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Abstract: Isotopes, as key concepts in
chemistry and physics, are extremely
important for understanding elemental
properties and behavior. This review aims to
provide a comprehensive view of the basic
theory of isotopes, including their definition
and classification: stable isotopes versus
radioactive isotopes. Isotopes not only have a
place in theoretical studies, but also play a
key role in several practical applications, such
as radioisotopes for diagnosis and treatment
in medicine, isotopes for determining the age
of rocks and fossils in geology, tracking
sources of pollution and ecosystem changes in
environmental sciences. In addition, this
paper will explore recent advances in isotope
research, including the discovery of new
isotopes, the enhancement of isotope analysis
techniques, and new applications of isotopes
at the intersection of several disciplines,
including biology, environmental science, and
forensic science. Through these
comprehensive discussions, this review aims
to provide researchers and students in related
fields with an updated and comprehensive
research perspective and reference.
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The concept of isotope has occupied an
important place in the history of science since its
inception [1]. It has not only enriched our
understanding of the periodic table of elements
but also provided a key theoretical foundation
for several branches of modern science, such as
chemistry, physics, geology, biology, and

medicine [2]. The discovery and study of
isotopes not only revealed the deep structure of
the elements but also opened new avenues for
exploring the composition of matter and the
history of the universe [3].
In the history of science, the concept of isotopes
was introduced in the early 20th century [4].
Early scientists, such as Frederick Soddy and
Ernest Rutherford, discovered this unique form
of the elements through experiments [5]. Their
research not only revealed the presence of
neutrons and protons in the nuclei of the
elements but also showed that even different
isotopes of the same element may have
significantly different physical properties [6].
This discovery paved the way for subsequent
atomic physics and nuclear chemistry and
provided a new dimension in understanding
chemical reactions.
In modern science and industry, the importance
of isotopes cannot be underestimated. In
medicine, the use of radioisotopes has
revolutionized diagnostic and therapeutic
methods, particularly in cancer treatment and
medical imaging techniques. In environmental
sciences, isotopes are used to track
environmental changes and sources of pollution,
providing key data for climate change studies. In
the energy industry, especially in nuclear energy,
isotopes are used as the basis for nuclear reactor
design and the nuclear fuel cycle [7]. In addition,
they are used in geology to determine the age of
rocks and fossils, and in astronomy to help
scientists explore the origin and evolution of the
universe [8].
Thus, isotope research is not only an important
branch of pure scientific research but also a
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cornerstone of modern industrial and
technological development [9]. This review aims
to provide an in-depth look at the scientific basis
and application areas of isotopes, as well as their
role in current and future scientific and
technological advances. Through this
comprehensive overview, we can better
understand the importance of isotopes in the
modern world and how they shape our
understanding of the natural world [10].

1. Definition and Classification of Isotopes

1.1 Isotopes and Their Effect on the Number
of Neutrons in An Atomic Nucleus
Isotopes are different forms of elements that
have the same atomic number (i.e., the same
number of protons) but different mass numbers
(i.e., different numbers of neutrons) [11]. In
other words, different isotopes of the same
chemical element have the same number of
protons in their nuclei but different numbers of
neutrons. This difference directly affects the
physical properties of the isotope, such as mass
and radioactivity. Although the chemical
properties of different isotopes are similar due to
similar electronic configurations, the difference
in their atomic masses leads to differences in
physical properties, especially in radioactivity,
nuclear stability, and atomic mass [12].
1.1.1 Stable isotopes
The nuclei of these isotopes do not
spontaneously decay under natural conditions.
Stable isotopes persist in nature and do not
change over time. They are often used as tracers
in scientific research, especially in the fields of
geology, environmental science, and biology
because they do not emit radioactive radiation
[13].
1.1.2 Radioisotopes
The nuclei of these radioisotopes are unstable,
and they are transformed into other elements or
isotopes through radioactive decay, and in the
process release radiation in the form of
α-particles, β-particles, γ-rays, etc [14].
Radioisotopes have a wide range of applications
in several fields, such as in medicine for
diagnostic and therapeutic purposes (e.g., the use
of iodine-131 in the treatment of thyroid
disorders), in archaeology and geology for
dating purposes (e.g., radiocarbon dating using
carbon-14), and in the energy industry as fuels
or products of nuclear reactions [15]. These
isotopes are typically produced in high-energy

environments, such as the interiors of stars or in
artificial nuclear reactors, where nuclear
reactions such as nuclear fission or fusion
produce a large number of different
radioisotopes [16]. In contrast, stable isotopes
are usually formed during nucleosynthesis early
in the formation of the Universe or the interiors
of stars through nuclear fusion reactions.

2. History of Isotopes

2.1 History of Isotope Discovery
The discovery of isotopes and the development
of the theory was a major milestone in the
history of science in the early twentieth century
[17], with far-reaching consequences for modern
chemistry and physics. The history of the
discovery of isotopes began in the early 1900s
[18], when Joseph J.J. Thomson provided the
first evidence for the existence of isotopes by
observing for the first time, through experiments
with a mass spectrometer, the existence of small
differences in the atomic masses of the same
chemical element [19]. This was followed in
1913 by the independent discovery by Frederick
Soddy and Kasimir Fajans of the transformation
of radioactive elements into other elements
during decay, thus emphasizing the importance
of the composition of the nucleus for the
properties of the elements [20]. Soddy
introduced the term "isotope" [21] to describe
elements that are chemically identical but have
different atomic weights. Finally, in 1920,
Francis William Aston confirmed the existence
of isotopes by improving the techniques of mass
spectrometry [22] and showed conclusively that
the same element can have different masses.
Aston's work not only led to the discovery of
isotopes of a wide range of elements but also
laid the foundations for the precise measurement
of isotope masses [23].

2.2 The Development of Isotope Theory and
Its Impact
The discovery and study of isotopes not only
helped scientists to gain a deeper understanding
of the structure of atoms, especially the nucleus
but also had a significant impact on the
development of atomic physics and nuclear
chemistry. In the construction of the periodic
table of the elements, the positioning of the
elements was no longer based solely on the
atomic mass but shifted to the number of protons
in the nucleus, i.e. the atomic number, as the
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benchmark, a shift that contributed to the
formation of the modern periodic table of
chemical elements. At the same time, the study
of radioisotopes triggered an in-depth
exploration of the mechanism of nuclear
reactions, laying a solid foundation for the
development and use of nuclear energy. In
addition, the applications of isotopes in fields as
diverse as medicine, geology, archaeology, and
biology have benefited greatly from the
development of their theories, such as the use of
radioisotopes in medical diagnosis and therapy,
and the extensive use of stable isotopes in
environmental and ecological studies.

3. Applications of Isotopes in Various Fields

3.1 Use of Isotopes in Medicine
In the field of medicine, the applications of
radioisotopes fall into two main categories:
diagnostic and therapeutic [24]. For diagnosis,
nuclear medicine performs in vivo imaging
using radioisotopes, such as PET (positron
emission tomography) and SPECT (single
photon emission computed tomography). These
techniques involve the injection or ingestion of
compounds containing radioisotopes and the use
of special cameras to detect isotope radiation to
obtain images of internal body organs [25].
Commonly used radioisotopes include
iodine-131, gallium-67 and technetium-201.
Therapeutically, radioisotopes are used to treat
certain diseases, particularly cancer. For
example, iodine-131 is used to treat thyroid
cancer, where it is specifically taken up by
thyroid cells. Radioisotope therapy destroys
cancer cells primarily through radiation
produced by radioactive decay. Radioisotopes
therefore play an important role in medical
diagnosis and treatment [26].

3.2 Use of Isotopes in Geology
The main applications of isotopes in geology are
dating and studies of environmental change [27].
In dating, known rates of radioisotope decay can
be used to determine the age of rocks, minerals,
and fossils, e.g. carbon-14 dating for organic
materials and uranium-lead dating for ancient
minerals. These techniques are important tools
in the study of geological history and
archaeology. In the study of environmental
change, the distribution and variation of isotopes
in natural environments can be used to track
palaeoclimate changes, water cycle processes,

and crustal movements [28]. For example,
variations in the proportions of oxygen isotopes
in glacial and marine sediments have been used
to reconstruct palaeoclimate.

3.3 The Use of Isotopes in Astronomy
In astronomy, the application of isotopes focuses
on the study of the composition of stars and the
universe. By analyzing the spectra of light
emitted by distant stars, scientists can determine
the types of isotopes they contain, which in turn
helps to understand the life cycle and chemical
evolution of stars [29]. Variations in isotope
ratios can also reveal the age and origin of stars,
providing important clues to the study of the
origin of the universe.

3.4 Industrial Applications of Isotopes
Isotopes are widely used in energy production
and materials science. In the field of energy
production, nuclear reactors use radioactive
isotopes such as uranium-235 and
plutonium-239 as nuclear fuel [30]. Nuclear
fission of these isotopes can release large
amounts of energy and is widely used to
generate electricity. In materials science,
isotopes are used in the analysis and testing of
materials, e.g. by neutron activation analysis
techniques. In addition, in the manufacture of
semiconductors, the purity of a particular isotope
plays a crucial role in the electronic properties of
the material [31].

4. Progress in Isotope Research

4.1 Recent Research on Isotopes
Nuclear physicists have used particle
accelerators and nuclear reactors to synthesize
new isotopes of super-heavy elements, which
not only increase our understanding of the end
of the periodic table but also help to explore the
stability limits of atomic nuclei and unknown
chemical properties [32]. Meanwhile, significant
progress has been made in the application of
isotopes in nanomaterials. By changing the
isotopic composition, researchers can modulate
the thermal conductivity and electronic
properties of nanomaterials, opening up the
possibility of developing new nanoelectronic
devices and energy conversion materials [33]. In
addition, significant advances have been made in
isotope tracer technology, where the use of
stable isotopes as tracers of processes in living
organisms has enabled researchers to more
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accurately track and understand complex
biochemical processes, which is important in
drug development and disease research [34].

4.2 Future Directions for Isotope Research
In the fields of environmental science and
biotechnology, new applications of isotope
technology have demonstrated their
wide-ranging value and potential. In
environmental science, isotopes are used to
monitor air and water quality and to assess the
health of ecosystems [35]. These techniques can
accurately trace the sources and pathways of
pollutants, which is important for environmental
protection and remediation. In biotechnology,
isotopic techniques are used to tag and track
biomolecules, helping scientists to understand
the complex interactions in life processes. These
techniques are particularly important in drug
development, biomanufacturing, and agricultural
research, where they not only facilitate the
development of new drugs but also help to
improve crop varieties [36].

5. Conclusion
The importance of isotope research is reflected
in its wide range of applications in science and
technology, as well as in deepening the
understanding of fundamental science. As a
central concept in chemistry and physics,
isotopes not only reveal the intrinsic structure of
elements but also provide crucial information for
understanding the behavior of matter. Their
application in many fields such as medicine,
environmental sciences, geology, astronomy,
and industry has become an important part of
modern technology. The practical value of
isotope research can be seen, for example, in the
use of nuclear medicine for medical diagnosis
and treatment, and in earth science techniques
for tracking environmental change and dating.
In the future, isotope research will continue to
face many challenges, including technical and
instrumental limitations, theoretical complexity,
and environmental and health risks. Among
these challenges, isotopic research requires
high-end equipment and sophisticated
techniques that may be limited in
resource-constrained environments; research on
isotopes of superheavy elements requires better
theoretical models to explain and predict their
behavior; and the use of radioisotopes requires
stringent safety measures to prevent
environmental contamination and human

exposure.
However, there are also many opportunities,
such as the development of new technologies
that will improve the accuracy and efficiency of
isotope analysis, in particular the use of
high-resolution mass spectrometers; the
integration of isotope technology in various
fields, such as biomedicine, environmental
monitoring and materials science, providing new
ways of solving complex problems; in addition,
the synthesis and study of isotopes of super
heavy elements may reveal new principles of
atomic physics and find their way into future
technologies, such as the design of new nuclear
reactors. such as the design of new nuclear
reactors.

References
[1] Hoefs, Jochen, and Jochen Hoefs. Stable

isotope geochemistry. Vol. 201. Berlin:
Springer, 1997.

[2] Clement, John. "Model based learning as a
key research area for science education."
International Journal of science education
22.9 (2000): 1041-1053.

[3] García–Bellido, Juan. "The origin of matter
and structure in the universe." Philosophical
Transactions of the Royal Society of
London. Series A: Mathematical, Physical
and Engineering Sciences 357.1763 (1999):
3237-3257.

[4] Lehmann, Wolf D. "A timeline of stable
isotopes and mass spectrometry in the life
sciences." Mass spectrometry reviews 36.1
(2017): 58-85.

[5] Rutherford, Ernest, and Frederick Soddy.
"LX. Radioactive change." The London,
Edinburgh, and Dublin Philosophical
Magazine and Journal of Science 5.29
(1903): 576-591.

[6] Evans, F. Gaynor, and Seong Bang.
"Differences and relationships between the
physical properties and the microscopic
structure of human femoral, tibial and
fibular cortical bone." American Journal of
Anatomy 120.1 (1967): 79-88.

[7] Bedenko, S. V., et al. "A fuel for generation
IV nuclear energy system: Isotopic
composition and radiation characteristics."
Applied Radiation and Isotopes 147 (2019):
189-196.

[8] Malkan, Matthew A., and Benjamin M.
Zuckerman, eds. Origin and Evolution of the
Universe: From Big Bang to Exobiology.

42 Journal of Engineering System (ISSN: 2959-0604) Vol. 1 No. 4, 2023

http://www.stemmpress.com Copyright @ STEMM Institute Press



World Scientific, 2020.
[9] Seger, Christoph, and Linda Salzmann.

"After another decade: LC–MS/MS became
routine in clinical diagnostics." Clinical
biochemistry 82 (2020): 2-11.

[10] Layman, Craig A., et al. "Applying stable
isotopes to examine food‐web structure: an
overview of analytical tools." Biological
reviews 87.3 (2012): 545-562.

[11] Thoennessen, Michael. "The discovery of
isotopes." Switzerland: Springer Int. Publ
(2016).

[12] Hou, **aolin, and Per Roos. "Critical
comparison of radiometric and mass
spectrometric methods for the determination
of radionuclides in environmental,
biological and nuclear waste samples."
Analytica chimica acta 608.2 (2008):
105-139.

[13] Gupta, P. K., and P. K. Gupta. "Radiation
and Radioactive Materials." Problem
Solving Questions in Toxicology: A Study
Guide for the Board and other Examinations
(2020): 241-251.

[14] Zhou, Hongning, et al. "Radiation risk to
low fluences of α particles may be greater
than we thought." Proceedings of the
National Academy of Sciences 98.25 (2001):
14410-14415.

[15] Brown, Lloyd C., et al. High efficiency
generation of hydrogen fuels using nuclear
power. General Atomics, San Diego, CA
(United States), 2003.

[16] Hayes, Anna C. "Applications of nuclear
physics." Reports on Progress in Physics
80.2 (2017): 026301.

[17] Maher, Simon, Fred PM Jjunju, and
Stephen Taylor. "Colloquium: 100 years of
mass spectrometry: Perspectives and future
trends." Reviews of Modern Physics 87.1
(2015): 113.

[18] Budzikiewicz, Herbert, and Ronald D.
Grigsby. "Mass spectrometry and isotopes: a
century of research and discussion." Mass
spectrometry reviews 25.1 (2006): 146-157.

[19] Sharma, K. S. "Mass spectrometry—the
early years." International Journal of Mass
Spectrometry 349 (2013): 3-8.

[20] Cat, Jordi, and Nicholas W. Best. "Atomic
number and isotopy before nuclear structure:
multiple standards and evolving
collaboration of chemistry and physics."
Foundations of Chemistry 25.1 (2023):
67-99.

[21] Taylor, Thomas Ivan, and Harold C. Urey.
"Fractionation of the lithium and potassium
isotopes by chemical exchange with
zeolites." The Journal of Chemical Physics
6.8 (1938): 429-438.

[22] Nier, Keith A., Alfred L. Yergey, and P.
Jane Gale. The Encyclopedia of Mass
Spectrometry: Volume 9: Historical
Perspectives, Part A: The Development of
Mass Spectrometry. Newnes, 2015.

[23] De Laeter, John R., Paul De Bièvre, and H.
S. Peiser. "Isotope mass spectrometry in
metrology." Mass Spectrometry Reviews
11.3 (1992): 193-245.

[24] Weiner, Ronald E., and Mathew L. Thakur.
"Radiolabeled peptides in the diagnosis and
therapy of oncological diseases." Applied
Radiation and Isotopes 57.5 (2002):
749-763.

[25] Mohamed, Mohamed Abdoalrhman
DfaAlla. Assessment of Radioactive Iodine
Isotope Therapy for Hyperthyroidism
Patients. Diss. Sudan University of Science
& Technology, 2020.

[26] Debnath, Subhashis, and M. Niranjan Babu.
"Radiopharmaceuticals and their therapeutic
applications in health care system." Asian
Journal of Research in Pharmaceutical
Science 5.4 (2015): 221-226.

[27] Euler, Robert C., et al. "The Colorado
Plateaus: Cultural Dynamics and
Paleoenvironment: Prehistoric cultural
changes on the Colorado Plateaus were
contemporaneous with environmental
changes." Science 205.4411 (1979):
1089-1101.

[28] Frank, Martin. "Radiogenic isotopes:
Tracers of past ocean circulation and
erosional input." Reviews of geophysics
40.1 (2002): 1-1.

[29] Greenstein, Jesse L. "Stellar evolution and
the origin of the chemical elements."
American Scientist 49.4 (1961): 449-473.

[30] Updegraff, Derek, and Seth A. Hoedl.
"Nuclear medicine without nuclear reactors
or uranium enrichment." American
Association for the Advancement of Science,
2013.

[31] Cardona, Manuel, and Mike LW Thewalt.
"Isotope effects on the optical spectra of
semiconductors." Reviews of modern
physics 77.4 (2005): 1173.

[32] Sobiczewski, Adam, and Krzysztof
Pomorski. "Description of structure and

Journal of Engineering System (ISSN: 2959-0604) Vol. 1 No. 4, 2023 43

Copyright @ STEMM Institute Press http://www.stemmpress.com



properties of superheavy nuclei." Progress in
Particle and Nuclear Physics 58.1 (2007):
292-349.

[33] Li, Yu‐Tao, et al. "Graphene‐based devices
for thermal energy conversion and
utilization." Advanced Functional Materials
30.8 (2020): 1903888.

[34] Kim, Il-Young, et al. "Applications of
stable, nonradioactive isotope tracers in in
vivo human metabolic research."
Experimental & molecular medicine 48.1

(2016): e203-e203.
[35] Zhang, Yan, et al. "Tracing nitrate pollution

sources and transformation in surface-and
ground-waters using environmental
isotopes." Science of the Total Environment
490 (2014): 213-222.

[36] Moshelion, Menachem, and Arie Altman.
"Current challenges and future perspectives
of plant and agricultural biotechnology."
Trends in biotechnology 33.6 (2015):
337-342.

44 Journal of Engineering System (ISSN: 2959-0604) Vol. 1 No. 4, 2023

http://www.stemmpress.com Copyright @ STEMM Institute Press




