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Analytical Chemistry is like the Fruit of an Apple 
Tree
Victor G. Mihucz   

Head of the Analytical Chemistry Department at the Institute of Chemistry, ELTE Eötvös Loránd University, 
Budapest, Hungary

Analytical chemistry is deeply rooted in Europe. It started with the work of Liebig and Fresenius, 
among others. Then Kirchhoff, as father of spectroscopy, contributed to the development of the modern 
instrumental analysis techniques flourishing today. As soon as I started learning analytical chemistry at 
university, I fell in love with it. At that time, I could not explain why I wanted to become an analytical 
chemist. Having gained experience teaching and performing research in analytical chemistry, I know now 
that I am attracted to it because this branch of chemistry is what an apple means to an apple tree - the 
fruit of a myriad of results in fundamental research in chemistry, always offering solutions to real life 
problems. I always wanted to become an analyst and to work at the analytical chemistry department 
where I studied. One year ago, my life drastically changed at the institute when I was invited to apply to 
lead the analytical chemistry department where I have been working since 2007. I must admit that I had 
mixed feelings in the beginning. First of all, I was honored that my colleagues in the department fully 
expressed their support. At the same time, I was confused and scared. I felt that I am not the right person 
to lead a department with a history of almost 120 years, that I had no clear vision of what could I do for 
my colleagues and for the students choosing our department. However, I wanted to express my gratitude 
to my colleagues for their trust in me. In my application, I advocated to maintain the high-quality teaching 
of analytical chemistry at the department and offered to implement challenge-based learning for students 
choosing our department. In past years, I felt that the raison d’être of analytical chemistry departments 
as single entities would soon end. My colleagues working in other fields such as biology, geography and 
geology, pharmacy and medicine, all purchased instrumental analytical equipment and started performing 
research by themselves. Recently, analytical chemistry departments underwent important organizational 
and structural changes. Some of them disappeared, others incorporated into their name environmental 
chemistry, food chemistry, or biochemistry. Recent advances in instrumental analysis create the impression 
that conducting chemical analysis is an easy task that no longer requires the expertise of chemists 
devoted to this branch of chemistry. However, there is still a lot of work to do, especially in the field of 
organic analytical chemistry. Thanks to innovations in mass spectrometry and related techniques, infrared 
spectroscopy, miniaturization (lab-on-chips) and sensors, ultra trace analysis, green methodologies, and 
elemental speciation, analytical chemistry is experiencing a second Golden Era. In last year alone, I was 
surprised by the ever-increasing number of chemistry bachelor and major students knocking on my door 
asking me to provide them with analytical chemistry-related research topics. That led me to contact faculty 
working at the other institutes offering cooperation with the arsenal of our instruments to widen the research 
topic choices in our department, advocating that we should unite and complement our efforts to create 
synergies. Surprisingly, the response of those colleagues was very positive. In one year, I could almost 
double the number of research topics for diploma work in our department. This is something that makes 

http://dx.doi.org/10.30744/brjac.2179-3425.editorial.vgmihucz.N42
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me happy and optimistic. I am confident that the development of analytical methods together with proper 
sampling and sample preparation are still important and crucial steps to produce high quality and reliable 
results. Moreover, participation of analytical chemists in these tasks is indispensable. The recent success 
of the Brazilian Journal of Analytical Chemistry achieving an impact factor of 0.7 makes me also think that 
analytical method development has still a bright future ahead. Long live Analytical Chemistry! Long live 
Brazilian Journal of Analytical Chemistry!

Victor G. Mihucz has been working at the Department of Analytical Chemistry 
of ELTE Eötvös Loránd University, Budapest, Hungary since 2007. In 2014, he 
habilitated in Analytical Chemistry. In 2015, he was appointed as associate 
professor. Currently, he is head of the Analytical Chemistry Department at the 
Institute of Chemistry, ELTE. He obtained the DSc degree from the Hungarian 
Academy of Sciences (MTA) in October 2022. He participated in about 20 
national and international research, scientific cooperation, and educational 
projects. His main research field is elemental analysis, mainly arsenic speciation 
in water and food. Another research topic of Victor G. Mihucz is indoor air quality. 
He was the secretary of the Spectrochemical Society of the Hungarian Chemical 
Society (MKE) between 2015 and 2019, then its president (2019-2023). In 2019, 
he was elected as a member of the MKE Steering Committee. He has been 

secretary of the MTA Analytical Chemistry and Environmental Sciences Scientific Committee since 2018. 
In 2016, he received the Ernő Pungor award of MTA. In 2020 and 2022, he was awarded the Miklós 
Preisich award of MKE and CHARM-EU Award of ELTE, respectively. 
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Professor Patricia Smichowski, 
a researcher who works hard to 
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INTERVIEW

Patricia Smichowski  is a Licentiate in Chemistry (equivalent to a Master in Science) of the 
University of Buenos Aires. She obtained an MS in Nuclear Engineering from the Engineering 
School of the University of Buenos Aires in 1981 and received her Ph.D. in chemistry in 1995 
from the Complutense University, Madrid, Spain. In 1982, she joined the Argentine Atomic Energy 
Commission (CNEA) where she is currently Head of the Analytical Developments Division. She is 
also Principal Researcher at the National Council of Scientific and Technical Research (CONICET).
She specializes in the development and application of atomic spectrometric techniques to 
environmental and biological analysis. Her interests lie in the preconcentration, speciation, and 
determination of trace metals and metalloids in a variety of matrices by employing plasma-based 
techniques, atomic fluorescence spectrometry, and other coupled techniques. 
She has conducted national and international projects aimed at characterizing the presence 
of metals, metalloids, ions, and organic compounds in airborne particulate matter, as well as 
elucidating their origin. She holds a patent, with other researchers, relating to the development of 
a sorbent for arsenic retention.
Patricia Smichowski has published 130 peer reviewed articles and 12 book chapters, given 45 
invited lectures at international meetings, and has co-organized several international conferences. 
She is a member of the advisory board of four international analytical chemistry journals, as well 
as the European Virtual Institute for Speciation Analysis.

How was your childhood?
I had a happy childhood in the province of Buenos Aires, Argentina where I was born. I lived a very happy 

family life. My parents always supported me in my pursuits, and they were a great support throughout my life.

What early influences encouraged you to study chemistry? Did you have any influencers, such as 
a teacher?

As a child, I wanted to be an architect (today my daughter is an architect) until the age of 16, when I 
had an excellent chemistry teacher who made me discover the wonderful world of chemistry. At that time 
I thought “chemistry is very easy”; today, I don’t think the same!!!

How was the beginning of your career in chemistry?
During my high school years, I already wanted to be a chemist. In 1980, I obtained a degree in Chemistry 

(equivalent to a Master in Science) from the University of Buenos Aires, Argentina. Several years later, 

http://dx.doi.org/10.30744/brjac.2179-3425.interview.p.smichowski
http://dx.doi.org/10.30744/brjac.2179-3425.interview.p.smichowski
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I obtained my Ph.D. in Chemistry at the Complutense University of Madrid under the supervision of Dr. 
Carmen Cámara, who was, and still is, a great friend.

What has changed in your profile, ambitions, and performance since the time you started your career?
Many things have changed because science, research, and life have changed during all these years. 

What hasn’t changed for me is that, if I had to start over, I would do exactly the same. I have come a long 
way and I have had many satisfactions. Analytical chemistry is an exciting part of my scientific life.

Could you comment briefly on the recent evolution of analytical chemistry, considering your 
contributions?

Analytical chemistry and spectrochemical analysis have evolved and, consequently, have changed and 
improved significantly. These changes have gone in hand with instrumental development that has made 
it possible for analytical chemists to determine lower and lower concentrations, determine inorganic and 
organic species of the same element, combine separation and quantification techniques, and develop 
methods framed in the precepts of green chemistry. The advances made in the design and application of 
nanomaterials, biosensors, electroanalytical, sample introduction methods, chemometrics, and imaging 
techniques provide clear evidence of the impact of analytical chemistry in different research areas.

What are your lines of research? You have published many scientific papers. Would you highlight 
any?

I have two main lines of research: i) development of analytical methods that allow the preconcentration, 
speciation, and determination of metals and metalloids at trace and ultra-trace levels using a variety of 
analytical techniques and instrumental couplings; ii) Characterization of atmospheric particles and related 
matrices, identifying the presence of metals, metalloids, ions, and organic compounds, as well as the 
identification of their sources.

In the last 20 years, I have worked very actively in environmental analytical chemistry and I am very 
satisfied with the work carried out and with the contributions that I and my group have made to this 
discipline.

What is your opinion about the current progress of chemistry research in Brazil? What are the 
recent advances and challenges in scientific research in Brazil?

Brazil is a huge country with great potential. My first visit to Brazil was in the 90s and, since then, I have 
seen more and more research growing in quality and quantity. Today, we can say that there are many 
groups that carry out top level research and that these research groups are competitive with the most 
internationally recognized researchers.

For you, what have been the most important recent achievements in analytical chemistry research? 
What are the landmarks? What has changed in this scenario with the COVID-19 pandemic?

In my opinion, instrumental developments, especially in mass spectrometry, have opened new fields of 
research, especially in trace element analysis and -omics in biochemistry and environmental chemistry.

The COVID-19 pandemic has caused a worldwide backlog, as experimental work could not be done for 
a long period. On the other hand, I want to remark that diagnostic tests developed during the pandemic 
represented an important contribution to making appropriate clinical decisions in short periods of time.

There are, in Brazil and in the world, several conferences on chemistry. To you, how important 
are these meetings to the chemistry scientific community? How do you see the development of 
national chemistry meetings in Brazil?

Conferences are an important meeting point between scientists, students, and vendors. As Brazil is a 
very large country, conferences in Brazil attract a large number of people. This impresses me in particular 
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and I find it very positive. The only criticism I make, to Brazil in particular and other countries in general, is 
the excessive number of conferences, often with some overlapping of topics.

What is the importance of awards for the development of science and new technologies?
Awards are always important for seniors and for young people. They are a recognition to effort and 

dedication; recognition is a powerful incentive to stimulate quality work. 

For you, what is the importance of the national funding agencies for the scientific development of 
Brazil?

All over the world, funding agencies play a fundamental role in making it possible to carry out quality 
research that will contribute over time to the continuous development of the country. Without the help of 
these agencies, it is impossible to carry out sustained research.

At the moment, the situation for scientific research in Brazil is one of decreasing investment. How 
do you see this situation, and what would you say to young researchers?

...there is a relatively small number of 
scientists in South America compared 
to other regions of the world. In this 
context, added to the decrease in 
funding, cooperation between different 
research groups in the region is crucial to 
maintain the scientific level that we have 
achieved with great effort.

	 This is a situation that occurs in Brazil and in many other 
countries. To young people, I say not to be discouraged and 
to continue working hard to achieve their dreams. In addition, 
there is a relatively small number of scientists in South 
America compared to other regions of the world. In this 
context, added to the decrease in funding, cooperation 
between different research groups in the region is crucial to 
maintain the scientific level that we have achieved with great 
effort.

What advice would you give to a young scientist who wants to pursue a career in chemistry?
Young scientists bring new energies and perspectives to analytical chemistry research. I would advise 

them to be good students, to engage in research activities, and to have an active participation in workshops 
and conferences to be in contact with professors and researchers from Brazil and other parts of the world. 
An important point to highlight is to enjoy every step of their careers. Briefly, the most important thing is to 
be happy with what you are doing.

For what would you like to be remembered?
I would like to be remembered as an Argentine researcher who has worked hard for many years and 

who has made a contribution to science.
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BrJAC 2023 – Growing and Building Bridges
Joaquim de Araújo Nóbrega  

Full Professor in the Department of Chemistry at the Federal University of São Carlos (UFSCar), Sao Carlos, SP, 
Brazil

Time, flowing like a river (Time, The Alan Parsons Project)

In 2010, in the first BrJAC Editorial, Kubota emphasized: “We are launching BrJAC – Brazilian 
Journal of Analytical Chemistry to open a discussion about the real role of the Analytical Chemistry for the 
development of the country and bring the improvement of the life quality. BrJAC is an Analytical Chemistry 
journal whose goal is to debate, discuss, show trends, and needs with opinion editorials and interviews with 
renowned investigators, besides publishing scientific papers from the academic and industry, fulfilling the 
idealistic purpose of a group of people to achieve actual academic industrial integration towards innovation 
and technical-scientific development.”1

In this same issue I had the opportunity to write a Point of View and I stated: “The launching of Brazilian 
Journal of Analytical Chemistry (BrJAC) is a milestone with full potential to expand the flow of knowledge. 
The integration of academy and industry is a must and BrJAC will certainly play a major role in putting 
them in contact.”2

After a relatively short span of time (just 13 years!), it is amazing to think about how much was 
accomplished. As announced since the beginning, each issue has a great combination of reviews, scientific 
articles, points of view, letters, sponsors’ reports, releases, news, and interviews. This list of contents is 
part of the identity of BrJAC and each section plays a special role. Of course, articles are the core of any 
scientific journal, but to create and consolidate bridges we need to integrate academia and industry, so 
different forms of communication are in the BrJAC fingerprint. 

And how could we move ahead without listening to well-known analytical chemists? Fortunately, since 
its beginning, BrJAC has opened its pages for interviews. We began in 2010 with Prof. Carol Hollingworth 
Collins (Institute of Chemistry, State University of Campinas)3 and travelled all the way to Dr. Joanna 
Szpunar (National Research Council of France, CNRS) in the last issue.4 I have no doubt that important 
landmarks of the history of analytical chemistry in Brazil were revealed in a colloquial atmosphere in these 
interviews. 

Recently, Marco Arruda, the Editor-in-Chief, posted a letter on the journal website entitled, “From dream 
to reality”5 and invited us to celebrate the indexation of BrJAC by Clarivate and its starting impact factor 
of 0.7. Certainly, the Brazilian community in analytical chemistry has a lot to celebrate and it is amazing to 
reach this point when we think about the challenges along the 13-year road (and please keep counting!). 
In his letter, Marco Arruda mentioned challenges related to logistics, economy, ethics, and scientific quality. 
Surely, these are critical aspects. 

We live in an increasingly complex society full of opportunities and challenges. I am not thinking about 
political turmoil, social inequalities, and climate crisis. You know how big these challenges are. However, I 
would like to mention two other major challenges that we have coped with (or we are coping with) during 
the lifetime of BrJAC.

POINT OF VIEW

http://dx.doi.org/10.30744/brjac.2179-3425.point-of-view-janobrega.N42
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https://orcid.org/0000-0001-9134-9547
mailto:djan%40terra.com.br?subject=


7

Braz. J. Anal. Chem., 2024, 11 (42), pp 6-8.

One critical moment was the years of the COVID-19 pandemic and how they affected our way of life. 
We are still trying to understand all that has happened and how we have changed. The economy was 
affected. Work routines were affected. Families and friends were affected. Institutions were affected. Once 
again, we have practiced important human values, such as solidarity, fraternity, and the shared goal to 
move ahead as a society. Once again, science has rescued us.

Another major influence when thinking about complexity and the scientific literature comes from 
predatory journals. The routinization of research and its diffusion are landmarks for the evolution of 
science, technology, and innovation. Scientific journals are important foundations for dissemination of 
research. Notwithstanding, nowadays we are coping with paper mills that produce fake papers just for 
profit. Recently, we are starting to face the dangerous combination of paper mills and artificial intelligence 
to produce polluted science. 

Despite some clouds on the horizon, it is great to see how the BrJAC community was able to grow 
during these hard times. We have achievements to celebrate and BrJAC is a great one. 

Recently, The Analytical Scientist asked researchers about the biggest challenge facing the analytical 
chemistry field.6 I would like to highlight the comments expressed by Prof. Robert Graham Cooks: “A 
lack of appreciation of the intricacies of analytical science by other disciplines (especially chemists) who 
see it as little more than an exercise in measurement using commercial instrumentation. Like modern 
day pharaohs, the organic synthetic chemist commands – “measure it!” – without pausing to recognize 
the ingenuity that went into the slaves’ work of conceiving the method, building the instrumentation, and 
achieving useful performance criteria. The “measure it” request at the end of that multi-year process is 
often a simple application, but the process that allows it is a unique combination of new scientific insights 
and skillful technology.”.

And Richard Zare: “Simply put, gaining more respect for analytical science’s importance to understanding 
nature.”.

I do think BrJAC is part of the multifarious mechanism to bring better understanding and more respect 
to analytical sciences. Let us keep our focus and strength. As always, “time keeps flowing like a river” 
(Time, The Alan Parsons Project).
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Importance of Elemental Chemical Speciation 
Studies in Enriched Food: Nutritional Quality, 
Toxicity, and Economic Improvement
Juliana Naozuka  

Universidade Federal de São Paulo, Departamento de Química, Diadema, 09972-270, SP, Brazil

For several reasons, mainly cost and local productivity, the world population does not have access to a 
balanced diet that contains all the macro and micronutrients necessary to maintain physiological functions 
for a healthy life. Nutritional education, supplementation, and consuming enriched (or fortified) foods 
appear as alternatives to supply daily demands and minimize malnutrition. Adding essential elements 
as salts (e.g., iron, calcium, and zinc) to ready-to-eat processed foods, such as milk, flour, and juices is 
already adopted in several countries. The choice of the compound to be added, as well as the transport 
vehicle (foods), must be very well evaluated since the cost, long-term consumption, and bioavailability of 
the added chemical species are imperative to ensure the nutritional quality of enriched food.1

Another alternative to produce enriched foods is cultivating an enriched medium (Figure 1), adding 
essential elements to soil or in nutritive solution (hydroponic procedure), irrigating leaves, or immersing 
seeds.2 In this case, the chemical species used to the enrich food must be absorbed, translocated, and 
accumulated in the edible part.2

Figure 1. Elemental chemical speciation studies in enriched food.
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Studies have shown that the iron enrichment of adzuki beans using iron nitrate or iron chloride was 
unsuccessful since iron inorganic species interact strongly with the antinutrients (tannins or phytates) 
present in the roots, forming insoluble complexes and preventing their translocation.3 Alternatives found 
to overcome this obstacle were enrichment by applying iron complexes with EDTA (ethylenediaminetetra-
acetic acid)3 or iron nanoparticles, mainly encapsulated.4 The nanoparticle application has been gaining 
prominence in agriculture, aiming to carry fertilizer, pesticides, and nutrients to stimulate plant growth and 
increase macro and micronutrient availability and absorption efficiency.5,6

Besides the interaction between essential elements with antinutrients, evaluating the competition 
between elemental species is important, because synergistic or antagonistic effects can be observed. 
In both cases, chemical species must interact with other components present in food or cultivation 
medium, altering its chemical composition when compared to food cultivated in conventional conditions. 
The antagonistic effect between selenium and mercury was observed in edible mushrooms, while the 
synergistic effect was observed with lead and selenium.7,8 Finally, it must be evaluated if the enrichment 
promotes the production of non-bioavailable or toxic species.

Regardless of the food enrichment strategy, it is important to highlight the need to identify and quantify the 
elemental chemical species in the enriched foods by chemical speciation analysis. In the Figure 1 is shown 
examples of elemental chemical species; they can differ according to their oxidation states, inorganic forms, 
and organometallic or isotopic composition.9 For chemical speciation studies, initial fractionation steps (e.g., 
extraction procedures) are carried out; subsequently, chromatographic, or non-chromatographic methods 
can be used to identify/determine the chemical species. The hyphenation (Figure 1) between separation 
techniques, mainly chromatography, with high sensitivity detectors, such as inductively coupled plasma 
mass spectrometry (ICP-MS), is commonly applied.9-11 Nonetheless, extremely creative procedures used in 
non-chromatographic chemical speciation, working only with chemical reactions and solubility differences, 
can also be applied to determine chemical species. Non-chromatographic strategies were applied for iron 
(reaction with hydroxylamine and precipitation with trichloroacetic acid and HCl) and selenium (cloud point 
extraction) speciation in enriched adzuki sprouts.3 

In summary, food enrichment success is closely associated with chemical speciation studies since there 
are chemical species that will be absorbed in a cultivation medium, as well as the chemical species that 
are formed during translocation and accumulation, which must be in bioavailable forms, in order to act on 
the different metabolic systems of the human body, including remedying prevalences. In this scenario, it is 
imperative to go beyond determining the total concentration of essential elements, since quantifying their 
species will provide information regarding essentiality and toxicity. Finally, the formation of bioavailable 
chemical species will add nutritional quality and, consequently, economic benefits that are so essential for 
countries with specific prevalences to combat in a predominantly agricultural economy.
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REVIEW

Due to its better sensitivity and selectivity, 
liquid chromatography with tandem mass 
spectrometry is the preferred choice for the 
quantification and identification of 
biomarkers, parent molecules/ metabolites 
in human saliva, plasma and urine etc. All 
such quantification methods for melatonin 
in biological matrices have been 
summarized. Melatonin is considered as a 
potential biomarker for circadian rhythm 
disturbance related disorders such as 
cancer, depression, insomnia, etc. Accurate 
quantification of melatonin is very 
challenging and critically depends upon the 
reproducibility and ruggedness of the 
analytical method. LC-MS/MS technique is 

considered as the preferred method of analysis for melatonin as compared to immunoassays. Most of 
bioanalytical melatonin quantification methods consist of, extraction from the biological matrix analyzing 
by LC-MS/MS. Our review shows that LC-MS/MS is a rugged and dependable instrument for the robust 
and precise quantitation of melatonin. This review compiles key elements like extraction procedure, 
linearity range, and chromatographic conditions.
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List of Abbreviations
AA Ammonium acetate
ACN Acetonitrile
AF Ammonium Formate
API Atmospheric Pressure Ionization
CAS No. Chemical Abstracts Service Number
CC Calibration Curve
ESI Electrospray Ionization
FA Formic Acid
IPA Isopropyl Alcohol
IUPAC International Union of Pure and Applied Chemistry
LC Liquid Chromatography
LC-MS/MS Liquid chromatography with tandem mass spectrometry 
LLE Liquid–liquid extraction
Log P Partition coefficient
mM milli-Molar
MPA Mobile Phase A
MPB Mobile Phase B
ng mol-1 Nano gram per mole
pH logarithm of the reciprocal of the hydrogen ion activity
pKa Dissociation Constant
PK Pharmacokinetic 
pg mol-1 Pico gram per mole
PP Protein precipitation
SPE Solid-phase extraction
SPME Solid phase micro extraction
UPLC Ultra-Performance Liquid Chromatography 

INTRODUCTION 
Melatonin is a naturally occuring indole amine, which is chemically identified as N-acetyl-5-

methoxytryptamine (Figure 1). The human body has many sources for the production of melatonin. Its 
physicochemical and pharmacokinetic properties are listed in Table I. In humans, the pineal gland is the 
major source of melatonin secretion however ocular light exposure hinders this. This secretion and inhibition 
process is controlled by the hypothalamic suprachiasmatic nucleus hamster clock.1 The suprachiasmatic 
nucleus of the hypothalamus is the biological clock that modulates melatonin production and secretion 
over the full day span of 24 h.2 

Melatonin levels are generally increased during the night hours, but these levels start dropping with 
the progression of the morning and decrease further throughout the day. Raised night levels of melatonin 
facilitate target organs to enter into an appropriate homeostatic metabolic rhythm helping the human body 
to protect itself from developing various diseases.3 Therefore, subjecting the body to light at night may 
result in a disturbance in the production and secretion of melatonin hence disrupting the circadian rhythm. 
The human body has specific receptors for melatonin through which it regulates various physiological 
functions.4 Apart from the pineal gland, other organs that synthesize melatonin are gastrointestinal-tract, 
lymphocytes, bone marrow and, skin.5 
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	 	 Figure 1. Melatonin chemical structure.

Plants have a different synthesis pathway of melatonin than animals. In plants, decarboxylation of 
tryptophan happens first, followed by hydroxylation resulting in the formation of serotonin. In animals, 
hydroxylation of tryptophan happens first followed by decarboxylation leading to serotonin formation. 
Serotonin is further acetylated and methylated to form melatonin.6 

To start the production of melatonin, tryptophan serves as a starting molecule in cell species, followed by 
other steps like decarboxylation, methylation, hydroxylation, acetylation, etc. However, the order in which 
these steps take place varies from species to species. Serotonin first undergoes acetylation followed by 
methylation to form melatonin. The synthesis of melatonin is represented in Figure 2.

Figure 2. Synthesis of melatonin.

Melatonin is an endogenous hormone and potent neurotransmitter that helps regulate circadian rhythm 
and sleep. Modulation of the body temperature, hormone levels, sleep, and metabolism is done by the 
biological clock (also called as inner clock) by changing the physiology as per the different durations of the 
day.7 Disturbance in this inner clock may lead to grave consequences for mental as well as bodily well-
being.8 

For example, the scientific evidence advises that sleep-wake cycles affect the hormone regulation and 
showing misaligned behavioural models (e.g., shift workers), so, it results by governing the risk of type 2 
diabetes, obesity, cancers, and coronary diseases.9,10 

Monga, G.; Yerram, S.; Koppula, S.; Kumar, R.; Kumar, S. 
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A recent study has demonstrated that youngsters with disturbance in circadian cycles are more prone 
to develop drug and or alcohol abuse.11,12 Learning issues and cognitive impairments.13 Since the circadian 
rhythms regulate various hormone levels including melatonin, such hormones can be used as biological 
markers or pharmacodynamic markers for diseases caused by a disruption in the circadian rhythms.

Melatonin is commonly used in the treatment of sleep disorders such as insomnia and jet lag, for the 
reestablishment of circadian rhythms in cases of blindness and shift works. It has also found application in 
the prevention of developing cancer, as adjuvant therapy in cancer, and to slow down neurodegenerative 
diseases. Melatonin is also a highly effective antioxidant and free radical scavenger. One of the most 
studied actions of melatonin is its antitumor effects, which include antiangiogenic effects in several types 
of tumors. Additionally, melatonin plays an important role in regulating glucose metabolism and has been 
found to have significant anti-proliferative and apoptotic effects on various cancer cells. This hormone is 
also known for its pharmacological action in reducing oxidative conditions, as well as its ability to reduce 
inflammation and modulate immune responses (Figure 3).

Figure 3. Schematic overview of other main functions of melatonin.

There are several sample types which can be used for the measurement of melatonin as well as 
testosterone, for example blood,14-16 urine,17,18 and saliva19,20. However, due to the pain free and ease 
of sampling, saliva is the most desired sample type.21 Numerous published literature studies show that 
melatonin, testosterone, and cortisol all have well established correlations between hormone levels of 
serum versus saliva.22-24 

The success of any treatment solely depends upon the drug’s method of action, the patient’s trust in the 
treatment (hence religiously following the regimen), and the optimum drug level in the blood. Bioanalytical 
methods are best suited to check the drug level in the biological matrices and also to evaluate patient 
adherence.

These bioanalytical methods have a noteworthy role to play in various therapeutic drug monitoring 
studies, toxicology or pharmacological evaluation of bioavailability, and PK (pharmacokinetic) evaluation.25-27 
Before subjecting the bioanalytical method to such usage, it has to be fully assured that the method is 

Braz. J. Anal. Chem. 2024, 11 (42), pp 12-32.
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fit for the intended analysis by appropriate validation experiments. Bioanalytical method validation and 
study sample analysis (ICH M10) provide recommendations for biological and chemical drug quantification 
and their application in the analysis of study samples. However, if any significant changes in method 
validation approach applicants can consult their respective regulatory authorities by providing proper 
justification. Various regulatory specific guidelines for bioanalytical method validation are published and 
updated from time to time by regulatory agencies like Food and Drug Administration and Therapeutic 
Goods Administration25 European Medicines Agency.28 

For various non-clinic and clinic usage, precise and accurate quantification of endogenous compounds 
is of utmost importance. For absolute quantification, the standard curve needs to be prepared in the 
same matrix as that of the unknown samples, to nullify the difference in extraction recoveries and the 
matrix effect. However, for endogenous compounds, it’s not feasible to get a drug free matrix due to the 
endogenous nature of the drug. 

LC-MS/MS analyses are a crucial aspect of bioanalytical research in pharmaceutical industry. However, 
one concern that arises in these analyses is the potential matrix effects, which can result in erroneous 
results. To address this concern, several approaches are used namely, surrogate matrix, surrogate analyte, 
background subtraction, and standard addition.

Surrogate matrix is prepared by stripping off the endogenous drug using some common adsorbent 
(like activated charcoal) to generate drug-free matrix which are then used to prepare calibration curve 
standards.29-31 During charcoal stripping, this has to be ensured that all the charcoal particles are efficiently 
removed before spiking with analytes of interest. This may lead to significant false reduction of the quantified 
analyte concentration if not done efficiently.

The use of surrogate analyte approach in method development is easy when there is availability of 
stable-isotope-labeled standards. On the other hand, the surrogate matrix method requires extensive initial 
method development efforts; however, the benefit is that it simplifies sample analysis in the long term.32 

The use of the standard addition method offers the advantage of utilizing the identical matrix of each 
study sample to construct its own calibration curve. Additionally, this method enables direct quantification 
of endogenous analytes, without requiring manual subtraction of background peak areas.

On the other hand, the surrogate matrix approach involves using different matrices, including artificial, 
stripped, and neat matrices, as substitutes for the actual matrix.33 The measurement of melatonin in serum/
plasma is further difficult due to ‘Melatonin’ being an endogenous substance with sub-nanogram levels in 
biological fluids, imposing serious challenges in developing and validating a highly sensitive bioanalytical 
method using. This issue has been addressed using water34 and charcoal stripped plasma35 as a surrogate 
matrix to prepare a standard curve.

Two major challenges are generally faced in melatonin quantification – basal melatonin levels (due to 
endogenous nature) and the desired sensitivity. The melatonin levels in the human body are very dynamic 
and are not same in day and night. So, blood/plasma collected for the preparation of standard and quality 
control samples have varying degree basal melatonin level which will give erroneous quantification and 
QC failure issues. The use of charcoal stripped matrix helps to get rid of this issue. Also, the correct basal 
value estimation for the clinical trial or patient samples (which are normally in sub nanogram levels) is 
very important to understand the requisite prescription dose for the patient. Hence, the sensitivity of the 
quantification method becomes further important.

In recent times, various bioanalytical techniques have been reported by overcoming the imposed 
challenges to improve the melatonin quantification using the powerful quantification instruments like LC-
MS/MS. The main aim of this review article is to collate the various published LC-MS/MS based melatonin 
bioanalytical quantification methods in different biological matrices like serum, plasma, milk and saliva 
etc. Accordingly, this review has been performed by doing a literature search using web of science, 
Google scholar and PubMed. The keywords used are melatonin, biological matrix/matrices, LC-MS/MS, 
mass spectrometry, bioanalysis, validation, pharmacodynamics, pharmacokinetics. Physicochemical and 
pharmacokinetic properties of melatonin were given in Table I.

A Brief Assessment of the Bioanalytical Methods by using LC-MS/MS for the 
Quantitation of Melatonin: A Potential Biomarker for Sleep-Related Disorders
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Table I. Melatonin physicochemical and pharmacokinetic properties
Physicochemical Properties 

Chemical Composition C13H16N2O2

IUPAC Name N-[2-(5-methoxy-1H-indol-3-yl)ethyl] acetamide

Physical Description Solid

Color/Form White-cream to yellowish crystalline powder

Melting Point 117 °C

Solubility >34.8 [µg mL-1] (The mean of the results at pH 7.4)

LogP 1.6

PKa 16.51 and -0.69 and is uncharged in the entire pH range

Mol. weight 232.28 g mol-1

CAS No. 73-31-4

Pharmacokinetic Properties

Half-life 35 to 50 minutes

Majorly metabolized Liver

Oral bioavailability 3-15%

Major route of elimination Urine

Types of Extraction Methods Used in Sample Preparation
Sample clean-up is another way to enhance the extraction efficiency of any biological method resulting 

in better sensitivity and specificity. Various samples like liquid-liquid extraction, protein precipitation and 
solid phase extraction are the commonly employed ones for the sample cleanup prior to LC-MS analysis.36 

Solid-phase extraction (SPE) 
SPE is an extractive technique employing a solid bed in the form of a cartridge which acts as an 

extraction or separation media when liquid and/or treated matrix samples containing desired analytes are 
passed through it under the influence of positive or negative pressure. It is thus far the most effective and 
reliable extraction procedure especially for the separation of analytes of interest from the complex matrices 
like blood, tissues, plasma or urine. This technique not only separates the unwanted interferences from the 
desired analyte but a very effective way of concentrating the analyte also resulting in the enhanced method 
sensitivity especially required for the complex molecules like melatonin. Out of the 21 methods reported in 
the compilation Table II, 7 methods have employed solid phase extraction for melatonin sample clean-up.

Liquid–liquid extraction (LLE) 
LLE is an extraction technique where the analyte gets partitioned between the two immiscible solvents 

based on its affinity resulting in its separation. This extraction technique is generally used in case of less 
complex matrices like saliva. Out of the 21 methods reported in the compilation Table II, 8 methods have 
employed LLE for melatonin sample clean-up. The biggest disadvantages of LLE include the use of large 
solvent volumes. Also, the organic solvents generally used for LLE are highly carcinogenic, resulting in a 
health hazard for the user.

Braz. J. Anal. Chem. 2024, 11 (42), pp 12-32.



18

Protein precipitation (PP) 
Protein precipitation is the desired method of extraction, especially for the discovery samples where 

least method developments are desired. Out of the 21 methods reported in the compilation Table II, 4 
methods employed protein precipitation for melatonin sample clean-up. PP is a simple, fast and cost-
effective extraction method as the precipitation is done by using commonly available laboratory reagents 
like acetonitrile or trifluoroacetic acid, or ammonium sulfate. PP has relatively poor sample cleanup and 
therefore, Due to the presence of phospholipids and oligosaccharides that are not completely removed, it 
is connected with high levels of ion enhancement or ion suppression. The only way to resolve high levels 
of ion enhancement or ion suppression is to use a deuterated IS that co-elutes with its respective analyte. 
As a result, protein precipitation was deemed the best method for estimating 19 analytes simultaneously 
in breast milk using LC-MS/MS.37 

Solid phase micro extraction (SPME)
SPME is a modern and highly sensitive method of sample preparation that does not require a solvent. 

This innovative technique operates on the principles of adsorption and absorption, followed by desorption. 
Out of the 21-method reported in the compilation Table II, one method has been employed SPME for 
melatonin sample clean-up.

Obtaining precise, sensitive, accurate and results in analysis of samples can be challenging due to the 
complexity of sample matrices. To mitigate sample interference effects from the environment and enhance 
the detection of the main analyte, prior to analysis it is crucial step to integrate suitable sample preparation 
method. There are some alternative and more advanced sample preparation method discovered to achieve 
the maximum efficiency of the main analyte of interest. Presently, there are multiple sample preparation 
techniques in use including, liquid-phase micro-extraction, magnetic solid-phase extraction, dispersive 
solid-phase extraction and stir-bar sorptive extraction and QuEChERS (quick, easy, cheap, effective, 
rugged, and safe), Microextraction in packed sorben, Stir-Bar sorbent extraction and Fabric phase sorptive 
extraction. These advanced extraction methods were used in the detection of samples of breast milk and 
cow milk using LC-MS/MS techniques. But no such method has been reported with respect to melatonin 
determination with LC-MS/MS.38 

Till date, no such systematic review has been done for the measurement methods of melatonin in 
biological matrices using LC-MS/MS. Table II represents published assays covering main aspects 
of internal standard, sample extraction, mobile phase, CC range, and instrument used for the LC-MS/
MS quantification of the melatonin in complex biological matrices.38 The prepared pie chart indicates 
contribution of the use of each sample preparation techniques (Figure 4) as per the available literature.

Figure 4. Pie chart representation of mostly used methods for 
sample preparation (LLE: Liquid-Liquid Extraction, SPE: Solid-phase 
extraction, PP: Protein precipitation, SPME: Solid phase micro 
extraction).

Monga, G.; Yerram, S.; Koppula, S.; Kumar, R.; Kumar, S. 



Table II. Compilation of the published assays for the quantitation of melatonin

S. No Matrix Internal standard Sample 
Extraction Mobile Phase Instrument Chromatographic 

conditions
Calibration Curve 

Range References

1 Human 
Plasma

Melatonin-D4
6-OH- 

Melatonin-D4 PP and SPE

MPA: 7.5 mM AF 
in H2O pH 2.65

MPB: 0.1% FA in 
ACN

Acquity UPLC 
coupled with 

Xevo TQ-S with 
electrospray 

ionization source.

Column: Acquity BEH C18, 
130 Å, 1.7 μm, 2.1 × 100 mm 

column (Waters)
Column temp.: 35 ºC

Autosampler temp.: 10 ºC
Injection Volume: 10 µL

Lowest 
concentration 2.2 

nM for serotonin to
1.0 pM for 6-OH-

Melatonin

35

2 Human 
Saliva Not available LLE NA

shimadzu Nexera 
X2 UPLC coupled 

with Sciex 
QT6500 mass 
spectrometer

– 0.78 to 100 pg 
mL-1 39

3 Breast Milk Not used PP

Mode: Isocratic 
0.1% FA in ACN 
and 0.1% FA in 
H2O (Ratio not 

found)

4000 QTRAP 
from Sciex

Column: Kinetex C8 column 
(30 × 3 mm, 2.6 µm)
Column temp.: 45 °C

Autosampler temp.: 5 °C
Injection Volume: 4 µL

10 to 500 ng mL-1 40

4
Human 

Milk Melatonin-D4
PP

using ACN

MPA: 2 mM AF in 
H2O

MPB: 0.1% FA in 
ACN

Waters 2D UPLC 
equipped with 
TQ-XS triple 

quadrupole mass 
spectrometer

Column: ACQUITY UPLC 
HSS T3 column (50×2.1 mm, 

1.8 µm)
Column temp.: 45 °C

Injection Volume: 30 µL

1 to 1000 pg mL-1
41

5
Human 
Urine Melatonin-D4 SPE

MPA: 0.1% FA in 
H2O

MPB: 0.1% FA in 
ACN

Agilent 1290 LC 
coupled to a 6500 
QTrap equipped 
with an electro 
spray ionization 

source

Column: Kinetex® C18 
column (50 × 2.1 mm, 2.6 

µm) from Phenomenex
Injection Volume: 20 µL
Flow rate: 600 µL/min

Melatonin:
7.5 to 500 pg mL-1

6 Hydroxy 
melatonin:

375 to 25000 pg 
mL-1

37

(continues on the next page)
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S. No Matrix Internal standard Sample 
Extraction Mobile Phase Instrument Chromatographic 

conditions
Calibration Curve 

Range References

6
Human 
Salivary 
Samples

Melatonin-D4
Cortisol-D4 LLE

MPA: 2 mM AA in 
H2O

MPB: 0.1% FA in 
ACN

Agilent 6490 ESI 
source in positive 

mode.

Column: C18 2.1×50 mm 2.6 
μm Kinetex 

Injection Volume: 20 µL
Flow rate: 250 µL/min 

Run time: 6 min

Melatonin:
2.15–430 pmolL-1

Cortisol:0.14–27.59 
nmolL-1

42

7
Rat Serum 
Samples

D4-Melatonin
D4 -Cortisol

L-Thyroxine-13C6

LLE

MPA: 0.1% FA in 
H2O

MPB: 0.1% FA in 
CH3OH

Agilent 6490 
LC-MS/MS with 

electrospray 
ionization source

Column: Eclipse Plus C18 
column 4.6 mm × 100 mm, 

3.5 µm particle Agilent 
ZORBAX

Autosampler- 4 ºC
Injection Volume: 15 µL

Flow rate: 1 mL/min

Melatonin: 0.004-
0.5 ng mL-1

Cortisol, T3, T4 
and Testosterone: 

0.4-50 ng mL-1

43

8
Saliva

Plasma Cortisol-D4
Melatonin-D4

SPE NA
Xevo TQ-MS 

triple in positive 
ionization mode.

Column: Phenomenex® Luna 
Phenyl-Hexyl 2.0×100 mm, 

3 µm
Run time: 6.5 min

In saliva 
Melatonin:

15–2000 pmolL-1

Cortisol: 0.60–75 
nmolL-1.

In plasma:
Melatonin:15–2000 

pmolL-1

Cortisol: 40–5500 
nmolL-1

44

9
Human 
Saliva Melatonin-D4 SPME 50% H2O and 

50% ACN

API 4000 from AB 
Sciex, in positive 

ion mode

 Column: Inertsil ODS-3 
column (50 mm × 2.1 mm, 

5 µm)
Column temp.: 30 °C
Flow rate:0.2 mL/min

0.2 – 50 pg mL-1
45

10 Dog 
Plasma Desvenlafaxine LLE with

ethyl acetate

40% of CH3OH:
60% of 5 mM AA:

0.1% FA
AB Sciex

Column: C18 Luna 
(2.0 × 50 mm, 3 µm)

Column temp.: 35 °C
Autosampler: 4 °C

Injection volume: 10 µL
Flow rate: 0.20 mL/min

0.020–10 ng mL-1 46

Table II. Compilation of the published assays for the quantitation of melatonin (continuation)

(continues on the next page)
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S. No Matrix Internal standard Sample 
Extraction Mobile Phase Instrument Chromatographic 

conditions
Calibration Curve 

Range References

11
Human 

Milk 
Samples

7-D Melatonin SPE

MPA: 80% of 5 
mM AF in H2O and 

20% CH3OH

MPB: CH3OH

Agilent 6460 with 
ESI source – 1 to 150 pg mL-1 47

12 Oral Fluid 
Samples

Melatonin-D7 
Cortisone-D7 
Cortisol-D4

Cotton swab 
with a rotator, 
Samples were 
extracted and 

purified, separated 
by using a Turbo 

Flow

MPA: Water, ACN 
and (mixture-1 
containing 45% 

of ACN ,45% 
of IPA and 10% 
dimethyl ether) 
and mixture-2 

consists of 0.1% 
of ammonium 

hydroxide in ACN)

MPB: 1.5 mM 
AF: 30 mM FA in 
CH3OHand H2O

LC-MS/MS with 
ESI source.

Hypersil Gold column  
50 mm × 2.1 mm, 3 µm

Melatonin :0.004 
to 0.431

Cortisone: 5.5 to 
277.4

Cortisol: 0.55 to 
27.59 nmolL-1

48

13 Salivary 
Samples Melatonin-D7

To a diluted saliva 
sample, internal 
standard was 
added into the 
auto sampler 

vial and injected 
directly.

MPA: 0.1% FA in 
H2O

MPB: 15% CH3OH 
in ACN with 0.1% 

FA

API-3200 
tandem mass 
spectrometer 

Analyst software.

Column: Symmetry C8 
(150×3.9 mm internal

diameter; 5 µm)
Injection Volume: 50 µL
Flow rate: 0.8 mL/min

Run time: 8 min

3.91- 1000 pg mL-1 49

14

Sea 
Lamprey

Brain 
Tissues

Melatonin-D7 SPE

MPA: 1 mM of 
perfluorohexanoic 

acid in water

MPB: ACN

Shimadzu LC 
with Quattro 
micro mass 

spectrometer from 
waters.

– 0.5 -100 ng mL-1 27

Table II. Compilation of the published assays for the quantitation of melatonin (continuation)

(continues on the next page)
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S. No Matrix Internal standard Sample 
Extraction Mobile Phase Instrument Chromatographic 

conditions
Calibration Curve 

Range References

15 Human 
Plasma

N-acetyl 
tryptamine

LLE
with 

dichloromethane

MPA: 2 mM AF in 
H2O with 0.1% FA

MPB: ACN

API 6460 LC-MS/
MS in positive 
electro spray 

ionization mode.

Column: ZORBAX Eclipse 
XDB C18 (4.6 mm× 150 mm, 

5 µm)
Column temp.: 20 °C

Injection Volume: 10 µL
Flow rate: 0.5 mL/min

Runtime:11 min

1–5000 pg mL-1 34

16 Human 
Plasma Melatonin-D4 LLE

MPA: 95% of 
0.2% acetic acid 
in H2Oand 5% of 

ACN

MPB: 5% of H2O 
and 95% of ACN

TSQ coupled with 
an Ion Max HESI 

source.

Waters Symmetry Shield 
RP18 column

(2.1×100 mm, 3.5 µm)
Column temp.: 50 °C

Autosampler temp.: 5 °C
Injection volume: 20 µL

Melatonin:
1165–116500 pg 

mL-1

N-acetyl serotonin:
10.95 – 1095 pg 

mL-1

50

17 Human 
Saliva

Melatonin-D4 
Cortisol-D4 

Testosterone-D3
LLE

MPA: 2 mM AA 
with 0.1% FA in 

H2O

MPB: 2 mM AA 
and 0.1% FA in 

CH3OH

Agilent 6460 
operated in 

positive ion mode 
with Electrospray 

ion source

Column: Kinetex C18 
2.1 mm × 50 mm 2.6 µm

Column temp.: 40 °C
Autosampler temp.: 8 °C

Flow rate: 0.5 mL/min

Melatonin:
15.0–579.4 

pmolL-1

Cortisol:
0.5–90 nmolL-1

Testosterone:
15.6–622.8 

pmolL-1

51

18 Human 
Saliva Melatonin-D7 SPE

MPA: 20 mM AA in 
90% H2O and 10% 

CH3OH

MPB: 5 mM AA in 
50% H2O and 50% 

CH3OH

Finnigan AQA 
mass with an 
electrospray 

ionization source

Column: silica-based
octadecyl silica (ODS) 

column Capcell Pak C18 
AQ, dp 5 µm, 2× 150 mm; 

Shiseido
Column temp.: 40 °C

5–1000 pg mL-1 52

19 Human 
Saliva 7-D-Melatonin SPE

40 to 95% CH3OH 
for 3 min and 95% 
CH3OH for 2 min

API 2000 with an 
APCI source

Waters Symmetry C8 150 
mm× 3.9 mm 3–300 pg mL-1 19

Monga, G.; Yerram, S.; Koppula, S.; Kumar, R.; Kumar, S. 
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S. No Matrix Internal standard Sample 
Extraction Mobile Phase Instrument Chromatographic 

conditions
Calibration Curve 

Range References

20 Human 
Serum

N-acetyl 
tryptamine

On-Line Sample 
Extraction

95% of ACN and 
5% of 5 mM AF 

pH 4

Triple 
quadrupole mass 
spectrometer with 
HP1100 variable 
wavelength UV 

detector

Oasis® HLB extraction 
cartridge Waters column 

(2.1×20 mm)
Flow rate: 0.2 mL/min

Run time: 9 min

0.500 to 200 ng 
mL-1 53

21 Human
Plasma Melatonin-D7 LLE 17.5% of ACN in 

25 mM FA in H2O

LC/MS system 
HP 1100 mass 
spectrometer 

with electrospray 
interface.

–

Melatonin: 4 to 80 
ng mL-1 Hydroxy 

melatonin
20 to 400 ng mL-1

54

22 Human 
Hair 

d4-melatonin,
d3-N-acetyl-
serotonin,

d4-6-
hydroxymelatonin,

d4-6-
sulfatoxymelatonin

SPE 

MeoH: 5 mM 
ammonium 

acetate (95:5% 
V/V)

ABI 3200 QTRAP 
tandem mass 

spectrometer-ESI 
positive ionization

mode

Column: ODS Plastisil C18 
(5 µm, 150 mm × 4.6 mm; 

Dikma)
Column temp.: 25 °C

Volume: 10 µL
Flow rate: 200 µL

0.1 pg/mg to 1.0 
pg/mg 55

Table II. Compilation of the published assays for the quantitation of melatonin (continuation)
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Method Validation Parameters
In the literature various studies were analysed for the compilation of the bioanalytical method validation 

parameters depicting that the method developed and used were reliable and reproducible for intended 
use.

Selectivity is the ability of an analytical method to differentiate and measure the analyte, interfering 
substances and internal standard. Magliocco et al. depicted the method to be very selective as no interfering 
peaks were observed at the retention time of the compound in water and urine matrix which were collected 
from different volunteers in late night hours,37 Zhao et al., reported the non-observance of interfering peaks 
at the RT of melatonin and used Internal standard in the tested blank matrix.39 

Carry-over is the appearance of the analyte from previous injection in the current chromatogram. 
Karunanithi et al., and Fustinoni et al., reported carryover problem was not observed.40,41 

Specificity is the capability of the developed method to differentiate the analyte from its related 
substances. Karunanithi et al., reported specificity by analysing 20 blank milk samples. The used blank 
milk batches were first treated with activated charcoal for overnight resulting in the absorption of the matrix 
melatonin hence making them free from melatonin The melatonin free milk samples (n =20) were analysed 
for specificity.40 

Extraction Efficiency/Extraction Recovery is the amount of the analyte recovered after sample clean 
up processing steps of the extraction method. The percent efficiency/recovery of analyte was calculated 
with respect to response of the same amount of standalone standard analyte. Demeuse J. et al., reported 
recovery or the extraction efficiency above 70%. Monfort et al., reported the extraction recovery ranging 
from 87.3 to 110.8% with % CV ranging from 2.3 to 14.8%.42,43 

The matrix effect is generally evaluated to monitor the effect of different matrix or sources. Monfort et 
al., reported the Matrix effects variance RSD of 11.4%.43 Magliocco et al., reported the mean IS-normalized 
matrix effects between 100–109% (RSD ≤ 5%) indicating absence of any significant matrix effect.37 

Method Precision and Accuracy
Weiqi Jin et al., depicted inter-day and intraday batch accuracy and precision on three validation 

batches. Each batch consisted of six replicates of Quality control samples in human breast milk samples at 
higher, mid and low levels. The intra and inter-assay precision depicted 4.1% and 6.8% RSD respectively.44 
Magliocco et al., reported the accuracy data within the acceptance criteria range for melatonin and 
6-hydroxymelatonin 92.4–104.6% and 94.0–102.6%, respectively (85–115% of the theoretical value). 
Precision values for all QC samples of both analytes were within 15%. Good repeatability was depicted 
i.e., 3.4–10.4% for melatonin and 4.2–7.9% for 6-hydroxymelatonin.37 

Reinjection reproducibility, as the name suggests is assessed by reinjecting a run at low, middle and 
high QCs after storage for appropriate duration and temperature conditions. The precision and accuracy 
of the reinjected QCs decides the validity of the processed samples. Weiqi Jin et al., reported re-injection 
of processed-sample after 48 h and compared with first analysis i.e., 0 h. The accuracy was depicted to be 
within ±12.3% deviation, and the precision was depicted to be 2.8% RSD.44 

Dilution integrity depicts the method ruggedness in case the matrix sample needs to be diluted, if the 
sample volume is not sufficient or it’s required to be diluted to bring within the calibration curve range 
Monfort et al., reported dilution integrity, to affirm the sample integrity if samples are to be diluted, at 
dilution factors of 10x and 100x. The accuracy was depicted to be within (85.0–113.5%) after dilution and 
precision was shown to be (1.4 –10.1%).43 

Stability of the analyte in the matrix is evaluated using low and high concentration quality control 
samples. Aliquots of the low- and high-quality (and sometimes mid also) control samples are analysed at 
time zero (freshly) and after the stipulated storage requirement. The mean concentration at each quality 
control samples level should be within ±15% of the nominal concentration. 

Monfort et al., reported short-term stability at room temperature for one day and at -20 °C for 14 days. 
Long term stability was evaluated by analysing lower quality control samples and high-quality control 
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samples after storing them at -80 °C for 30 days. Freeze-thaw stability was evaluated for 3 cycles of 
freezing at -80 °C and unassisted thawing at room temperature and all the results were found to be 
within the acceptance criteria.43 Zhao et al., depicted the melatonin stability in dog plasma. The short-term 
plasma stability at room temperature was depicted to be 4 hr and long-term plasma stability at -70 °C was 
depicted to be for 25 days. Also, the sample were found to be acceptably stable after three freeze thaw 
cycles and in processed samples at 4 °C for 24.39 

DISCUSSION
Some distinctive procedures are covered in this section to demonstrate variations in the bioanalysis of 

melatonin. Firstly, quantifying melatonin in various biological matrices that is, endogenous substances with 
ultra-low levels make it difficult. The blank of the biological matrix is not “blank”. This leads to a serious 
issue in the validating a method by LC-MS/MS which appeared to be difficult to removal by using the 
regular procedures for overcoming the same water used as calibration matrix An-Qi Wang et al. (2011)34 
and in few cases, charcoal pretreatment Duraisamy Karunanithi et al. (2013)47 was carried out to eliminate 
interference.

Sebastian Hartter et al. (2001) reported a bioanalytical method for estimating melatonin and its major 
metabolite in plasma, including enzymatic hydrolysis and one-step liquid–liquid extraction using 17.5% 
ACN in FA in H2O and separation was done by using Luna C-18 column. As reported in Table II, the method 
was used for the plasma sample analysis from the healthy volunteers after administering a single 35 mg 
dose via the oral route. The Cmax for melatonin & 6-hydroxymelatonin was observed to be 19.2 ng mL-1 & 
694 ng mL-1 respectively. With a Tmax of 1.5 hours for both analytes after melatonin intake.54 

Shuming Yang et al. (2002) reported a fast measuring of melatonin in human serum by LC-MS/MS. 
N-acetyl tryptamine was used as ISTD. It applies ESI–MS–MS detection along with online preparation 
of the samples. Using this method, unextracted serum samples were injected directly. The technique 
has a wide linear range, is precise and sensitive and has excellent reproducibility with a total run time of 
9 minutes per injection. This method can be used for the pharmacokinetic study of melatonin in human 
serum and blood.53 

The estimation of melatonin was reported by Kare Eriksson et al. (2003) using HPLC–MS/MS. The limit 
of quantification and limit of detection was 3.0 pg mL-1 and 1.05 pg mL-1 respectively. This reported method 
depicted better sensitivity and increased specificity for melatonin quantification in saliva samples and the 
results were observed to be more reliable than immunoassay.19 

Motoyama et al. (2004) reported a bioanalytical method for direct estimation of endogenous melatonin 
using Mobile Phase A (MPA) as 20 mM of AA in 90% H2O and 10% CH3OH and Mobile Phase B (MPB) as 
5 mM of AA in 50% H2O and 50% CH3OH using ODS C18 column. The developed method by Motoyama 
et al. was the very first method to perform direct quantification of endogenous levels of melatonin is human 
saliva samples using the column switching technique. The method depicts a good throughput due to its 
smaller run time resulting from the minimal sample pretreatment. The method has been validated for 
5–1000 pg mL-1 and can be very useful for melatonin clinical trials.52 

The first method for estimation of melatonin and cortisone in saliva in a single run was reported by 
Jensen MA et al. (2011) Samples were extracted using liquid-liquid extraction.51 

Melissa D. et al. (2011) reported a method by using nano flow LC-MS/MS and electro spray LC-MS/MS 
for estimation of melatonin and nor melatonin in human plasma by Gradient Elution using 95% of 0.2% 
CH3COOH in H2O and 5% of ACN (95:5) in MPA and 5% of H2O and 95% of acetonitrile (5:95) in MPB. 
Waters symmetry shield RP 18 column was used for separation of human plasma by using liquid–liquid 
extraction. This method used nano-LC for sample injection and was validated over range of 11.65–1165 pg 
mL-1 & 10.95–1095 pg mL-1 for melatonin and N-acetyl serotonin respectively. The usage of nano-LC has 
resulted into enhanced sensitivity for endogenous melatonin levels up to sub-picogram levels.50 

An-Qi Wang et al. (2011) validated bioanalytical method in plasma for melatonin by LC–MS/MS using 
water as a calibration matrix by using 2mM ammonium formate and 0.1% FA in H2O in MPA and ACN 
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in MPB and chromatographic separation was carried out on XDB C18 column manufactured by Agilent. 
Two complementary quality control approach were used to validate the method. The PA batches for low 
concentration (1 pg mL-1 and 10 pg mL-1) and potential matrix effect experiments were run using water as 
matrix whereas pooled plasma was used to perform PA batches and matrix effect at high concentration 
(50, 500 and 5000 pg mL-1). The accomplished method was employed to plasma melatonin exogenous 
and endogenous levels quantification for dog samples. 

The developed method was employed to check the PK profile of exogenous melatonin and daytime 
baseline level of endogenous plasma melatonin in beagle dogs after oral administration.34 

Huiyong Wang et al. (2012) first reported an estimation of melatonin and neurotransmitters in brain 
tissues by LC-MS/MS. Separation was done by using a reversed-phase column with MPA as 1 mM of 
perfluorohexanoic acid in water and MPB as ACN. SPE Extraction method was used to extract and purify 
the analyte from the tissue of brain samples. Different types of solid phase extraction beds were tried 
during method development resulting in the extraction recoveries from 71.3 – 95.3%, however the best 
recovery was obtained using Bond-Elut C18 cartridges. The limit of detection for both the analytes were 
less than 200 pg mL-1. The method described here is appropriate for quantifying norepinephrine, dopamine, 
5-hydroxytryptamine and melatonin levels in biological samples with high accuracy, reproducibility and low 
inter and intra-day variation.56 

Sohil A. Khan (2013) reported a LC-MS/MS technique for observing sleep disorders in children with 
melatonin concentrations in saliva. The separation was done by using a gradient mobile phase 0.1% FA in 
H2O in MPA and 15% CH3OH in ACN with 0.1% FA in MPB with C8 column. The method was found to be 
depicting no matrix effects and was successfully applied clinically for both children and adult samples for 
diagnosis purpose.49 

First automated assay for the parallel estimation of melatonin, cortisone and cortisol in oral fluid samples 
was reported by Fustinoni S. et al. (2013) by LC/MS in saliva by using turbo flow system was operated by 
using 2 sets of mobile phases. The MPA consists of H2O, ACN, mixture-1 (containing 45% of ACN, 45% of 
IPA and 10% DME) and mixture-2 (consists of 0.1% of NH4OH in ACN). The MPB consists of 1.5 mM AF 
to 30 mM FA in CH3OH and H2O.48 

This assay qualifies for all the checks of an ideal method like high-throughput, requirement of small 
specimen volumes with very minimal manual interventions. These characteristics along with the non-
invasive sample collection (oral fluid) has led to its application in epidemiological studies. 

Quantification of melatonin in milk was validated by using LC-MS/MS and reported by Duraisamy 
Karunanithi et al. (2013) in which solid phase extraction cartridges were used to purify dichloromethane 
before it was used to extract the samples.47 

Earlier developed methods for melatonin quantification in milk samples using radioimmunoassay have 
severe selectivity concerns due to the cross reactivity from the milk components. Fluorescence detection 
with HPLC and GC-MS were found to be having good sensitivity but the method was time consuming due 
to the involvement of derivatization step.

This LC-MS/MS method was reported to be more selective and specific. Further a better LOD without 
the tedious derivatization can be obtained. This LC-MS method was employed for melatonin quantification 
of milk samples.

Huimin Zhao et al. (2015) developed a method for melatonin measurement in dog plasma, and the 
dog plasma samples were prepared using ethyl acetate as solvent by liquid-liquid extraction method and 
separation was done by using C18 column with isocratic mobile phase. The reported method has been 
employed to measure the melatonin in dogs. In all blank matrix samples, At the retention times of melatonin 
and IS, there were no endogenous compounds’ peaks that could have caused any significant interference. 
The detected peak in plasma collected the day before administration accounted for less than 20% of the 
lower limit of quantification area. There was no carryover after upper limit of quantification injection.46 

Ishizaki, et al. (2017) developed a sensitive, simple and rapid method to estimate melatonin using SPME 
equipped with LC-MS/MS. Chromatographic separation was done within 3 min by using an Inertsil ODS-3 
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column. This method was successfully applied to the analysis of saliva samples without any charcoal Peaks 
in pretreatment and interference. The reported method was applied to estimate the melatonin changes 
levels in saliva associated with lifestyle changes and light stimulation. This method can be considered as 
a helpful tool for the evaluation of sleep disorders and stress.45 

M. van Faassen et al. (2017) reported a correlation between cortisol and melatonin in saliva and 
plasma. This is the primarly reported LC-MS/MS technique for comparison of melatonin in saliva and 
melatonin in plasma. The validation LC-MS/MS method for measuring cortisol and melatonin levels in 
healthy adults’ free, total saliva and plasma. The results for saliva and plasma with respect to cortisol and 
melatonin were found to be satisfactory. Saliva collection through Salivette or passive drooling showed 
no significant difference; A substantial difference between salivary and free plasma melatonin (average, 
36% higher), with salivary melatonin levels being, on, suggests that potential melatonin production in the 
salivary glands.44 

Cristina Domenech-Coca, et al. (2019) reported an accurate analytical procedure for the assessment 
of the melatonin, testosterone, triiodothyronine, thyroxine and cortisol in serum. The samples of rat serum 
were extracted by using LLE and quantified by using HPLC coupled with tandem MS and separation 
was done by using MPA – 0.1% formic acid in Water and MPB – 0.1% formic acid in methanol. The 
established method has been used to examine the changes of testosterone, melatonin, thyroxine, cortisol 
and triiodothyronine in serum of rat by induced the light exposure.43

The application of this method holds high clinical significance as it enables the simultaneous assessment 
of hormones with dissimilar chemical structures, such as cholesterol derivatives and amino acid for the 
mood disorders and depressive illnesses. 

Sunghwan Shin, et al. (2021) reported a method in saliva for estimation of melatonin and cortisol in 
single run & differentiated this method with immunoassays. SPE was used for the preparation of samples 
and analyzed using 2 mmol L-1 ammonium acetate in water in MPA and acetonitrile with 0.1% formic acid 
in MPB and Chromatographic separation was done on XDB C-18 column. Compared with the immuno 
assays method, HPLC coupled with tandem MS method provides more reliable and more sensitive in the 
estimation of melatonin and cortisol in saliva.42 

A newly developed high-throughput sensitive bio analytical validation method was reported by Weiqi 
Jin et al. (2021) which is sensitive, simple, fast and high-throughput for measuring melatonin in human 
milk and gives an appropriate platform to quantify human milk melatonin in large scale studies. This 
quantification may be very useful for the development of the infant mil formula who cannot be breastfed. 
This quantification method can be a reference gold standard for the human clinical research implying 
quantification of melatonin detection in milk samples.41 

Estimation of 19 analytes simultaneously was validated by using HPLC coupled with tandem mass 
spectrometry published by Anaelle Monfort et al. (2021) and it successfully applied to samples of nursing 
women. This method is very useful due to its simple extraction method, allowing the measuring of multiple 
drugs over a 1:1000 x concentration range.40 

Demeuse J. et al. (2021) published a sensitive procedure in saliva for the estimation of melatonin. It 
allows the estimation at day time with a high accuracy and selectivity. The experiments showed a recovery 
rate of 70% and matrix factor of over 90% for the analyte. Inter-run and intra-run accuracies ranged from 
89% to 113%, and the Coefficient of Variations for both were between 1% and 7%. The limit of quantification 
is the lowest concentration at which it was possible to easily integrate the qualitative transition’s peak was 
found to be 0.78 pg mL-1.39 

Philippe J. Eugster et al (2022) first time reported a procedure for the detection of serotonin and its 
main metabolites included melatonin in human plasma by using HPLC coupled with tandem MS. Samples 
extracted by using protein PP followed by solid phase extraction. Improved sensitivity allows the detection 
of serotonin and its metabolites including melatonin even at their lowest day time concentrations of 2.2 nM 
for serotonin to 1.0 pM for 6-OH-Mel.35 
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Minhui Zhu et al. (2022) reported a LC-MS/MS method for the accurate measurement of melatonin, 
glucocorticoids and its metabolites in human hair. The method was also aimed to investigate how the 
concentrations of these biomarkers are related to sleep state. The developed method can quantify six 
endogenous compounds in hair, including cortisol and cortisone, which are important stress biomarkers. 
While LC-MS/MS methods exist for other sample types, such as saliva, blood and urine, there is limited 
research on detecting melatonin in human hair. This developed LC-MS/MS method can simultaneously 
quantify melatonin, N-acetyl-serotonin, 6-O-melatonin, cortisol, and cortisone in human hair. The method 
had a convenient hair sample pretreatment procedure and high sensitivity with limit of quantification ranging 
from 0.1 pg/mg for melatonin to 1.0 pg/mg for cortisol and cortisone. Analysis of 65 undergraduates’ 
hair samples revealed relationship between poor sleep quality and higher hair cortisone content. Further 
investigation of hair cortisone as a biomarker for long-term sleep state in a larger sample is warranted for 
future studies.55 

Dermanowski et al. (2021) developed a method for the measurement of melatonin in plasma and saliva. 
Further a comparison under dim light for the measurement of melatonin was carried out, since it is perceived 
as the most precise objective bio-marker for determining the circadian phase. The LC-MS/MS validation 
was done as per the European medicine agency recommendations. From twenty-one volunteers between 
the ages of 26 and 54 plasma and saliva samples had been taken at five different times (between 8:00 PM 
and 12:00 AM). Melatonin concentration was measured by using LC-MS/MS. Dim light melatonin onset 
was defined as the time at which melatonin concentration was recorded in plasma and saliva surpassed 
7 pg/mL and 20 pg/mL, respectively. The saliva/plasma melatonin concentration ratio was 2.87, and the 
correlation between plasma and salivary melatonin concentration was r = 0.764 (p < 0.001). Finally, the 
validated method of salivary melatonin determination enabled the dim light melatonin onset assessment 
with potential clinical implications in monitoring and diagnosing circadian rhythm disorders.57 

Over the years the melatonin bioanalysis has evolved significantly. In the late 90s the achievable 
quantification limits were in ng/mL however due to significant advancements in MS technologies pg 
concentrations are being achieved comfortably. Earlier the quantification matrix being used was plasma 
or serum only even though the collection procedure for these matrices is being painful. However, with the 
advancement in instruments and better sensitivities, the pain-less source of matrices e.g., hair samples 
can also be used these days. Also, the extraction procedures have evolved significantly from protein 
precipitation, liquid- liquid extraction to SPE to SPME with better recoveries and least solvent wastage. In 
the upcoming years, bio analysts can witness the development of fully automated estimation with minimal 
human intervention for better reproducibility.

CONCLUSION
Melatonin research is expected to advance significantly through the use of LC-MS/MS, a powerful 

analytical technique for precise and sensitive measurement of melatonin in biological samples. LC-MS/
MS’s capability to selectively detect and quantify melatonin in complex biological matrices, such as blood, 
urine, and saliva, offers the potential for more accurate measurements, even at low concentrations. This 
heightened sensitivity and selectivity may open up new opportunities for studying the diurnal rhythm of 
melatonin, investigating its physiological and pathological roles, and evaluating its therapeutic potential. This 
review describes various bio analytical methods developed and validated to estimate melatonin in various 
matrices such as serum, plasma, milk and saliva etc. The summary of review articles would help in the 
preparation of the latest bioanalytical methods. This review article presents various developed bioanalytical 
methods by using LC-MS/MS which covers key aspects of internal standard, sample extraction, mobile 
phase, CC range and instrument used. The application of LC-MS/MS has enabled tremendous quantitative 
capabilities in MRM mode with high sensitivity, selectivity and specificity. The usage of gradient programs 
helped in separation and quantification of drugs to prevent the matrix enhancement/suppression from the 
matrix compounds and to remove the analyte carry over from injection to injection. LC-MS/MS is a rugged 
and dependable instrument and it is extensively used for the quantification of melatonin because of its 
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shorter run time, sensitivity and selectivity. The review article provided a survey of various methods and its 
conditions to start new method development for melatonin.
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A facial freshener, also known 
as toner, is a cosmetic product 
that is commonly used to 
invigorate the face after a busy 
day. Ethanol serves as a key 
component in toner, serving 
multiple purposes such as being 
a solvent, preservative, and 
antimicrobial agent. However, 

it’s important to note that toner formulated for normal skin types typically contain ethanol in small 
concentrations, adhering to a limit of not more than 10%. Therefore, this study aims to determine ethanol 
levels in toner using the NIR spectroscopy and chemometric techniques. The NIR spectra of the simulated 
samples were correlated with ethanol concentration using chemometric calibration model. The calibration 
models used were partial least square (PLS), principal component regression (PCR), and support vector 
regression (SVR). The calibration model was validated by leave one out cross validation (LOOCV) as well 
as the external validation, and the precision and accuracy of the method was evaluated. Among the 
calibration models, the PLS model exhibited the best performance, yielding an impressive R2 0.9976; with 
an RMSEC value of 0.4364 and RMSECV value of 0.4704. The internal validation yield R2 value more than 
0.99 and RMSE of less than 0,4198. Furthermore, external validation showed the R2 and RMSEP value of 
0.989 and 0.920 respectively. The %recovery and RSD value were 101.2% and 0.129%. Comparing 
ethanol measurements obtained through the NIR chemometric method with those obtained using gas 
chromatography as the reference method, no significant difference was observed at a 95% confidence 
levels, as indicated by a significance value of 0.231.

Keywords: NIR spectroscopy, chemometric, facial freshener, ethanol, toner

INTRODUCTION
Cosmetics refer to substances or mixtures used externally on the human body, such as the skin, scalp 

hair, nails and the outer parts. They serve the purpose of cleaning, maintaining, enhancing attractiveness, 
and protecting the body, excluding the medicinal applications.1 One of facial cosmetics that is commonly 
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used by women, especially Indonesia, is a face freshener (toner). Toner is used to cleanse the face after 
daily activities, refresh the pH balance of facial skin, and achieve optimal equilibrium.2 They are typically 
composed of various natural ingredients. For normal skin types, toner often include moisturizing agents 
to restore hydration after using facial cleansers.3 In the formulation of toner, ethanol can be used as a 
solvent, preservative and antimicrobial. It helps in dissolving active ingredients or substances that are 
insoluble in water.4 Toner are usually recommended for individuals with normal and oily skin types.5 The 
concentration of ethanol used in toner for normal skin is limited to no more than 10%, as it provides the 
desired therapeutic effect.6 

According to previous studies, the determination of ethanol content was carried out using several 
method. In a study by Almeida et al (2021), the determination of ethanol and fragrance content in cosmetics 
was carried out using gas chromatography method.7 According to the study by Pinu et al (2017), ethanol 
content in fermented foods and beverages were determined using the gas chromatography method.8 
Valentina et al (2010) examined the determination of ethanol content in branded foods using chemometric 
NIR (Near Infrared) spectroscopy method.9 Mmaabo (2022) examined the determination of ethanol 
content in various types of alcoholic beverages using the gas chromatography method.10 Rebecca’s (2021) 
explored the determination of ethanol content in beer using gas chromatography method.11 However, no 
study has reported the determination of ethanol content in cosmetic samples, especially toner, using either 
gas chromatography or NIR spectroscopy method. The gas chromatography method offers numerous 
benefits, including high sensitivity, but it has the drawback of being time-consuming and requiring the 
preparation of a chemical mixture. In this study, the determination of ethanol content was carried out 
using the NIR spectroscopy method. This method is not only applicable to cosmetic toner samples but 
also enables the assessment of alcohol content in beverages like beer.12 One of the major advantages of 
the NIR spectroscopy is its ability to provide quick analysis results without causing pollution, as it solely 
relies on simple preparations without the need for chemical compounds.13 However, the NIR spectroscopy 
has drawbacks, including spectra that require further interpretation due to spectrum overlap and low 
sensitivity. To overcome these challenges, chemometric method are employed in conjunction with the NIR 
spectroscopy to rapidly identify and analyze spectra.14 In this study, toner simulation samples with ethanol 
concentrations ranging from 0% to 30% were used for the NIR method.

This study aims to determine ethanol content in toner using the NIR chemometric method and compare 
the results with gas chromatography as a reference method in order to ascertain if there is a significant 
difference between the NIR spectroscopy method and gas chromatography. 

MATERIALS AND METHOD
Materials

In this study, the materials used were ethanol (Merck), n-butanol (Merck), cucumber extract, lemon 
extract, tween 80 (GBM), propylene glycol (Brataco), NaOH (Merck), nipagin (GBM), nipasol (GBM), 
lemon perfume (GBM), aquabidest (Wida). The real sampels of toner were purchased from the market in 
Jember, East Java, Indonesia.

Instrumentation
The tool used were the NIR Spectroscopy (Brimrose Luminar 3070), gas chromatography (GC-FID 

Thermo Scientific-Trace 1300), Software The Unscrambler X 10.4 (Oslo, Norway), pH meter, and laboratory 
glassware.

Sample Simulation Preparation
Sample simulation preparation involved the creation of a sample training set and a test set. The 

formulation ingredients, including cucumber extract, lemon extract, tween 80, propylene glycol, NaOH, 
nipagin, nipasol, and lemon perfume, were mixed together. Ethanol and aquabidest were then added to 
achieve various concentrations in the training set samples (ranging from 0% to 30% v/v) and the test set 
samples (ranging from 2.5% to 29.5% v/v).
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Sample Measurement Using the NIR Spectroscopy
Sample measurements were carried out using the Brimrose NIR spectroscopy instrument. Furthermore, 

200 µL of each sample was placed on the sample compartment using a micropipette. Each simulation 
sample was scanned in the range of 850-2000 nm. The measurements were replicated three times, with 10 
shooted in each replication. The NIR spectroscopy used consisted of a 3070 brimrose luminar spectrometer 
with a sampling area measuring 5 x 3 mm and assisted by a computer set. The NIR Spectroscopy technique 
was based on measuring the light reflected by a sample. The NIR spectrum was obtained by converting 
the energy transferred from the radiation into mechanical energy through the movement of atoms and 
chemical bonds within molecules. Initially, the sample was exposed to a light source at a wavelength 
between 780-2500 nm and the light reflected or transmitted by the sample collected on the detector which 
was then converted into a spectrum.

Model Calibration and Validation
For model calibration and validation, the NIR spectras obtained were analysed by The Unscrambler 

X 10.4. The multivariate analysis used for calibration model were partial least square (PLS), principal 
component regression (PCR), and support vector regression (SVR).15 The calibration models (PLS, PCR, 
and SVR) were formed by correlating the transmittance of the NIR spectra with ethanol concentration. The 
selected model was validated using leave one out cross validation (LOOCV) using 30 concentation samples 
training set and external validation using 10 concentration samples test set.16 LOOCV was evaluated by 
remove one set of data in training set and the remaining data were used to form new calibration model. 
The precision and accuracy of the method was evaluated based on BP 2022.17 

Real Sample Application
The selected calibration model that has been validated was applied to determine ethanol content in the 

commercial sample. For each commercial sample, 200 µL was placed on the NIR spectroscopy sample 
compartment and scanned three times for replicability. The real samples analyzed were five samples of 
toner containing ethanol purchased from the market in Jember, Indonesia.

The determination of ethanol by gas chromatography and validation method
To prepare the standard ethanol solution, ethanol was diluted in aquabidest (distilled water) to achieve 

a concentration range of 2-29% ethanol, with 1.0% n-butanol as the internal standard.18 Real sample 
preparation involved adding 0.99 mL of the sample to 0.01 mL of n-butanol. The real samples were then 
subjected to gas chromatography analysis with three replicates. Subsequently, ethanol content was 
analyzed using the gas chromatography method with a detector temperature of 300 °C and an injector 
temperature of 200 °C, and the analysis was carried out by directly injecting 1 µL of sample in split mode 
with a split flow ratio and split ratio of 1:143. The initial temperature on the heater (oven) was set at  
40 °C and held for the first 1 minute, after which it was increased by 10 °C per minute until reaching  
70 °C. Subsequently, the temperature was increased at a rate of 70 °C per minute until reaching the final 
limit temperature of 200 °C, which took 6 minutes. The pressure in the carrier gas was maintained on the 
column at 60 kPa. The gas flux used for the detector was 350 mL per minute for synthetic gas and 35 mL 
per minute for hydrogen. Precision and accuracy were evaluated using three levels of simulated samples 
and replicated three times.

To compare ethanol levels in the real samples determined using the NIR chemometric and gas 
chromatography, a paired t-test was performed on the samples. The significance levels (p-value) for the 
test was set at 0.05 (two-tailed).

Febriyanti, W. E.; Kristiningrum, N.; Wulandari, L. 
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RESULTS AND DISCUSSION
The simulation sample consists of 31 samples calibration set with a concentration range of 0%-30% v/v 

and 10 samples test set with a concentration range of 2.5%-29.5% v/v. The concentration range was wider 
than concentrations commonly used in commercial toner (1% - 10% v/v). The wider the range of calibration 
set sample used the better the calibration model obtained.

The spectra of ethanol, simulated samples of 0%, 10% ethanol concentrations and commercial 
samples are shown in Figure 1. Ethanol spectrum, simulated samples and commercial samples has the 
same pattern, only the transmittance intensity is different as shown in Figure 1.

Figure 1. IR spectra of ethanol, simulation sample with ethanol concentration 0%, 10% (SS 0%, SS 10%) and 
commercial sample toner (A, B, C, D, E).

The calibration model for the NIR method was established using spectral data from a training sample 
set comprising 750 data points. Each concentstins in the training set samples was scanned using the NIR 
spectroscopy, resulting in 25 spectrum data for each concentration. In total, there were 30 concentrations, 
which produced 750 spectrum data used to build a calibration model. Among the calibration model tested, 
the best performance was achieved by the PLS using one latent variable with R2 0.9976; RMSEC 0.4364 
and RMSECV 0.4704 (Table I). The R2 of internal validation (LOOCV) was more than 0.99 and RMSE less 
than 0,4198. When evaluating the calibration models, the key figures of merit considered were R2, RMSE 
and RMSECV.19 A higher R2 value closer to 1 indicates a better calibration model, as it signifies a stronger 
correlation between the NIR spectra and ethanol concentrations. A smaller RMSE and RMSECV value 
suggest a better model calibration, as they indicate lower average prediction errors and better predictive 
performance.

Braz. J. Anal. Chem. 2024, 11 (42), pp 33-40.
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Figure 2. Graph of variations in the RMSECV values of the calibration samples in the PLS model.

Table I. The results of the formation of the calibration model

No Model RMSE R2

1. PLS Calibration
Validation

0.4364
0.4704

0.9976
0.9972

2. PCR Calibration
Validation

0.6909
0.7081

0.9940
0.9937

3. SVR Calibration
Validation

0.4199
0.4194

0.9959
0.9959

The PLS model was selected as the optimal calibration model because it demonstrated an R2 value 
of 0.9976, which is very close to 1. This high R2 value indicates an excellent fit of the model to the data, 
suggesting a strong correlation between the NIR spectra and ethanol concentrations. Additionally, the 
PLS model exhibited a small RMSE value of 0.4364, which is below the threshold of 1.5. The RMSE 
value measures the average prediction error of the calibration model, and a smaller value indicates better 
accuracy in predicting ethanol concentrations. The selected PLS model satisfied the requirements for a 
good calibration model, as it had an R2 value close to 1 and an RMSE value below 1.5. These criteria 
ensure that the model is capable of accurately predicting ethanol levels in toner samples based on the NIR 
spectra.20

Figure 3. External validation of the PLS model.

The Determination of Ethanol Levels in Facial Freshener 
Using the NIR Spectroscopy and Chemometric Method
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The comparison method has been validated with the results of the parameter assessment of each 
validation stage listed in Table II. 

Table II. Method validation results

Validation Parameters GC method NIRS method
(PLS model)

Linearity

Linierity range (%v/v) 2 – 29 0 – 30

Correlation coefficient (r) 0.999 -

Correlation coefficient (R2) - 0.989

Coefficient of variation (Vx0) 2.511%

RMSEP - 0.920

LOD 1.70 µg mL-1 -

LOQ 5.12 µg mL-1 -

Accuracy (%recovery, n=3x3) 101.9% 101.2%

Precision (RSD, n=3x3) 0.197% 0.129%

The results in Table II, show that GC method have the correlation coefficient of 0.999 and the coefficient 
of variation of 2.511%. This means that this method meets the requirements of linearity, the correlation 
coefficient (r) ≥ 0.99, and the function variation coefficient (Vx0) < 5%. The % recovery and RSD value 
were 101.9% and 0.197%, respectively. These results meet the accuracy and precision requirements that 
were % recovery within 95.0-105.0% and RSD value less than 2%.21 For the NIR spectroscopy method, 
the external validation showed good results. The R2 and RMSEP value using one of latent variable were 
0.989 and 0.920 and the % recovery and a RSD value were 101.2% and 0.129%, respectively (Figure 3).

The commercial sample toner used were five samples with sample codes A, B, C, D and E. The results 
of ethanol levels in commercial samples are listed in Table III.

Table III. Results of the determination of ethanol content in commercial samples

Sample code
Ethanol content (%v/v) ± SD (n=3)

NIR spectroscopy Gas chromatography

A 15.548 ± 0.032 15.212 ± 0.128

B 7.669 ± 0.009 7.481± 0.136

C 12.169 ± 0.012 12.131± 0.159

D 5.404 ± 0.012 5.468± 0.141

E 12.121 ± 0.019 12.114± 0.341

The comparison of ethanol levels in toner was conducted using the NIR-chemometric method and gas 
chromatography through a paired sample t-test. In order to proceed with the analysis, it was necessary to 
ensure that the data met the assumption of normal distribution (p > 0.005).22 To assess the normality of the 

Braz. J. Anal. Chem. 2024, 11 (42), pp 33-40.
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variables, a Kolmogorov-Smirnov test was performed using the IBM SPSS program. The normality test 
results obtained from the NIR method and gas chromatography were 0.702 and 0.615 respectively, the 
condition for normally distributed data is significant if the value is > 0.05. These data met the requirements, 
meaning both method were normally distributed and suggest the paired sample t-test could be continued. 
The paired t-test yielded a significant value of 0.231 with a 95% confidence levels. The results of the 
comparison obtained are said to be meaningful if the p value (sig.) in the 2 groups is> 0.05 with a degree 
of confidence reaching 95%, meaning that there is no significant difference between the two method.

CONCLUSION
In conclusion, ethanol content in toner sample was successfully determined using the NIR spectroscopy 

and chemometric method using PLS model with R2 0.9976; RMSEC 0.4364 and RMSECV 0.4704. The 
PLS calibration method exhibited favorable results with an R2 value of 0.9976, RMSEC of 0.4364, and 
RMSECV of 0.4704. The validation tests also met the requirements, demonstrating an R2 value exceeding 
0.99 and an RMSE below 0.4198. External validation showed an R2 and RMSEP of 0.989 and 0.920. The 
% recovery and RSD value were 101.2% and 0.129%, respectively. There was no significant difference 
between ethanol content obtained from the NIRS-chemometric method and the gas chromatography 
method, as confirmed by the paired sample t-test with a significance value of 0.231 (> 0.05). Therefore, 
the NIRS-chemometric method can be considered reliable, relatively fast, easy and simple method for 
determining ethanol content in toner.
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The closed-vessel conductively 
heated digestion system 
(CHDS) was evaluated to digest 
dry dog foods for further 
determination of K, Na, Cu, Fe, 
Mn, and Zn by high-resolution 
continuum source flame atomic 
absorption spectrometry (HR-
CS FAAS). The CHDS method 
was optimized using a fractional 
factorial design with five 

variables (HNO3 concentration, H2O2 volume, temperature, holding time, and pre-digestion time) at two 
levels. The accuracy of the CHDS procedure was checked by the analysis of reference materials from the 
National Institute of Standards and Technology (NIST SRM 1577b Bovine Liver and 2976 Mussel Tissue) 
and Brazilian Agricultural Research Corporation (Embrapa MR-E1002A Fish Food). Also, the digestion 
efficiencies were calculated from residual carbon contents (RCCs). The RCC and blank values in the 
CHDS digested samples were consistently low, which is suitable for determinations using ICP OES and 
ICP-MS techniques. For comparison, all samples were also digested by microwave-assisted digestion in 
closed vessels (MW-AD). Results for Na, K, Cu, Fe, Mn, and Zn determined in sample digests obtained by 
CHDS were not statistically different at a 95% confidence level from those observed for MW-AD. Limits of 
quantification (LOQ) calculated from digests in CHDS and MW-AD were comparable, and the values 
provided adequate limits for elemental determinations in dog foods. Data from mineral composition and 
moisture were employed in a clustering analysis (HCA) and the discrimination of the samples among 
different manufacturers and food for dogs at different life stages was possible.
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INTRODUCTION 
The pet industry has been experiencing substantial growth, with the global pet care market valuation 

around US$ 138 - 179 billion in 2020 and expected to reach US$ 240 - 270 billion by 2030.1,2 The pet food 
segment stands for 70% of those values, and pet owners have been increasing their concerning about 
providing appropriate nutrition and healthier diets to their animals,3 considering the quality of ingredients 
as the main characteristic to be taken into consideration for the food selection.4 Considering the high 
demand, large-scale production of dry pet foods under controlled conditions requires manufacturers to 
implement good practices and strict quality control.3 Macronutrients such as Na and K are essential in a 
dog’s acid-base balance, regulation of osmotic pressure, and nerve impulse generation and transmission. 
Micronutrients are also vital in processes as the synthesis of blood components and energy metabolism 
(Fe); defense against oxidative damage and formation of connective tissue, blood cells, melanin, and 
myelin (Cu); enzyme functions, bone development and neurological function (Mn); and enzyme reactions, 
cell replication, protein and carbohydrate metabolism, skin function and wound healing (Zn).5 Whereas 
the supplementation of essential minerals in dry pet food is crucial for health maintenance, the inorganic 
element analysis takes an important role in food safety and quality of both raw materials and commercial 
products formulated to achieve diet requirements for specific breeds and life stages.5,6

Most spectrometric techniques for inorganic elemental analysis rely on sample introduction systems 
basically fit for aqueous solutions. Thus, the solid samples must be chemically digested by dry or wet 
decomposition methods.7 Wet digestions using liquid reagents in closed vessels are frequently employed 
in most spectroscopy methods.8 Microwave-assisted digestion systems (MW-AD) using closed vessels are 
well-established, robust, and highly efficient, but the acquisition and maintenance of equipment are costly, 
which impairs MW-AD implementation in most small to medium-sized laboratories.9

The conductively heated digestion system (CHDS) is a simple and low-cost combination of closed 
vessels and conductively heating in digester blocks. This sample preparation technique has been applied 
for raw meats, milk, chocolate, coffee, biomass (sugarcane, eucalyptus, banana), vegetables, biochar, 
oyster shell flour, bone meal, swine manure, aiming at the elemental determinations by atomic absorption 
and plasma-based spectrometry.10-13 

The elemental composition of dry dog foods obtained by chemical analysis may be a useful input to 
perform classifications by means of hierarchical cluster analysis (HCA), which is scarcely explored in the 
literature.14 Also, the multivariate optimization and the digestion of dry dog food by CHDS have not yet 
been evaluated. The present work aims to evaluate the CHDS for digestion of dry dog foods (from distinct 
manufacturers and intended for different stages of pet development) for determination of K, Na, Cu, Fe, 
Mn, and Zn by HR-CS FAAS. The accuracy was assessed by analysis of bovine liver, mussel tissue 
and fish food reference materials. For comparative purposes, all dry dog foods were also analyzed after 
digestion by MW-AD.

MATERIALS AND METHODS
Instrumentation 

All dry dog food samples and certified reference materials were digested using a conductively-heated 
digestion system (CHDS) composed of a 28-slot heating block, a temperature control terminal and two 
cooling fans built-in an acid-resisting cabinet with an acrylic safety shield. Further details on the CHDS 
instrumental setup can be found elsewhere.11 A Multiwave microwave-assisted sample preparation system 
(Anton Paar, Graz, Austria), equipped with a 6-position rotor for 50 mL quartz vessels was used for 
comparison. The digestion efficiencies were evaluated by the quantification of the residual carbon content 
(RCC) using a TOC-L CSH/CSN (Shimadzu, Kyoto, Japan) carbon analyzer system. 

The elemental determinations were performed in a contrAA® 300 high-resolution continuum source 
flame atomic absorption spectrometer (Analytik Jena AG, Jena, TH, Germany) equipped with a 300 W 
Xenon short-arc lamp XBO 301 (GLE, Berlin, BE, Germany) operating in a hot-spot mode as a continuum 
radiation source, a compact high-resolution double-Echelle grating monochromator (with a spectral 
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bandwidth < 2 pm per pixel in the far ultraviolet range) and a charge-coupled device (CCD) array detector.15 
All measurements were performed in three repetitions using an injection module (SFS 6), with a load 
time of 5.0 s, injection time of 10 seconds and the aspiration rate was maintained at 5.0 mL min-1. The 
spectrometer operating conditions were automatically optimized by the ASpect CS software (Analytik Jena 
AG, Jena, TH, Germany), and the optimized parameters are described in Table I. Considering the fast-
sequential capability of the HR-CS FAAS technique, sample throughput was estimated at 48 samples h-1.

Table I. Optimized instrumental operating conditions for the determination of Cu, Fe, K, Mn, Na and Zn by 
HR-CS FAAS

Analyte Wavelength
(nm)

Acetylene gas 
flow rate (L h-1)

Air flow rate 
(L h-1)

Air/acetylene 
ratio

Burner height
(mm)

Cu 324.754 50 486 9.7 6.0

Fe 248.327 60 486 8.1 6.0

K 404.414 80 486 6.1 8.0

Mn 279.482 80 486 6.1 6.0

Na 330.237 90 486 5.5 6.0

Zn 213.857 50 486 9.7 6.0

Reagents, materials, analytical solutions and samples
All sample digestions and analytical solutions were prepared using ultrapure water (resistivity 18.2 MΩ 

cm) produced from a Master System MS2000 (Gehaka, São Paulo, Brazil), nitric acid 65% w w-1 (Merck, 
Darmstadt, Germany), and hydrogen peroxide 30% w w-1 (Merck, Darmstadt, Germany). For optimizations, 
3.5 and 7.0 mol L-1 HNO3 solutions were previously prepared by simple dilution using ultrapure water. High-
purity acetylene (99.7%, Air Liquid, São Paulo, Brazil) and compressed air were used as fuel and oxidant 
gases, respectively. All quartz digestion tubes, glassware, and polypropylene flasks were previously 
decontaminated by overnight immersion in a 10% v v-1 HNO3 solution, followed by deionized water rinsing.

Multielement standard solutions were prepared by appropriate dilution of respective stock solutions 
containing 1,000 mg L-1 Cu, Fe, K, Mn, Na, or Zn (SpecSol®, QUIMLAB, São Paulo, Brazil). Analytical 
working solutions in the 0.03 – 0.2 mg L-1 Cu, 0.25 – 3.0 mg L-1 Fe, 5 – 200 mg L-1 K, 0.1 – 0.5 mg L-1 Mn, 
10 – 50 mg L-1 Na and 0.3 – 1.5 mg L-1 Zn were daily prepared in a HNO3 5% v v-1 medium. The certified 
reference materials NIST SRM 1577b Bovine Liver and NIST SRM 2976 Mussel Tissue Freeze-Dried from 
National Institute of Standards and Technology (Gaithersburg, MD, USA), and MR-E1002A Fish Food 
from Empresa Brasileira de Pesquisa Agropecuária (Embrapa, Brazil) were used to check the accuracy 
of the procedures. Dry dog foods for puppies, adults and senior animals from 3 different manufacturers 
were purchased in a local market of Araraquara, SP, Brazil. The samples were ground using a mortar and 
pestle, and dried at 75 ºC in a TE-394/2 forced air oven (Tecnal, Piracicaba, SP, Brazil) to constant weight 
for the determination of moisture. Then, dried samples were placed in polypropylene containers and stored 
in desiccators.

Digestion procedures
Screening study of variables using a factorial design

The screening study of digestion conditions for the CHDS procedure was performed by means of a 
fractional factorial design with 5 variables (V1 = concentration of HNO3, V2 = volume of H2O2, V3 = holding 
time, V4 = temperature, and V5 = pre-digestion time) at 2 levels (-1 = low and +1 = high). The real values 
for the low and high levels were 3.5 and 14.0 mol L-1 HNO3 (V1); 0.5 and 1.0 mL of H2O2 (V2); 12 and 24 
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min (V3); 195 and 225 ºC (V4); and 15 and 30 min (V5), respectively. The results of these experiments 
were processed using the Statistica (TIBCO Software Inc. Data Science Workbench, version 14, 2020). 
From this design (25), the number of possible combinations would be 32, which was changed to (25-2) in 
order to reduce the number of experiments to a total of 8, corresponding to 1/4 fraction of the complete 
design.16,17

In each experiment, masses of 100 mg of dry dog food sample were accurately weighed and 2.0 mL of 
HNO3 solution (V1) was added. The vessels were closed and kept at room temperature for the selected 
pre-digestion time (V5). After that, the selected volume of H2O2 (V2) was added and the vessels were 
sealed. The heating program was initiated using a 20 min ramp up to the chosen temperature (V4) and, 
after reaching a plateau, this temperature was kept for the selected holding time (V3). After cooling down 
for 30 min, the resulting solutions were transferred to polypropylene tubes and the final volume was made 
up to 25 mL with ultrapure water. RCC determinations were performed in duplicates with pH adjusted 
to a range of 5.5 to 6.5 with NaOH and a 100-fold dilution was made. A summary of the factorial design 
parameters is depicted in Table II.

Table II. Factorial design (25-2) for the CHDS digestion optimization

Experiment

Level (real value)
V1

HNO3 
(mol L-1)

V2 
H2O2 
(mL)

V3
Holding 

time (min)

V4 
Temperature 

(ºC)

V5 
Pre-Digestion 

time (min)
1 -1 (3.5) -1 (0.5) -1 (12) 1 (225) 1 (30)

2 -1 (3.5) -1 (0.5) 1 (24) 1 (225) -1 (15)

3 -1 (3.5) 1 (1.0) -1 (12) -1 (195) 1 (30)

4 -1 (3.5) 1 (1.0) 1 (24) -1 (195) -1 (15)

5 1 (14.0) -1 (0.5) -1 (12) -1 (195) -1 (15)

6 1 (14.0) -1 (0.5) 1 (24) -1 (195) 1 (30)

7 1 (14.0) 1 (1.0) -1 (12) 1 (225) -1 (15)

8 1 (14.0) 1 (1.0) 1 (24) 1 (225) 1 (30)

Optimizations of HNO3 concentration and sample mass
After the settlement of the optimal CHDS procedure and heating program parameters, the effect of the 

HNO3 concentration was further evaluated using the fish food CRM. In this experiment, 100 mg of sample 
was accurately weighed and 2.0 mL of HNO3 solution (7.0 or 14.0 mol L-1) along with 1.0 mL of H2O2 were 
added to the digestion vessels. The vessels were sealed and taken to the CHDS system for digestion using 
the following heating program: i) a 20-min ramp from room temperature to 195 ºC, ii) a 12-min plateau at 
195 ºC and iii) a 30-min cooling down to 40 ºC. The resulting solutions were transferred to polypropylene 
tubes and the final volume was made up to 25 mL with ultrapure water.

The effect of sample mass amount in the CHDS digestions was also evaluated using the fish food CRM. 
In this case, sample masses of 50, 100, or 200 mg were weighed and the mixture of 2.0 mL of concentrated 
HNO3 and 1.0 mL H2O2 was added to the quartz tubes. The samples were digested using the same heating 
program described in the previous experiment. The resulting solutions were transferred to polypropylene 
tubes and diluted to 25 mL with ultrapure water. The digested samples in both experiments (n=3) were 
analyzed by HR-CS FAAS for the determination of macro and micronutrients in the fish food CRM.

Braz. J. Anal. Chem. 2024, 11 (42), pp 41-54. 
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Digestion of CRMs and dog food samples
After the CHDS optimizations, 10 samples of dry dog food and 3 certified reference materials were 

digested (n=3). Sample masses of 200 mg were directly weighed in the CHDS quartz tubes, followed by 
the addition of 2.0 mL of concentrated HNO3 and 1.0 mL of H2O2. The samples were processed through the 
same heating program described in section 2.3.2, which consisted of the following 3 steps: a 20-min ramp 
from room temperature to 195 ºC (step1), a 12-min plateau at 195 ºC (step 2) and a 30-min cooling down 
to 40 ºC (step 3). The digested samples were then diluted to 25 mL with ultrapure water. 

For comparative purposes, all dog food samples were digested using a closed-vessel microwave-
assisted digestion system (n=3). Sample masses of 200 mg were transferred to the microwave vessels 
and a mixture of 2.0 mL HNO3 (concentrated), 3.0 mL water, and 1.0 mL H2O2 were added to react. The 
vessels were placed to digest under the following heating program: i) 100-500 W ramp lasting for 5 min, ii) 
800 W plateau for 15 min, and iii) 0 W cooling down for 15 min. The final volume was made up to 25 mL 
with ultrapure water.

RESULTS AND DISCUSSION
CHDS optimizations

A fractional factorial design (25-2) with 5 variables and 2 levels was used for the optimization of several 
CHDS parameters as HNO3 concentration, H2O2 volume, time of plateau, digestion temperature and pre-
digestion time, and using the measured residual carbon content (RCC) as the target response. From 
these values, the organic matter decomposition efficiencies (%DE) were calculated using the following 
relationship: %DE = (TCC – RCC)/(TCC) * 100, where TCC is the total carbon content. In this work, the 
RCC contents were determined by the carbon analyzer and TCC values were obtained by considering 
the whole sample mass used in digestion as composed only of carbon, thus the calculated %DE may be 
considered as an estimated value. Results for RCC and %DE are depicted in Figure 1.

Figure 1. Determination of residual carbon content (RCC, bar chart) and 
estimated decomposition efficiency (%DE, dot chart) for the designed 
experiments used to optimize the CHDS digestion parameters.

For all experiments, the digested samples presented a limpid aspect and the residual carbon contents 
were generally lower than 9.6%. The lowest values for RCC were found in experiments 7 and 8, with carbon 
contents in the 6.0- 6.8 mg C per 100 mg sample range and estimated %DE higher than 93%. In common, 
these experiments presented high levels for the variables V1 (14 mol L-1 HNO3), V2 (1.0 mL of H2O2), and 
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V4 (the temperature at 225 ºC). The main differences between experiments 7 and 8 are due to the times 
of pre-digestion (V5) and plateau (V3), where experiment 8 presented the higher levels for these variables 
(30 and 24 min, respectively) and experiment 7 the lower levels (15 and 12 min, respectively). These 
differences may explain the slightly lower levels of RCC for condition 8, as further matrix decomposition 
was expected with increasing times. A closer look at the significance of the studied variables on the RCC 
results using a Pareto chart17 is shown in Figure 2.

Figure 2. Pareto chart for the influence of variables V1-V5 in the 
digestion efficiency.

Figure 2 presents a standardized effect estimate for each of the variables in function of the RCC 
results (dependent variable). The p-value equal 0.05 with a 95% confidence interval corresponds to an 
effect standardized of 4.3027 (as absolute value). The minus signal of the effects indicates that variables 
evaluated exert an antagonistic effect under the measured RCC.

The significant variables for CHDS digestions were the volume of H2O2, concentration of HNO3 and the 
temperature, as the times of pre-digestion and holding during the temperature plateau were not critical. 
These findings corroborate with the results observed for the pairs of experiments 1-2, 3-4, 5-6, and 7-8, 
in which the RCC contents are very close and the only difference between themselves was the levels 
of the time variables (V3 and V5). In this sense, the subsequent experiments were performed without 
a pre-digestion time and using the lower level of plateau time (12 min). Despite the significance of the 
digestion temperature and relatively lower values of RCC obtained for 225 ºC, the cooling down step can 
be performed in shorter times for 195 ºC and lower pressures were achieved, which can improve the safety 
of the digestion procedure and increase the sample throughput. Thus, the following CHDS experiments 
were conducted at 195 ºC using 1.0 mL of H2O2.

The influence of the HNO3 concentration on the determinations of Cu, Fe, K, Na, Mn, and Zn by HR-
CS FAAS was further investigated using a fish food CRM (MR-E1002A). Residual acidity is a critical 
parameter for sample introduction in spectrometric techniques, thus the digestions involved 100 mg of the 
material and were done using 2 concentrations of HNO3, 7 and 14 mol L-1. Although it was not evaluated 
in the experimental design, the concentration of 7 mol L-1 corresponds to half of the acidity found under 
the previously optimized conditions. Other optimal parameters obtained using the factorial design (no pre-
digestion step, 1.0 mL of H2O2, 195 ºC maximum temperature, and a 12-min plateau) were also employed 
in this experiment and the results are shown in Table III. 

Braz. J. Anal. Chem. 2024, 11 (42), pp 41-54. 
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Table III. Results (mean ± standard deviation) for the determination of Cu, Fe, K, Na, Mn and Zn in fish food 
CRM by HR-CS FAAS after CHDS digestions of 100 mg of sample (n = 3) using 7 and 14 mol L-1 HNO3

Analytes Certified values
 (mg kg-1)

Concentration of HNO3

7 mol L-1

(mg kg-1) %Agreement 14 mol L-1 
(mg kg-1) %Agreement

Cu 10.5 ± 0.9 6.8 ± 0.9 65 8.4 ± 0.5 80

Fe 231.9 ± 20.2 185 ± 12 80 209 ± 5 89

K 5860.0 ± 310.0 4282 ± 130 73 4483 ± 57 77

Mn 19.5 ± 2.1 14 ± 3 72 18 ± 3 93

Na 2160.0 ± 190.0 1876 ± 158 87 1961 ± 7 91

Zn 129.6 ± 6.8 114 ± 5 88 119 ± 2 92

In general, accuracies were better when 14 mol L-1 was used for the CRM digestion, with quantitative 
apparent recoveries in the 77-93% range. On the other hand, for experiments using 7 mol L-1 HNO3, 
apparent recoveries lower than 75% were found for Cu, K and Mn, which could be due to the greater 
presence of matrix as the RCC was higher than that found for 14 mol L-1 HNO3. The influence of the sample 
masses on the CHDS digestions of the fish food CRM (MR-E1002A) and HR-CS FAAS determinations 
was also investigated (Table IV). 

Table IV. Results (mean ± standard deviation) for the determination of Cu, Fe, K, Na, Mn and Zn in fish food CRM 
by HR-CS FAAS after CHDS digestions (n= 3) of sample masses of 50, 100 and 200 mg using 14 mol L-1 HNO3

Analytes Certified values
(mg kg-1)

Sample masses

50 mg Agreement
(%) 100 mg Agreement

(%) 200 mg Agreement 
(%)

Cu 10.5 ± 0.9 7.6 ± 1.5 72 8.4 ± 0.5 80 8.5 ± 0.1 81

Fe 231.9 ± 20.2 208 ± 38 90 209 ± 5 90 209 ± 2 90

K 5860 ± 310 3563 ± 143 61 4483 ± 57 77 5488 ± 11 94

Mn 19.5 ± 2.1 13.6 ± 0.9 70 18 ± 3 92 20 ± 7 103

Na 2160.0 ± 190.0 1833 ± 67 85 1961 ± 7 91 2188 ± 81 101

Zn 129.6 ± 6.8 113.5 ± 0.8 88 119 ± 2 92 122.1 ± 0.7 94

In this case, the digestions of 50, 100, and 200 mg of the material were evaluated and the concentration 
of HNO3 was 14 mol L-1. The same optimized parameters involving 1.0 mL of H2O2, temperatures up to 
195 ºC and a 12 min hold during the heating program were employed.  In general, average recoveries 
of 94, 87, and 78% were obtained for the digestion of 50, 100, and 200 mg of CRM, respectively. For 
50 mg, the accuracies were systematically lower, and the apparent recoveries were situated in the 61 – 
90% range. This may be explained by the use of mass amounts lower than recommended by the CRM 
manufacturer, which can impair the homogeneity and representativeness of samples. The best results 
were found using 200 mg of sample, thus this mass was employed through the next experiments.

Costa, R. C. V.; Santiago, J. V. B.; Ferreira, E. C.; Virgilio, A.; Gomes Neto, J. A. 
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Analytical performance and sample analysis
The trueness and precision for the determination of Cu, Fe, K, Na, Mn, and Zn by HR-CS FAAS using 

the optimal procedure were checked by analyzing the CRMs of fish food (MR-E1002A), NIST SRM 1577b 
Bovine Liver and NIST SRM 2976 Mussel Tissue Freeze-Dried (Table V). These materials were selected 
because of the similarity between the matrices, as dry dog foods are mainly composed by animal protein 
and fat sources.

Table V. Results (mean ± standard deviation) for the determination of Cu, Fe, K, Na, Mn and Zn in CRMs by HR-CS 
FAAS after CHDS digestions (n = 3)

Samples
Analytes

Cu Fe K Mn Na Zn

MR-E1002A 
Fish Food

Certified value 
(mg kg-1) 10.5 ± 0.9 231.9 ± 20.2 5860 ± 310 19.5 ± 2.1 2160 ± 190 129.6 ± 6.8

Determined
(mg kg-1) 8.5 ± 0.1 209 ± 2 5488 ± 11 20 ± 7 2188 ± 81 122.1 ± 0.7

Agreement (%) 81 90 94 103 101 94

NIST SRM 
1577b 
Bovine 
Liver

Certified value 
(mg kg-1) 160 ± 8 184 ± 15 9940 ± 20 10.5 ± 1.7 2420 ± 60.0 127 ± 16

Determined
(mg kg-1) 124 ± 1 149.7 ± 0.2 7811 ± 95 8.8 ± 0.1 2638 ± 71 124 ± 2

Agreement (%) 78 81 79 84 109 98

NIST 
SRM 2976 

Mussel 
Tissue 
Freeze-
Dried

Certified value 
(mg kg-1) 4.0 ± 0.3 171.0 ± 4.9 9700 ± 500 33 ± 2 35000 ± 1000 137 ± 13

Determined
(mg kg-1) 3.8 ± 0.1 142.9 ± 0.3 7792 ± 67 29.3 ± 0.1 33131 ± 227 135 ± 4

Agreement (%) 95 84 80 89 95 99

Considering all the CRMs and analytes, quantitative results were typically obtained, for Fish Food (MR - 
E1002A) recoveries between 81 and 103% were obtained with RSDs in the range of 0.2 at 1.2% (excluding 
the 35% of uncertainty observed for Mn), Bovine Liver (NIST SRM 1577b) that showed recoveries of 78 to 
109% with RSDs between 0.1 and 2.7% and, Mussel Tissue Freeze-Dried (NIST SRM 2976) with recoveries 
in the range of 80 at 99% and RSDs from 0.3 to 3.0%. Precisions as relative standard deviations were 
generally better than 3.0%, and the overall average precision was around 1.6%, except for the measures 
of Mn in Fish Food that shown 35% of uncertainty in this determination, however in the CRM a value 
greater than 10% was also shown for this analyte. Considering these results, the combination of CHDS 
for sample digestions and HR-CS FAAS for determination provided adequate results for the analysis of 
animal protein matrices.

The found values for the analytes in the CRMs were checked by unpaired t-test against the certified 
values, statistical comparison shown a significant difference between these data, which can be explained 
considering that the standard deviation of the digested measurements was for several samples much lower 
than the uncertainty presented in the certificate. Only approximately 30% of values tested by unpaired t-test 
were statistically concordant with the certified, however, the found recoveries shown a great accuracy for 
72% these data considering an interval from 84 to 110% of recovery.

Figure 3 summarizes the results data presented in the Table V, are plotted the found values after CHDS 
digestion and HR-CS FAAS determination versus the certified values for all CRMs (and analytes), in this 
figure it can be observed that the obtained measurements were really concordant with the certified values 
in these sample matrices.

Braz. J. Anal. Chem. 2024, 11 (42), pp 41-54. 
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Figure 3. Comparison between found values obtained by FAAS after 
CHDS digestion of certified materials and the certified reference values.

The developed procedure was then employed for the analysis of 10 real samples of dog food and 
a comparison between the well-established microwave-assisted digestion (MW-AD) and the proposed 
conductively heated digestion system (CHDS), both using closed vessels, was performed (Table VI). For 
macronutrients (Na and K), the determined concentrations were in the 3221 – 6057 mg kg-1 range and 
for micronutrients (Cu, Fe, Mn, and Zn) the contents varied from 8 to 255 mg kg-1. In general, the MW-
AD and CHDS methods were comparable, and no statistical differences were found at a 95% confidence 
level (paired t-test) in all cases. Moisture is an important quality parameter which can impact shelf-life of 
dog foods. Determined values for moisture were in the 3.7 – 6.1%, which are lower than 12% and may be 
considered adequate.21 

Table VI. Results for moisture and digestions by CHDS and MW-AD (n= 3) for the determination (mean ± standard 
deviation) of Cu, Fe, K, Na, Mn, and Zn in dry dog food samples by HR-CS FAAS and t-test values (t-critical = 4.303)

Sample Moisture
 (%)

Digestion 
procedure

Analytes (mg kg-1)

Cu Fe K Mn Na Zn

1 5.4

MW-AD 23.4 ± 0.1 203 ± 2 5095 ± 67 61 ± 2 5693 ± 122 253 ± 1

CHDS 23.3 ± 0.1 235 ± 2 4828 ± 230 59.8 ± 0.4 5691 ± 282 255 ± 8

t-value 0.66 2.85 1.58 0.47 0.01 0.39

2 4.7

MW-AD 10.1 ± 0.1 174 ± 13 5726 ± 6 38.4 ± 0.6 4094 ± 162 134 ± 2

CHDS 10.4 ± 0.3 181 ± 8 5724 ± 48 38.4 ± 0.9 4240 ± 18 128 ± 7

t-value 1.75 0.71 3.63 0.05 1.21 3.16

3 3.7

MW-AD 29 ± 1 201 ± 4 5084 ± 179 30.5 ± 0.2 3282 ± 99 227 ± 2

CHDS 30 ± 1 223 ± 3 5038 ± 70 30.6 ± 0.3 3221 ± 94 229 ± 1

t-value 2.94 3.14 0.33 0.26 0.68 1.48

(continues on the next page)
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Sample Moisture
 (%)

Digestion 
procedure

Analytes (mg kg-1)

Cu Fe K Mn Na Zn

4 6.1

MW-AD 9.4 ± 0.6 176 ± 8 5951 ± 125 42.7 ± 0.6 4264 ± 62 140 ± 4

CHDS 9 ± 5 201 ± 1 5834 ± 162 42.7 ± 0.3 4141 ± 183 137 ± 3

t-value 0.06 4.25 2.66 2.39 1.11 0.83

5 5.3

MW-AD 12.6 ± 0.2 209 ± 5 5132 ± 61 41.5 ± 0.4 4988 ± 395 122 ± 3

CHDS 12.6 ± 0.2 194 ± 6 4958 ± 501 41.2 ± 0.3 5150 ± 107 121 ± 4

t-value 0.04 0.41 0.65 1.21 0.69 0.06

6 6.3

MW-AD 11.8 ± 0.7 198 ± 4 4728 ± 159 40.6 ± 0.3 4795 ± 132 128 ± 3

CHDS 12.5 ± 0.3 206 ± 10 4702 ± 56 41 ± 1 4734 ± 45 123 ± 6

t-value 1.21 2.71 0.26 1.09 0.76 2.52

7 6.0

MW-AD 9.6 ± 0.2 153.3 ± 0.6 5268 ± 157 55.7 ± 0.3 4252 ± 65 169 ± 3

CHDS 9.3 ± 0.6 163.5 ± 0.2 5281 ± 106 56 ± 1 4175 ± 245 175 ± 8

t-value 0.98 2.41 2.18 0.27 0.53 1.24

8 5.7

MW-AD 9.4 ± 0.7 149 ± 1 6057 ± 107 46.7 ± 0.5 3811 ± 39 119 ± 3

CHDS 8 ± 1 144 ± 6 5876 ± 269 48 ± 2 3919 ± 157 118 ± 4

t-value 1.45 1.86 1.11 1.29 1.16 0.18

9 5.7

MW-AD 11 ± 1 141 ± 6 4753 ± 84 47.2 ± 0.5 4282 ± 31 135 ± 5

CHDS 10.1 ± 0.6 156 ± 16 4660 ± 106 47.9 ± 0.1 4387 ± 113 138 ± 2

t-value 3.94 1.29 1.03 1.81 1.55 2.96

10 5.5

MW-AD 11.9 ± 0.5 152 ± 14 5416 ± 80 38.0 ± 0.7 3383 ± 85 140 ± 4

CHDS 11.6 ± 0.5 157 ± 10 5478 ± 35 40 ± 2 3489 ± 265 140 ± 2

t-value 0.73 0.47 1.00 1.44 0.66 0.39

The elemental concentration ranges obtained in this work were compared with data from the literature 
(Table VII). In general, the concentrations of macro and micronutrients in dry dog foods are in the same 
range as those reported in the literature described in Table VII. Limits of detection (LOD) were calculated 
according to the IUPAC recommendations, and the measurements were performed using the blank 
solutions obtained from the MW-AD and CHDS procedure. LODs for MW-AD digestions were 3.4 (Cu), 11 
(Fe), 60 (K), 0.5 (Mn), 128 (Na), and 3.5 (Zn) mg kg-1, while for CHDS the values were 3.1 (Cu), 10 (Fe), 
56 (K), 0.7 (Mn), 96 (Na), and 3.6 (Zn) mg kg-1. In both cases, the LODs were comparable and low enough 
to allow the determination of macro and micronutrients in dog food. Both foods intended for dogs and cats 
are mainly based on animal sources of protein and fat, and the levels of these macromolecules are also 
very similar. Thus, it is possible to infer that similar performance would be attained for CHDS digestions 

Table VI. Results for moisture and digestions by CHDS and MW-AD (n= 3) for the determination (mean ± standard 
deviation) of Cu, Fe, K, Na, Mn, and Zn in dry dog food samples by HR-CS FAAS and t-test values (t-critical = 4.303) 
(continuation)
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of these samples. In addition, pet foods are made primarily from animal protein sources, and the CHDS 
system has already proven itself as a good alternative for the digestion of this raw materials.13

Table VII. Determined concentration ranges for macro and micronutrients for this work and comparison 
with literature values

Analytes
Determined concentration range (mg kg-1)

Present work Sgorlon et al. 
202218

Costa et al. 
201319 

Kelly et al. 
201320

Elias et al. 
201221

Duran et al. 
201022 

Cu 8 – 30 7.0 – 30 15.5 – 34.1 7.7 – 18.0 - 3.3 – 16.6

Fe 141 – 223 50 – 450 147 - 606 56 - 220 188 – 646 23.9 – 71.1

K 4660 – 6057 4000 - 8000 1000 - 1300 - 5290 – 10500 -

Mn 30.5 – 61 20 – 90 6.5 – 149 16 - 70 - 3.3 – 24.4

Na 3221 – 5693 2500 - 7000 - - 3180 – 7050

Zn 118 – 255 90 - 550 106 – 419 79 – 330 44 - 633 -
*Estimated from data plots

Sample discrimination
Concerning the dry dog food, samples 3 and 1 were from manufacturers A and B, respectively, and 

samples 2, 4, 5, 6, 7, 8, 9, and 10 were from manufacturer C. As for the animal life stage, samples 1, 3, 5, 
6, and 7 were destined for puppies, samples 2, 4, 8, and 9 for adults and sample 10 for senior dogs. As 
the formulation of minerals may vary according to different manufacturers and the needs for nutrients at 
different dog’s life stages, the determined contents of moisture, Cu, Fe, K, Na, Mn, and Zn using CHDS 
and HR-CS FAAS were used for the proposition of hierarchical cluster analysis (HCA), aiming for the 
discrimination between the samples (Figure 4). Samples discrimination may be considered an important 
way to check for food fraud or mislabeling, for example.24 From the dendrogram, it is possible to check that 
samples may be accurately separated into three distinct groups according to their manufacturer. From the 
8 samples from manufacturer C (red lines), samples 2, 4, 8, and 10 are related to adult or senior dogs and 
were clustered at a distance equal to 2. Moreover, samples 5, 6 and 7 are related to the puppy life stage 
and were also grouped at the same distance. On the other hand, sample 9 which corresponds to adult dog 
food was incorrectly grouped as puppy food. From the results in Table VI, it is possible to confirm that the 
contents found for K, Mn, Na, and Zn in sample 9 were closer to the averages of the puppy food group than 
the adult food group, thus explaining the incorrect clustering for this sample.

Costa, R. C. V.; Santiago, J. V. B.; Ferreira, E. C.; Virgilio, A.; Gomes Neto, J. A. 
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Figure 4. Hierarchical clustering dendrogram using mineral composition and 
moisture data from dog food samples from manufacturer A (blue), manufacturer 
B (green) and manufacturer C (red).

CONCLUSIONS
The application of a factorial design for CHDS digestion allowed the execution of only 8 experiments 

to obtain the optimal conditions as 14 mol L-1 HNO3, 1.0 mL of H2O2, 195 ºC of maximum temperature, 12 
min of holding time, and no need for a pre-digestion step for the decomposition of dog food samples. In 
spite of the greater efficiency of decomposition at 225 ºC, safety conditions and sample throughput were 
incremented when 195 ºC was used. For all tested conditions, the volume of H2O2, concentration of HNO3 
and temperature parameters were the most significant and the estimated decomposition rates were better 
than 90%. Furthermore, the analysis of CRMs from animal food evidenced that the use of 14 mol L-1 
HNO3 for the digestion of 200 mg of sample provided the best accuracies. Under the optimal conditions, 
accurate determinations of Cu, Fe, K, Na, Mn, and Zn by HR-CS FAAS were achieved for three CRMs 
from animal protein sources. The developed CHDS procedure and a comparative MW-AD were applied 
to 10 real samples from dry dog food and the results showed that both were statistically equivalent at a 
95% confidence level. Limits of detection calculated using the blank solutions from CHDS and MW-AD 
were comparable and adequate for the determination of macro and micronutrients in dog food. Although 
the performances proved to be equivalent in terms of efficiency, preparation time and generation of 
residues, CHDS may be considered simpler and less expensive than MW-AD. The hierarchical cluster 
analysis using the moisture and mineral composition results demonstrated similarities for samples from 
different manufacturers and, in most cases, for samples destined to different animal life stages for the 
same manufacturer. The HCA has proven to be a valuable tool for samples discrimination, with potential 
applications in checking for tampering and fraud in dry dog foods. The procedure combining CHDS 
digestion and HR-CS FAAS determination provided sensitive, accurate and precise analytical conditions, 
being a good alternative for dog food quality control
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Four simple, precise, and cost-effective 
spectrophotometric methods were designed 
and validated to assess Dosulepin 
hydrochloride (DOS) in pure and dosage 
form. Two of them are direct UV (Methods A 
and B), and the other two are indirect visible 
spectrophotometric methods (Methods C 
and D). Method A is based on the 
measurement of the chromophoric activity of 
DOS in 0.1 M acetic acid (AcOH) at 300 nm. 
Method B involves the measurement of 
absorbance due to cerium (IV) left in excess 
after oxidizing DOS at 320 nm. The unreacted 

cerium (IV) was treated with a large excess of iron (II), which results in iron (III) and cerium (III). The 
surplus iron (II) forms a red colored complex with o-phenanthroline at a slightly higher pH was measured 
at 510 nm in Method C. In Method D the iron (III) formed in the redox reaction between unreacted cerium 
(IV) and iron (II) was made to form a red colour complex with thiocyanate and measured at 480 nm. The 
methods are applicable over good linear ranges of 1.0-80.0, 0.25-10.0, 0.5-8.0 and 0.50-10.0 µg mL-1 with 
actual molar absorptivity values of 2.07 × 103, 3.11 × 104, 4.08 × 104 and 3.7 × 104 L mol-1cm-1 for Method 
A, B, C and D, respectively. The validating parameters like limit of detection (LOD), quantification (LOQ), 
Sandell sensitivity and others have been reported. The methods proposed were successfully applied to 
quantify DOS in pharmaceuticals. The Fourier Transform Infrared (FT-IR) spectra of the post degradation 
DOS were studied, compared with that of pure drug and reached to the possible effect of degradation to 
stress by stability indicating property of Method A.
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INTRODUCTION
Dosulepin hydrochloride (DOS), also referred as dothiepin hydrochloride (Figure 1),1 is (E)-3-(dibenzo[b,e]

thiepin-11(6H)-ylidene)-N,N dimethyl propan-1-amine, hydrochloride. It is a tricyclic antidepressant that is 
used to treat endogenous depression and has anxiolytic qualities as well. DOS helps in relieving depression 
by preventing the reabsorption of serotonin and noradrenaline into the nerve cells of the brain.2-4

Figure 1. Chemical structure of DOS.

European Pharmacopoeia (EP) recognizes DOS as official one.5 The EP describes a procedure of non-
aqueous potentiometric titration of DOS in acetic acid (AcOH) and acetic anhydride medium against 0.1 M 
perchloric acid for quantification.

The results of the comprehensive literature review demonstrated that different methods were used to 
ascertain DOS quantification in pharmaceutical and biological substances. The techniques covered here 
include liquid chromatography,6–10 gas chromatography,11–13 high performance liquid chromatography,1,2,14–20 
conductometry,21,22 potentiometry,23,24 and capillary electrophoresis.25

Different authors also reported a number of spectrophotometric techniques in addition to these. 
Sameer et al.3 developed two techniques for spectrophotometric estimation of DOS by measuring the 
drug in 0.1 M HCl at 229 nm and in methanol at 231 nm. The evaluation of the limit of detection (LOD), 
limit of quantification (LOQ), and other regression parameters, successful application of the method to 
dosage forms and recovery studies were also presented. Heba et al.4 developed a spectrophotometric 
method for DOS based on the formation of a binary complex with mercurochrome that was measured 
at 557 nm with LOD and LOQ of 0.41 and 1.26 µg mL-1. The method was validated statistically. Three 
techniques for determining DOS were developed by Wafaa26 and quantified at 423, 498, and 625 nm with 
respectable sensitivity and regression parameters. Two approaches for quantifying DOS and other two 
species were published by Hisham et al.27 based on the generation of mixed anhydrides with malonic and 
acetic acids, which may be detected in the 329-333 nm range. A method for spectrophotometric detection of 
DOS was established by Walash et al.28 in which DOS was measured at 540 nm in an acetate buffer at pH 
3.7. The LOD and LOQ values were found as 0.18 and 0.54 µg mL-1, respectively. The technique was used 
with effectiveness in dosage formulations. Two spectrophotometric approaches have been published by 
Basavaiah et al.29 based on the production of an ion pair complex of DOS with bromophenol blue (Method 
1) and bromocresol green (Method 2) which were measured at 425 and 430 nm, respectively. For Methods 
1 and 2, the LOD and LOQ were reported to be 0.18 and 0.53, 0.17 and 0.50 µg mL-1, respectively. Two 
spectrophotometric techniques based on the production of an ion pair complex of DOS with bromocresol blue 
and eriochrome black-T were also reported by Umamaheswar et al.30 The complexes formed were extracted 
and measured at 418 and 508 nm, respectively. The procedures were statistically evaluated. Two methods 
for determining DOS were developed by Sameer et al.31 Method A was based on the formation of an ion 
pair complex with Alizarin red-S, its extraction into dichloromethane, and quantification at 445 nm. Method 
B was based on the breaking of the formed ion-pair complex and the measurement of free alizarin red-S at 
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570 nm. The techniques were put to use with dosage formulations and the results were statistically validated. 
Two techniques for quantifying DOS were reported by Elham.32 The oxidation of DOS with alkaline KMnO4 
was kinetically examined in Method A for a fixed 25 minutes. The coloured manganate’s wavelength was 
fixed at 610 nm for measurements. The absorbance at 470 nm was determined at a set time of 60 minutes 
for Method B, which was based on the reaction of DOS with 4-chloro-7-nitrobenzofurazan. By creating 
binary compounds with bromophenol blue, bromothymol blue, bromocresol purple, and bromophenol red, 
Sane et al.33 devised a spectrophotometric method for quantifying DOS. In order to measure DOS, Sameer 
et al.34 reported two spectrophotometric procedures. The method was based on the addition of a known 
excess of a bromate-bromide mixture in an acidic medium, which caused the bromination of DOS. The 
excess of bromine was then estimated by measuring the absorbance at 540 nm with a fixed amount of 
meta-cresol purple. The sensitivity and regression parameters were reported. Using the hydrochloride 
of dothiepin as the n-donor and 2,3-dichloro-5,6 dicyano-p-benzoquinone (DDQ) or p-chloranilic acid  
(p-CA) as the -acceptors, Elham et al.35 established spectrophotometric charge-transfer complex production, 
which formed brightly colored complex. The colored products were spectrophotometrically detected using 
DDQ and p-CA at 460 and 525 nm respectively. 

Despite the large number of spectrophotometric methods that have been published, no reports were 
found for the DOS using cerium (IV) following the direct and indirect method of estimations. The bulk 
of them involve the use of expensive chemicals and organic solvents for extraction, making them not 
environmentally friendly. Further, these techniques fell short in terms of accuracy and precision, and most 
of them require specialized workers, well-equipped laboratories, and strict working conditions in order to 
conduct analysis. Therefore, there is room for method development in terms of sensitivity and simplicity.

In light of this, an effort was made to create straightforward, precise, affordable, and cost-effective 
methods for measuring the DOS, and the authors believe they have achieved their goal.

MATERIALS AND METHODS
Instruments

A flexible benchtop Agilent Cary 630 Fourier Transform Infrared (FTIR) spectrometer (Agilent 
Technologies Ltd, Mumbai, India) have been utilized for measurements. It operates with the MicroLab 
Pharma Software in the spectral range 4,000 to 400 cm-1 with ≤ 2 cm-1 resolution. The thermal detector 
containing 1.3 mm diameter, thermoelectrically-cooled deuterated triglycine sulfate (DTGS) and potassium 
bromide pellet method were employed. 

Shimadzu UV-Visible 1800 spectrophotometer capable of measuring the absorption in the wavelength 
range of 190-1100 nm with a band width of 1.0 nm was used for UV measurements in the fast scan mode. 
The quartz cuvette with 1 cm path length was utilized for the measurements.

Reagents 
The chemicals and reagents utilized were all of the analytical variety. Except as otherwise noted, all 

works were performed using distilled water (DW) of conductivity 1.34 µS cm-1. The gift sample of pure DOS 
was obtained from Taj Pharma India Ltd, Hyderabad.

Acme Generics LLP, Himachal Pradesh, India’s Prothiaden tablets (50 mg DOS/tablet) were bought 
from commercial sources. The standard glacial acetic acid (AcOH, Merck, Mumbai, India, 98% Pure) was 
diluted to resulting 0.1 M solvent. By diluting the necessary volume of concentrated H2SO4, a 2 M H2SO4 
was created. The needed quantity of cerium (IV) sulphate (85-115% pure) (Loba Chemie Ltd, Mumbai, 
India) was dissolved in 0.5 M H2SO4 and heated. After cooling, the solution was standardised with sodium 
oxalate solution.36 The requisite aliquots were pipetted and diluted to obtain 128 and 300 µg mL-1 cerium 
(IV). In order to make 1000 µg mL-1of ferrous sulphate solution, 1.0 g of FeSO4.7H2O (98% pure; from 
Thermo Fisher Scientific India Pvt. Ltd. Mumbai) was dissolved in 5 mL of 2 M H2SO4 and diluted to a 
volume of 1 L using distilled water. The required volume of this was diluted to obtain 500 µg mL-1 with 
respect to iron (II). A 20% (w/v) ammonium thiocyanate (NH4SCN) solution was prepared by dissolving 
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20 g of the chemical (S. D fine chem Ltd, Mumbai, India, 98% pure) in about 70 mL of water and made 
up to mark with water in a 100 mL volumetric flask. A 1000 µg mL-1 of o-phenanthroline was prepared by 
dissolving 0.5 g of chemical (99.5% pure from Himedia Laboratories, Mumbai, India) in approximately 300 
mL of water followed by heating and then adding water to the mark in a 500 mL volumetric flask. A 100 mL 
volumetric flask was filled to the proper level with water after 20.50 g of sodium acetate (NaOAc) (S.D. Fine 
Chem Ltd., Mumbai, 98%pure) was dissolved in approximately 80 mL of water to prepare 2.5 M NaOAc.

Experimental procedures
Method A 

Different aliquots of the 100 µg mL-1 DOS solution in 0.1 M AcOH, equivalent to 1.0–80 µg mL-1, were 
correctly measured and carefully placed into a series of 10 mL standard flasks. The flasks were added with 
0.1 M AcOH to reach 10 mL. At 300 nm, the absorbance of each solution was recorded in comparison with 
a reagent blank (10 mL aqueous solution contains 0.1 M AcOH).

Method B
Into a series of 10.0 mL volumetric flasks different aliquots of 25 µg mL-1 of DOS to get 0.25 – 10 µg mL-1 

solutions were measured and transferred carefully. One mL of 128 µg mL-1 cerium (IV) has been added 
to each flask and the contents were mixed well and allowed to stand for 10 min. DW was used to further 
dilute the contents to the proper concentration. The absorbance of each solution was then measured at 
320 nm in comparison to water.

Method C
Various aliquots of 40 µg mL-1 of DOS solution were introduced to a series of 10.0 mL volumetric flasks 

to get 0.5 – 8.0 µg mL-1 of DOS solution followed by the addition of 1 mL of 300 µg mL-1 of cerium (IV). 
Ten minutes were given for the contents to stand. To each of the flasks 1 mL of 500 µg mL-1 of FeSO4 
solution was added, mixed, and allowed to stand for 5 min, followed by the addition of 1 mL of 1000 µg 
mL-1 o-phenanthroline and 1 mL of 2.5 M NaOAc. Each solution was brought to the mark with DW, mixed 
and absorbance was measured at 510 nm against a reagent blank after the solutions had been well mixed.

Method D
Accurately measured aliquots of the 40 µg mL-1 DOS solution were transferred into a series of 10 mL 

calibrated flasks to obtain 0.5 – 10 µg mL-1 standards. Each flask received 1 mL of the 300 µg mL-1 cerium 
(IV) solution. Ten minutes were given for the contents to stand. Each flask received 1 mL of a 500 µg mL-1 
FeSO4 solution, which was mixed and left to stand for 5 minutes before adding 1 mL of 20% (w/v) NH4SCN 
solution. The flask’s contents were thoroughly mixed and made up to the mark with DW. At 480 nm, the 
absorbance of each solution was noted after against a water blank.

The calibration curves were constructed by plotting the absorbance measured versus the concentration 
(µg mL-1) of DOS. The unknown concentrations were found by calibration graph or by regression equation 
derived from concentration-absorbance data. 

Procedure for tablets
Weighing and lyophilizing were done on ten Prothiaden tablets. The amount of tablet powder needed 

for each method was 10 mg for Method A, 25 mg for Method B, and 40 mg for Methods C and D were 
weighed and put into individual 100 mL volumetric flasks. Each was thoroughly shaken for 20 minutes with 
about 70 mL of 0.1 M AcOH before being filtered using Whatman No. 1 filter paper into additional 100 mL 
volumetric flasks. The filtrate was diluted to the mark with DW to get 100, 250, and 400 µg mL-1 of tablet 
extract respectively. A 5.0 mL of each tablet extract of 250 and 400 µg mL-1 extracts were diluted 10 times 
further with the working solvent and the solute of 100, 25 and 40 µg mL-1 DOS were put to use for the 
analysis using the general process already mentioned in Methods A, B, C and D above.

Braz. J. Anal. Chem. 2024, 11 (42), pp 55-70.
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RESULTS AND DISCUSSION
Methodology

The chromophoric activity of DOS in 0.1 M AcOH is measured in method A. The wavelength maximum 
for DOS in 0.1 M AcOH medium was found at 300 nm. The absorbance at 300 nm grows linearly along 
with DOS concentration. As cerium (IV) is reduced to cerium (III) by the DOS in Method B, the absorbance 
of cerium (IV) left was measured at its maximum wavelength of 320 nm. As the DOS concentration rises, 
the absorbance falls. The absorption spectra of DOS in 0.1 M AcOH and cerium (IV) in 2 M H2SO4 medium 
are given in Figure 2.

Methods C is based on the measurement of absorbance of the red-coloured complex formed between 
left over iron (II) and o-phenanthroline complex at 510 nm. Method D involves the complexation of iron (III) 
produced with thiocyanate and the resultant iron hexathiocyanate was measured at 480 nm. Method C and 
D follow the indirect estimation of DOS, as the generated iron (II)-o-phenanthroline complex concentration 
increases linearly with the concentration of DOS, and the concentration of iron (III)-thiocyanate complex 
decreases linearly with the concentration of DOS.

Figure 2. Absorption spectra of 0.1 M AcOH, DOS in 0.1 M AcOH and cerium (IV) solution.
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The probable reaction schemes proposed for Methods B, C and D are presented in Scheme 1.37,38

Scheme 1. Reaction schemes for Method B, C and D.

Braz. J. Anal. Chem. 2024, 11 (42), pp 55-70.
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Optimization of variables
By changing one variable at a time while holding the others constant, many factors, including the amount 

of oxidant, the choice of acid, the acid concentration, the solvent, the concentration of metal ions, and the 
concentration of ligands, were optimized one after the other. The optimization was based on the maximum 
absorbance obtained at the respective λmax in each method. The effective chromophoric behaviour of 
DOS was not seen when it was dissolved in solvents like H2O, alcohol and methylene chloride5 but, the 
chromophoric behaviour of DOS in AcOH was found to be satisfactory. So, 0.1 M AcOH was selected as 
a solvent in Method A, DOS showed maximum absorbance at 300 nm in 0.1 M AcOH medium. At this 
wavelength, the linearity was established between the absorbance and concentration of DOS in 0.1 M 
AcOH, made it possible to find the linear concentration range of method A. It was discovered that 2 M 
H2SO4 was the best acid to utilize for all techniques except Method A after experimenting with various 
acids of different concentrations. To fix the optimum amount of cerium (IV) to oxidize DOS in Method 
B, C and D, investigations were carried out using the oxidant, acid, reducing agent, viz, iron (II) and 
complexing agents namely o-phenanthroline and thiocyanate. Varying volumes of 1000 µg mL-1 cerium 
(IV) were placed in 10 mL standard flasks, acidified with 2 M H2SO4 and added 1 mL of 500 µg mL-1 iron (II) 
sulphate as reductant. After the rapid oxidation ensured to be completed, either the unreacted reductant 
was treated with o-phenanthroline or oxidised reductant treated with thiocyanate in Methods C and D, the 
contents were diluted to the mark with water and measured the absorbances at respective wavelengths 
of maximum. The upper limit of absorbance as either ~1 or 1.33 in Method C and D were found when 
the cerium (IV) present at 128 or 300 µg mL-1. Besides, the linearity was found excellent to satisfy the 
Beer’s law up to these levels of cerium (IV). Hence, the upper Beer’s law limit for cerium (IV) was set by 
preliminary examinations is found as 128 µg mL-1 for Method B and 300 µg mL-1 for Methods C and D. To 
evaluate the DOS of detection range, different concentrations were reacted with 1 mL of 128 or 300 µg 
mL-1 of cerium (IV). Based on the absorbance data acquired for Methods C and D, different concentrations 
of iron (II) were used and optimized at 500 µg mL-1. After experimenting with various concentrations, the 
sodium acetate (NaOAc) was optimized, and the greatest analytical signal was found at 2.5 M NaOAc. In 
Method B, the absorbance measured at 320 nm with respect to cerium (IV) decreases as the concentration 
of DOS increases. Similarly, in Method C, [Fe(o-phenanthroline)3]+2 absorbance increases linearly with 
DOS concentration at 510 nm, while in method D, [Fe(SCN)6]3- absorbance declines linearly with DOS at 
480 nm.

Study of DOS stability under various stressing media/conditions in Method-A
The stability of the DOS was ascertained by forced degradation studies of DOS solution equivalent to 

60 µg mL-1 under different stressed conditions. The solution was treated with 0.1N HCl and 0.1N NaOH 
starting from room temperature up to 70 ºC for seven hours to check the stress degradation by hydrolysis 
under acidic and basic conditions, respectively. Oxidative degradation was done by treating the solution 
with 3% H2O2 solution at neutral pH for seven hours. The solution was placed in hot air oven for 24 h at  
105 °C to check the thermal degradation. For UV stress studies, solution was exposed to UV radiations 
for 24 hours.39 The FT-IR (Figure 3) and UV (Figure 4) spectra of these stressed DOS samples were 
compared with that of pure DOS spectra and the results were summarised in Table I.

Dushyantha, S. M.; Siddaraju, C.; Rajendraprasad, N. 
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Figure 3. FT-IR spectra of: 3(A) – Pure DOS; 3(B) – Alkaline 
degraded DOS; 3(C) – Thermal stressed DOS; 3(D) – UV 
stressed DOS; 3(E) – Acid stressed DOS.

3(A)

3(B)

3(C)

3(D)

3(E)

Braz. J. Anal. Chem. 2024, 11 (42), pp 55-70.



63

The FTIR spectrum of pure DOS shows asymmetric and symmetric stretching bands for methyl group 
in the region 2916-2950 cm-1 and 3017-3063 cm-1. The CH2 stretching vibrations are also observed in the 
region 2950-3020 cm-1. The band around 3035 cm-1 generally represents the C-H stretching vibrations of 
aromatic ring and the ring C-C stretching vibrations occurs in the 1420-1625 cm-1 region. The asymmetric 
and symmetric deformations are expected in the range 1420-1466 cm-1. The band in the region 520-530 
cm-1 represents the C-S stretching vibrations. For DOS the C-N stretching vibration modes are observed 
in the region 728-1008 cm-1. The nitrogen present in DOS is tertiary in form, the corresponding onium salt 
is commonly encountered and it displays strong broad N-H stretching vibrations in the region around 2500 
cm-1. 

The degradation of DOS in the alkaline medium was evident from the comparison of FT-IR spectra of 
pure DOS with the that of post alkaline degradation drug. The missing of a prominent peak at 2428 cm-1 
corresponds to the N-H stretching vibrations of ‘onium’ salt form of tertiary amine group and bands in the 
region of 794-1033 cm-1 due to C-N stretching vibrations indicates the degradation of DOS in alkaline 
medium. Further, the extension of study of DOS by stressing it to oxidation with peroxide revealed more 
than 50% degradation. The solid product left post-oxidation was found insufficient. However, the resulted 
content was dissolved in 0.1 M AcOH and was recorded the UV spectrum. The absorbance at 300 nm 
indicated the recovery of 47.26% DOS and confirmed the degradation above 50%. Other than these, DOS 
was stable under acid, UV and thermal stress, as there was no significant difference between their FT-IR 
spectra and that of pure DOS. The FT-IR assignments were compared with the band regions calculated by 
Generalized Gradient Approximation methods developed by Perdew and Wang (GGA-PW91) and Becke-
Lee-Yang-Parr (GGA-BLYP) and found to be robust.40

The UV spectra of DOS under different stressed conditions indicated that, DOS did not degrade under 
acidic, thermal and UV stressed conditions and the spectra is similar to that of spectrum of pure DOS in 
0.1 M AcOH. The presence of wavelength shifted flat curve in the alkaline stressed DOS and the other with 
less intensity at 300 nm confirms that, almost complete degradation and partial degradation of DOS in 0.1 
M NaOH and 3% H2O2, respectively. 

Figure 4. UV- spectra of Pure DOS in 0.1 M AcOH, H2O2 and alkaline degraded DOS.

Spectroscopy for Assay of Dosulepin in Pharmaceuticals: 
Stability Indicating Study and Quantification Approach 
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Table I. Results of stability studies of DOS under various stressing conditions in Method A 

Stressing media/condition %Recovery of DOS 

HCl 101.73

NaOH 11.42

H2O2 47.26

Exposed to UV rays for 24 h 100.94

Exposed to high temperature for 24 h 101.08

Method validation
Linearity and sensitivity parameters

According to International Conference on Harmonisation (ICH) norms,41 validation checks on the 
suggested methodologies were performed. The linear correlation between the absorbance at respective 
λmax and concentration of DOS were established in the range given in Table II. The regression Equation 1 
was derived for each calibration line.

	 Y = a + bX 	 Equation 1
where Y is the absorbance of a 1 cm layer of solution, a is the intercept, b is the slope and 
X is the concentration in µg mL-1. 

The obtained calibration curves (Figure 5) are experimental and calibration equations were derived 
using the Least Squares method. The non zero intercept values reported are for the best curve fitting line. 
For all the approaches, a, b, regression coefficient (R2), Beer’s law range, molar absorptivity, and Sandell 
sensitivity values were computed and provided in Table II. The limits of detection (LOD) and quantification 
(LOQ) were calculated following to ICH guidelines41 using the formula LOD=3.3S/b and LOQ= 10S/b, 
where S is the standard deviation (SD) of blank absorbance values and b is the slope of the calibration 
plot.

	  	

	  	
Figure 5. Calibration plots for: 5(A) – Method A; 5(B) – Method B; 5(C) – Method C; 5(D) – Method D.

Braz. J. Anal. Chem. 2024, 11 (42), pp 55-70.
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Table II. Sensitivity and regression parameters for proposed methods

Parameter Method A Method B Method C Method D

λmax, nm 300 320 510 480

Linear range, µg mL-1 1.0-80.0 0.25-10.0 0.5-8.0 0.5-10.0

Molar absorptivity, L mol-1 cm-1 2.067 x 103 3.1086 x 104 4.08 x 104 3.70x 104

Sandell sensitivity, µg cm-2 0.1605 0.0106 0.0081 0.0089

LOD, µg mL-1 0.2347 0.0883 0.1204 0.7070

LOQ, µg mL-1 0.7113 0.2676 0.3650 2.1424

Regression Data, Y = a + bX

Intercept (a) -0.0082 0.9449 0.0020 1.3333

Slope (m) 0.0066 -0.0835 0.1230 -0.1190

Regression coefficient (R2) 0.9951 0.9895 0.9987 0.9980

Accuracy and precision
Triplicates of three different amounts of DOS were used to study the intra-day and inter-day variations 

to test the accuracy and precision of the suggested approaches. Intra-day measurements include the 
analysis of drug three times (forenoon, afternoon and at evening) within a day. Whereas, the inter-day 
analysis was performed on three consecutive days under optimal experimental conditions using developed 
procedures. The percentage relative error (%RE) and percentage relative standard deviation (%RSD) 
between the amounts obtained by measurement and the amounts subjected were evaluated, and used to 
assess the correctness and closeness of the proposed methods. The study findings presented in Table III 
imply a high degree of precision and accuracy between the computed and each individual values.

Table III. Intra-day and Inter-day Accuracy Precision

Method DOS taken
µg mL-1

Inter-day accuracy and precision Intra-day accuracy and precision

DOS found*
µg mL-1 %RE %RSD DOS found*

µg mL-1 %RE %RSD

A
10.00
20.00
30.00

10.05
20.12
28.93

0.51
0.63
3.56

1.45
1.83
3.05

10.10
19.93
29.07

1.00
0.34
3.07

2.21
1.12
0.77

B
2.50
5.00
7.50

2.53
4.96
7.63

0.01
0.36
0.16

1.54
3.71
1.67

2.53
5.17
7.56

1.46
3.48
0.86

1.24
2.48
0.48

C
2.00
4.00
6.00

1.94
3.98
5.91

2.72
0.34
1.36

2.42
3.12
1.37

1.91
4.01
6.05

4.08
0.34
0.90

4.25
3.10
2.05

D

2.00
4.00
6.00

2.04
4.11
5.93

2.20
2.90
1.02

4.10
3.11
2.16

1.96
4.03
5.99

1.96
0.84
0.09

4.28
3.18
2.80

*Mean values of three determinations

Dushyantha, S. M.; Siddaraju, C.; Rajendraprasad, N. 
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Robustness and ruggedness
The proposed procedures were shown to be reliable, despite purposefully varying the acid content, 

solvent, and other parameters, there was no appreciable change in RSD values above 5%.
Three analysts were performed the assays independently utilizing various lab instruments and 

spectrophotometers to test the robustness of the methods. It was found that the % RSD values were less 
than 5%, which amplifies the fact that the suggested approaches were reliable.

Applications to tablet analysis and statistical evaluation of results
Commercially available DOS tablets were evaluated using the suggested methodologies and the 

standard procedure of a reference method. As mentioned in the reference method, 0.1 M perchloric acid 
was the titrant for the potentiometric estimation of DOS in an anhydrous acetic acid and acetic anhydride 
medium.5 The true titrating agent, however, was the acetyl perchlorate that generated during the course of 
titration.42 The study findings were presented in Table IV. The results of proposed methods are not deviated 
with respect to accuracy as well as precision as it can be realised from calculated F and t values in the 
Table IV. Thus, the proposed methods are confirmed and as evolved at acceptable accuracy and precision.

Table IV. Results of analysis of prothiaden tablets by proposed methods and reference Method
Nominal DOS 

amount (mg/tablet) Found* (Percent label claim ± SD)

50.00

Reference 
method Method A Method B Method C Method D

100±0.57
99.92±0.64

F = 1.26
t = 0.21

100.06±0.59
F = 1.07
t = 0.16

99.93±0.87
F = 2.33
t = 0.15

100.17±0.81
F = 2.02
t = 0.39

*Mean value from three determinations
The tabulated F and t values at 95% confidence level for four degrees of freedom are 6.39 and 2.77, respectively.

Recovery study
To further evaluate and establish the reliability of the suggested procedures, the recovery tests were 

carried out using a standard addition procedure. Pre-analyzed tablet powder was spiked with pure DOS 
at three distinct concentration levels before being analyzed in triplicate. It was determined the total DOS 
present. The percentage recovery of DOS ranged from 97.77 to 103.34% in all cases (Table V), indicating 
that the co-formulated substances showed no effect on the test. This demonstrates that the assay methods 
were precise and the percentage recovery values were acceptable.

Table V. Recovery study of Prothiaden Tablets by the standard addition method

Method DOS in tablet
µg mL-1

Pure DOS added
µg mL-1

Total found* 
µg mL-1

%DOS recovered 
(Percent ± SD)

A
20.00
20.00
20.00

10.00
20.00
30.00

29.33
41.33
49.33

97.77 ± 1.06
103.34 ± 1.02
98.66 ± 0.89

B
2.50
2.50
2.50

1.25
2.50
3.75

3.75
4.99
6.25

100.03 ± 0.78
99.95 ± 0.66
100.02 ± 0.71

C
2.00
2.00
2.00

2.00
4.00
6.00

3.95
6.09
7.95

98.83 ± 0.84
101.56 ± 1.09
99.41 ± 1.05 

(continues on the next page)
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Method DOS in tablet
µg mL-1

Pure DOS added
µg mL-1

Total found* 
µg mL-1

%DOS recovered 
(Percent ± SD)

D
4.00
4.00
4.00

2.00
4.00
6.00

5.91
8.16
9.98

98.62 ± 0.53
102.06 ± 1.10
99.83 ± 1.18

*Mean value from three determinations

CONCLUSION
For the purpose of determining DOS, four new spectrophotometric methods were designed and validated 

using 0.1 M AcOH as solvent in Method A. The oxidative ability of cerium (IV) was used in developing 
Methods B, C and D. Iron (II), o-phenanthroline and thiocyanate used as reagents in the oxidation and 
complexation steps post reaction between DOS and cerium (IV). It was possible to determine DOS 
concentrations as low as 0.71, 0.26 and 2.14 µg mL-1 with confidence and a justifiable level of accuracy and 
precision. The procedures required no harsh experimental conditions and were straightforward, precise, 
rapid, cost-effective, and free from interference from common diluents and additives in the formulations. 
The reaction of cerium (IV) with DOS was used to design an assay procedure for the indirect quantification 
of DOS by reacting excess cerium (IV) with iron (II), followed by complexation of excess iron (II) with 
o-phenanthroline in Method C and stoichiometrically generated iron (III) with thiocyanate in Method D. 
The techniques for figuring out DOS in tablets worked well. Due to their straightforward operation and use 
of inexpensive instruments, these methods offer an advantage over currently used instrumental methods 
for DOS. Chemicals that were inexpensive and easily accessible were sufficient for the experiment, which 
increases the cost-effectiveness. It was advised that the techniques be applied in quality control labs.
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This study focused on the examination of six rock pictorial panels and 
a solitary figure from four archaeological sites in the Sierra de las 
Cacachilas (Sector A) in the Region del Cabo, Baja California Sur, 
Mexico. Scanning Electron Microscopy-energy dispersive X-ray 
spectroscopy was utilized to analyze tiny samples of the pictorial 
layers, patina, rocky supports, and natural pigments. The 
concentrations of C, Mg, Al, Si, P, S, K, Ca, Cr, Ti, Mn, and Fe were 
subjected to statistical methods and the samples were divided into 
various clusters. Iron and calcium compounds appear to be the 
primary constituents of the pictorial layers. The red pigment spectra 
obtained through Fourier-transform infrared spectroscopy revealed 
the presence of inorganic compounds and the likelihood of a flora-
based composite as the binding agent. The minerals identified 
through X-ray diffraction in the rocky supports were determined to be 
intrusive igneous rocks. These findings are significant for the 
conservation and preservation of the artwork in the Sierra de las 
Cacachilas.

Keywords: Archaeometry, Rock-paintings, Baja California Sur 
México, Raw materials, SEM-EDS, XRD

INTRODUCTION
Rock paintings are widespread and serve as a testament to the lives of prehistoric people, found in 

diverse places such as secluded caves and visible rock formations. The preservation of these paintings 
depends on various factors such as the microenvironment, the composition of the paint, and human-made 
events, among others. Recently, the study of rock paintings has gained increased attention and significance 
from various perspectives including discovery and location, documentation, and archaeometry.1-5
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Research conducted in Europe (France, Italy, Spain), South America (Colombia, Chile, and Argentina), 
and Mexico (Baja California Sur) involved the utilization of diverse analytical techniques including XRD, 
PIXE, RBS, EDAX, FRXT, FT-IR, MS, and EDAX. These studies aimed to determine the composition of 
the pictorial layer in terms of various colors, minerals, rock substrates, and organic materials employed 
in paint manufacturing. The results provided valuable insights for interpreting certain connections within 
the extensive operational process.1-9 Despite the variations in methodologies and objectives among these 
studies, the overall focus remained on comprehending the operational processes involved in creating 
pictorial panels.

The Region del Cabo, shown in (Figure 1), is located in the southern part of the Baja California peninsula 
in Mexico. It is a large, barren, and remote area inhabited by hunter-gatherer-fisher groups, the Guaycuras, 
and the Pericues. 

Figure 1. Map of localization of the Region del Cabo and the pictorial sites (in 
Sierra de las Cacachilas, Sector A): Cerro Pintada 1 (triangle) Cerro Pintada 2 
(star) Castreña 2 (rhombus) Joyita de la Sierra de la Huerta (pentagon).

 
The pictorial rock art in this region was first recorded by Spanish missionaries in the 18th century 

and has since been studied by explorers and researchers, resulting in increased knowledge about the 
location, spatial distribution, quantity, designs, styles, and techniques used to create the art. However, no 
analytical studies have been conducted thus far. The main styles found in the Region del Cabo are the 
Cabo Representational and Cabo Abstract styles.10,11 The ancient pictures in the Region del Cabo are a 
valuable contribution to Mexico’s cultural heritage.

The Sierra de las Cacachilas, specifically Sector A, is part of the Region del Cabo. Among the numerous 
rock painting sites in this Sierra, the research selected four sites, Cerro Pintada 1, Cerro Pintada 2, 
Castreña 2, and Joyita de la Sierra de la Huerta (Figure 1), based on certain criteria. These criteria 
included the preservation status of the pictograms, the variety of styles and designs, minimal impact from 
the environment, ease of access to the site, and official recognition. Other factors considered were the 
absence of humidity, organic matter (such as fungi, bacteria, and insect nests), and contaminants (such 
as smoke from fires or spray paint) on the pictograms. As a result, six pictorial panels and a solitary figure 
were selected.
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The goal of this research was to conduct a physicochemical characterization of the raw materials used 
in the creation of six pictorial panels, and one isolated figure found at the mentioned sites. This involved 
analyzing pictorial layers, patina, rocky supports, and natural pigments. The elemental composition was 
determined using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS). 
Fourier-transform infrared spectroscopy (FTIR) was used to identify the presence of organic and inorganic 
compounds, while X-ray diffraction (XRD) was used to determine the mineralogical composition. This 
groundbreaking study aims to provide new insights into the pictograms of the Sierra de Las Cacachilas, 
including the color palette used by prehistoric artists and the nature of the rocky supports.

MATERIALS AND METHODS
Materials

Figure 2 shows an example of one of the pictograms. Table I provides a brief overview of the characteristics 
of the pictorial panels at each site, including the style (Representative or Abstract), the predominant color 
(typically various shades of red), and the dimensions. 

Figure 2. General view of Pictorial Panel 1: zoomorphic figures (deer and fish) 
and stains in Joyita de la Sierra de la Huerta. Cabo Representational style.

Méndez-Mejía, U.; Tenorio, M. D.; Jiménez-Reyes, M.; Rodríguez-Tomp, R. E.  



Table I. Description of the pictorial panels of Sierra de las Cacachilas (Sector A). (*) R: Representational; A: Abstract

Site Zone (Nr.) Style (*) Design Color Manufacture 
technique

Pictorial 
panels

Isolated 
figure

Dimensions (cm)
Height 	 Width

Cerro 
Pintada 1 

G12D8303001
(1801) R Zoomorphic and 

phytomorphic
Red (various 

tonalities)
Manual, hands 

and fingers

1 98 1.52

1 14 24

Cerro 
Pintada 2

G12D8303002
(1803) A Crossed lines Red (various 

tonalities)
Manual, hands 

and fingers 1 69 45

Castreña 2 G12D8303118
(46095) R Zoomorphic and 

phytomorphic
Red (various 

tonalities)
Manual, hands 

and fingers

1 59 78

2 178 112

Joyita de la 
Sierra de la 
Huerta

G12D8303108
(46085) R & A Zoomorphic and 

stains 
Red-ocher and 

orange
Manual, hands 

and fingers

1 25 55

2 68 2.00
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Methods
Photographs and videos of each piece of pictorial art were taken using a Sony Alpha 6300 digital 

camera. Afterward, a portable optical microscope (Dino-Lite, model AM3011, VGA) was used to perform 
vertical and horizontal scans of the rocky surface, with a resolution ranging from 10X to 220X. At the same 
time, a grid (consisting of 10 cm² square marked by letters and numbers) was drawn for each pictogram 
using Adobe Illustrator CS5A software. The conservation status of the pictorial layer and the uniformity 
or variation of color on the surfaces were evaluated at the points where the quadrants intersected, which 
helped in determining the optimal area for sample extraction.

Small samples of the pictographs (as well as three from the patina) were collected by carefully attaching 
a 1 cm² carbon strip, which was then removed using a clamp and fixed to an aluminum sample holder. 
To prevent any harm to the design and size of the pictographs, between four and eight samples were 
taken from each. The samples collected on the carbon strips were properly labeled and stored for further 
analysis in the laboratory. Additionally, during the inspections of the pictorial sites, some granitic rocks with 
vivid red and orange veins were encountered, which were analyzed as well. 

Photomicrographs and X-ray spectra of pictograph and patina samples were taken with a low vacuum 
scanning electron microscope (SEM) JSM-6610LV with a coupled Oxford probe, for elemental microanalysis 
EDS. Chemical compositions were determined by EDS analysis of several points chosen at random on the 
photomicrographs.

Fourier-transform infrared spectroscopy analyses of four red pigment samples of pictorial layers were 
carried out by a VARIAN® model 640-IR. The samples were crushed in an agate mortar and then the KBr 
pellets were prepared. Spectrum against that of the background from 4000 cm-1 to 400 cm-1, with 40 scans 
and a resolution of 4 cm-1. The total number of data points was 1869.

A mineralogical analysis by XRD was performed for the rocky support samples at room temperature 
with a Siemens D-5000 diffractometer using Cu Kα radiation with a graphite monochromator; the 
diffraction pattern was collected from 2.5 to 70° 2θ with a step size of 0.02° 2θ to acquire X-ray patterns 
with sufficiently high intensities to identify the minerals present. For the qualitative identification of the 
mineralogical composition, the data file XRD JCPDS was used.

RESULTS AND DISCUSSION
Table II lists the 73 samples that were analyzed using SEM-EDS for each site and figure, with 66 

samples representing the pictorial layers, three for the patina, and four for the rocky supports.

Table II. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of 
cluster is according to the statistical analysis of chemical compositions.

Site Figure Key Cluster Nr.

Cerro la Pintada 1 Biznaga M 17 C1

Biznaga M 18 C1

Biznaga M 19 C1

Biznaga M 20 C1

Biznaga M 21 C1

Coyote M 22 C4

Coyote M 23 C1

Coyote M 24 C3
(continues on the next page)

Ancient Rock Paintings at Region del Cabo-BCS, Mexico: An Analytical Study 
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Site Figure Key Cluster Nr.

Cerro la Pintada 1 Deer M 11 C1

Deer M 12 C1

Deer M 13 C1

Deer M 14 C1

Deer M 15 C1

Deer M 16 C1

Sea urchin M 1 C5

Sea urchin M 2 C4

Sea urchin M 3 C5

Sea urchin M 4 C1

Sea urchin M 5 C1

Whale M 6 C1

Whale M 7 C1

Whale M 8 C1

Whale M 9 C1

Whale M 10 C1

Patina M 25 C1

Patina M 26 C1

Patina M 27 C1

Rocky support M177 C6

Cerro la Pintada 2 Fingerprint lines M 28 C3

Fingerprint lines M 29 C1

Fingerprint lines M 30 C3

Fingerprint lines M 31 C1

Rocky support M180 C6

La Castreña dos Male deer M 59 C1

Male deer M 60 C1

Male deer M 61 C4
(continues on the next page)

Table II. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of 
cluster is according to the statistical analysis of chemical compositions. (continuation)

Braz. J. Anal. Chem. 2024, 11 (42), pp 71-84.



77

Site Figure Key Cluster Nr.

La Castreña dos Male deer M 62 C1

Male deer M 63 C1

Male deer M 64 C3

Female deer M 65 C2

Female deer M 66 C2

Female deer M 67 C1

Female deer M 68 C3

Female deer M 69 C3

Female deer M 70 C4

Female deer M 71 C3

Female deer M 72 C1

Pitahaya M 53 C1

Pitahaya M 54 C1

Pitahaya M 55 C1

Pitahaya M 56 C1

Pitahaya M 57 C1

Pitahaya M 58 C5

Rocky support M183 C6

Joyita de la Sierra de la Huerta Fish M 32 C3

Fish M 33 C3

Fish M 34 C3

Fish M 35 C3

Deer (incomplete) M 36 C3

Deer (incomplete) M 37 C1

Deer (incomplete) M 38 C1

Deer (incomplete) M 39 C1

Fingerprint lines 1 M 49 C1

Fingerprint lines 1 M 44 C2

Table II. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of 
cluster is according to the statistical analysis of chemical compositions. (continuation)

(continues on the next page)

Méndez-Mejía, U.; Tenorio, M. D.; Jiménez-Reyes, M.; Rodríguez-Tomp, R. E.  



78

Site Figure Key Cluster Nr.

Joyita de la Sierra de la Huerta Fingerprint lines 1 M 46 C2

Fingerprint lines 1 M 47 C2

Fingerprint lines 1 M 45 C4

Fingerprint lines 1 M 43 C5

Fingerprint lines 2 M 48 C2

Fingerprint lines 2 M 50 C2

Fingerprint lines 2 M 51 C2

Orange stain M 52 C2

Rocky support M181 C6

The X-ray spectra of EDS were used to identify and evaluate the following chemical elements C, Mg, 
Al, Si, P, S, K, Ca, Cr, and Fe, as demonstrated in a typical spectrum displayed in Figure 3 and Table III. 
Only a limited number of samples showed the presence of elements such as Ti and Mn, with Ti being found 
in 4 out of 73 samples (ranging from 0.3% to 4%) and Mn in 7 out of 73 samples (ranging from 0.3% to 
9.3%). The average values of the element concentrations in each sample were calculated, and statistical 
treatments were performed by taking the log values of these average concentrations (excluding Ti and 
Mn). 

The MURR (Missouri University Research Reactor) procedures refer to the use of a specific software, 
provided by that institution. This software, which is written in the GAUSS language,12 has been used to 
conduct statistical analyses. The software calculates the probabilities of an individual sample belonging 
to various clusters, taking into consideration the Mahalanobis distance. For the analysis, the elemental 
concentrations are transformed into a logarithmic scale. The software also aids in visualizing these 
statistical outcomes. It helps in plotting principal component diagrams, which result in the artifacts being 
grouped into distinct clusters. Further, it enables drawing a diagram of vectors corresponding to those 
elemental concentrations that define the separation in clusters.

 
Figure 3. EDS spectrum and SEM micrograph typical of the samples of Cluster 1.

Table II. Samples analyzed by site and figure (Sierra de las Cacachilas, Sector A). The number of 
cluster is according to the statistical analysis of chemical compositions. (continuation)

Braz. J. Anal. Chem. 2024, 11 (42), pp 71-84.



79

Table III. Elemental compositions of the statistical clusters formed. Data obtained by EDS, in %.
Cluster 1 

(n=39)
Cluster 2 

(n=9)
Cluster 3 

(n=12)
Cluster 4 

(n=5)
Cluster 5 

(n=4)
Cluster 6 

(n=4)
Element Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max

C 13 5-24 <0.1 <0.1 21 8-58 17 8-25 9 6-12 16 10-24

Mg 0.7 0.1-2.7 1 <0.1-4 <0.1 <0.1 <0.1 <0.1-1 3 2-4 3 2-5

Al 3.6 0.8-9 7 3-14 4 <0.1-10 2 1-4 5 3-6 6 6

Si 21 4-31 25 15-37 12 2-21 15 9-22 21 16-26 22 15-33

P 1.7 0.1-5.3 3 <0.1-9 1 <0.1-2 1 <0.1-2 1 1-2 1 <0.1-2

S 0.4 0.1-2.8 <0.1 <0.1-1 1 <0.1-9 2 <0.1-8 <0.1 <0.1 2 <0.1-7

K 0.8 0.1-1.3 2 <0.1-5 <0.1 <0.1-1 1 <0.1-1 3 2-6 4 2-7

Ca 4 1-16 3 1-11 8 <0.1-20 2 1-7 2 1-4 1 <0.1-2

Cr <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 6 1-9 2 <0.1-6 1 <0.1-6

Fe 1.5 0.4 – 4.8 1 <0.1-8 <0.1 <0.1-1 28 4-43 10 8-13 12 6-21

Data of Table III show that trace elements were not detected and major elements (Si, Al) are similar 
for all samples; therefore, they are not significant for differentiation. Minor elements are the main ones for 
the separation of clusters. Figures 4A and 4B depict the diagrams of the principal components calculated. 
The first illustrates the grouping of the samples, while the second highlights the differentiation vectors. 
The main vectors of differentiation (Figure 4B) are based on the levels of C, Cr, and Fe, but Mg, K, P, and 
Ca played a role as well. Through this statistical analysis, we were able to identify six distinct clusters. 
Table I outlines the cluster number of each sample, and Table III presents the chemical composition data 
associated with each cluster. The results of the statistical analysis revealed six distinct clusters of samples.

Figure 4. Principal component diagrams based on the concentration of ten chemical elements of 
73 samples of pictorial layers. A) Clusters. B) Vectors.

Ancient Rock Paintings at Region del Cabo-BCS, Mexico: An Analytical Study 
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Cluster 1 is the largest and its samples are present in all pictographs. Clusters 1, 2, and 3 do not show 
any significant presence of chromium, with values below the detection limit of the EDS technique. Cluster 2 
has a virtually absence of carbon, while Cluster 3 has high levels of carbon and calcium, but no significant 
presence of iron.

The primary components of Cluster 3 could be either calcite (CaCO3) or a combination of calcite and 
gypsum (CaSO4) as sulfur was detected in some of its samples.

The highest concentration of iron can be found in the orange and red layers of C4, while the iron content 
in Clusters 1 and 2 is not as abundant but the samples possess a rich orange and red hue. The red and 
orange pigments might be composed of minerals such as hematite (Fe2O3), goethite (α-Fe³⁺O(OH)), and/
or limonite (FeO(OH)•nH2O).13 There is also evidence suggesting that the pigments could be derived from 
clays that contain hematite.14-15

Figure 5 presents the FTIR spectrum of a red pigment sample; the spectra obtained from the other four 
samples were virtually indistinguishable. Table IV lists the functional groups of both organic compounds 
(alcohols, ketones, benzene, and phenols, among others) and inorganic compounds that were identified.

Figure 5. Typical FTIR spectrum of the analyzed pictorial layers.

Table IV. Data of the FTIR spectra of the pictorial layers

Wavenumber, cm-1 (*) Functional groups (**) Compounds 

3427 (s) -OH Str. Alcohol

2920, 2854 (m) -C–Hn Str. Alkyl, aliphatic aromatic

1730 (w), 1517 (w) -C=O Str. Ketone and carbonyl

1630 (s) -C=C- Benzene stretching ring

1455 (w) -O–CH3 Methoxyl

1380 (w), 1317 (w) -CH3 Methyl

1232 (sh) -C–O–C Str. Aryl-alkyl ether linkage
(continues on the next page)
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Wavenumber, cm-1 (*) Functional groups (**) Compounds 

1211 (sh) -C–O Str. Phenol

1087 (sh) Ca-O Calcium carbonate

900 – 1100 (s) Si-O Str. Feldspar

400-800 (s) Si-O Flx Feldspar

400-1065 (s) Fe-O Hematite

(*) s: strong, m: middle, w: weak, sh: shoulder. (**) Str.: stretching, Flx: Flexing.

The Fourier-transform infrared spectroscopy spectrum was compared to those obtained from the typical 
components of biomass, such as cellulose, hemicellulose, and lignin. The region between 1300 cm-1 and 
1700 cm-1 is indicative of the presence of lignin,16 and the main band in Figure 5 is situated at 1620 cm-1 
(C = C). The presence of lignin in the pictorial layer suggests the presence of plant matter. The absorption 
bands between 900-1000 cm-1 and 400-800 cm-1 are related to the Si-O bond of inorganic compounds 
such as feldspars, while the bands between 440 and 1065 cm-1 are linked to hematite. In contrast, the 
bands of calcium carbonate (1408 cm-1, 873 cm-1, and 712 cm-1)2 are only faintly visible in the spectra.

The spectrum displayed in Figure 5 was also compared to those of the Nopal Cactus (Opuntia Ficus-
Indica),17 Nopal pectin,18 and animal fat.19 The spectra of these substances exhibit the bands related to 
carboxylic acids at 1712 cm-1 and 1224 cm-1, which are absent in the spectrum of Figure 5, indicating that 
these substances were not used as the binding agent in the pictorial layer.

The minerals identified in the samples of the rocky supports (La Castreña, Boca del Álamo and Cerro 
Pintada) through XRD analysis, as shown in Figure 6, include mainly: quartz, pholopita, albite, and 
anorthoclase. These mineral phases are consistent with the granitic structure typically found in igneous-
plutonic rocks, as previously identified in the northern Baja California peninsula.2 It’s important to note that 
the Sierra de las Cacachilas, Sector A, is located on a surface made up of intrusive igneous rocks from the 
Cretaceous period, primarily granite and granodiorite.

The selection of the rocky support was important in the creation of the pictorial images. Some surfaces 
were smoothed with stone tools, but examination of the surfaces with a handheld optical microscope 
showed that this was not done in the case of the rocky supports of the specified area, as no signs of 
carving were found.

The natural pigments of red and orange colors sourced from the granitic rocks located in the pictorial 
sites were abundant in iron. The SEM-EDS results showed 11-20% of iron, likely due to hematite. The 
presence of silicon, aluminum, potassium (potentially from feldspars), and carbon was also identified. The 
elemental composition of these rocks was found to be similar to that of the pictorial layers, indicating that 
they were used as raw materials for the creation of rock art.

Méndez-Mejía, U.; Tenorio, M. D.; Jiménez-Reyes, M.; Rodríguez-Tomp, R. E.  

Table IV. Data of the FTIR spectra of the pictorial layers (continuation)
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Figure 6. XRD spectra of the rocky supports from La Castreña (A), Boca del Álamo (B) and Cerro Pintada (C). 
The crystalline phases are: 1. Quartz, 2. Phlogopite, 3. Albite, 4. Anorthoclase.

CONCLUSIONS
This is the initial examination of the pictograms of the Sierra de Las Cacachilas. A comprehensive study 

using multiple techniques on small samples gave us insights into the components used in the creation of 
the pictograms (pictorial layers, patina, rocky supports, and pigments). The combination of the various 
techniques used provided a comprehensive understanding of the samples and their context.

SEM/EDS can detect C, Mg, Al, Si, P, S, K, Ca, Cr, Ti, Mn, and Fe in pictorial layers, patina, and 
rocky supports. Statistical calculations identify differences in element concentrations, with data grouped 
accordingly. Most pictorial layers had a similar chemical composition (C1), while other groups differed 
mainly in C, Cr, and Fe. Rocky support (C6) composition differed from C1 to C4 and was richer in Fe while 
scarce in Ca and Cr. The composition of C5 was similar to C6, potentially indicating a measurement of the 
rocky support in those samples.

Orange and red are the predominant colors in most pictorial layers, possibly due to the presence of 
iron compounds like hematite. Alternatively, the presence of calcium, carbon, and sulfur may suggest the 
presence of loading materials like calcite and gypsum. The pigments’ origin may be from granitic rocks 
containing iron oxides found in the region where the pictorial arts were created.

Fourier-transform infrared spectroscopy analysis of red pigment grains identified both inorganic and 
organic compounds. Inorganic compounds included feldspars from the rocky support and hematite, 
supporting the previous considerations of these compounds in the pictorial layers. Organic compounds 
were compared with typical biomass components reveling the presence of lignin. A composite of flora may 
have been used as a pigment binder, but its origin remains unclear.

Based on these results: a) Dark red colors (Red 2.5YR 4/4/6) correspond to a high concentration of 
iron oxides (red pigment), and sometimes Ti (dark red pigment), with little evidence of carbon (binder not 
identified), but a high gypsum content (CaSO4·2H2O) as loading. b) Light red colors (Red 2.5YR 4/4/8) 
may be a mixture with low Fe content (red pigment), high carbon content (binder not identified), and a 

Braz. J. Anal. Chem. 2024, 11 (42), pp 71-84.
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low percentage of gypsum (loading). c) Dark colors (Greenish black 2.5/2.5/1 10G) are related to carbon 
content (pigment and binder) and gypsum content (loading).

Lastly, based on the mineral phases identified by XRD in the rocky supports (feldspars, quartz, and 
mica), it can be concluded that the structure is of granitic origin, specifically igneous-plutonic rock. The 
surfaces appear to be in their natural state, with no signs of previous polishing.

The findings obtained through the application of various analytical techniques provide significant 
knowledge for the conservation of ancient pictorial art in the Sierra de las Cacachilas region and in general 
they result useful for other archaeological studies.
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Conventional methods used to quantify 
vitamin C require expensive equipment; 
however, the image analysis method has 
proven to be effective in quantifying various 
bioactive compounds and could be useful 
for small industries due to its low cost. In 
this sense, the objective of the present 
work was to evaluate the use of a 
Smartphone and image analysis in the 
quantification of vitamin C in golden berries 
juice. Calibration curves were elaborated 
with ascorbic acid standards (2.5 –  
20 mg L-1) and the Folin-Ciocalteu 
chromophore reagent (10%). Fifteen color 
parameters (analytical responses) were 

obtained from images obtained with a smartphone and the ImageJ program of the colored samples 
using four backlight colors, to which a principal component analysis was applied using the integrated 
development environment for R, RStudio. Subsequently, one-way ANOVA and mean comparisons by 
Tukey’s method (α = 0.05) were applied to the best-scoring analytical responses. Ultimately, the 
quantification of vitamin C in golden berry juice was performed using the image analysis method, which 
exhibited superior linearity and sensitivity (R2 = 0.9941 and m = 4.91). A comparative assessment was 
conducted against a spectrophotometric method utilizing the t-Student test for independent samples  
(α = 0.05), demonstrating no statistically significant difference between the two methods (p > 0.05).

Keywords: Folin-Ciocalteu, ImageJ, RGB model, low-cost analysis, principal component analysis (PCA)

INTRODUCTION 
Vitamin C (VC) is an important antioxidant and should be consumed daily between 75-90 mg to maintain 

healthy blood vessels, skin, teeth, bones, and cartilage.1 It is also essential in anti-allergic treatments, 
strengthens the immune system, and prevents flu and infections.2 In this sense, the golden berries fruits 
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(Physalis peruviana L.) contain an important amount of VC ranging from 23.3 to 46.0 mg per 100 g of 
berries.3–5 Additionally, there are exotic fruits that contain significant amounts of VC, which can be assessed 
by on-site investigations with portable and low-cost methods of analysis.6

On the other hand, one of the methods that are gaining momentum in the analysis and determination 
of biochemical compounds is the use of digital image analysis.7 These methods proved to be effective and 
fast, efficient, and low-cost.8 These methods have also demonstrated high sensitivity and good linearity 
based on the slope value and coefficient of determination (R2) of the calibration curve in different studies.7 
Similarly, dos Santos et al.6 demonstrated the possibility of using the method based on image analysis in 
the environment where it is required, being a portable method.

Nowadays, mobile devices have ceased to be a sumptuary object to become objects of common use 
with multiple utilities, one of them being the application in the capture of images of chromophore analytical 
samples.2,6,7,9,10 Its availability in almost all types of social environments makes it possible to use it in the 
analysis of bioactive compounds in situ, mainly in communities with limited economic resources,10 even 
in small companies that do not have sophisticated analysis equipment, where a quick analysis of VC is 
required.6

In this sense, the main objective of the present work was to evaluate the use of a smartphone and 
image analysis in the quantification of VC in golden berries juice (Physalis peruviana L.).

MATERIALS AND METHODS
The golden berries fruits were purchased from the wholesale market “Nery García Zárate” in 

Ayacucho city, province of Huamanga, department of Ayacucho. Folin-Ciocalteu reagent (Loba Chemie 
PVT Ltd, India). Ascorbic acid (Sigma Aldrich, Germany). Tartaric acid (Insumos Químicos Perú. Peru). 
Trichloroacetic acid (Oxford, India).

Vitamin C standard preparation
It was performed according to the methodology of Jagota & Dani11 with some modifications. 0.05, 0.10, 

0.15, 0.20, 0.25, 0.30, 0.35, and 0.40 mL of ascorbic acid stock solution (100 mg L-1) were taken in test 
tubes. Subsequently, the samples were supplemented with a tartaric acid solution (200 mg L-1) to a final 
volume of 2 mL, resulting in concentrations of 2.5, 5.0, 7.5, 10, 12.5, 15.0, 17.5, and 20 mg L-1 of VC. In 
addition, the blank was made by placing 2 mL of tartaric acid solution (200 mg L-1) in a test tube. Then, 0.2 
mL of Folin-Ciocalteu’s reagent diluted to 10% (v/v) was added to the nine prepared standards and allowed 
to react for 10 minutes. The calibration curve was elaborated by linear regression with the absorbance 
values (λ = 760 nm) and using the colorimetric analytical responses.

Determination of VC in a sample
The determination of VC used the technique described by Jagota & Dani11 with some modifications. 

Five units of golden berries fruits were crushed in a mortar and pestle. 2 mL of the golden berries juice and 
8 mL of 10% (w/v) trichloroacetic acid were added to a centrifuge tube and then centrifuged (P. Selecta, 
S240, Spain) at 3000 rpm for 15 min. Subsequently, VC determination was performed with 0.2 mL of the 
supernatant.

Acquisition and image processing conditions.
The VC standards contained in test tubes were placed on a stand adapted to place the samples in front 

of a personal computer screen (HP, 250 G8, USA) that provided four backlight colors (BC); these are: 
white, red, green, and blue (Figure 1). In addition, 50% backlight brightness and 50 cm image acquisition 
distance were used.
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Figure 1. Screens with backlight colors.

Images were acquired with a smartphone camera (LG, H440F, China), 8 MP (Megapixel), and an image 
acquisition resolution of 3264×2448 pixels. Furthermore, the numerical data of the images, corresponding 
to the values of the R, G, and B channels of the region of interest, were acquired using ImageJ 1.53k. 

Obtaining analytical responses (S)
Different analytical responses (S1 to S15) were explored by mathematical combinations of the RGB 

color space and CIE Lab parameters (Table I). Equations (1) to (15) were used for this purpose. The color 
parameters lightness (L*), redness (a*), and yellowness (b*) were obtained using the worksheet (Microsoft 
Excel®) developed by Boronkay12 called Colour Conversion Centre (4.0a), using the RGB channel values.

Table I. Mathematical combinations of the RGB color space and CIE Lab parameters

Analytical responses (S) Equation Reference 

(1) Osorio et al.13

(2) Zhao et al.14

(3) Zhao et al.14

(4) Zhao et al.14

(5) Zhao et al.14

(6) Porto et al.2

(7) Porto et al.2

(8) Porto et al.2

(continues on the next page)
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Analytical responses (S) Equation Reference 

(9) Abderrahim et al.15

(10) Wongthanyakram 
et al.16

(11) Wongthanyakram 
et al.16

(12) Wongthanyakram 
et al.16

(13) Wongthanyakram 
et al.16

(14) Otálora et al.17

(15) Otálora et al.17

Red (R), green (G), and blue (B) are color parameters from the RGB color space. The color parameters lightness 
(L*), redness (a*), and yellowness (b*) from the CIE Lab color space. The subscripts “i” and “0” correspond to the 
values of the color parameters at different concentrations of vitamin C and without vitamin C, respectively.

Statistical analysis
The statistical software RStudio (version 2022.12.0, Build 353) was employed as the integrated 

development environment for R (version 4.2.2). The ‘stats’ library was utilized for the analysis of variance, 
while the ‘EnvStats’ library was utilized for obtaining the lack of fit analysis. Multivariate analysis, 
specifically Principal Component Analysis (PCA), was conducted using the ‘missForest’, ‘FactoMineR’, 
‘ggplot2’, and ‘factoextra’ libraries. Mean comparisons were performed using Tukey’s method at a 95% 
confidence level, with the ‘agricolae’ library employed for this purpose. The t-Student test for independent 
samples (α = 0.05) was applied using the ‘stats’ library.

RESULTS AND DISCUSSION
Vitamin C calibration curves (VCCC)

In the realm of analytical chemistry, linear regression has conventionally been employed, although it 
may not always be the optimal approach. To ascertain the model’s suitability and evaluate linearity, it is 
crucial to assess both the ANOVA and the “lack of fit” value.18,19 In our study, the models displayed high 
significance (p < 0.001), indicating their linearity and effective utilization as calibration curves. Additionally, 
the lack of fit value was determined to be non-significant (p > 0.05), implying that the experimental data 
align well with the mathematical model in all three examined cases (Table II).

Table II. p-value for the model and lack of fit for different linear models

Source of variation Red Green Blue

Model < 0.001 < 0.001 < 0.001

Lack of fit 0.9646 0.9700 0.9121

Figure 2 illustrates the concentrations of vitamin C (CVC) and their corresponding analytical responses 
based on color channels (R, G, and B). Notably, the red channel exhibits more pronounced changes 

Table I. Mathematical combinations of the RGB color space and CIE Lab parameters (continuation)

Braz. J. Anal. Chem. 2024, 11 (42), pp 85-93.
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in the analytical response as the CVC varies, whereas the blue channel demonstrates a comparatively 
lower response. In both cases, the analytical response shows an inverse relationship with the CVC. This 
finding aligns with the work of Fan et al.,7 who emphasized that the color of a sample can be related to 
its concentration within a specific range, often exhibiting linearity. Consequently, establishing a standard 
curve enables sample analysis.

Figure 2. Vitamin C concentration with respect to analytical response (R, G, and B).

Principal component analysis (PCA)
To the fifteen analytical responses (S1 to S15) shown in Table I, a PCA analysis was applied with respect 

to the applied background color (BC). The purpose of this analysis was to explore this relationship and 
its effect on the slope values and the coefficient of determination (R2) of the VCCC. In this regard, it was 
observed that certain background colors were associated with certain analytical responses.

The slope values of the VCCC were represented in the PCA-Biplot graph shown in Figure 3-a, and 
it was observed that BC were grouped in different areas of the graph. In addition, the slope values that 
had the lowest dispersion were those that worked with white BC. Also, this is located in the first quadrant, 
which indicated that it contributes significantly to dimension 1 (Dim1), which had a higher contribution 
value (47.7%). By reducing the variables (Figure 3-b), it was possible to better observe the analytical 
responses that provided the greatest contribution to increasing slope values. The analytical response’s: 
S1, S2, and S9, had a high positive correlation with respect to Dim1. This is due to the angles formed, these 
were closer to zero. On the contrary, the S11, had a negative correlation with respect to Dim1, and probably 
the slope values obtained with this analytical response are lower in relation to the analytical response’s 
found in quadrant 1 of the PCA-Biplot. However, the highest values obtained with this analytical response 
were with the blue BC. On the other hand, analytical response S8 did not show a correlation in Dim1, but 
it did show a correlation in dimension 2 (Dim2). The PCA analysis accounted for 77.9% of the variability 
in the model, specifically in relation to the slope values of the calibration curve. On the other hand, Attar 
et al.20 mentioned that the opposite directions of the arrows indicate inverse correlations between groups 
of factors. Therefore, the analytical response’s that are in the first quadrant provide higher slope values 
for the white BC and lower values for the blue BC, the inverse happened for the S11. On the other hand, 
Ballesteros et al.9 suggested that a higher slope value in a calibration curve would be indicative of a higher 
sensitivity of the method, which is why the analytical response’s “S1”, “S2”, and “S9” was chosen, in addition 
to the white BC.

Use of Smartphone and Image Analysis in the Quantification of Vitamin C in 
Golden Berry (Physalis peruviana L.) Juice
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Figure 3. PCA-Biplot in the analysis of the VCCC slope. (a) Complete variables and (b) with variable 
reduction. PCA-Biplot in the analysis of the R2 of the VCCC. (c) Complete variables and (d) with variable 
reduction.

There was no defined group in the analysis of the coefficient of determination with respect to the BC 
because they appear to form a single group (Figure 3-c). However, the red BC dominates the entire graph, 
and its center point is on the right, and higher R2 values can be obtained with this BC. On the other hand, 
the white BC is in the first quadrant, and its values were not as dispersed as those of the red BC. The 
analytical response’s that contributed the most were S9, S1, and S2 (Figure 3-d). In this second evaluation, 
the PCA analysis for the R2 variable explained 55.2% of the model variability. It should be noted that a 
higher R2 value would provide greater linearity of method.21 In addition, Fan et al.7 analyzed several studies 
where an R2 greater than 0.9577 showed good linearity.

After the multivariate analysis, an analysis of mean comparisons was performed using Tukey’s method, 
and evaluated at 95% confidence. Table III shows that the slope value using the analytical response “S9” 
was higher and was significantly different (p < 0.05) with respect to the analytical response’s “S2” and “S1”. 
However, when the R2 was evaluated, none of the analytical response’s had significant differences (p > 
0.05) and their values were above 0.99.

Braz. J. Anal. Chem. 2024, 11 (42), pp 85-93.
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Table III. Comparisons of means between the chosen color parameters

Analytical response’s Slope R2

S9 4.56 ± 0.0772a 0.9960 ± 0.0014a

S2 2.72 ± 0.0411b 0.9957 ± 0.0012a

S1 2.56 ± 0.0473c 0.9960 ± 0.0016a

Different lowercase letters (a,b and c) indicate significant differences (p < 0.05) in the 
same column. Values were expressed as mean ± standard deviation (n = 9).

  
Figure 4. VCCC by spectrophotometric UV-Vis method (a) and image analysis (b).

Analysis of VC in golden berries juice using a smartphone
The VCCC shown in Figure 4 showed high coefficients of determination (R2 > 0.99). According to 

Fan et al.,7 this result means that the linearity of the method is very good. On the other hand, the VCCC 
obtained with the analytical response S9 and the white BC gave a slope value of 4.91 (Figure 4-b). The 
LOD and LOQ values of the new method were 1.28 and 3.87 mg L-1 VC, respectively. In this regard, Porto 
et al.2 found a LOQ of 5.4 mg L-1 VC. In our study, the obtained value was slightly lower. However, based 
on this result, we can still conclude that the new method could be suitable for the analysis of VC in golden 
berries juice.

Table IV displays the VC values obtained using both the spectrophotometric and image analysis 
methods utilizing a smartphone. The analysis of VC using these two methods did not yield any significant 
differences (p > 0.05) when evaluated through the t-Student method for independent samples with a 95% 
confidence level. As a result, it can be concluded that there is insufficient evidence to support the claim that 
the VCC values obtained differ significantly between the two analysis methods.

Table IV. Vitamin C according to method of analysis

Methods mg of vitamin C 100-1 mL-1

Spectrophotometric* 34.9 ± 0.682a

Image analysis 36.4 ± 1.842a

*UV-Vis method (λ = 760 nm). Values expressed as mean ± standard deviation 
for n = 3. Values with equal letters indicate non-significance between treatments 
according to the Student’s t-test for independent samples (α = 0.05).

Vilcapoma, W.; Pérez, J. F. 



92

CONCLUSIONS
The utilization of a smartphone and image analysis for quantifying vitamin C (VC) in golden berries juice 

(Physalis peruviana L.) was successfully evaluated, resulting in a value of 36.4 mg VC 100-1 mL-1 of juice. 
The Euclidean distance of RGB (S9) and white backlight color proved to be the optimal analytical response 
and backlight color, respectively.

Different backlight colors exhibited variations in method sensitivity. However, linearity remained 
consistent, with high coefficients of determination observed across all backlight colors. Moreover, when 
employing various color parameters as analytical responses, the method’s sensitivity showed significant 
variability, with slope values ranging from 2.86 × 10-3 to 4.69.

The quantification of VC via smartphone image analysis demonstrated itself as a fast, simple, and 
cost-effective tool. It exhibited high accuracy comparable to traditional methods. Moreover, this method 
holds potential for implementation in higher education institutions located in remote areas, where it can 
be utilized for teaching a low-cost colorimetric analysis method. Furthermore, it opens avenues for the 
analysis of VC in other sample types.
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This study proposes a matrix separation procedure 
based on micellar-mediated extraction (cloud point 
extraction - CPE) for determining As, Cd, Pb, and Se 
(potential contaminants) in nickel alloy and steel 
samples. Structural characterization and qualitative 
analysis of Ni alloy were conducted on the nickel 
alloy using scanning electron microscopy-energy-
dispersive X-ray spectroscopy (SEM-EDS). After 
sample decomposition, ammonium o,o-diethyl 
dithiophosphate (DDTP) was used to complex the 
analytes and Triton X-114 as a non-ionic surfactant 
in CPE for matrix separation and extraction. 
Methanol acidified with 0.1 mol L-1 HNO3 was added 
to the surfactant-rich phase before the analytes 
determination by graphite furnace atomic absorption 
spectrometry (GF AAS). Parameters such as pH, 
complexing agent and surfactant concentrations, 
acid medium, complexation time, and type of diluent 

were evaluated. The obtained results indicated that the ratio DDTP:As was 3:1, DDTP:Cd and DDTP:Pb 
was 2:1, and DDTP:Se was 1:1. The enrichment factors were 6, 8, 14, and 13, and limits of detection 
were 1.5, 0.06, 0.31 and 0.27 µg g-1 for As, Cd, Pb, and Se, respectively. The method was applied for 
As, Cd, Pb, and Se determination in Inconel 625 nickel alloy and standard reference materials (AISI 
4340 Steel - SRM® 361, AISI 94B17 Steel - SRM® 362, Chromium-Vanadium Steel - SRM® 363, and 
Nickel Alloy UNS - SRM® 864). Analyte recoveries lay above 88%, and relative standard deviations were 
lower than 5%. Application of cloud point extraction for matrix separation allowed the determination of 
low concentrations of As, Cd, Pb, and Se, constituting an environmentally friendly method.
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INTRODUCTION 
The production and global trade of metals and alloys are critical to modern industrial infrastructure. 

Continuous improvement of metallurgical processes and manufacturing technologies have paved the way 
for developing nickel alloys,1 commonly employed under circumstances requiring strength and corrosion 
resistance at high temperatures, e.g., for application in nuclear, chemical, and petrochemical plants as 
aerospace and navigation industry.2 Several factors influence the properties of nickel alloys, including 
the major constituent elements, the production process, and the thermal treatment of the intermediate 
product.3 Moreover, the presence of trace contaminants such as Ag, As, Bi, Cd, Pb, Sb, Se, Sn, Te, Tl, and 
Zn at concentrations above a certain limit may impacts the mechanical and magnetic properties of these 
materials negatively. Remarkably, As, Cd, Pb, and Se can affect the properties related to the mechanical 
and thermal resistance of steel and nickel alloys by lowering the melting point, which leads to severe 
disruption and a disastrous failure of the final product.4-6

Quality control with respect to elements concentration is crucial to ensure the development and 
application of nickel alloys. However, trace elements determination is a challenging task, considering that 
the alloy matrix is quite complex.4 To prevent interferences, matrix separation has been employed in trace 
element determination.7 Cloud point extraction (CPE) has also been employed for purpose; it complies 
with green chemistry principles8 has some advantages: it is safe to operate (the reagents are not volatile 
or toxic); it generates a lower amount of laboratory residues (small volumes of reagents are used); and it 
allows pre-concentration of many species with good enrichment factors.9,10 

CPE is based on micelles formation by surfactants in aqueous solutions. They promote phase separation 
upon a change in temperature or the addition of a salting-out agent. The surfactants, above the critical 
micelle concentration (CMC), can self-assemble in water into supra-molecular aggregates and, when 
heated at a given temperature (cloud point), result in a biphasic system with a surfactant-rich phase of a 
small volume containing the hydrophobic compounds initially present in the solution and a surfactant-poor 
phase that can be separated from the surfactant rich phase. Inorganic species, which are hydrophilic, 
are is extracted in the surfactant-rich phase by using a complexing agent that produces hydrophobic 
compounds under suitable conditions.11,12 Different complexing agents have been used in CPE, e.g., 
ammonium pyrrolidine dithiocarbamate (APDC),13 1,2-tiazolylazo-2-naphthol (TAN),14 8-hydroxyquinoline 
(8-HQ),15 and ammonium O,O-diethyl dithiophosphate (DDTP). DDTP has a sulfur atom as the electron 
donor. They behave like a soft base and can complex elements that are mildly acidic and does not form a 
stable complex with alkaline metals. This selectivity is desirable since it avoids the potential matrix effects 
as in the case of metal alloys analysis.16,17 

Ammonium O,O-diethyl dithiophosphate has been employed for As preconcentration and subsequent 
determination in corn and rice samples by hydride generation coupled to atomic fluorescence 
spectrometry,18 Cd and Pb in urine19 and Cd, Pb, and Pd in blood, with subsequent determination using 
graphite furnace atomic absorption spectrometry (GF AAS).20 DDTP has also been used for As, Bi, Cd, and 
Pb preconcentration in river water, wine, fertilizer, and urine prior the analytes determination by inductively 
coupled plasma optical emission spectrometry (ICP OES).21 

Cloud point extraction has already been employed in the analysis of alloy samples as reported by 
Kassem and Amin, who determined rhodium in a metallic alloy using 5-(4′-nitro-2′,6′-dichlorophenylazo)-
6-hydroxypyrimidine-2,4-dione (NDPHPD) as a complexing agent and Triton X-114 as a surfactant22 and 
Bahchevanska et al. determined vanadium in aluminum alloy using 1-(2-thiazolylazo)-2-naphthol (TAN) 
and complexing agent and Triton X-114 as a surfactant.23 However, this approach has yet to be explored 
for other elements and metal alloys.

In the present work, CPE is proposed for As, Cd, Pb and Se separation from Ni alloy and steel 
digestates of cloud point extraction, followed by the determination of analytes by GF AAS. The proposed 
CPE procedure involves analyte extraction with the complexing agent DDTP in the presence of the non-
ionic surfactant Triton X-114.
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MATERIALS AND METHODS
Samples 

Carbon steel saw was employed to cut the nickel alloy sample (Inconel 625) into the most diminutive 
possible dimensions. After this procedure, pieces with a rectangular shape, measuring 1x1 cm and weighing 
approximately 2.5 g, were obtained. For accuracy evaluation, samples of the following standard reference 
materials (CRMs) were analysed: AISI 4340 Steel (SRM® 361), AISI 94B17 Steel (SRM® 362), Chromium-
Vanadium Steel (SRM® 363), and Nickel Alloy UNS N06600 (SRM® 864), produced at the National Institute 
of Standards and Technology (NIST).

Reagents and solutions
Experiments were performed with reagents of analytical grade. Ultrapure water (resistivity of 18.2 

MΩ cm-1), obtained from a Milli-Q® water purification system (Millipore, Billerica, MA, USA), was used to 
prepare the reagents and solutions. All the glassware was decontaminated in 30% (v v-1) HNO3 for 48 h 
and rinsed in ultrapure water for a few minutes.

To decompose the Inconel 625 nickel alloy sample and CRMs, 37% m m-1 HCl (JT Baker) and 65% 
m m-1 HNO3 (JT Baker) were employed.

Concerning CPE, the Cd and Pb solutions were prepared by diluting stock standard solutions 
containing 1000 mg L-1 of the respective analytes (Titrisol® standards from Merck). A standard stock 
solution of 4000 mg L-1 As was prepared by dissolving 0.1 g of As2O3 (Acros) in 25 mL of previously 
heated water containing 3 mL of 37% m m-1 HCl (JT Baker). A 7.5 mg L-1 Se(IV) solution was obtained 
from a 1000 mg L-1 standard solution of Se(VI) (Fluka) by heating this solution in 6 mol L-1 HCl for 30 min 
at 100 °C. A 5% (m v-1) ammonium o,o-diethyl dithiophosphate solution was prepared daily using the 
DDTP ammonium salt (Aldrich) dissolved in deionized water. 37% m m-1 HCl (JT Baker) was employed 
to adjust pH of solutions. A 5% (m v-1) octylphenoxypolyethoxyethanol (Triton X-114) solution was 
prepared by weighing 2.5 g of the reagent (Sigma-Aldrich) in a graduated tube followed by the addition 
of 50 mL of water. To reduce the viscosity of the surfactant-rich phase, methanol (Panreac) acidified 
with 0.1 mol L-1 HNO3 was used. Ascorbic acid (Sigma-Aldrich) and citric acid (Carlo Erba) were 
used for Fe and Ni interference studies, respectively. The chemical modifier Pd(NO3)2 + Mg(NO3)2 
employed in Cd and Pb determination was prepared by mixing 1 mL of Pd(NO3)2 10 g L-1 (Fluka) and 
100 µL of Mg(NO3)2 10 g L-1 (Merck) in a graduated flask, followed by addition of 10 mL of deionized 
water. For As, Pd(NO3)2 was employed as chemical modifier, which was prepared by diluting 1 mL of  
10 g L-1 Mg(NO3)2 in 10 mL of water in a graduated flask. For Se, Ni + Mg(NO3)2 was used as chemical 
modifier, which was prepared by mixing 801 µL of 1000 mg L-1 Ni standard solution (Fluka) and 79 µL 
of 10 g L-1 Mg(NO3)2, followed by the addition of 1 mL of water.

Instrumentation
The nickel alloy sample and CRMs were decomposed in a metallic block (TE-040/25, Tecnal, Piracicaba, 

São Paulo, Brazil). For the CPE experiments, a water bath with controlled temperature (MA127, Marconi, 
Piracicaba, São Paulo, Brazil) and a centrifuge (Z 326K, Hermle Labortechnik, Wehingen, Germany) were 
employed. 

Arsenic, Cd and Se were determined using an atomic absorption spectrometer (AAnalyst 800, 
PerkinElmer, Norwalk, CT, USA) whereas Pb was by using with a high-resolution continuum source 
atomic absorption spectrometer (ContrAA 700, Analytik Jena AG, Jena, Germany). Both instruments were 
equipped with an autosampler for sample introduction and a transversely heated pyrolitic graphite tube. 
Twenty microliters of sample or reference solutions, 5 µL of the chemical modifiers Pd(NO3)2 + Mg(NO3)2 
for Cd and Pb and Pd(NO3)2 for As, or 10 µL of Ni + Mg(NO3)2 for Se were pipetted into the graphite tube. 
Argon with 99.998% purity (White Martins, Sertãozinho, São Paulo, Brazil) was used as the purge gas. 
Tables SI and SII (Suplementary information) summarize the instrumental parameters.

The graphite furnace temperature programs given in Tables SIII and SIV were run during As, Cd, Se, 
and Pb determination. 

Viola, N. T. C.; Ferreira, B. C.; Souza, L. R. R.; da Veiga, M. A. M. S.  
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Structural characterization of the nickel alloy sample
The structural characterization and qualitative analysis of the Inconel 625 nickel alloy sample were 

carried out using a scanning electron microscope (EVO 50, ZEISS - Carl Zeiss, Cambridge, England) 
equipped with an EDS system (IXRF Systems 500 Digital Processing Si(Li) diode, Liechtenstein). The 
detector was employed in the secondary electron mode, the chamber pressure was 1.8 x 10-5 Torr, and the 
accelerating voltage was 20 kV. 

To avoid possible contamination during the cut of the Inconel 625 sample. It was placed in a glass 
beaker containing 50 mL of 2-propanone (Merck) and sonicated in an ultrasonic bath (USC-1400, Unique, 
Indaiatuba, São Paulo, Brazil) for 15 min.

Sample preparation 
Regarding the decomposition of the nickel alloy sample before As, Cd, and Se determination, each 

fragment was weighed (2.5 g of a fragment of 1x1 cm), placed in a glass flask, to which with 24 mL of an 
acid mixture containing 37% HCl (m m-1) and 65% HNO3 (m m-1) (3:1 ratio) were added. Experiments were 
conducted in triplicate. The flasks were placed in a digestor block, and the mixture was heated from 50 to 
85 °C. Between 2 and 4 h was required for complete sample digestion. After cooling, the solutions were 
transferred to graduated tubes, and the volume was adjusted to 30 mL with water. This procedure was 
also applied to check the analytes recovery, where sample aliquots were spiked to obtain 20 µg L-1 As, 
0.45 µg L-1 Cd, 10 µg L-1 Pb, and 8 µg L-1 Se to assay analyte recoveries. The sample solutions were then 
submitted to CPE. The same methodology was employed to decompose the standard reference materials; 
however, in this case, the sample mass was 0.250 g, and the volume of the acid mixture was 8 mL. 

For Pb, 25 mL of 65% (m m-1) HNO3 were added to the sample. The mixture was heated at 50 to 120 °C 
for 24 h in this case, a more extended period was necessary for complete sample decomposition. Analyte 
recovery was assessed for samples aliquots spiked to contain 10 µg L-1 Pb. The same procedure was 
followed to decompose the CRMs; however, the sample mass was 0.250 g, and the 65% HNO3 (m m-1) 
volume was 5 mL.

Cloud point extraction 
Initially, aliquots of digestate (100 μL), ascorbic acid (0.1 g) (for the elimination of Fe interference), and 

37% HCl (m m-1) (for pH adjustment, ensuring the best absorbance for each analyte) were transferred 
to graduated flask. The volume was adjusted to 9 mL with water, and the mixture left to rest during 15 
min for the complete dissolution of the ascorbic acid. Subsequently, different amounts of DDTP solution 
were added (according to the optimization of CPE parameters) and the solution left resting for 20 min. 
Then, Triton X-114 was added, and the volume was adjusted to 15 mL with water. The solutions were 
heated in a water bath at 50 °C for 20 min, followed by centrifugation at 1233 G for 20 min. Next, the 
flasks were immersed in an ice bath for 15 min and then the sobrenatant aqueous phase was removed 
with a micropipette. 500 µL of methanol containing 0.1 mol L-1 HNO3 was added to the extracts to reduce 
the viscosity of the surfactant-rich phase before the determination of analytes by GF AAS. Calibration 
solutions and analytical blanks were also submitted to CPE in the same conditions as the samples. The 
concentrations of DDTP, Triton X-114, and HCl, the acid medium for complexation, the type of diluent for 
the surfactant-rich phase, and the complexation time were evaluated.

Optimization of CPE 
Analyte preconcentration using CPE requires careful optimization of experimental parameters because 

it affects the extraction efficiency, phases separation and enrichment factor. As such the HCl, complexant, 
and surfactant concentrations, acid medium, complexation time, and type of diluent of the surfactant-rich 
phase were considered.

The complexation time was for 20 min, and 0.1 mol L-1 HNO3 in methanol was used to dilute the 
surfactant-rich phase unless stated otherwise.
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RESULTS AND DISCUSSION
Structural characterization of the nickel alloy sample 

The structural characterization and qualitative analysis were carried out using scanning electron 
microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS). In Figures 1 and 2 shows the SEM-EDS 
images obtained from the nickel alloy sample.

Figure 1. Image obtained of the nickel alloy sample by SEM-EDS in the secondary electron mode (a) 
and respective EDS spectrum (b).

Figure 2. Image obtained of the internal structure of the nickel alloy sample by SEM-EDS (a) and 
respective EDS spectrum (b).

All the SEM imaging was carried out using the secondary electron mode, which can provide helpful 
information about the material surface and topography. Considering the analyzed region, represented in 
red color in Figure 1 (a), the surface portion of the nickel alloy sample demonstrates that Cr, Fe, and Ni 
were present in this material, constituting respectively, 11, 44 and 33% of the analyzed portion. Besides, 
Nb (2%) and Mo (4%) were also present in this portion. The presence of these elements was expected, as 
they are constituents of the Inconel 625 nickel alloy.24,25 
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With respect to the images of Ni internal portion, Figure 2 (a) and (b), elements present were Fe (94%) 
oxygen (5%), and carbon (1%). Unlike the surface portion, Ni and Cr were not observed. This is y due to 
the differences of the material, as the surface has a coating of Inconel 625, and the internal part is carbon 
steel.

Identifying the major chemical elements is possible using SEM-EDS; however, the elements evaluated 
in this study (As, Cd, Pb, and Se) were not detected. The SEM-EDS technique does not have sufficient 
sensitivity to detect elements present as impurities in the alloy, reinforcing the need to employ other 
techniques to ensure the quality control of the alloy. These elements (as impurities) are commonly present 
in Ni alloys in concentration bellow 100 mg kg-1 and therefore, not detected using SEM-EDS.

Concentration of DDTP
The complexing agent concentration must be enough to compensate for any reagent consumption by 

other elements that can compete with the analytes. Furthermore, complexing agents with lower partition 
coefficients must be present is large excess for efficient analytes complexation and subsequent separation.26 

In this study, the DDTP concentrations evaluated, ranged from 0 to 2% (m v-1) for As and Pb, 0 to 3% 
(m v-1) for Cd, and from 0 to 0.3% (m v-1) for Se. Figure 3 shows how the As, Cd, Pb, and Se absorbances 
changed as a function of the logarithm of the DDTP concentration. The As signal increased with the DDTP 
concentration increase up to 0.5% (m v-1) of DDTP. After that, the As signal decreased gradually because 
charged complexes were produced at higher DDTP concentrations. This phenomenon can reduce the 
extraction efficiency because uncharged complexes are preferentially extracted in the hydrophobic core of 
the micelles.16,26 Furthermore, according to Fiorentini et al., the excess of DDTP reduces the As absorbance, 
which can be attributed to the increase in the organic content injected in the atomizer.27 For 0.5% (m v-1) 
DDTP the highest absorbance of As was observed.

The Cd absorbance increased up to 1% (m v-1) of DDTP. It stabilized around 0.3% (m v-1) of DDTP, 
increased slightly up to 1% (m v-1) of DDTP, and then decreased. The Pb absorbance also increased 
with the DDTP concentration increase up to 1% (m v-1) DDTP. Regarding to Se, its absorbance was 
slightly affected by the DDTP concentration whereas the highest absorbance was observed for 0.06% 
(m v-1) DDTP. Thus, considering the highest absorbance observed, the DDTP concentration in the later 
experiments was 0.5% (m v-1) for As, 1% (m v-1) for Cd and Pb, and 0.06% for Se.

Figure 3. Effect of DDTP concentration on 50 µg L-1 As(III), 1 µg L-1 Cd(II), 20 µg L-1 
Pb(II), and 10 µg L-1 Se(IV) in the following conditions: As - 0.96 mol L-1 HCl, 0.5% 
(m v-1) Triton X-114; Cd - 0.3 mol L-1 HCl, 1% (m v-1) Triton X-114; Pb - 0.32 mol L-1 
HCl, 1% (m v-1) Triton X-114; Se - 0.1 mol L-1 HCl, 0.2% (m v-1) Triton X-114. (n = 3).
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The differences observed in Figure 3 are due to the affinity of the elements with the DDTP affinities, 
according to Pearson’s theory, which will be discussed further in section “Determination of the ratio DDTP: 
analysis in the complex”.

Concentration of HCl
Optimizing the pH is also crucial for CPE, especially for ionizable species such as metals. An appropriate 

pH range is mandatory in which uncharged analyte species exist and can be incorporated into micelles, 
allowing a quantitative extraction of the analyte.28 

The cloud point increases with the solution pH decrease because the attractive forces between the 
surfactants and the water molecules increase. Consequently, surfactant molecules become more repulsive, 
leading to lower extraction efficiency and a smaller volume of the surfactant-rich phase. In addition, high 
acid concentration and temperature can accelerate DDTP decomposition,29 mainly if HNO3 is used, as it 
is a strong oxidant.

In the present study HCl concentrations ranging from 0 to 1 mol L-1 HCl for As, Cd, and Se and from 0 
to 0.75 mol L-1 HCl for Pb were evaluated to find the best conditions for CPE. Figure 4 illustrates how the 
HCl concentration affected the As, Cd, Pb, and Se absorbances. The As absorbance increased when 
the HCl concentration was up 0.32 mol L-1 HCl, but remained constant for HCl concentrations above 
0.32 mol L-1 (pH = 0.49). The Cd absorbance remained constant for 0.1 to 0.2 mol L-1 HCl, increased 
slightly for 0.32 mol L-1 HCl and stabilized afterward. Hence, 0.32 mol L-1 HCl was used in subsequent 
experiments for Cd and As. The more appropriate HCl concentration for the Pb CPE was 0.1 mol L-1  
(pH = 1), considering that it corresponded to the highest absorbance for of Pb. The maximum Se 
absorbance was observed using 0.1 mol L-1 HCl. Therefore, 0.1 mol L-1 HCl was used for Cd and Ob in 
further experiments.

Figure 4. Effect of HCl concentration on 50 µg L-1 As(III), 1 µg L-1 Cd(II), 20 µg L-1 
Pb(II), and 10 µg L-1 Se(IV) in the following conditions: As - 0.5% (m v-1) DDTP, 
0.5% (m v-1) Triton X-114; Cd and Pb - 1% (m v-1) DDTP, 1% (m v-1) Triton X-114;  
Se - 0.06% (m v-1) DDTP; 0.2% (m v-1) Triton X-114. (n = 3).

Triton X-114 concentration
An effective CPE also depends on the surfactant concentration. The, surfactants molecules can 

aggregate above the CMC and form micelles where the complexed analyte is retained. The analyte 
extraction from solution increases with the increasing surfactant concentration up to a maximum value, 
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providing quantitative analyte recovery. If the surfactant concentration is too high both the extraction and 
preconcentration factor are worsened; excess of surfactant increases the volume of the surfactant rich 
phase that became too diluted.30 

On the other hand, if the surfactant concentration is lower than the necessary it results in inefficient 
extraction analyte, probably because the micelles cannot capture the hydrophobic complexes quantitatively.20 
In this study, the surfactant Triton X-114 was employed because it has a relatively low CPE temperature 
(between 22 and 25 °C), is low cost and is not volatile or toxic.9 

The Triton X-114 concentration influence on the analytes absorbances is depicted in Figure 5. Triton 
X-114 at 1% (m v-1) yield the highest As absorbance As, and this concentration was selected for As. 
For Triton X-114 concentrations below 0.05% (m v-1), a surfactant-rich phase was not obtained; i.e., the 
critical micelle concentration (CMC) and/or cloud point were not attained under the experiment conditions. 
Concerning Cd, the volume of the surfactant-rich phase obtained at higher Triton X-114 concentrations 
was visible. The absorbance increased until the surfactant concentration was 0.5% (m v-1) decreasing 
thereafter, and the same condition was observed for Pb. Therefore, 0.5% (m v-1) Triton X-114 was further 
employed for Cd and Pb experiments. The same concentration of Triton X-114 (0.6%) was also used in the 
determination of Cd in food, by to Anzum et al.31 On the other hand, Rihana-Abdallah employed a lower 
Triton X-114 concentration (0.2%) in Pb and Cd determination in water samples using CPE.32 Regarding 
to Se, the highest absorbance was observed when the Triton X-114 concentration was 0.1% (m v-1). For 
surfactant concentrations lower than 0.025% (m v-1) solution turbidity and phase separation were not 
observed. As such, 0.1% (m v-1) Triton X-114 was adopted for Se.

Figure 5. Effect of Triton X-114 concentration on 50 µg L-1 As3+, 1 µg L-1 Cd2+,  
20 µg L-1 Pb2+ and 10 µg L-1 Se4+ in the following conditions: As - 0.5% (m v-1) 
DDTP, 0.32 mol L-1 HCl; Cd - 1% (m v-1) DDTP, 0.32 mol L-1 HCl; Pb - 1% (m v-1) 
DDTP, 0.1 mol L-1 HCl; Se - 0.06% (m v-1) DDTP, 0.1 mol L-1 HCl.

Considering the stability of DDTP in strong acid medium,16 a study was conducted to determine the 
appropriate medium for the analyte complexation and subsequent CPE; 0.96 mol L-1 HCl or HNO3 (pH = 
0.018), 0.3 mol L-1 HCl or HNO3 (pH = 0.5) and 0.32 mol L-1 HCl or HNO3 (pH = 0.49) were used for As, 
Cd, and Pb, respectively. It was observed that the absorbances of the analytes were not affected by the 
type and acid concentration. However, considering the oxidant property of HNO3, which can react with 
the DDTP and degrade it,33 HCl (0.1 mol L-1 for Pb and Se, and 0.32 mol L-1 for As and Cd) was the acid 
adopted for CPE of As, Cd and Pb. For Se, the effect of HCl concentration was not evaluated, since Se 
(VI) must be reduced to Se (IV) because DDTP complex only with Se (IV). To this end, before the CPE 
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procedure the Se(VI) solution in 6 mol L-1 HCl was heated at 100 °C34 for 30 min. This step is crucial to 
guarantee that all Se is present as Se(IV) since only this Se species complexes with DDTP.17 

To verify whether the type of diluent for the surfactant-rich phase could influence the analyte signal, 
methanol, ethanol, and methanol or ethanol acidified with 0.1 mol L-1 HNO3 were evaluated. Differences 
for As, Cd, Pb, and Se absorbances were not observed for the diluents evaluated. However, considering 
that methanol is volatile and adding HNO3 favors its stabilization via hydrogen bonding, methanol with  
0.1 mol L-1 HNO3 was chosen as diluent of the surfactant-rich phase for the four analytes.

The complex formation rate is worth considering in the case of species separation by CPE. Complexation 
time is a critical parameter for on-line procedures as it requires the reaction to be as complete as possible in 
a short time for efficient extraction. The complexation time between the analytes and DDTP was evaluated 
and there were no significant differences for time periods up to 60 min. Hence, the previously adopted time 
of 20 min was maintained. The optimized conditions of CPE are summarized in Table I.

Table I. Optimized conditions for CPE

Parameter As Cd Pb Se

DDTP (% m v-1) 0.5 1 1 0.06

HCl (mol L-1) 0.32 0.32 0.1 0.1

Triton X-114 (% m v-1) 1 0.5 0.5 0.1

Time (min) 20 20 20 20

Diluent Methanol in HNO3 Methanol in HNO3 Methanol in HNO3 Methanol in HNO3

Determination of the ratio DDTP: analysis in the complex 
Da Silva et al.29 have developed a mathematical approach based on the absorbance values in the 

graph constructed for the optimized DDTP concentration, to determine the ratio between the ligand and 
the analyte in the complex formed in a study dealing with CPE.

The distribution ratio (D) is the ratio between the complex analyte concentration in the surfactant-rich 
phase and the analyte concentration in the aqueous phase. This parameter is essential for CPE because 
the more hydrophobic the surfactant, the greater the D value. In this study, D values were calculated from 
normalized absorbance values obtained from the DDTP concentration optimization graph for As, Cd, Pb, 
and Se (Figure 3), according to Equation 1:

	 	 Equation 1

AC is the analyte absorbance for a given DDTP concentration, A0 is the absorbance when no ligand is 
used, and A∞ is the absorbance for the maximum extraction. Under the conditions used in this study, the 
free ligand concentration was assumed to be approximately equal to the total ligand concentration.

Values of D calculated with Equation 1 were employed to obtain Equation 2, where n is the charge of 
the analyte ion in the complex, Kp’, βn', and [HL] are the conditional distribution constant, total formation 
constant, and the free ligand concentration, respectively.

	 	 Equation 2

Considering that the pH is constant, the charge (n) of the analyte ion in the complex can be found using 
Equation 3.
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	 	 Equation 3

The value of n also can be found by plotting of the logarithm of D (log D) versus the logarithm of free 
ligand concentration (log [DDTP]) for As, Cd, Pb, and Se gives straight lines, and the angular coefficient 
provides information on the ligand/analyte proportion in the complex formed (which is the value of n), 
according to Figure 6. The absorbance values taken from linear regions of the graphs shown in Figure 3; 
0 to 0.1, 0 to 0.125, 0 to 0.04 and 0 to 0.0035% (m v-1) for As, Cd, Pb, and Se, respectively.

Figure 6. Determination of the proportion between DDTP and As (  ), 
Cd (  ), Pb (  ), and Se (  ).

For As, the angular coefficient of the line shown in Figure 6 was 2.81, which indicates a 3:1 ratio 
DDTP:analyte. This ratio value had not yet been reported for As complexed with DDTP. The logarithm of 
the product of conditional constants Kp (distribution constant) and βn (total formation constant)  
obtained from equation 2 was 2.77.

The angular coefficient values of the lines (Figure 6) for Cd and Pb were 2.02 and 1.84, respectively, 
corresponding to a 2:1 ratio DDTP:analyte. This is consistent with the value reported by Borges et al.20 
The logarithm values of the product of conditional constants  for Cd and Pb were 2.35 and 3.08, 
respectively. Regarding Se, the angular coefficient of the line in from the graph of Figure 6 was 0.8, which 
indicates a 1:1 ratio DDTP:analyte. The pH of the medium was 1.0 where the predominant species of Se 
are monovalent dimers.35 Moreover, the logarithm of the product of conditional constants  was 
equal to 2.02.

According to the Pearson acid base concept, DDTP is a soft base and forms complexes preferentially 
with soft (Cd2+) and borderline acids (Pb2+). Se4+ and As3+ are defined as hard acids30 and also complex 
with DDTP, however, as calculated, the conditional constants are lower than for Pb. Considering that the 
product of the conditional constants  indicates the extent of the reaction between the analytes 
and DDTP is: 

2.02 (Se) < 2.35 (Cd) < 2.77 (As) < 3.08 (Pb)

It demonstrates that the distribution of the species between the aqueous and the surfactant-rich phases 
is influenced not only by the complexation with DDTP but also by the oxyethylene units in the Triton X-114 
molecule.
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Pyrolysis and atomization curves 
The pyrolysis and atomization temperatures were optimized by constructing pyrolysis and atomization 

curves for As, Cd, Pb, and Se (Figure 7). Experiments were conducted using reference solutions of the 
respective analytes and solutions of acid digested Inconel 624 sample to evaluate matrix effect. All solutions 
were submitted to CPE at the optimized conditions.

Figure 7. Pyrolysis and atomization temperature curves for (A) 50 µg L-1 As and nickel alloy sample 
solution spiked with 20 µg L-1 As. Conditions: 0.5% (m v-1) DDTP, 0.32 mol L-1 HCl, 1% (m v-1) Triton 
X-114; (B) 1 µg L-1 Cd and nickel alloy sample spiked with 0.45 µg L-1 Cd. Conditions: 1% (m v-1) 
DDTP, 0.32 mol L-1 HCl, 0.5% (m v-1) Triton X-114; (C) 20 µg L-1 Pb and nickel alloy sample spiked with  
10 µg L-1 Pb. Conditions: 1% (m v-1) DDTP, 0.1 mol L-1 HCl, 0.5% (m v-1) Triton X-114; and (D) 10 µg L-1 
Se and nickel alloy sample spiked with 8 µg L-1 Se. Conditions: 0.06% (m v-1) DDTP, 0.1 mol L-1 HCl, 
0.1% (m v-1) Triton X-114. All solutions were submitted to CPE.

Figure 7A depicts the pyrolysis and atomization curves obtained, in both solutions the element 
absorbance was almost stable up to 1200 ºC and then decreased. Therefore, this pyrolysis temperature 
was adopted in As determination in the samples. Regarding the atomization temperature, more symmetrical 
and stable peak arose at 2000 °C for As in reference solution, and although the absorbance increased 
at temperature higher than 2200 ºC for spiked sample, to avoid compromising accuracy, the temperature 
adopted for As determination in the samples was 2000 ºC. 	

As shown in Figure 7B, the Cd absorbance for reference solution remains almost stable for temperature 
in the range of 400 to 700 ºC while the absorbance for spiked sample solution remains stable up to 900 ºC. 
On the other hand, a similar behavior on the Cd absorbance is observed for both solutions in respect to 
the atomization temperature. Thus, the pyrolysis and atomization temperatures used for Cd determination 
in the samples were 700 and 1300 ºC, respectively.
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The pyrolysis and atomization temperatures curves for Pb in Figure 7C demonstrate similar absorbance 
behavior for both solutions. The pyrolysis and atomization temperatures chosen for Pb were 900 and 
1900 ºC. They were chosen in view of the better shape of transient signals observed. 

Concerning Se, whose pyrolysis and atomization temperature curves are shown in Figure 7D, similar 
absorbance is observed for both solutions. Thus, taking into account the highest observed absorbance and 
signal stability, the pyrolysis and atomization temperatures chosen for Se in the analysis of the samples 
were 900 and 1600 ºC, respectively.

Figures of merit of the method
Table II lists the figures of merit of the developed method for As, Cd, Pb, and Se determination in Ni alloy 

and parameters of calibration curves.

Table II. Figures of merit and parameters of calibration curves

Analytical parameter
Analyte

As Cd  Pb  Se

Limit of detection (μg L-1; μg g-1) 0.8; 1.5 0.01; 0.06 0.2; 0.3 0.1; 0.3

Limit of quantification (μg L-1; μg g-1) 2.8; 5.0 0.04; 0.2 0.6; 1.0 0.5; 0.9

Linear correlation coefficient 0.996 0.998 0.999 0.997

Relative standard deviationa (%) 4 3 2.5 3.4

Enrichment factor 6 8 14 13

Concentration range of calibration 
curve (μg L-1)

10-50 0.15-1.2 5-20 2-15

a: n = 5 (50 μg L-1 As3+; 1 μg L-1 Cd2+; 20 μg L-1 Pb2+; 8 μg L-1 Se4+)

The limits of detection and quantification were calculated according to IUPAC recommendations by 
means of Equations 4 and 5.36 

	 Limit of detection (LOD) =  	 Equation 4

	 Limit of quantification (LOQ) = 	 Equation 5

in which s is the standard deviation of ten consecutive measurements of the 
analytical blank and m is the slope of the calibration curve. 

The LOD and LOQ values in μg L-1 and μg g-1 in Table I correspond to instrumental limits (in μg L-1) 
LODs and LOQs, method limits (in μg L-1) considering the Inconel 625 sample mass (2.5 g), the digestate 
diluted to 30 mL, dilution of 200 times for CPE, and respective enrichment factor. Low limits of detection 
and quantification were achieved, particularly for Cd, demonstrating appropriate sensitivity concerning As, 
Cd, Pb, and Se determination in Ni alloy.

The maximum specification limits for the analytes in nickel alloys are 50 μg L-1 (As and 495 Cd), 
2 μg L-1 (Pb), and 1 μg L-1 (Se) according to AMS 2280. Thus, the LOQs obtained (Table I) comply 
with the legislation. The obtained linear correlation coefficients values were higher than 0.995, which 
is highly acceptable for the CPE method. The relative standard deviation, which express the method 
precision, was below 5% which is acceptable. 
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The enrichment factor values were considered satisfactory. They were obtained from the ratio of 
the slopes of the calibration curves constructed with calibration solutions submitted or not to CPE for 
the respective analytes. When CPE was not used the calibration solutions were matched to the final 
surfactant-rich phase (matrix-matched calibration curve); containing Triton X-114, and methanol mixed 
with 0.1 mol L-1 HNO3.

Sample analysis
The As, Cd, Pb, and Se concentrations found in the Inconel 625 nickel alloy sample and standard 

reference materials analyzed by following the developed method are given in Table III.

Table III. Arsenic, Cd, Pb, and Se determination in the nickel alloy sample (Inconel 625) and standard reference 
materials (CRMs) (n = 3)

Sample

Analyte Inconel 625
SRM® 361
(AISI 4340 

Steel)

SRM® 362
(AISI 94B17 

Steel)

SRM® 363
(Chromium-

Vanadium Steel)

SRM® 864
(Nickel alloy 
UNS N06600)

As Certified (µg g-1) - 170 ± 10 920 ± 5 100 ± 10 -

Found (µg g-1) < LD 173 ± 9 904 ± 11 94 ± 5 < LD

Added (µg L-1) 20 - - - 20

Obtained (µg L-1) 18.6 ± (0.5) - - - 19.9 ± (0.3)

Cd Certified (µg g-1) - - - - -

Found (µg g-1) < LD < LD < LD < LD < LD

Added (µg L-1) 0.45 0.45 0.45 0.45 0.45

Obtained (µg L-1) 0.45 ± (0.01) 0.46 ± (0.01) 0.42 ± (0.03) 0.47 ± (0.01) 0.44 ± (0.02)

Pb Certified (µg g-1) - - - - -

Found (µg g-1) < LD < LD < LD < LD < LD

Added (µg L-1) 10 10 10 10 10

Obtained (µg L-1) 9.1 ± (0.6) 9.5 ± (0.3) 9.4 ± (0.3) 9.8 ± (0.4) 9.7 ± (0.3)

Se Certified (µg g-1) - - - - -

Found (µg g-1) < LD < LD < LD < LD < LD

Added (µg L-1) 8 8 8 8 8

Obtained (µg L-1) 8.1 ± (0.6) 8.2 ± (0.3) 7.6 ± (0.07) 7.0 ± (0.2) 7.7 ± (0.3)

Considering that Inconel 625 contains Ni (65.5%) and Fe (1.1%) capable of forming complexes with 
DDTP, the interference of these elements on As, Cd, Pb, and Se extraction was investigated. According to 
Pearson’s theory, DDTP is a soft base and tends to interact preferentially with soft acids or intermediated 
acids such as Cd2+, Ni2+, or Ag+; and besides this, Ni also interferes in CPE due to the high ionic strength.17 
Citric acid helped to eliminate the interference of Ni because it has a masking effect on this element.37 
Ascorbic acid aided the elimination of Fe because Fe3+ reacts with DDTP, consuming the complexing agent 
and forming a black precipitate. Upon reaction with ascorbic acid, Fe3+ was reduced to Fe2+, which does 
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not form a complex with DDTP.29 Moreover, because both reagents have an acid character, experiments 
were conducted with and without pH adjustment with HCl. 

Arsenic, Cd, Pb, and Se were not detected in the analytical samples, with the exception of As in three 
CRMs. For this reason, analyte spiking was carried out to assess the method’s accuracy. Better analyte 
recovery was obtained by adding ascorbic acid and HCl to the sample solutions whereas non reproducible 
results were obtained using citric acid only. The analytes recovery in Inconel samples ranged from 91 to 
101% when acid ascorbic and citric acid were used.

For the CRMs SRM® 361, SRM® 362, and SRM® 363, an unpaired t-test of As results showed thar 
they agreed with certified values, and no differences were found for a 95% confidence level and recovery 
ranged from 88 to 104%.

CONCLUSIONS
This study demonstrated the efficiency of CPE for matrix separation/analyte extraction of As, Cd, Pb, 

and Se in nickel alloy samples. Among the variables investigated for CPE optimization, DDTP, HCl, and 
Triton X-114 concentrations were the most meaningful. 

The SEM-EDS characterization of the samples identified Fe, Ni and Cr as the major elements and due 
to the possible interference of Fe3+ in CPE, ascorbic acid was added to reduce Fe3+ species to Fe2+ which 
does not complex with DDTP. Due to the low concentration of As, Cd, Pb, and Se in Inconel samples (lower 
than limit of detection), their determination was not possible. 

Therefore, the Inconel samples and standard reference materials were spiked with known concentrations 
of analytes to assesses their recovery which presented satisfactory results (88 – 104%) demonstrating that 
the method is adequate for As, Cd, Pb, and Se determination.
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Supplementary Material

Table SI. Instrumental parameters for As, Cd, and Se determination after cloud point extraction using 
AAnalyst 800 (PerkinElmer)

Parameter Condition

Wavelength (nm) 193.7a, 228.8b, 196.0c

Radiation source Hollow cathode lamps of As, Cd, and Se

Electrical current (mA) 18ª, 8b, 25c

Slit (nm) 0.7a,b, 2c

Argon flow (mL min-1) 250

Background correction Longitudinal Zeeman Effect

a = As; b = Cd; c = Se.

Table SII. Instrumental parameters for Pb determination after cloud point extraction using ContrAA 700 
(Analytik Jena)

Parameter Condition

Wavelength (nm) 283.3060

Radiation source Short-arc lamp of Xenon

Electrical current (A) 13

Argon flow (L min-1) 2 

Background correction Simultaneous background correction

Table SIII. Graphite furnace temperature program for As, Cd, and Se determination after cloud point extraction using 
AAnalyst 800 (PerkinElmer)

Step Temperature (°C) Ramp (s) Hold (s) Ar flow rate (mL min-1)

Drying 110 1 30 250

Drying 130 15 30 250

Pyrolysis (800a, 1200b)1; (600a, 500b)2; (900a,b)3 10 20 250

Atomization (2000a,b)1; (1700a, 1300b)2; (1900a,1800b)3 0 5 0

Cleaning 2450 1 3 250

1 = As; 2 = Cd; 3 = Se; a = optimization of the CPE experimental parameters; b = after obtainment of the pyrolysis and atomization 
curves.

Systematic Study for Determining As, Pb, Cd, and Se in Steel and Nickel Alloy Samples by GF AAS: 
Circumventing Matrix Interference with Extraction Based on Micellar Separation

https://doi.org/10.1039/B202878F
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Table SIV. Graphite furnace temperature program for Pb determination after cloud point extraction using ContrAA 
700 (Analytik Jena)

Step Temperature (°C) Ramp (°C s-1) Hold (s) Air flow rate (L min-1)

Drying 90 3 20 2

Drying 110 5 10 2

Pyrolysis  900a, 1000b 300 10 2

Atomization 1900a,b 3000 3 0

Cleaning 2450 500 4 2

a = optimization of the CPE experimental parameters; b = after obtainment of the pyrolysis and atomization curves.

Braz. J. Anal. Chem. 2024, 11 (42), pp 94-111.
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Warfarin (WAR), brodifacoum (BDF) and 
bromadiolone (BDL) are compounds present in 
rodenticides, highly toxic to rats, humans and 
other animals. These compounds can be 
detected in complex matrices, such as stomach 
contents, by liquid chromatography techniques 
(HPLC) with mass spectrometry (MS) or 
fluorescence detection (FLD). However, no 
validated method showed determination of 
uncertainty in the quantification of these 
compounds. In this study, we compare the 
validation parameters of two analytical methods, 
HPLC-FLD and ultra high performance liquid 

chromatography (UHPLC-MS), with uncertainty estimation for the three cited compounds. The results 
showed that UHPLC-MS outperformed HPLC-FLD, however both methods were considered adequate for 
detection of WAR, BDF or BDL in samples of simulated human stomach contents, especially in cases of 
suspected contamination.

Keywords: chromatography, complex matrix, coumarin, measurement uncertainty, quantification

INTRODUCTION
Rodenticide poisoning is a common global health problem. The groups most affected by rodenticide 

poisoning in Brazil are children (accidental exposure) and adults (homicide and suicide attempts). 
Rodenticide poisoning typically occurs via ingestion of coumarin-derived anticoagulant rodenticides, such 
as warfarin (WAR - Structure A), brodifacoum (BDF - Structure B), bromadiolone (BDL - Structure C) 
(Figure 1), and indandione.1

 Coumarins are metabolic derivatives of phenylalanine comprising a benzene 
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ring attached to a pyran ring. They can be isolated from plants, fungi, and bacteria and have potent 
anticoagulant properties.2

Figure 1. The structures of the coumarin compounds.

In Brazil, 25,892 cases of rodenticide poisoning were reported between 2017 and 2021, including 19,267 
cases of attempted suicide, 4742 accidents, and 362 cases of attempted murder.3 Biological samples can 
be collected and sent to forensic toxicology laboratories for analysis in cases of suspected rodenticide 
poisoning due to accidental ingestion or criminal intoxication.4 

Rodenticides inhibit vitamin K epoxide reductase, causing active vitamin K deficiency, such that vitamin-
K-dependent clotting factors are not activated and remain non-functional, causing massive bleeding. 
Coumarin rodenticides can be distributed in different tissues, and blood and liver are the primary matrices 
used in forensic analysis. Owing to the long half-life of coumarin rodenticides, blood and liver tissue samples 
are preferred for ante- and post-mortem analyses, because they contain the highest concentrations of active 
compounds.1 However, in Brazil, stomach content samples have frequently been collected for the forensic 
analysis of coumarin compounds, and a validated method for the identification of coumarin compounds 
in animal stomach contents has recently been published.5–7 However, the only validated methods for the 
analysis of coumarin rodenticides involve the use of other matrices such as blood and liver samples.5–17

The stomach content is a complex matrix; therefore, several researchers have used artificial media 
to mimic it. Simulated gastric fluids containing pepsin, small amounts of bile salts, lecithin, and synthetic 
surfactants have been widely used in in vitro drug dissolution studies. However, simulated gastric fluids 
cause numerous interferences during analysis and lead to overestimating the physiologically important 
conditions of the actual stomach content. Therefore, simulated gastric fluids have recently been replaced 
with media containing Ensure® Plus nutrition shake, which have been more efficient in simulating “fed 
stomachs” and have facilitated the analysis of different compounds.18

Liquid chromatography (LC) methods, such as high-performance liquid chromatography (HPLC) and 
ultra-high-performance liquid chromatography (UHPLC), and gas chromatography (GC) in conjunction 
with mass spectrometry (MS), ultraviolet (UV), and fluorescence detection (FLD), have been used for 
compound analysis. Although CG-MS and LC-UV are commonly used to analyse rodenticides in biological 
samples, the types of samples that can be analysed using these methods are limited. This is attributed 
to the detection limit of GC-MS being approximately 10 times higher than that of LC-MS. Conversely, 
methods based on UV detection have low sensitivity for rodenticide quantification, especially in the 
concentration range of 10–100 ng mL-1.1 Therefore, HPLC-FLD,8–10 HPLC-MS,11 and UHPLC-MS 7,12–17 
are the most commonly used methods for analysing rodenticides in biological samples.1 A crucial step 
prior to chromatographic analysis is sample preparation using methods such as liquid–liquid extraction 
or solid-phase extraction (SPE), which can be used to isolate, purify, and concentrate analytes.1,5–17 Once 
the extraction and chromatography methods have been selected, they must be validated, if necessary.19 
Furthermore, it is critical to evaluate the measurement uncertainty of quantitative methods.
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According to the International Vocabulary of Metrology, measurement uncertainty is a non-negative 
parameter that characterises the dispersion of values assigned to a measurement.20 The ISO/IEC 
17025 standard states that testing laboratories should evaluate the uncertainty of measurements. If the 
measurement uncertainty of a method cannot be accurately estimated, an estimate should be made based on 
a theoretical understanding of the method or practical experience of the method performance. Furthermore, 
uncertainty evaluation should consider the contributions that are significant to the measurement results.21

Validation and evaluation of the uncertainty of a method are critical for forensic toxicology laboratories 
that quantify rodenticides in gastric content matrices. Established procedures are inadequate for yielding 
reliable results because they do not have measurement uncertainty. Materials should be collected and 
extracted prior to analysis, and these steps should be reproducible and allow for satisfactory analyte 
recovery. Therefore, in this study, we optimised and compared the performance of HPLC-FLD and UHPLC-
MS as methods for identifying rodenticidal coumarin compounds in simulated human stomach content 
samples. Furthermore, we determined the factors that contributed to measurement uncertainty. 

MATERIALS AND METHODS
Chemicals and reagents 

The WAR, BDF, and BDL standards were purchased from LGC-GmbH (Germany). Ultra-high-
temperature–processed Ensure® Plus nutrition shakes were obtained from Abbott (Brazil). Acetone, 
acetonitrile, and methanol were acquired both from Sigma-Aldrich (Brazil) and SK Chemicals (South 
Korea). Apple pectin, acetic acid, ammonium acetate, triethylamine, and ammonium hydroxide were 
purchased from Sigma-Aldrich (Brazil).

Preparation of the stock solutions
Stock solutions of WAR, BDF, and BDL in acetonitrile were prepared in triplicate, and their concentrations 

were determined gravimetrically. The working solutions were stored at 2–8 °C according to Chalermchaikit 
et al.22 The concentrations of the WAR, BDF, and BDL stock solutions were 597.4, 617.6, and 590.9 µg g-1; 
661.2, 546.5, and 646.8 µg g-1; and 636.9, 589.2, and 625.2 µg g-1, respectively.

Preparation of the working solutions
To construct the calibration curves of the WAR, BDF, and BDL solutions, working solutions with nominal 

concentrations of 300, 500, 700, 900, and 1100 ng g-1 were prepared in triplicate by diluting the stock 
solutions with a methanol–water mixed solvent (1:1 (v/v)).23 The dilutions were performed in vials by 
adding predetermined volumes of the working solutions to the mixed solvent. The volumes of the working 
solutions were measured gravimetrically using an analytical balance, and the actual concentrations of the 
diluted solutions were calculated using the experimental data.

Sample preparation
Preparation of the simulated stomach content matrix and enriched matrices

A simulated stomach content matrix was used because of the complex and diverse chemical composition 
of the real stomach content matrix. The experimental medium simulated the initial composition of the 
postprandial stomach (’fed state’). Furthermore, it contained numerous interferents and mimicked the 
physiological conditions of a real stomach matrix, which could interfere with rodenticide analysis (e.g. pH, 
osmolarity, and analyte adsorption on the surfaces of the solid matrix components).24

Simulated stomach content samples were prepared as follows. The nutrient composition of the Ensure® 
Plus nutrition shake used in this study was comparable to that of the standard North American breakfast, 
according to the Food and Drug Administration. The viscosity of Ensure® Plus nutrition shake was increased 
using 0.45% pectin to obtain a medium simulating the initial composition of the postprandial stomach.25

WAR, BDF, and BDL stock solutions were added to simulated stomach content matrices to obtain 
enriched matrices with five analyte concentrations (in triplicate) at nominal concentrations of 300, 500, 

Bezerra, F. A. F. M.; Sade, Y. B.; Damasceno, J. C.; Silva, R. C.
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700, 900, and 1100 ng g-1. The concentrations of WAR, BDF, and BDL in the enriched matrices were 
determined gravimetrically, and the volumetric masses of the stock solutions and enriched matrices were 
measured in 50 mL conical tubes using an analytical balance to a final mass of 5 g.

Extraction of the enriched matrices
Both the preparation of the fortified matrix and the extraction process were carried out on the same day 

in the ambient temperature range of the test laboratory (20-25 °C).
Approximately 5 g of acetone was added to each enriched matrix under shaking. The mixtures were 

then centrifuged at 17,000 g at 4 °C for 15 min to obtain two-phase systems. The supernatants were 
collected, filtered into 5 mL borosilicate glass flasks using 0.22 µm polyvinylidene fluoride membranes 
(Analítica, Brazil), and allowed to rest overnight in a refrigerator (2-8 °C) to decant any suspended particles 
that could interfere with the analysis. Thereafter, 1 mL of each supernatant sample was collected and 
transferred to a 2 mL HPLC glass vial (Waters, USA).

Instrumentation
Chromatographic separation was performed using an Alliance HPLC system (Waters, USA) equipped 

with a separation module (e2695) and an analytical column (Symmetry C-18, 4.6 mm × 75 mm, 3.5 μm 
particle size; Waters, USA). The temperature of the column was maintained at 50 °C during separation, and 
the sample injection volume was 10 μL. Gradient elution was performed using a mobile phase comprising 
40 mM ammonium acetate, 0.2% acetic acid, and 0.2% triethylamine in ultrapure water (mobile phase A) 
or methanol (mobile phase B) at a flow rate of 0.5 mL min-1. The gradient used for BDF and BDL was as 
follows: 0–2 min, 52% B; 2–13 min, linear gradient to 82% B; 13–16 min, linear gradient to 87% B; and 16–
30 min, linear gradient to 52% B. The gradient used for WAR was as follows: 0–2 min, 20% B; 2–10 min, 
linear gradient to 52% B; 10–16min, linear gradient to 70% B; 16–23 min, linear gradient to 82% B; 23–27 
min, linear gradient to 52% B; and 27–30 min, linear gradient to 20% B. The analytes were detected using 
a Waters 2475 multiwavelength fluorescence detector (FLD) with emission and excitation wavelengths of 
390 and 318 nm, respectively.22 The Empower software (Waters, USA) was used to process and analyse 
the chromatograms. 

UHPLC analysis was performed using an Acquity H-Class system (Waters, USA) equipped with an 
Acquity UPLC® BEH C-18 column (2.1 mm × 50 mm, 1.7 μm particle size; Waters, USA). The column 
temperature during separation was maintained at 50 °C, and the injection volume was 1 μL. Gradient 
elution was performed using a mobile phase comprising water (mobile phase A) and acetonitrile (mobile 
phase B) at a flow rate of 0.3 mL min-1. The gradient used was as follows: 0–2 min, 5% B; 2–6 min, linear 
gradient to 90% B; 6–8 min, 90% B; and 8–10 min, linear gradient to 5% B. The analytes were detected 
using a Xevo® TQ-S triple quadrupole mass spectrometer (Waters, USA) equipped with an electrospray 
ionisation (ESI) source. Data were collected under the following experimental conditions: nebulisation 
pressure of 69 kPa; source temperature of 150 °C; and collision flux, desolvation, and gas cone of 0.15 
mL min-1, 1000 L h-1, and 150 L h-1, respectively. The capillary voltage was optimised to 2.35 kV in the 
negative ESI mode. Dwell times ranging between 10 and 110 ms per transition were selected for each 
analyte. The multiple reaction monitoring (MRM) mode was used to monitor ion transitions. For each 
compound, the most and second-most intense product ions were selected for quantitative and qualitative 
analyses, respectively. The monitored transitions were as follows: 307.1 → 161.0 and 307.1 → 250.1 
for the identification and quantification of WAR, respectively, 523.1 → 143.0 and 523.1 → 80.0 for the 
quantification and identification of BDF, respectively, and 527.0 → 181.0 and 527.1 → 275.0 for the 
quantification and identification of BDL, respectively.17 The MassLynx software with the TargetLynx add-on 
(Waters) was used to process and analyse the experimental data. 
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Validation
Calibration curves of WAR, BDF, and BDL in solutions and enriched matrices

Linearity was investigated by analysing the calibration curves of WAR, BDF, and BDL in solutions 
and enriched matrices in the concentration range of 300–1100 ng g-1. Five points were selected in 
this concentration range, and experiments were performed in triplicate for a total sample space of 15. 
Calibration curves were constructed by plotting the instrument response signal (peak area) against the 
analyte concentration, which was determined gravimetrically. Linearity was evaluated by analysing the 
results of the linear regression curves.23 Prior to performing linear regression, the raw data were analysed 
using the Grubbs and Cochran tests to identify outlier values and determine the homoscedasticity of the 
data. A linear regression model was then applied to the experimental data using the Excel Data Analysis 
tool to evaluate the statistical significance of the regressions (at a confidence level of 95%), obtain the 
standardised residual plots, and determine the correlation coefficients (r2). The acceptance criteria for the 
linearity parameter were r2 ≥ 0.98 (7), a p-value of the F-test for regression of < 0.05, and a residual plot 
with a random distribution around the Y-axis (no trends), confirming linearity.19 The limits of detection and 
quantification (LOD and LOQ, respectively) were defined as the lowest concentrations with signal-to-noise 
ratios of 3 and 10, respectively, and were calculated according to Equations 1 and 2:19

	 	 Equation 1

	 	 Equation 2

where s and b are the standard deviation of the blank solution and slope of the 
calibration curve of the matrix, respectively.

Considering previously reported data on coumarin rodenticides in the stomach contents of animals, we 
established that the LOQ acceptance criterion was LOQ ≤ 1 µg g-1.6 As LOD was three times smaller than 
LOQ, the LOD acceptance criterion was defined as LOD ≤ 0.33 µg g-1.

Selectivity
To determine the selectivity of the quantitative analysis methods, a t-test was performed to compare the 

slopes of the curves of the WAR, BDF, and BDL solutions and matrices enriched with these compounds. 
Before performing the t-test, an F-test was conducted to check the variance homogeneity between the 
curves for the solutions and matrices. Subsequently, a t-test was performed with a confidence level of 
95% to compare the values of slopes (from the straight lines of the compounds in solutions and matrices) 
within the minimum and maximum slope values of the linear regressions.19 To assess the selectivity of 
the qualitative analysis methods, the response (peak area) of the blank (rodenticide-free matrix) was 
compared with those of the first points of the matrix curves, and the results were used to evaluate the 
degree of interference of the matrix with the analyte signal.26 The acceptance criterion for quantitative 
methods was a p-value of the t-test > 0.05.19 For qualitative analysis methods, the signal of the blank 
matrix should not exceed 20% of the response at a concentration of 300 ng g-1.26

Recovery
Recovery was determined by selecting two concentrations from the curves of the WAR, BDF, and 

BDL solutions and enriched matrices (300 and 700 ng g-1). Using the matrix peak areas and equations 
describing the curves of the WAR, BDF, and BDL solutions, we determined the actual concentrations of 
WAR, BDF, and BDL in the enriched matrices at preselected concentrations. Recovery was determined by 
calculating the recovery rate (EP (%)) according to Equation 3:

Validation and Uncertainty Calculation of Rodenticide Analysis Methods in a 
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	 	 Equation 3

where R is the ratio between the mean real concentration of the enriched matrix 
(Xmr) and mean gravimetric concentration of the enriched matrix (Xmt).19 

The acceptance criterion for the EP was determined to be EP ≥ 62% using a method for analysing 
coumarin rodenticides in matrices extracted with acetone.¹ 

Precision
The precision of the analytical methods was determined by preparing enriched matrices with 

concentrations of 300 and 700 ng g-1 in septuplicate. After the samples were extracted and analysed 
using LC, we determined the actual concentrations of WAR, BDF, and BDL in the enriched matrices at 
preselected concentrations using matrix signal data and the equations describing the curves of the WAR, 
BDF, and BDL solutions. The precision of each method was determined by calculating the coefficient of 
variation (CV), according to Equation 4:19

	 	 Equation 4

where Xv is the actual concentration of the enriched matrix. 

To determine the intra-day precision of the analytical methods, chromatographic analyses were 
performed on the day that the enriched matrices were prepared and extracted with acetone (day 1). To 
determine the inter-day precision of the analytical methods, chromatographic analyses were performed 
using the same samples, equipment, and analysts as those used for the intra-day precision experiments, 
and measurements were performed on two consecutive days (days 2 and 3). The CV value of the inter-
day precision was calculated as the mean of the CV values of the data collected during the three days.19 
The acceptance criterion for precision was CV < 12.2%, which was established based on a method used 
to analyse coumarin rodenticides in matrices extracted with acetone.1 

Uncertainty of concentration measurements
The concentrations of WAR, BDF, and BDL (xR) were predicted using the calibration curves of the 

corresponding solutions and by the dilution factor (Fd), according to Equation 5:

	 	 Equation 5

where yR is the average signal value (peak area) of the sample and a and b are the 
coefficients of the fitted line.27 

The dilution factor was calculated by the ratio between the matrix mass and the total mass after addition 
of acetone and its uncertainty (uFd) was determined considering the repeatability of matrix masses and 
the calibration uncertainty of the analytical balance as sources. In addition, the uncertainty of the average 
xR values was determined using the law of propagation of the uncertainty to the prediction equation, 
according to Equation 6:

	 	 Equation 6

where uyd is the standard uncertainty of the reproducibility of the measurements of the sample 
signal, ua is the standard uncertainty of a, ub is the standard uncertainty of b, and ra,b is the 
correlation coefficient between the coefficients of the fitted line.27 
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These data allowed us to build a cause-effect diagram for the established mathematical model (Figure 2). 
The inputs of the uncertainty model were the repeatability of the responses or signals (YR), the coefficients 
of the fitted line (a and b) as well as the dilution factor (Fd), and the output was XR. 

Figure 2. Sources of uncertainty considered in the 
Ishikawa diagram.

RESULTS AND DISCUSSION 
Optimization 

Acetonitrile6,16 was used to prepare the working solutions, and acetone was used as the extraction 
solvent5,6,15 because of the high solubilities of WAR, BDF, and BDL in these solvents. Acetonitrile, which is 
commonly used for rodenticide extraction,14,16 was also tested; however, the average recoveries of WAR, 
BDF, and BDL in acetonitrile were lower than the acceptance criteria. Once the optimal solvents were 
selected for the preparation of the stock, working, and extraction solutions, we determined the method 
best suited for LC.

We used a gradient chromatography method because it yielded better separation of analytes from 
matrices than the isocratic method, as described in several recent papers on the analysis of rodenticides.16,17 
An HPLC-FLD gradient method (the chromatographic run method most indicated in articles for analysis 
in complex matrices)22 was used, and it yielded satisfactory results for the analysis of WAR, BDF, and 
BDL in the gastric content matrix, as the analyte peaks were separate from the matrix interference peaks. 
The gradient UHPLC-MS method was based on a previously described protocol.17 For these methods, 
the signals of the compounds were detected only at concentrations higher than 200 ng g-1; therefore, a 
working concentration range of 300–1100 ng g-1 was selected to compare the validation parameters of the 
HPLC-FLD and UHPLC-MS methods. This concentration range was similar to that used for the analysis of 
raticides in animal gastric matrices (100–1000 ng g-1).7 

The acquisition mode of the MS instrument was set to MRM after selecting the gradient UHPLC method 
and working concentration range. These settings have been widely used in recent studies, as they allow 
the monitoring of different reactions and selection of fragments with good signal-to-noise ratios.14–16 In 
contrast, the selected reaction monitoring (SRM) mode is used in rodenticide analysis only when bulk 
analyte data are available.16 SRM is often used when researchers have already collected analyte data and 
would like to monitor the product ions produced by specific reactions of the m/z precursor ions selected 
during a previous MS stage instead of acquiring the entire mass spectra of the product ions.28 However, the 
MRM mode yields lower LOD values; hence, the MRM mode is the most suitable mass acquisition mode 
for the analysis of coumarins, as it enables monitoring several transitions and selection of high signal-
to-noise responses.14 After optimising the methods and generating the calibration curves, the methods 
were evaluated by comparing the results considering the validation parameters and previously established 
acceptance criteria.

Validation parameters used to evaluate method performance
Table I summarises the results of the chromatographic validation methods for the analysis of rodenticides 

in the simulated stomach content matrices. The compounds that yielded unsatisfactory results were not 
used for subsequent parameter evaluation. The linearity values were analysed first.
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Table I. Performance parameters for high-performance liquid chromatography-fluorescence detection (HPLC-FLD) and ultra-high-performance liquid 
chromatography-mass spectrometry (UPLC-MS). Here, WAR, BDF, BDL, LOD, LOQ, EP, and CV denote warfarin, brodifacoum, bromadiolone, limit of detection, 
limit of quantification, recovery rate, and coefficient of variation, respectively.

Parameter Acceptance criteria Results for HPLC-FLD Satisfactory? Results for UHPLC-MS Satisfactory?

Linearity (matrix) r2 ≥ 0.98, p-value < 0.05, 
and residual plot with 
random distribution

WAR: r2 = 0.99 and p-value < 0.0001
BDF: r2 = 0.98 and p-value < 0.0001
BDL: r2 = 0.98 and p-value < 0.0001

Yes, for all coumarins WAR: r2 = 0.98 and p-value < 0.0001
BDF: r2 = 0.99 and p-value < 0.0001
BDL: r2 = 0.99 and p-value < 0.0001

Yes, for all coumarins

LOD (matrix) LOD ≤ 330 ng g-1 LOD of WAR = 24.4 ng g-1 
LOD of BDF = 77.8 ng g-1 and 
LOD of BDL = 138.2 ng g-1

Yes, for all coumarins LOD of WAR = 0.1 ng g-1 
LOD of BDF = 3.2 ng g-1 and 
LOD of BDL= 11.2 ng g-1

Yes, for all coumarins

LOQ (matrix) LOQ ≤ 1000 ng g-1 LOQ of WAR = 74.1 ng g-1

LOQ of BDF = 235.7 ng g-1 and 
LOQ of BDL = 418.6 ng g-1

WAR: white sign = 0 u.a. and 
smallest point sign = 2 245 254 u.a.

Yes, for all coumarins LOQ of WAR = 0.3 ng g-1 
LOQ of BDF = 9.8 ng g-1 and 
LOQ of BDL = 33.9 ng g-1

WAR: white sign = 39 u.a. and 
smallest point sign = 695 413 u.a.

Yes, for all coumarins

Selectivity response should be lower 
than 20% of the response 
for a concentration of 
300 ng g-1

BDF: white sign = 0 u.a. and 
smallest point sign = 15 782 643 u.a.

BDL white sign = 3 286 426 u.a. and 
smallest point sign = 8930648 u.a.

Only for WAR and BDF BDF: white sign = 743 u.a. and 
smallest point sign = 60 945 u.a.

BDL white sign = 98 u.a. and 
smallest point sign = 3560 u.a.

Yes, for all coumarins

Recovery EP ≥ 62% EP of WAR = 67.2% Yes EP of WAR = 49.5% and
EP of BDF = 64.5% 

BDF only

Precision CV ≤ 12% CV of WAR: intra-day precision = 1.0% 
and inter-day precision = 1.2%

Yes CV of BDF: intra-day precision = 2.1% 
and inter-day precision = 2.0%

Yes

Relative uncertainty N.A.a u WAR = 6.4% N.A.a u BDF = 11.5% N.A.a

a N.A. = Not Applicable
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Linearity, LOD, and LOQ values of the chromatography methods
The linearity of the curves for the WAR, BDF, and BDL solutions and enriched matrices was evaluated 

in the working concentration range of 300–1100 ng g-1. In recent studies on the validation of analytical 
methods for rat poison, only r2 values were used to evaluate linearity, with r2 > 0.99.14,16,17 The r2 values in 
this study were lower than those previously reported. However, the r2 values of the curves were close to 
the r2 value considered satisfactory in the linearity acceptance criterion in a recent study on rodenticides in 
an animal gastric content matrix.7 In addition, the results met the criteria for evaluating linearity in terms of 
the p-values of the F-test and inspection of the residual plots.19 

According to the acceptance criteria, the curves of the WAR, BDF, and BDL solutions and enriched 
matrices were linear. However, the curves of BDF and BDL obtained using HPLC-FLD exhibited wider 
residue scattering at higher concentrations. This was ascribed to the low solubilities of BDF and BDL in 
methanol and water, which were the solvents used to prepare the working solutions and mobile phases. 
The residue plots of the HPLC curves of WAR, BDF, and BDL in the enriched matrices did not show 
the same patterns of residue scattering (WAR, BDF, and BDL were present in the acetone-containing 
supernatant). For the UHPLC-MS data, we encountered no problems during the visual evaluation of the 
residue graphs for all samples, except for the BDL solutions. This further emphasised the usefulness of 
UHPLC-MS for the quantitative analysis of rodenticides and justified its use in recent studies.16,17 

The LOD and LOQ values were determined using the curves of WAR, BDF, and BDL in the enriched 
matrices. The results were considered satisfactory, as they were comparable to those reported recently 
by researchers who analysed WAR, BDF, and BDL in stomach content matrices of animals7 and other 
matrices using acetone extraction followed by LC-FLD8,9 and LC-MS.11,13 The LOD values obtained in this 
study were lower than the critical LOD (260 ng g-1). Therefore, our methods are suitable for the detection of 
coumarin compounds at concentrations below the critical LOD. The critical LOD was calculated considering 
the theoretical poisoning of a two-year-old child (the age group with the highest number of poisoning cases 
in Brazil,29 the gastric volume after 1 h of fasting30 and the toxic rodenticide dose for children of 0.014 mg 
kg-1.31 After confirming the linearity of the curves in solutions and the enriched matrices, the curves were 
compared to determine the selectivities of the methods and confirm whether the methods were quantitative.

Comparison of method selectivity and evaluation of intended use
Considering the acceptance criteria for qualitative methods, our results indicated that HPLC-FLD and 

UHPLC-MS were selective for all the coumarins evaluated, except for HPLC-FLD for BDL. This was 
attributed to the presence of a diastereomeric pair at different retention times in the chromatograms of all 
solutions and matrices using different mobile phases and isocratic and gradient methods, except for the 
BDF chromatograms, which presented only one peak, although BDF consisted of a diastereomeric pair. 
Therefore, the selectivity of the HPLC-FLD method for BDL was unsatisfactory because two well-separated 
analyte peaks were present in the chromatograms of BDL. The integration method used for the enriched 
matrices was the same as that used for the blank matrices. Therefore, the two peaks corresponding 
to the diastereoisomer pair were integrated and processed together. The mean signal obtained from 
the blanks was 20% stronger than the mean signal for the lowest concentration point on the curve, an 
unsatisfactory result for selectivity. We hypothesised that the physical and chemical properties of the cis 
and trans diastereoisomers of BDL were different,17 causing their different distributions in organic solvents 
and different retention times. 

The diastereomers of BDL can be separated using achiral columns. Some researchers have reported 
the presence of two peaks in the chromatograms of BDL using C-8 and C-18 reversed-phase columns 
under acidic conditions and acetate or ammonium formate ions in the mobile phase and used the first 
and primary peaks to quantify BDL.15 The use of only the primary peak of BDL for integration was not 
considered because the two peaks were not completely separated and commercial raticides typically 
contain two diastereoisomers.17 Therefore, in this study, chromatographic analysis of BDL was performed 
by integrating the peaks of both diastereoisomers.

Validation and Uncertainty Calculation of Rodenticide Analysis Methods in a 
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Selectivity analysis was performed to determine whether the matrix components interfered with 
the signals of the rodenticide isomers, and the methods were determined to be selective for detecting 
coumarins. 

Comparison of method recovery and matrix complexity
The recovery values of HPLC-FLD and UHPLC-MS were satisfactory according to the acceptance 

criteria. The recovery values obtained herein were similar to those reported in recent publications on the 
analysis of WAR, BDF, and BDL in animal gastric content matrices7 and other matrices using acetone 
extraction followed by LC-FLD analysis;8,9 In contrast, the recovery values obtained herein were lower than 
those reported in publications on the use of LC-MS in other matrices13,15 and the values recommended by 
the Association of Official Analytical Chemists (AOAC).19 The matrix used in this study was complex, as the 
Ensure® Plus nutrition shake contains many macromolecules, such as carbohydrates, lipids, proteins, and 
vitamin K,32 which can interact with rodenticides and hinder their recovery. Therefore, the composition of 
the extraction solvent can be changed to increase its affinity for the analytes. Nevertheless, the HPLC FLD 
and UHPLC–MS methods were classified as qualitative, such that recovery values were not required for 
validation. The recovery values of HPLC-FLD for BDF and BDL and those of UHPLC-MS for BDL were not 
calculated because of the challenges encountered in constructing the curves of the compounds in solution. 
This is one of the reasons why rat toxin analysis via LC-MS has been used more frequently because it is 
considered more reliable and selective according to the reported validation parameters.1

Comparison of method precision values
The precision values of the HPLC-FLD and UHPLC-MS methods were considered satisfactory based 

on the acceptance criteria. The intra- and inter-day precision values were consistent with those recently 
reported in papers on the analysis of WAR and BDF in an animal gastric content matrix7 and other matrices 
using acetone extraction followed by LC-FLD8,9 and LC-MS analyses.11,13,15 Moreover, the values were 
within the range recommended by the AOAC.19 The performances of the HPLC-FLD and UHPLC-MS 
methods were comparable, demonstrating the accuracy of the methods. The precision of the UHPLC-MS 
method for WAR was not calculated because the recovery of the method was unsatisfactory. The recovery 
values of UHPLC-MS for WAR, BDF, and BDL were lower than those of HPLC-FLD, probably because of 
ionic suppression, a common shortcoming of methods using MS detectors.10 

Ionic suppression is defined as the loss of signal from the analyte of interest owing to the co-elution 
and ionisation of an interfering compound in the matrix. To avoid false recovery values, the degree of ion 
suppression must be determined by analysing the degree of matrix interference in the analyte signal, which 
is evaluated using the selectivity parameter. If the blank matrix signal is too high, it is likely to be noise and 
should be corrected accordingly. To diminish the effect of ion suppression, the signal processing method 
(noise reduction) or extraction technique (e.g. using SPE) can be refined to diminish matrix interference.33 
The uncertainty of each method was calculated after all validation steps were performed.

Comparison of the uncertainty values of the HPLC–FLD and UHPLC–MS methods
Uncertainty (%) was calculated as the ratio between the uncertainties and averages of the measured 

values. The uncertainty of UHPLC-MS was lower than that of HPLC-FLD (Table II). The expanded 
uncertainty was calculated using the contributions of the solution curve uncertainty at the concentration 
midpoint and repeatability uncertainty. Although the ABNT NBR 17025:2017 standard can be used to 
estimate the uncertainty of testing methods, measurement uncertainty in rodenticide analysis studies using 
LC has not yet been reported. Although not mandatory for qualitative methods, uncertainty is critical for 
guaranteeing result validity and ensuring accurate and reliable rodenticide concentration measurements. 
The uncertainties of the concentration values determined using rodenticide quantification assays can 
significantly help forensic experts identify the cause of poisoning, providing a method for conducting 
conformity assessment analyses with specified confidence levels. A well-executed analysis can help 
resolve many cases of rodenticide poisoning that have not yet been elucidated.
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Table II. Concentrations of warfarin (WAR) and brodifacoum (BDF) solutions determined 
using high-performance liquid chromatography-fluorescence detection (HPLC-FLD) and 
ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS) and 
relative measurement uncertainties.

Compound Chromatographic 
method

Concentration 
(ng g-1)

Relative
 uncertainty (%)

WAR HPLC-FLD 802 ± 51 6.4

BDF UHPLC-MS 842 ± 97 11.5

CONCLUSION
According to the validation parameters, the HPLC-FLD and UHPLC-MS methods were satisfactory for 

the detection of rodenticides in human gastric content matrices and forensic toxicology applications. For 
analyses that require quantitative tests, the UHPLC-MS method should be used, and the extraction step 
should be optimised to obtain adequate selectivity and recovery values.

Although in this study we did not use a real matrix, the performance of the artificial medium during the 
validation steps was similar to that reported for animal gastric content samples.7 Therefore, HPLC-FLD 
and UHPLC-MS can be used as references for the validation of real human gastric content matrices. 
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9th Analitica Congress and National Meeting of 
Analytical Chemistry (ENQA) Addressed Medicinal 
Cannabis for the First Time

The 9th Analitica Congress and the National Meeting of Analytical Chemistry (ENQA) were held on 
September 26–27, 2023, at the São Paulo Expo Exhibition & Convention Center, São Paulo, SP, Brazil. 
The event broke attendance records with approximately 135 attendees, about 35% more than the previous 
edition. With about 10 hours of exclusive content, important topics such as “3D Printing in Analytical 
Chemistry” and “New Strategies for Food Analysis” were discussed. Two topics attracted a lot of attention: 
“Forensic Analysis”, which focused on a new method in Brazil for testing drugs with sublingual absorption, 
and “Cannabis Characterization and Analytical Methods”. This was the first time that the topic of medicinal 
cannabis was addressed at the Analitica Congress.

Participants attending a presentation at the Analitica Congress. Photo: Analitica Latin 
America (ALA) Press Office.

The event also featured awards for scientific studies in the field of analytical chemistry. Out of 25 
finalists, three were selected as the best works and each received a voucher to be used at NMB Travel, 
the travel agency of NürnbergMesse Brasil. All the finalist works were displayed as posters during the 
three-day event. According to Nadja Bento, Director of the Life Science Portfolio at NürnbergMesse Brasil, 
“Initiatives such as these awards help to promote scientific development. Analytical chemistry is present in 
many areas of our lives, from the development of new medicine to the quality control of the food we eat. 
That’s why we must not only generate business but also generate knowledge, and value our scientists.”. 

At this event, the first Analitica Road Show was announced, which will take place in Santiago, Chile, on 
April 10, 2024. The creation of the Analitica Road Show aims to disseminate the knowledge generated at 
the Analitica Congress to other Latin American countries. “It will be a unique opportunity for us to continue 
promoting the development of analytical chemistry and the link between academia and the market in Latin 
America,” concluded Nadja Bento.
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Commemorative Panel
The Brazilian Journal of Analytical Chemistry (BrJAC) held a panel session to celebrate the achievement 
of the Journal Impact Factor2022 of 0.7

During this panel session, the Young Talent in Analytical Chemistry Award, created by BrJAC to 
recognize outstanding young researchers in (bio)analytical chemistry, was presented. The winner of the 
2023 award was Prof. Dr. Boniek Gontijo Vaz, who holds a degree in chemistry from the Federal University 
of São Carlos (2007), a master’s degree in chemistry from the State University of Campinas - Unicamp 
(2009), and a Ph.D. in science from Unicamp (2011). Dr. Vaz is currently an Associate Professor at the 
Institute of Chemistry of the Federal University of Goiás (IQ-UFG), General Secretary of the Latin American 
Association of Organic Geochemistry (ALAGO) since 2018, and Associate Editor of the journal Quimica 
Nova. He also coordinates the Chromatography and Mass Spectrometry Laboratory (LaCEM) at IQ-UFG.

Additional information on the BrJAC Commemorative Panel is presented in BrJAC 2024, Vol 11, No. 
42, pp 131-132. 

Dr. Boniek G. Vaz, Luciene Campos (BrJAC Publisher) and Dr. Arruda (BrJAC Editor-
in-chief) at the Young Talent in Analytical Chemistry award ceremony. Photo: Luciene 
Campos.

A short interview with Prof. Dr. Boniek Gontijo Vaz
BrJAC: How did it feel to receive the Young Talent in Analytical Chemistry Award?
Dr. Vaz: Receiving this recognition from BrJAC was a milestone for me. BrJAC is not just a symbol, but 
a living testimony to the resilience and incredible success of our scientific community, which serves as 
an inexhaustible source of inspiration. For me, this award is not just a trophy, but a boost, a spark that 
rekindles and fuels the flame of my passion for scientific research. It strengthens my mission to continue 
investing in analytical chemistry in Brazil and to train qualified professionals who will drive the scientific and 
technological growth of our country.

9th Analitica Congress and National Meeting of Analytical Chemistry (ENQA) 
Addressed Medicinal Cannabis for the First Time
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BrJAC: How did you begin your career?
Dr. Vaz: My journey into the world of science took shape during my master’s and Ph.D. studies when I 
immersed myself in the fascinating world of mass spectrometry. I remember that time like it was yesterday, 
especially because of the installation of the pioneering FT-ICR MS instrument at Unicamp. Together with 
Petrobras, the national oil and gas company of Brazil, I was able to develop productive partnerships, 
always looking for methodological innovations and analytical solutions that made a significant contribution 
to the field of analytical chemistry. Then, in 2012, as a result of the recognition of my expertise, I was 
approved for a professorship at UFG, which opened doors and allowed me to build a solid research group 
in the field of mass spectrometry. This path not only shaped my career, but also solidified my passion for 
research and innovation.

BrJAC: What advice can you give to someone starting a career in 
analytical chemistry?
Dr. Vaz: I would say that passion is your compass. If you put your 
heart into it and love what you do, success will follow naturally. First, 
young researchers need to make sure that the field they have chosen 
matches their interests and aspirations. Once they have this clarity, they 
must dedicate themselves deeply to their chosen purpose. As in any 
field, patience is essential. Standing firm and persevering in the face of 
challenges is the way to quickly see the fruits of their work appear.

BrJAC: What are your plans for the future?
Dr. Vaz: In the future, I intend to deepen my research into the universe 
of complex mixtures and try to extract even more detailed data. I’m about 
to start a new phase of research that focuses on the isotopic composition 

of molecules commonly found in these mixtures. Isotopic data bring complementary layers of information, 
giving us tools to trace the history of a given sample. This has the potential to answer many questions in 
the geosciences, environmental studies, and medicine. My goal is to lead the development of innovative 
isotopic analysis methods that take advantage of the capabilities of high-resolution mass spectrometry.

BrJAC: What are you currently working on?
Dr. Vaz: I am currently immersed in the fascinating world of mass spectrometry and organic geochemistry, 
with a focus on complex mixture analysis and petroleomics. In short, I’m dedicated to understanding the 
chemical composition, origin, migration, and transformation of organic compounds over time on Earth. 
Mass spectrometry has become an invaluable tool in this process, helping us identify molecules that tell 
us stories from millions of years ago. It’s like being a molecular detective, unraveling mysteries hidden 
deep within the Earth. In addition to technical research, I am deeply committed to education. Teaching at 
the postgraduate level is a passion, as it allows me to mentor and shape the next generation of scientists. 
And, of course, I remain heavily involved with the Latin American Association of Organic Geochemistry 
(ALAGO), an organization that fosters an environment for discussion and interaction in the field of organic 
geochemistry, and with the journal Quimica Nova, where I am an associate editor, giving me a unique 
perspective on advances in the field of chemistry in Brazil and Latin America.

Prof. Dr. Boniek Gontijo Vaz, winner of 
the Young Talent in Analytical Chemistry 
award. Photo: Boniek G. Vaz.

Braz. J. Anal. Chem. 2024, 11 (42), pp 125-130.
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Chromatography and Mass Spectrometry Laboratory (LaCEM) Research Group at 
the Institute of Chemistry of the Federal University of Goiás. Photo: Boniek G. Vaz.

Analitica Latin America Expo welcomed nearly 10,000 visitors
Analitica Latin America Expo, the most important trade show for the chemical industry in Latin America, 

was held on September 26–28, 2023, at the São Paulo Expo Exhibition & Convention Center, São Paulo, 
SP, Brazil, and set a new record for attendance: 9,708 attendees. This figure represents a 77% increase 
over the previous edition of the event.

With more than 300 exhibitors, Analitica Latin America Expo is back to being a biennial event and the 
next one has already been scheduled. It will take place between September 23 and 25, 2025, at the São 
Paulo Expo Exhibition & Convention Center.

Companies have noticed an increase in the number of visitors to their stands. The creation of new 
contacts and the generation of business is a common point cited by most exhibitors and visitors alike.

The interest in signing new contracts was also reflected in the Business Roundtable session organized 
by NürnbergMesse Brasil, the show’s organizer. The Business Roundtable brought together 67 companies, 
20 sellers, and 47 buyers, and generated an audited value of R$ 14.4 million in just two hours of meetings. 
“This is what makes our event different. By bringing together a qualified audience and focusing on sectors 
that involve the entire analytical chemical industry chain, we can generate relevant connections that move 
the market.” explained Nadja Bento.

9th Analitica Congress and National Meeting of Analytical Chemistry (ENQA) 
Addressed Medicinal Cannabis for the First Time



129

Visitors walking around the Analitica Latin America Exposition. Photo: ALA Press Office.

During the event, suppliers, distributors, and manufacturers from the laboratory technology, 
biotechnology, and quality control sectors presented the latest news and trends in the analytical chemistry 
industry to visitors.

Nova Analítica, founded in 1992, was present at the exhibition and presented its products. Nova 
Analítica’s objective is to promote and guarantee customer satisfaction, meeting, or exceeding expectations 
with the quality of its products and services. To achieve this, Nova Analítica is committed to supplying the 
best equipment and accessories for laboratories, manufactured by internationally renowned companies, 
and to providing technical and commercial support to meet the needs of each customer, however specific 
or complex they may be. Read more.

Thermo Fisher Scientific, a world leader in scientific products and solutions, was also present at 
the exhibition. In Brazil, more than 500 employees, from operations to customer service, reinforce the 
company’s scientific focus. Thermo Fisher Scientific’s mission is to enable customers to make the world 
healthier, cleaner, and safer by accelerating life science research, solving complex analytical challenges, 
improving patient diagnosis, and increasing laboratory productivity. Read more.

Milestone, founded in 1988 as the first specialized laboratory instrument manufacturer to focus on 
advanced microwave technology for sample preparation, with over 50 patents and 20,000 users worldwide, 
was also present at the exhibition. Read more.

Corning Incorporated, a global leading innovator in materials science, developing products for optical 
communications, mobile consumer electronics, display technologies, automotive, and life sciences, 
presented Videodrop at the Analitica Latin America Expo. “Videodrop is a device that revolutionizes real-
time nanoparticle detection and analysis. It can analyze a sample in less than 60 seconds, requiring 
only a single drop of 5 to 10 microliters of material for testing. Videodrop is designed to accelerate the 
research, development, and production of drugs, vaccines, and cell and gene therapies. The new product 
is easy to use, fast and reliable, and should arrive in Brazil very soon, promising to optimize the process 
in several laboratories.” said Ricardo Artur Vian, Corning’s Quality and Technical Support Coordinator in 
Latin America. Read more.

Braz. J. Anal. Chem. 2024, 11 (42), pp 125-130.
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Waters Corporation, a world leader in specialty measurement focused on improving the health and 
well-being of people through the application of advanced analytical technologies and industry-leading 
scientific expertise, has introduced the Aliance iS HPLC system. This product is based on robust technology 
but applied in a much more modern, intuitive way that eliminates up to 40% of common errors in a research 
center. Read more.

SENAI Mobile Schools 
One of the novelties presented at this year’s Analitica Latin America Expo was the unprecedented 

partnership with the National Industrial Learning Service – SENAI. An absolute hit with the public, nearly 
700 visitors visited the trucks that housed the Mobile Schools of Nanotechnology and Industry 4.0. With 
this initiative, visitors and exhibitors were able to see how these mobile classrooms work and explore the 
equipment that students have access to.

SENAI’s mobile schools offer short, customized courses for companies throughout the state of São 
Paulo. “The courses offered by SENAI are in areas of the future, both for the young people who come 
to us and for industry that needs skilled workers. Managers are already aware of the need to add digital 
transformation to industrial parks.”, said Vinicius Ferreira, professor of Industry 4.0 at SENAI.

Nearly 700 visitors passed by the trucks with the Mobile Schools 
of Nanotechnology and Industry 4.0. Photo: ALA Press Office.

“Cromatografando”
Another new attraction to the 2023 edition of Analitica Latin America Expo was the presence of 

Miller Pulito Rufino, a chemist and specialist in liquid chromatography and founding partner of 
“Cromatografando”. Rufino has more than 15,000 followers on Instagram and almost 6,000 subscribers 
on his YouTube channel, and he was very much in demand at the Expo. The content that Rufino posts 
on his social networks aims to make chromatography easier to understand. “About 600 people stopped 
by the booth to talk to me. I didn’t expect that, it was amazing.” said Rufino. In addition to interacting 
with visitors and answering their questions, Rufino also highlighted the main chromatography solutions 
on display at the Expo. This was a unique opportunity for those interested to observe the operation of 
many instruments.

Source: Analitica Latin America Press Office 

9th Analitica Congress and National Meeting of Analytical Chemistry (ENQA) 
Addressed Medicinal Cannabis for the First Time
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BrJAC promoted a Panel Session to Celebrate the 
achievement of Journal Impact Factor2022 of 0.7

On September 27, 2023, the Brazilian Journal of Analytical Chemistry held a panel session during the 
Analitica Latin America Expo and Conference, at the São Paulo Expo, São Paulo, SP, Brazil. The panel 
session began at 9 a.m. with an opening conference presentation by Prof. Dr. Marco Aurélio Zezzi Arruda, 
BrJAC’s editor-in-chief, who highlighted important steps in BrJAC’s trajectory, from its beginnings in 2010 
to the present. “The achievement of Impact Factor 0.7 results from the journal’s ethics and seriousness. It 
makes the articles published in the journal even more valuable, which contributes to the development of 
the (Bio)Analytical Chemistry segment.”, said Dr. Arruda. Afterwards, the journal’s first editor-in-chief Prof. 
Dr. Lauro Kubota contextualized the time in which BrJAC was created and explained the journal’s goal and 
the initial composition of its editorial board.

Prof. Dr. Marco Aurélio Zezzi Arruda, BrJAC’s editor-in-chief, presenting the opening 
conference.

The “Young Talent in Analytical Chemistry” award, created by BrJAC to recognize outstanding young 
researchers in (Bio)Analytical Chemistry, was then presented. The winner of the 2023 award was Prof. Dr. 
Boniek Gontijo Vaz, who has a degree in Chemistry from the Federal University of São Carlos (2007), 
a master’s degree in chemistry from the State University of Campinas (2009) and a PhD in science from 
the State University of Campinas (2011). Dr. Vaz is currently an Associate Professor at the Institute of 
Chemistry of the Federal University of Goiás (IQ-UFG), General Secretary of the Latin American Association 
of Organic Geochemistry (ALAGO) since 2018, and Associate Editor of the journal Quimica Nova. He also 
coordinates the Chromatography and Mass Spectrometry Laboratory (LaCEM) at IQ-UFG. After receiving 
the award, Dr. Vaz presented a lecture entitled, “The Art of Molecular Characterization: Advances and 
Applications of High-Resolution Mass Spectrometry”.
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	 Afterwards, Déborah Maria Assis Dias, Regional 
Solutions Consultant, Web of Science Group, Clarivate 
Analytics, presented a talk entitled, “Getting to Know 
Journal Citation Reports”. Déborah Dias has more than 
30 years of experience in training and support and has 
participated in symposia and conferences in the area of 
bibliometrics and analysis of scientific production, as 
well as analysis of journal visibility.

Déborah M. A. Dias (Clarivate Analytics) presenting a talk entitled 
“Getting to Know Journal Citation Reports”.

	 To close the panel session, which was 
attended by around 50 people, there was a 
round table to discuss the topic “Open 
Access Scientific Journals”. The round table 
mediator was Dr. Arruda, and the discussion 
was held by professors Dr. Emanuel Carrilho 
(São Carlos Institute of Chemistry, University 
of São Paulo), Dr. Leandro Hantao (Institute 
of Chemistry, University of Campinas) and 
Dr. Lauro Kubota (Institute of Chemistry, 
University of Campinas).

Dr. Lauro Kubota, Dr. Emanuel Carrilho, Dr. Leandro 
Hantao and Dr. Arruda. Round table discussion on 
“Open Access Scientific Journals”.

“The Impact Factor is an achievement not only for the journal itself but mainly for national and 
international (Bio)Analytical Chemistry. This is just the beginning of a new journey and a new reality for 
BrJAC, and the perspective is one of the best. Now is the time to celebrate and then continue working 
even harder to make BrJAC grow in all its fullness.”, said Dr. Arruda.

Writing by: Lilian Freitas, BrJAC Publisher
Photos: BrJAC

Braz. J. Anal. Chem. 2024, 11 (42), pp 131-132.
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INTRODUCTION
Growing awareness and concern regarding food safety is reflected in the tightening of regulations 

governing toxic elements and compounds in food. Many toxic elements such as As, Hg, Cd, Pb etc. are 
routinely monitored, while minerals that are beneficial/essential to human health such as Se, Na, Mg, K, 
Ca, etc., are also measured. Traditional sample preparation techniques for food include hot block and 
closed-vessel microwave digestion.

Hot block digestions are time consuming, suffer from airborne contamination, poor digestion quality, 
and poor recovery of volatile compounds.

Closed-vessel microwave digestion has proven to be an effective technique with fast, complete 
digestions, a clean environment, and superior recovery of volatile compounds.

Milestone’s innovative ultraWAVE with Single Reaction Chamber (SRC) technology further improves 
upon closed-vessel microwave digestion, by simplifying the sample preparation step, and providing fast, 
easy, effective, and the highest quality digestions of any food matrix with a single digestion method.

EXPERIMENTAL
In this industry report, a recovery study was performed on certified reference materials and pharmaceutical 

samples spiked with a multielement standard (impurities according to ICH Q3D) to demonstrate the efficacy 
of the ultraWAVE in the preparation of mixed samples from 0.5 g to 2 g in a single digestion program.

Instrumentation
The ultraWAVE is designed with a 1 Liter reactor, capable of operating at very high temperature and 

pressure (300 °C and 199 bar respectively). This capability ensures complete digestion of even the largest 
sample sizes (up to 3-5 g) as well as highly reactive and difficult-to-digest samples.

For the first time, a microwave digestion system ensures equal temperature and pressure conditions in 
all positions, even when different samples and/or chemistries are used. This results in superior digestion 
capabilities, higher productivity and better workflow for the lab.

The ultraWAVE’s base load and positive pressure load prior to heating generates an equilibrium of 
temperature and pressure in each position, thus avoiding sample/elemental loss and cross contamination.

Samples can be weighed directly into disposable glass vials, eliminating the cleaning step. The easy 
handling of the vials and racks greatly reduces the operator time and associated labor costs.

https://brjac.com.br/artigos/brjac-42-milestone-report.pdf
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Samples 

Table 1. Acid used: 5 mL of HNO3 67% and 0.5 mL of HCl 37%

Reference Material Code Sample name

NIST 1567b Wheat flour

NIST1568b Rice Flour

NIST 1515 Apple Leaves

NIST 1573a Tomato Leaves

Procedure and method
Sample weights up to 1.0 g for each of the flour CRMs (NIST 1567b, NIST 1568b) and up to 0.5 g for 

each of the other sample types (NIST 1515, NIST 1573a) were accurately weighed into PTFE vials (quartz 
and disposable glass vials are also available). Five mL of HNO3 67% and 0.5 mL of HCl 37% (electronics 
(EL) grade acids, Kanto Chemicals) were added to the PTFE vials. A base load of 130 mL DI H2O and 5 mL 
HNO3 67% was added into the 1 Liter PTFE vessel. The analysis was performed with a Triple Quadrupole 
ICP-MS.

Table 2. UltraWAVE digestion heating programs for simultaneous digestion of four CRM food samples

Step Time Power (W) Temp T1 (°C) Temp T2 (°C) Pressure (bar)

1 00:10:00 800 110 70 90

2 00:10:00 1200 180 70 90

Figure 1. Milestone’s ultraWAVE. Figure 2. Schematic of the ultraWAVE’s 
single reaction chamber (SRC).

(continues on the next page)
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Step Time Power (W) Temp T1 (°C) Temp T2 (°C) Pressure (bar)

3 00:10:00 1500 220 70 120

4 00:10:00 1500 220 70 120

Figure 2. Internal temperature (red), external temperature 
(orange), pressure (blue) and power (black) graphs.

Table 3. Triple Quadrupole ICP-MS operating conditions 

Parameter Setting

Cell mode He mode O2 mode

Scan type Single Quad MS/MS

Plasma conditions UHM-4

RF power (W) 1600

Sampling depth (mm) 10

Carrier gas flow rate (L/min) 0.77

Dilution gas flow rate (L/min) 0.15

Extract 1 (V) 0

Extract 2 (V) -250

Omega bias (V) -140

Omega lens (V) 8.8

Cell gas flow (mL/min) 5.5 0.3 
(20% of full scale)

KED (V) 5 -7

Table 2. UltraWAVE digestion heating programs for simultaneous digestion of four CRM food samples (continuation)

Milestone’s Sponsor Report 
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RESULTS AND DISCUSSION
The ultraWAVE system performed simultaneous digestion of four different reference materials with 

different sample amounts. The total time from weighing to analysis was less than one hour.
As shown in Figure 2, the system automatically adjusts the microwave power to follow the temperature profile.
Digestion of reactive samples such as oil, butter and other high fat content samples require precise, 

accurate and direct temperature control, which is especially important to control exothermic reactions and 
to ensure complete digestion.

The data shows excellent recoveries for all elements including volatiles, which is reflected in Tables 4 to 7.

Table 4. Results for NIST 1567b, Wheat flour, n=24 

Element Measured Solution 
Concentration (μg/L)

RSD 
(%)

Calculated Sample 
Concentration (mg/kg)

Certified 
Concentration (mg/kg)

Recovery 
(%)

23 Na 65.2 2.3 6.50±0.15 6.71±0.21 97

24 Mg 3842 1.6 383±6 398±12 96

27 Al 39 2.8 3.9±0.1 4.4±1.2 88

31->47 P 12936 2.0 1291±26 1333±36 97

32->48 S 15496 2.2 1546±34 1645±25 94

39 K 12700 2.3 1267±29 1325±20 96

44 Ca 1871 1.8 186.7±3.4 191.4±3.3 98

51 V 0.10 8.1 0.010±0.001 0.01* 100

55 Mn 86 1.7 8.54±0.14 9.00±0.78 95

56 Fe 142 1.6 14.20±0.22 14.11±0.33 101

63 Cu 19 1.6 1.94±0.03 2.03±0.14 96

66 Zn 112 1.9 11.17±0.21 11.61±0.26 96

75 As 0.047 16.5 0.0046±0.001 0.0048±0.0003 97

75->91 As 0.049 19.4 0.0049±0.001 0.0048±0.0003 101

78 Se 11.5 4.2 1.15±0.05 1.14±0.10 101

78->94 Se 11.8 1.9 1.17±0.02 1.14±0.10 103

85 Rb 6.54 1.8 0.652±0.012 0.671±0.012 97

95 Mo 4.60 2.1 0.459±0.009 0.464±0.034 99

111 Cd 0.239 5.7 0.0238±0.0014 0.0254±0.0009 94

118 Sn 0.0355 12.8 0.0035±0.0005 0.003* 118

202 Hg 0.0066 11.3 0.0007±0.0001 0.0005* 131

208 Pb 0.0937 4.4 0.0094±0.0004 0.0104±0.0024 90
*Reference value.

Simultaneous Digestion of Food Samples for Trace Element Analysis
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Table 5. Results for NIST 1568b Rice Flour, n = 24 

Element Measured Solution 
Concentration (μg/L)

RSD 
(%)

Calculated Sample 
Concentration(mg/kg)

Certified 
Concentration (mg/kg)

Recovery 
(%)

23 Na 65.6 3.2 6.54±0.28 6.74±0.19 97

24 Mg 5454 1.5 543±8 559±10 97

27 Al 40.3 3.3 4.01±0.13 4.21±0.34 95

31->47 P 15162 2.8 1510±43 1530±40 99

32->48 S 11369 2.5 1133±28 1200±10 94

39 K 12371 2.0 1233±24 1282±11 96

44 Ca 1158 2.1 115.3±2.5 118.4±3.1 97

51 V 182.3 1.0 18.2±0.2 19.2±1.8 95

55 Mn 75.4 1.0 7.51±0.08 7.42±0.44 101

56 Fe 0.173 1.7 0.0173±0.0003 0.0177±0.0005* 98

63 Cu 22.7 1.0 2.26±0.02 2.35±0.16 96

66 Zn 191.7 1.4 19.10±0.26 19.42±0.26 98

75 As 2.97 1.4 0.296±0.004 0.285±0.014 104

75->91 As 3.01 1.7 0.300±0.005 0.285±0.014 105

78 Se 3.4 8.9 0.341±0.030 0.365±0.029 93

78->94 Se 3.5 3.8 0.352±0.013 0.365±0.029 96

85 Rb 61.1 1.1 6.088±0.069 6.198±0.026 98

95 Mo 13.96 1.2 1.391±0.017 1.451±0.048 96

111 Cd 0.201 4.9 0.0201±0.0010 0.0224±0.0013 90

118 Sn 0.060 7.4 0.0060±0.0004 0.005±0.001* 121

202 Hg 0.0529 2.1 0.0053±0.0001 0.0059±0.0004 89

208 Pb 0.068 3.0 0.0068±0.0002 0.008±0.003* 85

*Reference value.

Milestone’s Sponsor Report 
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Table 6. Results for NIST 1515 Apple leaves, n=24

Element Measured Solution 
Concentration (μg/L)

RSD 
(%)

Calculated Sample 
Concentration (mg/kg)

Certified 
Concentration (mg/kg)

Recovery 
(%)

11 B 141 2.9 28±0.8 27±2 104

23 Na 196 1.6 39.1±0.6 24.4±1.2 160*1

24 Mg 14083 1.3 2812±36 2710±80 104

27 Al 1458 1.6 291±5 286±9 102

31->47 P 8088 2.2 1615±35 1590* 102

32->48 S 9211 1.4 1839±26 1800* 102

39 K 80429 2.2 16057±361 16100±200 100

44 Ca 74060 1.2 14786±172 15260±1500 97

51 V 1.20 2.8 0.24±0.01 0.26±0.03 92

52 Cr 1.3 1.4 0.25±0.00 0.3* 85

55 Mn 265 1.0 53±1 54±3 98

56 Fe 379 0.8 76±1 80* 95

59 Co 0.44 1.5 0.088±0.001 0.09* 98

60 Ni 4.4 1.7 0.88±0.02 0.91±0.12 97

63 Cu 28.2 1.0 5.62±0.06 5.64±0.24 100

66 Zn 60.3 0.9 12.0±0.1 12.5±0.3 96

75->91 As 0.2 3.7 0.036±0.001 0.038±0.007 94

78-> 94 Se 0.271 13.8 0.054±0.008 0.050±0.009 108

85 Rb 46.3 0.9 9.2±0.1 9* 103

88 Sr 123.0 1.0 25±0 25±2 98

95 Mo 0.44 5.3 0.088±0.005 0.094±0.013 94

111 Cd 0.06 7.0 0.013±0.001 0.014* 91

121 Sb 0.06 4.6 0.011±0.001 0.013* 85

138 Ba 245 1.9 49±1 49±2 100

202 Hg 0.21 2.0 0.041±0.001 0.044±0.004 93

208 Pb 2.3 1.3 0.452±0.006 0.470±0.024 96

232 Th 0.14 2.2 0.028±0.001 0.03* 93

238 U 0.034 3.7 0.0068±0.0003 0.006* 113
*Reference value.
*1The measured Na result was high compared to the reference value; the same result was obtained from a repeated analysis 
of the same solution, so a spike recovery test was performed for confirmation. The spike recovery result was good (recovery: 
99%), suggesting that the original sample had suffered Na contamination.
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Table 7. Results for NIST 1573a Tomato Leaves, n = 24 
Element Measured Solution 

Concentration (μg/L)
RSD 
(%)

Calculated Sample 
Concentration (mg/kg)

Certified 
Concentration (mg/kg)

Recovery 
(%)

11 B 167 1.9 33.3±0.6 33.3±0.7 100
23 Na 613 2.5 122±3 136±4 90
24 Mg 57311 2.0 11412±225 12000* 95
27 Al 2573 2.4 512±12 598±12 86
31->47 P 10928 2.7 2176±59 2160±40 101
32-< 48 S 48387 1.4 9635±131 9600* 100
39 K 134250 2.2 26732±591 27000±500 99
44 Ca 243939 1.4 48574±671 50500±900 96
51 V 4.0 2.2 0.792±0.017 0.835±0.010 95
52 Cr 9.3 1.6 1.85±0.03 1.99±0.06 93
55 Mn 1236.5 1.5 246±4 246±8 100
56 Fe 1843.3 1.7 367±6 368±7 100
59 Co 2.8 1.4 0.55±0.01 0.57±0.02 96
60 Ni 7.9 1.9 1.56±0.03 1.59±0.07 98
63 Cu 23.7 1.5 4.71±0.07 4.70±0.14 100
66 Zn 149.4 1.5 29.8±0.5 30.9±0.7 96
75 As 0.7 2.3 0.141±0.003 0.112±0.004 126
75->91 As 0.6 1.7 0.112±0.002 0.112±0.004 100
78-> 94 Se 0.31 11.2 0.061±0.007 0.054±0.003 113
85 Rb 69.7 1.2 13.88±0.16 14.89±0.27 93
88 Sr 421.0 1.3 84±1 85* 99
95 Mo 2.1 2.8 0.42±0.01 0.46* 91
107 Ag 0.09 9.1 0.018±0.002 0.017* 104
111 Cd 7.4 1.4 1.47±0.02 1.52±0.04 97
121 Sb 0.28 3.4 0.055±0.002 0.063±0.006 88
138 Ba 302.8 2.1 60.3±1.3 63* 96
202Hg 0.15 2.4 0.030±0.001 0.034±0.004 88
232 Th 0.52 2.1 0.104±0.002 0.12* 87
238 U 0.14 2.3 0.029±0.001 0.035* 81

*Reference value.

CONCLUSION
The data illustrated in this industry report demonstrates the ultraWAVE’s ability to provide full recovery 

of all elements, while avoiding cross contamination even when different samples and sample weights are 
digested in the same run. The ultraWAVE’s ability to simultaneously digest different sample types, easy 
sample handling and superior throughput surpass the capabilities of hot blocks and traditional rotor-based 
microwave digestion systems. Its superior capabilities in terms of processing mixed samples, large sample 
amounts and ease of use provide unmatched productivity. The superior digestion quality achieved at high 
temperature and pressure maximizes the performance of the ICP-MS by reducing interferences, blanks 
and overall maintenance.

Milestone’s Sponsor Report 
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About Milestone 
At Milestone we help chemists by providing the most innovative technology for metals analysis, direct 

mercury analysis and the application of microwave technology to extraction, ashing and synthesis. Since 
1988 Milestone has helped chemists in their work to enhance food, pharmaceutical and consumer product 
safety, and to improve our world by controlling pollutants in the environment.

This Sponsor Report is the responsibility of Milestone.
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GOAL
When quantifying peptides using LC-MS/MS, background interferences often negatively impact limit 

of quantification (LOQ). Here we show that by using the Thermo Scientific™ FAIMS Pro™ interface in 
combination with nanoflow chromatography and triple-stage quadrupole (TSQ) technology, the background 
can be reduced significantly, which leads to increased signal-to-noise (S/N) and improved dynamic range 
and LOQ.

INTRODUCTION
Characterization and accurate quantification of proteins in complex matrices is becoming increasingly 

important for a variety of applications in the pharma/biopharma sector. Targeted quantitative assays are 
used in PKPD, discovery, regulated bioanalysis, and therapeutic drug research. LC-MS/MS can provide 
quantitative information about proteins that is complementary to traditional techniques, such as ligand-
binding assays (LBA). In some cases, proteins and native peptides, such as insulin, renin, and IGF-1, 
are analyzed directly; for instance, large therapeutic peptides are often quantified by LC-MS/MS without 
enzymatic digestion. But more often, protein quantification by LC-MS/MS is based on identification of 
signature peptides specific for the given protein of interest. After enzymatic digestion of the protein, the 
quantitative analysis of resulting peptides is performed, usually in the presence of spiked isotopically 
labeled peptides as internal standards. This approach, common for protein quantification by LC-MS/MS, 
is complicated by the fact that analyte peptides can be present across a wide concentration range and in 
complex matrices that contain many other coeluting peptides as well as other chemical background.

Triple quadrupole mass spectrometers operated in selected reaction 
monitoring (SRM) mode typically offer the most competitive LOQs for a large 
spectrum of analytes in a variety of matrices. The Thermo Scientific™ TSQ 
Altis™ triple quadrupole mass spectrometer (Figure 1) offers excellent 
sensitivity, speed, and dynamic range and is the platform of choice for the 
analysis of low abundant peptides. In a typical peptide quantification 
experiment by LC-MS/MS, the resolving power of reversed-phase 
chromatography is combined with selectivity and sensitivity of the mass 
spectrometer to extend the quantitative dynamic range. However, the LOQ is 
often negatively impacted by background chemical noise. These background 
interferences cannot be removed by LC separation alone and often overlap 
with the target analyte on multiple SRM transitions. This can limit the utility of 
an assay.

Figure 1. EASY-Spray ion source 
and FAIMS Pro interface mounted 
to TSQ Altis triple quadrupole mass 
spectrometer.

https://brjac.com.br/artigos/brjac-42-thermo-report-AN65902.pdf
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Improving Targeted Peptide Quantification
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The FAIMS Pro interface is a differential ion mobility device, which can be used to selectively transmit 
ions of interest while suppressing transmission of interfering compounds. Selectivity is achieved 
by alternating between high and low electric field strengths applied to a set of cylindrical electrodes. 
Depending on the structural orientation of an ion and loosely on its mass and charge, ions experience 
different mobilities through the electrode gap while the electric field of alternating strength is applied. By 
applying an additional compensation voltage (CV), ions of specific mobility can be transmitted through 
the high field asymmetric waveform ion mobility spectrometry (FAIMS) device, while interfering ions are 
prevented from passing through. The respective CV value that allows transmission of a specific analyte of 
interest can be optimized for each analyte and becomes an additional parameter in the SRM table for each 
precursor ion. The additional separation provided by the FAIMS Pro interface is orthogonal to LC and MS, 
and results in improved S/N for analytes of interest and therefore better quantitative performance.

EXPERIMENTAL
A PRTC peptide standard (Thermo Scientific™ Pierce™ Peptide Retention Time Calibration Mixture, 

P/N 88321) was spiked into Thermo Scientific™ Pierce™ HeLa protein digest (Pierce catalog number 
1862824) at concentrations ranging from 0.001 to 100 fmol/μL. The Thermo Scientific™ Pierce™ LC-MS/
MS System Suitability Standard (7 x 5 Mix, P/N 88320) was prepared according to the manufacturer protocol 
to yield concentrations of 0.13–200 fmol/μL in 0.3 μg/μL digested plasma matrix. Angiotensin I standard 
(Sigma-Aldrich, St. Louis, MO) was prepared in 0.5 μg/μL digested plasma in concentrations ranging 
from 0.07 to 700 fmol/μL. For all analyses, 1 μL of each sample was injected onto a Thermo Scientific™ 
EASY-Spray™ column with integrated emitter (P/N ES800A) using a Thermo Scientific™ EASY-nLC™ 
1200 system. A 40 min gradient was used at a flow rate of 200 nL/min. The column heater was set to  
45 °C. The TSQ Altis instrument global settings are shown in Table 1. The peptides were detected as 
doubly charged ions and fragmented using optimized SRM transitions (4–5 per peptide). The FAIMS Pro 
interface was operated in normal resolution mode with no additional user gas. Data were analyzed using 
Thermo Scientific™ TraceFinder™ software.

Table 1. TSQ Altis triple quadrupole MS instrument settings

Parameter Value

Resolution 0.7 (Q1 and Q3)

Cycle time 1 s

RF lens Calibrated

CID gas pressure 1.5 mTorr

Ion transfer tube temperature 325 °C

Spray voltage 2,100 V

FAIMS Pro compensation voltage optimization 
FAIMS Pro compensation voltage (CV) values for each peptide were optimized by infusing the neat 

standard peptide solution and using the CV scan tool in the Tune interface (available in Tune 3.1 and 
above). Optimum CV values were transferred into the method file and each peptide was analyzed at its 
respective optimum CV value to yield maximum transmission. If standards are not available, FAIMS CV 
values can be optimized by injection using either one of two strategies:

1.	 For assays involving only a small number of peptides, CV optimization can be done within 1–2 injections 
(depending on the number of precursors in the method). To achieve this, each precursor is entered into 
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the SRM table multiple times, depending on how many different CV values the user wants to compare. 
In each row, the precursor is entered with a slightly different precursor m/z value (for example, m/z 
433.34, 433.33, 433.32, etc.) For each of these “pseudo-precursors”, one CV value is assigned. It is 
sufficient to monitor only one product ion for CV optimization because the FAIMS Pro interface mounts 
between the ion source and the mass spectrometer inlet; hence, the additional selectivity is applied 
at the precursor level. For coarse optimization, the CV values should be distributed in 10 V steps, 
usually between -80 and -20 V. After execution of the optimization run, the optimum CV value range for 
each precursor is determined by comparing peak areas for each CV value. The number of necessary 
coarse optimization injections depends on the LC peak width, size of the peptide panel and the elution 
overlaps, and thus on the available cycle time. Once the approximate optimal value range has been 
determined, the exact optimal value can be found by probing values in a narrower range around the 
coarse CV optimum, for example in steps of 2–3 V. An example of optimization by injection is shown in 
Table 2 and Figure 2.

Table 2. Example of compensation voltage (CV) optimization by injection in 10 V steps. 
Peak areas indicate that the optimum CV is around -65 V. In the next injection the value can 
be optimized in more narrow steps around -65 V.

Precursor m/z Adjusted precursor 
for CV optimization CV value Peak area

433.3

433.34 -45 973

433.33 -55 9,765

433.32 -65 47,470

433.31 -75 386

Figure 2. Integrated peak areas at different compensation voltage (CV) values.

2.  When assays involve a large number of precursors, not every precursor can be analyzed at multiple 
CV values within a few injections. In this case, multiple injections need to be performed, and each 
injection will be at one dedicated CV value global for all peptides. For example, injection 1 will be 
at a CV of -10 V, injection 2 will be at a CV of -15 V, etc. The CV optimum for each peptide will be 
determined based on peak area at each CV value.

Thermo Fisher Scientific’s Sponsor Report 
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RESULTS AND DISCUSSION
PRTC peptides

Figure 3a–d shows a comparison of peptide HVLTSIGEK at a level of 50 attomol on column in HeLa 
digest analyzed by the TSQ Altis mass spectrometer with and without the FAIMS Pro interface. Although 
the retention time can be determined by looking at the internal standard signal, at this concentration level 
the peak of the analyte cannot be properly integrated without use of the FAIMS Pro device. The additional 
level of selectivity that the FAIMS Pro interface provides removes the chemical background, which enables 
the detection and integration of the HVLTSIGEK peptide for quantitative determination. Without the FAIMS 
Pro device, HVLTSIGEK cannot be clearly distinguished from the background at levels below 100 attomol, 
while with the FAIMS Pro device, the peptide can be detected at 25 attomol.

Figure 3. Suppression of background noise by FAIMS Pro interface improves S/N. Panel A shows a 
detectable peak of peptide HVLTSIGEK analyzed by TSQ Altis triple quadrupole mass spectrometer with the FAIMS 
Pro interface at 50 attomol on column. The retention time was confirmed by internal standard (Panel B). The same 
sample at the same concentration was analyzed without the FAIMS Pro interface. Strong background noise (Panel 
C) at the retention time determined by internal standard (Panel D) limits the S/N. Calibration curves are shown for 
the peptide HVLTSIGEK measured both with (Panel E), and without (Panel F), the FAIMS Pro interface.

Improving Targeted Peptide Quantification
Combining a TSQ Altis with a FAIMS Pro interface for peptides in complex matrices
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Angiotensin I (non-tryptic peptide)
Peptide hormone angiotensin I (proangiotensin) was monitored by SRM assay in digested plasma as 

a doubly charged precursor ion at m/z 649.0 with five SRM transitions (m/z 583.5; 591.3; 784.4; 1000.6, 
and 1028.5). For the experiment with the FAIMS Pro interface, the device was optimized for maximum 
signal of the precursor ion by direct infusion. The optimum CV value for doubly charged angiotensin I 
was determined to be -56 V. Figure 4 shows angiotensin I chromatograms at various concentrations in 
plasma both with and without the FAIMS interface. At high on-column amounts (700 femtomol), there is no 
difference in the results obtained with and without the FAIMS Pro interface. This is because the absolute 
analyte signal is high enough to make noise practically irrelevant for peak integration and S/N value. 
However, as the analyte on-column amount decreases, the background noise becomes an important factor 
for data quality. Eventually, at 70 attomol of angiotensin I on-column, the signal is indistinguishable from 
the background without the FAIMS Pro interface. Utilization of the FAIMS Pro device removes background 
noise sufficiently enough that the peak can be detected and integrated at a level as low as 70 attomol.

To demonstrate system robustness, the 700 femtomol on column sample in 0.5 μg/μL digested plasma 
was injected 40 times over a period of two full days. Figure 5 shows excellent reproducibility of the 40 
injections with an RSD of 9.9%. Despite the concentrated matrix, area counts were consistent throughout 
the experiment. No cleaning of the FAIMS electrodes or of the TSQ Altis inlet was performed during the 
experiment. Solvent blank injections were run after every 10 plasma injections to keep the column and 
emitter in good condition.

Figure 4. Quantification of angiotensin I in digested plasma. Combining the FAIMS Pro 
interface with an optimized CV value as part of the SRM table provides selective noise reduction, 
which results in a quantifiable signal (right panels) even at concentration levels where analyte 
signal is impacted by noise interference without FAIMS Pro interface (left panels).

Thermo Fisher Scientific’s Sponsor Report 
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Figure 5. 40 consecutive injections of angiotensin I in 0.5 μg/μL digested plasma were performed 
with the FAIMS Pro device on the TSQ Altis triple quadrupole mass spectrometer. The overall % 
RSD was <10% across a 2-day experiment. (Thermo Fisher™ ChromaCare™ solution was injected 
every 10 analytical injections for column clean-up.)

Pierce System Suitability Standard (7 x 5 peptide mix) 
The Pierce LC-MS/MS System Suitability Standard (7 x 5 mixture) contains seven peptides provided 

at five dilution levels, distinguished by differential isotopic labelling. Each concentration level has different 
labelling for each of the seven peptides (no heavy, 1 heavy, 2 heavy, 3 heavy, and 4 heavy labelled 
amino acids). Data from only one injection allows construction of five-point calibration curves for all seven 
analytes at once. The 7 x 5 mixture is intended to be used for testing LC-MS/MS systems for sensitivity, 
reproducibility, and response linearity. The 7 x 5 mixture prepared in 0.3 μg/μL digested plasma was 
analyzed on the TSQ Altis mass spectrometer with the FAIMS Pro interface using an optimized SRM 
method and optimized CV values for each of the seven peptides. Figure 6 shows linearity across the 
entire concentration range of the assay. Five repeated injections of the 7 x 5 standard were performed to 
assess robustness. The calculated % RSD of absolute peak areas showed very good reproducibility for 
all peptides (Table 3). This demonstrates that when using the FAIMS Pro interface, data is consistent and 
reproducible.

Table 3. % RSDs (absolute peak areas) for five replicate injections of seven peptides at five concentration levels 
(isotopologues included in the Pierce System Suitability Test)

Peptide 0.13 fmol 
[%RSD]

0.5 fmol 
[%RSD]

2 fmol 
[%RSD]

20 fmol 
[%RSD]

200 fmol 
[%RSD]

ELASGLSFPVGFK 6.1 8.9 10.6 10.8 7.4

ELGQSGVDTYLQTK 6.6 4.1 8.9 6.1 5.9

GISNEGQNASIK 6.1 8.1 8.7 5.6 5.9

IGDYAGIK 2.9 2.1 2.9 3.1 1.9

LTILEER 8.2 8.8 12.6 4.3 11.7

SFANQPLEVVYS 9.6 8.4 11.8 15.1 15.1

TASEFDSAIAQDK 4.8 3.8 3.8 2.9 3.5
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Figure 6. The Pierce 7 x 5 System Suitability Test was used to evaluate the performance of 
the FAIMS Pro interface with the TSQ Altis triple quadrupole mass spectrometer. The mixture was 
prepared according to manufacturer’s protocol and 0.3 μg/μL digested plasma was used as a matrix.

Isomeric interference
The FAIMS Pro interface is a differential ion mobility device that utilizes separation principles orthogonal 

to both LC and MS. The main benefit of using the FAIMS Pro interface for targeted assays is the removal of 
background interferences and therefore an increase in S/N and improvement of LOQ. However, depending 
on the assay, isomeric species can exhibit different behavior inside the FAIMS electrodes. Differences 
in CV values can then be used to remove isobaric interference. An example is shown in Figure 7. Two 
isomeric peptides, one analyte and one unknown interference from the sample matrix, co-elute at very 
close retention times and have identical SRM transitions. For demonstration purposes, the analyte peptide 
was replaced by its labelled internal standard. In the standard assay without the FAIMS Pro interface, the 
unknown interfering peptide makes quantification impossible because its signal fully overlaps with the 
analyte peak. The FAIMS Pro device separates the isobaric peptides based on different CV values. At a 
CV value of -45 V, the analyte is transmitted with the same efficiency as without the FAIMS Pro interface. 
The background isobaric interference, however, is significantly suppressed (roughly by 20x, from 7000 to 
300 intensity counts (Figure 7). This enables accurate quantification of the analyte of interest.
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Figure 7. FAIMS Pro interface suppresses interfering isomeric peptide species. Two 
isomeric peptides, one analyte and one unknown interference from the sample matrix, co-elute at 
very close retention times and have identical SRM transitions. For demonstration purposes, the 
analyte peptide was replaced by its labelled internal standard to be distinguishable. Top: Standard 
assay without the FAIMS Pro interface. The interfering peptide (red) makes quantification impossible 
because its signal overlaps with the analyte peak (blue). Bottom: Using the FAIMS Pro interface 
at the optimized CV value of the analyte (blue), the interference (red) is sufficiently suppressed to 
enable quantification. Data processed in Skyline (University of Washington).

CONCLUSION
The FAIMS Pro interface offers orthogonal precursor ion selectivity based on differential gas phase 

mobility. The compensation voltage (CV) setting determines which groups of ions pass the FAIMS Pro 
interface to the mass spectrometer. In targeted workflows on triple quadrupole mass spectrometers, the 
CV value is used as an additional parameter in the SRM table to selectively transmit precursor ions, 
while suppressing background interferences. The FAIMS Pro interface coupled to the TSQ Altis triple 
quadrupole mass spectrometer improves peptide quantification due to reduced noise and removal of co-
eluting interferences. Utilization of the FAIMS Pro interface is robust and analyte signals are reproducible. 
FAIMS technology can significantly improve LOQs for assays where noise is the limiting factor. Because 
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of its capabilities to remove background ions and reduce the level of interferences, combining the FAIMS 
Pro interface with the TSQ Altis triple quadrupole mass spectrometer increases the dynamic range and 
enables accurate quantification of peptides at low levels even from complex matrices.
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GOAL
To demonstrate the suitability of the Thermo Scientific™ iCAP™ TQ ICP-MS equipped with the PLUS 

torch for monitoring the elemental composition of fine particulate matter such as the PM2.5 fraction.

INTRODUCTION
Particulate matter (PM) is a significant contributor to environmental pollution globally. In particular, fine 

particulate matter with an aerodynamic diameter of 2.5 µm or smaller, commonly classified as PM2.5, is 
of great concern on a global level. In contrast to exposure to bigger particles such as PM10, which can 
be easily recognized and potentially avoided through protective equipment, exposure to PM2.5 is more 
dangerous as the small diameter makes it effectively invisible to the human eye, and it has the potential to 
penetrate deep into the respiratory system when inhaled. The chemical composition of these fine particles 
may comprise both organic and inorganic components, and, depending on the geographical location, 
PM2.5 can possibly be contaminated with toxic elements such as arsenic, cadmium, or lead. Due to its 
high mobility, the presence of PM2.5 can be influenced by local environmental conditions such as location, 
season, weather, and other factors.

Inhalation of fine dust containing silicon particles poses serious health risks after both short- and long-
term exposure; for example, the development of lung cancer.1 In response to this particle pollution, a 
maximum allowable concentration of PM2.5 of up to 12 μg m-3 was set by the United States Environmental 
Protection Agency (EPA) in 2012,2 and similar regulated levels have been set by the WHO and the Japanese 
Ministry of the Environment (Table 1).

Table 1. Maximum allowable concentration for PM2.5

Organization Maximum allowance (µg m-3)

U.S. Environmental Protection Agency (EPA) <12

World Health Organization (WHO) 5–10

Ministry of the Environment (MOE), Japan <15

https://brjac.com.br/artigos/brjac-42-thermo-report-AN001169.pdf
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The composition of PM2.5 is commonly measured using X-ray diffraction (XRD) or X-ray fluorescence 
(XRF), allowing direct and non-destructive analysis without prior sample preparation. However, for some 
lighter elements, including silicon, measuring low concentrations in the samples can be a challenge. 
Inductively coupled plasma mass spectrometry (ICP-MS) is the most widely employed technique for the 
analysis of trace elements in environmental samples, as it allows rapid multi-element analysis and enables 
unmatched detection limits to be achieved. Its high detection power provides a way to overcome the above 
stated limitations of other analytical techniques.

In this study, ambient air samples were collected using a high-volume air collector system at two different 
locations. The PM2.5 fraction was collected on PTFE filters and then analyzed using a Thermo Scientific™ 
iCAP™ TQ ICP-MS following microwave digestion. The resulting concentrations in the measured solutions 
were typically below 1 µg·L-1, so the high detection power of ICP-MS was needed for accurate quantitation 
of the elemental composition.

EXPERIMENTAL
Experimental optimization of instrument parameters 

An iCAP TQ ICP-MS was used for all measurements. The instrument used in this study was equipped 
with the hydrofluoric acid resistant sample introduction kit (i.e., PFA cyclonic spray chamber, PFA 
nebulizer, sapphire injector, platinum interface cone) and a PLUS torch.3 The PLUS torch, together with 
superior interference removal based on the use of triple quadrupole technology, enabled the detection of 
silicon at concentration levels well below the regulatory requirement. To remove all potentially occurring 
interferences, the ICP-MS was operated in He KED,4 TQ-H2 and TQ-O2 modes. Table 2 gives an overview 
of the full configuration of the system.

Table 2. Instrument configuration and operating parameters

Parameter Value

Nebulizer ESITM  PFA ST nebulizer, 100 µL min-1, pumped at 40 rpm

Pump tubing Orange–green, 0.38 mm i.d.

Spray chamber PFA cyclonic, cooled at 2.7 ºC

Torch PLUS torch

Injector 2.0 mm i.d., sapphire

Interface Platinum sampler and platinum skimmer cone with high sensitivity skimmer cone insert

Plasma power 1,550 W

Nebulizer gas 0.98 L min-1

QCell setting TQ-O2 TQ-H2 He KED

Gas flow 100% O2, 0.36 mL min-1 100% H2, 9.7 mL min-1 100% He, 4.8 mL min-1

CR bias -6.3 V -6.3 V -21 V

Q3 bias -12 V -12 V -18 V

Scan settings 0.1 s dwell time, 10 sweeps, 3 main runs
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Data acquisition and data processing
The Thermo Scientific™ Qtegra™ Intelligent Scientific Data Solution™ (ISDS) Software was used to 

create LabBooks for sample analysis, data acquisition, processing, and reporting. The Reaction Finder 
Method Development Assistant was used to set up the method, with settings for specific analytes (i.e., 
using H2) being manually modified.

Sample collection and preparation
Each air sample was collected from two different locations in Kanagawa prefecture in Japan over 24 

hours onto a 47 mm diameter PFTE filter (PALL Corporation) with 2 µm pore size, using a Thermo Scientific™ 
Partisol™ sequential ambient particulate sampler (Figure 1) at 16.7 L min-1 (or 1 m-3 hr-1). One sampling 
location was within a municipal area, whereas the second location chosen was close to a motorway.

Figure 1. Sample collection at Kanagawa prefecture (location 1) 
using the Partisol 2025i system.

To monitor and potentially quantify changes over time in the elemental composition of PM2.5, air samples 
were collected over a period of 14 days at one of the sampling sites. In a second study, the influence from 
climate effects, such as the wind conditions, were evaluated at the second sampling location. For example, 
Asian dust is a seasonal metrological phenomenon, where large amounts of yellow sand are transported 
from the deserts of Western Asia (Kazakhstan, Mongolia, and northern China) eastward towards China, 
the Korean Peninsula, and Japan. Due to industrial pollution in the dust, this phenomenon has become an 
increasing concern. A summary of the sampling details is shown in Table 3.

Table 3. Details on the sampling locations and conditions, including sampling duration

Location Season Weather conditions Remark # of testing 
days

1 Winter N/A Municipal area (near to an airport) 14

2

Winter Normal weather conditions Sampling location was close to a 
motorway 1

Winter Strong wind from northwest
Sampling occurred during a day 
with a strong wind from northwest 
of Japan

1
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The filters with collected air were digested using a mixture of 5 mL HNO3 (68% Optima™ grade, Fisher 
Chemical), 2 mL HF (48% Optima™ grade, Fisher Chemical) and 1 mL H2O2 (31% Optima™ grade, Fisher 
Chemical) in a microwave digestion system (Milestone ETHOS™ 1). After digestion, the samples were made 
up to a volume of 50 mL using ultrapure water. In all digestions, an unused filter was digested using the 
same procedure as a control to assess potential contamination in the process of sample preparation. All 
blanks and calibration standards were prepared from 2% (v/v) HNO3 with multi-element standards (XSTC-
1667 and XSTC-1668, SPEX™ CertiPrep™, Metuchen, NJ, USA). An internal standard solution containing 5 
μg·L-1 lithium, yttrium, indium, and thallium was added to all samples. Table 4 shows the details of the final 
calibration standard concentration ranges for each element.

Table 4. Concentrations of calibration solutions

Element Calibration standard concentration range (µg L-1)

Na, Al, K, Ca 1, 5, 10, 25, 50, and 100

Si 5,10, 25, 50, and 100

Sc, Cr, Mn, Co, Ni, Sb, Cs, Ba, La, Ce, 
Sm, Hf, Ta, W, Pb, Th 0.01, 0.05, 0.1, 0.25, 0.5, 1, 5, and 10

Fe 0.5, 1, 5, 10, 25, and 50

Ti, Cu 0.1, 0.25, 0.5, 1, 5, 10, and 25

Zn 0.25, 0.5, 1, 5, 10, 25, 50, and 100

V, As, Se, Rb, Mo, Cd 0.05, 0.1, 0.25, 0.5, 1, 5, and 10

RESULTS AND DISCUSSION 
Improved detection of silicon

Silicon is an analyte of special importance for the evaluation of the elemental composition of fine dust 
due to its potential to cause severe respiratory diseases (such as silicosis) when able to penetrate deeply 
into the human body. Silicon is often one of the main components of PM2.5 and current legislation set by 
the Ministry of the Environment in Japan sets a minimum required detection limit (MRDL) of 10 ng m-3 for 
this element. It is therefore necessary to detect this element with high sensitivity and low background. The 
regulatory limit corresponds to a final concentration of less than 5 µg L-1 in a sample collected over 24 hours 
and following the above stated sample preparation. Often, the filter sample may be split in half to allow 
additional measurements to be performed, further reducing the concentration in the analyzed solution for 
this critical contaminant.

In addition, silicon is known as a challenging analyte in ICP-MS, mostly due to polyatomic interferences 
arising from nitrogen in the ambient atmosphere (creating 14N2

+ on the most abundant isotope 28Si), but also 
contamination from the ubiquitous presence of the element in the laboratory and the glassware used in the 
ICP-MS source. The excellent calibration curve achieved for silicon (Figure 2) in this work was obtained 
using a mass shift reaction with oxygen (Figure 3) to eliminate the polyatomic interferences using TQ-O2 
mode. Thanks to the PLUS torch, minimization of the Si background from the ICP-MS sample introduction 
parts was achieved, resulting in an instrumental detection limit (IDL) of 0.081 µg·L-1, blank equivalent 
concentration (BEC) of 1.9 µg·L-1, and coefficient of determination (R2) of 0.9991. The IDL was calculated 
using three times the standard deviation of ten replicate measurements of the calibration blank.
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Sensitivity and linearity
Table 5 summarizes the obtained analytical figures of merit (IDL, BEC, and R2) for all 31 elements 

analyzed in this study. The typically achieved instrumental detection limits were well below 0.1 µg L-1, even 
for often challenging analytes such as arsenic, selenium, and cadmium.

Figure 2. Calibration curve for silicon from 5 to 100 µg L-1.

Figure 3. Schematic diagram showing the use of TQ-O2 mode to selectively 
analyze silicon as 28Si16O.
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Table 5. Summary of analysis modes, internal standards, and calibration results (LODs, BECs) for all target analytes

Analyte Internal 
standard Mode LOD (µg L-1) BEC (µg L-1) R2

23Na 7Li TQ-H2 0.091 0.900 >0.9999
27Al 7Li TQ-H2 0.009 0.079 >0.9999
28Si as 28Si.16O m/z 44 89Y TQ-O2 0.081 1969 0.9991
39K 7Li TQ-H2 0.030 0.714 >0.9999
40Ca 7Li TQ-H2 0.012 0.12 >0.9999
45Sc as 45Sc.16O at m/z 61 89Y TQ-O2 0.001 0.001 >0.9999
48Ti as 48Ti.16O at m/z 64 89Y TQ-O2 0.0004 0.004 >0.9999
51V as 51V.16O at m/z 66 89Y TQ-O2 0.003 0.003 >0.9999
52Cr 89Y SQ-KED 0.009 0.060 >0.9999
55Mn 89Y SQ-KED 0.006 0.012 >0.9999
56Fe 89Y SQ-KED 0.006 0.195 0.9999
59Co 89Y SQ-KED 0.002 0.010 >0.9999
60Ni 89Y SQ-KED 0.0002 0.014 >0.9999
63Cu 89Y SQ-KED 0.004 0.020 0.9999
66Zn 89Y SQ-KED 0.023 0.030 >0.9999
75As as 75As.16O at m/z 91 89Y TQ-O2 0.002 0.010 0.9999
78Se as 78Se.16O at m/z 94 89Y TQ-O2 0.008 0.025 >0.9999
85Rb 89Y SQ-KED 0.006 0.060 >0.9999
95Mo 89Y SQ-KED 0.011 0.014 >0.9999
111Cd 89Y SQ-KED 0.007 0.007 >0.9999
121Sb 115In SQ-KED 0.0003 0.001 >0.9999
133Cs 115In SQ-KED 0.007 0.016 >0.9999
137Ba 115In SQ-KED 0.006 0.007 >0.9999
139La 115In SQ-KED 0.006 0.006 >0.9999
140Ce 205Tl SQ-KED 0.006 0.006 >0.9999
149Sm 205Tl SQ-KED 0.006 0.006 >0.9999
178Hf 205Tl SQ-KED <0.0001 <0.0001 >0.9999
181Ta 205Tl SQ-KED 0.0001 0.0002 >0.9999
182W 205Tl SQ-KED 0.0002 0.0003 >0.9999
208Pb 205Tl SQ-KED 0.006 0.009 >0.9999
232Th 205Tl SQ-KED 0.005 0.006 >0.9999
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PM2.5 analysis results
To comply with applicable legislation, all analysis results (obtained as µg L-1) were converted into mass 

per volume in the PM2.5 fraction (in ng m-3) using the following equation:

Where:
C Mass of analyte in fine particulate matter PM2.5 in 1 m3 of sampled air (ng m-3)
Ms Result of the analysis of the sample (ng mL-1)
Mb Result of the analysis of the preparation blank (ng mL-1)
E volume of test solution (mL)
S PM2.5 filter area where the sample was collected (cm2) 
s Filter area used for analysis (¼ of S, (cm2))
V Collected volume of ambient air (m3)

Table 6 shows the results for all elements under study across both sampling locations. The results 
obtained for the analysis of the elemental composition of the PM2.5 fraction clearly provide meaningful data 
to evaluate the pollution level due to the ability of ICP-MS to measure a wide range of elements in a single 
analysis.

Table 6. Summary of ambient air analysis results, maximum allowable concentration in Japan, and 
method detection limits (MDLs). All results are in ng m-3. The high RSDs observed for the measurements 
over 14 days can be explained by the significant influence of weather conditions (such as rain) on the formation 
and transportation of PM2.5.

MDL Required 
MDL*

Maximum allowable 
concentration

Location 1 Location 2

Average 
concentration of 
14 days in winter

Normal weather 
conditions

With strong 
wind

Na 0.76 10 – 66.1 ± 39.5 <MDL <MDL

Al 0.08 6 – 29.8 ± 19.9 <MDL 42.38

Si 1.4 10 – 45.1 ± 40.4 <MDL 125.48

K 0.25 10 – 65.6 ± 45.6 62.72 197.74

Ca 0.1 10 – 23.7 ± 15.9 24.69 99.65

Sc 0.01 0.04 – 0.005 ± 0.004 <MDL 0.01

Ti 0.004 0.7 – 3.44 ± 1.99 2.34 7.59

V 0.02 0.2 – 0.61 ± 0.85 0.24 0.64

Cr 0.07 0.4 – 0.88 ± 0.70 1.8 <MDL

Mn 0.05 0.5 140 5.55 ± 3.20 15.99 27.36

Fe 0.05 10 – 92.8 ± 55.0 188.24 368.87

Co 0.02 0.04 – 0.04 ± 0.02 0.03 0.07

Ni 0.002 0.2 25 0.46 ± 0.53 1.18 1.4

Cu 0.03 0.4 – 2.50 ± 1.38 9.01 14.65
(continues on the next page)
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MDL Required 
MDL*

Maximum allowable 
concentration

Location 1 Location 2

Average 
concentration of 
14 days in winter

Normal weather 
conditions

With strong 
wind

Zn 0.19 3 – 16.6 ± 12.4 60.41 84.45

As 0.02 0.09 6 0.41 ± 0.24 <MDL <MDL

Se 0.06 0.2 – 1.56 ± 2.93 0.85 0.94

Rb 0.005 0.03 – 0.18 ± 0.11 0.1 0.41

Mo 0.009 0.07 – 0.84 ± 1.07 1.23 1.54

Cd 0.006 0.02 – 0.09 ± 0.06 0.16 0.29

Sb 0.001 0.09 – 0.72 ± 0.45 1.81 2.97

Cs 0.006 0.02 – 0.02 ± 0.01 <MDL 0.02

Ba 0.005 0.3 – 2.07 ± 1.20 5.44 11.4

La 0.005 0.02 – 0.04 ± 0.03 0.09 0.17

Ce 0.005 0.02 – 0.08 ± 0.05 0.22 0.32

Sm 0.005 0.03 – 0.001 ± 0.001 <MDL <MDL

Hf 0.0002 0.03 – 0.02 ± 0.03 0.02 0.03

Ta 0.0005 0.02 – 0.001 ± 0.001 <MDL 0.01

W 0.002 0.05 – 0.14 ± 0.13 0.29 0.28

Pb 0.005 0.6 – 3.43 ± 1.67 6.1 11.76

Th 0.004 0.02 – 0.004 ± 0.003 <MDL <MDL

*Required MDLs are from the guidelines of the Ministry of Environment (MOE) in Japan.

The composition of PM2.5 at sample location 2 (under normal weather conditions) shows a higher 
presence of typical wear metals such as iron, nickel, copper, or zinc compared to location 1. Other metals, 
such as molybdenum, antimony, and lead were also significantly increased in samples from this location. 
This is very likely related to the higher urbanization and the specific sampling location near a motorway.

The composition of the PM2.5 fraction obtained under the influence of the strong wind clearly differs from 
the composition under normal weather conditions. Considering the climate (wind direction) information and 
the PM2.5 simulation results in Japan on the same day as the measurements, a possible impact of Asian 
dust on the results can be assumed.

The iCAP-TQ ICP-MS analysis results also show that typical soil components, such as Si, Al, Ti, and 
Fe, which are thought to be derived from Asian dust, are clearly found in higher concentrations under the 
likely influence of Asian dust (in location 2) as compared to normal weather conditions.

This technique can be used to improve the accuracy of analysis of potential sources of anthropogenic 
pollution, transported by meteorological phenomena such as Asian dust.

However, whether this is due to transportation from other locations or contamination within the area 
around the sampling location could not be confirmed without additional research data, which were not in 
the scope of this work.

Table 6. Summary of ambient air analysis results, maximum allowable concentration in Japan, and 
method detection limits (MDLs). All results are in ng m-3. The high RSDs observed for the measurements 
over 14 days can be explained by the significant influence of weather conditions (such as rain) on the formation 
and transportation of PM2.5. (continued)
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Also, to presume Asian dust effects, it is important to obtain data from multiple sampling locations and 
include data for other species, for example the water soluble ionic components (e.g., NH4

+, Cl–, NO3
–, 

SO4
2–) and the weather conditions.

CONCLUSION
A highly sensitive method for the analysis of the elemental composition of PM2.5 was developed and 

applied to the analysis of samples collected from two sampling locations in Japan using the iCAP TQ ICP-
MS equipped with the PLUS torch:

•	 Using a combination of TQ-O2, TQ-H2, and He KED mode, common interferences on important 
contaminants were eliminated and excellent signal-to-noise (S/N) ratios were obtained for all the elements 
studied, with detection capability well below global PM2.5 analysis requirements.

•	 As an analyte of concern, silicon could be detected at levels well below the minimum required 
detection limit, because of the superior interference removal obtained with the iCAP TQ ICP-MS and the 
reduced backgrounds achieved using the PLUS torch.

•	 The method allowed the simultaneous assessment of 31 elements in one analysis, helping to get a 
better understanding of the natural and anthropogenic processing contributing to the composition of PM2.5.

•	 In summary, the combination of sample collection using the Partisol 2025i and analysis with the iCAP 
TQ ICP-MS has been successfully demonstrated for the characterization of the inorganic components in 
the composition of PM2.5.
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ultraWAVE 3 
Taking Productivity and Performance to New Heights

	 The new ultraWAVE 3 is the latest generation of SRC technology that 
further elevates the value of this technology for elemental analysis in 
terms of performance, time, workflow, and cost of ownership.

Single Reaction Chamber Technology
Updated construction that includes several technology advances 

further enhances the well-proven benefits of the SRC technology.
The new features of ultraWAVE 3 merge with those already intrinsic 

in the technology, so that labs will experience higher performance, 
greater productivity, and more streamlined workflow, providing them with 
improved competitiveness and a lower cost of ownership.

Thanks to its superior digestion capabilities that result from its 
higher temperature and pressure features, ultraWAVE’s unique SRC 
technology provides greater digestion efficiency.

Several aspects of the system, such as reduced handling and 
cleaning and the ability to process any samples simultaneously, 
reduce turnaround time and increase lab efficiency.

BENEFITS
Rugged construction

Designed with all wetted components made of PTFE-TFM, fully compatible with any acid mixture and 
ensuring minimal maintenance to lower the cost of ownership.

High-pressure lines
Made of acid-resistant stainless steel, the two pressure lines, one for inlet and one for outlet, ensure 

high safety and lower blanks.

Racks
Available with racks of 7, 20, 27 and 40 vials to provide even higher throughput than previous generations.

easyTEMP Temperature control
True contactless temperature sensor to directly control the digestion of the samples from the inside out, 

without reading delays.

Advanced heating technology
The noiseless water-cooled magnetron ensures higher heating efficiency along with superior working 

conditions.

User interface
Equipped with the most up-to-date features to bring all digestion information within easy reach of the 

operator.

Find out more at milestonesrl.com

https://www.milestonesrl.com/products/microwave-digestion/ultrawave-3


ultraWAVE 3

Single Reaction Chamber Technology

www.milestonesrl.com/products/microwave-digestion/ultrawave-3

Updated construction that includes several technology advances further 
enhances the well-proven benefits of the SRC technology.
The new features of ultraWAVE 3 merge with those already intrinsic in the 
technology, so that labs will experience higher performance, greater 
productivity, and more streamlined workflow, providing them with improved 
competitiveness and a lower cost of ownership.
Thanks to its superior digestion capabilities that result from its higher
temperature and pressure features, ultraWAVE’s unique SRC technology 
provides greater digestion efficiency.
Several aspects of the system, such as reduced handling and cleaning and 
the ability to process any samples simultaneously, reduce turnaround time 
and increase lab efficiency.

VIDEO WEBSITE

https://www.milestonesrl.com/
http://www.milestonesrl.com/products/microwave-digestion/ultrawave-3
https://www.milestonesrl.com/products/microwave-digestion/ultrawave-3
https://www.youtube.com/watch?v=yn2PFnH0gLc
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TSQ Altis Plus Triple Quadrupole Mass Spectrometer

Ultimate quantitative performance made possible
Overcome the most demanding quantitative workflow 

challenges. With superior acquisition speeds, enhanced 
sensitivity, prototypical selectivity, and exceptional 
robustness, the TSQ Altis Plus mass spectrometer 
delivers unprecedented accuracy and precision for low-
level compound detection and quantitation in complex 
matrices that redefines ultimate instrument performance.

Achieve the highest confidence in targeted 
compound detection and quantitation 

Greater than 6 orders of linear dynamic range 
with high selectivity. Enhanced acquisition speeds 
empower large-scale studies for translational workflow 

development or method optimization with effective dwell time settings as low as 0.3 – 5 millisecond polarity 
switching maximizes productivity in fewer experiments.

High-throughput screening and quantitation
Innovations in the ion source, mass analyzer, active Q2 collision cell, and RF electronics offer high 

sensitivity, selectivity, and superior acquisition speeds/polarity switching times that are ideal with UHPLC 
separations.

Expanded experimental capabilities
Integrated workflow solutions centered on the TSQ Altis Plus mass spectrometer address regulated 

requirements targeting a growing list of diverse compounds. New UHPLC and ion chromatography (IC) 
systems maximize sample delivery and separation capabilities, maintaining the sensitivity to meet minimum 
residue limits without costly sample preparation or derivatization steps. 

Operational simplicity
Simplified calibration approach consolidates steps needed by the operator, combining an intelligent 

instrument check and calibration routine. Experimental determination of dwell times assigned to each 
transition has been automated based on user-defined chromatographic peak width and the option of fixed 
cycle time or optimal number of data points per chromatographic peak.

Database integration
Utilization of experimental libraries created from discovery experiments can by-pass the need for 

purified standards and lengthy optimization routines. The output from processed data in Thermo Scientific 
TraceFinder software can be directly imported into the instrument method editor, streamlining large-scale 
study creation.

Discovery experiments, however, may not contain all compounds targeted in a study. Integration with 
Thermo Scientific mzCloud databases enables selection of additional compounds from the most advanced 
mass spectral database to be added into existing experimental methods.

Read more

https://www.thermofisher.com/br/en/home/industrial/mass-spectrometry/liquid-chromatography-mass-spectrometry-lc-ms/lc-ms-systems/triple-quadrupole-lc-ms/tsq-altis-triple-quadrupole-ms.html


Any compound, any matrix, any user.

Find out more at thermofisher.com/Altis-Quantis

For Research Use Only. Not for use in diagnostic procedures.  © 2017 Thermo Fisher Scientific 

Inc. All rights reserved. All trademarks are the property of Thermo Fisher Scientific and its subsidiaries 

unless otherwise specified. AD65064EN-1117S

Confident  

Quantitation

To achieve your business and scientific goals, you need results you can count on. 

Regardless of your application, the new Thermo Scientific™ TSQ™ Series Triple 

Quadrupole Mass Spectrometers deliver unprecedented precision for your quantitative 

workflows. Selective high-resolution SRM, robustness, reliability and sensitivity come 

together—now every user in every lab can obtain high-confidence data, regardless of  

the matrix and molecule analyzed.

VIDEO WEBSITE

https://www.youtube.com/watch?v=sDd61RmgQwE
https://www.thermofisher.com/br/en/home/industrial/mass-spectrometry/liquid-chromatography-mass-spectrometry-lc-ms/lc-ms-systems/triple-quadrupole-lc-ms/tsq-altis-triple-quadrupole-ms.html
https://www.thermofisher.com/br/en/home/products-and-services/promotions/industrial/confident-quantitation-triple-quad-lcms.html
https://www.thermofisher.com/
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Redefining ICP-MS Triple Quadrupole Technology with 
Unique Ease of Use

	 Empowering you with technology to 
achieve more today and be ready to 
master future challenges tomorrow, the 
Thermo Scientific iCAPTM TQ ICP-MS helps 
futureproof your laboratory against evolving 
legislation requirements, enables you to 
explore developing markets, and pushes 
the boundaries of your research.

Harness the power of Triple Quadrupole 
(TQ) ICP-MS with incredible accuracy and 
detection limits for the most challenging 
applications. Improved interference removal 
allows laboratories to tackle complex 
samples with ease and deliver data with the 
confidence of 'right first time' results.

Ease of use is the core concept behind 
the Thermo Scientific™ iCAP™ TQ ICP-MS, 
which has been designed for laboratories 

working in both routine and research applications. The system is based on a platform with an intuitive 
hardware design that simplifies the user experience. The operator-focused software streamlines workflows 
and integrates control of peripherals to automate sample handling.

Key features of the iCAP TQ ICP-MS
Unique ease-of-use

Combining user-inspired hardware with intelligent software, the iCAP TQ ICP-MS and the iCAP TQs 
ICP-MS both enable laboratories to effortlessly develop and maintain methods that ensure confidence in 
data quality. Reaction Finder, which is the systems' unique method development assistant, enables you to 
tackle challenging matrices without wasting time on complex method development.

Right-first-time results
Employ the power of triple quadrupole technology for uncomplicated analyses with superior accuracy 

during both research and routine applications. Thanks to the advanced interference removal capabilities 
of the iCAP TQ ICP-MS, analysis of samples with complex matrices can be performed with superior limits 
of detection for more accurate data.

Boundless capabilities
Fully integrated plugins for Thermo Scientific Qtegra Intelligent Scientific Data Solution (ISDS) Software 

enable the easy implementation of advanced applications, including automated sample handling, 
autodilution, speciation, nanoparticle analysis and laser ablation.

Find out more at https://www.thermofisher.com

https://www.thermofisher.com/order/catalog/product/BRE731436


Thermo Scientific iCAP TQ ICP-MS

Performance | Versatility | Operational Simplicity

VIDEO WEBSITE

Thermo Scientific iCAP 
TQ ICP-MS
Delivering research level trace elemental analysis, 
combined with routine ease-of-use, the Thermo 
Scientific™ iCAP™ TQ ICP-MS is a high-performance,
future-proof ICP-MS solution. Harness the power of 
Triple Quadropole (TQ) technology, in combination with 
a wide variety of reactive gases and experience, for 
uncomplicated analysis with incredible accuracy. Expand 
your applications and enhance your laboratory efficiency 
with breakthrough triple quadrupole technology that is so 
easy to use, any analyst can operate it.

https://www.thermofisher.com/br/en/home/industrial/mass-spectrometry/inductively-coupled-plasma-mass-spectrometry-icp-ms.html
https://www.youtube.com/watch?v=RKfaK36nD4o
https://www.thermofisher.com/
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Pittcon Conference & Expo
Pittcon is a catalyst for the exchange of information, a showcase for the latest advances in laboratory 
science, and a venue for international connectivity.

Pittcon is a dynamic, transnational conference and exposition on laboratory science, a venue for 
presenting the latest advances in analytical research and scientific instrumentation, and a platform for 
continuing education and science-enhancing opportunity. Pittcon is for anyone who develops, buys, 
or sells laboratory equipment, performs physical or chemical analyses, develops analysis methods, or 
manages these scientists.

Pittcon Awards
Honoring scientists who have made outstanding contributions to Analytical Chemistry

	 Each year, Pittcon provides a venue where scientists 
who have made outstanding contributions to laboratory 
science, analytical chemistry, and applied spectroscopy 
are honored.

Among these awards is the Pittcon Heritage Award 
which honors those visionaries whose entrepreneurial 
careers shaped the instrumentation and laboratory supplies 
community and by doing so have transformed the scientific 
community at large.

The award has been presented jointly with Pittcon since 
2002 and is given out each year at a special ceremony 
during the Pittcon Conference and Expo. The recipient’s 

name and achievements are added to the Pittcon Hall of Fame, which conference attendees can visit at 
the show each year.

Pittcon 2024 – Conference on Analytical Chemistry and Applied Spectroscopy
February 24-28, 2024 
San Diego, California, USA
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https://pittcon.org/pittcon-2024/


https://pittcon.org/
https://pittcon.org/conferees/
https://pittcon.org/exposition/
https://pittcon.org/pittcon-2024/
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SelectScience® Pioneers online Communication and 
Promotes Scientific Success

SelectScience® promotes scientists and their work, accelerating the communication of successful 
science. Through trusted lab product reviews, virtual events, thought-leading webinars, features on hot 
scientific topics, eBooks and more, independent online publisher SelectScience® provides scientists across 
the world with vital information about the best products and techniques to use in their work.

Some recent contributions from SelecScience® to the scientific community

Editorial Articles 
Marine research sails into the future with UV-Vis spectroscopy

Dr. Sarah Kingston, Assistant Professor of Oceanography and Chief Scientist for Marine Biodiversity 
and Conservation at Sea Education Association, discusses the use of UV-Vis spectroscopy in her research 
and the future of molecular marine research. In the hands of researchers like Dr. Sarah Kingston, the 
applications of UV-Vis spectroscopy in oceanography and marine science is making waves – both literally 
and figuratively. This article describes how she is employing UV-Vis spectroscopy to explore and understand 
the mysteries of our planet's oceans. Access here

How to achieve the Lab of the Future with expert insights from industry, academia, and manufacturing
JIn this article, three experts across biopharma, academia, and manufacturing provide a comprehensive 

overview of the LoF concept, exploring its potential impact on various sectors, the challenges involved, 
and the critical steps that labs must take to align themselves with this transformative vision. Access here

Webinar 
An industry perspective of the current regulatory landscape for nitrosamines

In this webinar, Lance Smallshaw, Head of Compendial Affairs at UCB Pharma S.A. (Belgium), provides 
an overview of the regulatory landscape today including recent significant updates related to nitrosamines 
in human medicines. This webinar also offers a perspective on the differences that exist between the 
health authorities, and explains how there is a continued need from the industry, to do more in order to 
harmonize these regional differences. Access here
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https://www.selectscience.net/editorial-articles/marine-research-sails-into-the-future-with-uv-vis-spectroscopy/?artID=59969
https://www.selectscience.net/editorial-articles/how-to-achieve-the-lab-of-the-future-with-expert-insights-from-industry-academia-and-manufacturing/?artID=60111&editorialFeatureID=267
https://www.selectscience.net/webinars/an-industry-perspective-of-the-current-regulatory-landscape-for-nitrosamines/?webinarID=2142


     Working with Scientists to Make the Future Healthier.  

     Informing scientists about the best products and applications.

     Connecting manufacturers with their customers to develop, promote and sell

technologies.

SelectScience® is the leading independent 
online publisher connecting scientists to the
best laboratory products and applications.

https://www.selectscience.net/
https://www.selectscience.net/
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CHROMacademy is the leading provider of eLearning 
for analytical science

CHROMacademy helps scientific organizations acquire and maintain 
excellence in their laboratories.

For over 10 years, CHROMacademy has increased knowledge, efficiency and productivity across 
all applications of chromatography. With a comprehensive library of learning resources, members can 
improve their skills and knowledge at a pace that suits them. 

CHROMacademy covers all chromatographic applications – HPLC, GC, mass spec, sample 
preparation, basic lab skills, and bio chromatography. Each paradigm contains dozens of modules across 
theory, application, method development, troubleshooting, and more. Invest in analytical eLearning and 
supercharge your lab.

For more information, please visit www.chromacademy.com/
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Applications of Analytical Chemistry in Industry  
Silvio Vaz Junior, Author
September 2023, Springer Cham
This book deals with analytical techniques and methods applied in several sectors 
of technology and industry and serves as a concise and up-to-date reference for 
the practical application of analytical chemistry. Readers will find valuable insights, 
including real-life examples, of how classical and instrumental techniques can be 
used by industry, to help professionals in the quality control of raw materials, products 
and processes, in the assessment of the formulation contamination, environmental 
pollution and in the evaluation of sustainability, among others. 

Analytical Nanochemistry
Abbas Afkhami, Tayyebeh Madrakian and Mazaher Ahmadi, Authors
2023 Elsevier
This book provides readers with a comprehensive review of the application of 
nanomaterial in analytical chemistry. It explains the fundamental concepts involved 
in utilizing nanomaterials including their classification, synthesis, functionalization, 
characterization methods, separation, and isolation techniques, as well as toxicity. It 
also covers fundamental information on different aspects of analytical procedures and 
method development. Furthermore, it emphasizes micro- and nano-enabled analytical 
devices and instruments as well as nanotools for nanoanalysis. 

Electrochemical and Analytical Techniques for Sustainable Corrosion 
Monitoring – Advances, Challenges and Opportunities
Jeenat Aslam, Chandrabhan Verma and Chaudhery Mustansar Hussain, Editors
2023 Elsevier
This is the first book that collectively describes corrosion inhibition measurements 
using chemical, electrochemical, and analytical methods. The book presents state-
of-the art techniques for corrosion monitoring by providing detailed studies and 
testing methods. It also covers the most advanced, industry-oriented challenges for 
sustainable corrosion monitoring and measurements. The book is a valuable resource 
for scholars in academia, materials science and applied engineering and chemistry 
students, and corrosion engineers. 

Analytical Nebulizers: Fundamentals and Applications
Antonio Canals, Miguel Ángel Aguirre and Mazaher Ahmadi, Editors
2023 Elsevier
Although the book mainly focuses on the application of analytical nebulizers in 
analytical sciences, specifically in sample preparation, it is also useful to those in other 
disciplines (e.g., organic chemistry, catalysis, sensors, nanotechnology, biomedicine 
and nanomedicine, and environmental chemistry) where these nebulizers have great 
potential. Non-conventional applications of nebulizers such as aerosol-assisted 
synthesis nanoparticles and ultrasonic nebulization extraction are also presented.  

https://doi.org/10.1007/978-3-031-38952-8
https://doi.org/10.1016/C2021-0-01300-6
https://doi.org/10.1016/C2021-0-03502-1
https://doi.org/10.1016/C2020-0-04495-6
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American Laboratory
American Laboratory® is a platform that addresses basic research, clinical diagnostics, 
drug discovery, environmental, food and beverage, forensics and other markets, and 
combines in-depth articles, news, and video to deliver the latest advances in their fields.
Featured Article: Novel Biosensor Method to Predict Adverse Drug Reactions  
Researchers at Karolinska Institutet have developed a novel method that can predict 
adverse reaction potential before the drugs are administered to patients. Read more 

LCGC
Chromatographyonline delivers practical, nuts-and-bolts information to help scientists 
and lab managers become more proficient in the use of chromatographic techniques 
and instrumentation. Green, Greener, Greenest—Sustainability at All Points 
of the Analytical Process. Mary Ellen McNally and Doug Raynie covered green 
chemistry and sustainable separations, from sample preparation through analysis with 
chromatographic techniques, at the Eastern Analytical Symposium 2023. Read more

Scientia Chromatographica
Scientia Chromatographica is the first and to date the only Latin American scientific 
journal dedicated exclusively to Chromatographic and Related Techniques. With a highly 
qualified and internationally recognized Editorial Board, it covers all chromatography 
topics in all their formats, in addition to discussing related topics such as “The Pillars 
of Chromatography”, Quality Management, Troubleshooting, Hyphenation (GC-MS, 
LC-MS, SPE-LC-MS/MS) and others. It also provides columns containing general 
information, such as: calendar, meeting report, bookstore, etc. Read more

Select Science
SelectScience® has transformed global scientific communications and digital 
marketing over the last 23 years. Informing scientists about the best products and 
applications. Connecting manufacturers with their customers to develop, promote and 
sell technologies promotes scientists and their work, accelerating the communication 
of successful science. Scientists can make better decisions using independent, expert 
information and gain easy access to manufacturers. SelectScience® informs the global 
community through Editorial, Features, Video and Webinar programs. Read more 

Spectroscopy
With the Spectroscopy journal, scientists, technicians, and lab managers gain 
proficiency through unbiased, peer-reviewed technical articles, trusted troubleshooting 
advice, and best-practice application solutions. 
Feature article: Key Steps in the Workflow to Analyze Raman Spectra. By 
Shuxia Guo, Jürgen Popp, Thomas Bocklitz. A more successful blueprint for 
analyzing Raman spectral data is outlined by following the 11 important steps, 
which are outlined here. 

PERIODICALS & WEBSITES
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https://www.labcompare.com/617-News/607857-Novel-Biosensor-Method-to-Predict-Adverse-Drug-Reactions/
https://www.chromatographyonline.com/view/green-greener-greenest-sustainability-analytical-process
http://iicweb.org/scientiachromatographica/
https://www.selectscience.net/
https://doi.org/10.56530/spectroscopy.fl6984w5
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February 24 – 28
PITTCON Conference & Expo
San Diego, California, USA
https://pittcon.org/pittcon-2024/

March 18 – 21 
XV Latin American Symposium on Environmental Analytical Chemistry (LASEAC) & X Encontro 
Nacional de Química Ambiental (ENQAmb)
Ouro Preto, Minas Gerais, Brazil
https://www.xvlaseac-xenqamb2024.com/

May 22 – 25 
47th Annual Meeting of the Brazilian Chemical Society (RASBQ)
Águas de Lindóia, SP, Brazil
https://www.sbq.org.br/reunioes-anuais

October 6 – 10
34th International Symposium on Chromatography – ISC 2024
Liverpool, UK
https://isc2024.org/

October 20 – 25
SciX Conference 2024
Raleigh, NC, United States
https://www.scixconference.org/scix-future-conferences

September 15 – 18
21st National Meeting on Analytical Chemistry (ENQA) & 9th Ibero-American Congress on 
Analytical Chemistry (CIAQA)
Hangar Centro de Convenções & Feiras da Amazônia, Belém, PA, Brasil
https://www.enqa2024.com.br//

EVENTS in 2024

https://pittcon.org/pittcon-2024/
https://www.xvlaseac-xenqamb2024.com/
https://www.sbq.org.br/reunioes-anuais
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Aims & Scope
Brazilian Journal of Analytical Chemistry is a double-blind peer-reviewed research journal dedicated to the 
diffusion of significant and original knowledge in all branches of Analytical and Bioanalytical Chemistry. 
It is addressed to professionals involved in science, technology, and innovation projects at universities, 
research centers and in industry. BrJAC welcomes the submission of research papers reporting studies 
devoted to new and significant analytical methodologies, putting in evidence the scientific novelty, the 
impact of the research and demonstrating the analytical or bioanalytical applicability. BrJAC strongly 
discourages those simple applications of routine analytical methodologies, or the extension of these 
methods to new sample matrices, unless the proposal contains substantial novelty and unpublished data, 
clearly demonstrating advantages over existing ones.
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Reviews: They should be sufficiently broad in scope, but specific enough to permit an appropriate depth 
discussion, including critical analyses of the bibliographic references and conclusions. Manuscripts 
submitted for publication as Reviews must be original and unpublished. Reviews undergo double-blind full 
peer review and are handled by the Editor of Reviews.
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procedures, or equipment falling within the scope of the BrJAC. Technical notes also undergo double-blind 
full peer review.
Letters: Discussions, comments, and suggestions on issues related to Analytical Chemistry or Bioanalytical 
Chemistry. Letters are welcome and will be published at the discretion of the BrJAC Editor-in-Chief.
Point of View: This category is exclusively invited by the Editor-in-Chief.

See the next items for more information on the journal, the documents preparation, manuscript types, and 
how to prepare the submission.
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currently submitted for publication in another journal.
Preprint: BrJAC does not accept manuscripts that have been posted on preprint servers prior to the 
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omission of data, duplication of publications, the publication of papers under contract and confidentiality 
agreements, company data, material obtained from non-ethical experiments, publications without consent, 
the omission of authors, plagiarism, the publication of confidential data and undeclared conflicts of interests 
are considered serious ethical faults.
BrJAC discourages and restricts the practice of excessive self-citation by the authors.
BrJAC does not practice coercive citation, that is, it does not require authors to include references 
from BrJAC as a condition for achieving acceptance, purely to increase the number of citations to 
articles from BrJAC without any scientific justification.
Conflicts of interest: when submitting their manuscript for publication, the authors must include all 
potential sources of bias such as affiliations, funding sources and financial, management or personal 
relationships which may affect the work.
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Copyright: will become the property of the Brazilian Journal of Analytical Chemistry, if and when a 
manuscript is accepted for publication. The copyright comprises exclusive rights of reproduction and 
distribution of the articles, including reprints, photographic reproductions, microfilms or any other 
reproductions similar in nature, including translations.
Request for permission to reuse figures and tables published in the BrJAC: researchers who want 
to reuse any document or part of a document published in the BrJAC should request reuse permission 
from the BrJAC Editor-in-Chief, even if they are the authors of such document. A template for requesting 
reuse permission can be downloaded here.
Misconduct will be treated according to the COPE's recommendations (https://publicationethics.org/) 
and the Council of Science Editors White Paper on Promoting Integrity in Scientific Journal Publications 
(https://www.councilscienceeditors.org/).

Manuscript submission
The BrJAC does not charge authors an article processing fee.
Manuscripts must be prepared according to the BrJAC manuscript template. Manuscripts in disagreement 
with the BrJAC guidelines are not accepted for revision.
The BrJAC uses an online manuscript manager system for the submission of manuscripts. This system 
guides authors stepwise through the entire submission process.
After the submitting author logs in to the system and enters his/her personal and affiliation details, the 
submission can be started.
All co-authors must be added to the Authors section.
Four documents are mandatorily uploaded by the submitting author: Cover letter, Title Page, Novelty 
Statement and the Manuscript. Templates for these documents are available for download here.
The four documents mentioned above must be uploaded as Word files. The manuscript Word file will be 
converted by the system to a PDF file which will be used in the double-blind peer review process.
All correspondence, including notification of the Editor’s decision and requests for revision, is sent by 
e-mail to the submitting author through the manuscript manager system.

Documents Preparation 
It is highly recommended that authors download and use the templates to create their four mandatory 
documents to avoid the suspension of a submission that does not meet the BrJAC guidelines.
Cover Letter
The cover letter template should be downloaded and filled out carefully.
Any financial conflict of interest or lack thereof and agreement with BrJAC's copyright policy must be 
declared.
It is the duty of the submitting author to inform his/her collaborators about the submission of the manuscript 
and its eventual publication.
The Cover Letter must be signed by the corresponding author.
Title Page
The Title Page must contain information for each author: full name, affiliation and full international postal 
address, and information on the contribution of each author to the work. Acknowledgments must be entered 
on the Title Page. The submitting author must sign the Title Page.
Novelty Statement
The Novelty Statement must contain clear and succinct information about what is new and innovative in 
the study in relation to previously related works, including the works of the authors themselves.

BrJAC Guidelines for Authors

https://www.brjac.com.br/guidelines-download.php#_Documents_preparation
https://www.brjac.com.br/guidelines-download.php
https://www.brjac.com.br/guidelines-download.php


180

Manuscript (all submission categories)
It is highly recommended that authors download the Manuscript template and create their manuscript in 
this template, keeping the layout of this file. 
•	 Language: English is the language adopted by BrJAC. The correct use of English is of utmost 

importance. In case the Editors and Reviewers consider the manuscript to require an English revision, 
the authors will be required to send an English proofreading certificate before the final approval of the 
manuscript by BrJAC.

•	 Required items: the manuscript must include a title, abstract, keywords, and the following sections: 
Introduction, Materials and Methods, Results and Discussion, Conclusion, and References.

•	 Identification of authors: as the BrJAC adopts a double-blind review, the manuscript file must NOT 
contain the authors’ names, affiliations nor acknowledgments. Full details of the authors and their 
acknowledgements should be on the Title Page. 

•	 Layout: the lines in the manuscript must be numbered consecutively and double-spaced.
•	 Graphics and Tables: must appear close to the discussion about them in the manuscript. For figures 

use Arabic numbers, and for tables use Roman numbers. 
•	 Figure files: when a manuscript is approved for publication, the BrJAC production team 

will contact the corresponding author to request separate files of each figure and a 
graphical abstract. These files must have good resolution and the extension PNG or JPG. 
The graphical abstract should preferably be created in landscape format. In the article diagrammed 
in the journal, the graphical abstract will occupy a space of 8 to 9 cm in length and 6 cm in height. 
Chemical structures must have always the same dimensions.

•	 Permission to use content already published: to use figures, graphs, diagrams, tables, etc. identical 
to others previously published in the literature, even if these materials have been published by the 
same submitting authors, a publication permission from the publisher or scientific society holding the 
copyrights must be requested by the submitting authors and included among the documents uploaded 
in the manuscript management system at the time of manuscript submission. 

•	 Chemical nomenclature, units and symbols: should conform to the rules of the International Union of 
Pure and Applied Chemistry (IUPAC) and Chemical Abstracts Service. It is recommended that, whenever 
possible, the authors follow the International System of Units, the International Vocabulary of Metrology 
(VIM) and the NIST General Table of Units of Measurement. Abbreviations are not recommended 
except for those recognized by the International Bureau of Weights and Measures or those recorded 
and established in scientific publications. Use L for liters. Always use superscripts rather than /. For 
instance: use mg mL-1 and NOT mg/mL. Leave a space between numeric values and their units.

•	 References throughout the manuscript: the references must be cited as superscript numbers. It is 
recommended that references older than 5 (five) years be avoided, except in relevant cases. Include 
references that are accessible to readers.

•	 References item: This item must be thoroughly checked for errors by the authors before submission. 
From 2022, BrJAC is adopting the American Chemical Society’s Style in the Reference item. Mendeley 
Reference Manager users will find the Journal of American Chemical Society citation style in the 
Mendeley View menu. Non-users of the Mendeley Reference Manager may refer to the ACS Reference 
Style Quick Guide DOI: https://doi.org/10.1021/acsguide.40303 

Review process
Manuscripts submitted to the BrJAC undergo an initial check for compliance with all of the journal's 
guidelines. Submissions that do not meet the journal's guidelines will be suspended and an alert sent to the 
corresponding author. The authors will be able to resend the submission within 30 days. If the submission 
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according to the journal's guidelines is not made within 30 days, the submission will be withdrawn on the 
first subsequent day and an alert will be sent to the corresponding author.
Manuscripts that are in accordance with the journal's guidelines are submitted for the analysis of similarities 
by the iThenticate software.
The manuscript is then forwarded to the Editor-in-Chief who will check whether the manuscript is in 
accordance with the journal's scope and will analyze the similarity report issued by iThenticate.
If the manuscript passes the screening described above, it will be forwarded to an Associate Editor who 
will also analyze the iThenticate similarity report and invite reviewers.
Manuscripts are reviewed in double-blind mode by at least 2 reviewers. A larger number of reviewers may 
be used at the discretion of the Editor. As evaluation criteria, the reviewers employ originality, scientific 
quality, contribution to knowledge in the field of Analytical Chemistry, the theoretical foundation and 
bibliography, the presentation of relevant and consistent results, compliance with the BrJAC’s guidelines, 
clarity of writing and presentation, and the use of grammatically correct English.
Note: In case the Editors and Reviewers consider the manuscript to require an English revision, the authors 
will be required to send an English proofreading certificate, by the ProofReading Service or equivalent 
service, before the final approval of the manuscript by the BrJAC.
The 1st-round review process usually takes around 5-6 weeks. If the manuscript is not rejected but requires 
corrections, the authors will have one month to submit a corrected version of the manuscript. In another 
3-4 weeks, a new decision on the manuscript may be presented to the corresponding author.
The manuscripts accepted for publication are forwarded to the BrJAC production department. Minor 
changes to the manuscripts may be made, when necessary, to adapt them to BrJAC guidelines or to make 
them clearer in style, respecting the original content. The articles are sent to the authors for approval 
before publication. Once published online, a DOI number is assigned to the article.

Final Considerations
Whatever the nature of the submitted manuscript, it must be original in terms of methodology, information, 
interpretation or criticism. 
With regard to the contents of published articles and advertisements, the sole responsibility belongs to the 
respective authors and advertisers; the BrJAC, its editors, editorial board, editorial office and collaborators are 
fully exempt from any responsibility for the data, opinions or unfounded statements.
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