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EDITORIAL

Brazilian Journal of Analytical Chemistry
2022, Volume 9, Issue 36, pp 1-2
doi: 10.30744/brjac.2179-3425.editorial.mbertotti.N36

Cite: Bertotti, M. About this Issue. Braz. J. Anal. Chem., 2022, 9 (36), pp 1-2. https://dx.doi.org/10.30744/brjac.2179-3425.
editorial.mbertotti.N36

About this Issue
Mauro Bertotti   
Full Professor at the Institute of Chemistry at the University of São Paulo (IQ-USP), São Paulo, SP, Brazil
Associate Editor of the Braz. J. Anal. Chem.

This BrJAC issue starts with an interview with Edenir R. Pereira Filho, an Associate Professor at the 
Federal University of São Carlos (UFSCar). His research spans multiple sectors, including  spectroanalytical 
methods for direct solid sample analysis, especially electronic waste. He is also an expert in designing 
experiments using chemometric tools and has a YouTube channel to share his research group´s 
contributions. He finished his pleasant interview with an important comment: “Treat your students with 
special care.”.

The point of view shows an interesting and relevant discussion on the limit of detection (LOD) and the 
use of significant digits. The author’s conclusion is clearly stated: “The LOD must be reported with a single 
digit, which is significant but uncertain”. I completely agree with such a claim and reinforce that as scientists 
that handle numbers, we have to be aware that all measurements contain some kind of uncertainty, and 
significant figures show us what that uncertainty is.

Nanomaterials have been increasingly studied for medical applications, and one crucial aspect that has 
drawn attention is the safety concerns of handling and using nanoparticles. Do the benefits outweigh the 
risks? Accordingly, the letter presents a thorough discussion on nanostructured materials and provides an 
update on the challenges associated with nanomaterials production with a focus on nanomedicine. 

Analytical chemistry has always been associated with the needs of society, and two reviews address 
issues involving environmental analysis. One of them gives an overview of arsenic speciation methods 
and the challenges represented by contamination in soil, water, and food supplements. The other reports 
the analysis of compounds using minimal or no sample preparation. Such an approach includes the 
development of less invasive and more continuous testing, resulting in devices that cover the trend of 
point-of-care (POC) analysis. 

Two exciting articles have been included in this BrJAC issue. The first reports on the synthesis, 
characterization, and application of zeolitic imidazolate frameworks for adsorption processes. The authors 
have demonstrated that their material presents excellent adsorption capacity and can be successfully 
employed to remove arsenic species from aquatic environments. The other article describes a thorough 
study on a cost-effective sorbent (a lignin-based bio-alkyd resin) prepared from the reaction between 
oxidized lignin with a mixture of palmitic acid and glycerol. Molybdenum (in the form of a Mo/thiocyanate 
complex) can be selectively extracted from complex samples (mice liver, pharmaceuticals, water, and 
fertilizer samples) for further spectrophotometric detection with enhanced sensitivity. 

As for technical notes, the issue presents two attractive studies. The first shows how the combination of 
threshold QTOF-MS measurements and quantum-chemical calculations allows for the understanding of the 
increased stability of sodiated sucralose compared to the protonated one. Neodymium and praseodymium 
can be found in permanent magnets at very low levels, and a method to determine both metals with high 
accuracy and precision is presented in the other work. 

https://dx.doi.org/10.30744/brjac.2179-3425.editorial.mbertotti.N36
https://dx.doi.org/10.30744/brjac.2179-3425.editorial.mbertotti.N36
https://dx.doi.org/10.30744/brjac.2179-3425.editorial.mbertotti.N36
https://orcid.org/0000-0001-9566-7577
mailto:mbertott%40iq.usp.br?subject=
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It is exciting to see the growing interest of researchers worldwide for BrJAC, as shown in this issue. 
The articles reveal that analytical chemistry is a long-standing example of an interdisciplinary approach to 
scientific research, pushing the field into emerging topics of societal importance. I hope you enjoy reading!

Mauro Bertotti is currently Full Professor at the Institute of Chemistry at the 
University of São Paulo (IQ-USP), São Paulo, SP, Brazil. Works mainly on 
Electroanalytical Chemistry, with emphasis on Microelectrodes, 
Electrochemical Sensors, and Scanning Electrochemical Microscopy.

Braz. J. Anal. Chem., 2022, 9 (36), pp 1–2.

http://lattes.cnpq.br/3497889001562167
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Brazilian Journal of Analytical Chemistry
2022, Volume 9, Issue 36, pp 3-7
doi: 10.30744/brjac.2179-3425.interview.erpfilho

Professor Edenir Pereira Filho, 
a researcher with a broad and 
solid background in science and 
also a YouTuber, recently gave an 
interview to BrJAC

Cite: Pereira Filho, E. R. Professor Edenir Pereira Filho, a researcher with a broad and solid background in science and 
also a YouTuber, recently gave an interview to BrJAC. Braz. J. Anal. Chem., 2022, 9 (36), pp 3-7. http://dx.doi.org/10.30744/
brjac.2179-3425.interview.erpfilho

Edenir R. Pereira Filho holds a degree in Chemistry from the Pontifical Catholic University of 
Campinas (1996), a Master’s degree in Chemistry (1999) from the State University of Campinas 
(Unicamp), a Master’s degree in Mathematics (2022) from the Federal University of São Carlos 
(UFSCar), and a doctorate (2003) in Science (Unicamp). He is currently an Associate Professor at 
UFSCar. He works mainly on spectroanalytic, with an emphasis on Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP OES), Flame Atomic Absorption Spectrometry (FAAS), and 
Laser Induced-Breakdown Spectroscopy (LIBS), and applications of chemometric tools (Design of 
Experiments, DoE) in atomic spectrometry.

Would you tell us where you were born and what your childhood was like?
I was born in Colatina, Espírito Santo state, on May 24, 1975. My relatives are originally from Minas 

Gerais state, and during my first years, we moved from Espírito Santo to Minas Gerais. My father worked 
in a company dedicated to civil construction (mainly railways and infrastructure), and we moved to several 
Brazilian states (Espírito Santos, Maranhão, Minas Gerais again, and São Paulo) and cities (6 different 
locations). From the end of 1980 to the beginning of 1990, we lived in Montes Claros (North of Minas 
Gerais state). In this case, my first years were rich in different cultures (north and south) of our country. 

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

I attended a chemistry technician course in Montes Claros (from 1989 to 1992) (old high school). I 
also assisted some professors during laboratory classes. This activity exposed me to several aspects of 
chemistry: mainly physical chemistry and analytical chemistry. Several professors influenced my decision 
to focus on chemistry in the next steps of my career (university). In addition, during this period, I also visited 
several chemical industries (cement, metallic magnesium and silicon production, and water treatment) and 
had contact with chemists and engineers.

Edenir Rodrigues Pereira Filho    
Associate Professor in the Department of Chemistry at the Federal University of São Carlos, São Carlos, 
SP, Brazil 

INTERVIEW

http://dx.doi.org/10.30744/brjac.2179-3425.interview.erpfilho
http://dx.doi.org/10.30744/brjac.2179-3425.interview.erpfilho
http://dx.doi.org/10.30744/brjac.2179-3425.interview.erpfilho
https://orcid.org/0000-0003-0608-0278
http://lattes.cnpq.br/3394181280355442
https://www.youtube.com/c/EdenirPereiraFilho
mailto:erpf%40ufscar.br?subject=
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When did you decide to study chemistry? What motivated you? How was the beginning of your 
career? 

I decided to follow the chemistry career after the chemistry technician course (at the beginning of the 
1990s). My relatives moved to Valinhos (São Paulo state), and I attended several universities then. In 
1993, I enrolled in my first chemistry class at Pontifical Catholic University of Campinas (PUC-Campinas). 
During my undergraduate course, the classes were at night. I worked as an industry supervisor in a paint 
manufacturer in Campinas. Later, I was approved as a scientific assistant at the Brazilian Agricultural 
Research Corporation (Embrapa), Environmental Research Center at Jaguaríuna (São Paulo State). 
At Embrapa, I worked in an analytical chemistry laboratory and operated several analytical chemistry 
instruments, such as a spectrophotometer (UV-Vis), flame atomic absorption spectrometer (FAAS), and 
graphite furnace atomic absorption spectrometer for water, plant, and soil analysis. In 1997, I left Embrapa 
and started a Master’s course in chemistry at Campinas State University (Unicamp) under the supervision 
of Prof. Dr. Marco Aurélio Zezzi Arruda. I finished my Master’s course in 1999 and started the Ph.D. course 
in Science under the supervision of Prof. Arruda and the co-supervision of Prof. Dr. Roney Poppi. In 2001, 
I performed part of my Ph.D. course in Germany under the guidance of Prof. Dr. Harald Berndt. In 2003, I 
defended my thesis. Both Master’s and Ph.D. projects were financed by São Paulo Research Foundation 
(Fapesp). From 2004 to 2006, I worked at the Federal University of Alfenas (Minas Gerais state), Unifal 
(former School of Pharmacy and Odontology, EFOA), and PUC-Campinas. In the middle of 2006, I was 
approved and appointed as a professor at the Chemistry Department of the Federal University of São 
Carlos (UFSCar).

Prof. Edenir Pereira Filho at the Group of Applied Instrumental Analysis (GAIA), 
Dept. of Chemistry, UFSCar.

Braz. J. Anal. Chem., 2022, 9 (36), pp 3–7.
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What has changed in the student’s profile, ambitions and performance since the time you started 
your career?

Nowadays, students have more information, and the professional possibilities are almost infinite. 
Requirements such as a second or a third language or international experience are no longer intangible 
activities and are now natural and required steps. The students are more connected; it is necessary to 
have other required characteristics such as social abilities (soft skills), teamwork, and capacity to solve 
complex problems using different knowledge (not only the technical).

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

Analytical Chemistry has a fundamental characteristic: the possibility to quickly interact with other areas 
of chemistry and other sciences — the analytical chemistry professional must know data science, mining, 
and processing. In addition, it is possible to interact with mathematics and statistics. In my research line, for 
instance, I am applying several mathematical and statistical techniques, and this combination is a science 
named Chemometrics. I believe that Chemometrics is a powerful Science, and I am very tempted to learn 
more and more. For instance, in 2019, I started a Master’s course in Mathematics, and my dissertation 
entitled “Chemistry and Mathematics’ synergism: Teaching Design of Experiments in undergraduate and 
graduate courses of Chemistry at UFSCar” was defended in 2022. Finally, the future of analytical chemistry 
is to spread its interactions with other areas and solve complex problems related to calibration and data 
science. 

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

My research line is mainly devoted to developing analytical methods for direct solid sample analysis. In 
the last 10 years, I have been working with a very complex type of sample: electronic waste (waste electrical 
and electronic equipment, WEEE). The WEEE has more than 40 chemical elements in its different parts: 
printed circuit boards (PCBs), polymers, batteries, and screens. Several elements are potentially and 
economically recoverable. In addition, I am also interested in the application of chemometric techniques to 
propose calibration models focusing on solid sample analysis. Up to 2022, I have almost 200 publications 
in different international journals. Instead, to highlight a specific paper, I would like to invite the reader to 
see and join my YouTube channel: https://www.youtube.com/c/EdenirPereiraFilho. This channel presents 
several contributions of my research group (more than 300 videos): design of experiments (DoE) with 
two tutorials, chemometrics (principal component analysis, PCA), laser induced-breakdown spectroscopy 
(LIBS), calibration strategies for direct solid sample analysis, bibliometric analysis, chemical equilibrium, 
the interaction between academy and industry (professional Master’s course), WEEE characterization, 
and the use of Excel, Octave, Matlab, R, and Python. Part of the channel’s content was prepared with 
the help of my former Ph.D., Master’s, and undergraduate students, and the work is completely voluntary. 
Please, spread the word!!!

“... the interaction between Brazilian 
researchers and industry must be 
more collaborative, and the dialogue 
should be improved...”

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

Chemistry research has improved a lot in Brazil in the last 20 
years. Nowadays, we have access to sophisticated and advanced 
technologies and instrumentation. In addition, it is possible to have 

close contact with research centers worldwide. The main challenges are having a regular source of financial 
support and establishing a healthy interaction with the industry. In my opinion, the interaction between 
Brazilian researchers and industry must be more collaborative, and the dialogue should be improved. 
There are several initiatives, but it is necessary to propose clear rules and a governmental incentive.

Professor Edenir Pereira Filho, a researcher with a broad and solid background in science 
and also a YouTuber, recently gave an interview to BrJAC

https://www.youtube.com/c/EdenirPereiraFilho
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For you, what have been the most important recent achievements in analytical chemistry research? 
What are the landmarks? What has changed in the scenario with the pandemic?

From the point of view of solid sample analysis and data science, I think the use of X-ray fluorescence 
(XRF) and LIBS in a rover sent to Mars is a significant development. During the pandemic, for example, 
and describing one of my activities, it was possible to interact, even remotely, with researchers and 
students from different parts of Brazil and the world. I discussed several research activities with national 
and international students, and some presented webinars for graduate students. Now, it is also possible 
to attend webinars presented by Nobel Prize winners. During the pandemic period, I offered a discipline 
about DoE on four different occasions (2020, 2021, and 2022). More than 300 students from 17 states of 
Brazil and Argentina, Peru, and Colombia participated in this discipline. I saw the pandemic period as a 
unique opportunity to present my research line and scientific achievements on social media (YouTube and 
LinkedIn) and try to show to society how their financial investment is used. 

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

These meetings are essential, but it is necessary to propose activities to include all the community 
partners, mainly students. In addition, the researchers and students need to feel valued and considered by 
the scientific societies. When students prepare a poster for presentation, for example, they want to show 
their work and not comply with a protocol. 

Dr. Edenir R. Pereira Filho, Associate Professor in the Department of Chemistry 
at the Federal University of São Carlos (UFSCar).

What is the importance of awards in the development of science and new technologies?
All awards are important and healthy to the scientific community and can be used as an additional 

stimulus. 

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

These agencies are vital and need to receive regular investments for better support. On the other 
hand, the researchers also need the effort to obtain financial support from others, such as industry and 
international cooperation. 

Braz. J. Anal. Chem., 2022, 9 (36), pp 3–7.
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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?

We need to pay more attention to our political representatives. The present government was established 
by the people that made an unthinkable and unhappy choice. Soon, we need to choose better and study 
the proposition of the candidates and see its commitment with the Science. 

What advice would you give to a young scientist who wants to pursue a career in chemistry?
Treat your students with special care. They are your business card. Remember that you were a student 

a few years ago. Try to establish beneficial scientific collaborations. Answer your e-mails and be polite. 
Do not ignore your colleagues. Keep studying and observe which gaps need to be filled. Keep a distance 
from toxic (from the psychological point of view) people and organizations. Be authentic and do not pay 
attention to what others will think. Work hard!!!

How would you like to be remembered?
I would like to be remembered for contributing to solid sample analysis using LIBS and the bald guy with 

an interesting and useful YouTube channel.

Professor Edenir Pereira Filho, a researcher with a broad and solid background in science 
and also a YouTuber, recently gave an interview to BrJAC
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Cite: Donati, G. L. The Case of the Limit of Detection. Braz. J. Anal. Chem., 2022, 9 (36), pp 8-9. http://dx.doi.org/10.30744/
brjac.2179-3425.point-of-view-gldonati-N36

The Case of the Limit of Detection
George L. Donati  
Associate Research Professor at the Department of Chemistry 
Wake Forest University, Winston-Salem, NC, USA

Students learn early on in science courses that reliable results can only be achieved from accurate 
measurements. In some of the first general chemistry classes, but even more intensively in analytical 
chemistry classes, students are introduced to the concept of significant figures.1 They learn that a 
measurement is only as true and precise as the instrument used to carry it out, and that the level of 
skill of the measurer (and how they interpret and report the measurement) is also important. A classic 
example to introduce significant figures involves the measurement of an object’s length using a ruler. Let 
us say that the object is a string, and one has two rulers available to measure it. The first ruler has 1-cm 
markings, while the second one presents 0.1-cm markings. When performing any measurement, students 
learn that more accurate results will be achieved if one estimates and includes an additional digit to the 
measurement. Thus, as an example, let us say that the string’s length is determined to be between 3 and 
4 cm using the first ruler. The measurer will then estimate the tenths decimal place and report the string’s 
length as 3.4 cm, for example. Although considered significant, the tenths place (i.e., 4) is an estimate and, 
therefore, it is uncertain. The other digit (i.e., 3) is both significant and certain. Using the second ruler, the 
string’s length falls between 3.4 and 3.5 cm. The measurer will again estimate an additional decimal place 
and report the length as 3.48 cm. In this example, the digits 3 and 4 are both significant and certain, while 
the hundredths place (i.e., 8) is significant but uncertain.

Now, how does the concept of significant figures relate to limit of detection (LOD)? 

There are different interpretations for LOD,2-5 but it simply is the lowest concentration of analyte generating 
an instrument response that is statistically different from (and higher than) that recorded for the blank. 
According to the International Union of Pure and Applied Chemistry (IUPAC), the LOD is calculated as three 
times the standard deviation of the instrument response for the blank (Sb), divided by the calibration curve 
slope (m), i.e., LOD = 3Sb/m. The value Sb is calculated from repeated measurements of the blank solution, 
usually 10 - 20 replicates (n = 10 - 20). Considering a normal distribution, 99.86% of the data is <  
(i.e., < than the value corresponding to three standard deviations above the mean). Therefore, the LOD 
calculated at 3Sb is statistically different from, and has a 99.86% chance of being larger than the blank.4

At the LOD, the instrument response recorded for the analyte is certainly not due to the random variation 
of the blank signal (almost 100% certain). However, there is no certainty associated with the analyte 
concentration. In other words, one knows the analyte is present, but cannot quantify it with an adequate 
level of confidence. Considering Sb as noise, the analyte’s signal-to-noise ratio (S/N) at the LOD is 3 (i.e., 
the instrument response recorded for the analyte is three times higher than the noise). Because S/N is 
the reciprocal of the relative standard deviation (RSD), analyte signal variations higher than 33% (RSD 
= 1/3) are expected at the LOD. Therefore, the concentration corresponding to the LOD is, by definition, 
uncertain. Going back to the concept of significant figures, the LOD must be reported with a single digit, 
which is significant but uncertain.

POINT OF VIEW
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Many researchers fail to follow these fundamental concepts of statistics and analytical chemistry, as 
LODs are often reported with several significant figures (!). Perhaps, it is due to a natural difficulty to 
connect concepts learned at different points in one’s education. Nevertheless, “the case of the LOD” may 
foster an awareness that could facilitate the identification of instances in which the connection between 
different concepts is essential: from adequate reporting of analytical results to new ideas and discoveries.
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In recent years, the world has witnessed important progress in the field of nanotechnology, which has 
strongly impacted the various fields of science and industry, creating new applications in electronics,1 
medicine,2 and energy storage.3 In this sense, several nanoscale materials with different compositions 
have been produced and reported in the literature. 

Nanomaterials can be classified according to their composition. For example, silicon dioxide (SiO2),4 
quantum dots (QDs),5 carbon dots (CDs),6 and nanoparticles (metallic and non-metallic),7 among others, 
have been widely synthetized and applied in several area. In nanomedicine, more specifically, the 
literature shows that nanoscale materials have shown numerous advantages, including unravelling and/
or treating human diseases.8 In theory, due to unique optical properties, relative stability, high brightness, 
high quantum yield, biocompatibility, and biodegradability,9 some nanomaterials can be used as promising 
tools to assist in the generation of bioimages,2 diagnosis,10 and treatments of human diseases (Figure 1).11 

Figure 1. General use of nanomaterials in clinical applications.
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To guarantee specific interactions between nanoparticles and cells, the adsorptive properties of 
nanomaterials are altered by the selective functionalization of the particles, allowing different clinical 
applications.8 For example, Zhang et al.12 reported a new method for cancer identification called multiplexed 
nanomaterial-assisted laser desorption/ionization for cancer identification (MNALCI). In this study, Au/
SiO2 core/shell nanoparticles were used as the nanostructured material. The MNALCI was applied to 
1,183 subjects, including 233 healthy controls and 950 patients with different types of cancer from two 
independent cohorts. MNALCI demonstrated a sensitivity of 93% to 91% to distinguish cancers from healthy 
controls. Satisfactory accuracy and minimal sample consumption make MNALCI a promising solution for 
non-invasive cancer diagnosis. In another study, magnetic NPs (MNPs), combined with oligomer-specific 
antibodies targeting neurotoxic beta-amyloid oligomers (AβOs), were evaluated in vitro and in vivo for 
imaging neurodegenerative diseases.2 Furthermore, nanocomposites (natural or synthetic) have been 
used as nanocarriers to carry out controlled drug delivery to target regions and even for reconstitution of 
necrotic tissues (tissue engineering).11,13 

However, the lack of adequate techniques to detect and characterize nanomaterials has exacerbated 
concerns about the potential risk of using nanomaterials in clinical applications, as the properties of 
nanomaterials depend on controlling size, shape, specific functional group, and synthesis conditions.3,8,14 
Therefore, more studies are needed to develop an adequate, reproducible, and validated method that 
allows for the synthesis and characterization of safe nanomaterials for medical practices. In general, there 
are at least three major challenges regarding nanomaterials production with a focus on nanomedicine.8,14,15 
The first is associated with the development of easy and efficient methods for the large-scale production 
of high-quality and safe nanomaterials.14 In other words, although several syntheses are reported in the 
literature, many of them have low yield, making large-scale production difficult. The second challenge 
reflects the concern to control the size and shape of particles. Many physicochemical properties of the 
nanomaterials change with increasing or decreasing size, and therefore the pattern of toxicity may also 
change.9 In general, some particle properties vary with decreasing particle size due to surface energy 
impacts. For example, the properties of metallic particles change when they are smaller than 5 nm. In the 
literature, there are few studies that report on the toxicity patterns of nanomaterials or the physicochemical 
properties that are impacted by size variation. For example, the energy levels of QDs are examples of 
changes in the properties of particles that suffer due to size variation. 

Finally, the third challenge is associated with the stability and functionalization of nanomaterials.14 
Aggregation into nanoparticles in solution occurs when physical processes bring the surfaces of particles 
into contact with each other. The short-range thermodynamic interactions allow bonding between the 
particles and, consequently, the aggregation. For particles below 100 nm in size, Brownian diffusion 
controls the long-range forces between individual nanoparticles, causing collisions between particles and 
the resulting aggregation.14 Aggregation may represent the low stability of the prepared nanomaterials. 
In this sense, nanomaterials with low stability can be a risk in clinical application due to nanotoxicity.15 
Therefore, the evaluation of the toxicity of nanoscale materials in the field of nanomedicine implies another 
important challenge, which is the need for highly detailed in vitro and in vivo studies on nanotoxicity.9 

Although, important practical challenges are found in nanoscience, there is no doubt that nanostructured 
materials present considerable opportunities for advances in nanotechnology applied to nanomedicine. 
Therefore, more studies are needed to develop easy, efficient, reproducible, and validated methods to 
ensure the applicability of nanomaterials with a low risk of toxicity.
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Arsenic is naturally present at 
high concentration levels in 
aquifers adversely affecting the 
life of some 200 million people in 
a number of countries on four 
continents. Human exposure to 
As from dietary sources such as 
marine fish, seafood, poultry, 
cereals is generally much lower 
compared to exposure through 
drinking contaminated water, 
using contaminated water in 
food preparation and irrigation 
of crops. Arsenic toxicity 
depends on its four valences 
[As(-III), As0, As(III) and As(V)] 

and chemical compounds. Thus, in seafood, As is mainly found in its less toxic organic forms. The qualitative 
and quantitative determinations of individual As species are crucial to understand the environmental fate 
and behavior of As. The aim of the present review is to give a brief overview on the main As speciation 
methods and to present how to control As contamination at local and global scales in several environmental 
(soil, waters) and biological (crops, basic and processed food) samples, as well as complementary and 
alternative medicinal products marketed as food supplements. In terms of chromatographic separation, 
emphasis is placed on separation by thin layer chromatography and solid phase extraction. Some 
approaches to address As contamination (e.g., stabilization in soil, provision of a safe water supply in 
affected communities) at global and regional scales are also presented.

Keywords: arsenate, arsenite, drinking water, organic arsenicals, speciation
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Abbreviations used in this Review

Acronym Meaning Acronym Meaning

AC activated charcoal Ka acid dissociation constant

AsB arsenobetaine LA laser ablation

AsC arsenocholine LC linear combination

ASE accelerated solvent extraction LD50 median lethal dose

ASHRAM Arsenic health risk assessment 
and molecular epidemiology LMWOA low molecular weight organic acid

ATR-FTIR
attenuated total-reflection 
Fourier—transformed infrared 
spectroscopy

LOD limit of detection

BCR
Bureau Communautaire de 
Référence or (European) 
Community Bureau of Reference

MMA(III) monomethylarsonous acid

BMDL benchmark dose limit MMA(V) monomethylarsonic acid

BW body weight MOE margin of exposure

CAM complementary and alternative 
medicine MW microwave

DMA(III) dimethylarsinous acid NIST National Institute for Standards 
and Technology

DMA(V) dimethylarsinic acid (cacodylic 
acid) OPLC overpressured layer 

chromatography

DSHEA Dietary Supplement Health and 
Education Act PEI polyethylene imide

DW deionized water PTFE polytetrafluoroethylene

EC European Commission Q-ICP-MS quadrupole inductively coupled 
plasma mass spectrometry

EDTA ethylene diamine tetraacetic acid Rf retention factor

EDXRF energy dispersive X-ray 
fluorescence RSD relative standard deviation (%)

EXAFS extended X-ray absorption fine 
structure SAM S-adenosyl methionine

FAO Food and Agriculture Organization 
of the United Nations SAX strong anion exchanger

FIA flow injection analysis SPE solid phase extraction

FRW fresh root weight SRM standard reference material

FTIR Fourier-transformed infrared 
spectroscopy SR-XANES

synchrotron radiation X-ray 
absorption near edge 
spectroscopy

Continues on the next page.
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Acronym Meaning Acronym Meaning

GFAAS graphite furnace atomic absorption 
spectrometry TETRA tetramethylarsine

GSH reduced glutathione TMA trimethylarsine

HG-AAS hydride generation atomic 
absorption spectrometry TFA trifluoroacetic acid

HPLC high performance liquid 
chromatography THGA transversely heated graphite 

atomizer

HR-CS-GFAAS
high resolution continuum source 
graphite furnace atomic absorption 
spectrometry

TMAO trimethylarsine oxide

iAs(III) arsenite TXRF total-reflection X-ray fluorescence 
(spectrometry)

iAs(V) (hydrogen) arsenate ions TLC thin layer chromatography

ICP-(SF)-MS inductively coupled plasma (sector 
field) mass spectrometry WHO World Health Organization

IRMM Institute for Reference Materials 
and Measurements XANES X-ray absorption near edge 

spectroscopy

JECFA Joint FAO/WHO Expert Committee 
on Food Additives µ-XRF µ-X-ray fluorescence

RATIONALE OF THIS REVIEW
In the 21st century, not only did the pace of scientific development accelerate tremendously, but thanks 

to infocommunications, our way of life has been completely transformed. We spend nearly 90% of our time 
indoors, and global warming has led to the creation of energy-efficient air-conditioned buildings. There 
is a growing demand for healthy diet. At the same time, more and more people are turning to traditional 
medicine due to the lack of empathy often experienced in public health. These alternative pharmaceutical 
preparations are generally sold over-the-counter and considered dietary supplements. 

Due to its controversial properties, arsenic (As) came early into the sight of humanity. It can occur in 
many chemical forms, from poisonous to harmless species. However, even small amounts of its toxic 
forms can have therapeutic and corroborative effects. In soil, the availability of As is mainly determined 
by the chemistry of iron (Fe). Arsenic phytotoxicity is closely related to the composition and pH of the 
soil and, last but not least, the tolerance of the plant to As. Biomethylation produces less toxic organic 
As compounds. The As contamination of many of the aquifers is of geological origin, adversely affecting 
the everyday life of some 200 million people. In Europe, the south-eastern part of Hungary is mainly 
affected by naturally occurring As contamination. Recently, significant efforts have been made in Hungary 
to comply with the 10 µg L-1 health limit for the concentration of As in drinking water set out in European 
Commission Directive 98/83/EC.1 However, the choice of technological solution for As removal is primarily 
determined by the chemical form of As. The pace of development of analytical measurement techniques is 
extremely fast, and the development of elemental speciation analysis is also supported by the knowledge 
gained in many other fields of science. In addition to the coupling of separation techniques and atomic 
spectrometric measurement techniques, speciation procedures include a number of sample preparation 
procedures that can be a separate source of error. These may occur during sampling in the form of 
unwanted interconversion of the species, but the interference caused by sample matrix components may 
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also be significant. In parallel with the need to improve analytical performance, it would be useful to 
develop cost-effective, speciation methods applicable to different matrices that could be routinely used in 
analytical laboratories.

The aim of the present review is to give a brief overview on main As speciation methods and to present 
how to address the challenges represented by As contamination at local and global scales in several 
environmental (e.g., soil, waters) and biological (e.g., crops, basic and processed food) samples, as well 
as complementary and alternative medicinal (CAM) products marketed as food supplements with special 
emphasis on As speciation.

ARSENIC SPECIES AND THEIR TOXICITY
Arsenic is a highly toxic metalloid that can occur in soil even at extreme concentration (e.g., 250 g kg-1) 

due to both geogenic and anthropogenic activities.2 Arsenic toxicity depends on its valence and chemical 
environment. Thus, As(III) species are more toxic than As(V) ones and inorganic As (iAs) compounds are 
more toxic than organic As ones. The median lethal dose (LD50) values of the most common As compounds 
determined by oral exposition to rats have been summarized in Table I.3

Table I. Toxicity of arsenic species expressed as median lethal dose (LD50) values*

As species LD50 (mg kg-1)

AsH3 (arsine) 3

As2O3 (arsenic trioxide) 20

Na3AsO3 (sodium arsenite) 60

Na3AsO4 (sodium arsenate) 120

CH3AsO(OH)2 [monomethylarsonic acid, MMA(V)] 700

elementary state As (As0) 763

(CH3)3As (trimethyl arsine, TMA) 787

(CH3)4As+ (tetramethyl arsine, TETRA) 890

(CH3)2AsO(OH) [dimethylarsinic acid (cacodylic acid), DMA(V)] 1600

CH3AsO(ONa)2 (disodium monomethyl arsonate) 1800

(CH3)2AsO(ONa) (sodium cacodylate) 2600

(CH3)3As+(CH2)2OH (arsenocholine, AsC) 6500

(CH3)3As+CH2COO- (arsenobetaine, AsB) 10000

(CH3)3AsO (trimethylarsine oxide, TMAO) 10600
*oral exposition to rats

The high toxicity of arsenite [iAs(III)] – also confirmed by the Pearson acid-base theory – can be explained 
by its significant affinity for the sulfur (S) atom. Thus, As can bind to the sulfhydryl group of enzymes and 
inhibits their function, causing cell death. The toxicity of (hydrogen)arsenate ion [iAs(V)] is due to the fact 
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that its chemical structure is very similar to that of phosphate ion. This latter ion plays a role in the energy 
balance of living organisms through phosphorylation. Arsenate can be accumulated, mainly in the nails 
and hair. The iAs(V) taken up by plants, when replaced by phosphate ions, interfere the energy balance.

The iAs species are more toxic compared to organic derivatives such as e.g., arsenobetaine (AsB) and 
arsenocline (AsC). However, both dimethylarsinic acid [DMA(V)] and monomethylarsonic acid [MMA(V)] 
can decrease the levels of hepatic reduced glutathione (GSH) and serum alanine aminotransferase and 
increase those of cytochrome P450. These events were more intensive in rats at doses of 679 mg kg-1 
MMA(V) and 387 mg kg-1 DMA(V) in the liver and lungs. At the same time, organ-specific DNA damage has 
been demonstrated.4 Dimethylarsinous acid [DMA(III)] is a toxic intermediate of DMA(V) that can also be 
detected in urine in the case of As poisoning.5 Monomethylarsonous acid [MMA(III)] is a carcinogenic and 
toxic human xenobiotic metabolite formed during the detoxification of GSH and MMA(V) in the liver during 
acute and minor As poisoning. It is then converted to DMA(V) by oxidative methylation upon reaction with 
S-adenosyl-L-methionine (SAM)6 (Figure 1). The major metabolites of the typically non-toxic arsenic sugars, 
AsB and AsC, are also excreted in the urine (Figure 1). If As enters the human body in large quantities at the 
same time, it causes vomiting, diarrhea, increased sweating and cramps. The sodium salts of MMA(V) and 
DMA(V) have also been widely used as insecticides (e.g., currently still permitted in weed control for cotton 
cultivation).7 Arsenic has also been used to pickle wood e.g., in the USA.3 Among the organic As species, 
roxarsone should be mentioned, used mainly in poultry as a feed additive to increase weight gain and as a 
coccidiostat. Due to the increased concentration of iAs detected in meat from breeding animals and poultry 
after metabolization, the use of roxarsone was banned in the US since 20138 and also in the EU as early as 
1999. However, it is still widely used in China and many developing countries.9 

Among the human aspects of As toxicity, the harmful effects on health due to the chronic exposure to 
the consumption of As-containing drinking water in Hungary should also be mentioned. Thus, according 
to the results of the ASHRAM (Arsenic Health Risk Assessment and Molecular Epidemiology) research 
project funded by the European Commission and carried out in Hungary between 2002 and 2004, there 
was a positive correlation between As exposure and skin, lung, bladder and kidney cancer in several 
settlements located in the Hungarian Great Plain.10 In the settlements of one the affected regions, for which 
the As concentration of drinking water exceeded 100 μg L-1, an increase of 1.5 – 2 was observed in the 
number of spontaneous abortions and stillbirths compared to the control settlements.11

Figure 1. Mechanism of arsenic detoxification in liver for acute inorganic arsenic toxicity. Notations: 
iAs(III) = arsenite; iAs(V) = arsenate; AsB = arsenobetaine; AsC = arsenocholine; DMA(III) = dimethylarsinous acid 
acid; DMA(V) = dimethylarsinic acid; MMA(III) = monomethylarsonous acid; MMA(V) = monomethylarsonic acid; 
SAM = S-adenosyl-L-methionine.
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ANALYTICAL TECHNIQUES FOR DETERMINATION OF As IN ENVIRONMENTAL AND FOOD 
SAMPLES AS WELL HYPHENATION POSSIBILITIES FOR As SPECIATION

Several analytical techniques have been proposed for As speciation. Analytical techniques suitable 
for qualitative and quantitative determination of As discussed in the present review have been compiled 
in Table II. It is worth mentioning that, in terms of As speciation, hydride generation atomic absorption 
spectrometry (HG-AAS) and synchrotron radiation X-ray absorption near edge spectroscopy (SR-XANES) 
allow discrimination between As(III) and As(V). Since the toxicity of As depends significantly on its chemical 
form, it is advisable to determine not only the total concentration of As in the samples but also that of each 
species. Thus, several chromatographic methods have been proposed for the separation of As species 
such anion/cation exchange, reversed-phase, ion pair, and size exclusion chromatography.12 Separation of 
As species has traditionally been performed by high performance liquid chromatography (HPLC) using ion 
exchange columns. The most common species – iAs(III), iAs(V), MMA(V) and DMA(V) – are separated on 
an anion exchange column, while AsB and AsC are separated on a cation exchanger. In a recent review by 
Reid et al.,12 suitability of hydrophilic interaction liquid chromatography, multiple separation mechanisms, 
and testing of fluorophenyl and graphene oxide stationary phases has also been discussed. Quantification 
of the separated species is performed using an appropriate atomic spectrometric technique connected to 
the chromatographic device on-line. Nowadays, inductively coupled plasma mass spectrometry (ICP-MS) 
is the most commonly used for this purpose. 

Table II. Analytical techniques discussed in the present review suitable for As determination in 
environmental and food samples

Analytical 
technique

Sample 
preparation Sample matrix Remarks Speciation Ref.

Qualitative determination

ATR-FTIR –

food waste-
derived charcoal 

added to As-
contaminated 

soil

elucidation of 
As adsorption 
mechanism

n.a. [13]

EDXRF – Ayurvedic 
ointment – * [14]

LA-DRC-ICP-MS extraction rice monitoring of 13C, 
121Sb and 75As

off-line with PEI-
TLC/OPLC [15]

SR-XANES – xylem sap LC of standard 
spectra

discrimination 
between As(III) 

and As(V)
[16]

Quantitative determination

HR-CS-GFAAS dilution with DW thermal / well 
water

off-line with IE-
SPE [17,18]

HG-AAS dry ashing solid foods

use of pre-
reducing 

agent (e.g., KI, 
L-cysteine) 

[19-21]

Q-ICP-MS

dilution with DW water
mathematical 

correction

[on-line with IE-
HPLC &

off-line with IE-
SPE]

[19]

MW-assisted 
acid digestion

aqueous food 
samples [19]

Continues on the next page.
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Analytical 
technique

Sample 
preparation Sample matrix Remarks Speciation Ref.

SF-ICP-MS

dilution with DW water

HR when HCl is 
used

on-line with IE-
HPLC &

off-line with IE-
SPE

[22]
MW-assisted 
acid digestion 

(+H2O2 for 
organic matter)

aqueous food 
samples; rice; 

Ayurvedic 
formulations

[14]

Enzymatic 
extraction with 

sonotrode
rice for As speciation [23]

– xylem sap FIA for total As & 
R = 4000 [24]

TXRF

– water off-line with IE-
SPE [18]

MW-assisted 
acid digestion

plant extracts 
(root, leaves)

for speciation, 
extraction with 

NH4H2PO4 
(pH=5.6)

off-line with PEI-
TLC/OPLC [25]

μ-XRF (confocal) – rice grains individual item 
analysis – [26]

For acronyms see list of abbreviations; * = phase analysis.

Speciation of arsenic using solid phase extraction cartridges 
One of the pivotal points of elemental speciation is to prevent interconversion of species during sampling 

and analysis; therefore, it is a great advantage to be able to use an analytical technique that requires 
minimal and cost-effective sample preparation. Significant efforts in this direction have been seen mainly 
in the As speciation of water. Cost-efficient separation of iAs species can be successfully performed at 
the sampling site using solid phase extraction (SPE) cartridges filled with strong anion exchange (SAX) 
resins.27-33 When using SAX resins it is not possible to retain iAs(III) as it is a very weak acid (Figure 2). 
However, by coupling two miniature columns in series and oxidation by KMnO4, iAs(III) can also be retained 
on the microcolumn.34 Connection in series of SPE cartridges filled with strong anion and cation exchange 
resins have also been shown to be robust in field studies for speciation of As characterized by samples up 
to 30 mL of 10 mg L-1 As and complex matrix materials.33 If necessary, MMA(V) can be determined after 
selective elution performed with acetic acid, while DMA(V) binds upon passing the fraction not retained on 
the SAX cartridge through the cation exchanger one (Figure 2).28

Alternatively, cartridges filled with Al-containing sorbent may be used.35 In this case, a breakthrough of 
the otherwise retained iAs(V) was also observed when ions competing for Al silicate sorption sites were 
also present in the water.36 Other SPE cartridges for in situ separation of the methylated forms of iAs 
have also been prepared. Such sorbents include nanometer-size titanium dioxide particles immobilized 
on silica gel,37 octadecyl groups,38 yeast immobilized on controlled pore size glass,39 PTFE turnings,40 
cetyltrimethylammonium bromide-modified alkyl silica,41 3-(2-aminoethylamino) propyltrimethoxysilane-
modified mesoporous silica,42 macrocyclic materials,43 hybride resins activated with hydrated Fe oxides 
and silver chloride,44 carbon nanofibers,45 as well as nanotubes46 and eggshell membrane.47 

Table II. Analytical techniques discussed in the present review suitable for As determination in environmental 
and food samples (Continuation)
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Figure 2. Diagram of a solid phase extraction process involving a cartridge filled with a 
strong anion exchange for in situ separation of arsenic species. (Figure adapted from Ref. 
28.) Notations: iAs(III) = arsenite; iAs(V) = arsenate; DMA(V) = dimethylarsinic acid; MMA (V) = 
monomethylarsonic acid; pKa = minus logarithm of base 10 of the corresponding acid dissociation 
constant.

ENVIRONMENTAL AND FOOD ANALYTICAL APPLICATIONS
Arsenic in soil
Occurrence of arsenic species in soil

Arsenic is present in many soil types at an average concentration between 0.1 and 40 mg kg-1. As main 
constituent, it occurs in more than 200 minerals, mostly along with S. Its most important mineral is arsenopyrite 
(FeAsS), but realgar (α-As4S4) and auripigment (As2S3) are also noteworthy. In addition, it can occur in many 
sulfide minerals, mainly as a substitute for S. The concentration of As in igneous rocks is low, averaging 
1.5 mg kg-1. The concentration range for sedimentary rocks varies from 5 to 10 mg kg-1. The concentration 
of As in the metamorphic rocks reflects the characteristics of the precursor igneous or sedimentary rock. 
Unconsolidated sediments typically contain 3-10 mg kg-1 of As, although this also depends on the texture 
and constituent minerals.48

In soil, the availability of As is mainly determined by the chemistry of Fe. In soils and groundwater, iAs(V) 
dominates. Inorganic As(V) are more likely to occur under aerobic, while iAs(III) under anaerobic conditions.49 
Inorganic As species are methylated in soils due to microbial activity (Figure 3).48,50 Demethylation converts 
organic As compounds to iAs.48 Biomethylated As(V) species account for up to 15.5–16.7% of the total 
As concentration of surface geothermal waters.51 Oxyhydroxides of Fe, Al and Mn as well as clays, and 
mineral oxyanions (e.g., sulfates, phosphates and carbonates) in soil and sediments immobilize As.52 Fine 
particles of clay minerals and (oxy)hydroxides adsorb As due to their high specific surface area.
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Figure 3. Simplified mechanism for the illustration of the connection of inorganic arsenic species 
to iron chemistry as well as bacterial methylation of in soil. Notations: (CH3)2As = dimethylarsine; 
MMA(V) = monomethyl arsonic acid; DMA(V) = dimethylarsinic acid; TMA = trimethylarsine.

At regional scale, for example in Hungary, the concentration of As in soils varies between <2.5-230 mg 
kg-1.53 The limit value of As in Hungarian soils is 15 mg kg-1 dry weight (DM).54 The European Economic 
Community has classified As a priority risk pollutant, i.e., As is a hazardous substance in all cases.54 
Concentrations of As in floodplain and riverbed sediments in the geochemical regions of Hungary range 
from 1 to 60 mg kg-1. 

The origin of As contamination of soils in Hungary has not been well elucidated yet (Figure 4). However, 
several theories have been suggested. Among the geochemical landscapes of Hungary (Figure 4), the 
second one is characterized by the accumulation of Ca, Mg and Sr, but As can also be found in the 
floodplain sediments of the Danube River. Moreover, As occurs in the southern part of the Danube-Tisza 
interfluve with exceptionally high values, probably due to the fact that As bound to Fe oxyhydroxides during 
the ice age is mobilized nowadays.55,56 In the 3rd geochemical landscape, the dead ground originating from 
mining non-ferrous and precious metals (Ag, As, Au, Cd, Cu, Pb, Sb, Zn) in Transylvania (Romania) and 
the highlands of Slovakia, is carried by rivers to the shallow basin of the Great Plain. In this case, As is an 
accompanying element of non-ferrous metals.

Figure 4. Arsenic containing geochemical landscapes in Hungary. (Figure adapted from Ref. 55.)
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Estimation of As concentration in agricultural soils through sequential extraction
First of all, it is important to estimate the total concentration of As in the contaminated soil. Then, it is 

advisable to perform sequential extraction of As on the soil. In the case of agricultural soils, As is most 
likely present in the form of iAs(V), so a two-step modified BCR (Bureau Communautaire de Référence) 
soil extraction procedure13 is appropriate. Briefly, the water-soluble and carbonate fractions are extracted 
with 0.11 M acetic acid. This step is followed by extraction of the fraction bound to amorphous Fe(III)/
Mn(IV) oxides with 0.5 M hydroxylamine hydrochloride solution at pH = 2. The initial samples as well as the 
extraction residues can be analyzed by ICP-SF-MS after MW-assisted acid digestion.13 If appropriate soil 
CRMs are not available, another atomic spectrometric technique, e.g., total-reflection X-ray fluorescence 
(TXRF) spectrometric analysis of the same extracts can be used to check the accuracy of the results.13 To 
calculate recovery, the concentration of As in the different extracts should be summed and compared to 
the pseudo-total concentration.13

Stabilization of arsenic in contaminated agricultural soils
Remediation of soils contaminated with toxic elements (e.g., As) is still a complex task of great 

importance nowadays, as toxic inorganic constituents cannot be easily removed from contaminated 
soil.57,58 Usually in situ immobilization or stabilization by physical and chemical methods59-61 have been 
proposed for toxic inorganic contaminants. The latter is an attractive alternative as it is a cost-effective 
and non-destructive process, yet suitable for remediating slightly or moderately contaminated soils. The 
purpose of immobilization is not only to minimize the mobility of toxic elements, but also to preserve 
soil structure and fertility. The most commonly used substances for stabilizing heavy metals are various 
minerals and organic substances [e.g., humic substances, ethylenediaminetetraacetate (EDTA), activated 
charcoal (AC)].61-69 

Despite its many advantages, AC is hardly suitable for soil improvement due to its high production 
costs involving pyrolysis at 1000 °C for 24 h in an inert atmosphere for charring.70 Charcoal has been 
used in agriculture for a long while.71,72 However, due to its homonuclear structure, adsorption on charcoal 
is mainly characterized by van der Waals interaction.73-75 The production costs of AC can be significantly 
reduced by choosing a large amount of available biomass waste as a feedstock. These raw materials do 
not always prove to be efficient enough, so activation and/or functionalization is required after charring 
involving mainly sulfuric or nitric acids. 

However, As, the most common form of oxyanion, is not easy to stabilize in soil because plant adsorbents 
have a cation exchange capacity. Depending on pH of the media, iAs(III) and iAs(V) differ not only in 
valence but also in electrical charge significantly influencing their mobility.76,77 Due to the carboxyl and 
hydroxyl functional groups contained in them, plant-derived ion exchangers are not suitable for binding 
negatively charged iAs(V) at soil pH. However, biomass wastes (e.g., peanut shells) are available in large 
quantities. The production of AC from peanut shell was carried out with concentrated sulfuric acid (H2SO4) 
for cost-effectiveness reasons. To increase the mechanical stability of the produced AC particles, composite 
formation with silicate-containing compounds (e.g., Florisil®) was applied.13 Composite formation and the 
binding of As to AC were studied by Fourier transform infrared (FTIR) spectroscopy in attenuated total 
reflection (ATR) mode.13 For example, acidic (pH = 5) sandy soil was incubated for four weeks with 15-30 
mg kg-1 iAs(V). Freundlich isotherm proved to adequately model adsorption of As.78 The highest adsorption 
rate was observed at pH=5 for Florisil®-modified AC. The slope of the line fitted for adsorption was about 
30% higher at pH=5 than at pH=8 for Florisil®-AC. However, at pH 8, the rate of As adsorption decreased 
with Florisil®-modified AC. This suggested that the adsorption of iAs(V) is due to the formation of a covalent 
bond between the AC carboxyl group and one of the O atoms of iAs(V) while a water molecule is eliminated 
(Equation 1), as it was confirmed by the ATR-FTIR analysis:

   Equation 1
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Formation of this mixed acid anhydride does not occur at alkaline pH, which was also proved by ATR-
FTIR analyses.

Depending on the AC modification used, the proportion of immobilized As was approx. 30-40%, of 
which the soil alone immobilized about 15-20% As. The best results were obtained with Florisil®-modified 
AC. The amount of immobilizable As increased almost proportionally with increasing AC application dose 
and doubling the treatment concentration of iAs(V).13 

Being electrically neutral over a wide pH range, iAs(III) can be more efficiently stabilized by ACs, e.g., 
formation of H-bonds. However, oxidation of iAs(III) → iAs(V) must also be taken into account. This cost-
effective approach may be successful for acidic agricultural soils slightly contaminated with As.

Arsenic in water
Arsenic in groundwater in aquifers

The concentration of As in groundwater varies very widely (0.1-5000 µg L-1).48 This is especially 
problematic if the water body serves as a drinking water base. Several theories have been formulated for 
the large As contamination in natural water. 

1) During the extraction of sulfide ores, As originating from their weathering first binds to Fe(III) (oxy)
hydroxides; in parallel with the reduction of Fe(III) to Fe(II), As is released and dissolved in the 
groundwater in the mining areas. 

2) Oxidation of As-rich pyrite or arsenopyrite results in the dissolution of As in groundwater.79 The 
reductive dissolution of Fe(III) (oxy)hydroxides in groundwater under anaerobic conditions by 
microorganisms, e.g., may be catalyzed by Acidithiobacillus ferrooxidans and Leptospirillum 
ferrooxidans.52,80 

3) A third theory that is characteristic of the Pannonian Basin in Hungary is that As is brought to the 
surface by thermal water that erupts from the depths.81 

Arsenic can be accumulated in aquifers or highly reducing layers of inland/closed basins (semi-)desert 
areas.48 Both of these different geological environments contain young sediments in flat, low-lying, and 
slow groundwater flow areas. Waters with high As concentrations (up to 5000 μg L-1) adversely affect the 
drinking water supply of some 200 million people worldwide.48 The As contamination of many aquifers is 
of geological origin. This affects the western part of the North American continent, the vast areas of Chile 
and Argentina in the southern hemisphere, parts of China, and the Gulf of Bengal and its associated delta 
region in Asia.48 Studies in the US suggest that changes in As concentration over time cannot be clearly 
correlated with wet/dry seasons82 or pre- or post-monsoon periods in the Indian subcontinent.83 Arsenic 
contamination can also be attributed to a lesser extent to anthropogenic activity.84

Arsenic in surface and drinking water
In rivers, the As concentration is around 0.1-0.8 µg L-1, which is also influenced by the flow of the rivers, 

lithology of the river bed and water replenishment of the area. The As concentration in lakes is close to or 
less than that of rivers. 

For the in situ separation of As species from water samples taken from public wells in Hungary, the 
method described by Le et al.28 was also suitable. For As determination in the samples, ICP-SF-MS 
was used. High-resolution mode (R = 10000) had to be applied only for As speciation. The sum of the 
As concentration in the SPE fractions was compared to the values of the total As one obtained for the 
corresponding original samples. Organic As species [e.g., MMA(V) or DMA(V)] could not be detected 
in the samples. Even a four-fold enrichment could be applied to the iAs(V)-containing fractions. After 
regeneration, the SPE microcolumns could be reused at least 15 more times by analyzing repeatedly 
carbonated mineral water samples with a salt content of 450 mg L-1 between pH 6 and 8 spiked to 150 
μg L-1 iAs(V). This approach was applied to determine the ratio of iAs(III) and iAs(V) in water taken from 
public wells of settlements belonging to different geochemical landscapes of Hungary affected by natural 
As contamination (Figure 5). The total concentration of As in the samples taken from the public wells of 
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settlements of the Csongrád plain, located east of the Tisza River and belonging to the 2nd geochemical 
landscape (Figure 4), reached even 210 μg L-1.

Figure 5. Arsenic distribution between arsenate [iAs(V)] (blue) and arsenite iAs(III) (red) in water 
samples taken from public wells in settlements located in the 2nd and 3rd geochemical landscapes 
affected by natural As contamination in Hungary. Grouping of data according to the relative distance 
of the settlements from each other. (Figure adapted from Ref. 22.)

The results obtained were in agreement with the geochemical theories on the mobility of As in soil. 
Thus, mobility of As deposited in flat areas from river sediments situated in the 3rd geochemical landscape, 
can be attributed to the iAs(V) species. The anaerobic conditions favor the formation of iAs(III) and Fe(II) 
in the deeper layers. In the southern part of the Danube-Tisza interfluve, located in the 2nd geochemical 
landscape (Figure 4), mobilization of iAs(V) adsorbed onto Fe(III) (oxo)hydroxides during the ice age could 
only be achieved if Fe(III) → Fe(II) reduction took place due to anaerobic conditions. The mobility of iAs(III) 
is due to the increased water solubility of the resulting Fe(II) compounds, and the fact that this species is 
electrically neutral over a wide pH range. Thus, iAs(III) is believed to be mobilized nowadays.55,56 However, 
iAs(III) is again converted to iAs(V) species under aerobic conditions.

For in situ separation of As species, the SPE method described by Le et al.28 was also applicable to 
samples taken from a geothermal well.17 The As content of the samples was determined by high resolution 
continuum source graphite furnace atomic absorption spectrometry (HR-CS-GFAAS) using an Xe arc 
lamp as a continuous-spectrum primary radiation source equipped with a transversely heated graphite 
tube atomizer (THGA).17 A linear response to As in the concentration range of 5 – 200 μg L-1 was obtained 
by external calibration. In addition, the absorbance values up to an As concentration of 500 μg L-1 could 
be properly fitted with a quadratic polynomial equation. The LOD value of the method was 0.6 μg L-1. This 
method was characterized by adequate RSD and recovery. When the 150 μg L-1 of an iAs(III) fraction 
acidified with HNO3 and stored for up to 30 days was analyzed by HR-CS-GFAAS, the oxidation rate of 
As(III) → As(V) was less than 10%. The iAs speciation could be performed with sufficient accuracy (± 5%) 
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up to pH 8.17 A mass balance could be set up for the As species determined by SPE-HR-CS-GFAAS. The 
total As concentration was about 400 µg L-1. Chloride and sulphate ions in natural waters above 100 and 
50 mg L-1, respectively, caused interference in the determination of As by the continuum source GFAAS 
method.85 The effect of high concentration of sulphate and chloride ions generated by magmatic gases 
in volcanic water on the As measurements was minimized by two-fold dilution of the samples before 
HR-CS-GFAAS analysis. The proportion of iAs(III) in the geothermal water was about 55%. However, it 
was reported that the proportion of iAs(III) can be more than 70% in geothermal waters.86 Slow cooling 
of the water below 66 °C did not change the proportion of As species in the samples. The SAX-SPE has 
been shown to be effective for As speciation in water with high salinity at about 85 °C. Due to the total 
concentration of As (i.e., 400 µg L-1) in the water sample, almost half of which was iAs(III), the analyzed 
water cannot be used for recreational and/or aquaculture purposes. 

For the separation and enrichment of iAs species in tap, lake and well waters, the same Dowex 1-X8 
SAX-type SPE charge using electrothermal AAS was suitable for the determination of As in the fractions 
eluted from the cartridges.87 Arsenic speciation of surface88 and groundwater89 was performed using silica 
gel-based SAX-SPE- HG-AAS hyphenated technique.

Arsenic removal technologies from drinking water
Arsenic has a complex water chemistry and exists in a variety of inorganic and organic forms in waters, 

depending on pH, salinity, acid dissociation constants (Ka) of As oxyacids, as well as redox potential of 
the iAs(V)/iAs(III). Chemical oxidation, co-precipitation, adsorption, ion exchange, reverse osmosis, and 
membrane filtration are used to remove As from (waste)water.90-93

From a technological point of view, As removal processes can be divided into three major groups94: 
1) conventional technologies (coagulation, Fe-Mn removal, lime softening); 2) sorption processes (ion 
exchange, activated Al); 3) membrane technologies (reverse osmosis, nanofiltration, micro- or ultrafiltration). 
The removal efficiencies and main characteristics of the six most commonly used As removal technologies 
for the two iAs species present in water are summarized in Table III.94,95

Table III. Main features of some arsenic removal technologies

Technological solution
Removal efficiency (%)

Notes
iAs(III) iAs(V)

Coagulation with Fe, 
sedimentation/filtration 60 95

1. filtration through 0.1 or 1.0 µm 
pore size

2. pH dependent
Coagulation with Al, 
sedimentation/filtration 15 80 also suitable for removal of fluoride

Lime softening 70 99 1. for hard water
2. soft water must be acidified

Ion exchange - >95 1. independent of pH;
2. SO4

2-interference

Activated Al oxide - 98
1. iAs(V) exchanges OH- on the 

surface of Al2O3
2. pH dependent

Reverse osmosis 60 >95 treated water not suitable for human 
consumption

iAs(III) = arsenite; iAs(V) = arsenate.

As shown in Table III, each of the technologies is more efficient for the iAs(V) species, so oxidation of 
iAs(III) is often applied first. Oxidation by simple direct aeration is slow, but there are several chemical 
agents that can speed up the process such as chlorine gas, hypochlorite, ozone, KMnO4, hydrogen 
peroxide, Mn oxides, and UV radiation.95
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The main water treatment steps applied in the waterworks operating settlements located in the southern 
regions affected by natural As contamination in Hungary are summarized in Table IV.

Table IV. Steps of drinking water quality improvement technologies applied in the waterworks of the monitored settlements

Step Water treatment step Target compound Notes

1 Gas removal by purging with air CH4

2 Flocculation and oxidation iAs(III), Fe(II), Mn(II) 2-4 w/w% KMnO4 + 
40 w/w% Fe2(SO4)3

3 Quartz sand filtration products of oxidation cf. step 2

4 Pre-chlorination NH4
+ 5 mg L-1 Cl2

5 Granular activated carbon filtration by-products of step 4

6 Post-chlorination (Cl2, ClO2, NaOCl) —
0.3-0.5 mg L-1 free 
Cl2 concentration 
after chlorination

Water samples were also analyzed by HR-CS-GFAAS and TXRF after in situ separation of the As species 
by SPE. The total concentration of As in the raw water samples taken from the wells of the waterworks 
varied between 42.9 and 118 μg L-1. In well waters, iAs(III) (> 80% of total As) was the predominant species 
in each settlement. After the addition of oxidizing and flocculant and filtration on quartz sand, the total 
concentration of As decreased below 10 μg L-1 during the applied water treatment technology. This value 
was typically about 5 μg L-1. Regarding the proportion of species, iAs(V) was the predominant species. 
Arsenite was not detected in the samples taken after water treatment. Application of As speciation allowed 
fine tuning of the reagent use (e.g., KMnO4) for the oxidation step. 

In addition, application of TXRF has the advantage to provide multi-element information. Thus, changes 
in the concentration of other elements of interest in Directive 98/83/EC in water samples could be monitored 
after the addition of the oxidizing (KMnO4) and flocculant [Fe(III) sulfate]. Thus, it was demonstrated that 
the concentrations of Mn and Fe in drinking water fell far short of the values laid down in Directive 98/83/
EC. After the addition of the oxidizing agent and the flocculant, the Fe, Mn and S constituents were retained 
by the SPE microcolumn, but the cartridges could be regenerated with HNO3 solution. 

Moreover, dilution of contaminated water with that of adequate quality to reduce As contamination of 
drinking water is an accepted practice, as well. For example, the proportion of iAs(V) in the drinking water 
of some settlements established on the floodplain soil of the Ráckeve branch of the Danube belonging 
to the 2nd geochemical landscape with a total As concentration larger than 10 mg L-1 was found to be 
decreased after repeating sampling and analysis after 5 years. However, the proportion of As species 
was almost the same as in the samples originally taken. This result means that the reduction of the As 
concentration was achieved by dilution with water of adequate water quality. 

Arsenic in plants and the importance of xylem sap analysis
The first studies on the accumulation of As in plants were published first in the 1970s. It was found that, 

the As content in plants grown on As-contaminated soils was slightly higher than in lightly contaminated 
soils (0.01-5 mg kg-1 As), but As accumulation was not observed.13 The fern native to China (Pteris Vittata 
L.) was the first plant to be found to be capable of hyperaccumulation of As (> 20 g kg-1 DM). Arsenic 
can also be taken up in larger amounts by rice (Oryza sativa L.).96 However, the As content of carrots 
(Daucus carota L.) can also reach up to 1 mg kg-1.97 Arsenic is found primarily in the roots of plants, and 
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its concentration can be up to 75-fold higher than that determined in the shoot.98,99 The vast majority of As 
is localized in the apoplastic space of the root.100 In the rice plant grown under reducing conditions, 1% 
of the total As concentration (2.3 mg kg-1) was transported to the shoot. In the root, 60% and 39% of the 
apoplastic and non-apoplastic fractions contained As, respectively.100 In addition, the hyperaccumulative 
fern contained about 1/6 of the total As in the apoplast.101

Arsenic species found in terrestrial and aquatic plants, lichens, and fungi are divided primarily into 
hydrophilic and lipophilic compounds.102 In terrestrial plants, mainly inorganic species of As, namely, iAs(V) 
and iAs(III), are detected, although methylated derivatives of iAs(V), DMA(V) and MMA(V), may be present 
in small amounts.103

Since iAs(V) is the most stable species in the soil under aerobic conditions, it is expected that plants 
will absorb it mainly in this form. Iron deposition on the root surface can significantly bind iAs(V) species.100 
In the reducing environment of root cells, iAs(V) is readily reduced to iAs(III). This reduction is thought to 
be an essential process in the detoxification of As, as the resulting more toxic iAs(III), being electrically 
neutral over a wide pH range, is transported to senescent leaves.104 It has not been clearly demonstrated 
whether organic As compounds detected in plant tissues can be taken up directly from the soil. There is 
also no clear evidence that iAs species are methylated by microorganisms living in root symbiosis or by 
the plants themselves.103

The MMA(V) species is converted to DMA(V) in the root or xylem sap of the As hyperaccumulative 
fern (Pteris Vittata L.).105,106 However, microorganisms may also be involved in methylation. Study of As 
in terrestrial plants provides a two-fold information since: (i) it may indicate the bioaccessibility of As, 
and (ii) As taken up by plants may enter the food chain. The phytotoxicity of As also depends on the pH, 
phosphate, composition (e.g., Fe, Al and organic matter content) of the soil and the tolerance of plants for 
As.107 Since various As species have different toxicities, the information obtained from their identification 
and distribution within the plant may provide an answer to the plant metabolism of As and an assessment 
of the health risks posed by the introduction of As into the food chain.

The study of xylem sap playing a central role in the transport of toxic and essential elements and 
nutrients to plant shoots, is particularly advantageous for elemental speciation, as it requires minimal 
sample preparation. Xylem sap from cucumber plants (Cucumis sativus L.) is easily collected and a single 
sample preparation step consisting of filtration through 0.22 μm membrane filters should be used for 
chromatographic studies.108-118 The roots of most plants should be placed in a pressurized chamber filled 
with an inert gas (e.g., nitrogen gas) to enhance exudation. This, together with the fact that interconversion 
of As species can occur relatively easily, makes it difficult to perform As speciation in xylem sap. Pickering 
et al.114 confirmed that only a small amount of As was transported to the shoot of Indian mustard (Brassica 
juncea L. var. Czern) applying a treatment of 250 µmol L-1 iAs(III) or iAs(V) by XANES measurements. The 
iAs(V) taken up was stored by the plant both in the root and shoot mainly in the form of As(III) tris(thiolate) 
complexes. Kertulis et al.106 have been detected mainly iAs(V) in the xylem sap of P. vittata L. treated with 
either iAs(III) or iAs(V) at concentrations up to 50 mg L-1, regardless of the type of treatments used. In the 
case of treatments with MMA(V) or DMA(V), As was transported to the shoot in these methylated forms. 
However, iAs(III) has always been detected at the apex of the fern leaf, suggesting that reduction of iAs(V) 
occurs in the plant shoot.

Plant growth experiments conducted in nutrient solution have shown that the concentration of As(V) 
(2–10 µmol L-1) and the iAs(V):phosphate ion concentration ratio of the hydroponics (1:100, 1:1, and 
100:1) play an important role in the development cucumber plants. This phenomenon is due to the similar 
structure of hydrogen arsenate and hydrogen phosphate ion, taken up and transported within the plant by 
the same mechanism. To eliminate competition between iAs(V) and phosphate, it is advisable to set their 
concentration ratio in the medium to 1:1. However, the seedlings showed a severe phosphate deficiency 
at a phosphate ion concentration of 2 µmol L-1, which could only be eliminated at a concentration of 250 
µmol L-1. Therefore, in plant growth experiments, it is advisable to keep the phosphate concentration at this 
value and to reduce it to the As concentration only at the start of As treatment.24
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Speciation analysis of the nutrient solutions also confirms the different uptake mechanisms of the two 
species – electrically neutral iAs(III) and ionic iAs(V) at physiological pH.24 As the pKa1 values of H3AsO3 
and H3AsO4 differ significantly, i.e., 9.3 and 2.3, respectively,105 and taking into account the pH of the 
hydroponics (pH 4.7–5.9), the electrical charge of these two species is significantly different. The iAs(V) 
uptake is similar to that of phosphate ions, with electrically neutral iAs(III) being taken up through aquaporin.

When sampling xylem sap from cucumber plants treated with As, the rate of exudation with respect to 
sampling time and fresh root weight (FRW) was very similar for both As treatments: 12.4 and 11.2 µL h-1 
FRW-1 for iAs(V) and iAs(III) treatments, respectively.24 Three As species – iAs(III), DMA(V) and iAs(V) – 
could be identified in the xylem sap. Regardless of the As treatment, the following concentration order was 
determined: iAs(III) > iAs(V) > DMA(V). The proportion of DMA(V) in the xylem sap did not reach 5%. The 
mass of the As species in the xylem sap collected for 1 h taking into account the exudation rate, was very 
similar: 17.65 and 16.55 ng h-1 for the iAs(V) and iAs(III) treatments, respectively. Arsenobetaine and AsC 
were not detectable in the samples by cation exchange HPLC-ICPSF-MS. The predominance of iAs(III) in 
xylem sap of cucumber plants grown in As containing hydroponics was consistent with literature data.104 
Zabłudowska et al.119 found that As present as iAs(V) in aerobic soils was taken up by the phosphate 
transport system of ferns. Subsequently, a portion of the iAs(V) is reduced to the iAs(III) specific in the 
root by the arsenate reductase120,121 and further translocated to the shoot via the xylem.122,123 Reduction 
is an important process in As tolerance, as iAs(III) can react with highly reactive compounds containing 
SH groups,124 such as thiol compounds, e.g. phytochelatins or GSH – and is thus immobilized by complex 
formation. The iAs(III) ratio was also greater than 60% in xylem sap of rice, tomatoes, wheat, cabbage, and 
barley. However, methylated As species are rarely detected.114,123-126 The presence of iAs(V) in the xylem 
sap of plants treated with the iAs(III) species can be attributed to the partial oxidation of iAs (III) to iAs (V) 
in the hydroponics.

Cucumber plants also take up DMA(V) species in an unaltered way. Zhao et al.127 found that not only 
in cucumber plants, but also in xylem sap or different tissues of common velvet grass (Holcus lanatus)128 
and sunflower (Helianthus annuus)129 grown in iAs-containing hydroponics, methylated As species could 
be determined only in traces. This provided indirect evidence that the biomethylation capacity of the plants 
was low.

Arsenic containing xylem saps can also be studied by XANES for As speciation purposes. The 
normalized profile of the absorption edge of the As K shell for a xylem sap sample taken from cucumber 
plants (Cucumis sativus L.) treated with iAs(V) is shown in Figure 6. These studies also confirmed that 
iAs(III) is the predominant species in xylem sap regardless of the chemical form of As used for plant growth.

 

Figure 6. Spectra of a xylem sap taken from cucumber plants (Cucumis sativus L.) treated 
with iAs(V) as well as those of arsenite (red line) and arsenate (blue line) standards by near 
near-edge X-ray absorption spectroscopy. (unpublished figure)
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The XANES spectra of nutrient solutions and xylem saps can be simulated by linear combinations (LC) of 
XANES spectra of iAs(III) and iAs(V) standards. Thus, LC calculations confirmed that >80% of As detected 
in xylem sap corresponds to the iAs(III) species regardless of the type of As treatment.16 This is consistent 
with the results obtained by HPLC-ICP-MS, as the proportion of iAs(III) in those similar samples was 86%.24

As speciation studies on cucumber plants can be performed by applying off-line polyethylene imide 
thin layer chromatography – total-reflection X-ray fluorescence (PEI-TLC-TXRF) spectrometric method 
using acetone: acetic acid:water. The elution of the different As species was as follows: iAs(V) (Rf = 0.06) 
<iAs(III) (Rf = 0.38) < MMA(V) (Rf = 0.59) < DMA(V) (Rf = 0.91).25 Due to the reproducible operating 
conditions ensured by overpressured layer chromatography (OPLC) such as controlled flow rate, external 
application of pressure and accurate flushing volume, as well as doubling of the running distance, the 
separation was faster and resolution was better for each 25 ng of iAs(III), iAs(V), MMA(V), and DMA(V) 
expressed in elemental As in a multicomponent standard solution (Figure 7).

Figure 7. Off-line PEI- OPLC-TXRF chromatogram of multicomponent standard solution of 
arsenite [iAs(III)], arsenate [iAs(V)], monomethylarsonic acid [MMA(V)] and dimethylarsinic 
acid [DMA(V)] containing 25 ng of As each. [Reprinted (adapted) with permission from Ref. 
25: Mihucz, V. G.; Móricz, Á. M.; Kröpfl, K.; Szikora, S.; Tatár, E.; Parra, L. M. M.; Záray, 
G. Development of off-line layer chromatographic and total reflection X-ray fluorescence 
spectrometric methods for arsenic speciation. Spectrochim. Acta, Part B 2006, 61, 1124–
1128. https://doi.org/10.1016/j.sab.2006.08.011 Copyright© (2022), Elsevier.]

The efficiency of As extraction from the roots of cucumber plants treated with iAs(III) species was 92%.25 
To quantify As by the developed off-line PEI-OPLC-TXRF method, the extract should have been applied 
in triplicate onto the plate. However, due to the high concentration of nutrient cations in the root samples 
and the electrostatic repulsion between positively charged PEI cellulose, this was not feasible. Only iAs(V) 
and iAs(III) species could be detected by applying 4 μL of the root extract. The presence of iAs(V) in the 
samples is due to the oxidation of iAs(III) to iAs(V) in the nutrient solution during treatment. In addition, the 
time-consuming extraction process could not be performed in an inert gas atmosphere.

A faster As speciation method can be achieved by introducing the different As species separated on 
the PEI-TLC layer into the ICP-MS by laser ablation (LA). Even much smaller amounts of As (different As 
species containing 3 ng As each) can be detected with this hyphenated technique than with the PEI-TLC/
OPLC-TXRF method. The Rf values calculated for the separated species also showed a good agreement 
with the data obtained by the PEI-TLC-TXRF method15. Arsenobetaine and AsC were detected together at 
the sampling point. The resolution calculated for each adjacent peak ranged from 1.5 to 2.5, and no OPLC 
separation was required. The method has significant potential for rapid identification of As-contaminated 
samples, which was verified on enzymatically extracted NIST SRM 1568a rice flour. Thus, up to 10 pg 
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MMA(V) could be distinguished from the background value. This proposed TLC-LA-ICP-MS method was 
later modified for silica gel-based high-efficiency TLC plates130 for Cr speciation. It has recently been 
further optimized using an iAs(V)-imprinted polymer to separate iAs(III) species. The developed µ-TLC-
LA-ICP-MS method has been successfully applied to mine water spiked with iAs(III) and iAs(V) species. 
Using the optimal conditions, the detection limit of As was 0.3 μg L-1.131

Dietary As intake and As speciation in rice grains using simple kitchen technology operations
For the population not exposed to As-contaminated drinking water, nutrition is the most significant 

source of iAs intake.132 A close to linear relationship was observed between the As concentration of foods 
containing more than 40% water (e.g., soups, soft drinks, soda water, beer) and that of the water used for 
their production.19 Moreover, the As concentration of the samples with high water content was positively 
correlated with that of the water used (i.e., Pearson’s correlation coefficient was 0.830-0.923).19 However, 
in Bangladesh, it has been shown that a partial reduction of As contamination in drinking water was not 
sufficient to significantly reduce the amount of As ingested.133 In Europe, the population consumes an 
average of 153 g of vegetables per day, compared to around 250 g in Asia.134 In Chile, the total As and iAs 
content of cooked vegetables from an As-contaminated area was studied. During the study it was found 
that the concentration of As in the drinking water used for cooking varied between 41 and 572 µg L-1. The 
results also showed that foods made a significant contribution to iAs intake, which also posed a higher 
health risk for those 15 years of age and younger.135 Exposure of school children (n=55) to As-contaminated 
well water was assessed in several areas of Mexico. The considerable As concentration in the water 
showed a clear correlation with that of determined in the hair samples of children. According to the authors, 
As-contaminated water used for cooking may have been the main source of As exposure.136 The use of 
poor-quality glass and unglazed earthenware can also cause As poisoning.137 The concentration of As 
dissolved by soaking in unglazed earthenware varied from 30.9 to 800 µg L-1, while the As concentration 
obtained in the same experiments with glazed earthenware often fell below the detection limit (<0.5 µg L-1), 
but maximally reached only 30.6 µg L-1. Valentine et al.138 compared the dietary habits of the population 
in two As-contaminated areas (Mexico and California) where there are geographical differences in the 
prevalence of skin diseases. Although the population exposure to As was similar to that of drinking water, 
there was a difference in the diet (vitamin A consumption) for the groups studied. The issue of dietary 
intake has been studied in detail in Latin America.13 The dietary exposure of the population to As has been 
extensively studied in different regions of France and Catalonia140,141 as well as in Hong Kong.142 The main 
route of bioavailability of As is the food chain (diet and drinking water consumption).143,144 According to Yost 
et al.,145 21-40% of As ingested by terrestrial foods in North America is of inorganic origin. The average 
concentration of As in vegetables is around 20 µg kg-1.146 

One of the staple foods for human consumption, rice (Oryza sativa L.) is also often contaminated with 
As, at concentrations of up to 280 µg kg-1.96 Also in the United States, rice consumption is a significant 
source of children exposure to As.147-149 According to the Food and Agriculture Organization (FAO), the 
People’s Republic of China is the largest rice producer in the world. China is followed by India, Indonesia, 
Bangladesh and Vietnam. In many areas of these countries, groundwater is highly contaminated with As.80 
The relatively high As content of rice suggests considerable uptake and translocation of this element. 
According to Liang et al.,150 the rice grains are first husked by grinding (and friction), i.e. the husks (bran 
layers) covering the grains are removed. The rice grains, stripped of their husks, are polished with a 
(conical) grinder and bleached with glucose or talcum. The 8-10% of the initial weight of brown rice is 
removed, mainly in the form of bran. As with most cereals, the distribution of the amounts of elements 
within the rice grain is heterogeneous. Consequently, it is worth examining the effect of milling rice grains 
on element content. Of the trace elements accumulating in rice, special attention is paid to the highly 
toxic Cd.151-154 However, several other toxic elements have already been determined in various milled rice 
cultivars.155,156 Rice plants are basically classified into two classes. We distinguish between short and long 
grain rice. The two most common subspecies are indica and japonica. Short-grained and cooked rice is 
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a subspecies of japonica, while long-grained rice is of Indian origin. Indica subspecies are usually grown 
on water-flooded arable land, while japonica species can be grown on dry soil. In general, rice crops and 
grains grown by the flood method are studied.152,153 However, Rascio et al.154 studied Vialone Nano rice 
grown in the province of Verona (Italy) used to make risottos.

The rice grains must be subjected to solvent or enzymatic extraction before chromatographic separation. 
Methanol is often used for solvent extraction. Thus, e.g., 76% of the concentration of As in the NIST 1568a 
in the rice sample could be recovered by extraction with methanol-water (1:1 v/v) using ultrasonication. 
In the case of extraction with trifluoroacetic acid (TFA) solution at 100 °C for 6 h, the recovery in As-
spiked rice samples was quantitative as opposed to methanol extraction.155 In the latter case, the recovery 
varied between 31 and 72%.155 However, a reduction in iAs (V) was observed using TFA. According to 
Huang et al.,157 quantitative extraction could be achieved by using dilute HNO3 solution for As speciation 
in rice grains.157 By extracting As species from freeze-dried rice produced at the IRMM with water or 
methanol:water mixtures of different compositions (1:1, 9:1 and 1:1 then 9:1 v/v), Pizarro et al.156 found 
that about 80% of the total concentration of As can be extracted with a 1:1 v/v mixture of methanol:water 
using a single extraction step. Accelerated solvent extraction (ASE) is similar to conventional solid-
liquid extraction, but it is performed at higher temperatures and pressures, reducing the time required 
for extraction. However, depending on the type of solvent, the temperature and the pressure used, ASE 
causes the rice grains to swell.155 Nevertheless, ASE has been successfully used to extract As species of 
marine fish158 and seaweed.143 

The biggest disadvantage of enzymatic extraction methods is their high time demand, which can result 
in the interconversion of As species.159 To break down starch, Heitkemper et al. used α-amylase155 for 
As determination in rice prior to extraction with methanol: water (1:1 v/v). Under these conditions, an 
extraction efficiency of 59% was achieved for white rice grains. However, for the NIST 1568a rice sample, 
this value was found to be 97%. Although the best results were obtained using TFA, it was found that 
iAs(V) was partially reduced to iAs(III) during extraction. In addition, Pizarro et al.156,160 rejected the use of 
TFA for As-speciation from rice by HPLC-ICP-MS because in this case poor chromatographic resolution of 
the extracted As species was observed. Focused ultrasonic treatment coupled with enzymatic hydrolysis 
has been successfully applied to the extraction of As from rice grains for speciation purposes23,161 as well 
as to other samples of biological origin.162

Rice is dominated by iAs(III), iAs(V), DMA(V), and MMA(V).96,156,158-162 Arsenic speciation can 
be performed in rice seedlings163 as well as in rice grains.96,156,158-162 In raw rice grains, iAs(III) is the 
predominant species, accounting for about 50% of the samples.23 The other major As species present in 
the samples is iAs(V), the percent of which varied between 25 and 33%.23 At the same time, the percent 
of DMA(V) ranged from 8 to 10%, while that of AsC from 6 to 10%.23 In 2015, the European Commission 
revised Directive 2006/1881/EC on maximum levels for iAs in food. Thus, the sum of the concentrations 
of iAs(III) and iAs(V) in rice used for food processing in the case of infants and young children under 
Regulation (EC) No 2015/1006 may not exceed 0.1 mg kg-1.164 Study of 24 high-As rice samples grown in 
the United States revealed that they contained mainly iAs(III) and DMA(V) species. The DMA(V) content 
increased proportionally with the total As content, while the concentration of iAs(III) (approximately 0.1 
mg kg-1) did not change significantly. From this, the authors concluded that rice can be divided into two 
groups according to its As content: DMA(V) and iAs rice. According to this theory, varieties grown in the 
United States belong to the first category, while those growing in Europe and Asia to the second one. 
It was suggested that this difference was due to plant genetic reasons. Although this theory cannot be 
completely ruled out, the type of soil composition and irrigation is more likely to be responsible for the 
high DMA(V) content. Furthermore, the recent use of pesticides containing DMA(V) and MMA(V) in the 
central and southern parts of the United States may play a role.165,166 

It is common practice to perform As speciation of rice in ground form. This is understandable since rice 
flour is used for cooking in Asia and also from an analytical chemistry point of view, as the homogeneity 
of the sample is a key issue to obtain reliable results. In China, rice is usually cooked with small aliquots 
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of water. In this way, rice absorbs the available water. However, this approach does not provide real 
information for estimating the As exposure from rice consumption for example, in the so-called Western 
societies, where rice is usually consumed as a side dish, so it is cooked in plenty of water and the 
remaining water is poured off. Thus, there is a need to perform As speciation also according to this latter 
kitchen technology methods. On the other hand, milk rice, risotto, etc. requires a different approach. The 
As speciation performed on rice cooked in As-containing water diluted with varying degrees of deionized 
water (DW) (1:1 to 4:1 v/v) demonstrated the ability of rice grains to absorb As during cookin.167 Bae et al.168 
reached to a similar conclusion by determining the total As concentration of rice cooked with local water in 
Bangladeshi households.

Extraction of rice grains with room temperature and boiling DW provides valuable information on the 
removal of toxic elements in them. By simulating two simple kitchen technologies (washing and cooking) 
corresponding to one of the possible ways of preparing rice, it is possible to determine the extent to which 
the As content of the rice grains can be removed.26 The minimum cooking time was chosen so that the 
rice grains would soften in line with the recommendations for cooking instant and long grain rice. The total 
As concentrations of the investigated rice samples did not exceed 171.3 ± 7.1 µg kg-1, which was also 
in agreement with previous literature data.96 When determining the As content of polished rice samples 
taken from different geographical areas of ten countries, seven-fold differences were found in the median 
value. Samples from Egypt (0.04 mg kg-1) and India (0.07 mg kg-1) had the lowest As concentration, while 
the United States (0.25 mg kg-1) and France (0.28 mg kg-1) had the highest one.169 Since 2014, the health 
limit value for iAs set by WHO/FAO is 0.2 mg kg-1 in polished rice.170 According to the water extraction 
results, 8–17% and 29–42% of As could be removed from the studied rice grains by washing room with 
temperature DW and cooking, respectively.23 These results are also consistent with results reported by Bae 
et al.,168 according to which 57-81% of As remained in varieties of rice cooked in Bangladeshi households. 

For removal of elements by washing and cooking, it also plays a role if metal contamination affects the 
surface of the rice grains or its deeper layers.171 Cooking may increase the diffusion rate of these ions171. 
Confocal µ-XRF analysis provides an opportunity to track the extraction of the elements and interpret the 
results obtained by measurements in bulk phase (e.g., ICP-MS). By confocal µ-XRF analysis, normalization 
of the intensity confirmed that the intensity of the X-ray fluorescent signal of most elements was higher in 
the near-surface part of the studied rice grains.26 Thus, elements (e.g., As) were enriched from the surface 
of the rice grain to a depth of about 80 µm.26 

In terms of As speciation in washed and cooked rice, the main extractable chemical form of As was 
also iAs(III), with proportions ranging from about 40 to 70% in white rice grains at room temperature 
and between 60 and 75% in boiling DW extracts.23 Arsenocholine, DMA(V) and iAs(V) could also be 
determined in these samples. In contrast, cooked samples were generally dominated by the presence 
of iAs(V), suggesting that iAs(III) was partially oxidized during cooking.23 Pal et al. reached to the same 
conclusion by performing As speciation following cooking of rice grown in As-contaminated areas of West 
Bengal in distilled water.172

Arsenic intake by breastfeeding
Exclusive breastfeeding is recommended for the first six months after birth for infants, because of 

providing optimal conditions for the immunological and psychological development of the newborn. 
However, potential inorganic contaminants in breast milk (e.g., As) are transmitted to the neonate through 
breastfeeding.173 Toxic elements are absorbed to a greater extent in neonates than in adults, and bile 
excretion is low in the first weeks after delivery.174 Arsenic occurrence in breast milk is mainly due to a 
diet rich in marine fish and seafood.175 The As concentration of breast milk in endemic As-contaminated 
areas (e.g., aquifers) was found to be lower than expected.176 According to the Joint FAO/WHO Expert 
Committee on Food Additives, the lower limit of the benchmark dose (BDML0.5) with iAs‐induced lung 
cancer as the end point of toxicity effect is 3 µg kg-1 BW.177
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Twenty-four-hour pooled samples taken from the same mother178 would be ideal for elemental analysis 
in breast milk. Since this is not possible, usually, samples are collected from only one mammal gland 
that has not been involved in breastfeeding for 2-3 hours prior to sampling.178 The most common sample 
preparation procedure is MW-assisted acid digestion using a mixture of concentrated HNO3 and hydrogen 
peroxide solutions. If freeze-drying is applied before analysis,178-180 the sample demand is smaller.180 The 
digested samples are nowadays analyzed by ICP-MS.181-183 

A recent study conducted in Hungary on the determination of As in breast milk of non-smoking, 
exclusively breastfeeding volunteers with an average body mass index and with no occupational exposure 
to As in the early stages of breastfeeding, the mean concentration of As in the samples was 0.41 ± 0.20 
μg L-1. However, the median values of the As concentrations determined for all samples were 0.35 µg L-1, 
respectively, indicating an almost symmetric distribution of the concentration dataset.184 The median As 
concentration in the abovementioned study was approximately 45% larger than in the Hungarian mature 
milk samples published in 1991 and analyzed by neutron activation analysis.185 Unlike in 1991, the results 
of the recent study showed that As was detectable in all samples. This is due not only to the advances in 
instrumental analysis, but also to the changes in the dietary habits of the last 30 years. Today, more poultry 
meat is consumed, because it is considered healthier, and a larger selection of seafood and marine fish 
is available in Hungary. Lovreglio et al.186 found that less toxic AsB and AsC occur even in poultry meat. 
Concentration values of As in samples taken in Taiwan and Sweden were also similar to those obtained in 
the aforementioned recent study.187 Higher As concentrations have been reported from Greece.175 Outside 
Europe, higher values have been reported from Pakistan (0.5 µg L-1),188 Iran (0.85 µg L-1),189 Bangladesh 
(1 µg L-1),190 Japan (1.4 µg L-1)191 and Lebanon (2.3 µg L-1).192 In mature breast milk samples analyzed 
in Portugal, As concentration was about 5.8 µg L-1, presumably due to regular consumption of fish and 
seafood, while the Pb concentration was lower.193

Estimation of the intake of As in breast-fed infants can be performed by the method applied by Rebelo 
and Caldas194 consisting of expressing the ratio between the determined concentration and the benchmark 
dose limit (BMDL) value. The value thus obtained is called margin of exposure (MOE). Its estimated value 
is inversely proportional to the risk to public health posed by a certain toxic element.195 In the US, this 
value is typically above 50 for As.196 According to literature data, the MOE values for As in Europe are 
about 50 or higher.194 No significant relationship could be found between the age of the volunteers and the 
As concentrations in breastmilk samples.184 In return, the MOE values calculated for Pb proved that this 
element continues to pose a potential risk to infants.184 Moreover, the Pb concentration in breast milk was 
significantly correlated with the age of the mothers.184,197 

Organs playing an important role in reproduction and offspring care are protected against As, As-
speciation is difficult to achieve.

Potential threat represented by As in complementary and alternative medicinal products
General considerations

According to the WHO, traditional medicine is defined as CAM. This category includes traditional 
Chinese medicine, the Ayurvedic or Indian medicine system, the Tamil Siddha, the Persian - Arabic Unani, 
and homeopathy. Of these, Ayurveda is only surpassed in popularity by traditional Chinese medicine. The 
main difference between these two systems is that Ayurvedic preparations can not only contain herbs but 
also minerals and elementary state elements (e.g., Hg, S). From an analytical chemistry point of view, 
Ayurvedic preparations can be classified as herbal, herbomineral and animal ones. Of the metals used to 
make Ayurvedic preparations, Hg is of primary importance. Among the minerals, those containing As such 
as realgar (α-As4S4) and auripigment (As2S3) are common constituents. Through the current numerous 
infocommunication channels, these products have become available worldwide. Online sales of Ayurvedic 
products have recently skyrocketed.198 By performing elemental analysis of 193 Ayurvedic preparations 
purchased at random from the Internet, the authors of the study found that Pb, Hg or As were detectable 
in 21% of the products. The order of detection frequency of these toxic elements in the investigated 
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products was: Pb> Hg> As. Heavy metal and As contamination was twice as common in herbomineral 
products as in other types of products. In the Netherlands, about 20% of the labels of 292 traditional herbal 
preparations used in Ayurveda, traditional Chinese and Tibetan medicine, indicated the presence of Hg, 
As or Pb. These elements could be determined by ICP-MS in 64% of the samples. In about 20% of the 
investigated samples (n = 59), the amount of these elements exceeded the maximum allowable intake for 
humans with a single recommended dose. For 26 products, the estimated weekly As intake was 0.53 and 
427 mg.199 The European Commission classifies Ayurvedic preparations only as food supplements under 
Directive 2002/46/EC. In the United States, where Ayurvedic preparations are subject to the requirements 
of the Food Supplements Act 1994 (DSHEA - Dietary Supplement Health and Education Act), there is no 
need to demonstrate the safe use or efficacy of these products.198 

The large number of scientific communications on Ayurvedic research published in peer reviewed journals 
contain relatively less information from analytical chemistry point of view. Elemental content of Ayurvedic 
products has been studied by neutron activation analysis,200 voltammetry,201 XRF spectroscopy199,202 or 
ICP-MS.199 The advantage of XRF is that it is a non-destructive analytical technique, although not suitable 
for the determination of trace elements, while ICP-MS has extremely low detection limits, its acquisition 
and maintenance costs are much higher, and sample preparation is a much more time-consuming 
process. Literature data are difficult to be compared due to the wide range of Ayurvedic products. An 
attempt is presented hereby. Khandpur et al.203 investigated eight different Ayurvedic formulations, the As 
concentrations in these products were ranging from 5 to 248 mg kg-1. The concentration of As in a blood 
sample from a patient undergoing Ayurvedic treatment was 0.202 mg L-1, although the normal value is 
generally <0.06 μg L-1. Saper et al. studied 70 Ayurvedic formulations purchased in stores204 and 193 
online198 in the United Stated by X-ray fluorescence spectrometry. Of the 70 samples investigated, Pb, Hg, 
and As were quantifiable in 14. The concentration of As ranged from 0.037 to 8.13 g kg-1.204 

In a recent study, analysis by ICP-SF-MS after MW-assisted acid digestion of six different Ayurvedic 
products purchased online from India and one purchased in Hungary showed that the As concentration 
was relatively low, i.e., 0.41 ± 0, 05 mg kg-1 in the plant-derived sample (containing Centella Asiatica).14 
The concentrations of As in the rest of the investigated samples ranged from 0.04 to 771 mg kg-1. The 
concentration of As (106 ± 13 g kg-1) was the highest in an As2O3-containing preparation.14 Due to its 
significant As content, an Ayurvedic ointment was only worth analyzing by energy dispersive X-ray 
fluorescence (EDXRF). Thus, the spectra of the ointment recorded by EDXRF confirmed that As was the 
major component of the sample. 

Arsenic bioaccessibility in Ayurvedic complementary and alternative medicines
Knowledge of the total concentration of a toxic element (e.g., As) is necessary but not sufficient to estimate 

adverse health risks, so it is important to quantify the amounts of element(s) that could be assimilated after 
ingestion of a certain dose. However, application of in vivo experiments raises ethical issues. Thus, several 
in vitro procedures have been developed to simulate the effects of the human digestive process.205 

Data from only a few complex analytical studies on bioaccessible concentrations of toxic elements in 
Ayurvedic formulations have been reported.206-208 Giacomino et al.209 used a mixture of hydrochloric acid, 
sodium chloride and pepsin to simulate gastric juice. Pancreatin, potassium dihydrogen phosphate and 
sodium hydroxide solution were used to simulate duodenal fluid. However, As2O3 and As sulfides can 
hardly be dissolved in HCl due to their (thio)acid anhydride properties, so their dissolution is expected only 
in alkaline media. However, due to their high initial concentration, As uptake by the human body may still 
be significant. For samples containing As2O3/cinnabar red and α-As4S4/HgS, the estimated daily intake 
exceeded the WHO recommended daily dose of 3.0 μg iAs BW kg-1 by a factor of 11.1 to 21.4.14 

After incubation of 17 products purchased from pharmacies and local markets in Italy and India, respectively, 
in suspensions of gastric and duodenal fluids, a remarkable dissolution was observed for As.209,210

Koch et al.206 characterized the elemental content of CAMs by ICP-MS and XANES, focusing on the 
bioaccessibility of As and Pb, respectively, by incubation in a model suspension containing pancreatic 
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and bile extract, respectively. Interestingly, bhasma formulations characterized by a strong covalent bond 
between As(III) and S atoms increased the bioacessibility of As. The authors explained this phenomenon 
by the oxidation of As(III), which was confirmed by XANES measurements. In addition, the estimated 
dietary intake using the bioaccessible As concentration values in several cases was greater than the 
daily tolerable limit set by California Proposition 65.211 Bolan et al.208 investigated bioaccessibility of As-
containing rice and some Ayurvedic products of plant origin by using an exhaustive sequential extraction 
method proposed by Tessier et al.212 as well as in simulated gastric and duodenal fluids. The concentration 
of bioaccessible As was highly dependent on the procedure used. However, pancreatin is one of the most 
preferred compounds for simulating duodenal fluid.206,213-217 Extraction efficiencies determined by modeling 
bioaccessibility resulted in large differences. Therefore, it would be important to develop and adopt an 
appropriate extraction method.207

Arsenic speciation in phosphate-rich bioaccessible fractions of Ayurvedic preparations
Arsenic speciation in bioaccessible fractions is not a routine procedure. Until now, elemental speciation 

has been performed directly on Ayurvedic samples in solid state of matter using X-ray-based analytical 
techniques (e.g., XANES, extended X-ray absorption fine structure, EXAFS) due to the high toxic element 
concentration of the formulations.206-208 In herbal preparations, the predominant As species were organic, 
while in mineral-containing Ayurvedic products, As occurs in inorganic form.

Two Ayurvedic formulations containing As in moderate concentration were studied after spiking to 150 
μg kg-1 iAs(V) standard solution, incubation in a pH = 6.8 suspension simulating duodenal fluid and SAX-
SPE separation. The highest recovery of about 80% for the iAs(V) species was obtained when the model 
solution did not contain phosphate ions. The presence of sodium hydroxide did not affect the recovery of 
iAs(V). Oxidation of iAs(III) was observed using optimal SPE conditions for two Ayurvedic (herbo)mineral 
preparations with high As content. Thus, 6.3% of the iAs(III) in the bioaccessible fractions were oxidized 
in the sample containing As2O3 and cinnabar red, compared to 33% in the formulation containing realgar 
and HgS. Spiking a simple homeopathic sample matrix containing theoretically As2O3 with a 1 μg L-1 iAs(V) 
standard solution, recovery of total As and iAs(V) of samples subjected to SAX-SPE were about 97% and 
95%, respectively.14 The recovery of total As and iAs(V) was approximately 90% and 80%, respectively, 
when the homeopathic product was spiked to 10 μg L-1 iAs(V) and then incubated with the duodenal 
modeling suspension without the addition of phosphate ions. Study of the homeopathic remedy has also 
shown that it was mainly phosphate ions that prevent the separation of As species with SPE and not the 
matrix constituents. Breakthrough results in this area with efficient As-speciation methods have yet to be 
published.

CONCLUSIONS
In recent decades, several As speciation methods have been developed, many of which are cost-effective 

as alternatives to the original on-line hyphenated techniques consisting of an HPLC separation followed 
by atomic spectroscopic detection. In the case of TLC, the OPLC-TXRF method provides reproducible 
operating conditions, resulting in faster separation and better resolution. Laser ablation for PEI-TLC plates 
followed by ICP-MS measurements proved to be suitable for the screening of biological samples. In situ 
separation of As species in water with SAX-SPE can be easily accomplished from matrices up to pH<9 
with higher enrichment and/or dilution, followed by laboratory analysis of acid-preserved samples. The 
cost-efficient TXRF spectrometry allows the simultaneous determination of several other trace elements 
in drinking water. At the regional level (e.g., in Hungary), the exposure of the population to As has been 
significantly reduced since 2017 by drilling new wells and establishing new waterworks in settlements of 
poor water quality. To the best of my knowledge, however, As speciation has not been widely used in the 
development of As removal technologies. To date, there is no real breakthrough in the use of As speciation 
methods. Arsenic contamination is challenging since inorganic As species cannot easily be decomposed 
compared to purely organic contaminants. Thus, the removed As is concentrated in hazardous waste 
disposal, which is also costly. Another possibility is to immobilize As e.g., in the soil. In this respect, bio-
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waste is a promising raw material after conversion to AC with concentrated H2SO4. In order to increase 
mechanical stability and adsorption, it is advisable to use a silicate-containing material after charring to 
stabilize As (e.g., Florisil®). Although Florisil® is a widespread chromatographic adsorbent, it is expensive, 
but simple charring processes can keep the cost of producing ACs low (e.g., no application of energy-
demanding pyrolysis).

In the lack of a definitive solution for the removal of As from drinking water, it is important to estimate the 
exposure of the population in areas with extensive natural As pollution. Dietary intake is the major source 
for nonoccupational exposure to As. Washing and cooking rice in plenty of water is advisable in regions 
affected by As-contaminated water. In this way, large amounts of As can be removed. According to a recent 
study, significant efforts are still being made in several parts of the world (e.g., West Bengal) to develop 
intervention procedures to reduce As pollution of waters.218 

The estimated intake of As from the bioaccessible fractions of Ayurvedic formulations poses a health 
risk. If public health employees were more empathetic to their patients, or if a significant portion of the 
contemporary society did not reject the results of scientific research, there would be no demand for such 
dubious quality drugs. A recent review paper219 highlighted the need to (i) elucidate the mechanisms of 
incorporation of toxic elements into CAM formulations, (ii) to understand the biogeochemical cycles of these 
elements and in particular their metabolites; (iii) to develop appropriate speciation methods to study the in 
vitro bioaccessibility of toxic elements; and (iv) conducting clinical trials and developing stricter legislation. 
In accordance with the current practice, elemental speciation in Ayurvedic preparations containing high 
concentrations of toxic elements is performed directly in the solid state by X-ray-based analytical techniques 
(XANES, EXAFS). Although the success of X-ray measurement techniques is undeniable, more accurate 
information could be obtained using appropriate in vitro methods to study bioaccessibility, but extreme pH 
and complex sample/extraction matrix represent real obstacles.

Even today, several reviews deal with the estimation of health risks caused by dietary As intake220,221 and 
the development of As speciation methods.222 Regarding the reduction of As contamination in environmental 
compartments and food items, many questions still should be addressed in the future.
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INTRODUCTION
The constant and technological progress of the industrial and agricultural sectors in recent decades 

has brought with it improvements over the obtention of products related to these sectors.1 However, at the 
same time, the anthropogenic activity of humans in the environment because of these advances has also 
increased.2-4 Currently, anthropogenic activities represent the potential of humanity to interfere with the 
natural balance of the environment.1 

The monitoring of some compounds, especially those harmful to the environment, is a requirement 
for the control of the contaminants in environmental matrices. However, this monitoring is a challenge 
for analytical methods due to these contaminants in many cases being found at trace concentration 
levels and in the presence of endogenous compounds that act as interferents.5,6 Thus, the development 
of analytical methodologies for the analysis of contaminants represents a promising approach for the 
adequate monitoring of contaminants. 

During the last decades, analytical methodologies such as ambient mass spectrometry (AIMS) methods 
have been introduced, these methodologies can overcome the use of laborious sample preparation steps 
which demands time and uses considerable solvent volume. The development of AIMS methodologies 
with high sensitivity and selectivity, and devices capable of performing in situ analysis helps to overcome 
the sample preparation methods drawbacks. These AIMS methodologies and devices can improve the 
qualitative and quantitative information on many samples, such as environmental matrices.6 

AMBIENT MASS SPECTROMETRY (AIMS)
In general, electrospray ionization (ESI) represents an approach used to generate ions from the 

sample solution, especially for polar compounds.7 Although ESI and other atmospheric pressure ionization 
(API) sources are capable to generate ions from many matrices, these traditional ionization methods 
still need an extensive sample preparation step before the analysis. These methods usually include the 
hyphenation of the mass spectrometer and a separation system, such as liquid chromatography (LC) and 
gas chromatography (GC).6,8 On the other hand, AIMS methods allow the analysis of compounds in an 
open environment using minimal or no sample preparation, resulting in some devices that cover the trend 
of point-of-care (POC) analysis, which has been higher desirable by testing and diagnostics methods 
routine.7 The literature methodologies reporting the use of techniques by AIMS have shown benefits in 
comparison with conventional ionization techniques, such as smaller sample volume requirement, little or 
no use of organic solvents, the elimination of the separation step by sample preparation, or chromatographic 
methods, and the improve of the method sensitivity and lower time of analysis.6 

The AIMS concept was first introduced in 2004 by Cooks et al.9 in which the use of desorption electrospray 
ionization (DESI) technique for the analysis of compounds present in tomato peel (Lycopersicon esculentum) 
and Conium maculatum seeds was reported. In this first application, it was proved to be an efficient 
approach for analysing the chemical profile and identifying the compounds present in the samples. In 
general, AIMS methods can be classified into two groups, that is spray-based (ESI-like) and plasma-based 
(APCI-like) methods. The spray-based approach includes the extractive electrospray ionization (EESI), 
easy ambient sonic-spray ionization (EASI), paper spray (PSI), probe electrospray ionization (PESI), and 
laser ablation electrospray ionization (LAESI) methods. In resume, this category involves momentum 
desorption, solvent extraction, and finally the ionization of the solution. The plasma-based methods 
include the direct analysis in real-time (DART), low-temperature plasma (LTP), dielectric barrier discharge 
ionization (DBDI), atmospheric pressure solids analysis probe (ASAP), and flowing atmospheric-pressure 
afterglow (FAPA). This category uses an electrical discharge between two electrodes in a gas flow to make 
the ionization of the target analyte (s).6 

Since its introduction, AIMS techniques have brought great advances in the development of analytical 
methods, involving some fast and sensitive methodologies for a wide variety of analytes in different 
matrices, especially for environmental analysis (Figure 1) and (Table I).8,9
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The upward trend in AIMS-related research can also be seen on platforms such as the Web of Science. 
The reports in such platforms have shown the increasing on the publications related with ambient mass 
spectrometry. Following this trend, applications of AIMS methods in environmental sciences has also been 
pointed out as an interesting field to the application of such methods and devices (Figure 2). Considering 
this, a discussion of the publications from the period of 2016-2021 on some AIMS methods for environmental 
matrices is presented in this revision study, as well as the trends for the future of the ambient methods for 
environmental analysis.

Figure 1. Ambient mass spectrometry techniques combined with environmental analysis.

Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; 
Santos, S. S.; Roque, J. V.; Vaz, B. G.
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Table I. Methods described in the literature using ambient mass spectrometry applied to environmental analysis

Analyte(s) Sample
Analytical 
Methodology

LOQ LOD Recovery (%) Ref

Perfluoroalkyls Plants DESI-MS
HAS EDS 0.3-0.5 ng g-1 0.09-0.15 ng g-1 87.5-114.9 12

Dimethoate, 
trifloxystrobin, and 
tebuconazol

Olive and vine 
leaves DESI-MS 50.0-150.0 ng g-1 15.0-50.0 ng g-1 - 13

32 pesticides Fruit DESI-MS - 1.0 pg mm² 88.0 14

Ionic liquids Fish DESI-MS - - - 15

Duomeen O (n-oleyl-1,3-
diaminopropane) Industrial waters PSI-MS/MS - < 0.1 pg - 16

Acephate
Cyazofamide
Chlorpyrifos

Tomato peel PSI-MS 0.03 mg g-1 0.01 mg g-1 90.4-96.4 17

Bisphenol A and S Thermal paper PSI-MS 87.0 ng g-1 /
13.0 ng g-1

5.0 ng g-1

1.9 ng g-1 92.0 - 109.0 18

Metaldehyde Water PSI-MS/MS - 0.05 ng mL-1 - 19

Microcystins Water PSI-MS 3.0 µg L-1 1.0µg L-1 77.0 - 103.6 20

Tetrabromobisphenol A
Tap water
Springwater
Lake water

SPME-PSI-MS 0.001 µmol -1 - 95.1 - 101.6 21

U, Bi, Pb, Cd, Fe and Zn Cotton PSI-MS - 94.0 ng - 22

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.
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Analyte(s) Sample
Analytical 
Methodology

LOQ LOD Recovery (%) Ref

Phenoxycarboxylic acids Environmental 
waters DART-MS - 0.5-2.0 ng L-1 79.9-119.1 23

Triazine Herbicides Tap water, pool, 
and lake DMSPE-DART-MS - 1.6-152.1 ng L-1 87.5-115.0 24

Phthalic Acid Esters Environmental 
water SSE-DART-MS - 0.1-0.9 ng -1 82.8–119.0 25

Microplastics and 
Nanoplastics Natural waters DART-MS 100.0 pg L-1 30.0 pg L-1 60.0-70.0 26

Pesticides Surface water SPME-TM-DART/
MS 0.1-5.0 μg kg -1 - - 27

Pesticides Lettuce and celery QuPPe-DART-
HRMS 50-190.0 μg kg 1 20.0-60.0 μg kg-1 71.0-115.0 28

Steroid hormone Residual water DART-MS - 2.5 ng L-1 - 29

Trimethyl phosphate Residual water DART-MS/MS 50.0 pg mL-1 0.05-100.0 ng mL-1 88.0-107.6 30

Organic UV filters Environmental 
water DART-MS - 40.0 ng L-1 - 31

Glycosides Tobacco Leaves DART-MS 0.05-0.1 µg mL-1 0.02-0.05 µg mL-1 - 32

Tetrabromobisphenol A
Wastewater, river 
water and tap 
water

EESI-MS - 0.05-4.6 µg L-1 - 33

DESI-MS: Desorption electrospray ionization-mass spectrometry; HAS-EDS: transmission electron microscopy equipped with energy-dispersive spectroscopy; PSI-MS: Paper spray ionization mass 
spectrometry; PSI-MS/MS: Paper spray ionization-mass spectrometry tandem; SPME-PSI-MS: Solid-phase microextraction-paper spray ionization-mass spectrometry; DART-MS: Direct Analysis 
in Real-Time – Mass Spectrometry; DMSPE-DART-MS: Dispersive Magnetic Solid-phase Extraction - Direct Analysis in Real-Time - Mass Spectrometry; SSE-DART-MS: Sorbent and Solvent co-
enhanced - Direct Analysis in Real-Time - Mass Spectrometry; SPME-TM-DART-MS: Solid Phase Micro Extraction - Transmission Mode - Direct Analysis in Real-Time - Mass Spectrometry; QuPPe-
DART-HRMS: Quick Polar Pesticides Extraction - Direct Analysis in Real-Time - High-Resolution Mass Spectrometry; DART-MS/MS: Direct Analysis in Real-Time – Mass Spectrometry tandem; 
EESI-MS: extractive electrospray ionization mass spectrometry.

Ambient Ionization Mass Spectrometry: Applications and New Trends for Environmental Matrices Analysis

Table I. Methods described in the literature using ambient mass spectrometry applied to environmental analysis (Continuation) 
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Figure 2. Publication numbers per year, using ‘Ambient Mass Spectrometry’ and ‘Environmental 
sciences’ as search words. Publication until Feb 2022. Source: www.webofscience.com 

Desorption electrospray ionization desorption (DESI)
DESI technique was developed by Cooks et al. in 2004.34 DESI belongs to the family of AIMS techniques 

and mass spectrometry imaging (MSI). In MSI analysis, chemical images are generated by plotting the 
signal intensities of the analyte of interest in a 2D or 3D space corresponding to the area of the sample 
that was analysed (Figure 1A). Through the application of DESI technique, it is possible to locate the 
spatial distribution of certain compounds in a sample of interest.35 Because of the speed, sensitivity, and 
the possibility to perform in situ analysis, DESI technique has been highlighted as a potential approach to 
the development of surface analysis studies.36

In DESI ion desorption process, a primary spray is formed, with electrically charged solvent drops 
(less than 10 µm),37 under high pressure of an inert gas jet in high-velocity (about 100 m s-1) that reaches 
the sample on a glass slide.38,39 This impact creates a thin layer of solvent that results in a solid-liquid 
extraction of the sample.39 Then, the desorption of the analyte(s) occurs due to the shock of the primary 
spray. A secondary spray is formed containing the sample, and the analytes are then attracted to the mass 
spectrometer inlet.40 The ionization of the technique creates single or multiple ions, in a mechanism exactly 
of what is observed in an ESI interface.41 In this technique, changes in spray solvents are used to obtain 
good sample selectivity in a non-destructive way.42 

The application of DESI in imaging analysis allows the visualization of biomolecules from a sample 
surface.43 The MSI approach has been highlighted in literature to be manly performed in studied of the 
chemical profile of many biomolecules, such as metabolites,44 lipids,45 and proteins.46 In DESI-imaging, 
an unidirectional scan on the x-axis of the sample is performed, in which each line on the x-axis results in 
a mass spectrum. The sample is located on a moving platform on the y-axis, enabling the next row to be 
parsed.47 It is important to emphasize that this movement is repeated, the analytes of the next lines are not 
unduly removed, leading to the loss of information. The total area of the sample is divided into pixels. The 
distance between lines on the y-axis corresponds to 1 pixel and is the same distance on the x-axis. This 
distance corresponds to a spatial resolution that normally ranges from 150 µm to 250 µm. As desorption 
occurs continuously, it is necessary that the surface of the sample be smooth and flat, with no irregularities, 
after analysing the x and y axes, the generated spectra are merged to produce the images.48,49

The desorption efficiency of the analyte(s) is intrinsically linked to the optimization of some parameters 
in the geometric position of the DESI. The parameters that most influences the analysis are the angle of 

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.
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incidence, which is the angle formed by the spray on the sample, the angle of ion collection, the distance 
between the sprayer and the surface, and the distance between the surface and the MS inlet, as shown 
in Figure 3.50

Figure 3. Scheme for geometric optimization of DESI.

Furthermore, the composition of the spray solvent is also a fundamental parameter for DESI desorption 
and ionization mechanism. The effect of the solvent on signal intensity and the resolution was extensively 
studied by Green et al.51 The most used solvent composition is methanol and water, however, there are 
other solvent reported that include methanol (MeOH), acetonitrile (ACN), ethanol, dimethylformamide 
(DMF), among others.52 Solvent optimization improves ionization efficiency and the method sensitivity.51 
Other parameters must be optimized for each sample, these parameters include the pressure of the 
nebulizing gas and the conditions in the mass spectrometer, all these parameters are directly linked to the 
obtained response.

DESI technique is widely used for biological samples, mainly for brain tissue in clinical case studies.38,53–55 
However, the literature points out the application in forensic chemistry,56 metabolomics,57 food,14 and 
environmental analysis.12 

Recently, Wang et al.12 verified the absorption potential of perfluoroalkyl substances (PFASs) in 
plants using desorption electrospray ionization-mass spectrometry (DESI-MS) and transmission electron 
microscopy equipped with energy-dispersive spectroscopy (TEM-EDS). Within the PFASs group, 
perfluorooctanoic acid (perfluorooctanoic, PFOA) and perfluorooctane sulfonic acid (perfluorooctane 
sulfonic, PFOS) are the most representative substances, which present great risks of contamination to the 
environment and living beings. For the DESI-MS analysis, eight wet plants were submitted to hydroponic 
experiments (soilless cultivation technique) to visualize their distribution at tissue and cell levels. These 
plants were incubated for 1 month with PFOA and PFOS solutions washed with deionized water and 
divided into roots, stems, and leaves. The optimized DESI parameters were optimized, and results showed 
that the PFASs accumulated in the plants represented 1.67-6.7% of the total mass added to the hydroponic 
systems, and PFOS accumulated mostly in the roots (48.8-95.8%), while the PFOA was stored mainly 
in the aerial part (29.3-77.4%). DESI-MS and TEM-EDS analysis showed that PFASs were transported 
from the hydroponic root solution via both apoplastic (through cell walls and/or intercellular spaces) and 
symplastic pathways (through plasma membranes or via plasmodesma). Thus, DESI-MS and TEM-EDS 

Chaves, A. R.; Martins, R. O.; Maciel, L. I. L.; Silva, A. R.; Gondim, D. V.; Fortalo, J. M.; 
Santos, S. S.; Roque, J. V.; Vaz, B. G.
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techniques demonstrated to be efficient approaches applied to visualization, tracking, absorption, and 
transport of PFOS and PFOA in plants.

DESI technique was also used as an interface in the analysis of the pesticides dimethoate, tebuconazol, 
and trifloxystrobin in olive and vine leaves by Rocca et al.13 This study aimed to assess the exposure of 
workers during the application of these agrochemicals on crops, as evidence suggested serious adverse 
effects and chronic occupational exposure. The compositional mixture of the solvent used was methanol/
water (80:20 v/v). This mixture showed great efficiency in the desorption of these analytes in the leaves 
of olive trees and vines. The three pesticides were analysed and validated using figures of merit. The 
validation showed weakness in intra-day precision, in which field analyses required more repetitions 
for reliability, which could suggest disadvantages in quantitative assays by DESI-MS. In addition, the 
actual monitoring of samples was close to the last point of the calibration curve, showing an excessive 
concentration of pesticides in the leaves. Although the DESI-MS methods had shown lower precision in 
the quantitative assay, the developed method showed advantages such as low solvent consumption (less 
environmental impact), absence in sample preparation, and reduced analysis time. 

Gerbig et al.14 applied DESI technique to detect 32 pesticides in nine different fruit samples. The surface 
of these fruits was pressed into glass slides to promote the passage of these pesticides onto a flat surface. 
The method showed great potential for quick and simple screening of food items. This was demonstrated 
using real samples taken from routine controls. Thus, it was also shown that DESI-MS could perform non-
destructive actions in qualitative and semi-quantitative measurements. Although quantifying directly from 
the sample surface has limitations, the concentrations determined were in the same order of magnitude 
as the reference values and served as an indicator for deciding whether the product should be reanalyzed 
by another analytical method.

An approach to the toxicity of ionic liquids in zebrafish was reported by Perez et al.15 The authors found 
after the images of these fish using DESI, that the liquid AMOENG 130 accumulated in the central and 
respiratory nervous system and could pass through the blood-brain barrier (“filter” formed by cells and 
nervous tissue). This was the first report on the use of the image produced by DESI to determine the 
distribution and metabolism of an ionic liquid in an aquatic vertebrate and demonstrated the potential of 
this technique to monitor other micropollutants in aquatic vertebrates.

Paper Spray ionization (PSI)
PSI technique was first introduced in 2010 by Cooks et al.22 This AIMS method as the name suggest, 

uses a paper with a triangular shape connected to a macroscopic sharp tip.58,59 The ionization of the 
analytes occurs after the application of the sample on the center of the paper’s surface with later application 
of a voltage (2 to 5kV),60 finally the application of an acid or basic solvent onto the paper promotes the 
desorption of the analytes, this process leads to a generation of a Taylor cone spray which is taken 
towards the mass spectrometer inlet (Figure 1B).61 The analysis is performed in two modes, positive and 
negative, according to the properties of the target analyte(s).62,63 The ionization efficiency of the analyte(s) 
is intrinsically linked to its physicochemical characteristics, an effective interaction between the target 
analyte and the paper substrate, and the optimization of some fundamental parameters, promotes a more 
sensitive method and a better analytical performance.64,65

Among the main parameters to be evaluated, the paper substrate and the solvent must be considered 
to obtain a high sensitivity methodology.61 The solvent must dissolve the compound of interest in the paper 
substrate to its greatest extent via capillarity, moving it to the tip of the triangular paper. The spray solvent 
has the function of extracting and solubilizing the analyte of interest. The choice of solvent is critical in the 
development of the method.66 Due to the porous nature of the paper substrate, it can retain or not elute 
the analyte throughout the paper. Changing solvents can influence on method detection limits. Aqueous 
solvents improve surface tension and spray stability, while chlorinated solvents proved to be efficient in 
increasing the corona discharge voltage potential.67

Braz. J. Anal. Chem. 2022, 9 (36), pp 52–77.



60

Different substrates can offer specific results, as they can have different composition, thicknesses, and 
porosity, contributing to hindering the effectiveness of ionization and the flow of analyte throughout the 
paper. The chromatography paper and filter paper are the most commonly used materials; however, the 
modification of the paper can be performed according to the analysis objectives.62 Thinner papers with 
smaller pore diameters, in general, tend to reduce the analyte flow throughout the paper, which could 
increase the ionization efficiency.68 

Another important parameter to be evaluated for the efficiency of spray formation, but sometimes 
neglected, is the angle of the tip of the paper concerning the MS inlet source. Signal intensity, spray 
current and electric field are dependent on the paper angle. Based on the usually applied electric field, the 
literature pointed out that the most used angle has been 30°. In addition to this, paper substrates can be 
laser cut, with this approach it is possible to obtain correct angulation and reproducible construction.62 To 
obtain good results with this technique, in addition to the mentioned factors, it is also necessary to evaluate 
other factors that may influence, such as the sample volume the distance between the spectrometer inlet 
capillary and the tip of the paper, which in general, will also depend on the ionization ratio of the analyte 
of interest.58

Since its introduction, the technique has been widely used in many fields, such as in the clinical,69,70 
forensics,67 foods,71 and environmental.19

Jjunju et al.16 reported the analysis of aliphatic primary alkyl corrosion inhibitor amines in water samples 
reacting PSI experiments using an LTQ Orbitrap Exactive instrument. To prove the analytical performance 
of the method, the PSI-MS method was applied in three different water samples including feedwater, 
condensate water, and boiler water from large medium pressure. The method was capable to achieve 
a low limit of detection (LOD) of 0.1 pg with reproducibility less than 10%. The MS/MS of the Duomeen 
O molecule at the LOD concentration eliminated the matrix effect of the water samples providing to be a 
potential qualitative approach to corrosion inhibitor amines in water samples analysis.

The indirect contact with toxic substances is one of the most concerning about human health, especially 
those with the capacity of being retained in environmental compartments.72 Concerning this, Bernardo 
et al.18 described the use of PSI-MS for the detection and quantification of bisphenol S (BPS) in three 
different commercially brands of thermal papers. The analytical performance of the method showed a 
LOD as low as 5 ng g-1 with recovery values ranging from 92.2 to 109.04%. The quantification of BPS in 
the three papers showed values ranging from 1.36 to 6.77 µg L-1. According to the authors the developed 
method was comparable to conventional analysis such as LC-MS and GC-MS reported in literature for 
BPS analysis. Due to this, the developed PSI-MS method was pointed out as a promising approach to 
replace some conventional methods of determination of BPS and without any sample preparation. 

Rodrigues et al.73 in 2020 reported a PSI-MS methodology for the steroid hormones (levonorgestrel and 
algestona) determination in wastewater samples analysis. The authors described the paper modification 
with a paraffin barrier on the triangular paper. This simple modification improved the analyte flow throughout 
the paper and resulted in a better spray stability, according to the authors. The ionization conditions of the 
analytes involved the use of a spray voltage of 3.5 kV and collision energy of 35 eV. The performance of the 
proposed methodology was evaluated through the figures of merit, reaching the low limit of quantification 
(LOQ) below to 2.3 µg mL-1 and LOD below to 0.7 µg mL- 1, in addition recovery values ranging from 82 to 
102%. According to the obtained results, the modification with paraffin described led to an increase in the 
sensitivity of the technique.

Recently, PSI-MS soil analysis was reported by Dowling et al.74 for the detection of pharmaceuticals, 
drugs, and hydrolysis products of chemical agents used in weapons. The voltage for both analytes was 
optimized separately, being used about 4.5 kV for drug analysis and 4.0 kV for hydrolysis products of 
chemical agents. As could be seen, the voltage is optimized according to the analyte structure and 
physicochemical proprieties, the better MS response is chosen considering not only the analyte response 
but also equipment integrity. According to the authors, the methodology reported an alteration for soil 
analysis, which is usually performed by obtaining the crude soil extract after many sample preparations 
steps.
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Soil analysis by PSI-MS was also reported by Liu et al.75 in which they described the quantification of 
tetrabromobisphenol A (TBBPA) in soils and sediments. The analysis was performed together with an 
internal standard enriched with a stable isotope (13C12-TBBPA) for the quantification of the target analyte. 
Better results were obtained by the voltage used of -2 kV, the vertex angle of 30°, base length 14 mm, and 
lateral length 29 mm. The chosen distance between the tip of the paper and the mass spectrometer inlet 
was 6 mm. Among the analysed solvents, methanol was chosen as the best for extracting and transporting 
solvents. This study demonstrated an alternative to improve the quantitative performance of the PSI-MS 
methods using an internal standard compound. Under these conditions, it was obtained a linear range of 
0.1-100 mg L-1 (R² = 0.9975) and recoveries values between 90.4%-101.1%, being possible to compare 
with other conventional methods. 

In 2017, Kotthoff et al.76 also performed the analysis of TBBPA in sediment samples using liquid 
chromatography coupled with atmospheric pressure photoionization tandem mass spectrometry (LC-
APPI-MS/MS) and obtained recoveries values ranging from 71.5 to112.5%   for sediments. In comparison 
with methodologies applying separation steps such as chromatography, the methodology applied by Liu et 
al.75 showed similar or higher recovery values, in addition to having presented an analysis time of 1 minute 
for each sample. Differences in results compared to other methods can be attributed to the correlation of 
the internal standard of the isotope method. Without sample purification and chromatographic separation, 
the method achieved high sensitivity and low analysis time, which was shown to have great potential for 
routine analysis of emerging contaminants in soil samples.

The analysis of samples from some animals is an alternative to identify the effect of bioaccumulation 
in the environment, in which some compounds with an accumulating potential are retained in animals, 
especially those of aquatic origins, such as fish and some vertebrates. Having this in mind, Chun Wei 
et al.77 reported the modification of a paper with graphene oxide and nylon membrane for the analysis 
of malachite green and its metabolites in freshwater fish. The modification of the paper with graphene 
and the nylon membrane led to a strong interaction between the electrons of the π-π bond of graphene 
oxide with the conjugated in-plane π electrons of the rigid triphenylmethane backbone of the malachite 
green, in addition to the strong electrostatic interaction between the hydrogen bonds of the malachite 
green molecule and the graphene oxide, favoring the interaction between them. As a result, in tests with 
aqueous solutions, more than 98% malachite green was adsorbed onto the modified paper. The analysis 
of fish tissue samples showed that a concentration of 0.65 µg kg-1 was obtained, which met the minimum 
performance limit (2 mg kg-1) proposed by the European Commission to determine the sum of malachite 
green and its metabolite green leucomalachite in food products.

Another paper modification was proposed in 2019 by Zargar et al.78 in which the modification of a porous 
graphene paper with a molecularly imprinted polymer (MIP) was described for the analysis of the pesticide 
propoxur in samples of tap water and water from crops through the source by mobility spectrometry ionic 
(IMS). The application of MIP was intended to offer greater selectivity for the target analyte, thus the 
pesticide itself was used as a template during the synthesis of MIP and later electroplated on the surface 
of the graphene paper. The modification of the paper led to obtaining a LOD of 0.3 ng mL-1 and a recovery 
ranging from 94 to 102%. Through the proposed methodology, the authors stated that compared to other 
methods described in the literature, the PSI method proved to be fast and effective in analysing the target 
analyte. The modification with the polymer MIP generated greater selectivity for the pesticide propoxur, 
increasing the sensitivity of the analyte for the detection technique, which compensated the non-selectivity 
of the IMS analysis.

Direct real-time analysis (DART)
The AIMS method known as DART was introduced by Cooks et al. in 2005,79 months after the introduction 

of DESI. The technique was introduced with the main focus on performing rapid analyses at ambient 
pressure, belonging to the class of AIMS techniques based on plasma ionization.80 In DART the ion source 
can be used to analyse solid liquid, and gaseous samples.81 In a few words, DART ionization uses heated 
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metastable gas atoms that are capable to desorb and then ionize the target analyte(s).82 DART ionization 
process is performed in the presence of an inert gas (usually helium or nitrogen) in a discharge chamber 
leaving the species in an excited (metastable) state, resulting in a flow of plasma gas.83 Upon leaving the 
chamber, the metastable species encounter the sample, and the desorption and ionization of the analyte(s) 
occur, which is directed to the mass spectrometer inlet (Figure 1C), the ionization of the sample can 
generate positive and negative ions. When applied in positive ion mode, metastable species collide with 
atmospheric water molecules producing hydronium (Penning ionization) and subsequently, the ionization 
of the analyte occurs. In contrast, in the negative ion mode, clusters of negative ions composing water and 
oxygen molecules react to form negative ions of the analyte.80,83

The optimization of the DART method involves the study of the ionization gas applied (He or N2) and 
its temperature, the distance between the gas output of the ionization source and the sampling hole of the 
mass spectrometer, the electrical potential responsible for producing a glow discharge and the gas flow.83 

According to Sisco and Forbes,82 although nitrogen can also be used as the ionization gas, helium is 
the most commonly used in DART analysis. This preference of helium instead nitrogen is because of its 
energy to ionize water of the metastable atoms. In positive mode, the ionization mechanism is driven by 
the ionization of water in the atmosphere. The ionization mechanism can be seen in Equations 1–4 as 
follows:

 He⃰ + H2O  He + H2O+▪ + e-  (1)

 H2O+▪ + H2O  H3O+ + OH▪  (2)

 H3O+ + nH2O  [(H2O)n+1 + H] +  (3)

 M + [(H2O)n+1 + H] +   [M+H]+ + (H2O)n+1  (4)

Robert et al. reported that the DART/orifice distance and the grid potential are parameters with significant 
influence on method efficiency, in which, the reduction of this distance and the increasing the potential from 
250 V to 650 V, leads to an increase of the relative abundance of O2+• in the background mass spectrum 
of real-time direct analysis-mass spectrometry. Thus, these conditions benefit the formation of molecular 
ions, these parameters can be optimized and adjusted to the desirable conditions, in which the non-
optimization of these parameters can lead to the two simultaneously ionization in the method (by proton 
transfer or by penning).84

Since the introduction of the DART technique in 2005, the literature has been reporting some applications 
in many scientific fields, such as food,85 agriculture,28 forensic,86 clinical analysis,87 and environmental 
analysis.88

In 2020, Nicolás Zabalegui et al.89 reported the development of an analytical method based on a direct 
transmission mode analysis system in real-time quadrupole time-of-flight mass spectrometry (TM-DART-
QTOF-MS) coupled with multivariate statistical analysis for the analysis of existing organic compounds in 
seawater samples in the surface microlayer (SML) and underlying water (ULW) collected on the Cape Verde 
Islands. The analysis involved the use of He as an ionizing gas at a temperature of 300 °C, in the negative 
ionization mode. The transmission mode geometry TM-DART was implemented as an optimization, which 
established a distance of 2.5 cm from the source, which allowed the analysis of samples in continuous 
flow and minimization of the risk of cross-contamination. From the methodology applied using DART, the 
authors found the possibility of differentiating the SLM and ULW samples through the chemical profile of 
both. In addition, the study pointed out that fatty acids, halogenated compounds, and organic compounds 
containing oxygenated boron were present in SML samples and could participate in photochemical 
reactions at the ocean air-water interface. According to the authors, one of the advantages of applying 
DART technique instead conventional electrospray methodologies for seawater analysis was to minimize 
the high salts concentration levels in the sample to MS analysis, not requiring desalination, which could 
result in a change of the matrix.
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The analysis of microplastics in environmental water samples was recently described by Zhang et al.88 
For the analysis of microplastics, the samples were initially prepared, being heated by a ramp, starting at 
50 °C and reaching 600 °C for 6 min. The products generated from this heating were taken to ionization 
by DART using helium as the reagent gas, a voltage of 350 V and heating of 300 °C, and analysis using 
the Orbitrap mass spectrometer. The application of the methodology for the analysis of microplastics led 
to the identification of plastics with different chemical profiles, and possibly from different origins, in which 
resulted in a mass spectrum exhibiting about ~ 10,000 discrete peaks, corresponding to plastic additives 
released by thermal desorption and degradation products of polymer generated by pyrolysis. Through the 
application of statistical data analysis, the chemical profile of plastics could be differentiated by creating a 
fingerprint for the analysis of each type of plastic.

Still on analysis of aquatic environments, Nei et al.90 reported the use of DART-MS to estimate the 
concentration of histamine and 1,8-diaminooctane in fish fillets. The use of the DART-MS analysis method 
was applied to test the target analytes presented in 165 samples. According to the authors, the detection 
sensitivity was influenced by the temperature of the gas heater, and the temperatures between 350 and 
450 °C resulted in larger and more defined peak areas. In addition, the matrix effect also affected and 
demonstrated by the recovery values of the developed method, (151.5 and 619.9%), in which, according 
to the authors, future studies would be necessary to reduce the matrix effect. However, the study proved to 
be a possible approach for analyzing mainly histamine, since it is a biogenic amine responsible for cases 
of food poisoning.

Emmons and Gionfriddo91 reported a strategy to minimize one of the limitations of ambient mass 
spectrometry, which is the appearance of transient microenvironments (TME), that occur mainly in 
analyses that are carried out in variable and non-ideal conditions. For the study, the authors reported the 
use of solid-phase microextraction (SPME) with DART-MS coupled to a thermal desorption unit (TDU) 
for the analysis of pesticides and drugs from surface water. However, for more precise analysis, a new 
SPME geometry, SPME-Arrow shape, was used, which presented a greater improvement on extraction 
phase volume compared to conventional SPME fiber. This instrumentation used was an optimization of 
the conventional parameters of the DART technique. Furthermore, other parameters that were optimized 
regarding the ionization source were the localization of the TDU-DART device in the inlet of the mass 
spectrometer and the plasma temperature. During the analysis, three positions were tested: first in full 
contact, then a distance of 5mm, and finally 10mm. Meanwhile, for each position, the plasma was at 
different temperatures: 300, 350, and 450 °C, respectively, being capable to quantify the analytes in the 
range of µg L-1 with a time analysis of 5 minutes. The authors concluded that this study proved to be quite 
satisfactory, allowing further expansion of AIMS analysis into more complex samples and in unconventional 
environments, where the use of TDU-DART provided rapid and reliable on-site quantification.

Extractive electrospray ionization (EESI)
Before being known as extractive electrospray ionization, the EESI technique was first introduced as 

fused droplet electrospray ionization (FD-ESI) in 2002 by Shiea et al.92 as an approach for the analysis 
of peptides and proteins. After this first introduction, the technique underwent extensive studies by other 
research groups, especially by Cooks et al.93 In 2006 the technique was finally known as EESI, whose first 
application was in the analysis of biological matrices, reporting a methodology without any previous sample 
preparation.94 The ionization mechanism involves the instrumental configuration using two sprays, one 
containing the solution for electrospray formation and connected to an energy source for the application of 
voltage, and the other spray with a neutral analyte solution. Then the two sprayers are placed in a certain 
position to form two converging streams (Figure 1D). In the gas phase, the particles containing the neutral 
analyte collide with the charged electrospray droplets, through this collision the analyte is extracted from 
the neutral drop to the charged electrospray drop forming the ions that are taken to the mass spectrometer 
inlet and then analyzed.11,93,94
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As previously described, the system involves the use of two sprays that collide with each other. Thus, 
the parameters to be optimized for a better ionization efficiency involve the study of the formation of the two 
sprays.95 In this context, the angles between the two nozzles (β) and between the nozzle containing the 
neutral analyte and the inlet of the mass spectrometer (ɑ) should be optimized, being generally adjusted 
to 60° and 150° respectively. In addition to the angles, the distance between the two sprayers (b) and the 
inlet of the mass spectrometer (a) must be optimized to favor ionization, usually using distances of 0.5-20 
mm and 3-15 mm respectively. In addition to these parameters, the flow of the sprayers must be controlled 
to favor an efficient collision between the charged spray and the neutral sample droplets.6,81

Despite having been introduced for the analysis of biological matrices, since its creation, the technique 
has been used in different scientific fields, such as cosmetic analysis,96 drugs,97 and also in the application 
in the environmental analysis.6

Recently, Giannoukos et al.98 reported the use of the real-time detection of metals and trace elements 
in the production of biogas from the anaerobic digestion of manure and mixed organic sources, using an 
extractive electrospray ionization source coupled with time-of-flight mass spectrometry analysis (EESI-
TOF-MS). The method optimization included the study of how the biogas interacted with the charged 
droplets of the spray. This study involved the evaluation of different proportions of N2 (1/2, 1/5, and 1/10) 
as biogas diluent and N2 flux. The optimization of the gas proportion and flow parameters led to the use 
of a 1:5 mixture of biogas: N2 and a flow of 1.5 µL min-1. Through the methodology, it was possible to 
compare the percentage of removal of 14 metals in installed adsorbent materials dedicated to the removal 
of organic contaminants. EESI quantification found that about 64% (for Cu), 60% (for Fe), 62% (for Zn), 
36% (for Cd) and 100% (for Pb) were removed from the raw biogas. The application of the methodology 
proved to be an effective tool for monitoring the removal of metals in raw biogas, also assisting in the 
creation of cleaning and filtering protocols.

Although AIMS methods are not normally performed after some previous sample preparation, in some 
cases the application of a sample preparation step before the AIMS analysis can lead to an increase in 
the technique’s sensitivity to achieve better analytical performance. In 2020, Liu et al.99 described the use 
of internal extractive electrospray ionization (IESSI) ionization for the analysis of 15 organophosphate 
class pesticides (OPPs) in environmental water samples after enrichment by Fe3O4-ZrO2 particles. The 
application of the material as a sample preparation step led to the removal of interfering agents present 
in the environmental samples and the concentration of OPPs. The proposed methodology showed LODs 
in the range of 0.14 to 16.39 ng L-1 and recovery values in the range of 85.4 to 105.9%. The application 
of EESI allowed the analysis of 15 pesticides in an analysis time of 1 min. The results showed that the 
application of a rapid pre-sample preparation can increase the sensitivity of the EESI technique, including 
high sensitivity, fast analysis, and selectivity for the detection of OPPs in environmental water samples.

Another application of previous sample preparation before analysis by EESI was described in 2018 by Kou 
et al.100 in which the use of molecularly imprinted polymers and IEESI tandem analysis of fluoroquinolones 
(FQs) in environmental water samples was reported. The authors chose to use the MIP in a 0.22 µm filter, 
in which the water samples were eluted, and through a selective polymer interaction process, the FQ 
molecules were retained, and by applying electrospray as an elution solution, target analytes were eluted 
into the mass spectrometer inlet. Under the optimized conditions, the methodology offered LOD values 
ranging from 0.015 to 0.026 µg L-1 and recovery values from 91.14 to 103.60%. Although systems by AIMS 
do not normally use any previous sample preparation, the use of MIP’s in this study allowed analyses by 
IESS in shorter times.

The analysis of pesticides in honey samples was described by Deng et al.101 the authors reported 
the use of the neutral desorption-extractive electrospray ionization (ND-EESI) for the determination 
of organophosphate insecticides and two types of carbamate insecticides in commercial samples of 
honey without any previous sample preparation. The application of the methodology for the analysis of 
pesticides proved to be efficient for the determination of the analytes with LODs ranging from 1.16 to 
4.18 ng g-1 and recovery values between 87 to 114.98%. The effect of the matrix on the analytes was the 
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parameter that most influenced the determination of pesticides. Of the five pesticides studied, only one 
(chlorpyriphos-methyl) had an average matrix effect on signal suppression, the others were not affected 
by the sample, this effect was attributed to the interaction of the pesticide with the sample. However, the 
proposed methodology using neutral desorption sampling gas to gently impact a surface led to a lower ion 
suppression which decreased the matrix effect observed for chlorpyriphos-methyl and improved real-time 
detection of other analytes in the sample without prior sample preparation.

In 2020, Gao et al.102 applied EESI for the analysis of the chemical profile of nectar and honey samples 
from three citrus species. The analysis was performed by extractive electrospray ionization high-resolution 
mass spectrometry (EESI-HRMS), the results showed the presence of 12 polyphenols and 8 amino acids, 
while analysis by high-efficiency-detection liquid chromatography by ultraviolet (HPLC-UV) showed the 
presence of 9 polyphenols. Statistical analysis showed that the profile of the nectar samples was similar 
to each other, in the same way as the honey samples. However, through the results, it was possible to 
distinguish the nectar and honey samples by the differences between chemical composition. Compared to 
the HPLC-UV analysis, the EESI analysis showed greater detail in the presence of chemical components 
in the samples, without needing any separation step or previous sample preparation. According to the 
results, the EESI technique could not only be used for quantitative methods, but also for qualitative 
methods, especially for the differentiation of sample chemistry, through fast and sensitive methodologies.

NEW TRENDS FOR AIMS METHODS IN ENVIRONMENTAL ANALYSIS 
Application of sample preparation methods for AIMS analysis 

The combination of an adequate sample preparation with AIMS methodologies shown as an interesting 
tool either for sampling or to improve the selectivity and sensitivity of the MS analytical methods. In 2016, 
Fang et al.103 reported on a review study, strategies, and applications of the SPME technique in association 
with AIMS methods. According to the authors, this combination can offer the opportunity for direct sampling 
and direct analysis of trace analytes in biological, environmental samples, forensics, food, small individual 
organisms, and even single-cell samples under open and environmental conditions.

The protective mask has become a reality for everyone, since 2019 due to an infection disease, known as 
COVID-19. Having this in mind, in 2020, Yuang et al.104 reported the use of SPME fiber-containing different 
coatings (Polydimethylsiloxane, Polydimethylsiloxane /divinylbenzene, Carbon/ polydimethylsiloxane, and 
Carbon/polydimethylsiloxane/ divinylbenzene) into a face mask to in vivo sampling the aerosol of exhaled 
air by patients with the aim to screening the chemical profile of this aerosol by DART-MS. For this purpose, 
two SPME fibers were inserted into a face mask, after the sampling, one fiber was used for recording the 
full spectrum, the other was used to perform MS/MS analysis. 

The related study showed a potential of sampling by SPME in the mask was appropriate to assess 
the chemical profile of breathed air. So, despite having been applied to the analysis of drugs, the authors 
point out that the methodology can be applied to other analyses that are directly linked to the respiratory 
quality of human beings. Thus, sampling by SPME and analysis by AIMS in an environmental context, can 
be used for the analysis of contaminants in the air, especially in large cities, to carry out the monitoring of 
these compounds in the daily life of large urban centers.

Another application of SPME containing a matrix-compatible coating together with DART-MS was 
reported in 2019 by Gómez-Rios et al.27 for the analysis of pesticides in surface water. All the sampling 
processes of the SPME were performed in less than 3 min, after the sampling, the SPME fiber was placed 
at the DART inlet, and the analysis was performed in 4 min, showing the speed of the methodology. The 
applied methodology was capable to obtain LOQ’s values of 0.1-5 µg Kg-1 for the 19 pesticides studied. 
The analysis offered the profile of pesticides in the samples, in addition to allowing their quantification in 
2-minute per sample.

The application of the SPME technique directly to environmental samples was reported by Deng et 
al.105 in which the authors described the coupling of SPME with ambient mass spectrometry ion source 
using a surface coated wood tip probe for ultra-trace perfluorinated compounds (PFCs) in water samples 
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analysis. The authors reported the modification with n-octadecyldimethyl[3-(trimethoxysilyl)propyl] 
ammonium chloride on the surface of a sharp wooden tip via silanization. The wooden tip is a desirable 
substrate for AIMS analysis due to its porous and hydrophilic properties. When applied some solvent and 
voltage, the material becomes conductive, and then an electrospray is generated. Furthermore, because 
of the of hydroxyl groups abundance, the material becomes an ideal candidate for the functionalization 
and modification of its surface. The optimized methodology presented LODs and LOQs values for PFCs 
analysis of 0.06-0.59 ng L-1 and 0.21-1.98 ng L-1 respectively. For last, quantification of real samples was 
performed by isotope internal standard calibration curve method or isotope dilution method, the results 
showed a range of PFCs from 0.95 to 15.95 ng L-1 for lake water, 0.55 to 20.1 ng L-1 for river water, 0.78 
to 12.8 ng L- 1 for whole blood, and 68.6 to 562.1 ng L-1 for milk samples showing its higher concentration 
of PFCs.

Electrospray laser ablation ionization (LAESI) applied for environmental analysis 
The electrospray laser ablation ionization (LAESI) technique was introduced in 2007 by Nemes and 

Vertes.106 The ionization consists in two-stage process.107 In the first stage, it is created a fine mist of neutral 
droplets that is generated from the sample by contact with a pulsed mid-infrared (IR) laser, adjusted to the 
O-H stretch adsorption (2.94 µm). The ionization of the desorbed analytes from the sample is performed 
in the second stage, in which the interaction of the charged spray (ESI source) with the desorbed analytes 
promotes the ionization of the analyte(s) present in the sample (Figure 4A).6,92,107,108 The eminent advantage 
of the technique is its ability to access more internal compounds in the sample and not just compounds 
present on the surface such as DESI. Thus, the LAESI technique brings the formation of chemical images 
as a function of depth (x, y, and z), due to IR laser ablation.108 Since its introduction, the technique has 
been widely applied especially for cell and tissue analysis,109,110 with few recent applications reported for 
analysis in environmental matrices.

In 2014, Beach et al.110 described the analysis of the neurotoxin domoic acid (DA) in crustaceans by 
LAESI-MS/MS. The analysis of the muscle tissue of the crustacean samples compared with reference 
materials, led to the obtainment of a detection limit of 1 mg kg-1 and recovery values close to high-performance 
liquid chromatography-spectrometry methods of tandem masses (HPLC-MS/MS) (103-123%) in addition 
to analyses with times of up to 10 s for each sample. In the same year, Nielen and Beek111 described the 
use of the Laser-ablation electrospray ionization-mass imaging (LAESI-IMS) to investigate the potential 
of the technique for obtaining macroscopic and microscopic images of pesticides, mycotoxins, and plant 
metabolites in rose leaves, orange and lemon fruits, ergot bodies, cherry tomatoes, and corn kernels. 
With the application of the technique, it was possible to quantify the analytes on the surface and inside the 
samples through laser penetration in contact with the different matrices, performing not only 2D images 
but also 3D images. The application of the technique in both studies showed the potential of the LAESI 
technique to carry out the mapping not only on the surface but also inside different samples with an 
environmental focus, in fast methodologies, and without sample preparation.

Recently, Vaz et al.107 described the use of (LAESI imaging) to investigate the diffusion of the 
mycotoxin patulin from rotten to healthy areas of fruits. Although, this can be considered a food analysis, 
the environmental concerning of mycotoxins in food samples is due to its high toxicity in lower levels 
of concentration. Also, according with Escrivá et al.112 due to the bioaccumulation of such secondary 
metabolites, they can cause their carry-over in animal fluid, organs and tissues, and consequently reach 
and affect human health. For the study, Vaz et al.107 used slices of mold-infected and uninfected (control 
samples) apples and strawberries. The application of an infrared laser beam (2.94 μm) resulted in the 
ablation of the analytes. The application of LAESI as capable to achieve a LOD of 50 ng mL-1. The 
visualization of the patulin was observed in all infected fruits in both diseased and healthy areas, these 
results suggested the diffusion of patulin from the mold-infected area.

Although there are not many works in the literature reporting the LAESI technique for environmental 
analysis, recently, Maloof et al.113 described a literature review on the use of chemical imaging techniques 
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for environmental analysis, among them, the LAESI technique was discussed and showing possible trends 
for the technique that should be taken into account in this review. 

The analysis of rocks and other environmental solids has always been considered a challenge, due 
to the difficulty of working with such matrices. However, imaging techniques such as LAESI have been 
proving to be an alternative to solve this problem. The analysis of rocks and other solid particles in the 
environment can provide important information, especially about where they were collected. Having this in 
mind, Gundlach-Graham et al.114 reported the use of the low-dispersion laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) for the analysis of metals in rock samples. The application of 
the technique showed a resolution of ~10 µm, proving to be effective for evaluating the chemical profile of 
environmental rocks.

The potential of this technique for environmental science lies in its functioning, allowing the analysis not 
only of the surface but also of the interior of the sample, which is a possible approach for the analysis of 
contaminants in difficult-to-work environmental matrices, such as rock samples. Furthermore, compared 
to other techniques based on electrospray, such as DESI, for example, the application of LAESI makes it 
possible to obtain 2D and 3D images, which makes it even more feasible to study the chemical profile of 
complex samples.

Perspectives in environmental analyses using the Nano-DESI technique
Another approach that has a few reports in the application in environmental analysis is Nano-DESI. This 

technique was first reported in 2010 by Roach et al.,115 in which the conventional DESI resources are used, 
with some modified configurations. In summary, a solvent bridge is formed between two capillaries, and the 
surface is then analysed. One of the capillaries is responsible for providing the solvent for the extraction 
of analytes onto the surface. The second capillary promotes the transport of the solution containing the 
extracted analytes to the mass spectrometer inlet, through nano-spray self-aspiration (Figure 4B).116,117 

This technique has been constantly improving, showing until now high resolution and sensitivity, providing 
spatial distribution of surfaces analysed in great detail. The technique has been constantly improved 
showing resolutions of 200 µm and 20 µm for biological matrices and good sensitivity, providing adequate 
spatial distribution of surface analytes.118

Yin et al.119 developed a Nano-DESI methodology, that happened the instrument fabrication to 
the processing of the obtained data, resulting in more sensitive and quantitative images of lipids and 
metabolites in biological matrices. A resolution better than 10 µm was possible by acquiring 104.400 
pixels. The method for quantification was based on the use of internal standard and signal normalization 
to minimize the matrix effect, common in quantitative image analysis. The use of the internal standard and 
normalization requires special care, errors may represent inappropriate behavior of the analytes and may 
compromise the developed methodology. These advances show a great contribution to imaging via Nano-
DESI, but the use of other complementary techniques such as HPLC may be necessary.

Like DESI, Nano-DESI can be applied in several areas, such as crude oil analysis,120,121 analyses in 
biological matrices,122,123 bacterial characterization,124 pharmaceutical,125 among others. Despite its wide 
application, its use in environmental matrices is few reported in the literature. In this context, approaches 
that integrate this area can be widely studied using this technique.

In 2014, Laskin et al.126 analysed the molecular composition of organic matter in soil samples using 
the Nano-DESI technique. In this study, it was possible to molecularly characterize these samples without 
prior sample preparation, in short analysis time, high sensitivity, and low sample consumption. Nano-DESI 
made up the need for laborious extraction of organic matter from the soil, which usually uses large volume 
of organic solvents.127 For these analyses, approximately 10 ng of organic mass was used, showing the 
effectiveness of this technique in an environmental matrix.

In summary, Nano-DESI is under constant development showing distinct applications to a wide range 
of analytes in different matrices. Having this in mind, the potential of application of this technique allows 
analyses with minimal or no sample preparation, low solvent consumption, low sample quantity, high 
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sensitivity, low analysis time, and better image resolution. Studies involving environmental matrices (ore, 
wood, rocks, pollutants, plants, among others) can help to unveil environmental states if better explored. 
Finally, the approximate ability to quantify analytes on a surface via Nano-DESI may open new doors for 
routine methods in the expression of pollutants in plants, for example.

As it was possible to observe, AIMS techniques also present the possibility of optimizing their resources, 
whether in the development of new approaches or the improvement of existing methodologies. However, 
there is still a lack of studies reporting the fabrication of devices capable of performing in situ analysis, in 
addition to the development of portable AIMS devices hyphenated to miniaturized mass spectrometers. 
Thus, studies are still needed, especially using consolidated techniques for biological samples, for their 
application in environmental matrices as a way of new approaches for rapid analysis of such complex 
matrices.

Figure 4. A) Schematic representation of the LAESI ionization mechanism, and B) Schematic 
representation of the Nano-DESI ionization mechanism 

CONCLUSIONS
In this review, some of the main AIMS techniques that have been applied for the profile analysis and 

quantification of emerging contaminants in environmental matrices were discussed. Thus, it was possible to 
observe that the DESI, DART, PSI, and EESI techniques have wide application in environmental matrices, 
contributing to fast, sensitive, and high analytical performance analyses. Furthermore, when compared 
to existing conventional techniques, they show analytical capacity equal or superior in different analysis.
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The techniques derived from the concepts established since the creation of DESI in 2004, bring with them 
advantages over conventional ionization techniques. The application of methodologies based on systems 
by AIMS shows analysis with a shorter analysis time than conventional techniques, lower consumption 
of organic solvents (highlighted in the concept of green chemistry). Advances in the development and 
optimization of systems by AIMS must meet the complexity of environmental matrices. Despite being 
techniques widely applied to biological matrices, imaging techniques such as DESI, Nano-DESI, and 
LAESI, which are few used in this scientific field, represent a new alternative for chemical monitoring of 
previously challenging matrices. 

In general, the development of methodologies based on AIMS with a focus on environmental analysis 
still needs a more critical view, considering the development of in situ analysis systems, for quick and 
reliable analysis not only in large urban centers but also in remote locations, where the risk of contamination 
and lack of monitoring is greater. 
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Water-stable zeolitic imidazolate frameworks 
(ZIF) with zinc and cobalt cations were synthesized 
to explore the effect of metal ions on arsenic 
adsorption. At room temperature (25 ± 2 ºC) and 
pH 7.8, maximum adsorption capacities of arsenic 
(As5+) on the surface of ZIF-8 and ZIF-67 were 
87.03 and 86.70 mg g-1 respectively, with 
encouraging results up to 95% reusability of the 
adsorbents. The results of this study revealed that 
electrostatic attraction and ion exchange were the 
major mechanisms responsible for better 
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efficiencies for adsorptive removal of arsenic. The evidence for the adsorption of arsenic contaminants 
was confirmed by FTIR analyses. The pseudo second order and Langmuir models were best suited to 
explain the adsorption of arsenic species on the surface of the as-synthesized metal-organic frameworks 
(MOFs). Based on the results, it was possible to conclude that the metal atoms in the synthesized MOFs 
had a minor impact on adsorption, since these MOFs presented identical results in the removal of arsenic 
species. This observation can be explained by the presence of a similar organic linker (2-methyl imidazole), 
which points to almost the same geometry and sponginess. However, there was a slight difference in the 
adamsite (organo-arsenic) removal achieved by the MOFs with different metal atoms.

Keywords: Arsenic removal, zeolitic imidazolate frameworks, metal organic frameworks, ZIF-MOFs, 
adsorption mechanism, adamsite removal, water purification 

INTRODUCTION
Arsenic (As) is a metalloid element in nature that is highly toxic in its inorganic form. It is reported 

as one of the most significant chemical contaminants in groundwater. Unfortunately, arsenic impurities 
in ground and surface water have accumulated over time in the aqueous environment.1,2 According to 
statistics, 226 million people from 105 countries worldwide are suffering due to arsenic pollution and 
toxicity. In Bangladesh, Taiwan, Myanmar, Lao, West Bengal (India), Japan, Mongolia (China), Cambodia 
and Pakistan, studies showed elevated concentrations of arsenic in water.3,4 The existence of water 
pollution due to arsenic has been detected also in Chile, New Zealand, Hungary, Canada, USA, Poland, 
Mexico and Argentina,5,6 but the highest and most severe level of arsenic was found in Bangladesh, West 
Bengal (India), and in some parts of eastern Pakistan as well. In Halifax County, Nova Scotia (CA) and 
British Columbia (CA) incidents related to arsenic pollution in water have occurred, and arsenic pollution 
exceeding 3 mg L-1 has been reported in the literature.3,7–9

Long-term exposure to arsenic polluted water causes various diseases like cancer (skin, bladder, 
eye, uterus and respiratory system), arsenicosis, arthritis, jaundice, liver problems, chronic and acute 
toxicity and even death as reported in many studies.1,10 Arsenic species have high mobility and are easily 
accumulated in the aqueous environment as well as in the human body through the food chain, making 
arsenic a contaminant of concern worldwide. Uncontrolled anthropogenic activities, in addition to natural 
geochemical cycles, are the main conditions causing arsenic pollution. In the ground and wastewater, 
arsenic pollution occurs through natural processes such as the dissolution of rocks, ores, minerals and 
weathering or as a result of human activities such as gold and coal mining.11–13 Other human activities 
that produce a huge amount of arsenic in the ecosystem are industrial, oil refining, metal extractions, 
agricultural waste and irrigation, metal smelting, poultry feed/medicines and mineral/ores mining with 
typical concentrations in water ranging from 0.5 ppm to 100 ppm.14–16 WHO and USEPA have revised the 
permissible amount of arsenic in drinkable water, which is only 10 ppb (parts per billion). Arsenic naturally 
occurs in four different valences which are +5, +3, 0, and -3. However, in the ground and wastewater 
arsenic occurs mainly in two forms which are arsenite (+3) and arsenate (+5). According to the literature, 
the trivalent arsenic (arsenite) is the dominant form in groundwater due to the deficiency of oxygen while 
the pentavalent (arsenate) is the prevalent form in surface water due to excess of oxygen.13,17,18 Because 
of the high toxicity and mobility of arsenite in the environment, it is considered more toxic than arsenate. 
When the trivalent arsenic enters through an intermediate, it accumulates in the body of fish and humans 
and has more chances of producing arsenicosis. 

There are many organoarsenic compounds available in the market used as herbicides, insecticides and 
pesticides. Adamsite (i.e., diphenylaminechloroarsine), also a medicine containing arsenic (structure and 
some properties are shown in Figure 1), is used as herbicides, insecticides, pesticides and in candles. It is 
also used as emetic agents and in poultry diseases.19–22
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Figure 1. Structural formula of adamsite (diphenylaminechloroarsine) 
– organoarsenic having molar mass 277.58 g mol-1, melting point 195 
ºC, chemical formula C12H9AsClN, CAS number 578-94-9, and 
IUPAC name 10-chloro-5,10-dihydrophenarsazinine.

According to USEPA, many technologies are approved for the removal of arsenic species from water, 
such as i) precipitation, ii) adsorption, iii) ion exchange and iv) membrane separation. In addition to these, 
many other techniques are also applied, such as the use of zeolites, flocculation, chromatography, etc.23 
Among all these techniques, adsorption is recognized as one of the most popular and promising methods 
for removing pollutants, especially arsenic, due to its low cost, high specificity, ease of operation, non-
toxicity and high efficiency, as also reported by Mohan and Pittman in their comprehensive review.24 

The removal and uptake efficiency of the adsorbents are directly related to their porosity and surface-to-
volume ratio.25 According to these criteria, metal-organic frameworks (MOFs) are excellent porous materials 
for decontamination of arsenic and other pollutants, catalytic conversion, catalysis, gas separation, storage, 
etc., due to their unique mechanical and chemical features, flexible/versatile designs, excellent chemical 
and thermal stability, high surface area, tunable porosity, and highly active sites that are easily accessible. 
Omar M. Yaghi and colleagues accomplished many pioneer works for the designing and synthesis of 
MOFs.26 

MOFs have proven to be excellent tools for the adsorption and separation of pollutants compared 
to traditional porous materials. Carbon-based materials and other porous materials are suitable for the 
decontamination caused by pollutants, but the cost of production and regeneration of these materials 
are very high, as reported by Mohan and Pittman.24 On the other hand, MOF adsorbents, especially 
zinc and cobalt-based MOFs, are very cost-effective. In addition, zinc and cobalt-based MOFs have 
outstanding water stability, high pore size, ready availability, non-toxic metal source, and strong affinity to 
arsenic ions due to electrostatic interaction and π–π interaction, which make them very suitable as arsenic 
scavengers.27–29 Highly durable and robust, zinc and cobalt-based MOFs will extend their use in the water 
purification field.30 

In this paper, we report our as-synthesized zeolitic imidazolate frameworks, named ZIF-8 and ZIF-67, 
in which 2-methylimidazole binds to zinc and cobalt metal ions, respectively, which act as coordinately 
central metal atoms. ZIF-8 and ZIF-67 are structurally featured by high thermal and chemical stability, 
tunable porosity, high surface area and sufficient active sites, features that make them very suitable for 
their applications. Due to continuously increasing levels of arsenic in ground drinking water, there should 
be an urgent need to explore practical and effective technologies to remove arsenic species from aquatic 
environment. Moreover, ZIF-8 and ZIF-67 are hydrophobic materials widely used for the adsorption 
process. So, we synthesized these materials and compared them in terms of their adsorption capacity 
and removal efficiency to remove an organo-arsenic specie (adamsite) from water. In this study we also 
demonstrate adsorption mechanism for the adsorption of arsenic species from water as well as isothermal 
and kinetic studies. The adsorption mechanism includes electrostatic enhancement, and hydrophobic and 
π−π interactions.

MATERIALS AND METHODS
All the chemicals used were AR Grade. Zinc nitrate hexahydrate [Zn(NO3)2·6H2O], cobalt(II) nitrate 

hexahydrate [Co(NO3)2·6H2O], sodium arsenate [Na3AsO4·12H2O] for As(V), sodium arsenite [NaAsO2] 

Ahmad, K.; Shah, H-ur-R.; Ahmad, M.; Ahmed, M. M.; Naseem, K.; Riaz, N. N.; Muhammad, A.; Ayub, A.; 
Ahmad, M.; Ahmad, Z.; Munwar, A.; Rauf, A.; Hussain, R.; Ashfaq, M.
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for As(III), 2-methyl imidazole, methanol, HCl and NaOH were obtained from Merck, BDH, and used as 
received, without further purification. Adamsite was obtained from the local market of Bahawalpur, Punjab, 
Pakistan. For the washing and synthesis procedures, ultra-pure water was used. 

Standard solutions with 1000 mg L-1 of adamsite, sodium arsenite and sodium arsenate were prepared 
and subsequently used for the preparation of solutions with 10, 15, and 20 mg L-1, respectively.

Synthesis of Cobalt/Zinc MOFs
ZIF-8 and ZIF-67 materials were prepared according to reported literature,30,31 with certain modifications. 

According to a typical method for the synthesis of ZIF-67 and ZIF-8, 1 mmol of metal salts (Zn/Co nitrate 
hexahydrate) was added in a minimal quantity of ultra-pure water in beakers. 4 mmol of 2-methyl imidazole 
was mixed in a minimal amount of methanolic solution and mixing was done using a stirrer. Then, these 
metal salt and imidazole solutions were mixed slowly under continuous stirring at ambient temperature 
(25 ± 2 ºC) for 30 minutes. After stirring, the mixture was left for 60 minutes to complete the processing of 
crystal aging. After aging, the crystals were washed 3 times with a mixture of water and methanol (1:1) and 
centrifuged at 6000 rpm for 10 minutes to remove unreacted reagents. These washed crystals were dried 
overnight in an oven at 100 ºC.

Characterization of Cobalt/Zinc MOFs
The synthesized ZIF-8 & ZIF-67 nanoparticles were characterized by the following advanced 

spectroscopic techniques: powder X-ray diffractometry (P-XRD), scanning electron microscopy (SEM), 
Brunauer-Emmett-Teller technique (BET) and Fourier transform infrared spectroscopy (FTIR). To obtain 
FTIR spectra, the attenuated total reflectance (ATR) technique and a Bruker FTIR instrument with a range 
of 400-4000 cm-1 were used. The surface morphology of the synthesized MOFs was studied using a JSM-
7800F scanning electron microscope from JEOL. The crystalline nature of ZIF-8 was observed by the 
P-XRD technique. The surface area and porosity of the material were checked using the BET technique at 
77.3 K using the Quadrasorb2MP, Quantachrome surface analyzer. The Perkin Elmer AAnalyst 100 AAS 
was used to determine arsenic species before and after the adsorption procedure.

Adsorption experiments
Adsorption experiments were performed by mixing a certain amount of adsorbent with a specific volume 

of the arsenic solution; the resulting mixture was stirred in constant rotation and at room temperature (25 ± 
2 ºC). At the end of the experiments, the adsorbent was separated by filtration with syringe filter paper and 
the arsenic concentration in the filtrate was determined by atomic absorption spectroscopy (AAS).

The effect of pH on adsorption was studied by adding 10 mg of the adsorbent to 10 mL of arsenic 
solution (10 mg L-1). The pH was adjusted using 0.1 M solutions of NaOH and HCl and the contact time 
was 2 h. The adsorbents showed maximum arsenic species removal efficiency (90.5%) at pH 7.8, so this 
optimized pH was used for further experiments.

In the following experiments, the concentration of the arsenic species was changed from 10 to 15 and 
20 mg L-1, and the solution volume was fixed at 250 mL with a contact time of 6 h.

Adsorption capacity qe (mg g-1) and removal efficacy were calculated by applying equations 1 and 2, 
respectively.

 qe = (Co – Ce)V/W  (1)

 Removal efficiency (%) = (Ci – Ce)/ Ci*100  (2)

where, Ci and Co are the concentration of arsenic species (mg L-1) before the adsorption process; Ce 
is the concentration of arsenic species after the adsorption process; W is the mass (g) of adsorbent 
(ZIF-8, ZIF-67) and V is the volume (L) of the solution.

Braz. J. Anal. Chem. 2022, 9 (36), pp 78–97.
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The Langmuir and Freundlich models were also applied in the adsorption kinetics study to confirm the 
adsorption process. The pseudo second order and pseudo first order kinetics were also applied and they 
are expressed as linear functions using equations 3 and 4 respectively.

 lnQe – Qt = lnQe – K1t  (3)

 t/Qt = t/Qe + 1/K2Qe
2  (4)

Qe = quantity of arsenic adsorbed at equilibrium
Qt = quantity of arsenic adsorbed in a time interval
t (h) = adsorption time in hours
K1 (h-1) = rate constant of pseudo 1st order
K2 (g mg-1 h-1) = rate constant of pseudo 2nd order
Values of K1 and Qe were determined from plotting ln (Qe – Qt) vs time (t). K1 = slope and lnQe = intercept
K2 value was determined by plotting the t/Qt vs time

The initial adsorption rate (h = mg g-1 min-1) can be calculated from equation 5 and the half adsorption 
time (t0.5, h) from equation 6.

 h = K2Qe
2  (5)

 t0.5 = 1/K2Qe  (6)

Evaluation of the reusability of the synthesized MOFs
To evaluate the regeneration of the adsorbent after a removal experiment of a solution containing 10 

mg L-1 of arsenic, the adsorbent separated by filtration was washed with deionized water and added to 100 
mL of an eluent solution containing NaOH (2 M), HCl (0.1 M) and NaCl (2 M) in a 2:7:1 ratio. This mixture 
of adsorbent and eluent was stirred for 120 minutes at 250 rpm at room temperature (25 ± 2 ºC) and the 
adsorption capacity as well as removal efficiency of the adsorbent was calculated using equations (1) & 
(2). This procedure was repeated 5 times.32

RESULTS AND DISCUSSION
FTIR spectra of the ZIF-8 and ZIF-67 MOFs are presented in Figures S1-S4 in which bands at 2817 

cm-1 and 1566 cm-1 are observed. These bands correspond to stretching vibrations of -CH and -CN groups 
present in imidazole rings in ZIF-8 and ZIF-67 MOFs. Many other typical bands at about 3329 cm-1, 684 
cm-1, 617 cm-1 and 432 cm-1 are also present, indicating the presence of -OH, Zn-O, Zn-N, and Co-N bonds, 
respectively in the MOFs. After the adsorption of arsenic species, FTIR spectra were also performed, 
and the results confirm that adsorption of arsenic species takes place successfully as indicated by the 
stretching vibrations at 832 cm-1, 924 cm-1, 3633 cm-1 and 3737 cm-1. These vibrations are exhibited due 
to the interactions among the arsenic species and the ZIF-8 and ZIF-67 MOFs. From the FTIR study, it 
was concluded that the adsorption of arsenic species on the surface of MOFs takes place successfully, 
as vibrations in the FTIR spectrum at 832 cm-1 and 924 cm-1 are typically shown by As-O bonds present in 
MOFs after  the adsorption process.32

From the powder XRD analysis, it was confirmed that the MOFs showed crystallinity, lattice structure 
and uniform morphology (Figure 2). The main peaks in Figure 2-b and 2-d closely matched with reported 
study.30,33,34 From the scanning electron microscopy (SEM) results, it was shown that the ZIF-8 MOF have 
cubic and ZIF-67 have polyhedral geometry, which also gives a strong indication for the synthesis and 
purity of ZIF-8 & ZIF-67 nanoparticles (Figure 2). 

Comparative Study Between Two Zeolitic Imidazolate Frameworks as Adsorbents for Removal of 
Organoarsenic, As(III) and As(V) Species from Water
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Figure 2. Morphology of ZIF-8 MOF which is cubic (a) and ZIF-67 MOF which is polyhedral (c) 
shown by SEM; Powder XRD pattern of ZIF-8 (b) and ZIF-67 (d). [Reprinted from Food Chem. 
Toxicol. 2021, 149, 112008. Ahmad, K.; Shah, H.-R.; Ashfaq, M.; Shah, S. S. A.; Hussain, E.; Naseem, 
H. A.; Parveen, S.; Ayub, A. Effect of metal atom in zeolitic imidazolate frameworks (ZIF-8 & 67) for 
removal of Pb2+ & Hg2+ from Water. https://doi.org/10.1016/j.fct.2021.112008 Copyright© (2022), with 
permission from Elsevier.] 

From the Brunauer-Emmett-Teller (BET) analysis, the pore size ratio and porosity were calculated. The 
nitrogen adsorption/desorption curves in Figure 3 indicate that these MOFs have high surface area and 
are nanoparticles, which means that ZIF-8 & ZIF-67 are highly porous materials. The porosity is directly 
related to the separation and adsorption capacity of the material for the removal of contaminants.

Figure 3. Nitrogen adsorption/desorption curves of ZIF-8 (a) and ZIF-67 (b).

Braz. J. Anal. Chem. 2022, 9 (36), pp 78–97.
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Adsorption Studies
Effect of pH 

The adsorption capacity of the synthesized MOFs was tested at different pH values. ZIF-8 & ZIF-67 
showed maximum adsorption capacities for adamsite, As(III) and As(V) at pH 7.8, what can be explained 
by the negatively and positively charged sphere in ZIF-67 & ZIF-8 at pH 7.8. The maximum adsorption 
capacity was 70.29 & 62.01, 71.49 & 70.92, 87.03 & 86.70 mg g-1 for adamsite, arsenite and arsenate, 
respectively, at pH 7.8. From this experiment, it was supposed that π-π and electrostatic interactions are 
the main forces that operate between MOFs and arsenic species (Figures 4–5 and Figures S5–S8).

Figure 4. a) Adsorption capacity of ZIF-8 at acidic/basic and neutral pH; b) Removal efficiency of ZIF-8 at 
different pH values; c) Adsorption capacity of ZIF-8 vs time (minutes); d) Removal efficiency of ZIF-8 vs time 
(minutes); e) Adsorption capacity of ZIF-8 against different concentrations (10, 15 and 20 mg L-1) of arsenic 
solutions in water; f) Removal efficiency of ZIF-8 against different concentrations (10, 15 and 20 mg L-1) of 
arsenic solutions in water.

Ahmad, K.; Shah, H-ur-R.; Ahmad, M.; Ahmed, M. M.; Naseem, K.; Riaz, N. N.; Muhammad, A.; Ayub, A.; 
Ahmad, M.; Ahmad, Z.; Munwar, A.; Rauf, A.; Hussain, R.; Ashfaq, M.
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Figure 5. a) Adsorption capacity of ZIF-67 at acidic/basic and neutral pH. b) Removal efficiency of ZIF-67 
at different pH. c) Adsorption capacity of ZIF-67 Vs time (minutes). d) Removal efficiency of ZIF-67 Vs time 
(minutes). e) Adsorption capacity of ZIF-67 against different concentrations (10, 15 and 20 mg L-1) of arsenic 
solutions in water. f) Removal efficiency of ZIF-67 against different concentrations (10, 15 and 20 mg L-1) of 
arsenic solutions in water.

To investigate the MOFs’ stability and the ion exchange mechanism, 0.5 g of MOFs were added to 
50 mL of ultra-pure water, sonicated for 30 minutes to form a suspension, and left for 6 hours. After that, 
filtration was done followed by centrifugation for 10 minutes. The amount of cobalt and zinc metal in the 
solutions were measured by atomic absorption spectrometry. The amount determined was 0.0003 g L-1, 
which assumes that these MOFs are highly water stable and exchange their metal ions to a very low extent. 
To confirm the ion exchange mechanism, it was observed that at pH ≤ 5 these MOFs contain negative 
charge. As the arsenic species arsenite and arsenate exist in water in the anionic form and these MOFs at 
pH < 5 also contain negative sphere, these same charges should be repelled and there will be practically 
no adsorption at pH < 5. However, in the pH experiments, it was observed that at pH < 5 adsorption of 
arsenic also occurred. Consequently, from the results, it was concluded that in addition to the electrostatic 
interaction, the ion exchange interaction also occurs, which is responsible for this adsorption of arsenic 
species even with the same charges.20,35

Effect of contact time
The adsorption capacity of ZIF-8 & ZIF-67 was also studied at different time intervals to check the 

effect of removal efficiency with time. In the beginning, the removal of arsenic was very sharp and after 
1 hour this process was slowed down and then reached equilibrium after 3 hours. Initially, the adsorption 
process was very fast due to the availability of maximum surface area and arsenic metal, but in the course 
of time, the availability of pores and arsenic metal ions decreased, hence the adsorption capacity also 
decreased.36,37 The maximum adsorption capacity of ZIF-8 & ZIF-67 was 70.29 & 62.01, 71.49 & 70.92, 
87.03 & 86.70 mg g-1 at equilibrium time of 3 hours with 20 mg L-1 solutions of adamsite, arsenite and 
arsenate, respectively. These results of removal efficiency and adsorption capacity versus time are shown 
in Figures 4–5 and Figures S9–S12.

Braz. J. Anal. Chem. 2022, 9 (36), pp 78–97.
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Effect of initial concentration of arsenic species
The effect of the concentration of arsenic species on the adsorption capacity was also studied. For this 

purpose, solutions of varying concentrations were prepared, such as 10, 15, and 20 mg L-1 of adamsite, 
arsenite and arsenate, and an adsorbent dose of 1 g L-1 was used. From the concentration effect study, it 
was observed that as the concentration of arsenic species is increased from 10 – 20 mg L-1 the adsorption 
capacity of arsenic is also increased but removal efficiency decreased. The increase in the adsorption 
capacity was due to the availability of more and more arsenic ions in the solution which increases the 
adsorption of arsenic on the surface of MOFs (Figures 4–5 and Figures S13–S16).38 Furthermore, it was 
observed that the adsorption capacity is directly proportional to the concentration of arsenic species, while 
the removal efficiency is inversely related to the concentration of these arsenic ions.39

Adsorption Kinetics
For explanation of the adsorption process with MOFs, pseudo 1st and 2nd order models were applied. 

It was observed that pseudo 2nd order is best fitted for adsorption of arsenic species, since the R2 values 
for adamsite, arsenite and arsenate are high, namely: 0.9901 & 0.99087, 0.97013 & 0.9929, 0.9947 & 
0.9975, respectively. As correlation coefficient value for pseudo 2nd order is maximum, it can be inferred 
that chemisorption or chemical adsorption of arsenic species takes place using MOFs. Chemical 
adsorption means that functional groups such as the amine group present in the MOFs are responsible for 
the adsorptive elimination of arsenic species from water. Besides chemical adsorption, the ion exchange 
process is also involved for the efficient removal of arsenic.22 The graphical representation of kinetic models 
is given in Figure 6, Figures S17–S20 and Tables I–II.

Figure 6. a) Kinetic parameters for the pseudo first order kinetics model for the removal of arsenic using 
ZIF-8, b) Kinetic parameters for the pseudo second order kinetics model for the removal of arsenic using 
ZIF-8, c) Adsorption isotherm fitted by Langmuir Model, d) Adsorption isotherm fitted by Freundlich 
Model.

Comparative Study Between Two Zeolitic Imidazolate Frameworks as Adsorbents for Removal of 
Organoarsenic, As(III) and As(V) Species from Water
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Table I. Kinetic parameters (pseudo first order and second order equations) for adsorption process using ZIF-8

Pseudo First Order Pseudo Second Order

Arsenic 
Species

Qe 
(mg g-1) K1 (h-1) R2 Pearson 

value
Qe 

(mg g-1)
K2

(g mg-1 h-1) R2 Qe exp
(mg g-1)

Pearson 
value

Organic 
Arsenic 58.66 2.3126 0.73081 0.70511 62.01 0.0577 0.99011 70.49 0.92451

As(III) 63.39 2.8932 0.49049 0.51472 68.78 0.0611 0.97013 71.29 0.98711

As(V) 71.10 3.0765 0.83125 0.85149 74.84 0.0687 0.99477 87.03 0.99775

Table II. Kinetic parameters (pseudo first order and second order equations) for adsorption process using ZIF-67

Pseudo First Order Pseudo Second Order

Arsenic 
Species

Qe 
(mg g-1) K1 (h-1) R2 Pearson 

value
Qe 

(mg g-1)
K2 

(g mg-1 h-1) R2 Qe exp
(mg g-1)

Pearson 
value

Organic 
Arsenic 57.21 4.90714 0.73081 0.68521 62.01 0.0577 0.99011 76.21 0.99594

As(III) 62.01 5.009 0.56328 0.71421 70.92 0.0611 0.97013 78.12 0.99686

As(V) 86.70 5.60714 0.85535 0.80123 79.57 0.0687 0.99477 88.71 0.9989

Adsorption isotherm
To explain the isothermal adsorption, the Freundlich and Langmuir models were applied. The Langmuir 

model was best fitted having R2 values for adamsite, arsenite and arsenate being 0.97898 & 0.98577, 
0.98306 & 0.99356, 0.98577 & 0.99771, respectively. The linear plots of these models are presented in 
Figure 6, Figures S21–S24 and Tables III–IV. This experiment revealed that MOFs prescribe monolayer 
adsorptive removal of adamsite, arsenite and arsenate due to the higher surface area, large functionality,40 
open metal and pore sites, and exhibited maximum adsorption capacity in a very short time as compared 
to other MOFs, as given in Table V. 

Table III. Langmuir and Freundlich model parameters using ZIF-8

Langmuir Model Freundlich Model

Arsenic 
Species

Qe
(mg g-1)

KL 
(L mg-1) R2 Pearson 

Value
KF

(mg g-1) R2 Pearson 
value

Organic 
Species 70.49 0.4258 0.97898 0.9912 59.23 0.38955 0.69048

As(III) 71.29 0.0292 0.98306 0.9929 61.12 0.29014 0.62574

As(V) 87.03 0.0337 0.98577 0.9941 74.70 0.34001 0.29014

Braz. J. Anal. Chem. 2022, 9 (36), pp 78–97.
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Table IV. Langmuir and Freundlich model parameters using ZIF-67

Langmuir Model Freundlich Model

Arsenic 
Species

Qe
(mg g-1)

KL
(L mg-1) R2 Pearson 

Value
KF

(mg g-1) R2 Pearson 
value

Organic 
Species 62.01 0.4101 0.98577 0.99405 57.11 0.11979 0.20045

As(III) 70.49 0.0287 0.99356 0.99731 60.58 0.15415 0.10356

As(V) 86.70 0.0371 0.99771 0.99904 78.19 0.14091 0.51345

Table V. Comparison of adsorption of As (III), As (V) and organic arsenic using ZIF-8 & ZIF-67 with other 
adsorbents reported in the literature

Adsorbent pH Concentration 
(mg L-1)

Adsorption Capacity (mg g-1)
Ref.

As (III) As (V) Organic As

Fe-Chitosan Flakes 7.0 1 – 10 16.15 22.47 - 41

Fe-Coated Zeolites 4.0 0 – 20 - 0.68 - 42

Activated Alumina 7.0 0 – 250 19.63 - - 43

Fe-Zr Binary Oxide 7.0 0.5 – 15 - 9.36 - 44

Fe-Mn Binary Oxide 6.9 0 – 40 100.4 53.90 - 45

CuO Nanoparticles 8.0 0.1 – 100 26.9 22.60 - 46

Treated Laterite 7.0 0.2 – 20 9.4 21.60 - 47

ZrO2·xH2O 7.0 0.3 – 100 47.1 29.30 - 48

Fe3O4 7.0 0 – 100 5.68 4.78 - 49

ZIF-8 6.0-8.0 0 – 20 71.49 87.03 70.29 This 
Study

ZIF-67 6.0-8.0 0 – 20 70.92 86.70 62.01 This 
Study

Adsorption mechanism
Adsorption is a surface-based exothermic process in which molecules of a compound in the gaseous 

or liquid state are accumulated on an adsorbent surface. During adsorption, two main processes are 
involved, such as physical adsorption (physisorption or adsorptive adsorption) and chemical adsorption 
(chemisorption or reactive adsorption). Adsorption is caused by London dispersion forces, a type of van 
der Waals force that exists between molecules and acts in the same way as gravitational forces between 
planets. The adsorption process is always exothermic because surface particles of the adsorbent are 
unstable and when the adsorbate is adsorbed on the surface, the energy of the adsorbent decreases and 
this results in heat evolution.41–46 For the explanation of the adsorption process for arsenic removal, FTIR 
analyses were also performed after the adsorption process. The spectra obtained show peaks in the range 
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of 832 cm-1, 924 cm-1, 3637 cm-1 and 3737 cm-1 which are exhibited due to interactions among arsenic 
species and MOFs (Figures S1–S4). Therefore, the FTIR results indicate that MOFs are successfully 
formed and adsorb arsenic species on their surfaces due to the presence of the NH group.47–50 Furthermore, 
the bands in the FTIR spectrum at 832 cm-1 and 924 cm-1 are typically presented by MOFs due to As-O 
bonds after the adsorption of arsenic.32 Figure 7 presents the proposed adsorption mechanism.

Figure 7. Proposed adsorption mechanism for the removal of arsenic species using ZIF-8 & ZIF-67.

Reusability of the synthesized MOFs
From the regeneration experiments, it was observed that the ZIF-67 and ZIF-8 MOFs exhibited 

regeneration up to 95% and 92% respectively (Figure S25), which indicates that these MOFs can be 
repeatedly applied for the removal of arsenic species present in water.45,51,52

CONCLUSION
In summary, the synthesis of ZIF-8 and ZIF-67 via hydrothermal technique was achieved and the 

MOFs obtained were considered suitable for the removal of arsenic metal ions from aqueous solution. 
The adsorption capacities of the synthesized MOFs were 70.29 & 62.01, 71.49 & 70.92, 87.03 & 86.70 
mg g-1 for adamsite, arsenite and arsenate, respectively, which represent excellent adsorption capacities 
as compared to other adsorbents. This adsorption capacity is mainly due to three reasons: porosity of 
adsorbents which capture the arsenic species tightly to bind with ZIF-8 and ZIF-67, the MOFs’ high surface 
area, and van der Waals forces. The ZIF-8 & ZIF-67 MOFs exhibited similar arsenic adsorption capacities 
due to the presence of the same organic ligand (2-methyl imidazole) and the same geometry, shape, pore 
size and porosity. There is a slight decrease in the adsorption capacity in the case of adamsite removal that 
can be explained due the presence of different central metal atoms, i.e. zinc in ZIF-8 and cobalt in ZIF-67. 
The regeneration procedures revealed that these MOFs can be applied repeatedly for arsenic removal from 
water. These results indicate that ZIF-8 and ZIF-67 are the most efficient MOFs for eliminating inorganic 
and organic arsenic from water solutions. From this work, it is suggested that future studies should be 
carried out for the applications of these MOFs for the removal of arsenic species in wastewater. 

According to our information, this is the first study in which the assessment between ZIF-8 and ZIF-67 
is explored for the removal of organic and inorganic arsenic species from water.
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SUPPLEMENTARY MATERIAL

   

 

Figure S1. FTIR spectrum of ZIF-67 before the 
adsorption of Arsenic.

 

Figure S2. FTIR spectrum of ZIF-67 after the 
adsorption of Arsenic.

   

 

Figure S3. FTIR spectrum of ZIF-8 before the 
adsorption of arsenic.

  

Figure S4. FTIR spectrum of ZIF-8 after the 
adsorption of arsenic.
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Figure S5. Adsorption capacity of organo 
arsenic, arsenite and arsenate using ZIF-8 at 
different pH.   

Figure S6. Adsorption capacity of organo 
arsenic, arsenite and arsenate using ZIF-67 at 
different pH.

   

 

Figure S7. Removal efficiency of organo arsenic, 
arsenite and arsenate using ZIF-8 at different pH.

 

Figure S8. Removal efficiency of organo arsenic, 
arsenite and arsenate using ZIF-67 at different pH.

   

 

Figure S9. Adsorption capacity vs time for 
arsenic species using ZIF-8.

  

Figure S10. Adsorption capacity vs time for 
arsenic species using ZIF-67.
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Figure S11. Removal efficiency vs time for 
arsenic species using ZIF-8.

  

Figure S12. Removal efficiency vs time for 
arsenic species using ZIF-67.

   

 

Figure S13. Adsorption capacity vs concentration 
for arsenic species using ZIF-8.

  

Figure S14. Adsorption capacity vs concentration 
for arsenic species using ZIF-67.

   

 

Figure S15. Removal Efficiency vs concentration 
for arsenic species using ZIF-8.

  

Figure S16. Removal Efficiency vs concentration 
for arsenic species using ZIF-67.
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Figure S17. Kinetic parameters for the pseudo 
first order kinetics model for the removal of 
arsenic using ZIF-8.   

Figure S18. Kinetic parameters for the pseudo 
first order kinetics model for the removal of 
arsenic using ZIF-67.

   

 

Figure S19. Kinetic parameters for the pseudo 
second order kinetics model for the removal of 
arsenic using ZIF-8.   

Figure S20. Kinetic parameters for the pseudo 
second order kinetics model for the removal of 
arsenic using ZIF-67.

   

 

Figure S21. Adsorption isotherm fitted by 
Langmuir Model using ZIF-8.

  

Figure S22. Adsorption isotherm fitted by 
Langmuir Model using ZIF-67.
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Figure S23. Adsorption isotherm fitted by 
Freundlich Model using ZIF-8.

  

Figure S24. Adsorption isotherm fitted by 
Freundlich Model using ZIF-67.

Figure S25. Regeneration of ZIF-67 & ZIF-8 up to five times and 
shows 95% removal efficiency.
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Evaluation of a Lignin Bio-alkyd Resin for the 
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A lignin-based bio-alkyd resin (LA-
Resin) was synthesized by the 
polycondensation reaction of lignin 
with a mixture of palmitic acid and 
glycerol. The LA-Resin was 
characterized using many techniques, 
including scanning electron 
microscopy, Fourier transform 
infrared spectroscopy, X-ray 
diffraction and thermal analysis. LA-
Resin was proven to have graphitized 
structures with enhanced surface 
functional groups, showing a slightly 
basic character [pH of zero charge 
point (pHZCP) = 7.8]. It has a relatively 
better cation exchange capacity (0.70 
mmol g-1) in addition to the ability for 
physical adsorption. The performance 

of LA-Resin was assessed for the uptake of molybdenum (Mo), followed by spectrophotometric 
determination, applying both batch and column techniques. Elevated sorption percentages of Mo were 
observed in acidic medium H2SO4 (1.5 mol L-1) in the presence of ascorbic acid (0.050 mol L-1) and NH4SCN 
(0.10 mol L-1). The method was successfully applied to the separation and determination of Mo in mice 
liver, pharmaceuticals, water and fertilizer samples. Validation showed good recovery (96.6-99.6%), 
sensitivity (LOD, 0.9-4.0 μg L-1), repeatability (RSD% ≤1.5%) and linearity (R2 = 0.984), demonstrating a 
good quantitative performance of the method. Mo in all investigated samples regardless of different 
matrices were well-separated and detected, indicating that the method is sensitive enough to detect low 
concentrations of Mo even in small samples such as mice liver.
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INTRODUCTION 
Molybdenum (Mo) is an essential microelement for biological organisms due to its important role in 

maintaining several biological activities, enzymatic processes, and synthesis of proteins and nucleic 
acids.1 Also, it is used for the regulation of body processes e.g., controlling digestion, eliminating harmful 
substances, reducing the activity of toxic compounds in the blood and suppressing cancer-causing 
agents.2 Excess of Mo uptake results in severe gastroenteritis, decreased milk production, osteoporosis, 
and retarded growth. In addition, low Mo content affects adversely growth and may lead to neurological 
disorders and even early death. Mo also has a positive effect in the prevention of tooth decay.3

Mo was determined in various biological and pharmaceutical samples using different techniques.4-7 
The separation/spectrophotometric method is preferable, simple, inexpensive, and easy to handle.8,9 In 
view of the very low concentration of Mo in environmental samples, it requires suitable methods for its 
preconcentration prior to its estimation.10

Adsorption is widely applied for the preconcentration and separation of diverse compounds including 
heavy metals. Bio-based sorbents are receiving great interest since they are environmentally friendly 
materials and have low to non-negative impact to environment. They, either in their pristine form or modified, 
have been extensively applied for the separation of different species regardless of their net charge. 

Lignin is the most abundant natural aromatic biopolymer, it is produced as a waste product of the paper 
and pulp industry, and yet only a minute percentage is used for further refinement.11 It contains various 
functional groups, such as ether linkages, aromatic hydroxyl, methoxy and aldehyde groups, making it 
appropriate for several modifications.12 Functionalization of lignin would alter the chemical properties of the 
resulting material, which would offer enhanced sorption efficiency towards broader spectrum of pollutants. 
In addition, crosslinking of lignin can produce a more stable structure; hence, lignin would be a potential 
candidate for the preparation of different sorbents with distinctive characteristics.13 The utilization of lignin 
not only provides potential sorbents, but also minimizes its impact, as a waste material, to the environment. 
Noteworthy drawbacks of lignin, however, are its brittle nature, along with its highly complex 3D structure, 
very low reactivity and its poor mechanical property. It is also a challenging task to recover lignin in a 
pure and clean form.14 All of these would promote substantial challenges to its application. To overcome 
such drawbacks, lignin would be either incorporated into polymers, with relatively better properties, or 
chemically modified to produce materials with novel properties. Many studies have been performed to 
develop various lignin-based materials for different applications. Its composites were investigated for the 
removal cations and anions.15 Also, it was produced in the form of microspheres and functionalized with 
amino groups for the removal of heavy metals.16 In addition, the combination of lignin and surface-active 
layer was reported to be an effective approach for dye removal and heavy metal remediation as that found 
after the addition of reduced graphene oxide to lignin-poly(N-methylaniline).17

Alkyd resins (ARs) are eco-friendly highly branched polymers with a polyester backbone mainly developed 
for coating purposes18 and recently were applied for the removal of contaminants.19 They are prepared with 
abundant and bio-based resources by the polycondensation (esterification) of three types of monomers, 
which are polyhydric alcohols, polybasic acids and fatty acids.20 ARs are inexpensive, thermally stable, 
soluble in organic solvents, have the ability to disperse pigments and fillers and have good adherence to 
different surfaces.21 Having a molecular structure consists of hydroxyl groups, unsaturated double bonds, 
ester groups and carboxyl groups, enables its modification by the reaction with various materials, resulting 
in novel materials with enhanced properties.22

In this study, taking into consideration the necessity of green transition to address the global warming 
crisis, a simple, environmentally benign, and cost-effective sorbent was developed by the reaction of 
oxidized lignin, separated from orange tree wood, as a source of carboxylic groups, with a mixture of 
palmitic acid and glycerol to synthesis LA-Resin, via polycondensation reaction, for the purpose of selective 
separation of Mo. LA-Resin was characterized by scanning electron microscopy (SEM), Fourier transform 
infrared spectroscopy (FTIR), ultraviolet and visible spectroscopy (UV-Vis), X-ray diffraction analysis (XRD) 
and thermogravimetric analysis (TGA). LA-Resin was evaluated for the uptake of Mo from acidic solutions, 
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followed by spectrophotometric detection. In addition, adsorption isotherms, the corresponding kinetics, 
thermodynamic analysis, interference studies, column studies, stripping and reusability of the sorbent 
were also carried out. The developed quantitative method was validated in terms of addition and recovery, 
limits of detection and quantitation, linearity, repeatability, and selectivity. The method was applied for the 
preconcentration and separation of Mo from mice liver, pharmaceutical, water and fertilizer samples.

MATERIALS AND METHODS
Apparatus

The crystal structure of LA-Resin (XRD patterns) was investigated using an X-ray diffractometer (D8-
Brucker Model) equipped with Cu Kα radiation (λ = 1.54 Å). The surface morphology of LA-Resin was 
analyzed using scanning electron microscope (SEM, JEOL model JSM-6510LV, USA). FTIR studies 
were carried out using a JASCO-410 spectrometer (JASCO, Easton, MD). A UV–Vis spectrophotometer 
(JASCO, V-630 UV-Vis Spectrophotometer, Japan) was employed for absorbance measurements. 
Thermogravimetric analysis (TGA), differential thermal analysis (DTA) and differential scanning calorimetry 
(DSC) were carried out by DSC-TGA device model (SDTQ 600, USA) under N2 atmosphere with a heating 
rate of 10 °C/min (29-1000 °C).

Reagents and materials
All chemicals were of analytical grade reagents and used without further purification. Molybdenum (Mo) 

stock solution (1000 mg L-1) was prepared by dissolving (NH4)6Mo7O24.4H2O (Merck) in doubly distilled 
water (DDW). Experimental solutions for adsorption and analysis were freshly prepared by diluting Mo 
stock solution with DDW. Nitric acid (65%, m/v), Sulfuric acid (98%, m/v) and ammonium hydroxide (29%, 
m/v) (Fluka) were used. Ascorbic acid (AA), ammonium thiocyanate, palmitic acid and glycerol were 
purchased from Sigma Aldrich. 

Orange tree wood was obtained from local area in Damietta, Egypt. Wood samples were washed 
thoroughly with distilled water to remove dust and other impurities. These were cut into small pieces and 
dried in an oven at 105 °C, left to cool followed by grinding and sieving. For separating lignin, a 100 g 
sample of the powder was treated with a volume of 500 mL H2SO4 (1:1) for 24 h under stirring to remove 
the polysaccharide fraction. The acid-insoluble lignin residue was filtered, washed thoroughly with distilled 
water until a filtrate with a neutral pH value was obtained. For preparing oxidized lignin, solid lignin was 
treated with 100 mL of 0.1 mol L-1 KMnO4 in 0.1 mol L-1 H2SO4 for 3 h at room temperature then filtered, 
washed thoroughly with distilled water and dried at 105 ºC. A 15 g of the as prepared material was refluxed 
with a mixture of 85 g of palmitic acid, and 30 g of glycerol for 6 h. The final product (LA-Resin) was 
separated, washed with distilled water, methanol and dried at 25 ⁰C.

Recommended procedures
Batch method was performed by mixing 0.10 g of LA-Resin with 25 mL of Mo(VI) solution (0.083 mmol 

L-1) containing H2SO4 (0.1–2.0 mol L-1), ascorbic acid (0.01–0.1 mol L-1) and NH4SCN (0.05–0.2 mol L-1). 
The mixture solution was then shaken for 1 h at room temperature. After equilibrium, the solution samples 
were filtered and the concentration of the remaining and recovered Mo from the LA-Resin was determined 
spectrophotometrically as thiocyanate complex at λmax 457 nm (Figure 1S). Kinetic studies were conducted 
with a concentration of (0.083 mmol L-1) molybdenum solution, and Mo uptake was carried out at different 
time intervals (1 - 120 min). The uptake percentage (E%) and equilibrium adsorption capacity of Mo (qe, 
mg/g) were calculated according to Equations (1) and (2).

 E% = 100 ((C0 - Ce)/C0) (1)

 qe = V(C0 - Ce)/m) (2)

where, C0 and Ce (mmol L–1) are the initial and equilibrium Mo concentrations, respectively, 
V (L) is the solution volume, and m (g) is the dry mass of LA-Resin.
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Dynamic method was performed using a 1.5 cm diameter glass column (35 cm length). The glass 
column was carefully loaded with a water slurry of LA-Resin material (10 g) to a bed height of 15 cm. 
Voids in the column bed were completely eliminated. Feed solutions of Mo, containing H2SO4 (1.5 mol L-1), 
AA (0.050 mol L-1) and NH4SCN (0.10 mol L-1) were passed through the column at a predetermined rate. 
Eluent solution contained 0.050 mol L-1 NH4OH. The feed solution flow and elution rates were both set to 
1–5 mL min-1. Fractions of the solution (3 mL each) were collected then analyzed.

Pharmaceuticals used in this study are Ferrotron: Fe 15 mg; Cu 0.9 mg; Zn 11 mg and Mo 45 μg, Vitamix 
plus: Cu 2 mg; Fe 9 mg; Mn 5 mg and Mo 30 µg, Phara ferro 27 tablets: Cu 1 mg; Fe 30 mg; Zn: 2.5 mg; 
Mo: 15 µg (Nasr city, Egypt), and Octatron multivitamins capsules: Mo: 45 μg; Zn: 11 μg; Se: 55 μg; (Giza, 
Egypt). To prepare drug solutions. To prepare drug solutions, capsules or tablets, containing the desired 
Mo concentration, were dissolved in concentrated nitric acid and gently evaporated till dryness, then the 
solid residue was dissolved in DDW acidified with drops of nitric acid then quantitatively transferred into 25 
mL measuring flasks, containing H2SO4 (1.5 mol L-1), AA (0.050 mol L-1) and NH4SCN (0.10 mol L-1) then 
completed to the mark with DDW.

Mice liver samples, containing pre-determined concentration of Mo, were kindly provided by Zoology 
Department, Faculty of Science, Damietta University. A 0.225 g sample of liver tissue was digested in a 
minimal volume of aqua regia and heated to ensure complete digestion. The digested was then dissolved 
with DDW and treated the same way as drug samples. 

Water samples, collected from Damietta (Egypt), including River Nile, seawater, and industrial 
wastewater were filtered using a Millipore 0.45 μm pore-size membrane and kept in polyethylene bottles. 
The water sample was spiked with Mo(VI) solution (1 μg L-1) and then determined as a molybdenum 
thiocyanate complex. Fertilizer sample (micro zein fertilizer), containing Zn: 2.4%; Fe: 2.4%; Mn: 2.4%; 
Cu: 0.6%; B: 0.6%; Mo: 0.06%; and S: 3.2% W/V (Unikim Tekstil Boyalarive, Turkey) was treated the same 
way as those of the pharmaceuticals.

The reusability of LA-Resin was explored for batch and continuous modes by following consecutive 
adsorption/desorption cycles. After each cycle, Mo was completely desorbed using 0.050 mol L-1 NH4OH, 
followed by a through rinsing with distilled water until a neutral supernatant was acquired. Subsequently, 
after drying only for batch method, the same adsorbent mass was recycled under the aforementioned 
optimum adsorption experimental conditions.

RESULTS AND DISCUSSION
Characterization of LA-Resin

Of the advantages of LA-Resin, noticed during experimentation, is that it required very short time to dry 
and it was generally much easier to handle and to be separated. To assist the homogeneous dispersion of 
lignin into the alkyd resin matrix, lignin was oxidized to ensure the production of excess carboxylic groups 
to react with the alkyd formulation through a condensation reaction. SEM was used to compare between 
the surface morphology of lignin and that of LA-Resin. SEM micrographs, at magnifications of 3,000x and 
5,000× of lignin show a bulk structure with wrinkled surface (Figure 1A, 1B). Whereas those of LA-Resin 
(Figure 1C, 1D) are completely different, they present prominent changes in the texture they show it has 
a multi-layered microstructure and contain many cavities with different sizes. Figures 1C and D illustrate 
interconnected well-organized sheets, with no visible boundaries between the mixture components and 
lignin could be no longer recognized, suggesting that lignin was completely well dispersed and integrated 
into the alkyd23 formulation to produce LA-Resin. These observations demonstrate the successful 
preparation of LA-Resin
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Figure 1. SEM micrographs of lignin (A, B) and LA-Resin (C, D) at 
magnifications of 3,000 and 5,000×.

FTIR was used to identify the chemical structure and functional groups of lignin, A-Resin and LA-Resin. 
The FTIR spectrum of lignin (Figure 2) shows a broad absorption band at 3729-2981 cm−1 which can be 
assigned to the stretching of phenolic and aliphatic -OH groups. Bands at 2923 cm−1 and 2855 cm−1 are 
ascribed to the C–H stretching of methylene and methyl groups, respectively. The characteristic bands 
located at 1511 and 1461 cm−1 correspond to the aromatic skeleton in lignin. These bands are nearly 
similar of the organosolv lignin.24,25 The band at 1631 cm−1 is attributed to –C=O stretching of carboxyl 
groups conjugated with the aromatic ring. While the FTIR spectrum of A-Resin (Figure 2S), a broadband 
appeared from 3721 to 3103 cm–1 was assigned to OH group. Several sharp peaks were also observed at 
2919, 2848 cm-1 (υCH), 1772-1565 cm-1 (υCO) and (υC=C) which characterize the matrix of A-Resin. All 
these band frequencies were shifted in the LA-resin spectrum (Figure 2) to 2797–3622, 2918, 2849, and 
1556 cm−1. In addition, two new sharp peaks developed at 1738 and 1268 cm-1, which correspond to the 
–C=O and –COO stretching and the band at 1631 cm−1 was absent. It can be observed that most of the 
peaks of LA-resin are identical to those of alkyd resin. All these characteristic absorption bands support 
the formation of AR in the presence of lignin to obtain the LA-Resin.

Figure 2. FTIR Spectra of lignin and LA-Resin.

Evaluation of a Lignin Bio-alkyd Resin for the Selective Determination of Molybdenum in Biological, 
Pharmaceutical, Fertilizer and Water Samples
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Also, electronic spectra of solid-state lignin, A-Resin and LA-Resin, recorded in the range of ~ 200–400 
nm (Figure 3S), reveal that lignin absorbs UV radiation very strongly below 215 nm and A-Resin at 373 
nm. Whereas LA-Resin does not absorb below 290 nm and it has two distinctive sharp peaks at ~ 300 and 
340 nm.

Of great importance to carbonaceous materials is the acid-base behavior of the surface functional 
groups and the value of pHzcp, at which the net surface charge is zero. The surface acidic and basic 
functional groups of lignin and LA-Resin obtained from Boehm titration are reported in Table I. The results 
show that the total acidic and basic groups of LA-Resin are 1.48 and 1.62 mmol g-1, respectively, which 
are greater than those of lignin (1.25 and 0.20 mmol g-1, respectively). The decrease of the amount of 
carboxylic group from 0.63 to 25 mmol g-1 is due to it reacting with a glycerol molecule. The ratio of reacted 
lignin and incorporated lignin is the following 0.38: 0.25 (1.5:1). As evident, the value of basic functionalities 
of LA-Resin are relatively greater than that of the acidic one, rendering the surface slightly basic which was 
further indicated pHzcp measurements. 

Figure 4S shows pHzcp curves of lignin and LA-Resin. The estimated values are 3.0 and 7.8 for lignin 
and LA-Resin, respectively. These results are in accordance with the determined acidic and basic sites 
and supports the better performance of LA-Resin to remove different species regardless of their charge 
under any pH value. It is evident that the surface chemistry of LA-Resin is greatly altered compared to that 
of lignin in terms of enhanced acidic and basic functional groups.

Table I. Acidic and basic sites of sorbents

Sorbent Basic Sites, mmol g-1
Acidic Sites, mmol g-1

Phenolic Carboxylic Lactonic
Lignin 0.20 0.15 0.63 0.47

LA-Resin 1.62 0.53 0.25 0.70

To investigate further the properties of the surface of LA-Resin, Iodine number (I2 No) and methylene 
blue value (MB value) were determined. I2 No would indicate the adsorption process of the sorbent while 
MB value implies the cation exchange ability. The I2 No and MB value of lignin and LA-Resin are 1.6, 
1.5, 0.6, and 0.7 mmol g-1, respectively (Table II). In addition, electrical conductivity measurements were 
performed (σ). The values of σ of lignin and LA-Resin are 7×10-12 and 2×10-11 Ω-1 m-1, respectively (Table 
II). This result signifies the very low electrical conductivities of both materials.

Table II. Iodine number and methylene value of sorbents

Sorbent Iodine number 
 mmol g-1

Methylene blue 
value mmol g-1

Electrical 
conductivity Ω-1 m-1

Lignin 1.6 0.6 7×10-12 
LA-Resin 1.5 0.7 2×10-11 

Thermal properties of lignin and LA-Resin were evaluated using TGA, and DSC analysis (Figure 5S). 
These curves indicate two steps of thermal decomposition for both materials. The weight loss at initial stage 
until ~100 °C, due to loss of adsorbed water, for lignin and LA-Resin are 21.2, and 5.9%, respectively. At 
the second step, a weight loss of 39.0, and 74.1% is observed at 104-1000 °C, and 111-1000 °C for lignin 
and LA-Resin, respectively. The total weight loss of LA-Resin (80%) was higher than that of lignin (60.2%) 
which resulted from the decomposition of the alkyd polymer. While ≥ 90% of the weight loss for A-Resin 
was at 442 °C.26

A powder XRD study was performed to investigate the crystallographic nature of lignin (Figure 6S) and 
LA-Resin (Figure 3). The main characteristic feature noticed in both patterns is the presence of a broad 
diffraction peak at 2θ = 20–30° which, corresponds to the (002) plane of the graphitized structures.

Braz. J. Anal. Chem. 2022, 9 (36), pp 98–115.
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Figure 3. XRD pattern of LA-Resin.

Sorption of molybdenum ions
The sorption percentages of Mo from thiocyanate solution were investigated in an acidic medium (0.1–

2.0 mol L-1 H2SO4), ascorbic acid (0.01–0.1 mol L-1), ammonium thiocyanate (0.05–0.2 mol L-1) and different 
weight of LA-Resin (0.05–0.2 g) (Figure 4). It was found that the optimum conditions for the sorption of Mo 
are 1.5 mol L-1 H2SO4, 0.06 mol L-1 ascorbic acid, 0.1 mol L-1 NH4SCN and 0.1 g of LA-Resin.

Figure 4. Conditions of the extraction of molybdenum from aqueous solution.

Mo adsorption onto LA-Resin occurred very rapidly within the first 5 min at which almost 75% of Mo 
was adsorbed. The adsorption rate decreased significantly after 30 min, which could be attributed to the 
decrease of adsorption reactive sites, available for Mo adsorption, then equilibrium was attained after 
60 min. Consequently, 60 min was chosen as the optimum contact time. Pseudo-first-order (PFO) and 
pseudo-second-order (PSO) models were used to evaluate the adsorption kinetics. The results (Table 1S, 
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2S) suggest that Mo adsorption is better described by the PSO (R2 = 0.997, Figure 7S), with a qe value 
almost equal to that of the experimental, kinetic model rather than PFO (R2 = 0.750, Figure 7S). This 
result would indicate that Mo adsorption onto LA-Resin follows a chemisorption mechanism by sharing or 
replacing electrons between LA-Resin and Mo.

The adsorption capacity of LA-Resin was investigated by adsorption isotherms. As shown in Figure 8S, 
the uptake of Mo onto LA-Resin increases with the increase of concentration until a plateau is reached 
(qmax = 31.7 mg g-1). The experimental data were then fitted by the Langmuir and Freundlich models to 
determine whether the adsorption process was a monolayer or a multilayer adsorption. The obtained 
results (Table S1) indicate that compared to Freundlich model (R2 = 0.860, Figure 8S), Langmuir model 
(R2 = 0.920, Figure 8S) is a good fit to the experimental data, suggesting a mono-molecular layer sorption, 
with a maximum monolayer sorption capacity of 39.20 mg g-1, of Mo as well as a homogeneous distribution 
of active sites on the LA-Resin surface. Table 4S illustrates the adsorption capacities of some sorbents, 
revealing the good sorption capacity of LA-Resin.

The effect of temperature (25–60 °C) on the sorption of Mo ions using LA-Resin was studied. It was 
found that the sorption of Mo ions very slightly increased with increasing temperature. The calculated 
thermodynamic parameters are Gibbs’s free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) (Figure 9S, 
Table 5S, 6S). ΔH is 21.6 kJ mol-1, the positive value reveals that the extraction of Mo ions by LA-Resin is 
endothermic. ΔG is -19.20 kJ mol-1, indicating a spontaneous sorption process and ΔS is 137 J K-1 mol-1.

Mechanism of Mo adsorption onto LA-Resin
LA-Resin has a relatively weak basic character, where the activity of total acidic and basic groups is 

1.48 and 1.62 mmol g-1, respectively, which was further indicated by a pHZCP value of 7.8. It has a good 
ability to accommodate Mo through different mechanisms since it has a cation exchange capacity of 0.70 
mmol g-1 in addition to the ability for physical adsorption (I2 No = 1.5 mmol g-1) as also indicated from 
SEM images. Under the optimum conditions, Mo ions would be present as [Mo(SCN)6]– and the surface 
of LA-Resin would be positively charged due to the protonation of the basic functional groups (solution 
pH < pHZCP). Accordingly, adsorption would firstly start as a result of the electrostatic attraction between 
the protonated LA-Resin surface and the negatively charged Mo thiocyanate complex and this would be 
the initial driving force to bind Mo to the sorbent surface. Afterwards, inner sphere complexation might 
have happened, as indicated by kinetic studies, which is the most important mechanism for Mo adsorption 
where it could be adsorbed into LA-Resin surfaces through coordination with functional groups (Figure 5).

Figure 5. A mechanism scheme for the sorption of Mo onto LA-Resin.

Effect of foreign ions
The effect of the presence of different ions on the adsorption of molybdenum (200 μg) onto LA-Resin, 

using batch mode, was examined (Figure 10S). Ions such as Na+, K+, Mn2+, Ni2+, Pb2+, Co2+, Zn2+ and 
Ca2+ (1000 μg) had almost no interference (< 2%). However, Sb3+ and Fe3+ (1000 μg) caused noticeable 
interference (16-17%). The addition of either 1mL of 0.1 M citric acid or excess ascorbic acid solution 
eliminated such interference.

Braz. J. Anal. Chem. 2022, 9 (36), pp 98–115.



106

Column studies
The extraction and recovery of Mo ions were tested using a LA-Resin-loaded column (35 cm long and 

1.5 cm in diameter contained 10 g of LA-Resin with bed height 15 cm). It was found that Mo ions were 
completely adsorbed under the optimized conditions and were eluted with 10-15 mL of 0.05 mol L-1 NH4OH 
solutions at 1-5 mL min-1 (Figure 6). To investigate the effect of sample loading and eluent flow rates on 
Mo retention and recovery, either feed solutions of Mo, under the optimized experimental conditions, or 
eluent solutions (0.050 mol L-1 NH4OH) were passed through the column at different flow rates varying 
from 1–5 mL min-1. The flow rate of sample loading in the investigated range did not show any difference 
(data not shown) so, a flow rate of 1 mL min-1 was chosen for further experiments. According to the 
results shown in Figure 6, Mo species were eluted completely under the investigated range however, a 
better-resolved peak was obtained at eluent flow rate of 1 mL min-1, accordingly, it was further applied for 
eluting Mo species. Preconcentration of Mo from water samples was investigated. Solutions of 100 μg of 
Mo ions in up to 500 mL of water samples were passed through the LA-Resin column (1 mL min-1). The 
elution of Mo ions from the LA-Resin column was carried out by 10 mL NH4OH (0.05 mol L-1) solution then 
the eluates were determined.27 The results show that the recovery percentages are about 100% with a 
preconcentration factor of up 50. 

Capacity of the LA-Resin column was calculated by percolating it with Mo solution (0.10 mg mL-1) at a 
flow rate of 1 mL min-1. Breakthrough curves were obtained by measuring the content of Mo ions in 5 mL 
collected fractions from the effluent (Figure 11S). The breakthrough point is reached at a volume of 100-
480 mL, the breakthrough capacity was 36.5 mg L-1.

Figure 6. Effect of eluent flow rate on the recovery of molybdenum from LA-Resin column.

Regeneration of LA-Resin
The regeneration experiments were carried out to evaluate the reusability of AL-Resin. Based on the 

point that the adsorption of Mo onto LA-Resin took place in acidic medium, Mo desorption was tested in 
basic solution. The LA-resin material was affected at pH ≥ 12 using NaOH solution (Figure 12S) and not 
effect with ammonia solution. Therefore, the best eluent examined was NH4OH with a concentration of 
0.05 mol L-1 at 25 ºC for 12 h. After five cycles of regeneration, in batch mode, the adsorption capacity 
was unchanged as well as the removal efficiency. For column experiments, one column was conducted 
through the whole experiment for more than 10 cycles of sorption/desorption and it kept its performance 
unchanged. These results suggest that LA-Resin is not only a selective material for Mo at the investigated 
operating conditions but also could be an efficient adsorbent for the removal of Mo from different matrices.

Evaluation of a Lignin Bio-alkyd Resin for the Selective Determination of Molybdenum in Biological, 
Pharmaceutical, Fertilizer and Water Samples
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Analytical performance of the proposed method
A calibration curve for Mo was obtained, applying the optimized preconcentration method. The linear 

range was obtained for a concentration range near the limit of quantification (LOQ) up to 15 mg L-1, with 
R2 value of 0.984. The analytical sensitivity was assessed by the limits of detection (LOD) and limits of 
quantitation (LOQ) for the extraction and recovery of Mo from the investigated biological and pharmaceutical 
samples using LA-Resin columns (Table III). The values of LOD and LOQ are in the range of 0.9-4.0 
and 2.9-13.4 μg L-1, respectively (n = 5) which indicate the higher sensitivity of Mo determination by LA-
Resin columns compared to other reported results. The accuracy and precision for the determination of 
Mo using LA-Resin in real samples were investigated by analyzing spiked samples. Table IV shows the 
results of extraction and recovery of Mo from mice liver and pharmaceutical samples. The high recoveries 
(96.6–99.6%) of Mo along with their lower values of RSD% (0.3-1.5%, n = 5) reflect the good accuracy and 
precision of the proposed method.

Table III. Detection limit of molybdenum

Samples LOD, µg L-1 LOQ, µg L-1

Liver mice tissue 2.5 8.4
Vitamix plus capsule 3.2 10.6
Octatron capsule 1.7 5.7
Ferrotron capsule 4.0 13.4
Phara ferro 27 tablet 0.9 2.9

Table IV. Determination of molybdenum in real samples

Samples Added, µg Found, µg Recovery, % RSD, %

Liver mice tissue 105 104.6 99.6 0.9
Vitamix plus capsule 90 88.8 98.7 1.2
Octatron capsule 90 89.5 99.5 0.5
Ferrotron capsule 90 86.9 96.6 1.5
Phara ferro 27 tablet 100 98.1 98.1 0.3

Preconcentration and recovery of Mo from real samples
Figure 7 shows chromatographic separation of Mo from other metals in Mo-containing pharmaceuticals, 

Ferrotron and Vitamix plus, on LA-Resin-packed columns. The elution of Mo was carried out at a flow rate of 
1.0 mL min-1 using NH4OH (0.05 mol L-1), then the concentrations were determined spectrophotometrically. 
Mo ions were completely eluted from LA-Resin columns with a recovery percentage of 100% at the first 
12 mL of NH4OH solution. The resolution factors (Rs) for the separation of Mo from Cu ions in Vitamix 
plus and Ferrotron samples, calculated by the following equation: Rs = 2(V2 – V1)/(W1+W2) are 1.1 and 
1.4, respectively. These results considerably suggest that LA-Resin columns have the potential, under the 
operational conditions, for the separation of Mo from different matrices with good resolution and could be 
completely recovered from real samples.
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Figure 7. Chromatographic separation of molybdenum from pharmaceutical samples.

For the determination of Mo–bound in biological samples, using the mice liver as a model, the digest of 
mice liver samples, containing pre-determined concentration of Mo, were treated the same way as drug 
samples. The results (Table IV) show that the recovery percentage of Mo is 99.6% (RSD = 0.90%, n = 5).

LA-Resin column was applied for the extraction of Mo from water samples, namely, River Nile, seawater 
and industrial wastewater. Mo-spiked water samples, treated under the optimized conditions, were allowed 
to pass through the LA-Resin columns at a flow rate of 1 mL/min. The elution of Mo from the LA-Resin 
column was carried out by NH4OH (0.05 mol L-1) solution and the amount of Mo in the eluates were 
determined by the recommended method. The results show that the average recovery percentages of Mo 
are 100% (RSD = 0.00%, n = 5). Therefore, LA-Resin column could be applied for the recovery of Mo from 
different water samples. In addition, Mo content in micro zein fertilizer was assessed by LA-Resin column. 
The results show that the recovery percentage of Mo (60 μg) is 100% (RSD = 0.76%, n=5).

CONCLUSION
LA-Resin was synthesized and characterized by many techniques. The sorbent has a relatively weak 

basic character, where the total acidic and basic groups are 1.5 and 1.6 mmol g-1, respectively. It has a 
good ability to accommodate sorbate species through different mechanisms since it has a cation exchange 
capacity of 0.7 mmol g-1 in addition to the ability for physical adsorption (I2 No = 1.5 mmol g-1). The sorbent 
showed, under the optimum conditions, that the uptake of [Mo(SCN)6]– complex onto the positively charged 
LA-Resin most probably took place through the formation of ion-associate complex. Kinetic studies 
revealed that the removal of Mo follows a chemisorption mechanism by sharing or replacing electrons 
between LA-Resin and Mo. LA-Resin has a homogeneous distribution of active sites to accommodate a 
mono-molecular layer of Mo (qmax = 31.7 mg g-1) as indicated by sorption isotherm studies. Mo ions were 
desorbed effectively using an aqueous solution of 0.05 mol L-1 NH4OH. A LA-Resin-column was tested for 
the uptake and elution of the Mo and the recovery was almost 100% suggesting a good efficiency of LA-
Resin to the chromatographic separation. The reusability experiment indicated that LA-Resin is not only a 
selective material for Mo at the investigated operating conditions but also is an efficient and cost-effective 
adsorbent for the removal of Mo from different matrices.
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SUPPLEMENTARY MATERIAL

   

 

Figure 1S. Calibration curve for determination of 
molybdenum ions.

 

Figure 2S. FTIR spectrum of the A-Resin.

   
Figure 3S. Electronic spectra for lignin, and LA-Resin.

 
Figure 4S. The pHzpc curves of lignin and LA-Resin.
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Figure 5S. TGA (A) and DTA (B) curves of lignin and LA-Resin.

Figure 6S. XRD pattern of lignin.

   
Figure 7S. Plots of non-linear kinetic models for the adsorption of Mo(VI) onto LA-Resin: Initial concentration 
of Mo(V) ions 5 to 200 mg L−1; amount of LA-Resin 0.1 g; sample volume 25 mL; acidity 1.5 M.
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Figure 8S. Plots of non-linear isotherm models for the adsorption of Mo(VI) onto LA-Resin: Initial concentration of 
Mo(V) ions 5 to 200 mg L−1; amount of LA-Resin 0.1 g; sample volume 25 mL; shaking time 60 min; acidity 1.5 M.

   

 

Figure 9S. Plots of thermodynamic model.

 

Figure 10S. Effect of the interfering ion on the 
extraction of Mo onto LA-Resin from aqueous solution.

   

 

Figure 11S. Breakthrough curve for extraction of 
Mo from aqueous solution using LA-Resin column.

 

Figure 12S. Effect of alkaline solution on the stability 
of LA-Resin.
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Table 1S. Kinetic and isotherm parameters for the sorption of Mo(V) onto LA-Resin 

Kinetics Pseudo-first-order model Pseudo-second-order model

Parameters qe1 (mg g−1) k1 (min−1) R2 qe2
(mg g−1)

k2
(g mg−1 min−1) R2

1.77 0.043 0.75 1.98 2.01×10-5 0.997

Isotherm Langmuir isotherm Freundlich isotherm

Parameters qmax (mg g− 1) b (L mg− 1) R2 KF n R2

39.2 0.026 0.92 0.356 2.01 0.86

*Co = 8 mg L−1, V = 25 mL, t = 0-120 min, qexp = 1.94 mg g−1

Table 2S. non-linear kinetic parameters for the adsorption of Mo(VI) onto LA-Resin: Initial concentration 
of Mo(V) ions 5 to 200 mg L−1; amount of LA-Resin 0.1 g; sample volume 25 mL; acidity 1.5 M

Kinetics Pseudo-first-order model Pseudo-second-order model

Parameters qe1 (mg/ g−1) k1 (min−1 ) R2 qe2
(mg g−1)

k2
(g mg−1 min−1) R2

1.77 0.043 0.75 1.98 2.01×10-5 0.997

Table 3S. Non-linear isotherm parameters for the adsorption of Mo(VI) onto LA-Resin: Initial concentration 
of Mo(V) ions 5 to 200 mg L−1; amount of LA-Resin 0.1 g; sample volume 25 mL; shaking time 60 min; 
acidity 1.5 M

Isotherm Langmuir isotherm Freundlich isotherm

Parameters qmax (mg g− 1) b (L mg− 1) R2 KF n R2

42.1 0.053 0.98 4.4 2.2 0.92

Table 4S. Comparison between LA-Resin adsorption capacities of various adsorbents

Adsorbent Sorption capacity (mg g−1) References

Ch-NMA 29.7 (1)

Mn3O4-TiO2 nanocomposite 20.6 (2)

WB1000 29.8 (3)

CrFe2O4 nanoparticles 17.03 (4)

SM-4 resin impregnated with CYANEX 923 8.2 (5)

TVEX- TOPO resin 17.6 (6)

TOA/perlite 7.2 (7)

Brown algae Laminaria japonica gel (CAG) 38.19 (8)

(continues on the next page)
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Adsorbent Sorption capacity (mg g−1) References

Silica gel/quercetin 8.54 (9)

Activated DWTRs 39.2 (10)

NaOCl-oxidized multiwalled carbon nanotubes 22.7 (11)

Di-(2-ethylhexyl) phosphoric acid 25.7 (12)

Carminic acid modified anion exchanger 13.5 (13)

Nano-magnetic CuFe2O4 30.6 (14)

Chitosan-modified magnetic nanoparticles 35.5 (15)

Table 5S. Thermodynamic parameters for the sorption Mo(V) onto LA-Resin

Thermodynamic parameters

∆G (kJ mol-1) ∆H (kJ mol-1) ∆S (J K-1 mol-1)

-19.2 21.6 137

Table 6S. The values of ΔG at different temperatures

ΔGln KKTemperature, K

-19.737493977.9664663512882.653298

-20.16426747.8744768642629.31308

-21.207529228.1495891773461.957313

-22.943242428.5436264485133.929323

-23.852626458.6155290925516.667333

Table 4S. Comparison between LA-Resin adsorption capacities of various adsorbents (continuation)
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Nowadays, the detection of sucralose sodium 
adduct under electrospray ionization in mass 
spectrometry analysis is a common analysis 
method, but its high chemical stability is not fully 
understood. In this work, we use quantum 
chemistry calculations and mass spectrometry 
data to understand why sodiated sucralose 
presents this behavior in mass spectrometry 
conditions. The potential energy and the position 
of sodium ions were evaluated using different 
basis sets in order to comprehend the importance 
of sodiation in sucralose properties. Quantum-
chemical calculations show higher reliability to 

explain the behavior of sucralose sodium adduct under mass spectrometry conditions, especially when its 
molecular geometry and potential energies are evaluated.

Keywords: DFT, Fukui functions, basis set, molecular geometry, potential energy.

INTRODUCTION 
Sucralose (C12H19Cl3O8 – CAS 56038-13-2) is a synthetic organochlorine sweetener, sweeter than 

sucrose. Due to its wide use, and its environmental spreading, a higher sensitivity quantification method 
of sucralose sodium adduct was already reported,1 that showed that it is interesting to evaluate sodiated 
compounds from different matrices in mass spectrometry (MS) studies. Nowadays, the use of MS for 
detection and quantitative analysis has been widely reported,2–4 and today MS represents a conventional 
method for detecting several compounds. Although the detection of sodium adducts are reported for 
many pharmaceutical and organic compounds,5–8 in studies using electrospray ionization (ESI) in mass 
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spectrometry (ESI-MS) they are known to be difficult to fragment with tandem mass spectrometry (MS/
MS) techniques.9 However, it is unclear why some sodium adducts compounds presents higher chemical 
stability than the protonated ones in MS analysis. Moreover, Na+ adduct formation is a quantitative and 
reproducible process which can be often used in ESI-MS.10 In the present study, we evaluate the mass 
spectrum of sucralose sodium adduct in order to comprehend the position of the sodium ion, and why it is 
more stable ion in MS analysis, using quantum-chemical calculations (QCC).

A quantum-chemical theory was developed to investigate the structure of matter, and it is perceived as 
the density functional theory (DFT).11 DFT is a worldwide accepted approach for modeling the ground state 
properties of molecules of interest,12 and this function is a mixture of accurate (Hartree-Fock) exchange 
and local correction and gradient correction exchange and related terms, as first proposed by Becke 
(1996).13 Thereby, this theory became a sophisticated tool for the semi-quantitative study of organic 
chemical reactivity.14 To date, DFT has been used to calculate several reactive descriptors to predict 
molecular reactivity.15 Exclusively B3LYP (Becke-3–Lee–Yang–Parr) has at present been used to show 
how halogenation of sucrose (sucralose) altered the electrostatic dipole moment of it,16 and to calculate 
wavenumbers for the normal modes of vibration of sucralose.17 Besides that, DFT calculations were used 
in MS studies to study the bond length, angle, and molecular geometry, which helps to understand their 
combination.18 

MATERIALS AND METHODS
Reagents and Solvents

Sucralose was purchased from USP reference standard (Rockville, USA), acetic acid (Merck, Darmstadt, 
Germany), methanol (MeOH) was purchased from J.T Baker (USA). A Milli-Q-Plus ultrapure water system 
from Millipore (Milford, MA, USA) was used in stock solution of sucralose (1 µg mL-1). 

Sample Preparation 
Acetic acid was added (0.1%) in 950 µL of methanol with 50 µL of a 1 mg mL-1 standard solution. After 

stirring during 1 min in a vortex, the samples were filtered in membrane 0.2 µm pore-size syringe filter, then 
they were injected into a mass spectrometer.

MS conditions
MS spectra were obtained either in the positive ion modes by direct infusion into Mass Spectrometer 

micrOTOF-QIII with Time-of-Flight and Electrospray Ionization (ESI-TOF) under the following conditions: 
Q-TOF (BrukerDaltonics, Massachusetts, USA); Electrospray positive mode; Scan Range (m/z): 50-600; 
Spray Voltage: 4.0 kV; Capillary temperature: 250 °C; Funnel: 200 Vpp. The samples were loaded into a 
250 µL volume Hamilton gastight 7000 series syringe and introduced directly to the mass spectrometer, 
using Harvard Apparatus Pump 11 (Reno, NV) operating at a flow rate of 3 µL min-1. Desolvation and 
nebuliser gas (N2) flow rates were ~ 650 L h-1.

Computational Details
The Gaussian 16 software revision A.0319 used to perform the quantum chemical calculations. The 

molecular structures of all the species in-ground were optimized. Geometries were optimized to obtain 
local minimum energy. Molecular structures pictures were generated using Avogadro software, version 
1.20.20 The molecular 3D structure of transition states was visualized by using graphics software Molden 
4. 2.21 The descriptors based on the Fukui indices were generated by Multiwfn 3.2.1 program22, which is a 
multifunctional program function analysis. 
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RESULTS AND DISCUSSION
Theoretical Molecular Ionization

Here, MS data from a quadrupole time-of-flight mass spectrometer operating in with Time-of-Flight 
(TOF) QTOF-ESI-MS are reported and QCC from correlation-consistent, Pople and minimum basis to 
understand how sodium ion affects sucralose in ESI conditions. First, the sucralose ionization was studied, 
and it is well known that the peak-based signal is related to cation stability of precursor ion.23 In the 
theoretical ionization study, the sucralose molecular geometry was optimized from DFT/B3LYP/6-31G(d) 
level, then the dual Fukui function descriptor (FFD) was calculated (Figure 1), but the C3-Cl22 bond 
brokedown. Although a lack of a proper description of London dispersion effects in mere B3LYP/6-31G* 
calculations,24 this level of calculation was chosen because of their popularity but deemed outdated in 
the theoretical community,25 the intermolecular interactions of organic compounds,26 and its cost effective 
factor.

Figure 1. Map of the dual descriptor of the Fukui Function of the sucralose molecule from B3LYP/6-
31G (d). Red and blue surfaces correspond to negative and positive regions, respectively. The atoms 
are numbered and labeled. The image was generated by the Avogadro program, and the descriptor 
was calculated by the Multiwfn program, from data generated by the Gaussian program 16.

According to the Figure 1, the FFD revealed that O17, O13, and O21 atoms presented the largest 
positive isosurfaces, as well the O20 atom. However, the O20, O8 and O17 atoms are able to coordinate 
the sodium ion, due to their spatial distribution. In order to study the potential energy involved in the 
molecular ionization, the theoretical protonation of sucralose molecule took place in oxygen atoms, and the 
sodium ion was added. After that, their molecular structures were optimized, and their potential ionization 
energies were calculated as the energy difference between the neutral molecule and its cation.

Sales, P. T. F.; de Souza, K. M.; Bezerra, A. G.; Ojala, S. A.; de Oliveira, S. B.; dos Santos, P. A. Bara, M. T. F. 
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The equilibrium geometrical structures of sodium adduct of sucralose optimized from B3LYP/6-31G(d) 
presented the lowest potential energy (-2613,18 kcal mol-1), while the protonated sucralose species 
presented the highest ones (average -2451,36 kcal mol-1). Due to its lower potential energy, the base peak 
in the hypothetical mass spectra must be related to sucralose sodium adduct, even when an acidified 
solution is injected into a MS. The differences between ionization energies of protonated sucralose in O8, 
O13, and O21 atoms calculated from DFT/B3LYP/6-31G(d) were insignificant, which could not support 
us to certify the correct protonation site. In addition, the dual FFD indicates four nucleophilic groups with 
higher values, in both sites of the sucralose molecule and in O-glycosidic atom. We concluded that due 
to the exothermic nature of the sodium adduct formation, the dispersibility of sodium in the mobile phase, 
and the solubility in methanol, the ionization kinetics through the formation efficiency of the sodium adduct 
can be fully explained.27

Sucralose behavior under MS conditions
To verify if the QCC was able to predict which specie presented the base peak in the mass spectra, an 

acidified sample was directly injected into the high-resolution mass spectrometer with TOF mass analyzer 
via flow injection analysis mode and electrospray ionization ion source (ESI+) (Figure 2).

Figure 2. TOF-MS analysis of sucralose under positive ion mode, showing measured exact mass.

The mass spectra shows that sucralose sodium adduct at m/z 419.00368 (C12H19Cl3O8Na+ – error 
1.23 ppm) is the base peak, but the protonated sucralose was not observed. Furthermore, sucralose 
contains three chlorine atoms, and TOF analyses provided a valuable amount of isotopic accurate mass 
information for its detection of the sodium adducts isotopes (m/z 421.000112, 420.00651, 422.00445 
Da) and mass defect (422.99829 and 422.00445 Da). Although the acidified sample was injected into 
the mass spectrometer, the sodium adduct was more stable than protonated sucralose, which spectral 
data confirmed that. Ferrer et al. (2013)9 also concluded that sucralose forms a strong sodium adduct, 
most of which could be detected in MS. Complementarily, Nilsson et al. (2017)29 and Zhou et al. (2016)28 
also reported that the signal intensity produced by sodiated adducts was higher than the produced by 
protonated precursor ions. Hence, the evaluation of potential energies of ionized sucralose is a reliable 
tool to study its molecular ionization that was confirmed in mass spectral data. Owing to this particularity, 
the sodiated sucralose was used as a precursor ion to quantify sucralose with an acute sensitivity1,9,30 and 
this method was interesting due to its application in environmental studies. 

Molecular geometry of sodiated sucralose
From a theoretical point of view, two different possible sites of sodium ion could take place to form the 

sodium adduct, and they are related to the interaction of O20, O8, and O17 and the sodium ion. Then, 
to study the interaction of sodium ion and the sucralose molecule, the sodiated sucralose structure was 
subjected to full QCC on different basis sets studies and a comparison of the bond lengths for the ion and 
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the potential energy were undertaken. Figure 3 shows the 3D molecular structure of [Suc + Na]+ calculated 
from cc-pvdz , and 6-31G(d) basis sets. 

Figure 3. 3D optimized structure of the sodiated sucralose molecule, optimized from DFT level. The image 
was generated by the Avogadro program from data generated by the Gaussian program 16. Some atomic 
distances are shown. 3a - From RB3LYP/cc-pvdz. 3b - From B3LYP/6-31G(d).

Calculations from the thermodynamically most stable molecular structure of sodiated sucralose species 
were carried out, and the 3D models and the sodium ion position in a sodiated sucralose molecule are 
presented. According to the Figure 3, the oxygen atoms O20, O8 and O17 coordinated the approach of the 
sodium ion. The theoretical calculations using the basis sets 3-21G and cc-pvdz presented higher molecular 
geometry similarity, and they show an interaction of sodium ions and O8, O20 and O17 atoms. Otherwise, 
the basin sets LANL2DZ, 6-31G(d,p), 6-31G(d), STO-3G and cc-pvtz showed a specific interaction of 
the sodium ion and the O8 and O20 atoms. Analyzing the potential energy of sucralose sodium adducts, 
calculations from correlation-consistent basis sets presented lower values, while Pople and minimal basis 
sets revealed higher ones. Overall, the C9-O8 bond was longer than the C6-O8 one, but the addition of 
the sodium ion did not affect these bond lengths. 

However, calculations from minimal basis sets presented longer bond lengths. The QCC from the basis 
set explored in this study showed that O8 atom presented highest negative atomic polat tensor (APT) 
charge in sodiated and neutral sucralose. Studying the electron density surfaces of molecules, Mohammad 
et al.31 evaluated the equilibrium geometrical structures of sodium adducts optimized from pvdz basis, and 
observed higher accurancy of it which also explains our results. Moreover, evaluating different basis sets, 
the cc-pVDZ basis set was recommended as an acceptable balance between accuracy and computational 
cost.32 Besides that, a deeper insight of non-covalent interactions were investigated and the cc-pVDZ 
basis set presented higher reliability to study the sodium coordination33 due to its electron correlation level. 
However, augmented basis sets are computationally heavy, and outperformed by less computationally 
heavy options, but better results about energy are more significant.34 Although Pople and minimal basis 
sets are a reasonable choice for exploration, they are not recommended when results require high accuracy 
or quantitative values. But the higher geometric correlation between 3-21G and cc-pvdz basis sets must 
be investigated. Differently, the basis sets LANL2DZ, 6-31G(d,p), 6-31G(d), STO-3G and cc-pvtz showed 
a specific interaction of the sodium ion and the O8 and O20 atoms.

To evaluate different basis sets, the cc-pvdz basis set is recommended as an acceptable balance 
between accuracy and computational cost,32 and a deeper understanding of non-covalent interactions has 
also been studied, and due to its electronic correlation level, the cc-pvdz basis set has higher reliability 
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when studying sodium coordination33 due to its electron correlation level. However, the enhanced basis 
set is computationally intensive, and the less computationally intensive option is better than the more 
computationally intensive one, but the better results regarding energy are more important.34 Obviously, 
the position of Na+ attachment is determined not only by the atomic charge, but also by spatial factors (the 
mutual position of the atomic interaction).35 

CONCLUSIONS
Overall, sucralose exhibits a oxygen-rich structure and the combination of threshold QTOF-MS 

measurements and QCC allowed us to understand why the sodiated sucralose is more stable than 
the protonated one. Comparing theoretical potential energy of protonated and sodiated sucralose, 
the [Suc + Na]+ presented an incomparable lowest one. These results certified the superior chemical 
stability of sodiated sucralose and as the base peak in the mass spectra. From these data, sucralose 
sodium adduct must improve the sensitivity of quantification in MS analysis. Moreover, sucralose 
isotopic distribution enhances the selectivity of precursor ion and TOF-MS or ESI-MS/MS that provides 
exact masses, improving the method accuracy. Consequently, the mass spectral data showed that 
the most stable ion was [Suc + Na]+. Evaluating potential energy, bond lengths and sodium ion 
position of the sodiated sucralose from minimal (STO-3G), Pople (3-21G, 6-31G(d,p), and 6-31G(d)) 
and correlation-consistent (cc-pVDZ and cc-pVTZ) basis sets, the sodium position represented a 
remarkable difference. These basis sets did not present a more significant variance of APT charges 
and bond lengths, specially C9-O8 and C6-O8 bonds, but QCC presented that the oxygen atoms 
O20, O8 and O17 coordinated the approach of the sodium ion, and the basin sets 3-21G and cc-pvdz 
presented higher 3D geometry similarity due to the higher interaction of sodium ion and O8, O20 and 
O17 atoms.
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Super-magnets, materials whose 
strong magnetic activity is an 
attractive differential for the high-
tech industry, may have their 
magnetic performance affected by 
small variations in their chemical 
composition. For example, the 
neodymium and praseodymium 
content can change the 
physicochemical properties of the 
permanent magnets. Aiming at a 
strict chemical quality control, this 
work developed an analytical 

method to quantify the major elements in the materials involved in the production process of didymium (the 
mixture of neodymium and praseodymium) super-magnets. The simultaneous determination of Nd 
(401.225 nm), Pr (414.311 nm), Fe (259.837 nm) and B (249.678 nm) in three different sample types 
(didymium oxide, metallic didymium and (Nd,Pr)-Fe-B alloy) was performed by sample dissolution in acidic 
media, followed by instrumental measurements using an Inductively Coupled Plasma Optical Emission 
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Spectrometer. Linear calibration curves were obtained with high coefficient of determination (0.9983 ≤ R2 
≤ 0.9999) and with appropriate limits for determining these elements at the percentage level, reaching 
detection limits less than 0.07 cg g-1. The precision of the method was improved by weighing of the solutions 
during all the dilution steps and was evaluated by the coefficient of variation associated to instrumental 
precision (0.3 – 0.7%), method intermediate precision (1.9 – 3.1%) and also by the typical mass fraction 
provided as uncertainty (0.04 – 0.20 cg g-1), reaching the pressing need to distinguish the content of the 
rare earth elements in less than 1 cg g-1. The accuracy of the method was assessed by spiked and 
recovery test (96-104% for spikes equal to or greater than 0.50 cg g-1) and also by the use of different 
analytical methods, involving the participation of other laboratories, obtaining an acceptable degree of 
agreement (85 – 107%).

Keywords: Didymium magnets, ICP OES, (Nd,Pr)-Fe-B

INTRODUCTION 
Present in electric motors, wind turbines and data storage devices (hard disk), magnets are indispensable 

in the manufacture of computers, televisions, cell phones, smart watches and other various modern 
electronic devices.1,2 The chemical composition of the magnet directly influences its magnetic performance 
with a consequent impact on the quality of the associated products.3-6 In this context, knowing the major 
chemical composition of magnets contributes to a more efficient quality control in the act of production 
and also helps manufacturers in the high-tech industry to select magnets in order to keep the uniformity of 
these materials, valuing the isonomy of the final products with higher added value.

Although there are several magnet types, those that employ rare earth elements (REE) generally have 
strong magnetic activity,1,7-11 and are often called permanent magnets or super-magnets.2,3 Among the REE, 
the mixture of neodymium and praseodymium (called didymium12,13) is widely used in metal alloys together 
with the elements iron and boron to act as a super-magnet. Currently, the most powerful commercial 
magnets used in the world employ neodymium14 or didymium.15-18

The production chain of metal alloy (Nd,Pr)-Fe-B is briefly summarized into the following steps: (i) in the 
production of didymium oxide (a mixture of neodymium and praseodymium oxides) through a process of 
separation of the ore that contains REE; (ii) the electrolytic reduction of didymium oxide, in order to obtain 
metallic didymium (a solid solution containing neodymium and praseodymium) and (iii) the incorporation 
of elemental iron and boron in the metallic didymium in liquid phase (process carried out under high 
temperatures) to finally obtain the metallic alloy (Nd,Pr)-Fe-B. The chemical composition of the super-
magnets varies according to the application. In general, the typical contents of the elements in this alloy 
ranged around 25-35 cg g-1 of didymium, 0.5-2.0 cg g-1 of boron and 60-75 cg g-1 of iron. According to the 
need for the application, other minority elements can be added.19 

After the production of the metal alloy, the magnet can be obtained by several processes that involve: 
hydrogen embrittlement (or also called hydrogen decrepitation20-22); milling;23 magnetic particle alignment, 
which is induced by an intense magnetic field applied under the material; compaction; sintering and 
appropriate heat treatments, thus giving rise to the super-magnet. 

In order to reduce cost, the chemical composition must minimize the use of REE. However, the reduction 
of REE content may cause alpha iron phase (an allotrope of iron with a body-centered cubic crystalline 
structure) to be present in magnets, which has a negative effect on the desired magnetic properties of the 
super-magnet and hinders further processing steps, such as the hydration and sintering of the alloy.24

Small variations in the Nd and Pr content strongly influence the physicochemical properties of the alloy, 
for this reason studies about alloy development involve minimal variations in the REE content. In this way, 
the chemical characterization of the alloy and the main materials involved in its production process are 
important to achieve the desired properties in these magnetic materials. Therefore, chemical analytical 
methods must be able to distinguish small variations in the concentration of their constituent elements.
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Among the analytical techniques of elemental determination, those that allow direct solid analysis, 
would be ideal for analysing such materials, mainly due to: (i) high analytical frequency, which allows fast 
analysis of solid materials; (ii) the practicality of minimizing the sample treatment step or even eliminating 
it and (iii) the reduction of possible errors inherent in sample handling.25 Currently, the main techniques 
for direct solids analysis include: Laser-Induced Breakdown Spectroscopy (LIBS),26-30 X-ray Fluorescence 
(XRF),31-33 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS),34,35 Graphite 
Furnace Atomic Absorption Spectrometry (GF AAS),36 among others.25 

However, to quantify the analytes most of these techniques require calibrating materials, that is, solid 
standards whose chemical composition is well known with a suitable degree of accuracy and precision in 
a similar matrix to the sample. Unfortunately, to date, such solid standards for the materials involved in the 
production process of super-magnets are not available.

Considering the unavailability of calibrating materials for use in direct analysis of solids and aiming at a 
reliable analytical method to quantify Nd, Pr, Fe and B simultaneously in three different types of samples 
involved in production process of super-magnets (didymium oxide, metallic didymium and (Nd,Pr)-Fe-B 
alloy), this work reports the synthesis of these materials and a simple protocol for the dissolution of the 
sample in diluted acid solutions and subsequent quantification of analytes by Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP OES), an instrumental technique with great potential for reliable 
determination of rare earth elements.3,37-39

The determination of chemical elements in samples of permanent magnets based on rare earths 
by ICP OES is not new, and it is possible to find old articles that mention having performed elemental 
analysis by ICP. However, the description of how to proceed with this chemical measurement task in these 
samples is scarce in the literature. In a world in which the reliability of the results is increasingly necessary, 
this work contributes with a detailed account of a robust method, which provides precise and accurate 
results. For the first time, a complete analytical method is reported to determine the main elements in the 
production chain of didymium permanent magnets. With the intention of establishing a standard method 
to be implemented routinely, the novelty of this work is centered on meeting the quality criteria necessary 
in the production chain of didymium magnets and it stands out for the: (i) high reliability of the results, (ii) 
high precision obtained, which allows to distinguish low contents of rare earth elements and (iii) in the 
evaluation of foreign elements that can be potential interfering species, making this paper act as a guide 
for the development of analytical applications in similar samples.

MATERIALS AND METHODS
Reagents and solutions

Standard solutions of neodymium 100,434 ± 450 mg L-1 (Specsol™), praseodymium 100,497 ± 450 mg 
L-1 (Specsol™), iron 10,027 ± 50 mg L-1 (SPEX CertiPrep™) and boron 1,002 ± 4 mg L-1 (SCP Science™) 
were used as reference solutions for calibration by external standardization.

Neodymium and praseodymium oxides were purchased from HEFA Rare Earth Canada Co.Ltd.™
Nitric acid solution 25% (v/v) was prepared by the slow addition of 25 mL of concentrated acid (65% 

w/w, Merck™) in 75 mL of deionized water.
Hydrochloric acid solution 27% (v/v) was prepared by the slow addition of 27 mL of concentrated acid 

(37% w/w, Merck™) in 73 mL of deionized water. 

Samples and preparation
Three different sample types related to permanent magnets manufacturing process were evaluated 

in this study: (i) didymium oxide, obtained by mixing praseodymium and neodymium oxides; (ii) metallic 
didymium (solid solution containing Nd and Pr), produced in our laboratory by igneous electrolytic reduction, 
using molten lithium fluoride and didymium oxide concentrate and (iii) (Nd,Pr)-Fe-B alloy, prepared with 
the previously produced metallic didymium by the incorporation of iron and boron elements in liquid phase, 
followed by solidification and subsequent strip casting procedure. The samples were stored in an inert 
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atmosphere (argon gas) to prevent oxidation40 and were exposed to atmospheric air only seconds before 
the sample treatment (acid dissolution).

The subsamples were divided in three different test portions (n = 3). Each test portion was weighed 
directly in a conical polypropylene tube (Falcon, Corning™) with a capacity of 50 mL until reaching a mass 
ideally close to the following values: 0.3, 0.4 and 0.5 g for didymium oxide, metallic didymium and (Nd,Pr)-
Fe-B alloy sample, respectively. The real mass value was recorded (considering up to 4 decimal places) 
and then the samples dissolution was started.

In a fume hood, the dissolution of metallic didymium and (Nd,Pr)-Fe-B alloy samples was carried out 
in acidic solutions, containing 15 mL of nitric acid (25% v/v) and 5 mL of hydrochloric acid (27% v/v) for 
each test portion. Also in a fume hood, the didymium oxide was dissolved with 10 mL of concentrated 
hydrochloric acid (37% w/w) and 10 mL of concentrated nitric acid (65% w/w) until the dissolution reaction 
was completed (obtained visually when reaching a translucent colour).

When necessary, in exceptional cases, increments of up to 4 mL of concentrated nitric acid (65% w/w) 
were added, until the dissolution reaction was completed (obtained visually when reaching a translucent 
colour).

The initial mass of each tube was recorded and then after the dissolution step, the volume was completed 
to 50 mL with deionized water. Next, the final dissolved sample was weighed and its mass was recorded 
to calculate the real dilution factor. Using a micropipette and also weighing on the analytical balance, the 
resulting solution (sample dissolved) was diluted by factors of 150, 200 or 250-fold for (Nd,Pr)-Fe-B alloy, 
didymium oxide and metallic didymium, respectively, prior to analysis.

Blank solutions were prepared by adding all the reagents described previously without the samples. All 
solutions were produced in triplicate (n = 3).

ICP OES instrumentation and conditions
Inductively Coupled Plasma Optical Emission Spectrometer (iCap 7400 Duo, Thermo Scientific™) was 

used for chemical analysis. The main conditions used during the ICP OES analysis, such as: (i) nebulizer 
gas flow, (ii) RF generator power, (iii) peristaltic pump frequency and (iv) argon auxiliary gas flow were 
optimized, aiming to achieve the highest signal-to-background ratio, with 14 different parameters sets 
being evaluated. The optimal conditions are summarized in Table I.

Table I. Operational conditions optimized for ICP OES analysis

Parameter Condition
RF generator power 27.12 MHz solid state, operated at 1150 W
Coolant gas flow rate (argon) 12 L min-1

Auxiliary gas flow rate (argon) 0.50 L min-1

Nebulizer type Concentric (glass)
Spray chamber Glass Cyclonic
Nebulizer gas flow 0.50 L min-1

Sample flow rate 1.55 mL min-1 (50 rpm)
View mode Axial
Exposure time 15 s for UV and 5 s for Visible measurements
Replicates 3
Monitored analytical lines Nd II 401.225 nm

Pr II 414.311 nm
Fe II 259.837 nm 
B I 249.678 nm
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Calibration
Calibration curves were constructed with 10 points by diluted standard solutions containing the analytes 

together in the range of 10.0 to 32.5 mg L-1 for neodymium, 0.10 to 10.00 mg L-1 for praseodymium, 30 to 
57 mg L-1 for iron and 0.1 to 1.8 mg L-1 for boron. All dilutions were properly weighed using the analytical 
balance, recording the mass of each concentrated standard added to calculate the concentration of the 
solution accurately.

RESULTS AND DISCUSSION
The main results and the parameters that characterize an analytical method are discussed throughout the 

article, emphasizing: (i) Sample dissolution; (ii) Optical measurements and pixel selection; (iii) Calibration 
and limits of detection and quantitation; (iv) Precision; (v) Accuracy; (vi) Foreign elements and interference 
evaluation and (vii) Comparative analytical methods, advantages and drawbacks.

Sample dissolution
The complete dissolution of the sample was easily reached with the combination of nitric and hydrochloric 

acid, due to its oxidation strength. The concentrations reported in the experimental section were optimized 
to allow a quick and safe dissolution. Since both the metallic didymium and the (Nd,Pr)-Fe-B alloy can 
react violently with the acid mixture, the need to use diluted acids to prevent the release of particles was 
noticed. In contrast, didymium oxide exhibited less reactivity and therefore, its dissolution was affected 
with concentrated acids in a longer time (more than 1 hour). Visual observation indicated that heating in a 
water bath around 90 ºC can accelerate the sample dissolution time by up to 70%.

Although sample treatment is not such a difficult step, the analytes determination by optical spectrometry 
poses some challenges. For example, the high similarity in the electronic structure between the atoms of 
Nd and Pr can cause intense spectral interferences. This requires the use of a high resolution spectrometer, 
that is capable of resolving these interferences or the use of interference correction strategies.3 The high 
amount of iron in the sample is also a challenge, as this is a chemical element known to emit at different 
wavelengths. Therefore, there is also a need to select appropriate wavelengths for measurement, as well 
as to control the content of Fe injected into ICP OES instrument.

Optical measurements and pixels selection
All optical emission measurements were performed in axial view. Although the instrument allows 

measurements in radial view, less sensitivity was obtained in this condition, making it difficult to distinguish 
between small concentrations of the analytes in solution. Tests performed with radial measurements 
required a lower sample dilution factor and, consequently, higher concentrations of the standards in the 
calibration curve to obtain appreciable emission intensities. However, in this condition, the greater number 
of chemical species introduced into ICP OES instrument caused wear of the torch, accumulating a thin 
metallic film on the quartz surface, that hinders the constancy of the plasma and consequently affected 
the long-term stability. Therefore, aiming to keep the analytical performance characteristics stable for a 
long time of operation and also aiming at a longer torch durability, the axial view measurement mode was 
chosen.

Different wavelengths were evaluated for quantitative measurements of Nd (378.425; 386.341; 401.225; 
406.109; 415.608; 430.358 and 489.693 nm), Pr (390.844; 414.311; 417.939; 422.535 and 495.137 nm), 
Fe (233.280; 234.349; 238.204; 239.562; 240.488; 259.837; 261.187 and 371.994 nm) and B (181.837; 
182.591; 182.641; 208.893; 208.959; 249.678 and 249.773 nm). Aiming at high precision quantifications, 
the best wavelengths were chosen based on: (i) greater intensity obtained in the central pixels; (ii) lower 
background observed to the right and left pixels of the emission peak and (iii) lower relative standard 
deviation of replicate measurements (n = 3). Thus, based on these criteria, the wavelengths selected for 
the quantification of Nd, Pr, Fe and B were 401.225, 414.311, 259.837 and 249.678 nm, respectively.
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The emission spectra of the selected wavelengths are shown for a set of calibration solutions in the 
Figure 1. The spectra recorded for the dissolved samples exhibited the same peak shape.

To guarantee the absence of spectral interference mono-elemental standards were analysed 
independently. The results of the emission intensities allowed the calibration with multi-elemental solutions, 
without any spectral interference.

Figure 1. Fragment spectra obtained by ICP OES 
with standard solutions from blank (P0) to high 
calibration standard (P10), showing the peak emission 
for analytes.

According to Figure 1, for the Nd quantification, central pixels corresponding to the range of 401.217 
– 401.233 nm were selected and lateral pixels for subtracting the background in the ranges of 401.176 – 
401.183 nm (left) and 401.250 – 401.257 nm (right). For Pr quantification, central pixels located between 
414.304 – 414.320 nm and lateral pixels at 414.262 – 414.269 nm (left) and 414.347 – 414.355 nm (right) 
were used. The quantification of Fe involved the pixels at 259.833 – 259.843 nm (central), 259.801 – 
259.806 nm (left) and 259.865 – 259.870 nm (right). Boron utilized the following selected pixels: 249.672 
–249.682 nm (central) and 249.708 – 249.713 nm (right), without pixels selected on the left, since residual 
emissions occur on the left side close to the emission peak, due to weak Fe I 249.653 nm emission line.
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Calibration and limits
Linear responses between the emission intensity and the analyte concentration were obtained, 

according to linear regression by the method of least squares. The proper linear fit was confirmed by the 
high coefficient of determination (0.9983 ≤ R2 ≤ 0.9999) and also by the random distribution in the residual 
plots, with less than 4% of bias at each calibration point, as seen in Figure 2. The main parameters, such 
as calibration sensitivity, coefficient of determination and explored linear range are shown in Table II.

Although new calibration approaches41-44 are available, the external calibration with standard solutions 
was chosen in this work due to the high similarity of the aqueous standards with the diluted aqueous 
samples (whose composition is mostly Nd, Pr, Fe and B dissolved in acidic media). The acid concentration 
of the standards was matched with the final acid concentration of the sample (after dilution), to eliminate 
possible matrix differences. 

The lower limit of detection (LLOD) was reported in two ways: Instrument detection limit (IDL) and 
method detection limit (MDL). The IDL refers to the smallest amount of analyte needed to obtain a signal 
significantly different from the blank in ICP OES, this limit was statistically estimated based on the standard 
deviation of 10 consecutive measurements from a blank solution  and considering the calibration 
sensitivity  at 98.3% confidence level45, such that: . The IDL values ranged from 
0.009 to 0.028 mg L-1 and were reported in Table II. Additionally, the MDL considers all dilution steps 
involved in the analytical sequence, providing the minimum detectable amount of analyte as a function 
of the sample mass. The BEC values reported in Table II are equivalent to the average value of nine 
points calculated at different levels of analyte concentration, ranging from 0.011 to 0.044 mg L-1. For all 
analytes, the concentration required to exhibit the same intensity as the background proved to be below 
the instrumental quantitation limit (IQL), this rule out possible errors induced by the background in the 
instrumental measurements within the established limits.

Table II. Instrumental analytical performance characteristics in aqueous solution

Analyte
Calibration 
sensitivitya 
(cps L mg-1)

R2 Exploited linear 
range (mg L-1)

IDL 
(mg L-1)

IQL 
(mg L-1)

BEC 
(mg L-1)

Nd 1.4(±0.3)x10-4 0.9999 10.0 – 32.5 0.022 0.073 0.011

Pr 9.3(±0.2)x10-3 0.9994 0.1 – 10.0 0.009 0.030 0.019

Fe 4.0(±0.2)x10-3 0.9983 30.0 – 57.0 0.026 0.086 0.010

B 3.1(±0.4)x10-3 0.9990 0.1 – 1.8 0.028 0.092 0.044
aSlope values with standard deviation for 10 calibration curves obtained on different days.

Table III shows MDL values for the three different sample types and these limits were below 0.07 cg g-1, 
these values fully satisfy the conditions for quantitative chemical analysis of the samples evaluated in this 
study. Eventually, if necessary, lower MDL values can be achieved by decreasing the dilution factor of the 
samples employed by this method. 

Analogously, the lower limit of quantitation (LLOQ) was reported by the instrumental quantitation limit 
(IQL), ranging from 0.030 to 0.092 mg L-1 and also by the practical quantitation limit (PQL), ranging from 
0.03 to 0.25 cg g-1. These limits refer to the lowest analyte concentration that can be measured with 
reasonable accuracy in aqueous solutions (IQL) and by the proposed method, covering all dilutions steps 
(PQL). Both, IQL and PQL, were estimated as 10/3 x IDL and MDL, respectively.
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Figure 2. Calibration curves for (a) Neodymium, (b) Praseodymium, (c) Iron and (d) Boron 
obtained in ultrapure water containing 2% w/v of nitric acid. The graphs show the intensities 
in the left y-axis and the percentage bias in the right y-axis. Vertical error bars refer to ± 1 
standard deviation of triplicate measurements (n = 3).

All analytical signals were measured in the presence of some degree of background, which can be 
originated from the emission from the plasma and also due to the detector and electronic characteristics. 
To assess the extent of this effect, the background equivalent concentration (BEC) was estimated for each 
wavelength used in analytical measurements by the following equation: , 
where  is the concentration of a standard solution,  is the emission intensity measured for the 
same standard solution and is the intensity of the blank solution. The BEC values ranging from 0.011 to 
0.044 mg L-1, reported in Table III are equivalent to the average value of nine points calculated at different 
levels of analyte concentration. For all analytes, the concentration required to exhibit the same intensity as 
the background proved to be below the instrumental quantitation limit (IQL), this rule out possible errors 
induced by the background in the instrumental measurements within the established limits. 

Table III. Figures of merit for different sample types

Sample type Analyte MDL
(cg g-1)

PQL
(cg g-1)

Mass fraction covered by 
calibration (cg g-1)

Didymium oxide
Nd 0.07 0.25 33.00 – 100.00
Pr 0.03 0.09 0.33 – 33.00

Metallic Didymium
Nd 0.07 0.25 31.25 – 100.00
Pr 0.03 0.09 0.31 – 31.25

(Nd,Pr)-Fe-B
alloy

Nd 0.03 0.09 15.00 – 48.75
Pr 0.01 0.03 0.15 – 15.00
Fe 0.05 0.17 45.00 – 85.50
B 0.04 0.13 0.15 – 2.70
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Precision
The precision of the results provided by the proposed analytical method was evaluated and improved 

in order to obtain results with the least uncertainty possible. The samples related to the production 
chain of super-magnets requires precise quantifications, especially for the REE. Uncertainties greater 
than 1 cg g-1 in the mass fraction of the neodymium or the praseodymium can strongly impact the 
performance of permanent magnets.

Despite the instrumental precision of ICP OES (estimated by successive measurements of a standard 
solution performed in the same condition and on the same day) show a low relative standard deviation 
(RSD) ranging from 0.3 to 0.7% (as seen in Table IV), the precision of the method was initially out of the 
desirable, providing mass fraction results with more than 1 cg g-1 of uncertainty for the neodymium and 
praseodymium elements. Although this uncertainty is suitable for most analytical applications, it implies 
difficulties in the strict quality control of the super-magnets. In order to reduce this uncertainty, the sample 
dilution steps applied during the execution of the method were controlled by weighing.

Traditionally, the adjusting the volume in the solutions is a routine practice in chemistry laboratories, 
being performed visually by the analyst, who has the task of controlling the amount added until the liquid 
reaches the meniscus mark in precision glassware. In this practice, the volume adjustment is subject to 
intrinsic deviations, often insignificant for chemical analysis. However, the propagation of this uncertainty 
inevitably occurs in the method. To minimize the uncertainties arising from the dissolution and dilution of 
the samples, the solutions were weighed on an analytical balance and the recorded masses were used 
to calculate the dilution factor. Although the sample treatment procedure becomes slower, due to the 
additional step of registering all the masses added for each tube, the results were more precise.

The lower uncertainties in analytes mass fraction results were reached due to the fact that the analytical 
balance is one of the most precise and accurate instruments in a chemical laboratory, reaching legibility up 
to four decimal places. Next, the control of the dilution by weighing was applied for all samples and also 
for the calibration solutions.

After minimizing the uncertainty associated with the sample preparation by weighing strategy, the 
method intermediate precision46,47 was assessed by the relative standard deviation (RSD) from the ten 
measurements of the emission intensity obtained with a specific standard solution, prepared and analysed 
on different days by different operators in different locations within the laboratory, using different calibration 
curves and the same instrument (ICP OES). The standard solution containing 42.0 mg L-1 of Nd, 1.0 mg 
L-1 of Pr, 42.0 mg L-1 of Fe and 0.8 mg L-1 of B was strategically selected to faithfully evaluate the method 
intermediate precision, since these concentrations are located in the middle of the linear ranges used for 
calibration curves of the proposed method. It is well known that precision is intrinsically associated with 
the level of analyte concentration,48 with a systematic increase in the relative standard deviation occurring 
as the analyte concentration decreases.49,50 For this reason, the evaluation of the method precision in its 
extreme conditions of the linear range may not reliably represent the expected precision for most samples, 
which ideally are located in the middle of the linear range, especially when the method is well delineated. 
The method intermediate precision values are shown in Table IV and range from 1.4 to 3.1%, showing 
acceptable RSD values, that indicate a relative ease of the method reproduction.

In addition to the method intermediate precision, the typical uncertainty obtained for each analyte in 
mass fraction results (cg g-1) was estimated based on the average of the uncertainties obtained for a 
representative set of samples (n = 80), since it is an average value, eventually some samples may deviate 
from the typical uncertainty reported in Table IV. 

So, the minimum and maximum values of uncertainty obtained with the proposed method for that 
same set of samples are also shown in Table IV. It is worth mentioning that the uncertainty values in mass 
fractions were expressed by the standard deviation obtained in triplicate (n = 3) and do not consider a 
confidence interval. Table IV summarizes the main parameters related to precision. 
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Table IV. Precision assessment to characterize the analytical method and typical values of uncertainty obtained when 
applying the proposed method in real samples

Analyte Instrumental 
Precisiona

Method intermediate 
precisionb

Mass fraction typical 
uncertaintyc (cg g-1)

Mass fraction range 
uncertaintyd (cg g-1)

Nd 0.3% 2.0% 0.20 0.03 – 0.65

Pr 0.7% 3.1% 0.07 0.01 – 0.39

Fe 0.6% 1.4% 0.69 0.02 – 2.54

B 0.6% 1.9% 0.04 0.01 – 0.20
a Relative Standard Deviation (RSD) for 10 consecutive measurements of standard solution in the same day.
b RSD for 10 measurements of standard solution in different days, by different analysts.
c Average of mass fraction uncertainty for 80 samples. Typical uncertainty obtained for samples containing 16-80 cg g-1 of Nd,
 1-26 cg g-1 of Pr, 63-70 cg g-1 of Fe and 0-2 cg g-1 of B.
d Minimum and maximum value of mass fraction uncertainty obtained in final results for 80 samples.

Accuracy
Due to the absence of super-magnet reference materials, the accuracy of the method was evaluated 

in two different ways: (i) by spike analyte and recovery test on the three different sample types and (ii) by 
the comparison of the mass fraction results obtained by proposed method with other laboratories results, 
that applied independent analytical methods to determination a same set of (Nd,Pr)-Fe-B alloy samples. 
The Table V shows the spiked value and recovery percentage of the analytes at six different concentration 
levels. As the spike was performed on the diluted sample, the sum of the analyte concentrations may 
eventually be greater than 100 cg g-1. Spikes equal to or greater than 0.50 cg g-1 exhibited acceptable 
recovery values, ranging from 96 to 104% for all elements. This recovery values attests to the accuracy 
of the method when applied to these matrices. In smaller spikes concentrations (<0.50 cg g-1), recovery 
values ranged from 90 to 140%, which indicates a difficulty of the method in distinguishing concentrations 
below 0.50 cg g-1, especially for Nd, Pr and Fe. It should be noted that the quantification of boron was an 
exception, being able to distinguish contents on the order of 0.05 cg g-1. Although some recovery values 
at 0.05 and 0.10 cg g-1 for Nd, Pr and Fe were suitable for chemical analysis, it is observed that the 
uncertainty obtained is equal to or greater than the spiked concentration value, making it impossible to 
distinguish between those levels. Better recoveries values (96 - 104%) were obtained when considering 
only spikes from 0.50 cg g-1.

For comparison purposes, three samples of (Nd,Pr)-Fe-B alloy (labelled A, B and C) with distinct 
neodymium and praseodymium content, were selected, fractionated and sent to two different chemistry 
laboratories, located in different countries, which applied independent analytical methods to determine the 
main chemical elements. The mass fraction values reported by the invited laboratories were compared with 
the values obtained from the proposed method by a hypothesis test (student t-test) at 95% of confidence 
level. Table VI shows the statistical comparison that for most determinations there was no statistically 
significant difference, this indicates a good agreement between the results from the proposed method 
and those from the invited laboratories. Small differences exist only for the guest laboratory identified by 
the number two (2) that reported the boron element with values statistically different from the others for 
samples A and C, whose calculated t-values (3.56 and 3.55, respectively) were higher than the critical 
t-value (2.78) at 95% confidence level. This small statistical difference reveals a peculiar characteristic for 
boron, whose quantification requires some additional care in relation to the other analytes.

In our laboratory, during method development, we noticed oscillations in the blank intensities for boron. 
A fact that eventually impaired the good linear adjustment of the calibration curves and could influence 
inexact quantification for this element. The intensity oscillation was investigated and was shown to be 
linked to: (i) the purging time with argon required for measurements in the UV range in our ICP OES 
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equipment and (ii) the sample introduction system, including the nebulizer, nebulization chamber and the 
connection to the base of the torch, which are materials made of borosilicate glass that can eventually 
release the boron element and introduce it into the plasma, causing oscillations in the measurement steps 
(especially if the sample contains fluoride in an acid medium). Both situations were solved by adopting two 
simple procedures, which are strongly recommended if this method is implemented in the routine of other 
laboratories: (i) a minimum of four hours purging optics with argon gas prior to ICP OES measurements 
and (ii) washing the sample introduction system with nitric acid solution (10% v/v) followed by abundant 
rinsing with deionized water before instrumental analysis. Despite this small difference for boron, the other 
results are in full agreement and demonstrate a high level of accuracy achieved with the proposed method.
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Table V. Analyte spike and recovery test in the three different sample types at six concentration levels

Sample type Spiked (cg g-1)
Neodymium Praseodymium Iron Boron

Found (cg g-1) Rec (%) Found (cg g-1) Rec (%) Found (cg g-1) Rec (%) Found (cg g-1) Rec (%)

Didymium 
oxide

0.00 61.03 ± 0.23 *** 25.04 ± 0.21 *** < MDL *** < MDL ***

0.05 61.08 ± 0.22 100 25.10 ± 0.18 120 < MDL *** 0.05 ± 0.03a 100

0.10 61.13 ± 0.25 100 25.14 ± 0.15 100 0.09 ± 0.04a 90 0.10 ± 0.02 100

0.50 61.52 ± 0.19 98 25.55 ± 0.12 102 0.49 ± 0.09 98 0.52 ± 0.04 104

1.00 62.01 ± 0.31 98 26.08 ± 0.16 104 1.00 ± 0.15 100 0.99 ± 0.03 99

1.50 62.55 ± 0.23 101 26.56 ± 0.22 101 1.49 ± 0.30 99 1.47 ± 0.12 98

2.00 62.99 ± 0.26 98 27.05 ± 0.20 101 1.96 ± 0.48 98 2.02 ± 0.05 101

Metallic 
didymium

0.00 78.22 ± 0.33 *** 22.41 ± 0.12 *** < MDL *** < MDL ***

0.05 78.28 ± 0.32 120 22.47 ± 0.11 120 < MDL *** 0.05 ± 0.02a 100

0.10 78.33 ± 0.35 110 22.53 ± 0.11 120 0.09 ± 0.05a 90 0.10 ± 0.01 100

0.50 78.74 ± 0.28 104 22.91 ± 0.16 100 0.48 ± 0.09 96 0.51 ± 0.03 102

1.00 79.23 ± 0.22 101 23.44 ± 0.08 103 0.98 ± 0.12 98 1.01 ± 0.02 101

1.50 79.75 ± 0.37 102 23.91 ± 0.22 100 1.53 ± 0.47 102 1.53 ± 0.07 102

2.00 80.21 ± 0.34 99 24.43 ± 0.13 101 1.94 ± 0.57 97 1.98 ± 0.04 99

(Nd,Pr)-Fe-B 
alloyb

0.00 24.29 ± 0.07 *** 6.59 ± 0.13 *** 69.62 ± 0.83 *** 1.07 ± 0.02 ***

0.05 24.34 ± 0.12 100 6.65 ± 0.03 120 69.69 ± 0.85 140 1.12 ± 0.01 100

0.10 24.40 ± 0.10 110 6.70 ± 0.13 110 69.74 ± 0.94 120 1.17 ± 0.01 100

0.50 24.78 ± 0.15 98 7.07 ± 0.14 96 70.14 ± 1.32 104 1.55 ± 0.09 96

1.00 25.31 ± 0.13 102 7.62 ± 0.17 103 70.63 ± 0.97 101 2.06 ± 0.03 99

1.50 25.77 ± 0.20 99 8.12 ± 0.16 102 71.16 ± 0.66 103 2.55 ± 0.02 99

2.00 26.33 ± 0.16 102 8.63 ± 0.19 102 71.59 ± 1.05 98 3.11 ± 0.05 102

aMass fraction value between MDL and PQL (MDL<x<PQL).
bSample analysed by different laboratories, shown in Table VI as “Sample C”.
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Table VI. Comparison of (Nd,Pr)-Fe-B alloy sample determinations and the conclusion of the student t-test at 95% confidence level

Mass fraction (cg g-1) Comparison

Sample Element Guest 
Laboratory 1a

Guest 
Laboratory 2b

Proposed 
Methodc

Student t-test Statistically differentd

(t critical = 2.78) Agreementf (%)

LAB 1 LAB 2 LAB 1 LAB 2

A

Nd 17.6 ± 0.9 17.2 ± 0.8 17.3 ± 0.3 0.55 0.20 Not Not 102 99

Pr 13.7 ± 0.7 14.0 ± 0.7 14.2 ± 0.4 1.07 0.43 Not Not 96 99

Fe 66.9 ± 3.3 not rated 67.0 ± 1.0 0.05 *** Not *** 100 ***

B 1.20 ± 0.06 1.04 ± 0.05 1.16 ± 0.03 1.03 3.56 Not Yes 103 90

B

Nd 30.4 ± 1.5 30.4 ± 1.6 29.3 ± 0.3 1.25 1.17 Not Not 104 104

Pr < 0.4e 0.08 ± 0.01 0.07 ± 0.02 1.43 0.77 Not Not *** 114

Fe 68.0 ± 3.4 not rated 68.4 ± 1.7 0.18 *** Not *** 99 ***

B 1.10 ± 0.06 1.03 ± 0.05 1.03 ± 0.02 1.92 0.00 Not Not 107 100

C

Nd 24.5 ± 1.2 24.5 ± 1.2 24.3 ± 1.3 0.20 0.20 Not Not 101 101

Pr 6.4 ± 0.3 6.3 ± 0.3 6.6 ± 0.4 0.69 1.04 Not Not 97 95

Fe 67.5 ± 3.3 not rated 69.6 ± 5.1 0.60 *** Not *** 97 ***

B 1.10 ± 0.06 0.91 ± 0.05 1.07 ± 0.06 0.61 3.55 Not Yes 103 85
aReported values based on ICP OES measurements.
bReported values based on ICP-MS measurements, employing quadrupole as mass analyser.
cMass fraction values reported by proposed method include the confidence interval with 5% of significance level.
dHypothesis test: If t calculated > t critical, values are statistically different.
eReported values < x, were considered x ± x for the student t-test calculation, ranging from non-existent in the sample (zero concentration) up to double the reported minimum 
detectable concentration limit.
fAgreement calculated by (Guest laboratory result / Proposed method result) 100
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Foreign elements
Foreign chemical elements can be added to metal alloys to improve some specific characteristics 

for the application of permanent magnets,51 for example: Dysprosium (Dy) is usually added to the alloy 
composition aiming to increases the intrinsic coercivity at higher temperatures.33 Other chemical elements 
can be added to the super-magnets such as: Nb,51 Ce,52,53 Tb,54 Ga,55,56 Co,57 Cu,53,58 La,52 Al,58 among 
others. Usually, such elements have a low concentration, not exceeding 5 cg g-1. As they have a different 
chemical nature from the analytes, it is possible that the foreign elements may interfere with the proposed 
analytical method. To assess the applicability of the proposed analytical method in the presence of foreign 
elements, mono-elemental standard solutions of 35 distinct chemical elements were analysed by ICP 
OES and the respective impacts on the analytical signals for the quantification of Nd, Pr, Fe and B were 
evaluated. The relative calibration sensitivity achieved for each foreign element at the monitored analytical 
lines (401.225, 414.311, 259.837 and 249.678 nm) is shown in Figure 3. The interference bias percentage 
values expressed in this figure correspond to the ratio between calibration sensitivity of foreign element 
and the calibration sensitivity of the analyte. As an example, a value of +10% interference bias caused by 
a foreign element in a given analyte makes each 1 cg g-1 of the foreign element in the sample induces an 
error of about +0.1 cg g-1 in the analyte quantification.

According to the results of Figure 3, the main interfering chemical elements in the neodymium quantification 
were: Cerium (+30.4%), europium (-6.4%), titanium (+2.9%), lutetium (+1.0 %) and samarium (-0.9%). In 
these specific cases of interference, alternative wavelengths can be used to quantify neodymium correctly, 
such as: 415.608 nm (good alternative to eliminate spectral interferences from Eu, Sm and Lu) or 406.109 
nm (more suitable wavelength in the presence of cerium and titanium). 

The determination of praseodymium was affected when present in the sample: Dysprosium (+13.5%), 
molybdenum (-6.3%), terbium (-2.5%) and niobium (+1.3%), with alternatives for a reliable measurement 
of praseodymium at 422.293 nm (aiming to eliminate the interferences from Dy and Mo) or at 422.535 nm 
(excellent to avoid spectral interference from Tb and Nb).

The iron characteristic wavelength (259.837 nm) can suffer interference from tantalum (+1.8%) and gold 
(+1.3%), a possible line free from these interferences corresponds to 238.204 nm. However, it is worth 
mentioning that in metallic alloys the impact of interference in the quantification of iron will be minimal, 
since iron is normally a component present in high concentrations in metallic alloys, being considered the 
“diluent” of the alloys, reaching concentrations of up to 70 cg g-1, and in this concentration level the error 
induced by the spectral interference will not be significant.

In the interference evaluation, the quantification of boron was affected only by hafnium (-1.4%). In this 
case, a plausible alternative consists in measure boron at 182.641 nm. The other elements (Al, Ca, Co, Cr, 
Cu, Er, Ga, Gd, Ho, K, La, Li, Mg, Mn, Nb, Pb, Sc, Si, Sn, Tm, V, Yb, Zn and Zr) did not exhibit significant 
interference and therefore do not affect the applicability of this proposed analytical method.

Any spectral interferences that result in a negative bias are explained by optical emissions in regions 
close to those selected for the background calculation. Similarly, the interferences that result in a positive 
bias come from optical emissions that occur close to the central pixel.

Braz. J. Anal. Chem. 2022, 9 (36), pp 124–145.
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Figure 3. Interference chart showing the impact of 
foreign chemical elements in the calibration sensitivity 
of Nd, Pr, Fe and B in the proposed analytical method. 
The interference bias percentage value was calculated 
by the calibration sensitivity of the foreign element 
(estimated from two concentrations: 1 and 10 mg L-1) 
divided by calibration sensitivity of the analyte.

Comparative analytical methods, advantages and drawbacks
Determinations of Nd, Pr, Fe and B in the samples related to the production chain of the permanent 

magnets have been explored by places that contain natural reserves of rare earth elements and that 
consequently dominate the production technology of super-magnets. The main publications related to 
this topic are concentrated in China, a country that exploits rare earth elements. Although many studies 
use chemical analysis to characterize samples related to the production process of super-magnets, few 
articles detail the methods and its figures of merit, parameters that are essential to compare and select 
an appropriate analytical method. Therefore, the scarcity of studies dedicated to the rigorous chemical 
analysis of these materials in the scientific literature hinders the comparison with other analytical methods. 
In this section, the proposed method was compared with another analytical methods that have at least one 
similar matrix or similar analytes that demonstrate a rigorous development. A summary comparison of the 
methods is shown in Table VII.

Two different studies stand out for minimizing sample preparation, proposing a direct analysis of 
magnets in hard disk devices (HD) by WD-XRF59 and LIBS.60 Although such methods have indisputable 
advantages when compared to the proposed method in this paper (that requires sample dissolution), the 
quantification of Nd by WD-XRF shown interference from Pr.59 Such interference was not a problem in the 

Papai, R; da Fonseca, K. T.; de Almeida, G. A.; da Silva, A. L. N.; Nagasima, T. P.; Jabes, E. G.; 
dos Santos, C. A. L.; Landgraf, F. J. G.; Luz, M. S. 
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samples evaluated in the mentioned study, since the concentrations of Pr were lower than the 5 cg g-1,59 
but this is a different reality from that found in the samples related to the production process of didymium 
magnets, whose levels of Pr reached up to 25 cg g-1. Therefore, the interference is a problem of that could 
lead to inadequate results when applied to didymium samples. In addition, both mentioned studies needed 
to know reference values of the analytes in samples for a suitable calibration, requiring to quantify the 
elements from the dissolved samples by ICP OES.59,60

The elemental analysis in HD magnets by ICP OES was proposed by Castro et al.61 This important 
work reports, for the first time, a detailed method of chemical analysis of magnets by wet dissolution, with 
other conditions. When compared, the current work stands out: (i) for the application in different types of 
samples, (ii) for the rigorous studies of precision and accuracy and (iii) for the study of interference that 
allows a wide scope of application of this method. Differentials that highlight this work as an important 
reference in the scientific literature, establishing a standard method for the chemical analysis of magnets 
composed of neodymium and praseodymium.

Proposed by Papai et al. 3 the determination of Nd and Pr was successfully performed in samples of 
metallic didymium and (Nd, Pr)-Fe-B alloy, standing out for employing low resolution atomic emission 
spectrometry with a flame composed of acetylene/nitrous oxide and a mathematical approach to solve the 
spectral interferences. Although this method uses a more accessible spectrometer and less expensive cost 
of analysis when compared to the proposed method in this paper, it has a greater susceptibility to spectral 
interference from other elements, requiring mono-elemental calibrations and a suitable mathematical 
approach before providing the results. Furthermore, only the quantification of the elements Nd and Pr is 
performed, in contrast to the simultaneous quantification of four elements (Nd, Pr, Fe, B) in the proposed 
method.

Thus, the main advantages of the proposed method are: (i) simultaneous determination of Nd, Pr, Fe 
and B; (ii) versatility for application in different sample types related to the production process of super-
magnets; (iii) high reliability of the results; (iv) low susceptibility to spectral interferences with alternatives 
to avoid them completely and (v) low uncertainties provided by triplicate (n = 3).

The main drawbacks to this method are: (i) the need to dissolve samples in an acid medium, whereas 
a faster quantification could be obtained by direct analysis of solids techniques; (ii) cost of analysis, since 
the consumption of argon has a significant impact on the laboratory’s budget and (iii) the need to weigh 
all dilution steps, which requires more time from the analyst. Despite these drawbacks, the method clearly 
meets the needs for strict chemical quality control.

Braz. J. Anal. Chem. 2022, 9 (36), pp 124–145.
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Table VII. Comparison of the current method with others reported in the scientific literature

Analytes Sample type Instrumental 
technique

Sample 
treatment Advantages Drawbacks Ref.

Nd and Pr (Nd,Pr)-Fe-B alloy
Metallic Didymium

F AESa Acidic dissolution
(HNO3 and HCl)

*Accessible spectrometer;
*Low-cost;
*Fast analysis

*Susceptibility to spectral interference;
*Need unusual math approach to
 quantify

(3)

Nd Hard Disk magnets WD-XRFb None or minimal *Direct solid analysis;
*Non-destructive;
*Fast analysis;

*Subject to Pr interference; (59)

Nd, Pr, Fe, B and 
others

Hard Disk magnets LIBSc None or minimal *Direct solid analysis;
*Fast acquisition of complete  spectra;

*Calibration (need for samples
  with known reference values)

(60)

Nd, Pr, Fe, B and 
others

Hard Disk magnets ICP OES Acidic dissolution 
(HNO3 and HCl)

*Simultaneous determination *Need sample dissolution;
*Cost of analysis;

(61)

Nd, Pr, Fe and B (Nd,Pr)-Fe-B alloy
Metallic Didymium
Didymium oxide

ICP OES Acidic dissolution
(HNO3 and HCl)

*Simultaneous determination;
*High reliability;
*Strict and high precision results
 guaranteed
*Low susceptibility to spectral
 interferences;
*Foreign elements evaluation;

*Need sample dissolution;
*Cost of analysis;

This 
work

aFlame Atomic Emission Spectrometry
bWavelength dispersive X-ray Fluorescence
cLaser-Induced Breakdown Spectrometry
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CONCLUSIONS AND OUTLOOKS
The proposed method provided high precision results, with good accuracy and fulfilled the purpose 

of the strict quality control of the permanent magnets materials, solving the pressing need to distinguish 
neodymium and praseodymium concentrations in less than 1 cg g-1. 

The control of the dilution steps by weighing proved to be essential to achieve the low values of 
uncertainty reported in Table IV. Despite the weighing procedure adding an additional step in the 
proposed analytical method, that requires the most time from the analyst, this characteristic should not be 
considered a resistance to routine implementation, since there is a significant gain in improving precision 
and consequently reliability. This gain in reliability is associated with an improvement in the quality and 
performance of the final products since the chemical control throughout the production process impacts 
and guides the production routes to obtain materials within the required specifications.

The method was shown to be versatile, being easily applicable to at least three different sample types 
(didymium oxide, metallic didymium and (Nd,Pr)-Fe-B alloys). 

The analytical method proved to be robust with few potentially interfering foreign elements. In the 
few verified cases of possible interference, alternative wavelengths have been suggested that eliminate 
spectral interferences.

As a perspective, this reported method paves the way for the production of standard materials to be 
applied in other instrumental techniques aimed at direct analysis of solids.
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The 45th Annual Meeting of the Brazilian Chemical 
Society had “Chemistry for Sustainable and 
Sovereign Development” as its Theme

Held from May 31 to June 3, 2022, in Maceió, AL, Brazil, the 45th edition of the Annual Meeting of the 
Brazilian Chemical Society (45th RASBQ) received an audience of 1,100 people. The theme of the 45th 
RASBQ was the culmination of the movement “Chemistry Post 2022 – Sustainability and Sovereignty”, 
which aims to promote reflections on how chemistry can contribute to Brazil’s sustainability and sovereignty. 
To learn more about this interesting movement and watch a video, visit: http://www.sbq.org.br/mqp2022/.

The opening conference entitled “From Fossil to Renewable: Chemistry for Sustainable Development” 
was held by Dr. Claudio José de Araujo Mota, full professor and director of the Institute of Chemistry of the 
Federal University of Rio de Janeiro (IQ-UFRJ), RJ, Brazil. 

45th RASBQ opening conference held by Dr. Claudio J. A. Mota (IQ-UFRJ). 
(Photo: Facebook SBQ)

The opening conference addressed how chemistry can contribute to the sustainable development of 
planet Earth from the industrial revolution, when the use of coal and oil had a positive impact on nature, to 
the environmental issues caused by the increasing use of these sources, which gives rise to research on 
renewable energy sources and inputs for the chemical industry.

People from Brazil and abroad, including students, professors, and researchers in the field of chemistry 
and related areas, had the opportunity to discuss and exchange ideas through lectures, symposia, thematic 
sessions, and work discussions. Important researchers from all areas of Brazilian and international 
chemistry were invited to compose the program schedule.

http://www.sbq.org.br/mqp2022/
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The event took place at the Ruth Cardoso Cultural and Exhibition Center, which has a total area of 48 
thousand square miles, a theater on two levels with 1,251 seats, a parking lot with 600 parking spaces, and 
a pavilion with almost 5 thousand square miles. Due to the health insecurity scenario resulting from the 
COVID-19 pandemic, the last two meetings of the Brazilian Chemical Society (SBQ) were held virtually. 
Upon returning to in person events, the 45th RASBQ returned to the Northeast region of Brazil and was 
held in the city of Maceió, AL for the first time. 

“The choice of the Northeast was made because of the great importance of this region for SBQ, as 
it is home to many chemists who work in educational and research institutions, in addition to the dense 
representation of SBQ members”, explained Fernando de Carvalho da Silva, associate professor at the 
Institute of Chemistry of the Fluminense Federal University, RJ, Brazil, secretary general of the SBQ, and 
chairman of the organizing committee of the 45th RASBQ.

SBQ at Secondary School 
One of the important events taking place within RASBQ is “SBQ at Secondary School”, which provides 

participants from secondary schools with scientific knowledge and experiments that demonstrate how 
important chemistry is for sustainable development and how much it continuously contributes to improving 
people’s lives.

SBQ at Secondary School. (Photo: Facebook SBQ)

Tribute Session
During the 45th RASBQ, the science personalities in Brazil who stood out in 2020, 2021, and 2022 

received awards at the tribute session. The awards given were: the Simão Mathias Medal, the Journal of 
the Brazilian Chemical Society Medal, the Virtual Journal of Chemistry Award, the Fernando Galembeck–
SBQ Innovation Award, the Royal Society of Chemistry–SBQ Young Researcher Award, the Vanderlan da 
Silva Bolzani Award, and the Oswaldo Luiz Alves Award. The winners of the National Writing Competition, 
an initiative aimed at students in basic education with the intention of involving a significant part of the 
Brazilian school community, including chemistry teachers, were also announced.

Another award given was the American Chemical Society (ACS)–SBQ Brazilian Women in Chemistry 
Award, 2022 edition, which is sponsored by the Chemical Abstracts Service (CAS), a division of ACS, and 
the journal Chemical & Engineering News (C&EN).

To learn more about the honorees and winners, visit: http://www.sbq.org.br/45ra/pagina/sessao-
homenagens.php/.

The 45th Annual Meeting of the Brazilian Chemical Society had “Chemistry for Sustainable and Sovereign Development” 
as its Theme

http://www.sbq.org.br/45ra/pagina/sessao-homenagens.php
http://www.sbq.org.br/45ra/pagina/sessao-homenagens.php
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Award Session. (Photo: Facebook SBQ)

Exhibition Area
In addition to all of the knowledge, experiences, and information exchanged, participants also had the 

opportunity to attend the exhibition held by the sponsoring companies. Some of the companies present 
included: Agilent, Allcrom, Bruker, dpUnion, MBRAUN, Metrohm, Nova Analítica, PerkinElmer, Quantum 
Design, Shimadzu, Sigma-Aldrich, and Tescan.

Exhibition Area. (Photo: Lilian Freitas)

Braz. J. Anal. Chem. 2022, 9 (36), pp 147–149.
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Over the last years, there has been a growing awareness to stop global warming and to keep our planet 
healthy. It is clear that we need changes in our way of life and in our technology. We need ideas to use 
energy in a better way. A clear step is the move from combustion engines to electric vehicles. Batteries 
are evolving and Li-ion battery is the chosen technology so far. Consequently, we must understand how to 
improve batteries performance, and the chemical analysis of their components is a necessary step.
Materials for anodes, cathodes and electrolytes should be fully characterized. Microwave-assisted 
digestion has become an essential ally for sample preparation of battery materials before measurements 
by inductively coupled plasma optical emission spectrometry. We are going to demonstrate how the use 
of microwave-assisted closed vessel digestions makes feasible the metal analysis of several components 
used in the Li-ion battery industry. Moreover, this approach led to shorter digestion cycles, using lower 
volumes of reagents and higher temperatures without compromising safety aspects. The implementation 
of Li-ion battery technology aims to a more sustainable world, so a green approach should be taken 
to address this new analytical challenge. The developed procedures are fully compatible with green 
technologies and incorporate green chemistry attributes to improve our environment.

Keywords: Li-ion battery, Microwave-assisted digestion

INTRODUCTION 
Battery is an electrochemical device to store energy and all batteries are composed of two electrodes 

connected by an electrolyte. According to Armand and Tarascon1 “when these electrodes are connected 
by means of an external device, electrons spontaneously flow from the more negative to the more positive 
potential. Ions are transported through the electrolyte, maintaining the charge balance, and electrical energy 
can be taped by the external circuit. In secondary, or rechargeable, batteries, a larger voltage applied in 
the opposite direction can cause the battery to recharge”. Nowadays, Li-ion batteries are the choice to 
power portable electronics and hybrid/full electric vehicles. Nitta et al. stated that “Li-ion batteries have 
an unmatchable combination of high energy and power density”. These authors also listed fundamental 
advantages of Li-ion batteries: Li has the lowest reduction potential of any element and, consequently, Li-
based batteries have the highest possible cell potential.2 They also highlighted that Li is the third lightest 
element and has one of the smallest ionic radii of any single charged ion. These factors are related to the 
high power density of Li-ion batteries.

Processes of charge or discharge of Li-ion battery are based on electrochemical processes involving Li 
ions between these electrodes. Li-ion battery is composed by two electrodes, anode and cathode, and a 
polyolefin-based separator soaked with an electrolyte.

The performance of anode and cathode materials affects Li-ion batteries energy density, safety, and 
lifespan. One important aspect about the performance and lifecycle of these materials is related to their 

http://www.brjac.com.br/artigos/brjac-36-milestone-report.pdf
https://www.milestonesrl.com/resources/milestone-books/ebook-elemental-analysis-of-lithium-ion-battery
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composition and formed decomposition products along their lifetime. It is important to know the chemical 
composition of all components of batteries to better understand aging effects and expand their lifecycle. 
Consequently, chemical analysis is a must for determining stoichiometries of the active materials, their 
changes along charge/discharge cycles and impurities. Nowadays, elemental analysis is frequently based 
on plasma methods. Inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively 
coupled plasma mass spectrometry (ICP-MS) are used depending on the required sensitivity. However, 
despite instrumental alternatives for direct solid analysis, both instrumental methods generally involve 
analysis of solutions introduced by pneumatic nebulization. It means that solid samples, i.e., anode, cathode 
and separator materials of batteries, should be converted in representative solutions before instrumental 
analysis. The sample preparation step exerts a pronounced effect on the quality of analytical results and 
inorganic materials used as electrodes in Li-ion batteries are hardly decomposed. Mixed oxides and 
carbon-containing materials are resistant to chemical attack and special procedures should be developed 
for efficient conversion of these materials in representative solutions.

Nowak and Winter3 emphasized that considering the huge volume of publications it is astonishing 
that the research field of elemental analysis of batteries is in a so-early stage. They also stated that: “…
it is clear already today, that the continuous improvement and adaptation of advanced analysis methods 
will be the key for the accurate chemical analysis of batteries and its components, thus unraveling the 
unanswered degradation mechanisms and those to come.”.

Microwave-assisted digestion methods are applicable and less aggressive reagents can be used at high 
temperatures in closed vessels. Adopting this technology, green digestion procedures can be developed 
for sample preparation and these are fully compatible with the advent of a greener technology for powering 
devices and vehicles.

MATERIALS AND METHODS
Microwave-assisted Acid Digestion 

Sample acid digestion was performed with two types of system based on different microwave 
technologies.

The ETHOS UP is a flexible and high performing platform used for 
elemental analysis. Equipped with easyTEMP contactless sensor, it 
directly controls the temperature of all samples and solutions, providing 
accurate temperature feedback to ensure complete digestion in all vessels 
and high safety. ETHOS UP works with SK-15 rotor capable of high 
temperature (up to 300 °C) and pressure (up to 100 bar). The SK-15 also 
features Milestone’s patented “vent-andreseal” technology for controlling 
the internal pressure of each vessel. This ensures complete, safe and 
reproducible digestions of even the most difficult samples.

The ultraWAVE, developed and patented by Milestone, with Single Reaction 
Chamber (SRC) technology utilizes high-performance stainless steel, allowing to 
reach higher pressures and temperatures (up to 199 bar and 300 °C respectively) 
and to use any type of acids. Disposable vessels eliminate the need to assemble, 
disassemble or clean between processing. Just as important, dissimilar samples 
can be processed simultaneously using any mixture of disposable glass, quartz 
or TFM vials, thus saving time and money. The ultraWAVE is simply the fastest, 
easiest and most efficient digestion system ever made.
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Digestion methods for Spodumene sample

ETHOS UP ultraWAVE

Sample mass 100 mg 100 mg

Final volume 50 mL 50 mL

Reagents 3 mL of H3PO4, 3 mL of H2SO4 and 2 mL of HF (dil 1:3) 1.5 mL of H3PO4, 1.5 mL of H2SO4 and 2 mL of HF (dil 1:3)

Microwave heating program Microwave heating program

Time Temp Power Time T1 T2 Power

1 25 min 230°C 1800 W 1 15 min 280 °C 60 °C 1500 W

2 30 min 230°C 1800 W 2 20 min 280 °C 60 °C 1500 W

Digestion methods for LiFePO4 (LFP) sample

ETHOS UP ultraWAVE

Sample mass 500 mg 500 mg

Final volume 50 mL 50 mL

Reagents 2 mL of HNO3 + 6 mL of HCl 1 mL of HNO3 + 3 mL of HCl

Microwave heating program Microwave heating program

Time Temp Power Time T1 T2 Power

1 25 min 230°C 1800 W 1 15 min 250 °C 60 °C 1500 W

2 15 min 230°C 1800 W 2 20 min 250 °C 60 °C 1500 W

Determination of Metals 
The instrument used for metals and trace metals determination was an inductively-coupled plasma 

optical emission spectrometer (ICP OES), with axial view and equipped with automatic sampler. The 
instrument setup and the operating conditions are reported in Table 1.

Table 1. ICP OES operating parameters 
Parameter Setting 

RF applied power (kW) 1.3

Plasma gas flow rate (L/min) 15

Auxiliary gas flow rate (L/min) 1.5

Nebulizer gas flow rate (L/min) 0.75

Replicate read time (s) 5

Stabilization delay (s) 30

Sample uptake delay (s) 30

Pump rate (rpm) 15

Rinse time (s) 15

Replicates 3

Emission lines (nm) Indicated in each table of data

Tackling sample preparation for elemental analysis in the lithium-ion battery industry
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Spike recoveries and Internal standard Spike standard
Three replicates out of six were spiked with 1000 µL of periodic table mix 1 (solution h) and 2 (solution 

i) for ICP standards respectively, immediately after sample weighing and prior to reagent addition. These 
worked as recovery studies for elemental impurities. The concentration of the spiked elements in the 
final digested solution was 200 µg/L. Internal standard. 10 µg/mL of Yttrium standard (d) was added to 
calibration standards, blanks, digested solutions and, where appropriate, to their dilutions (e.g.: 500 µL of 
Y std added to 50 mL of digested solution). This was used as internal standard to correct matrix effects.

RESULTS AND DISCUSSION 
Spodumene is a pyroxene mineral consisting of lithium aluminum inosilicate (LiAlSi2O6). It is the most 

widely exploited mineral source of lithium (theoretical lithium content = 3.73%). Other lithium-bearing 
pegmatite silicates include lepidolite and petalite. Although in the past industry transitioned to extracting 
lithium from brines, nowadays the exploding demand for lithium has made the exploration for and 
development of spodumene deposits a highly attractive endeavor.

ETHOS UP and UW led to efficient digestions and results using ICP OES did not present any statistical 
difference. Consequently, we have decided not to specify for each set of results the used system because 
both led to accurate data.

Table 2. Major elements in Spodumene sample 
Determined concentration (%) RSD% (n = 6)

Al 396.152 12.9 1.67

Li 670.783 2.95 0.92

Si 251.611 27.9 1.12

Lithium iron phosphate, LiFePO4 (LFP), is extensively used in the lithium-ion battery field as cathode 
material. The main advantages of LFP are its flat voltage profile, low material cost, abundant material 
supply and better environmental compatibility compared to other cathode materials. In fact, LFP contains 
neither nickel nor cobalt, both of which are supply-constrained and expensive. The use of phosphates 
avoids cobalt’s cost and environmental concerns. The purposes of LFP analysis are 1) to determine the 
composition of the main elements (QC/Production) and 2) to evaluate the purity of the raw material (QC/
R&D).

Table 3. Major elements in LiFePO4 (LFP) sample 
Determined concentration (%) RSD% (n = 6)

Li 670.783 4.81 1.38

Fe 238.204 33.9 1.65

P 213.618 20.2 4.01

Ca 396.847 0.47 4.55

K 766.491 0.00844 3.54

Mg 279.553 0.000829 5.80

Na 589.592 0.00557 4.32

Milestone’s Sponsor Report
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Table 4. Impurities and spike recoveries in LiFePO4 (LFP) sample 
Determined 

concentration (µg/L)
RSD% 
(n = 3)

Spiked determined 
concentration (µg/L)

RSD% 
(n=3)

Spike recovery
(%)

Ag 328.068 26.5 21.3 120 7.94 93

Al 237.312 16.6 2.45 121 1.34 105

As 193.696 72.1 10.4 179 1.79 106

Ba 455.403 <MDL 95.8 1.81 96

Be 313.107 <MDL 93.3 3.67 93

Cd 214.439 45.7 11.4 144 2.48 98

Co 238.892 <MDL 94.4 0.86 94

Cr 206.158 38.5 16.2 144 1.78 105

Cu 324.754 <MDL 95.0 0.56 95

Mo 202.032 <MDL 98.4 1.61 98

Ni 231.604 <MDL 91.9 0.68 92

Nb 313.078 <MDL 94.4 1.71 94

Pb 182.143 <MDL 97.3 0.84 97

Ru 240.272 76.9 7.4 169 3.70 93

Sb 206.834 <MDL 93.8 1.30 94

Sr 407.771 <MDL 95.6 3.35 96

Ti 336.122 <MDL 93.1 2.77 93

V 292.401 92.4 2.83 210 4.15 118

Zn 206.200 263 8.35 359 4.63 97
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GOAL
This note demonstrates a fast analytical method for the determination of major and trace elements in 

the ternary cathode material of lithium batteries using the Thermo Scientific™ iCAP™ PRO Series ICP-
OES.

INTRODUCTION
The continuous development of lithium-ion batteries and the research into their materials is at the 

forefront of the energy sector as it moves away from fossil fuels. To regulate the quality of production, the 
Chinese national standard method YS/T 798-2012 was established. All new lithium battery developments 
must meet the requirements of these standards. The ternary material of lithium batteries typically contains 
lithium, nickel, cobalt, and manganese, and potassium aluminate as its cathode material. In recent years, 
lithium batteries using ternary materials as cathode materials have gradually replaced nickel-metal hydride 
batteries, lithium cobalt batteries and lithium-ion phosphate batteries. This is due to the high capacity, good 
cycle stability (battery life), and moderate cost of the new battery type. The proportion and content of the 
main elements in the ternary cathode material can affect the performance and cost of the lithium battery 
significantly and the content of impurities in the ternary material alters the safety of the battery. Therefore, 
the accurate determination and quantification of the main elements, as well as trace impurities in the 
ternary cathode material, becomes particularly important.

EXPERIMENTAL
Standards and sample preparation

A series of calibration standards were prepared to determine the elemental impurities and major 
elements within the lithium battery material. Multi-element standard solutions were prepared by diluting 
single-element stock standards with 2% hydrochloric acid (elements in this solution are listed in Table 2). 
The standard concentrations of analytes defined as impurities were 0, 0.05, 0.10, 0.50, 1.0, and 5.0 mg 
L-1 in a mixed standard solution. To determine the concentration of major elements, calibration standards 
containing lithium at 0, 2, 5, and 10 mg L-1 and Co, Ni, and Mn at 0, 10, 20, and 50 mg L-1 were prepared.

To prepare the sample, an aliquot of 0.25 g of ternary cathode material was weighed into a 
polytetrafluoroethylene beaker. A volume of 10 mL hydrochloric acid (37%, Sinopharm) was added, and 
the mixture was heated on a hot plate for digestion at just below the boiling point of the acid until all 

http://www.brjac.com.br/artigos/brjac-36-thermo-report-AN73872.pdf
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the sample powder dissolved to a clear solution. After the sample cooled, it was transferred to a 50 mL 
volumetric flask and filled to volume with ultrapure water with a resistivity of 18.2 MΩ·cm (Barnstead™ 
water purification system, Thermo Scientific™) A preparation blank was also prepared using the same 
method. For the analysis of elemental impurities, the sample solution was analyzed undiluted, while for the 
analysis of major elements, the sample solution was diluted 50-fold.

Instrument parameters and method optimization
The iCAP PRO XP ICP OES Radial system was selected for the application, the lower detection 

limits offered by the axial view of a dual view system were not required for this application. The system 
utilizes intelligent Full Range (iFR) mode and captures the complete spectrum in the range of 167 to 852 
nm in one exposure. This not only reduces the overall analysis time, but also the operational cost as 
the argon gas consumption is also reduced. The parameters used for the analysis are shown in Table 
1. The standard and the sample solutions were introduced into the plasma to collect the spectral data 
information of all elemental impurities. After data collection was completed, each spectrum was displayed 
by the subarray spectrum overlay functionality of the Thermo Scientific™ Qtegra™ Intelligent Scientific 
Data Solution™ (ISDS) Software (Figure 1). Using the wavelength library in the Qtegra ISDS Software, 
potential interferences can be avoided. The adjustment and optimization of the array position allows for 
more reasonable data collection points.

Table 1. Instrument parameters used for the analysis

Parameter Setting

Peristaltic pump speed 50 rpm

RF power 1150 W

Nebulizer gas 0.6 L min-1

Auxiliary gas 0.5 L min-1

Cooling gas 12 L min-1

Viewing mode Radial

Nebulizer Glass concentric nebulizer

Torch EMT quartz torch

Injector 2.0 mm quartz injector

Spraychamber Glass cyclonic spraychamber

Radial viewing height 10 mm

Exposure time 10 s

Analysis mode iFR
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Figure 1. Spectrum of Pb at 182.205 nm, showing no interference in the central observation area.

RESULTS AND DISCUSSION
The correlation coefficients R2 of the obtained calibration curves were higher than 0.9995 for all analytes, 

indicating excellent linearity of the wavelengths selected (Table 2).

Table 2. Correlation coefficients (R²) determined from calibration curves of each analyte and concentration range

Element and wavelength (nm) Correlation coefficient R² Concentration range (mg L-1)

Al 396.152 0.9997 0–5

As 189.042 >0.9999 0–5

Ba 455.403 >0.9999 0–5

Ca 393.366 >0.9999 0–5

Cd 214.438 >0.9999 0–5

Cr 206.157 >0.9999 0–5

Cu 324.754 >0.9999 0–5

Fe 259.940 >0.9999 0–5

K 766.490 0.9995 0–5

Mg 285.213 >0.9999 0–5

Mo 204.598 >0.9999 0–5

Na 589.592 0.9995 0–5

P 213.618 >0.9999 0–5

Pb 182.205 0.9995 0–5

S 180.731 >0.9999 0–5

Sb 206.833 >0.9999 0–5

Sensitive determination of elements in lithium batteries using the Thermo Scientific iCAP PRO XP ICP OES
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Element and wavelength (nm) Correlation coefficient R² Concentration range (mg L-1)

Si 212.412 0.9995 0–5

Sn 189.989 >0.9999 0–5

Ti 334.941 >0.9999 0–5

V 309.311 >0.9999 0–5

Zn 206.200 >0.9999 0–5

Li 670.791 >0.9999 0–10

Mn 191.510 >0.9999 0–50

Ni 221.647 >0.9999 0–50

Co 228.616 >0.9999 0–50

The unspiked ternary cathode material sample was analyzed for impurities and the results are shown 
in Table 3.

Table 3. Quantification of detected elemental impurities in an unspiked ternary cathode sample as well as 
instrument and method detection limits. <LOD stands for values below the detection limit.
Element and 
wavelength (nm)

Concentration in the solid 
sample (mg kg-1)

Instrument detection limit 
in solution (mg L-1)

Method detection limit 
in solid (mg kg-1)

Al 396.152 1067 0.0098 1.959

As 189.042 2.06 0.0082 1.631

Ba 455.403 19.16 0.0001 0.020

Ca 393.366 62.13 0.0001 0.010

Cd 214.438 0.37 0.0003 0.064

Cr 206.157 1.26 0.0015 0.304

Cu 324.754 1.64 0.0025 0.500

Fe 259.940 18.62 0.0012 0.243

K 766.490 30.85 0.0090 1.808

Mg 285.213 103 0.0006 0.124

Mo 204.598 <LOD 0.0052 1.035

Na 589.592 102 0.0052 1.030

P 213.618 <LOD 0.0054 1.088

Pb 182.205 7.02 0.0142 2.838

S 180.731 805.39 0.0073 1.461

Sb 206.833 <LOD 0.0192 3.835
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Table 2 continued. Correlation coefficients (R²) determined from calibration curves of each analyte and concentration range
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Element and 
wavelength (nm)

Concentration in the solid 
sample (mg kg-1)

Instrument detection limit 
in solution (mg L-1)

Method detection limit 
in solid (mg kg-1)

Si 212.412 65.39 0.0102 2.039

Sn 189.989 2.41 0.0065 1.296

Ti 334.941 4.54 0.0008 0.166

V 309.311 <LOD 0.0014 0.275

Zn 206.200 1.19 0.0007 0.147

The sample was spiked with 1.0 mg L-1 of Al and S and 0.2 mg L-1 of all other elements. The recoveries 
are all in the range of 90% to 110% as shown in Figure 2.

Figure 2. Calculated recoveries (%) for target analytes in the spiked ternary material 
samples. Spiked at 1.0 mg L-1 for Al and S and with 0.2 mg L-1 for all other elements.

A stability test was conducted on the major elements in the sample by analyzing the stability test sample 
every 20 minutes over a period of 2 hours. The RSDs are well below 1% for all analytes and no drift is 
observed (Table 4).

Table 4. Major element concentration (in mg kg-1), average values, standard deviation (SD) 
values as well as repeatability data as % RSD (n=7) of the test sample

Measurement 
Nr/Element Li 670.791 Mn 191.510 Ni 221.647 Co 228.616

1 6.99 11.06 34.56 12.33

2 7.01 11.08 34.07 12.16

3 6.95 11.24 34.54 12.34

4 7.06 11.20 34.66 12.34

Table 3 continued. Quantification of detected elemental impurities in an unspiked ternary cathode sample as 
well as instrument and method detection limits. <LOD stands for values below the detection limit.

Sensitive determination of elements in lithium batteries using the Thermo Scientific iCAP PRO XP ICP OES
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Measurement 
Nr/Element Li 670.791 Mn 191.510 Ni 221.647 Co 228.616

5 7.05 11.17 34.62 12.29

6 7.03 11.11 34.43 12.34

7 6.98 11.21 34.81 12.46

Average 7.01 11.15 34.53 12.32

SD 0.040 0.068 0.234 0.089

RSD% 0.574 0.613 0.677 0.721

CONCLUSION
In this application note, a Thermo Scientific iCAP PRO XP ICP-OES Radial system was used to establish 

a rapid detection method for the determination of major elements and trace impurities in a ternary cathode 
material used in lithium batteries.

For the impurity elements, recovery values of between 90% and 110% were achieved, as calculated 
from the spiked samples. For interferences from complex matrices, such as cobalt-nickel-manganese-
lithium matrix and the spectral interference of elements, such as nickel and manganese, the iCAP PRO 
XP ICP-OES system uses a high-resolution optical system that can obtain accurate test results for each 
element.

All performance specifications meet the testing requirements specified by the national standard method 
YS/T 798-2012.1 The iCAP PRO XP ICP-OES system has an ultra-high sensitivity and stability for the 
detection of elements with characteristic wavelengths in the far ultraviolet region (e.g., S 180.731 nm, Pb 
182.205 nm).

The iCAP-PRO XP ICP-OES system performance for major elements, such as nickel, cobalt, manganese, 
and lithium, demonstrated excellent levels of precision (with % RSD <1%) and accuracy (spike recoveries 
with the range 90% to 110%).

Overall, the analytical solution employed in this study with the iCAP PRO XP ICP-OES system meets 
all analytical requirements for routine or research laboratories that aim to analyze elements in ternary 
materials of lithium batteries.

REFERENCE
1. YS/T 798-2012: China National non-ferrous metal industry standards, Lithium nickel cobalt manganese 

oxide, Ministry of Industry and Information Technology of the People’s Republic of China.
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GOAL
The aim of this application note is to demonstrate the performance of the Thermo Scientific™ TSQ™ 

9610 triple quadrupole mass spectrometer coupled to the Thermo Scientific™ TRACE™ 1610 GC for the 
determination of polybrominated diphenyl ethers (PBDEs) in environmental and food samples. 

INTRODUCTION
PBDEs are classes of polybrominated hydrocarbons existing as mixtures of congeners  with similar 

molecular structures but different chemical and physical properties  (e.g., congeners with lower numbers of 
bromine atoms tend to be more volatile and to  bioaccumulate more than higher brominated congeners).1 
Historically these compounds  were widely used as flame retardants in a variety of products, such as 
plastics, furniture,  upholstery, electrical equipment, electronic devices, textiles, and other household 
products, because of their capability to release bromine radicals that reduce both the  rate of combustion 
and dispersion of fire when exposed at high temperatures.1 These compounds enter the environment 
through emissions from manufacturing processes, volatilization from various products that contain PBDEs, 
recycling wastes, and leachate from waste disposal sites. They are considered ubiquitous persistent 
pollutants as they have been detected in the airborne particulate matter, bonded to sediments, surface 
water, fish, and other marine animals, and therefore represent a risk to human health. As a consequence, 
the use of certain toxic PBDEs with links to cancer and endocrine disruption (including penta-, tetra-, and 
deca-PBDE) have been prohibited, and are currently listed in the Stockholm Convention inventory of 
persistent organic pollutants.2 

There are several challenges associated with the analysis of PBDEs in food and environmental 
samples. Firstly, confident low level of detection must be achieved consistently. This can be difficult due to 
the complexity of the matrices being analyzed. Secondly, as the PBDE congeners have similar structures 
and are isobaric compounds, separating these compounds chromatographically can be difficult without 
extended run times. Analytical laboratories must deliver results to their customers in a timely manner and 
instrument downtime is not acceptable. Traditionally, gas chromatography coupled to either electron capture 
detection (GC-ECD), mass spectrometry (GC-MS), or high-resolution accurate mass mass spectrometry 
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162

Thermo Fisher Scientific’s Sponsor Report

(GC-HRMS) is the technique of choice for analysis of PBDEs. Combining with triple quadrupole mass 
spectrometry (GC-MS/MS), with its high selectivity in removing interferences from the matrix that can lead 
to false positive erroneous results, yields sensitivity for detection of PBDEs at ultra-trace levels. 

In this study, the TSQ 9610 triple quadrupole GC-MS/MS was used for the determination of PBDEs 
in fish oil and environmental (water and soil) samples. The Thermo Scientific™ TraceGOLD™ PDBE 
column was tested for chromatographic separation of the isobaric congeners; whereas selected reaction 
monitoring (SRM) acquisition mode ensured appropriate selectivity and sensitivity when matrix samples 
were analyzed. Linearity and instrument detection limits (IDLs) were assessed in the experiments for all 
compounds as well as an extended robustness study over n=100 injections of matrix samples to assess 
the reproducibility of the detection of trace levels of PDBEs. 

EXPERIMENTAL
In the experiments described here, a TSQ 9610 triple quadrupole mass spectrometer equipped with a 

Thermo Scientific™ NeverVent™ Advanced Electron Ionization (AEI) ion source was coupled to a TRACE 
1610 gas chromatograph equipped with a Thermo Scientific™ iConnect™ programmable temperature 
vaporizing (iConnect-PTV) injector and a Thermo Scientific™ AI/AS 1610 autosampler. The TRACE 1610 
GC with its instant connect injector and detector modules allows for the reconfiguration of the instrument to 
adapt to different workflows in minutes. The NeverVent technology allows for ion source cleaning, filament 
replacement, and column exchange without breaking instrument vacuum, therefore ensuring minimum 
downtime to the laboratory workflow. The AI/AS 1610 GC ensures ease-of-use and cost-effectiveness for 
high-throughput laboratory work.

Chromatographic separation was achieved on a TraceGOLD TG-PBDE capillary column, 15 m × 0.25 
mm × 0.10 μm (P/N 26061-0350). The TraceGOLD PDBE column has been developed to ensure fast 
analysis of PBDE with excellent separation of isobaric congeners (PBDE-49 and PBDE-71), exceeding 
the U.S. EPA Method 16143 resolution criteria, coupled to a thin film phase and high thermal stability 
(maximum temperatures up to 360 ˚C) for faster elution of high boiling point PBDEs (e.g., PBDE-209) with 
improved peak shapes. 

Additional GC-MS/MS and autosampler parameters as well as a complete list of the target compounds 
are detailed in Table 1 and Appendix 1, respectively.

Table 1. GC-MS/MS and autosampler experimental conditions for the analysis of PBDEs

AI/AS 1610 Autosampler parameters iConnect-PTV parameters

Injection type Standard Injection temperature (˚C) 65

Sample mode Standard Liner PTV 6 baffle Siltek™ liner

Fill strokes 10 Inlet module and mode PTV, splitless

Sample depth Bottom Injection time (min) 0.1

Injection mode Fast Transfer rate (˚C/s) 5.0

Pre-injection delay time (s) 0 Transfer temperature (˚C) 330

Post-injection delay time (s) 0 Transfer time (min) 1.50

Pre-injection wash cycles 0 Cleaning rate (˚C/s) 14.5

Pre-injection solvent wash vol. (μL) 6.0 Cleaning temperature (˚C) 330

Post-injection wash cycles 4 Cleaning time (time) 5.00

Pre-injection solvent wash vol. (μL) 6.0 Cleaning split flow (mL/min) 75
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AI/AS 1610 Autosampler parameters iConnect-PTV parameters

Sample wash cycles 1 Post cycle temperature Maintain

Sample wash volume (μL) 1.0 Split flow (mL/min) 50

Injection volume (μL) 1.0 Septum purge flow (mL/min) 5, constant

Carrier gas, flow (mL/min) He, 1.5

TRACE 1610 GC parameters TSQ 9610 Mass Spectrometer parameters

Oven temperature program Transfer line temperature (˚C) 300

Temperature (˚C) 100 Ion source type and temp. (˚C) NeverVent AEI, 300

Hold time (min) 2.00 Ionization type EI

Rate (˚C/min) 30 Emission current (μA) 50

Temperature 2 (˚C) 330 Aquisition mode timed-SRM

Hold time (min) 3
Q1 and Q3 resolution Mono-hepta BDE normal 

(0.7 amu); Octa-deca BDE 
wide (1.2 amu)

GC run time (min) 12.67 Tuning parameters AEI Smart Tune

Column TraceGOLD TG-PBDE 15 m, 0.25 mm, 
1.0 μm (P/N 
26061-0350)

Collision gas and pressure (psi) Argon at 70

Data acquisition, processing, and reporting
Data was acquired, processed, and reported using the Thermo Scientific™ Chromeleon™ 

Chromatography Data System (CDS) software, version 7.3. Integrated instrument control ensures 
full automation of the analytical workflow combined with an intuitive user interface for data analysis, 
customizable reporting, and storage in compliance with the Federal Drug Administration Title 21 Code of 
Federal Regulations Part 11 (Title 21 CFR Part 11). In particular, PBDE quantitative analysis requires the 
use of use of isotope dilution, this feature is available in Chromeleon CDS from software version 7.2.9 
onwards.

Standard and sample preparation 
Standard preparation

A calibration solution kit at five calibration levels (CS1 to CS5) containing native as well as 13C mass-
labeled PBDE congeners and mass-labeled PBDE internal standards was purchased from Wellington 
Laboratories, Inc. (P/N BDE-CVS-G). The lowest calibration level (CS1) was furtherly diluted 1:2 and 1:4 
in nonane to expand the calibration curve from 0.25 to 2,000 ng/mL. For the calculation of IDLs, standard 
solutions ranging from 0.03 to 1.25 ng/mL were prepared by serially diluting the 1:4 CS1 calibration 
standard. 

Sample preparation
Water, soil, and fish oil samples were extracted and provided by Pacific Rim Laboratories Inc., Canada. A 

schematic of the sample preparation workflow is reported in Figure 1. Samples were dried before shipment 
and reconstituted with 50 μL of nonane, sonicated in the ultra-sonic bath for few minutes and vortexed 
before injection into the chromatographic system.

Low-level consistent analysis of PBDEs in environmental and food matrices using triple quadrupole GC-MS/MS
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Figure 1. Sample preparation procedure for aqueous, solid, semi-solid and multi-phase samples

RESULTS AND DISCUSSION
Chromatography

The high selectivity of the TraceGOLD TG-PBDE capillary column ensured the chromatographic 
resolution of the target analytes in less than 13 minutes, including the isobaric congeners PBDE-49/PBDE-
71 for which the calculated resolution was 5% at the valley height, therefore exceeding the U.S. EPA 
Method 1614 requirement of less than 40%.3 Moreover, Gaussian peak shape was achieved for the high 
molecular weight compounds PBDE-209 (MW=952.2) with a calculated asymmetry factor of 1.1 as shown 
in Figure 2. 

Figure 2. t-SRM acquisition showing baseline chromatographic separation for the investigated 
compounds in CS1 solvent standard (1.0–5.0 ng/mL). The insets highlight the resolution on the critical 
pairs and the calculated asymmetry factor for the high boiling point congeners (PBDE-209).

The timed-selected reaction monitoring (t-SRM) acquisition method allowed high selectivity to 
discriminate between the target compounds and the complex matrix, thus ensuring a confident and selective 
identification of analytes. As an example, environmental and fish oil samples total ion chromatograms (TIC) 
acquired in EI, full-scan (FS, m/z 40–1,000) showing the complexity of the matrices and the selectivity of 
the SRM acquisition are reported in Figure 3.

Thermo Fisher Scientific’s Sponsor Report
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Figure 3. TIC (FS: m/z 40–1,000) and SRM acquisitions for environmental (A-left traces) 
and fish oil (B-right traces) sample extracts containing PBDEs showing the complexity of 
the matrices (FS acquisition) and the selectivity of the SRM acquisition.

Linearity, instrument detection limit (IDL), and limitof quantitation (LOQ)
The TSQ 9610 NeverVent AEI is equipped with theThermo Scientific™ XLXR™ detector, which is an 

electronmultiplier that offers extended detector lifetime and dynamic range. Calibration curves ranging from 
0.25 to 2,000 ng/mLwere prepared as detailed in the Standard preparation section. Each calibration level 
was injected in triplicate. Native PBDE congeners were quantified using their corresponding isotopes using 
isotope dilution quantitation. The target analytes showed a linear trend with coefficient of determination 
(R2)>0.990 and residual values (measured as %RSD of average response factors, AvCF %RSD) <15%, 
thus confirming a wider linear range canbe easily achieved as reported in Appendix 2. Full range calibration 
curves for PBDE-47 (0.25–400 ng/mL), PBDE-183(0.5–800 ng/mL) and PBDE-209 (1.25–2,000 ng/mL) as 
wellas zoomed detail (0.25–5.0 ng/mL, 0.5–10.0 ng/mL, and 1.25–25.0 ng/mL, respectively) are shown as 
an example in Figure 4.

Low-level consistent analysis of PBDEs in environmental and food matrices using triple quadrupole GC-MS/MS
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Figure 4. Example of solvent (nonane) calibration curves for PBDE-47 (full range: 0.25–400 ng/mL, zoomed detail: 
0.25–5.0 ng/mL), PBDE-183 (full range: 0.5–800 ng/mL, zoomed detail: 0.5–10.0 ng/mL) and PBDE-209 (full range: 
1.25–2,000 ng/mL, zoomed detail: 1.25–25.0 ng/mL). Each calibration level was injected in triplicate. Coefficient of 
determination (R2) and AvCF %RSD are annotated.

The instrument detection limit was determined for all the target compounds by injecting (n=10) 
solvent standards ranging from 0.03 to 1.25 ng/mL, corresponding to 1.5 pg/L to 62.5 pg/L in 
water samples and 0.15 to 6.25 ng/kg in soil and fish oil samples. IDLs were calculated taking 
into account the one-tailed Student’s t-test values for the corresponding n-1 degrees of freedom 
at 99% confidence, the concentration, and the absolute peak area %RSD (<15%) for each 
analyte. Calculated IDLs ranged from 5 fg to 122 fg on column (OC) corresponding to 0.25 pg/L 
to 6.10 pg/L for water samples and 0.025 to 0.61 ng/kg for soil and fish oil samples (Figure 5). 

Figure 5. Calculated IDLs and LOQs for all investigated PBDEs. Calculated IDLs ranged from 5 fg to 122 fg on 
column (OC), corresponding to 0.25 pg/L to 6.10 pg/L for water samples and 0.025 to 0.61 ng/kg for soil and fish oil 
samples. Calculated LOQs ranged from 0.03 to 1.25 ng/mL, corresponding to 1.5 pg/L to 62.5 pg/L in water samples 
and 0.15 to 6.25 ng/kg in soil and fish oil samples.
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The standard concentration for which (i) the ion ratios were within ±30% of the expected values 
calculated as an average across a calibration curve ranging from 0.25 to 2,000 ng/mL, (ii) the absolute 
peak area repeatability was <15 %RSD, and (iii) the relative response factor (RRF) was within ±30% of 
that calculated from the average of the calibration was chosen as the LOD for individual PBDEs. The 
calculated LOQ, as well as ion ratios, peak area %RSD, and RRF for the investigated compounds are 
detailed in Appendix 3. Examples of the consistency of the RRF for some selected PBDEs are shown in 
Figure 6.

Figure 6. Examples of the consistency of the RRF for some selected PBDEs. The RRF was within ±30% of that 
calculated from the average of the calibration. The amber dotted lines represents the acceptance limits.

Robustness
Analytical testing laboratories need to process a high number of samples every day; therefore, it is 

critical that the instrument performs consistently. Mass calibration and resolution tuning are two of the most 
important aspects ensuring system performance. The Thermo Scientific™ SmartTune™ feature allows 
the user to check the tune status of the system with a few mouse clicks in an easy and quick fashion. 
Instrument robustness for everyday analysis and quantitative performance was evaluated by repeatedly 
injecting various environmental and fish oil extracts (n=100). A quality control standard in nonane (QC) 
at a concentration of 5.0–25.0 ng/mL was injected in duplicate every 10 samples to monitor the system 
stability. The SmartTune feature was used to check the instrument status at the beginning, middle, and 
end of the sequence. It uses the MS parameters established during the initial tuning with a clean source 
and intelligently assesses the performance of the system, only re-tuning when MS performance has 
been compromised. No inlet or MS maintenance or any re-tuning was required during the robustness 
evaluation. The QC showed stable response across the injections with ion ratios consistently within 30% of 
the calculated average from the calibration curve and QC normalized peak area %RSD <20% (Figure 7).

Low-level consistent analysis of PBDEs in environmental and food matrices using triple quadrupole GC-MS/MS
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Figure 7. QC normalized peak area %RSD across a sequence of n=100 injections of various environmental 
and fish oil extracts.

CONCLUSION
The results obtained in these experiments demonstrate that the TSQ 9610 mass spectrometer equipped 

with the NeverVent AEI ion source in combination with the TRACE 1610 GC and the AI/AS 1610 liquid 
autosampler delivers consistent and reliable analytical performance for analysis of PBDEs in environmental 
and food samples.

•	 The high selectivity of the TraceGOLD TG-PBDE column ensured chromatographic separation of 
the target analytes in less than 12 minutes. Calculated resolution of the isobaric congeners PBDE-49 / 
PBDE-71 was 5% at the valley height, therefore exceeding the U.S EPA Method 1614 requirement of less 
than 40%. Furthermore, the thin film phase and high thermal stability (maximum temperatures of 360 ˚C) 
of the capillary column ensured elution of the high boiling point PBDEs (e.g., PBDE-209) with improved 
peak shapes.

•	 The XLXR detector allowed for extended linearity over a concentration range of 0.25 to 2,000 ng/
mL with coefficient of determination of R2>0.99 and AvCF %RSDs <20. Moreover, the Chromeleon CDS 
advanced reprocessing capability allowed for isotope dilution quantitative analysis.

•	 The engineered design and the improved sensitivity of the NeverVent AEI ion source allowed for 
low instrument detection limits ranging from 5 fg to 122 fg OC, corresponding to 0.25 pg/L to 6.10 pg/L for 
water samples and 0.025 to 0.61 ng/kg for soil and fish oil samples, with calculated LOQ ranging from 1.5 
pg/L to 62.5 pg/L in water samples and 0.15 to 6.25 ng/kg in soil and fish oil samples. Ion ratios and RRF 
were within ±30% of the expected values calculated as an average across a calibration curve even at such 
low analyte concentrations.

•	 The enhanced robustness and reliability of the AI/AS 1610 liquid autosampler combined with the 
efficient transfer of the analyte through the PTV injector, the inertness of the flow path, and the stability of 
the NeverVent AEI ion source allowed for n=100 matrix injections without requiring any system re-tuning 
or maintenance of the MS or inlet.

REFERENCES
1. United States Environmental Protection Agency, U.S. EPA, Technical Fact Sheet – Polybrominated 

Diphenyl Ethers (PBDEs), November 2017. https://www.epa.gov/sites/default/files/2014-03/documents/
ffrrofactsheet_contaminant_perchlorate_january2014_final_0.pdf

Thermo Fisher Scientific’s Sponsor Report

https://www.epa.gov/sites/default/files/2014-03/documents/ffrrofactsheet_contaminant_perchlorate_january2014_final_0.pdf
https://www.epa.gov/sites/default/files/2014-03/documents/ffrrofactsheet_contaminant_perchlorate_january2014_final_0.pdf


169

2. Guidance for the inventory of polybrominated diphenyl ethers (PBDEs) listed under the Stockholm 
Convention on POPs. http://chm.pops.int/Implementation/NationalImplementationPlans/Guidance/
GuidancefortheinventoryofPBDEs/tabid/3171/Default.aspx

3. United States Environmental Protection Agency, U.S. EPA, Method 1614A Brominated Diphenyl Ethers 
in Water, Soil, Sediment, and Tissue by HRGC/HRMS, May 2010. https://www.epa.gov/sites/default/
files/2015-08/documents/method_1614a_2010.pdf

Appendix 1. List of target analytes, retention times (RT, min), and quantifier and qualifier ions (m/z)

Compound RT (min) Quantifier ion (m/z) Qualifier 1 ion (m/z) Qualifier 2 ion (m/z)

PBDE-3 4.37 248.00/141.20 250.00/115.10 250.00/141.10

PBDE-3L C13 4.37 260.00/124.20 260.00/152.20 262.00/152.20

PBDE-7 5.26 325.90/139.20 325.90/168.20 327.90/168.20

PBDE-15 5.49 325.90/139.20 325.90/168.20 327.90/168.20

PBDE-15L C13 5.49 337.90/180.20 339.90/150.20 339.90/180.20

PBDE-17 6.16 405.80/139.20 405.80/246.10 407.80/248.10

PBDE-28 6.25 405.80/139.20 405.80/246.10 407.80/248.10

PBDE-28L C13 6.25 417.80/150.20 417.80/258.10 419.80/260.10

PBDE-49 6.85 483.70/217.10 483.70/326.00 485.70/325.90

PBDE-71 6.88 483.70/217.10 483.70/326.00 485.70/325.90

PBDE-47 6.97 483.70/217.10 483.70/326.00 485.70/325.90

PBDE-47L C13 6.97 495.70/336.00 495.70/338.00 497.70/338.00

PBDE-79L C13 7.02 495.80/228.10 497.80/230.10 497.80/338.00

PBDE-66 7.07 483.70/217.10 483.70/326.00 485.70/325.90

PBDE-77 7.21 483.70/217.10 483.70/326.00 485.70/325.90

PBDE-100 7.48 403.80/137.10 563.60/403.80 565.60/405.90

PBDE-100L C13 7.48 575.70/307.90 575.70/415.50 577.70/415.90

PBDE-119 7.54 403.80/137.10 563.60/403.80 565.60/405.90

PBDE-99 7.63 403.80/137.10 563.60/403.80 565.60/405.90

PBDE-99L C13 7.63 575.70/307.90 575.70/415.50 577.70/415.90

PBDE-85 7.89 403.80/137.10 563.60/403.80 565.60/405.90

PBDE-126 7.93 403.80/137.10 563.60/403.80 565.60/405.90

PBDE-126L C13 7.93 575.70/307.90 575.70/415.50 577.70/415.90

PBDE-154 8.03 641.50/481.70 641.50/483.70 643.50/483.70

PBDE-154L C13 8.03 653.60/493.80 653.60/495.80 655.60/495.80

PBDE-153 8.22 483.70/323.90 641.50/481.70 641.50/483.70

PBDE-153L C13 8.22 653.60/493.80 653.60/495.80 655.60/495.80

PBDE 138L C13 8.48 495.70/336.00 653.60/493.80 653.60/495.80

PBDE-138 8.48 641.50/481.70 641.50/483.70 643.50/483.70

Low-level consistent analysis of PBDEs in environmental and food matrices using triple quadrupole GC-MS/MS

http://chm.pops.int/Implementation/NationalImplementationPlans/Guidance/GuidancefortheinventoryofPBDEs/tabid/3171/Default.aspx
http://chm.pops.int/Implementation/NationalImplementationPlans/Guidance/GuidancefortheinventoryofPBDEs/tabid/3171/Default.aspx
https://www.epa.gov/sites/default/files/2015-08/documents/method_1614a_2010.pdf
https://www.epa.gov/sites/default/files/2015-08/documents/method_1614a_2010.pdf
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Compound RT (min) Quantifier ion (m/z) Qualifier 1 ion (m/z) Qualifier 2 ion (m/z)

PBDE-156 8.58 641.50/481.70 641.50/483.70 643.50/483.70

PBDE-184 8.7 721.40/561.60 721.40/563.60 723.40/563.50

PBDE-183 8.78 721.40/561.60 721.40/563.60 723.40/563.50

PBDE-183L C13 8.78 733.50/573.70 733.50/575.70 735.50/575.70

PBDE-191 8.93 721.40/561.60 721.40/563.60 723.40/563.50

PBDE-197 9.43 641.50/481.70 799.30/639.40 801.30/641.50

PBDE-197L C13 9.43 811.40/651.40 813.40/653.70 813.40/655.20

PBDE-196 9.54 641.50/481.70 799.30/639.40 801.30/641.50

PBDE-207L C13 10.17 733.50/573.60 891.30/731.20 893.30/733.20

PBDE-207 10.17 879.30/719.20 879.30/721.30 881.30/721.30

PBDE-206L C13 10.3 733.50/573.60 891.30/731.20 893.30/733.20

PBDE-206 10.3 879.30/719.20 879.30/721.30 881.30/721.30

PBDE-209 11.26 797.30/637.30 797.30/639.40 799.50/639.20

PBDE-209L C13 11.26 809.40/649.80 811.40/651.30 971.20/811.30

Appendix 2. List of target analytes, calibration ranges, calculated coefficient of determination (R²), and residual 
values (measured as %RSD of average response factors, AvCF %RSD)

Peak name Retention time 
(min)

Calibration range 
(ng/mL)

Coefficient of 
determination (R²) AvCF %RSD

PBDE-3 4.37 0.25–400 0.9974 9.9

PBDE-7 5.26 0.25–400 0.9968 6.9

PBDE-15 5.49 0.25–400 0.9977 7.0

PBDE-17 6.15 0.24–384 0.9990 5.0

PBDE-28 6.25 0.25–400 0.9990 3.5

PBDE-49 6.85 0.25–400 0.9946 7.4

PBDE-71 6.88 0.25–400 0.9984 7.0

PBDE-47 6.97 0.25–400 0.9990 4.5

PBDE-66 7.07 0.25–400 0.9965 7.1

PBDE-77 7.22 0.25–400 0.9920 8.9

PBDE-100 7.48 0.25–400 0.9986 5.4

PBDE-119 7.54 0.25–400 0.9963 7.2

PBDE-99 7.63 0.25–400 0.9990 4.4

PBDE-126 7.89 0.25–400 0.9913 8.6

PBDE-85 7.93 0.25–400 0.9943 14.4

PBDE-154 8.03 0.50–800 0.9903 8.9

PBDE-153 8.22 0.50–800 0.9974 4.4

Thermo Fisher Scientific’s Sponsor Report

Appendix 1 continued. List of target analytes, retention times (RT, min), and quantifier and qualifier ions (m/z)
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Peak name Retention time 
(min)

Calibration range 
(ng/mL)

Coefficient of 
determination (R²) AvCF %RSD

PBDE-138 8.48 0.50–800 0.9991 5.1

PBDE-156 8.58 0.50–800 0.9984 7.1

PBDE-184 8.70 0.50–800 0.9953 8.6

PBDE-183 8.78 0.50–800 0.9994 5.1

PBDE-191 8.93 0.50–800 0.9924 7.3

PBDE-197 9.43 0.50–800 0.9925 7.3

PBDE-196 9.54 0.50–800 0.9993 4.7

PBDE-207 10.17 1.25–2,000 0.9930 5.9

PBDE-206 10.30 1.25–2,000 0.9949 6.2

PBDE-209 11.26 1.25–2,000 0.9990 6.1

Appendix 3. Calculated IDLs (fg OC), LOQs (ng/mL), as well as ion ratios (IR, expected and measured), peak area 
%RSD, and RRF at calculated LOQ for the investigated compounds

Peak name Quantification 
ion

Injected 
amount 
(pg OC)

Peak area 
%RSD (n=10)

Expected 
IR

Average 
measured IR

Calculated 
IDL (fg OC)

Calculated 
LOQ (ng/mL)

PBDE-3 248.00/141.20 0.06 6.1 46 44 5 0.06

PBDE-7 325.90/139.20 0.06 9.6 430 444 12 0.06

PBDE-15 325.90/139.20 0.06 13.5 120 115 11 0.06

PBDE-17 405.80/139.20 0.03 10.9 133 139 6 0.03

PBDE-28 405.80/139.20 0.03 9.0 158 156 8 0.03

PBDE-49 483.70/217.10 0.25 5.9 178 174 12 0.25

PBDE-71 483.70/217.10 0.25 7.1 182 193 11 0.25

PBDE-47 483.70/217.10 0.12 9.6 160 160 12 0.12

PBDE-66 483.70/217.10 0.12 12.4 197 184 11 0.12

PBDE-77 483.70/217.10 0.25 8.2 43 44 11 0.25

PBDE-100 403.80/137.10 0.06 13.6 116 122 14 0.06

PBDE-119 403.80/137.10 0.06 10.1 75 70 8 0.06

PBDE-99 403.80/137.10 0.06 13.1 92 91 8 0.06

PBDE-126 403.80/137.10 0.12 11.3 85 85 10 0.12

PBDE-85 403.80/137.10 0.25 6.4 183 168 9 0.25

PBDE-154 641.50/481.70 0.25 11.5 75 78 28 0.25

PBDE-153 483.70/323.90 0.25 7.0 86 86 28 0.25

Low-level consistent analysis of PBDEs in environmental and food matrices using triple quadrupole GC-MS/MS

Appendix 2 continued. List of target analytes, calibration ranges, calculated coefficient of determination (R²), and 
residual values (measured as %RSD of average response factors, AvCF %RSD)
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Peak name Quantification 
ion

Injected 
amount 
(pg OC)

Peak area 
%RSD (n=10)

Expected 
IR

Average 
measured IR

Calculated 
IDL (fg OC)

Calculated 
LOQ (ng/mL)

PBDE-138 641.50/481.70 0.50 6.2 77 75 88 0.50

PBDE-156 641.50/481.70 0.50 7.4 81 79 122 0.50

PBDE-184 721.40/561.60 0.50 6.1 50 51 17 0.50

PBDE-183 721.40/561.60 0.25 9.2 49 51 27 0.25

PBDE-191 721.40/561.60 0.25 10.8 50 53 25 0.25

PBDE-197 641.50/481.70 0.50 8.2 172 138 116 0.50

PBDE-196 641.50/481.70 0.50 7.1 139 115 98 0.50

PBDE-207 879.30/719.20 1.25 7.5 50 48 43 1.25

PBDE-206 879.30/719.20 1.25 7.3 48 46 49 1.25

PBDE-209 797.30/637.30 1.25 7.3 57 58 82 1.25

This sponsor report is the responsibility of Thermo Fisher Scientific.

Thermo Fisher Scientific’s Sponsor Report

Appendix 3 continued. Calculated IDLs (fg OC), LOQs (ng/mL), as well as ion ratios (IR, expected and measured), 
peak area %RSD, and RRF at calculated LOQ for the investigated compounds
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Ethos UP High Performance Microwave Digestion Systems
 The new ETHOS UPTM is simply the most advanced yet easy to 
use system for microwave sample preparation we have ever 
manufactured. It offers a perfect integration between microwave 
hardware, user interface, digestion sensors and pressure vessels.

The Largest Stainless-Steel Microwave Cavity
The microwave cavity has a volume of over 70 liters, the largest 

currently available. Therefore, digestion rotors with more sample 
places can be accommodated, incresing both productivity and 
sample throughput. Secondly, it improves the inherently safety 
because a larger cavity contains gases escaping from vessels in a 
more efficient way, in case of a sudden over pressurization.

Pressure-Responsive Door for Max Safety
For additional safety, the ETHOS UP features a full stainless steel 

door with an innovative opening and self-resealing mechanism. 
Should there be a sudden over pressurization of the cavity, the door 
slightly opens for rapid and safe pressure release and the microwave 
power is instantaneously cut off. Immediately afterwards, the door is 
pulled back, resealing the microwave cavity.

The Most Powerful Microwave Digester
The ETHOS UP is equipped with two 950 Watt magnetrons for a total of 1900 Watt. The system 

additionally employs a rotating diffuser that evenly distributes the microwaves throughout the cavity. High 
power coupled with this diffuser enable very fast heating of high throughput rotors and the complete 
digestion of the most difficult samples.

Live Monitoring with Milestone Safeview
The ETHOS UP integrates the Milestone safeVIEW, a high definition digital camera interfaced with 

the instrument terminal. It allows the chemist to monitor the progress of the digestion whilst being fully 
protected by the instrument’s all-stainless steel door. A video of the entire run is shown in real time.

Sensors for Unparalleled Digestion Control
In a digestion process, the temperature controls the sample decomposition and directly affects digestion 

quality. Milestone pioneered the use of infrared sensors combined with an in-situ temperature sensor. 
Today, Milestone innovates again by combining all the benefits of in-situ and infrared sensors into the 
Milestone easyTEMP, a direct contactless temperature sensor.

Rugged, reliable microwave platform
While other manufacturers use molded plastic, Milestone uses 316 stainless steel construction 

throughout which creates the most durable, reliable, and safe microwave system available.

Find out more at milestonesrl.com

VIDEO WEBSITE

https://www.milestonesrl.com/products/microwave-digestion/ethos-up


VIDEO WEBSITE

https://brjac.com.br/video.php?url=NFmyUYsygDI
https://www.milestonesrl.com/products/microwave-digestion/ethos-up
https://www.milestonesrl.com/products/microwave-digestion/ethos-up
https://www.milestonesrl.com/
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Perform like a PRO
Thermo Scientific™ iCAP™ PRO X ICP-OES system delivers Simplicity, Speed and Robustness 

 The Thermo Scientific™ iCAP™ PRO X ICP-OES system 
combines powerful multi-element capability with flexibility, so your 
lab is ready for any challenge. Produce consistent, reliable data 
quickly and easily. Experience enhanced sample throughput, matrix 
tolerance, and flexibility to produce results you can trust.

The iCAP™ PRO X ICP-OES offers fast start-up, easy-to-
use software and incredible speed with pre-optimized method 
conditions, providing multi-element detection technology far superior 
to that of single-element AAS and multi element microwave plasma 
techniques. This system is ideal for laboratories with low sample 
throughput requirements. For ease of use a number of optimized 
settings are defined as standard, making them ideal for users new 
to the technique or those who require a simple solution for multi 
elemental analysis.

Experience more simplicity without compromising on detail
• Flexibility to fulfil demanding projects
• Long-term stability through gas MFCs and temperature control
• Full frame view immediately after measurement
• Intelligent monitoring of analytes with Qtegra ISDS Software
• Plasma optimization tool with tune sets and auto-tune for automated method development

Fast, powerful performance
• Advanced, high-speed charge injection device detection technology produces results in the fastest 

possible time
• A small optical tank ensures fast start up time and reduced purge gas requirements. With start up times 

of just 30 minutes from power off and 5 minutes from standby (model dependent)
• Detect from % range to sub ppb detection limits with a high dynamic range detector

Optimized vertical torch for ultimate robustness
• Both duo and radial view configurations of the instruments feature vertical torch orientation. When 

combined with the unique plasma interface, a new level of robustness is achieved
• Adjustable radial viewing height on both duo and radial view instruments, enabled by the vertical plasma 

interface
• Increase robustness further with dedicated accessories and analyze the most challenging samples, 

such as saturated brine solutions.

Accurately quantify the elemental composition of a wide range of samples in: Agricultural screening, 
Food production and safety, Environmental analysis, Pharmaceutical and nutraceutical compliance, 
Chemical QA and QC, Petrochemical, Metals and materials

Find out more at thermofisher.com/icp-oes

https://www.thermofisher.com/br/en/home/industrial/spectroscopy-elemental-isotope-analysis/trace-elemental-analysis/inductively-coupled-plasma-optical-emission-spectrometry-icp-oes.html?cid=fl-icp-oes


https://www.youtube.com/watch?v=1v0F1rEyu9k
https://www.thermofisher.com/order/catalog/product/BRE0020759?SID=srch-hj-BRE0020759#/BRE0020759?SID=srch-hj-BRE0020759
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Thermo Scientific TSQ 9610 Triple Quadrupole GC-MS/MS System
Unstoppable confidence for analytical testing

 To confidently stay ahead, your GC-MS/MS system must 
deliver ultimate performance while consistently producing 
trusted quantitative results. That’s the reason for the Thermo 
Scientific™ TSQ™ 9610 Triple Quadrupole GC-MS/MS 
System. User-centric Thermo Scientific™ NeverVent™ 
technology, extended-life detector, and intelligent software 
eliminate unnecessary downtime to maximize your sample 
throughput and return on investment (ROI). New extended 
linear dynamic range combined with proven high sensitivity 
ensures you keep ahead of the toughest regulatory methods 
and business demands.

Combine the TSQ 9610 Triple Quadrupole GC-MS/MS 
System with the Thermo Scientific™ TRACE™ 1600 Series 
Gas Chromatograph (GC) and Thermo Scientific™ AI/AS 
1610 Liquid Autosampler to optimize the performance and 
productivity of your solution.

Increase instrument uptime
Eliminate unnecessary and unplanned instrument downtime to deliver high-confidence quantitative 

results, day after day. The TSQ 9610 Triple Quadrupole GC-MS/MS System combines unstoppable 
robustness with the ability to change the GC column and clean the ion source without interrupting analytical 
workflows.

Maximize sample throughput
When high sample throughput is essential, the system delivers results on time and with ease. Automated 

workflows and simplified operation ensure every user produces consistent results, sample after sample. 
Extended linear range and rapid selected reaction monitoring (SRM) scanning enable method consolidation 
so you can analyze more compounds in a single run. When these capabilities are combined with best-in-
class uptime and sensitivity, you stay ahead of any productivity demand.

Realize rapid return on investment
Ensuring your system delivers results as soon as it’s installed is necessary to achieving rapid ROI. With 

built-in intelligence that simplifies instrument set up, analytical methods, and everyday operation, the TSQ 
9610 Triple Quadrupole GC-MS/MS System is designed for accelerated deployment. Reduced needs for 
operator training and faster time to full productivity together with maximum sample throughput provide fast 
return on your instrument investment.

Find out more at thermofisher.com/TSQ9610
VIDEO WEBSITE

https://www.thermofisher.com/order/catalog/product/TSQ9610-NV-AEI


VIDEO WEBSITE

https://www.youtube.com/watch?v=_nTSNTEwaug
https://www.thermofisher.com/br/en/home/industrial/mass-spectrometry/gas-chromatography-mass-spectrometry-gc-ms/gc-ms-systems/triple-quadrupole-gc-ms.html
http://www.thermofisher.com/TSQ9610
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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 friendly, welcoming environment where analytical chemists at all professional levels meet. 
Pittcon is a platform for sharing ideas and cooperating to form new ones. Here, you will find that spark that 
drives your research, your career, and above all, your scientific perspective forward.

One of the foremost analytical chemistry conferences, Pittcon’s Conference programs provide 
participants with direct access to the latest research and developments from top scientists and innovators 
throughout the world.

At Pittcon, our goal is to advance scientific endeavor through collaboration, bringing together a world of 
knowledge to impact, enrich, and inspire the future of science. 

Proceeds from each and every Pittcon directly fund science education and outreach. Over 90% of 
Pittcon’s net profit goes on to fund primary and secondary education, continuing education, scholarships, 
laboratory improvements, and outreach activities.

Pittcon also offers an employment bureau, networking opportunities, social events, and an environment 
that fosters knowledge and expands your network of scientific resources.

Pittcon 2023 Dates
Exposition: Monday (Mar 20) – Wednesday (Mar 22)
Short Courses: Saturday (Mar 18) – Wednesday (Mar 22)
Technical Program: Sunday (Mar 19) – Wednesday (Mar 22)
Employment Bureau: Saturday (Mar 18) – Friday (Mar 31)

Pittcon 2023 Location
Pennsylvania Convention Center
1101 Arch Street
Philadelphia, PA 19107, USA

https://pittcon.org


Philadelphia, Pennsylvania, USA
March 18 – 22, 2023

Finally, a Chance to Collaborate in Person!

Reconnect with colleagues, feel the instruments, and experience the sights. Celebrate bringing together 
a world of knowledge to impact, enrich, and inspire the future of science.

Why You Need to Attend

It’s a matter of perspective, or maybe more 
a matter of gaining perspective. You’ll be 
presented new ideas, new methods, new 
instrumentation, and there’s so much more 
– the interactions, the conversations, the 
introductions.

March 18 - 22, 2023
Pennsylvania Convention Center
Philadelphia, Pennsylvania, USA

Be the First to Know

Connect with us and we’ll let you know the latest news 
as we prepare for Pittcon 2023.

Visit the full Pittcon website to learn more - much more!

Connect with Us

Home Page

https://pittcon.org/pittcon-2023/#attend
https://pittcon.org/pittcon-2023/#exhibit
https://pittcon.org/pittcon-mailing-list/
https://pittcon.org/
https://pittcon.org/


182

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

VIDEOS
Using mass spec to maintain the health of livestock
Researchers at the Iowa State Veterinary Diagnostic Lab help to maintain the health of livestock by analyzing 
drug residue samples from various species, screening for many different compound. Access here

Detecting allergens using mass spectrometry
Detecting and identifying allergens within foods is incredibly important. Dr Phil Johnson from the 
University of Nebraska-Lincoln explains how mass spectrometry can be used to detect allergens, and 
how they ensure they are testing the correct peptides to identify allergens in food. Access here

WEBINAR
Transmission Raman: A versatile tool for pharmaceutical formulation development to end-product 
testing
Transmission Raman is a versatile tool that presents fast, non-destructive bulk measurements of whole 
intact tablets, capsules, creams, vials, and well plates. This webinar explores the key pharmaceutical 
applications of transmission Raman spectroscopy. Access this webinar here

INDUSTRY NEWS
Inaugural open access issue of SLAS Discovery paves way for 2022
SLAS Discovery is an official journal of the Society for Laboratory Automation and Screening (SLAS). 
Volume 27, Issue 1 of SLAS Discovery is the first issue to be published Open Access in partnership with 
SLAS’s new publisher, Elsevier. Access here
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https://thescientistschannel.com/dwayne-schrunk
https://thescientistschannel.com/phil-johnson
https://view6.workcast.net/register?cpak=5481298865894896&referrer=SelectScience-PR
https://www.selectscience.net/industry-news/inaugural-open-access-issue-of-slas-discoverypaves-way-for-2022?artID=56692


     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/
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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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http://www.chromacademy.com/


mailto:glen.murry%40ubm.com?subject=
mailto:peter.romillo%40ubm.com?subject=
http://www.chromacademy.com
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ICP-MS and Trace Element Analysis as Tools for Better Understanding Medical 
Conditions (Series: Comprehensive Analytical Chemistry, Volume 97)
Marco Aurélio Zezzi Arruda and Jemmyson Romário de Jesus, Editors
May, 2022. Publisher: Elsevier
This book discusses trace elements and how they play an important role in biological 
functions and metabolism in the human body. It covers biomedical analysis by ICP-
MS: a focus on single cell, advanced statistical tools and machine learning applied 
to trace element analysis associated with medical conditions, ICP-MS as a tool to 
understand trace element homeostasis in neurological disorders, and as a versatile 
technique from imaging to chemical speciation, and more. Read more

Extraction Techniques for Environmental Analysis 
John R. Dean, Author
February 2022. Publisher: Wiley
Extraction techniques for aqueous, air, and solid environmental matrices are explored. 
Readers will find in-depth treatments of specific extraction techniques suitable for 
adoption in their own laboratories, as well as reviews of relevant analytical techniques 
used for the analysis of organic compound extracts. A chapter that extensively covers 
the requirements for an analytical laboratory, including health and safety standards is 
included. Read more

Single-Molecule Tools for Bioanalysis
Shuo Huang, Editor
May 2022. Publisher: Jenny Stanford
In the last three decades, the fast development of single-molecule techniques has 
revolutionized the way we observe and understand biological processes. This book 
summarizes and details the frontiers of the development of the single-molecule 
techniques as well as their applications. The systematically written content provides a 
thorough illustration of the mechanisms of each methodology presented. Read more

NOTICES OF BOOKS

Brazilian Journal of Analytical Chemistry
2022, Volume 9, Issue 36

Analytical Sample Preparation with Nano- and Other High-Performance Materials 
Rafael Lucena and M. Soledad Cardenas Aranzana, Editors
October, 2021. Publisher: Elsevier
This book explains the underlying principles needed to properly understand sample 
preparation, and also examines the latest materials - including nanomaterials - that 
result in greater sensitivity and specificity. The book begins with a section devoted to 
all the various sample preparation techniques and then continues with sections on 
high-performance sorbents and high-performance solvents. Read more

https://www.elsevier.com/books/icp-ms-and-trace-element-analysis-as-tools-for-better-understanding-medical-conditions/zezzi-arruda/978-0-444-64347-6
https://www.wiley.com/en-us/Extraction+Techniques+for+Environmental+Analysis-p-9781119719038
https://www.jennystanford.com/9789814800440/single-molecule-tools-for-bioanalysis/
https://www.elsevier.com/books/analytical-sample-preparation-with-nano-and-other-high-performance-materials/lucena/978-0-12-822139-6
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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:  Achieving Energy-efficiency in Academic Labs. As the impacts of 
excess energy consumption have become more apparent, the time to act on producing 
greener labs has never been more urgent. 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. Article: Cracking the Code of Complex Drug Modalities 
via Multidimensional Liquid Chromatography Coupled to Mass Spectrometry. 
MDLC–MS is a powerful tool for the characterization of complex biopharmaceutical 
drug modalities, from antibody–drug conjugates to nuclear acid therapeutics like 
antisense oligonucleotides and small interfering RNA. 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: 2022 Review of Spectroscopic Instrumentation. Annual review of 
products introduced at Pittcon or during the previous year, broken down by the following 
categories: AAS, UV-vis, NIR, mid-IR, Raman, imaging, NMR, MS, accessories, and 
components. Read more
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https://www.labcompare.com/586305-Achieving-Energy-efficiency-in-Academic-Labs/
https://www.chromatographyonline.com/view/cracking-the-code-of-complex-drug-modalities-via-multidimensional-liquid-chromatography-coupled-to-mass-spectrometry
http://iicweb.org/scientiachromatographica/
https://www.selectscience.net/
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July 18 – 21
8th International Caparica Conference on Analytical Proteomics 
Caparica, Portugal
https://www.icap2022.net/

August 24 – 26
Journées de Chimie Analytique, 11th Edition (JCA2022)
Yaounde, Cameroun
https://jca-2021.sciencesconf.org

August 29 – September 2
XVIII Chemometrics in Analytical Chemistry (CAC2022)
University of Rome La Sapienza, Rome, Italy
http://cac2022.sciencesconf.org

September 5 – 8
National Meeting of Forensic Chemistry (ENQFor) & Meeting of the Brazilian Society of Forensic 
Sciences (SBCF) 
Ribeirão Preto, SP, Brazil
https://www.enqfor.org.br/

September 5 – 8
51th Annual Meeting of the Brazilian Society of Biochemistry and Molecular Biology (SBBq) & 46th 
Congress of the Brazilian Society of Biophysics (SBBf) 
Convention Center of the Majestic Hotel, Águas de Lindóia, SP, Brazil
https://www2.sbbq.org.br/reuniao/2022/

September 25 – 28
20th National Meeting of Analytical Chemistry (ENQA) & 8th Ibero-American Congress of Analytical 
Chemistry (CIAQA)
Bento Gonçalves, RS, Brazil
https://enqa.com.br/

September 25 – 29
XX Brazilian Materials Research Society Meeting (SBPMat)
Foz do Iguaçu, PR, Brazil
https://www.sbpmat.org.br/pt/

December 10 – 15
III Ibero American Conference on Mass Spectrometry (IBERO 2022)
Rio de Janeiro, RJ, Brazil
https://www.ibero2022.com/

EVENTS in 2022 – It is suggested to consult the event’s official website for updates.

http://cac2022.sciencesconf.org
https://www2.sbbq.org.br/reuniao/2022/
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Scope
The Brazilian Journal of Analytical Chemistry (BrJAC) is dedicated to the diffusion of significant and 

original knowledge in all branches of Analytical Chemistry and Bioanalytics. The BrJAC is addressed to 
professionals involved in science, technology and innovation projects at universities, research centers and 
in industry.

Professional Ethics
Manuscripts submitted for publication in BrJAC cannot have been previously published or be currently 

submitted for publication in another journal. 
The BrJAC does not consider submissions of manuscripts that have been posted to preprint servers prior 

to submission, and will withdraw from consideration any papers posted to those servers prior to publication.
The submitted manuscripts are the full responsibility of the authors. Manipulation/invention/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.

The BrJAC discourages and restricts the practice of excessive self-citation by the authors.
The 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.

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/).

For more detailed information on the BrJAC’s ethics and integrity policy, please see the “About us” 
menu at www.brjac.com.br

Manuscripts that can be submitted to BrJAC
•	 Articles: Full descriptions of an original research finding in Analytical Chemistry. Articles undergo 

double-blind full peer review.
•	 Reviews: Articles on well-established subjects, 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. 

•	 Technical Notes: Concise descriptions of a development in analytical methods, new techniques, 
procedures or equipment falling within the scope of the BrJAC. Technical notes also undergo double-
blind full peer review. 

•	 Letters: Discussions, comments, suggestions on issues related to Analytical Chemistry, and 
consultations to authors. Letters are welcome and will be published at the discretion of the BrJAC 
editor-in-chief.

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.
Download templates here

Cover Letter
In addition to the usual content of a Cover Letter to the Editor-in-Chief of the journal, the submitting 

author must declare any conflicts of interest on behalf of all co-authors and their agreement with the 
copyright policy of the BrJAC. Please read about conflicts of interest and copyright in the About us menu 
at www.brjac.com.br
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It is the duty of the submitting author to inform their collaborators about the manuscript content and 
obtain their permission for submission and eventual publication.

The Cover Letter must be signed by the submitting author.

Title Page
The Title Page must contain information for each author: full name, affiliation and full postal address in 

the original language, 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.

Manuscript
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. 
•	 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 
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Manuscript Submission 
The BrJAC uses an online manuscript manager system for the submission of manuscripts. This system 

guides authors stepwise through the entire submission process.

Submit manuscripts at www.brjac.com.br

The submitting author must add all co-authors to the Authors section of the manuscript manager system. 
After submission, all co-authors will receive an alert and will have the opportunity to confirm whether or not 
they are co-authors.

Four documents are mandatorily uploaded by the submitting author: Cover letter, Title Page, Novelty 
Statement and the Manuscript. Templates for these documents are available at www.brjac.com.br

The four documents mentioned above must be uploaded into the manuscript manager system 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.

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 
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 article layout 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.

Copyright
When submitting their manuscript for publication, the authors agree that the copyright will become the 

property of the Brazilian Journal of Analytical Chemistry, if and when accepted for publication. The submitting 
author declares in the Cover Letter, on behalf of all other co-authors, to consent to this transfer.

BrJAC Guidelines for Authors

http://www.brjac.com.br
http://www.brjac.com.br 


192

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.

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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