamine B, the 
entire solution was centrifuged at 5400 rpm, where 
the intact ZnO-NPs settled down at the bottom of 
the falcon tube that was further used in successive 
cycles of degradation. Furthermore, the dark 
medium degradation was achieved by repeating the 
same process in the absence of light in the dark 
room (see Fig. 9C). The dark medium degradation 
was very slow and incomplete up to 220 minutes in 
consistence with the literature (38,39). 
The heating degradation was also achieved in the 
presence of light. When 10 mg ZnO-NPs were 
added on 100 mL of 20 mg/L Rhodamine B solution 
at 25oC, the degradation process was started. The 
process was continued till the complete degradation 
occurred for 10-minute intervals in 10 °C difference 
temperatures (Fig. 9B). The heating degradation 
was considerably faster than the light and dark 
medium discharge of Rhodamine B (36,37). 
 

Kinetics of Photocatalytic Degradation for 
Rhodamine B by ZnO-NPs 
The catalytic degradation of Rhodamine B by the 
ZnO-NPs strictly obeys pseudo-first-order kinetics, 
as it can be evident from Fig. 10. In the light, the 
degradation was achieved very fast; the statistical 
analysis reveals that the linear fitting of ln(C/Co) vs. 
time gives a straight line with a slope -0.01274 and 
intercept 0.6723±0.0279. The Pearson’s ‘r’ 
obtained for the degradation is -0.994, with the 
correlation coefficient (R2) is 0.989. Similarly, in 
the dark medium, the degradation was found to fit 
linearly with a slope of -0.0637 and an intercept of 
0.07315±0.02793. The Pearson’s coefficient ‘r’ 
obtained for dark medium is -0.994 with an adjusted 
correlation coefficient (R2) is 0.989, which is equal 
to the degradation in light. Furthermore, the 
photocatalytic degradation with the increase in 
temperature shows the linear fitting with a slope -
0.026±0.00058 and intercept of 0.76283±0.11058. 
The Pearson coefficient ‘r’ was found -0.9777 with 
an adjusted correlation coefficient (R2) is 0.9555. 
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Figure 10: The C/Co vs time (A), C/Co vs 
Temperature (B), and ln(C/Co) vs time and 
temperature plots (C, and D) for the systems 
studied. 
 

Catalytic Efficiency of ZnO-NPs 
The catalytic efficiency of the NPs was calculated 
by plotting the percentage efficiency versus time 
(Fig. 11A). For photocatalytic degradation, the 
efficiency was obtained ≈80% in 120 minutes. 
Similarly, in the dark, the catalytic efficiency was 
obtained ≈15% up to 250 minutes, but the 
efficiency increased ≈90% for the degradation of 
Rhodamine B in light by heating continuously up to 
120 °C (see Fig. 11B). 

 
Figure 11: (A) Catalytic efficiency of ZnO-NPs in 
light and dark, (B). Increased efficiency with 
temperature in light 
 
Conclusion 
The toxicity of dyes on the human body is severe; 
their degradation into toxic compounds shows 
several magnitudes of pernicious effects. For the 
degradation purpose, we synthesized zinc oxide 
nanoparticles (ZnO-NPs) by the co-precipitation 
method under controlled pH. The synthesized 
materials are characterized by a UV-visible 
spectrophotometer, which gave the maximum 
absorbance at 365 nm. The band gap was calculated 
from Tauc’s plot, which gave 3.29 eV by the 
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extrapolation of the obtained plot. The FTIR spectra 
revealed that Zn-O stretching at 779.11 cm-1. The 
EDX spectra depicted the elemental composition in 
the nanoparticles and showed 81.90% zinc (Zn), 
17.99% oxygen (O), and trace 0.004 % copper (Cu). 
The XRD spectra revealed that the ZnO-NPs have 
wurtzite geometry. On solving Scherer’s equation, 
we obtained the size of particle 23.9 nm and the 
crystallinity obtained was 75.43 %. The 
photocatalytic degradation was carried out in 
5.74±0.14 kWh/m2/day light intensity. It was found 
that the photocatalytic degradation of Rhodamine B 
obtained in 140 minutes with approximately 80 % 
catalytic efficiency and in the dark medium, the 
degradation was very slow and incomplete up to 220 
minutes with efficiency ≈15%. The photocatalytic 
degradation process was completed in 110 minutes 
at 110oC. The degradation in dark and light both 
obey pseudo-first-order kinetics and the rate 
constant was found to be 0.01274 min-1 in light and 
0.00637 min-1 in dark. 
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Abstract: The growing demand for sustainable plastics stems from the environmental hazards posed by conventional 
petroleum-based products. This study investigates the synthesis and characterization of bioplastics derived from 
cassava and potato starch and compares their properties with polyethylene. Bioplastics were fabricated using glycerol 
and acetic acid as plasticizers. Optical microscopy revealed that effective starch gelatinization and uniform plasticizer 
distribution help prevent microcracking in the material. FTIR (Fourier-transform infrared) spectroscopy confirmed 
the presence of hydroxyl, carbonyl, and glycosidic bond peaks, indicating successful bioplastic formation. Solubility 
tests showed that starch-based bioplastics dissolved in both 10% sodium hydroxide and water at 90–100 °C, whereas 
polyethylene remained insoluble under the same conditions. Moisture interaction tests indicated that cassava 
bioplastics absorbed water and swelled, while potato-based samples exhibited a weight reduction. Degradability tests 
demonstrated that cassava and potato bioplastics decomposed within 20 and 15 days, respectively, while polyethylene 
did not degrade. These findings highlight the potential of starch-based bioplastics as environmentally friendly 
alternatives to conventional plastics. However, their mechanical properties vary depending on the starch source. Future 
efforts should focus on optimizing gelatinization and plasticizer incorporation to improve structural integrity and 
performance. 
 
Keywords: Bioplastic, starch, cassava, potato, polyethylene, biodegradation 
 

 
शोधसार: परÌपरागत ÈलािÖटकहŁले वातावरणमा पान¥ नकाराÂमक ÿभावका कारण िदगो र वातावरणमैýी ÈलािÖटकको माग िदनÿितिदन बढ्दै 
गएको सÆदभªमा ÿÖतुत अÅययनमा Öथािनय बजारमा उपलÊध एक ÿकारको तŁल र आलुबाट िनकिलएको Öटाचªबाट िµलसरोल र एिसिटक 
एिसडलाई ÈलािÖटसाइजरका łपमा ÿयोग गरेर बायोÈलािÖटक बनाई तीिनहŁको गणुहłलाई पोलीइिथलीनसँग तुलना गåरएको छ। बायोÈलािÖटक 
बनाउन िµलसåरन र एिसिटक एिसड ÿयोग गåरएको छ जसले यसलाई लिचलो बनाउँछ। माइøोÖकोपले हदेाª, Öटाचª राăोसँग पकाएर ÈलािÖटसाइजर 
समान Łपले िमलाएमा बायोÈलािÖटक नचिकª ने दिेखयो। फुåरयर-ůाÆसफमª इÆĀारेड परी±णले यसमा हाइűोि³सल, काबōिनल, र µलाइकोिसिडक 
बोÆडहł भेिटएकोले बायोÈलािÖटक सफलतापवूªक बनेको पिुĶ भयो।बायोÈलािÖटकका नमनुाहŁलाई पानी र सोिडयम हाइűो³साइडमा परी±ण 
गदाª, ९०–१०० °C मा पिµलएर घुलेको तर पोिलिथिलन नपिµलएको पाइयो। पानी अवशोषण पåर±ण अनुसार, नमीले तŁलको बायोÈलािÖटक 
फुिÐलयो भने आलुको बायोÈलािÖटकको तौल घटेको पाइयो। माटोमा कुिहने पåर±ण गदाª तŁलको बायोÈलािÖटक २० िदनमा  र आलुको 
बायोÈलािÖटक १५ िदनमा कुिहएको तर पोिलिथिलनमा २० िदन सÌम कुनै ÿभाव नपरेको पाइयो। यसले Öटाचªबाट बनेको बायोÈलािÖटक, 
पेůोिलयम ÈलािÖटकको िवकÐप हòन स³ने दखेाउछ। तर तŁल र आलुको बायोÈलािÖटकको गणु फरक फरक छन्। भिवÕयमा Öटाचªलाई राăोसँग 
पकाउने र ÈलािÖटसाइजर िमलाउने तåरका अझ बढी अÅययन गनुªपन¥ देिखÆछ जसवाट ती बायोÈलािÖटकहŁको गणुÖतर र िटकाउपन बढाउन 
सिकनेछ। 
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INTRODUCTION

Bioplastics are materials derived from renewable 
biological sources such as starch, cellulose, or other 
polysaccharides, and have emerged as an 
environmentally favorable alternative to 
conventional synthetic plastics [1]. Starch is 
particularly attractive among various biopolymers 
due to its abundance, low cost, and film-forming 
capability [2,3]. Starch is a naturally occurring 
polysaccharide macromolecule that displays 
polymer-like properties, making it a promising 
material for producing bioplastics. These 
bioplastics significantly reduce plastic waste's 
environmental footprint [4,5]. Many bioplastics 
allow natural decomposition through micro-
organism action because they differ from 
conventional plastics [6]. In contrast, conventional 
synthetic polymers like polyethylene (PE), 
polypropylene (PP), and polystyrene (PS) are 
produced from petrochemical sources and are 
characterized as being non-biodegradable and 
resistant to degradation [7]. However, Plastic has 
become essential for every aspect of human life, 
including packaging electronic goods and 
household items, and transport vehicles. Such 
polymers derived from non-renewable petroleum 
resources accumulate in landfills and natural 
habitats, contributing to pollution and ecological 
harm that can persist for extended periods of 200 
years [8,9]. This increasing concern has accelerated 
the pursuit of sustainable alternatives, with 
bioplastics as a strong, promising solution.  
Bioplastics exhibit applications across medicine, 
cosmetics, the automotive industry, food packaging, 
and agriculture because of their degradability, along 
with their manufacturing dependence on waste 
materials [10]. The medical domain discovers 
beneficial applications for natural waste-based 
bioplastics because they exhibit reduced potential to 
cause allergic reactions as compared to petroleum-
based materials. Since starch is inexpensive, 
versatile, and optically clear, it has emerged as the 
most popular and crucial ingredient in edible and 
biodegradable films among the different kinds of 
polysaccharides, including cellulose, gums, starch, 
and chitosan [11]. The development of advanced 
technology now enables creative uses of cellulose 
and starch together with other bio-based materials 

for food packaging [12,13]. Plastic manufacturers 
within the sector mostly deploy starch-based 
polymers together with polylactic acid (PLA) and 
cellophane materials for their distinct functional 
properties. The use of biodegradable mulch films in 
agriculture proves cost-efficient because they 
reduce both operational expenses and waste 
disposal expenses as they are designed to be utilized 
once and then safely combined with soil [14]. 

However, starch-based bioplastics often face 
challenges related to mechanical strength, water 
sensitivity, and durability compared to conventional 
plastics like polyethylene [15,16]. Recent research 
has focused on optimizing the formulation of starch-
based bioplastics through the use of plasticizers, 
blending agents, and processing techniques to 
enhance their physical and chemical properties 
[17,18]. Comparative studies between bioplastics 
derived from cassava and potato starch and 
conventional polyethylene are essential to evaluate 
their performance, biodegradability, and potential 
for real-world applications [15]. 

Another significant concern in bioplastic production 
is identifying a reliable and sustainable source of 
starch. Among the various options, cassava and 
potato starch emerge as promising raw materials, as 
they are major agricultural sources of starch that are 
widely cultivated and readily available in many 
regions [19]. The extraction and development of 
bioplastics from these starches offers a viable 
pathway to produce bioplastics. Furthermore, the 
combined treatment of starch with plasticizers like 
glycerol and acetic acid allows the creation of 
flexible and water-soluble films [20]. These films 
degrade at a much faster rate compared to 
conventional polyethylene, making them an 
environmentally friendly alternative [21]. 

This research article aims to prepare and 
characterize bioplastics from cassava and potato 
starch and systematically compare their properties 
with those of conventional polyethylene. By 
assessing mechanical, thermal, and biodegradability 
characteristics, this study seeks to contribute to the 
development of bioplastics. 
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MATERIALS AND METHODS  
Materials 
Cassava and potatoes were obtained from the local 
market in Kathmandu. Glycerol, acetic acid, 10% 
NaOH, 10% HNO3, acetone, benzene, and distilled 
water were purchased from Kathmandu, 
manufactured by Himedia Laboratories Pvt. Ltd., 
India, and used without further purification. 
Methods 
Preparation of bioplastic: 2 kg of each cassava and 
potato was weighed, washed, peeled, cut, and 
soaked in distilled water for 48 hrs. Then they were 
ground using a clean kitchen blender and decanted 
for 4 hrs and filtered using a muslin cloth to remove 
excess water. The filtered mass was then sun-dried 
for 24 hrs. The dry starch was then mixed with 
water, glycerol, and acetic acid, which was warmed 
in a water bath and left to set for a week in a mold 
[22]. 

Surface Morphology: Surface morphology 
characterization was done by using a Boeco BM-
800 laboratory binocular microscope and digitally 
recorded with a Boeco B-CAM 16. The samples 
were prepared on a glass slide, using immersion oil, 
and covered with a coverslip. 

FTIR analysis: The FTIR spectra were obtained 
using an IR Affinity-1S FTIR Spectrophotometer 
(Shimadzu) to analyze species, functional groups, 
and vibrational modes linked to each peak. The 
spectra were observed within the 400-4000 cm-1 
spectral range with a resolution set at 4 cm-1. 

Water absorption test: The samples of equal weight 
(w1) having similar shapes were prepared and then 

dipped into the water for 12 hrs. These samples were 
dried with the help of filter paper to minimize error 
by removing surface water and weighed (w2) [22]. 

Solubility test: The solubility tests were performed 
in various solvents ranging from polar to non-polar 
(water, 10% NaOH, 10% HNO3, ethanol, acetone, 
and benzene). The prepared samples were cut into 
small pieces of weight 0.1g and put into 10 mL test 
tubes containing 5 mL of solvents. The solubility 
was observed at both room temperature and 
elevated temperature of 90 °C [22].  

Biodegradability test: A biodegradability test was 
done by using the soil burial method. Samples were 
cut and weighed to equal 0.1g in similar shapes. 
These samples were then buried in a box containing 
moist soil at a depth of 10 cm for 20 days at room 
temperature and checked for weight loss at every 5-
day intervals by cleaning, drying, and weighing the 
samples [23]. 

 

RESULTS AND DISCUSSION 
Surface morphology 

The study of bioplastic surface features was 
conducted through optical microscopy. Figures 1a 
and 1b show the distribution of starch and 
plasticizers, indicating successful blending [24]. 
These optical micrographs displayed surface 
fractures accompanied by cracks, which are likely 
attributed to the presence of α-1,4-glucosidic bonds 
in the starch matrix, probably due to its naturally 
amorphous characteristics [25,26]. 

Figure 1. Optical micrographs of a. Cassava starch bioplastic and b. Potato starch bioplastic. 
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FTIR analysis

The FTIR spectra of the bioplastics (Figure 2) 
exhibited characteristic peaks confirming the 
presence of starch, glycerol, and acetic acid. A 
broad absorption band between 3600–3000 cm⁻¹ 
was observed, corresponding to O–H stretching 
vibrations, indicating the hydroxyl groups from 
starch and glycerol [27,28]. The peak at 2929 cm⁻¹ 
was attributed to C–H stretching, representing the 
alkyl groups present in the biopolymer matrix [27]. 
A distinct peak at 1643 cm⁻¹ was assigned to C=O 

stretching vibrations, confirming the incorporation 
of acetic acid within the bioplastic structure [29]. 
Furthermore, the peak at 1079 cm⁻¹ indicated the C–
O–C stretching of glycosidic bonds in the starch 
backbone, while the peak at 1015 cm⁻¹ was 
associated with C–O–H bending vibrations, 
supporting the presence of polysaccharide and 
polyol groups [30]. These results collectively 
confirm the incorporation of glycerol and acetic 
acid as plasticizers in the successful formation of 
starch-based bioplastics.  

 

Figure 2. FTIR spectrum of bioplastic a. Cassava 
starch b. Potato starch. 

Water absorption test 

A water absorption analysis involved three plastic 
types, which included cassava-based bioplastic, 
potato-based bioplastic, and commercial 
polyethylene. The weight of each sample before and 
after being soaked in water was noted as shown in 
Table 1, which is also represented graphically in 
Figure 3. 

Table 1. Values of water absorption test on 
different plastic types. 

 

Among the three samples, cassava showed the 
highest amount of water absorption, indicating a 
70% increase after being soaked in water for 12 hrs. 
The water molecules entered bioplastics through 
their porous network and established an interaction 
with the internal polymer structure [22]. This result 
was supported by the optical micrograph (Figure 1), 
which indicated the presence of a rupture surface on  
the plastic materials [26]. The commercial 
polyethylene sample maintained its constant weight 
of 0.1 g, indicating 0% water absorption due to its 
hydrophobic and non-polar structure, as well as its 
great resistance to water intake [31]. However, the 
weight of potato-based bioplastic decreased from 
0.1 g to 0.09 g after water soaking (Figure 3). This 
is because the materials started dissolving when the 
aqueous concentration exceeded a specific 
threshold value [32]. Different water interaction 
patterns emerge between bioplastic materials and 
establish synthetic plastic types, according to test 
observations [33]. 
 

Figure 3. Plot showing weight difference before 
and after water absorption. 

Sample 
Initial 

Weight 
(g) 

Final 
Weight 

(g) 

Water 
Absorption 

(%) 

Cassava 
bioplastic 

0.1 0.17 70 

Potato 
bioplastic 

0.1 0.09 -10 

Commercial 
polyethylene 

0.1 0.1 0 
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Solubility test 

Two types of bioplastics based on cassava starch 
and potato starch underwent solubility tests 
involving several solvents under 90 °C and room 
temperature conditions, which were then compared 
against traditional polyethylene as indicated in 
Table 2.  

Both cassava and potato starch bioplastics showed 
soluble properties in 10% NaOH at room 
temperature, yet displayed insolubility against 

water, 10% HNO₃, ethanol, acetone, and benzene 
solutions. Exposure to 90 °C allowed the starch-
based bioplastics to become partially dissolvable in 
water and 10% HNO₃, as the elevated temperatures 
increased their chain network mobility and acidity 
sensitized them [34]. The dissolving behavior of 
starch bioplastics in polar solvents and reactive 
solutions like alkalis and hot water is attributed to 
the hydrophilic nature of the starch bioplastic that 
uses hydrogen bonds or hydrolysis to interact with 
these solvents. The starch-based material's solvent 
sensitivity matches earlier findings [21,35,36]. 

Table 2. Solubility test of plastic samples in different solvents. 

 
Sample 

Water 
10% 
NaOH 

10% 
HNO

3
 Ethanol Acetone Benzene 

A
t r

oo
m

 
te

m
pe

ra
tu

re
 f

or
 2

4 
hr

s 

Cassava bioplastic × ✓ × ×  ×  × 

Potato bioplastic × ✓ × ×  ×  × 

Commercial 
polyethylene 

×  ×  × ×  ×  × 

A
t 9

0 
°C

  Cassava bioplastic P. ✓  ✓ P. ✓ × × × 

Potato bioplastic P. ✓   ✓ P. ✓ × × × 

Commercial 
polyethylene 

× × × × × × 

Note: Insoluble (×), Soluble (✓), Partial soluble (P. ✓) 

 

The tested solvents could not dissolve commercial 
polyethylene because of its hydrophobic nature, as 
well as its resistant chemical properties against all 

solvents [37,38]. This test highlights the 
biodegradable and environment-responsive 
characteristics of starch-based bioplastics that are 
suitable for short-term usage requirements.  

Biodegradability test 

The test for biodegradability employed the soil 
burial method. The testing period took place inside 
one type of soil extending to a depth of 10 cm for 20 
consecutive days [39]. The potato starch bioplastic 
experienced a weight loss of 15% during the first 5 
days, and the cassava starch bioplastic lost 20% 
weight during the same time frame (Figure 4). The 
degradation rate of potato starch bioplastic 
increased after five days of the experiment and 
exceeded the degradation rate of cassava starch 
bioplastic, which may be due to the amylopectin 
nature, large and porous granules of the potato 
starch bioplastic that aid the water absorption and 
increased the rate of degradation process [40,41].  

Figure 4. Biodegradability of samples with a 
percentage loss of the samples at 5-day intervals. 
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The complete degradation of potato starch 
bioplastic occurred within 15 days, but cassava 
starch bioplastic required the full 20-day period to 
decompose. The film expanded from water 
absorption from soil and resulted in higher 
microbial proliferation and enzyme degradation 
processes that contributed to weight reduction and 
disruption of the films [23]. On the other hand, the 
hydroxyl group in starch may have initiated the 
hydrolysis reaction of the polymer after water 
absorption, also glycerin, as a hydrophilic 
plasticizer, reduced the internal hydrogen bond in 
the polymer chain [42]. Commercial polyethylene 
did not show any signs of degradation during the 20-
day testing period. 
 

CONCLUSION 
This research highlights the potential of starch-
based bioplastics as a viable biodegradable 
alternative to conventional plastics. Bioplastic was 
successfully synthesized using easily available 
chemicals, making the process accessible and cost-
effective. Comprehensive characterization 
techniques optical microscopy, FTIR spectroscopy, 
water absorption, solubility, and biodegradability 
tests, establish the environmental benefits of the 
starch-based bioplastics. The research showed that 
commercial polyethylene remained unaffected by 
all treatment components, confirming its resistance 
to natural degradation processes. Overall, the results 
confirm that starch-based bioplastics, particularly 
those derived from potato starch, exhibit significant 
environmental compatibility and are well-suited for 
integration into sustainable manufacturing systems.  
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Abstract: Some of the local traditional technologies of Nepal, despite lacking modern scientific terminologies in their 
common uses, have been found to possess inherent nanoscopic structural features. This article attempts to present 
some typical examples from Nepalese traditional practices, including Ayurvedic Bhasma, handmade paper, metallic 
and mineral particles-containing dyes and artifacts, and traditional cosmetics such as Gajal. Further, the historic 
expansion of the Paubha way of painting into Tibet, possibly through Princess Bhrikuti, underscores the cultural 
transmission of such nano-enabled art. These indigenous technologies demonstrate eco-friendly, sustainable, and 
culturally integrated approaches to materials science. The article emphasizes the value of exploring such practices to 
inspire contemporary emerging green nanotechnological innovations. 

Keywords: Traditional technology; Ayurvedic Bhasma; Nepali paper; Paubha art, Metal plating; Gajal 
 

शोधसार:  आधुिनक वै²ािनक पदावलीहŁको ÿयोग नभएतापिन नेपालका कैयŏ  परÌपरागत ÿिविधहł आफ§ मा नानोिव²ानका िवशेषताहłले 
सशुोिभत रहकेा छन् । ÿÖतुत छोटो आलेखमा नानोिव²ानसंग संबिÆधत गुणहŁ úहण गरेका आयुव¥िदय भÖम, हÖतिनिमªत कागज, धातु एवं खिनज-
जÆय किणकाहŁ समेतबाट सĴेंिषत ÿाकृितक रङहł, धातुलेपन संबिÆधत कलाकृितहł, गाजलजÖता परÌपरागत सौÆदयª ÿसाधनका बÖतु तथा 
पौभाः िचýकला लगायतका परÌपरागत अËयासहłलाई ÿÖतुत गåरएको छ । सातौ ँशताÊदीमा राजकुमारी भकुृटी माफª त ितÊबतमा पौभाः र थाङ्का 
कलाको ÿसारले समेत हाăो नानोिव²ान-सÌबĦ कलाको साÖंकृितक प±लाई दशाªउँछ । यÖता रैथाने ÿिविधहłले वातावरणमैýी, िदगो र 
सांÖकृितक łपमा जोिडएको पदाथª िव²ानको ŀिĶकोण ÿÖतुत गदªछन् । यो लेखमा यÖता परÌपरागत अËयासहłको गहन अÅययन-अनुसÆधान 
गरेर हåरत नानोÿिविधमा समेत नवीन ÿेरणा िलन सिकने िवषयमा जोड िदने ÿयाश गåरएको छ । 

Nanotechnology, the manipulation of matter at 
dimensions below 100 nm, has revolutionized 
materials science (Bhushan, 2017; Cademartiri and 
Ozin, 2009). However, many traditional 
technologies have unknowingly harnessed 
nanoscale phenomena long before the term 
"nanotechnology" was coined. Nepal, with its long-
standing traditions in Ayurveda, Sowa-Rigpa 
medicine, metalwork, dyeing, and papermaking, 
provides fertile ground for investigating such 
practices. These indigenous methods, shaped by 
cultural, ecological, and philosophical principles, 
offer insight into sustainable, low-energy, and eco-
friendly approaches to manipulating materials at or 
near the nanoscale. 

Ayurvedic Bhasmas: One prominent example of 
traditional nano-formulation is the preparation of 
Ayurvedic Bhasmas and Sowa-Rigpa Rasayanas. 
Such traditional medicines, produced through 
repeated cycles of calcination and purification, are 
known to contain metal and mineral nanoparticles 
(Adhikari, 2014). Recent scientific investigations 
using electron microscopy have revealed that the 
Bhasmas often consist of particles in the nanometer 
range (Adhikari, 2014; Paudel et al., 2022). Gold-
based Swarna Bhasma has been reported to have 
particles ranging between 20 and 60 nanometers, 
while copper Bhasma contains nanoparticles in the 
50 to 100 nm range, potentially contributing to their 
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high surface reactivity and therapeutic 
bioavailability (Adhikari, 2014; Chaudhary, 2011). 
Handmade Paper: In the field of traditional 
materials, handmade Lokta paper represents another 
compelling example. Made from the inner bark of 
Daphne bholua and Daphne papyracea, the paper 
exhibits a fibrillar and layered network structure 
when viewed under a field emission scanning 
electron microscope (FESEM) (see Fig. 1). The 
micro- and nano-structured cellulose matrix (Aryal 
et al., 2022; Thapa et al., 2025), combined with 
residual plant-based compounds, contributes to its 
antimicrobial and insect-resistant properties. Such 
features are analogous to those found in modern 
nanostructured antimicrobial packaging materials. 
 

 
Figure 1: FESEM image of handmade traditional Nepali 
paper (Adhikari, R. et al, unpublished result)  
 
Natural Dyes: Natural dyes, extensively used in 
Nepali textiles, also show evidence of nanoscale 
behavior. Extracts from plants like turmeric, indigo, 
walnut, and madder, when used with mordants such 
as alum or iron salts, form stable pigment 
nanoparticles in aqueous suspensions. These nano-
pigments demonstrate enhanced binding properties 
and improved resistance to photodegradation, 
contributing to the longevity and vibrancy of 
traditional textiles (Bhandari et al., 2021). The 
controlled aggregation of pigment molecules and 
their interaction with fabrics highlight parallels with 
colloidal and supramolecular chemistry in modern 
dye technologies. 
Metal Plating: Equally significant is the traditional 
metal craftsmanship, particularly among Newa 
artisans of the Kathmandu valley (Joshi et al, 2022; 
Furger, 2017). Their use of natural abrasives and 
polishing techniques produces oxide layers and 
surface finishes at nanometer-scale thickness. 
Ancient statues and ritual objects made from gilded 

copper alloys have been shown to possess nanoscale 
corrosion-resistant coatings, an unintended yet 
effective surface engineering strategy. Surface 
analysis studies confirm that these nano-layers 
contribute to the longevity and aesthetic appeal of 
these historical artifacts (Furger, 2017). 
Gajal: Another notable example of traditional 
nanotechnology deeply rooted in Nepal is the 
preparation and use of Gajal, a black eye cosmetic 
widely used for both aesthetic and medicinal 
purposes. Traditionally, Gajal is made by collecting 
fine soot particles produced from the incomplete 
combustion of natural oils (such as castor oil or 
ghee), which are then mixed with herbal oils or ghee 
to form a smooth paste. Scientific studies suggest 
that these soot particles are often in the nanometer 
size range, imparting unique surface properties such 
as enhanced adhesion, antimicrobial activity, and 
stability (Sohail et al., 2018; Randhive et al., 2020). 
The nanoscale structure contributes not only to the 
cosmetic appeal of Gajal but also to its therapeutic 
effects, protecting and lubricating the eyes, 
illustrating the intersection of indigenous 
knowledge with nanoscience principles. 
Paubha Painting: A particularly rich and symbolic 
example of traditional nano-enabled art is the 
Paubha painting tradition, exemplified by the 
Prajnaparamita Paubha preserved at Hiranyavarna 
Mahavihara in Patan (See Fig. 2). Such intricate 
artworks are painted using finely ground mineral or 
metals (such as gold and silver) and plant pigments, 
many of which display the particle diameter well 
below the micron scale.  

 
Figure 2: Photograph showing the repair of the  
Prajnaparamita Paubha at Hiranyavarna Mahavihara, 
Patan (https://risingnepaldaily.com/news/30187) 
 

Artists traditionally mix the pigments with natural 
binders, often in oil or water-based vehicles, 
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allowing for uniform dispersion and fine detailing at 
an extremely small scale (Gurung, 2025). The 
nanoparticle, which might form, hence contributes 
to both aesthetic beauty and long-term preservation. 
These paintings also exhibit excellent adhesion and 
resistance to fading, likely due to the stabilization of 
nano-pigments within natural organic matrices. 
There is evidence of the expansion of Paubha and 
Thanka art in Tibet, linked historically to Princess 
Bhrikuti of Nepal, who, according to traditional 
accounts, married the Tibetan King Songtsen 
Gampo in the 7th century (Shakya, 2013). As a 
devout Buddhist and patron of the arts, Bhrikuti is 
believed to have introduced Nepali artisans and 
religious iconography to Tibet, thus fostering the 
development of Thangka painting, a close 
derivative of Paubha art. 
 

Conclusion: Some notable traditional technologies 
of Nepal illustrate how indigenous knowledge 
systems can be linked in inspiring ways with the 
essence of modern nanoscience. By examining 
these practices through a scientific lens, we uncover 
nanoscale principles rooted in centuries-old 
wisdom. These insights not only enhance our 
understanding of historical technologies but also 
pave the way for developing sustainable 
nanomaterials and processes.  
Future interdisciplinary research endeavors 
bridging traditional knowledge and cutting-edge 
science could yield transformative benefits in 
environmental remediation and sustainable 
materials development. 
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