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Abstract: In this review, we present a compilation of results from studies of coffee carried
out with accelerator-based analytical techniques employing swift ions. The fundamentals
of these techniques are presented in detail. Moreover, different aspects of coffee are
discussed, including the analysis of ground and roasted coffee beans, the effects of the
drip brewing process on the final beverage, the importance of the water temperature
for the extraction of elements during coffee preparation and how chemical markers can
help discriminate coffee for forensic purposes. According to the experimental results, a
matrix of different coffee types is represented by large amounts of carbon followed by
mild amounts of oxygen. Moreover, elemental maps of roasted coffee beans show how the
elements are distributed over the scanned area, thus providing valuable information on
the co-localization of different elements within the beans. Concerning the drip brewing
process, the results suggest that chlorine, potassium and phosphorus are quite soluble in
hot water and therefore make their way into the drinking coffee. Moreover, the extraction
of elements during the drip brewing process is dependent on the water temperature. The
results obtained with ion-based techniques are discussed in perspective with those obtained
by other analytical methods, including inductively coupled plasma technique in its various
configurations. Advantages and drawbacks of these techniques are discussed. In this way,
the present review opens up new possibilities for the analysis of coffee that go beyond
traditional analytical techniques.

Keywords: ion beam analytical techniques; particle-induced X-ray emission; Rutherford
backscattering spectrometry; coffee; coffee beans; roasted ground coffee; drip brewing

1. Introduction

Coffee is one of the most widely consumed beverages globally, largely due to its
distinctive aroma and flavor and to the presence of caffeine, a natural stimulant present
in coffee. The preparation of coffee involves roasting and grinding coffee beans, followed
by infusion in warm water, filtration and percolation or pressing. Coffee is a complex
compound that contains a variety of nutrients, including protein, lipids, carbohydrates,
polyphenols, vitamins and minerals. These minerals include potassium, sodium, calcium,
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phosphorus, sulfur, chlorine, manganese, iron and zinc among others. In 2022, the world’s
coffee production was about 10.8 billion kg [1] against 6.3 billion kg of tea [2]. It is estimated
that more than two billion cups of coffee are consumed worldwide annually. Brazil is the
world’s foremost producer and exporter of this agricultural commodity. Between 2023
and 2024, Brazil exported 41.4 million 60 kg bags of all coffee types, followed by Vietnam
(28.6 million 60 kg bags), Colombia (10.9 million 60 kg bags) and India (6.5 million 60 kg
bags) [3].

Ion beam analysis (IBA) [4] represents a group of techniques using swift ion beams
for elemental analysis. These techniques are categorized into two distinct branches de-
pending on the primary ion—-matter interaction. Interactions involving the nuclei of the
incident ion and of the target atom are classed as nuclear methods, such as RBS (Rutherford
backscattering spectrometry) [5], ERDA (elastic recoil detection analysis) and NRA (nuclear
reaction analysis) [6]. Conversely, interactions involving electronic excitations are termed
atomic methods, such as PIXE (particle-induced X-ray emission) [7]. All these techniques
are typically used in fields such as material science, biotechnology, medicine, physics and
geology among others.

In the past 20 years, the combination of PIXE and RBS has been used for different
purposes, including for the analysis of foodstuff in general. These studies include wine
[[8] and references therein], tuna fish, table cream and tomato paste [[9] and references
therein], fruits [8,9], vegetables [10], coffee [11-13] and grains [14-16], among others [17,18].
As PIXE and RBS require solid dry samples, liquid and pasty foodstuff have to go through
a heat treatment prior to measurements, as described elsewhere [17]. These studies have
demonstrated the versatility of the PIXE technique since one can characterize both solids
and liquids samples with one single technique. In this way, PIXE can provide elemental
concentrations throughout the production [17] and preparation [19] processes of foodstuff
in general. Studies of coffee carried out with ion beam analytical techniques are summarized
in Table 1.

Table 1. A summary of data published on coffee obtained with ion beam analytical techniques. The
“beverage” coffee type refers to drinking coffee [19], while “filter” refers to the paper filter after the
preparation of the beverage with roasted ground coffee through the drip brewing process [20]. NA:
information not available.

Quantitative Elemental

Coffee Type Coffee Origin Technique/Imaging Analysis Reference
. Mg, AL S5, B, S, CL K, Ca,
Green beans Brazil PIXE/No Ti, Mn, Fe, Cu, Zn, Rb, St [13]
Green beans Brazil Micro-PIXE/ Yes CL K, Ca, Fe [13]
. Mg, AL Si, P, S, CL K, Ca,
Roasted beans Brazil PIXE/No Ti, Mn, Fe, Cu, Zn, Rb, St [13]
Roasted beans Brazil Micro-PIXE/ Yes ClL K, Ca, Fe [13]
Ethiopia
Roasted beans Colombia External beam P, S, ClL K, Ca, Ti, Mn, [11]
Honduras PIXE/ Yes Fe, Cu, Zn, Br, Rb, Sr
Mexico
P, S, Cl K, Ca, Sc, Cr, Ti,
Green beans NA PIXE/No Mn, Fe, Cu, Zn, Rb, St, Se, Ni [20]
P S, Cl K, Ca, Sc, Cr, Tj,
Roasted beans NA PIXE/No Mn, Fe, Cu, Zn, Rb, St, Se, Ni [20]
Roasted ground Brazil RBS/No C,O,N [13,19]
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Table 1. Cont.

Coffee Type Coffee Origin Technique/Imaging Quantli:::fyfil:mental Reference
Roasted ground Brazil PIXE/No Ml:l/[‘%ep’ CS{JCé,nK,R]C:)a’Sr [13]
Roasted ground Brazil PIXE/No CaNfl%’ lé/llr; Sll:’eP’CS{lCé’nK’Rb [21]
Roasted ground Brazil PIXE/No CaNfl%/ lé/llrl1 Sllz,eP,g,lCZl,n Ki?b [22]
Roasted ground Brazil PIXE/No Calvff(?;’ {\A/Ilr; Sltlep’(jsl'lczl;lKi{b [23]

Spent Brazil PIXE/No caN%’ ﬁln s;ep,gl,lCé,n K'Rb [23]
Roasted ground Brazil PIXE/No CaNfl%/ lfx/llrl SllzleP,CS{lCZLnKi{b [19]
Spent Brazil RBS/No C,N,O [19]
Spent Brazil PIXE/No CaN%’ ﬁlr’lsé'ep’g{lcé’n K’Rb [19]
Beverage Brazil RBS/No C N,O [19]
Beverage Brazil PIXE/No CaNf_l%/ lfx/llr& SIIJ,eP,CS;CZLnKi{b [19]

. P, S, Cl, K, Ca, Sc, Cr, Ti,

Filter NA PIXE/No Mn, Fe, Cu, Zn, Rb, St, Se, Ni [20]
Roasted ground Brazil PIXE/No Mg, Al Si, B, S, Cl, K, Ca, Sc, Tj, [12]

Jamaica

Mn, Fe, Co, Ni, Cu, Zn, Br, Rb, Sr

The simultaneous combination of IBA techniques, usually referred as “total IBA” [24],
can be employed to obtain the matrix, major, minor and trace elements of a sample. While
RBS determines the matrix of a sample, which may consist of light elements that are usually
not detected by conventional PIXE, the latter is sensitive to major and trace elements with
concentrations in the range of mg-kg ! [25]. The combination of these techniques bears
great analytical advantage since both techniques are non-destructive. Moreover, the multi-
elemental capability of PIXE and the good energy resolution of spectrometers enable fast
access to information on the composition of a sample without previous knowledge of it.

Even though IBA techniques are well established, they can be considered under the
widespread umbrella of emerging technologies for specific niches. For instance, PIXE can
provide unprecedented power of analysis for cases where different materials are part of any
given study, e.g., on wine. With this technique, we can proceed with the elemental analysis
of soil, roots, leaves, branches, grapes, wine, bottle glass and corks, thus covering the
elemental characterization of the whole winemaking cycle with just one single analytical
technique [8] and references therein]. Another niche is forensic science [12], since ion beam
analytical techniques can provide non-destructive analyses, which is of utmost importance
for cases brought to tribunals [26]. Finally, micro-PIXE excels at providing elemental
maps of organic tissues due to its relatively low background when compared to scanning
electron microscopy (SEM) images [13]. The spatial resolution achieved by the micro-PIXE
technique is important for, e.g., studies of the translocation and internalization of chemical
substances (elements, nanoparticles and molecules) in the cellular compartments of plants,
grains and seeds and in any organic tissue [27,28]. In summary, IBA techniques can provide
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multi-elemental analysis of quite different materials in a non-destructive manner with
good limits of detection and, finally, offer element localization capability within a sample
through elemental maps.

The aim of the present review is to highlight the potentialities of ion-based techniques
for the elemental analysis of coffee. In particular, it is shown that these techniques go
beyond elemental analysis since they are non-destructive and have spatial resolution ca-
pability, thus filling the gap left by other techniques such as inductively coupled plasma
(ICP), neutron activation analysis (NAA) and flame atomic absorption spectroscopy (FAAS).
Aspects such as the elemental analysis of coffee beans and ground coffee and the discrimi-
nation of coffees from different brands and geographical locations are discussed. Moreover,
the impact of different parameters on the extraction of elements from coffee are brought to
scrutiny. Finally, a brief discussion of how PIXE results compare with those obtained by
other techniques bring to light the advantages and disadvantages of them.

2. Analytical Techniques
2.1. Ion-Based Techniques

Techniques like PIXE, micro-PIXE and RBS rely on the use of swift ions, i.e., ions with
energy in the order of a few million electron-volts (MeV). Therefore, an ion accelerator is
needed to provide energetic ions. Although different types of accelerators can be used
to achieve this goal, electrostatic accelerators like those from NEC (National Electrostatic
Corporation) [29] and HVEE (High Voltage Engineering Europa) [30] are the ones of choice
for analytical purposes. Figure 1 shows a simplified scheme of the 3 mega-volt (MV)
Tandetron accelerator from HVEE installed at the Ion Implantation Laboratory (Federal
University of Rio Grande do Sul). For a typical PIXE experiment, H™ ions are produced in
the ion source and accelerated towards magnet 1 for the proper selection of the desired
mass and charge. Subsequently, the negative ions penetrate the acceleration tube under an
attractive force due to the positive terminal kept at a high potential (maximum of 3 x 10° V)
located at the center of the accelerator. Inside the charge exchange unit, the H™ ion loses
its electrons, thus becoming positive H*. Now, the repulsion force between the positive
terminal and the positive ion provides extra acceleration to the ion up to the desired energy.
Finally, the positive ion exits the acceleration section and is directed to the PIXE beamline
through the action of magnet 2. The acceleration procedure is similar for all ion-based
techniques. Other techniques like RBS and micro-PIXE can be selected by magnet 2 as well.
In the present setup, all experiments are conducted under vacuum. Typically, the pressure
inside the PIXE, micro-PIXE and RBS chamber is of the order of 10~ mbar.

PIXE is based on the detection of the characteristic X-rays emitted by the atoms of
a sample when they are irradiated with energetic ion beams, usually protons of about
2-3 MeV [7]. Similarly, micro-PIXE is an analytical technique based on the same physical
principles of conventional PIXE but makes use of a scanning system coupled to magnetic
lenses (Figure 1) in order to provide elemental maps of the sample in the micrometer range
or less [31,32]. In short, the MeV H* ion beam from the accelerator interacts with the
sample’s atoms, resulting in the ionization of the target atoms through the emission of
inner-shell electrons to the continuum. The excited atoms can decay through the emission of
characteristic X-rays representing different transitions between the electronic energy levels.
The emitted X-rays are detected by energy-dispersive detectors and the corresponding
electronic signals are processed in order to generate X-ray histograms as a function of the
X-ray energy, usually given in units of kiloelectron-volts (keV). For PIXE and micro-PIXE
experiments, a silicon detector doped with lithium (Si(Li)) or a silicon drift detector (SDD)
is routinely used for the detection of X-rays. See Figure 1 for the experimental setup of the
PIXE and micro-PIXE techniques.
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Figure 1. A schematic view of the Tandetron electrostatic accelerator at the Ion Implantation Labora-
tory used for PIXE, micro-PIXE and RBS experiments. See the text for further details. SDD: silicon
drift detector; SSBD: silicon surface barrier detector; Si(Li): lithium-doped silicon detector. The arrows
represent possible ion paths. All components are not to scale.

Figure 2 depicts a typical PIXE spectrum of roasted ground coffee, showing several
elements present in the sample. The number of X-rays related to a particular transition of
an element (X-ray peak) can be converted to the element’s concentration in the sample with
suitable software like GupixWin (version 3) [33]. In order to obtain absolute concentrations,
several important physical parameters such as the ionization cross-section, detector’s
properties, stopping power and matrix effects must be taken into account [7,33]. The
knowledge of the matrix composition of each material analyzed by PIXE is crucial since
matrix-related effects like X-ray self-absorption in the target and secondary fluorescence
must be accounted for in calculations [7].

The RBS technique [5] can be used to determine the matrix of a sample under study.
RBS is based on the backscattering of incident ions (usually He™ or He**) by an atom’s
nuclei in a sample. During the backscattering event, the recoiling target nucleus keeps a
fraction of the total energy of the incident particle. Therefore, the backscattered particle
emerges from the target with lower energy due to the backscattering event and to the
energy lost in the inward and outward paths inside the target. The backscattered ions are
usually detected by silicon surface barrier detectors (SSBDs) (Figure 1). RBS is particularly
suitable for the detection of light elements like C, N and O that cannot be quantified by
PIXE. RBS spectra can be simulated by specific software like SIMNRA (version 7.03) [34] or
PowerMEIS (version 3) [35,36] that takes into account important physical parameters and
concepts such as the stopping power, Rutherford cross-sections, energy loss and energy
straggling [5]. Figure 3 shows a typical RBS spectrum for roasted ground coffee, depicting
the edges referring to C, N and O.
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Figure 2. A typical PIXE spectrum for roasted ground coffee obtained with 2.0 MeV H" ions. The
counts are normalized by the charge accumulated during the experiment. X-ray transitions (k-« and
k-3) are shown for elements heavier than sulfur. Overlaps of transitions are indicated as well.
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Figure 3. A typical RBS spectrum for roasted ground coffee obtained with 1.2 MeV He" ions. Dashed
lines indicate the edges corresponding to different elements present in the sample.
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PIXE and RBS employ millimeter-size spot beams in order to probe the elemental
concentrations of the sample under analysis. If the sample is homogeneous, the quantitative
results are representative of the sample as a whole. However, it is also possible to obtain
detailed information with spatial resolution in the micrometer range using a micro-PIXE
setup (Figure 1). In this case, beams of a few square micrometers can produce elemental
maps with their precise location in the material under analysis.

In general, the complexity of sample preparation for PIXE, micro-PIXE and RBS
experiments depends on the materials to be analyzed and the technique to be used. Solid
samples like paper filters used in the preparation of coffee through the drip brewing process
can be placed in a special target holder for irradiation with no manipulation at all. Powder
samples like roasted ground coffee and spent coffee must be homogenized and pressed
into pellets about 2 mm thick. Since most experiments are carried out under low pressure
(typically of the order of 10~ mbar) inside the reaction chamber, liquid samples must
go through a slow thermal procedure in order to dry out the sample. The remains of the
sample are then homogenized and pressed into pellets as well. The details of this procedure
can be found elsewhere [17].

2.2. Neutron Activation Analysis (NAA)

Neutron activation analysis (NAA) [37,38] is an analytical technique based on the
irradiation of a target material with neutrons in the non-elastic collision regime. The
purpose of this technique is to produce unstable radioactive isotopes, which are formed
through neutron capture reactions. Figure 4 illustrates the principle of the technique. Once
a neutron is captured by the nucleus of an element, there could be the emission of prompt
gamma rays, leaving behind an unstable nuclide. Since the unstable nuclide is in an excited
state, it could decay through gamma emission and/or beta decay. Elemental quantification
is obtained through the emission rate of gamma rays which is directly proportional to
the concentration of the element. The identification of the element is determined by the
measurement of the half-life of the nuclide and by the energies of the emitted gamma rays
that are specific to each formed nuclide. Essentially, NAA is a multi-elemental technique
that allows the simultaneous analysis of up to 70 elements with very high sensitivity for
most of the elements. Moreover, it can be performed with very small amounts of material,
down to just a few micrograms.

Prompt Delayed
y-rays y-rays

f” . B decayA+1 )f*

A A+1 A+1 A+l
—|— —p _ _ —p
n ZXN ZXN+1 ZXN+1 Z+1XN Z+1XN
Neutron Unstable Stable
Activation Nuclide Nuclide

Figure 4. A neutron capture reaction featuring the emission of prompt and delayed gamma rays. See
the text for further information.

Research reactors with neutron fluxes of about 102

neutrons per square centimeter per
second are routinely used in NAA experiments. The detection system typically consists of
high-resolution semiconductor detectors, and the experimental procedure can be optimized
according to the type of sample being measured. This optimization takes into account

the energy of the neutrons used in the reaction and the nuclide’s half-life, which affects
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the production and decay rate of gamma rays. Typically, NAA falls into two categories
depending on what kind of gammas are detected. Prompt gamma neutron activation
analysis (PGNAA) relies on the detection of prompt gammas during the irradiation. On
the other hand, if delayed gammas are detected after the irradiation, then the technique is
termed delayed gamma neutron activation analysis (DGNAA). In short, both PGNAA and
DGNAA complement each other, as their applications depend on the nuclides produced by
the neutron capture reaction. DGNAA is highly sensitive for the determination of most
elements. However, it is not applicable for detecting gamma rays emitted by short-lived
radionuclides, in which case PGNAA is ideal.

2.3. Inductively Coupled Plasma (ICP)

Inductively coupled plasma (ICP) [39-41] is a well-established method for the elemen-
tal analysis of materials which has found applications in several fields including biology
and material science, among others. When combined with other analytical techniques
such as optical emission spectrometry (OES), mass spectrometry (MS) and atomic emission
spectrometry (AES), ICP becomes one of the most powerful analytical techniques.

The principle behind this technique involves subjecting a sample to high temperatures
within a plasma region where, through atomization, excitation and ionization, the elemental
concentration of the analyte can be determined. The plasma is generated within an inert
gas flow, typically of argon, in a region submitted to a high-frequency (in the megahertz
range) variable magnetic field induced by an alternate current passing through a coil. The
ionization of argon occurs almost exclusively as Ar*, and the acceleration of these ions
and electrons within this medium creates a highly efficient environment for atomizing the
analyte. The sample is introduced either in a dissolved form or as a gas and is nebulized
into the plasma region, where the analyte’s atoms go through excitation and de-excitation
processes followed by the emission of electromagnetic radiation with a characteristic
wavelength.

For the ICP-OES variant, the ionized and excited atoms in the high-temperature
plasma region (around 10* K) emit characteristic optical light as they return to lower
energy states. The emitted light carries information about the concentration of the elements
present in the analyte. Figure 5 shows a schematic view of a typical ICP-OES system.
Radjiation detection can be performed radially (lateral), axially or even dually (both radial
and axial), each offering significant advantages and disadvantages in terms of sensitivity
and matrix-induced interference. The detectable wavelength range typically varies from
200 to 600 nm, which covers more than 70 elements. For this purpose, monochromators
with high-resolution capabilities are required. Once dispersed, the light is directed toward
detectors such as photomultiplier tubes.

With proper calibration using standard samples and calibration curves, ICP-OES can
identify trace elements in the ppm or ppb range. Moreover, it is multi-elemental since it
can detect several elements simultaneously. Its main limitations include the destruction of
the sample, spectral interference and relatively high operational costs. Promising future
advancements in this technique involve the enhancement of plasma generation methods,
such as microwave-induced plasma (MIP), which offer significant advantages over conven-
tional ICP, such as reduced operating costs, increased sensitivity and minimized continuous
background emission.
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Figure 5. A schematic view of the main components of an ICP system. See the text for further
information.

2.4. Atomic Absorption Spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) [42] is a widely used analytical technique
for the qualitative and quantitative determination of elements, especially metals and
metalloids, in various types of samples. Figure 6 illustrates the technique, which is based
on the absorption of radiation by an atomized sample. According to the Beer-Lambert Law,
there is a relationship between the intensity of the absorbed radiation and the concentration
of atoms in the light path.

flame monochromator

cathod

hollow cathode lamp

-

“ detection system

N
. lightabsorption ,_/

~
Sy i

sample atom

Figure 6. A schematic view of the main components of an FAAS system. See the text for further
information.

The hollow cathode lamp is the most common radiation source and consists of a sealed
tube filled with an inert gas (usually neon or argon), where the cathode is made of the same
material to be analyzed (analyte). When an electric voltage is applied, the gas is ionized and
the ions are accelerated toward the cathode, exciting the material’s atoms upon collision.
The excited atoms emit characteristic radiation with a particular wavelength as it returns to
its ground state, covering a discrete spectrum in the ultraviolet and visible ranges.
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Sample atomization can be performed in various ways, with the most common method
known as flame atomic absorption spectroscopy (FAAS), where the sample is pulverized
into an aerosol and atomized in a flame generated by an acetylene burner. The flame’s
properties must be adjusted to optimize atomization. However, there are variants of the
atomization process, such as electrothermal atomic absorption spectroscopy (ETAAS),
in which a high electric current applied to a graphite furnace significantly increases the
temperature, thus promoting sample atomization.

The radiation with a characteristic wavelength generated by the lamp passes through
the atomization region, where the analyte atoms are excited by the flame’s high temperature.
Part of this radiation is absorbed by the excited atoms of the atomized analyte, leading to
the de-excitation of the atoms. In this way, the absorption process decreases the intensity of
the radiation from the lamp. The radiation is then directed by a lens to a monochromator,
which selects the desired wavelengths and directs them to a detection system. Finally,
the difference in radiation intensity measured with and without the atomized analyte is
proportional to the concentration of the analyte.

FAAS is a valuable technique for analyzing a wide variety of samples, including
geological, biological and food samples, among others. Its sensitivity is of the order of
parts per million (ppm) when the atomization is performed using a flame and can reach
up to parts per billion (ppb) when electrothermal atomization is applied. The technique
has some limitations such as the need for calibration with standards, the destruction of the
analyzed sample and the analytical restriction to one or a few elements at a time.

3. Results and Discussion

3.1. Ion-Based Techniques
3.1.1. Coffee Matrix

The elemental concentrations obtained by PIXE must be corrected for matrix-related
effects [7]. Coffee is an organic compound and, therefore, its matrix basically consists of
light elements like carbon, nitrogen and oxygen.

The matrix was evaluated for three different variants of coffee: (i) roasted ground
coffee; (ii) spent coffee; (iii) and drinking coffee. These results are shown in Figure 7. The
RBS results reveal that the roasted ground coffee consisted of ~84% C, ~4% N and ~12%
O. Moreover, the largest variations in the matrices were observed for the drinking coffee,
which featured a relatively smaller amount of C and a larger amount of O when compared
to the other types of coffee.

3.1.2. Coffee Beans

Green and roasted coffee beans from different geographical origins were analyzed
using PIXE by Debastiani et al. [13], Cloete et al. [11] and Singh [20]. Cloete et al. [11]
investigated the elemental composition, physical traits and the structural characterization
of roasted coffee beans from Mexico, Ethiopia, Colombia and Honduras. Samples of
roasted organic coffee beans were prepared by cross-sectioning the beans to explore their
morphology without the use of any chemical preparation. For each of the coffee origins,
13 replicates were prepared and analyzed using an external beam PIXE setup, which did
not require the use of a reaction chamber. The scanned areas were of the order of cm?.
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Figure 7. Matrix composition of roasted ground, spent and drinking coffees. Results are normalized
for unity. Adapted from [13,19].

Debastiani et al. [13] analyzed green and roasted coffee beans from Brazil using PIXE
and micro-PIXE. For the analysis of roasted ground beans, 20 samples were prepared by
grinding the beans and pressing the coffee powder into pellets. Whole green and roasted
beans were analyzed with PIXE as well. In this case, six beans of each type were analyzed.
Finally, sectional areas of the beans were cut for micro-PIXE analysis. In this case, the
scan sizes varied from 500 x 500 um? up to 2000 x 2000 pm? depending on the sample’s
structure. Figure 8 shows some elemental maps from a sectional area of a whole roasted
bean [13]. In this case, micro-PIXE revealed how elements like Cl, K and Ca were distributed
across the bean. Hotspots with relatively high concentrations of K and Ca are visible in
some regions of the bean, confirming the co-localization of these elements in the analyzed
structure. This is a clear example of how micro-PIXE can help the understanding of the
translocation and internalization processes of chemical substances in, e.g., plants [27,28].

PIXE analysis detected P, S, Cl, K, Ca, Ti, Mn, Fe, Cu, Zn, Rb and Sr in coffee samples
from Brazil [13], Colombia, Ethiopia, Mexico and Honduras [11]. In addition, Mg, Al
and Si were detected in Brazilian coffee beans [13], while Br was found in some coffee
beans analyzed by Cloete et al. [11]. The elemental maps indicated that K and Fe were not
homogeneously distributed in the whole coffee beans [11,13]. Chlorine was homogeneously
distributed, while potassium and calcium were more concentrated close to the edges of the
structures for both green and roasted beans [13]. The level of inhomogeneities could be
observed by the large variability in the results for the whole bean compared to the ground
beans (see Tables 2 and 3 from [13] and Table 2 and Figure 9 from this review).
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Low Intensity High Intensity

Figure 8. Elemental maps of Cl, K and Ca obtained with micro-PIXE from a sectional area of a whole
roasted coffee bean. The proton energy was 2.2 MeV. The scanned area was 1 x 1 mm?. The top panel on
the left shows a micrograph of the bean, while the white box depicts the scanned area. Adapted from [13].

Table 2. Some elemental concentrations of coffee beans from Brazil, Colombia, Honduras, Mexico
and Ethiopia. The results are represented by the mean and the respective standard deviation. Values

are given in mg-kg~!. Adapted from [11,13].

Whole Ground Whole Whole Whole Whole Whole
Element Green Roasted Roasted Roasted Roasted Roasted Roasted
Bean Bean Bean Bean Bean Bean Bean
(Brazil) (Brazil) (Brazil) (Colombia) (Honduras) (Mexico) (Ethiopia)
627 +94 1205 £ 121 934 + 343 766 £ 521 977 £+ 665 900 + 319 995 + 643
S 2021 + 416 1209 + 44 1660 =+ 295 1328 4 397 1934 + 694 1724 £ 401 1936 £ 594
Cl 290 =+ 245 173 £ 25 138 + 61 309 + 175 390 + 270 662 + 184 527 + 111
K 14,0114+ 4048 19,104 £562 16,372 4643 16,543 3632 16,805 £4503 17,577 +2265 17,315 £ 2610
Ca 3366 £ 2768 1633 £ 401 2019 + 1481 1686 £ 758 1371 4 391 1574 £ 960 1205 =+ 447
Mn 55+ 51 41+3 36 £27 32+17 23+9 21+6 16 +6
Table 3. Some elemental concentrations of green and roasted beans of Peaberry, Robusta and Arabica
coffees. Values are given in mg-kg~!. Adapted from [20].
Element Pi{)e:rr;y Plzgiaoset:r;lr Green Robusta II{{:lftsltset: Green Arabica E::lfit:;l
P 320 + 32 150 £+ 25 163 £ 26 329 + 33 328 + 30 222 +57
Cl 65+5 56 +£5 77 £ 4 90 +6 207+ 6 77 £52
K 22,540 + 24 16,056 + 24 24,170 =24 25,463 + 30 29,967 + 27 19,548 £ 25
Ca 3167 + 38 1152 £ 29 2804 + 39 1599 + 42 3732 + 48 1452 + 34
Fe 104 +1 105 £2 131 +£2 819+4 147 £1 108 +£ 2
Rb 18 +3 12+3 28+3 28 +4 26+3 16 £ 6
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Figure 9. Concentrations of Fe, Cu, Zn, Rb and Sr in coffee beans from Brazil, Colombia, Honduras,
Mexico and Ethiopia. The results are represented by the mean and the respective standard deviation.
Values are given in mg-kg~!. Adapted from [11,13].

The elemental composition of coffee beans can be used to determine particular geo-
logical features where the beans are grown. For instance, the Colombian coffee presented
slightly higher concentrations of Rb and Sr compared to the coffees from the other four
countries (Figure 9). These elements are known to play an important role in the geographic
determination of coffee [43]. Interestingly, the concentration of Rb in the coffees from
Colombia, Ethiopia and Honduras was three to four times higher than that found in the
Brazilian coffee. Brazilian soil is known to have a high concentration of Rb, which is re-
flected in food produced there, including coffee and wine [17,22]. While the Colombian and
Brazilian beans had the highest concentration of Sr, the Ethiopian beans had the lowest. The
concentration of K was slightly larger for the ground roasted coffee beans from Brazil, while
it was in the same range for the beans from the other countries. A large variation in the
elemental concentration was observed for chlorine (Table 2), with the highest concentration
found in the Mexican beans, which turned out to be around four times higher than the
concentration found in the Brazilian beans. The concentration of Fe, Cu and Zn seemed to
be larger for the Brazilian coffee, while it was similar in the coffee beans across Colombia,
Honduras, Mexico and Ethiopia (Figure 9).

Green and roasted coffee beans were studied by Singh et al. [20] (Table 3). In this
case, three species of coffee were selected for the study: Coffea canephora (Robusta coffee),
Coffea arabica (Arabica coffee) and Peaberry coffee. For the PIXE analysis, bean samples
were finely crushed and pelletized. In general, the lowest concentrations for most of the
elements were observed in the roasted beans for all three species of coffee. Potassium
and Ca were the elements with the highest concentrations for all coffee samples, while Cr,
Ti, Mn, Fe, Ni, Cu, Zn, Rb, Sr and Se were found in trace amounts. No large differences
were observed in the concentrations of trace elements between green and roasted beans
or among coffee species. However, for major elements such as K and Ca, large variation
was observed among the types and species of coffee. The concentration of K decreased
from green to roasted beans for the Peaberry and Arabica species, while its concentra-
tion increased slightly for the Robusta coffee. The green beans of Peaberry coffee had
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the lowest concentration of K (22,540 mg-kg~!), while the Arabica coffee beans had the
highest (29,967 mg-kg!). Calcium had the lowest concentration for the Robusta coffee
(2804 mg-kg~!). Phosphorus had twice the concentration in the green Arabica and Peaberry
coffee in comparison to the green Robusta coffee, but for the roasted beans, the Robusta
coffee showed the highest concentration among the three species. Moreover, Cl had about
three times the concentration in the green Arabica coffee when compared to the Robusta
and Peaberry coffees. The Fe concentration was much higher in the roasted Robusta coffee
beans when compared to the other species and types, reaching a concentration of about
800 mg-kg~! against 100-150 mg-kg~! obtained for the other coffees. Overall, the Fe
concentrations seemed to be much larger than the values found by Debastiani et al. [13]
and Cloete et al. [11] (see Table 3 and Figure 9 for details). Moreover, the concentrations
found for K were larger than the values reported in [11,13]. Calcium was found in the
same range as obtained in [11,13], while P and Cl presented lower concentrations than the
values reported in these studies. Finally, the concentrations of Rb found by Debastiani
et al. [13] compared with those obtained by Singh et al. [20] (around 20 mg-kg~!), while
Cloete et al. [11] observed Rb concentrations about twice as high (see Table 3 and Figure 9).

3.1.3. Roasted Ground Coffee

Although coffee beans offer a higher-quality beverage when they are freshly ground
right before the preparation of the coffee, they are more expensive and not as practical as
ground and instant coffee options, which are the most popular choices for this beverage.
This section will focus on studies using roasted ground coffee from different brands and
batches of popular and gourmet coffees. Popular coffees usually do not have their region
of production or the species of coffee described on the labels and are usually composed
of coffees from different farms. On the other hand, gourmet coffees are sold as a specialty
since they indicate the geographic region of production and are usually composed of the
most tasteful Arabica beans. Most of the roasted ground coffee in this review corresponds
to coffees produced in Brazil [12,13,19,21,22] and Jamaica [12] and three species from
unknown origins [20].

PIXE analysis of different Brazilian brands [19] and different batches [21] of popular
Brazilian roasted ground coffees indicated large differences in their elemental composition,
suggesting that the influence of factors such as soil, environmental conditions, field practices
and industrial processing conditions are important as far as elemental composition is
concerned. These results demonstrate the complexity of determining the provenance for
such products.

The study of eight brands of popular Brazilian roasted ground coffee was carried
out using 3 packages from 2 distinct batches for each brand [19]. The results show large
statistical differences across the brands for all the elements but Al, Si and Ti [19]. The lowest
and the highest elemental concentrations were found in the Melitta and No Bule brands,
respectively. For example, the concentrations of K and P varied from 18,142 mg-kg~! and
1408 mg-kg ! for the Melitta brand up to 29,039 mg-kg ! and 2431 mg-kg ! for the No Bule
brand, respectively. The No Bule brand also showed large standard deviations. Interestingly,
one of the No Bule packages showed concentrations from two to three times larger than the
other two packages [19]. Such differences among batches led to a second study based on the
analysis of eleven batches of Melitta Tradicional ground coffee produced over 2 years and
5 months [21]. Titanium was the only element to have a statistically equal concentration
among the batches, while the remaining elements presented differences between at least
two batches. For K and P, the concentrations varied from 17,821 mg-kg ! and 1329 mg-kg !
up to0 22,994 mg-kg~! and 1580 mg-kg ! respectively, while the differences for the minor
and trace elements like Cl, Ca, Ti, Mn, Fe, Cu, Zn and Rb among the batches were of about
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a factor of 2. Despite some exceptions, it was possible to sort out two distinct groups of
batches, where one of them, corresponding to the first five batches, seemed to have relatively
lower elemental concentrations than the other group, which corresponded to batches 6-11.
These differences in batches of the same product indicate that the analysis employed for the
determination of the origin of coffee requires advanced statistical tools, taking into account
several parameters that impact elemental concentrations. The maximum and minimum
mean elemental concentrations from popular Brazilian ground coffees are displayed in
Figure 10. For Al, Si and Ti, the lowest concentration was below the limit of detection for
some studies [12,13,19,21,22].
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Figure 10. Minimum and maximum elemental concentrations found in popular Brazilian roasted
ground coffees. Adapted from [12,13,19,21,22].

Coffees produced in particular regions of Brazil and Jamaica were analyzed in order
to elucidate differences in their elemental compositions that might be correlated with their
origin [10]. For the Brazilian coffee, three gourmet Arabica coffees with certified regions
of provenance (Cerrado, Mogiana and Sul de Minas) and one popular Arabica—Robusta
blended coffee (Melitta Tradicional) were analyzed using PIXE. While Mg, Si, P, S, Cl, K,
CA, Mn, Fe, Cu, Zn and Rb were detected in most of the samples, Al, Sc, Ti, Co, Ni, Br and
Sr were detected above the limit of detection (LOD) only in less than 50% of the samples.
The frequency of the detection of the elements among coffee types could help in identifying
potential discriminators of these coffees. For example, Sc and Co were absent in Melitta
Tradicional, while Co was detected only in the Cerrado coffee. Therefore, these elements
could constitute a potential chemical marker to distinguish these coffees from others. In
addition, the concentrations of all elements but Al, Mg, Ni, Cu, Sr and Br were found to
be different on statistical grounds from at least one of the coffees. Sulfur concentrations
differed for all coffees, thus indicating that this element could also be used as a potential
chemical marker for discrimination. Finally, coffees produced in geographically close
regions, namely Mogiana and Sul de Minas, had statistically equal concentrations for Mg,
P K, Cl, Ca, Fe, Cu, Zn and Rb. Although Rb has been suggested to be a potential chemical
marker for Brazilian organic products [22], it was detected above the LOD in only 42%
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of the Cerrado samples and in 89% of the Melitta Tradicional samples. Chlorine, which
has been associated with moldy odor and musty taste in coffee [44], was found at lower
concentrations for the gourmet coffees when compared to the Melitta Tradicional coffee.
Such differences might be associated with the extra care taken for gourmet coffees during
harvesting, processing and storage [12].

Regarding Jamaican coffees, three brands of the famous Blue Mountain coffees (Jablum,
Island Blue and JBMC) were analyzed as well. Scandium, Co and Br concentrations were
found to be below the LOD for all the Jamaican samples. The concentrations of Al, Si, Ti,
Mn, Fe, Ni, Cu and Sr were similar for the three brands, but the occurrence frequencies
of Al and Sr were less than 20% for at least one of the coffees. The concentrations of Rb
were lower in comparison to the Brazilian coffees, while the Rb concentration found in the
Island Blue coffee was below the LOD.

In order to compare the Brazilian and Jamaican coffees, the elemental concentrations
of Melitta Tradicional and the average of all Blue Mountain concentrations were evaluated.
Most of the elemental concentrations were statistically different between the coffees. Only
Al Si, Ni and Cu had similar concentrations. The concentrations of Mg, P, Cl, K, Mn, Fe
and Rb were higher for the Brazilian coffee. Concerning Rb, its frequency of detection was
just 18% for the Blue Mountain coffees and was much higher for Melitta Tradicional (89%).

Singh et al. [20] analyzed Arabica, Robusta and Peaberry ground coffee. Most of
the elements seemed to have similar mean concentrations among the species, despite
differences up to two times were observed for Sc, Mn, Rb and Se. From these elements,
only Mn and Rb had all concentration values above the LOD. The highest concentrations of
these elements were found in the Robusta coffee. Finally, the concentrations of Sc and Se
are above the LOD only for the Arabica and Robusta coffees, respectively.

In summary, these studies pointed out similarities among coffees produced in neigh-
boring regions, such as for Mogiana and Sul de Minas, and for the Blue Mountain coffees.
Neighboring regions may share, to some extent, the same geology and climate, which can
contribute to high degrees of similarity. On the other hand, these studies also highlighted
differences observed in the elemental concentrations of coffees produced in different re-
gions and countries. Furthermore, PIXE proved to be an excellent tool for finding potential
chemical markers for the determination provenance, such as Rb, Sc and Co. These chemical
markers, when combined with statistical methods and new machine learning tools, could
be used for forensic purposes to identify the adulteration of coffee from a determined
region of origin, thus protecting producers and consumers.

3.1.4. Spent and Drinking Coffee

Spent and drinking coffee were studied through the drip brewing process in order
to determine the elements transferred from the ground coffee to the beverage. The drip
brewing process was chosen due to its popularity not only in Brazil but all over the world.
The water temperature was 90 °C during this process. Pristine ground coffee and paper
filters used during the preparation of the beverage were analyzed as well. Therefore, each
stage of the process could be analyzed in terms of elemental composition [19] with one
single technique, namely PIXE. As usual, RBS was also employed as an ancillary technique
in order to determine the matrices of the materials used in the experiments.

Concerning the paper filter used during the preparation [19], its matrix was made
of carbon (82%), nitrogen (1%) and oxygen (17%). Trace elements like Mg, Cl, Ca and Fe
showed up with concentrations of the order of hundreds of parts per million. Finally, the
results reported in [19] indicated that there was no significant transfer of elements from the
filter to the beverage during the drip brewing process.



Foods 2025, 14, 585

17 of 26

The analysis of ground, spent and drinking coffee groups consisting of 24 samples each
revealed that elements such as Mg, P, K and Ca were the ones with highest concentrations
in these groups, while Ti, Cu and Zn were the elements with the lowest concentrations
(Table 4). The extraction factor (EF), i.e., the relative changes in the elemental concentration
of spent coffee (Cs) with respect to that of ground coffee (Cq), is simply calculated as

pp - Cge = Cse.

Cqe
Table 4. Some elemental concentrations of ground, spend and drinking coffees. The results are
represented by the mean and the respective standard deviation. Values are given in mg-kg ™.
Adapted from [19].

Element Ground Coffee Spent Coffee Drinking Coffee
Mg 1715 £ 133 1018 £ 166 97 £ 23
p 1437 + 138 819 4 212 77 £18
20,970 £ 1104 4278 £ 2294 1419 £ 297
Ca 1450 £ 187 1699 £ 364 38 &8
Ti 74+24 83+t 6.1 0.16 & 0.06
Cu 19.6 £ 3.9 23+ 4 0.13 £0.07
Zn 99£28 119+ 34 0.21 £ 0.05

Therefore, the extraction factor indicates the amount of elements extracted from the
ground coffee and, in principle, transferred to the beverage. Figure 11 shows the positive
extraction factors of some elements. Clearly, Cl, K and Rb were the elements with the
highest extraction factors. However, it must be pointed out that, for some elements, the
extraction factor may not have corresponded directly to transfer rates to the beverage. This
could have been the case for CI due to its high volatility.
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Figure 11. Extraction factors of some elements from coffee during the drip brewing process. See the
text for further details. Adapted from [19].
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Interestingly, there was also an apparent increase of about 15% in the concentrations of
some elements, such as Ca, Ti, Cu and Zn, and of about 40% in the Fe concentration [19] in
the spent coffee with respect to the ground coffee (Table 4). Although the concentrations of
these elements were the same between the ground and spent coffees from a statistical point
of view, these results suggest that these elements were not fully dissolved by the hot water
and remained in the spent coffee. Since other elements were washed out from the spent
coffee, their relative concentrations could have slightly increased. Moreover, it cannot be
ruled out that the coffee absorbed elements from the water during its preparation since it
may have carried elements from the components of the brewer.

A second study analyzed the extraction factor of elements from ground coffee as a
function of water temperature [23]. Drip-brewed coffee was prepared with water tempera-
tures varying from 20 °C to 80 °C, and samples of ground and spent coffee were analyzed
with PIXE. The extraction factors obtained for several temperatures were compared to the
results obtained at 90 °C [19]. Potassium, Rb and Cl were the elements with extraction
factors of over 70% for all the temperatures studied. Phosphorus also presented large
extraction factors for temperatures up to 45 °C, while decreasing factors were observed for
higher temperatures. Similar behavior was observed for K, with a linear increase in the
extraction up to 45 °C followed by an oscillating behavior at higher temperatures. Chlorine
and Rb had similar extraction patterns but different extraction factors. As observed for the
90 °C case, elements like Ca, Cu, Si and Ti had their concentrations increase in the spent
coffee for all temperatures as a consequence of poor solubility and absorption from the
water. Curiously, for a few elements, both absorption and extraction factors were depen-
dent on the temperature. Manganese was extracted from the coffee at all temperatures
but 60 °C and 70 °C, which was compatible with the results obtained by Stelmach and
collaborators [45] that found the lowest concentration of Mn in coffee prepared at such
temperatures. Other elements with similar extraction and absorption behavior were Al, Fe
and Zn [23].

3.2. Other Techniques

Besides ion-based techniques, other analytical techniques such as inductively coupled
plasma (ICP) in its various formats (OES—optical emission spectrometry; AES—atomic
emission spectrometry; MS—mass spectrometry) [46—49], neutron activation analysis
(NAA) [49,50] and flame atomic absorption spectroscopy (FAAS) [47] have been routinely
used for the analysis of plant-based products [51] and of food in general [52], including
coffee. The main features of IBA and the techniques mentioned above are shown in Table 5.
Typically, FAAS and ICP have better LODs (in the order of parts per billion or better) when
compared to PIXE and NAA. Among all techniques, NAA presents better specificity for
analysis. On the other hand, NAA experiments may take hours to days depending on
the element to be probed. ICP and FAAS techniques require a more complicated sample
preparation process, which could lead to chemical contamination and the incomplete dis-
solution of the sample, while NAA and PIXE usually require little sample handling prior
to experiments. Moreover, NAA requires a nuclear reactor and the careful handling of
samples due to the radioactivity induced in them [53-55]. In terms of cost, PIXE and NAA
make use of sophisticated facilities with high maintenance costs.
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Table 5. Main features of the PIXE, RBS, FAAS, ICP and NAA analytical techniques.

Technique e Quantifiable P — . .
[Ref.] Sensitivity Elements Specificity Analysis Time Relative Cost Advantages Disadvantages
Multi-elemental analysis
Non-destructive
Complements other IBA
techniques
Minimal sample High cost
A few minutes per preparation (no need for Limited access as it requires
PIXE [7] ppm Na-U High sample P High chemical treatment) a particle accelerator
P Allows the analysis of Requires solid samples for
different materials from a in-vacuum experiments
study with a single
analytical technique
Imaging capability with high
spatial resolution
Multi-elemental analysis
Non-destructive
Complements other IBA High cost
techniques e . .
- . Limited access as it requires
Minimal sample preparation a particle accelerator
RBS [5] ppm B-U High 5-30 min per sample High i?;a?riii tf)or chemical Limited sensitivity for trace
1 1 elements
Depth proflhng capability for Requires solid samples
surface analysis
Imaging capability with high
spatial resolution
Affordable g?ﬁ;: lszggiai?jrll};s;;uires
FAAS [51,52] ppb Metals and a few Moderate to high A few minutes per Low Easy access (many facilities dilution and acid digestion

metalloids

element

around the world)
High sensitivity

Not suitable for non-metal
analysis
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Table 5. Cont.

Technique e s Quantifiable e s R . .
[Ref.] Sensitivity Elements Specificity Analysis Time Relative Cost Advantages Disadvantages
Can require complex sample
. . preparation
ICP [51,52] ppb-ppt Over 70 elements can Moderate to high Minutes per sample ~ Moderate to high Multi elementval analy51's' Matrix and spectral
be detected Isotope detection capability .
interferences may lead to
inaccuracies
Multi-elemental analysis
Non-destructive Requires access to a nuclear
Minimal sample preparation reactor or high-energy
NAA m Over 70 elements can Verv high Hours to days per Hich Matrix influence is often neutron source
[51,52,55] PP be detected y g sample & negligible Post-irradiated samples
Target non-homogeneity is require extra care due to
negligible potential radioactivity

Bulk analysis capability




Foods 2025, 14, 585

21 of 26

It is important to point out that comparisons between ICP results and those obtained
with micro-PIXE [56] and with PIXE [57,58] show a high degree of compatibility among
these techniques. In addition, the results indicate that there is a clear complementarity
between NAA and PIXE. Indeed, while PIXE fails to quantify elements with atomic numbers
of Z <10 [59], it provides better results for elements within 15 < Z < 26 [60].

Table 6 shows some elemental concentrations of soluble coffee obtained with ICP [61],
FAAS [62,63] and NAA [49]. With some exceptions, the overall agreement is quite good
among the techniques. For the particular study, the NAA technique provided fewer results
for the selected elements of Table 6. Iron, which is one of the essential elements for organic
life [64] reached concentrations up to 451 mg-kg~! [61]. Although even higher values were
observed for Robusta coffee (Table 3) [30], the majority of Fe concentrations for all kind of
coffees was around 100 mg-kg ! or less and was the least for Brazilian coffees [19]. The
concentrations obtained for Mg and Ca are compatible among all techniques. Trace elements
like Cu and Zn are compatible as far as the ICP and FAAS techniques are concerned.

Table 6. Some elemental concentrations of soluble coffee obtained with ICP, FAAS and NAA analytical
techniques. Values are given in mg-kg~!. Some results are quoted as minimum and maximum
values [49,61,63]. Some figures were rounded off for the sake of clarity. See the text for further
information. NA: information not available. Adapted from [49,61-63].

Element ICP [Ref.] FAAS [Ref.] NAA [Ref.]
3400 4 1070 [62]
Mg 2120-4150 [61] 2000-3100 [63] 3207-3846 [49]
Al NA NA 18-22 [49]
2230-4100 [61] 4130 + 855 [62] NA
1480-2060 [61] NA NA
25,300 =+ 5270 [62]
K 32,500-47,600 [61] 13,600-29,100 [63] 35,600-38,900 [49]
1160 + 609 [62]
Ca 1060-1890 [61] 490-971 [63] 1352-2059 [49]
18 £ 8 [62]
Mn 4-39 [61] 713 [63] NA
34 + 15 [62]
Fe 14-451 [61] 1692 [63] NA
0.7 £ 0.3 [62]
Cu 0.5-2.3 [61] 04160 [65] NA
4.0 £ 3.5[62]
Zn 3-15[61] 29 [63] NA

A similar comparison among techniques for roasted ground coffees is presented in
Table 7. In particular, these kinds of coffee were measured in three independent laborato-
ries [62,65,66] with the FAAS technique. It can be observed that the agreement between the
FAAS results from references [62,65] is quite good for the concentrations of Mg, K, Ca, Mn,
Fe and Cu. On the other hand, discrepancies for the concentrations of K and Mn as pro-
vided by FAAS are evident when the work of Ozdestan [66] is taken into account. The PIXE
results show a good degree of compatibility with all techniques. However, significant dis-
crepancies are observed for Fe (ICP—reference [49]), K (FAAS—references [62,65,66]) and
Rb (NAA—reference [49]). PIXE and NAA provide consistent results for the concentrations
of Mg, K, Ca, Mn, Fe, Zn and Rb.
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Table 7. Some elemental concentrations of roasted ground coffee obtained with ICP, FAAS, NAA and
PIXE analytical techniques. Values are given in mg«kg_l. Some results are quoted as minimum and
maximum values [67]. Some figures were rounded off for the sake of clarity. See the text for further
information. NA: information not available. Adapted from [19,49,62,65-67].

Element ICP [Ref.] FAAS [Ref.] NAA [Ref.] PIXE [Ref.]
Na NA NA 56 + 1 [49] NA
2100 =+ 435 [62]
Mg NA 1964 + 78 [65] 2133 4 4 [49] 2092 + 323 [19]

2097 = 449 [66]

p 1394 + 1 [49] 2280 + 496 [62] NA 1761 + 303 [19]
cl NA NA NA 384 + 79 [19]
13,690 + 1020 [62]
K NA 14,488 + 467 [65] gé";gg_ﬁ;ggg {2‘2]] 22,451 + 3436 [19]
9263 + 1188 [66] : 2
841 + 331 [62] 1381 + 5 [49]
Ca NA 945 + 65 [65] 1151-1408 [67] 1437 4 303 [19]
T NA NA NA 8+ 3[19]
2+ 6[62]
Mn NA 23 + 1 [65] 29 + 2 [49] 32+ 8[19]
49 + 6 [66]
42+ 14[62]
Fe 32 4 1 [49] s o] 55-250 [67] 68 £ 23 [19]
16+ 2[62]
Cu 19 4+ 1 [49] 1L NA 18 4 5[19]
5+ 3[62]
Zn 6+ 1[49] 1 L] 6-8 [67] 94+ 2[19]
8 & 4 [49]
Rb NA NA gl v 48 + 20 [19]

Finally, it is important to bear in mind that the results shown in Tables 6 and 7 refer to
coffees of quite different origins. From this perspective, the overall agreement among ICP,
FAAS, NAA and PIXE can be considered quite good.

4. Concluding Remarks

In recent decades, IBA techniques have proved to be suitable for the analysis of
foodstuff in general and coffee in particular. Techniques like RBS, PIXE and micro-PIXE
have the potential to analyze solid and liquid samples from, e.g., different steps of the
production chain from the soil up to the final product [17]. Another important point is the
reduced risk of chemical contamination since most of the samples can be analyzed in their
pristine conditions with minimal handling or a simple heating treatment [13,17]. Moreover,
PIXE is a non-destructive and fast multi-elemental technique, with limits of detection in
the range of parts per million, being sensitive enough for most applications. In addition,
the possibility of obtaining elemental maps through micro-PIXE and micro-RBS can greatly
improve the understanding of the distribution of elements across microstructures of the
samples [13]. However, it must be pointed out that ion beam analytical techniques require a
particle accelerator to generate high-energy ion beams for analytical purposes, thus limiting
the number of users globally. In this case, analysts are encouraged to cooperate with
such laboratories since more than 300 electrostatic IBA facilities are scattered all over the
world [68].

Like other analytical techniques, such as ICP, NAA and FAAS, PIXE can provide
elemental concentrations for a great variety of materials. PIXE can identify chemical
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markers which may be a lead to specificity and selectivity. This is easily performed in
some instances, like a particular contaminant in a product, and can be further improved by
building a consistent database where different parameters, like the crop year, soil and field
practices, are considered. By combining such databases with advanced statistical tools like
multivariate and principal component analyses [69], it is possible to correlate a particular
chemical marker to a particular elemental profile that occurs only in that particular type of
product. Currently, the use of machine learning protocols coupled with artificial intelligence
engines may solve the quest for the absolute global differentiation of organic products
including coffee. Finally, it has been shown elsewhere [12] that the combination of IBA
techniques with others, like Fourier transform infrared (FTIR) and radiocarbon analysis
with accelerator mass spectrometry (AMS-1*C) techniques, becomes a powerful tool for
selectivity.

In summary, the studies presented in this review show that IBA techniques can be used
for the analysis of foodstuff and beverages in general. As far as coffee is concerned, analysis
can be carried out in different stages of production (green and roasted beans, ground coffee)
and of beverage preparation (spent and drinking coffee). Moreover, the elemental maps
provided by micro-PIXE are particularly important for determining the precise location of
elements in different parts of plants and beans. By combining IBA techniques with proper
statistical tools, chemical markers can be identified and used for discrimination among
brands and the geographical origins of products under study, thus illustrating the potential
of these techniques to be used for forensic purposes.

Author Contributions: Conceptulization, R.D. and J.ED.; methodology, R.D., L.Pd.S., G.C.T,
C.EILdS., LA. and J.ED,; validation, R.D., C.EELd.S. and J.ED.; formal analysis, R.D., C.EILd.S.
and J.ED.; data curation, R.D.; writing—original draft preparation, R.D., L.P.d.S., G.C.T.,, C.ELd.S.
and L.A.; writing—review and editing, R.D. and J.ED.; supervision, R.D. and ].ED.; project adminis-
tration, R.D. and J.ED. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge the financial support from the Brazilian agencies
CAPES (Coordenagao de Pessoal de Nivel Superior), CNPq (Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico) and FAPERGS (Fundagao de Amparo a Pesquisa do Estado do Rio Grande
do Sul).

Conflicts of Interest: The authors declare that the Ion Implantation Laboratory at the Federal
University of Rio Grande do Sul is not a laboratory accredited by the Brazilian Federal Health
Surveillance System (ANVISA). The authors declare that they have no financial, academic or personal
relationships that may have influenced the work reported in this review. The authors declare no
conflict of interest.

1.  Food and Agriculture Organization. Available online: http://www.fao.org/faostat/en/#data/FBS (accessed on 10 September

2024).

2. Food and Agriculture Organization. Intergovernamental Group on Tea, Current Global Market Situation and Medium-Term
Outlook. In Proceedings of the Committee on Commodity Problems, Guwahati, India, 31 January—-2 February 2024.
3.  International Coffee Association. Available online: https://ico.org/documents/prices/MTS-0324_T1.pdf (accessed on 9 February

2025).


http://www.fao.org/faostat/en/#data/FBS
https://ico.org/documents/prices/MTS-0324_T1.pdf

Foods 2025, 14, 585 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

Jeynes, C.; Webb, R.P; Lohstroh, A. Ion Beam Analysis: A Century of Exploiting the Electronic and Nuclear Structure of the Atom
for Materials Characterisation. Rev. Accel. Sci. Technol. Accel. Appl. Ind. Environ. 2012, 4, 41-82. [CrossRef]

Chu, W.-K,; Mayer, J.W.; Nicolet, M.-A. Backscattering Spectrometry; Academic Press: Cambridge, MA, USA, 1978;
ISBN 9780323152051.

Tesmer, ].R.; Nastasi, M. Handbook of Modern Ion Beam Materials Analysis; Materials Research Society: Warrendale, PA, USA, 1995;
ISBN 1-55899-254-5.

Johansson, S.A.E.; Campbell, ].L.; Malmqvist, K.G. Particle-Induced X-Ray Emission Spectrometry (PIXE); Wiley: Hoboken, NJ, USA,
1995; ISBN 978-0-471-58944-0.

Tsuboi, S.; Ishii, K.; Matsuyama, S.; Terakawa, A.; Kikuchi, Y.; Fujiwara, M.; Kawamura, Y.; Watanabe, M.; Yamanaka, K.; Arikawa,
J.; et al. Pixe Analysis of Umeboshi (Dried Plum). Int. ]. PIXE 2008, 18, 267-271. [CrossRef]

Kaizer, ].; JeSkovsky, M.; Kvasniak, J.; Zeman, J.; Panik, J.; Povinec, P.P. Elemental Composition of Organic and Non-Organic
Foods Determined by PIXE. ]. Radioanal. Nucl. Chem. 2022, 331, 1249-1259. [CrossRef]

Pantelica, A.; Ene, A.; Gugiu, M.; Ciortea, C.; Constantinescu, O. PIXE Analysis of Some Vegetable Species. Rom. Rep. Phys. 2011,
63,997-1008.

Cloete, K.J,; Smit, Z.; Minnis-Ndimba, R.; Vavpeti¢, P; du Plessis, A.; le Roux, S.G.; Pelicon, P. Physico-Elemental Analysis of
Roasted Organic Coffee Beans from Ethiopia, Colombia, Honduras, and Mexico Using X-Ray Micro-Computed Tomography and
External Beam Particle Induced X-Ray Emission. Food Chem. X 2019, 2, 100032. [CrossRef]

Chytry, P.; Souza, G.M.S.; Debastiani, R.; dos Santos, C.E.I.; Antoine, ] M.R; Banas, A.; Banas, K.; Calcagnile, L.; Chiari, M.;
Hajdas, I.; et al. The Potential of Accelerator-Based Techniques as an Analytical Tool for Forensics: The Case of Coffee. Forensic
Sci. Int. 2022, 335, 111281. [CrossRef] [PubMed]

Debastiani, R.; Dos Santos, C.E.L,; Yoneama, M.L.; Amaral, L.; Dias, ]J.F. Ion Beam Analysis of Ground Coffee and Roasted Coffee
Beans. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2014, 318, 202-206. [CrossRef]

Vogel-Mikus, K.; Pelicon, P.; Vavpeti¢, P.; Kreft, I.; Regvar, M. Elemental Analysis of Edible Grains by Micro-PIXE: Common
Buckwheat Case Study. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2009, 267, 2884-2889. [CrossRef]
Medeiros, LM.M.A.; Zamboni, C.B.; De Medeiros, ].A.G.; De Almeida Rizzutto, M.; Added, N.; Tabacniks, M.H. Multi-elemental
Analysis of Genetically Modified Food Using ANAA and PIXE Techniques. Braz. |. Phys. 2005, 35, 814-817. [CrossRef]

da Silveira, V.C.; Oliveira, A.P.d.; Sperotto, R.A.; Espindola, L.S.; Amaral, L.; Dias, ].F.; Cunha, ].B.d.; Fett, ].P. Influence of Iron on
Mineral Status of Two Rice (Oryza sativa L.) Cultivars. Braz. |. Plant Physiol. 2007, 19, 127-139. [CrossRef]

Debastiani, R.; Iochims dos Santos, C.E.; Ferraz Dias, J. Elemental Characterization of Sparkling Wine and Cork Stoppers. Curr.
Res. Food Sci. 2021, 4, 670-678. [CrossRef] [PubMed]

Debastiani, R.; Iochims dos Santos, C.E.; Maciel Ramos, M.; Sobrosa Souza, V.; Yoneama, M.L.; Amaral, L.; Ferraz Dias, J.
Elemental Concentration of Tomato Paste and Respective Packages through Particle-Induced X-Ray Emission. . Food Compos.
Anal. 2021, 97, 103770. [CrossRef]

Debastiani, R.; dos Santos, C.E.I; Ramos, M.M.; Souza, V.S.; Amaral, L.; Yoneama, M.L.; Dias, ].F. Elemental Analysis of Brazilian
Coffee with Ion Beam Techniques: From Ground Coffee to the Final Beverage. Food Res. Int. 2019, 119, 297-304. [CrossRef]
Singh, S.; Oswal, M.; Behera, B.R.; Kumar, A.; Santra, S.; Acharya, R.; Singh, K.P. PIXE Analysis of Green and Roasted Coffee
Beans and Filter Coffee Powder for the Inter-Comparison Study of Major, Minor and Trace Elements. In AIP Conference Proceedings;
AIP: Melville, NY, USA, 2020. [CrossRef]

Debastiani, R.; Iochims dos Santos, C.E.; Maciel Ramos, M.; Sobrosa Souza, V.; Amaral, L.; Ferraz Dias, J. Variance of Elemental
Concentrations of Organic Products: The Case of Brazilian Coffee. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater.
Atoms 2021, 486, 18-21. [CrossRef]

Debastiani, R.; Amaral, L.; Dias, ].F. Rubidium in the Elemental Composition of Brazilian Coffee. Int. ]. PIXE 2018, 28, 35-42.
[CrossRef]

Debastiani, R.; Iochims dos Santos, C.E.; Maciel Ramos, M.; Sobrosa Souza, V.; Amaral, L.; Ferraz Dias, J. Elemental Extraction
Factor from Ground to Drinking Coffee as a Function of the Water Temperature. Nucl. Instrum. Methods Phys. Res. Sect. B Beam
Interact. Mater. Atoms 2020, 477, 154-158. [CrossRef]

Jeynes, C.; Bailey, M.].; Bright, N.J.; Christopher, M.E.; Grime, G.W.; Jones, B.N.; Palitsin, V.V.; Webb, R.P. “Total IBA”—Where Are
We? Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2012, 271, 107-118. [CrossRef]

Bird, J.R. Total Analysis by IBA. Nucl. Inst. Methods Phys. Res. B 1990, 45, 514-518. [CrossRef]

Simon, A.; Barradas, N.P; Jeynes, C.; Romolo, F.S. Addressing Forensic Science Challenges with Nuclear Analytical Techniques—A
Review. Forensic Sci. Int. 2024, 358, 111767. [CrossRef]

Traore, A.; Ndiaye, A.; Mtshali, C.B.; Baboucarr, M.; Faye, ].P.L.; Mbodj, D.; Traore, K.; Gueye, T.; Ndao, A.S. Multi-Elemental
Analysis and 2D Image Mapping within Roots, Leaves and Seeds from O. glaberrima Rice Plants Using Micro-PIXE Technique.
World J. Nucl. Sci. Technol. 2024, 14, 97-106. [CrossRef]


https://doi.org/10.1142/S1793626811000483
https://doi.org/10.1142/S0129083508001612
https://doi.org/10.1007/s10967-022-08188-2
https://doi.org/10.1016/j.fochx.2019.100032
https://doi.org/10.1016/j.forsciint.2022.111281
https://www.ncbi.nlm.nih.gov/pubmed/35429777
https://doi.org/10.1016/j.nimb.2013.05.105
https://doi.org/10.1016/j.nimb.2009.06.104
https://doi.org/10.1590/S0103-97332005000500025
https://doi.org/10.1590/S1677-04202007000200005
https://doi.org/10.1016/j.crfs.2021.09.006
https://www.ncbi.nlm.nih.gov/pubmed/34632409
https://doi.org/10.1016/j.jfca.2020.103770
https://doi.org/10.1016/j.foodres.2019.02.007
https://doi.org/10.1063/5.0001751
https://doi.org/10.1016/j.nimb.2020.09.023
https://doi.org/10.1142/S0129083519500062
https://doi.org/10.1016/j.nimb.2019.11.026
https://doi.org/10.1016/j.nimb.2011.09.020
https://doi.org/10.1016/0168-583X(90)90889-3
https://doi.org/10.1016/j.forsciint.2023.111767
https://doi.org/10.4236/wjnst.2024.142005

Foods 2025, 14, 585 25 of 26

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Cvitanich, C.; Przybylowicz, W.; Mesjasz-Przybylowicz, ].; Blair, M.W.; Astudillo, C.; Ortowska, E.; Jurkiewicz, A.M.; Jensen, E.O.;
Stougaard, J. Micro-PIXE investigation of bean seeds to assist micronutrient biofortification. Nucl. Instrum. Meth. Phys. Res. B
2011, 269, 2297-2302. [CrossRef]

National Electrostatic Corporation. Available online: https:/ /www.pelletron.com (accessed on 19 December 2024).

High Voltage Engineering Europa. Available online: https://www.highvolteng.com/index_en.html (accessed on 19 December
2024).

Moretto, P. Nuclear Microprobe: A Microanalytical Technique in Biology. Celular and Molecular Biology. Cell. Mol. Biol. 1996, 42,
16.

Pongrac, P.; Vogel-Mikus, K.; Regvar, M.; Vavpeti¢, P; Pelicon, P; Kreft, I. Improved Lateral Discrimination in Screening the
Elemental Composition of Buckwheat Grain by Micro-PIXE. J. Agric. Food Chem. 2011, 59, 1275-1280. [CrossRef] [PubMed]
Campbell, J.L.; Boyd, N.I; Grassi, N.; Bonnick, P.; Maxwell, J.A. The Guelph PIXE Software Package IV. Nucl. Instrum. Methods
Phys. Res. Sect. B Beam Interact. Mater. Atoms 2010, 268, 3356-3363. [CrossRef]

Mayer, M. SIMNRA, a Simulation Program for the Analysis of NRA, RBS and ERDA. In AIP Conference Proceedings; AIP: Melville,
NY, USA, 1999; pp. 541-544.

Marmitt, G.G. Metal Oxides of Resistive Memories Investigated by Electron and Ion Backscattering. Ph.D. Thesis, Universidade
Federal do Rio Grande do Sul, Porto Alegre, Brazil, 2017. Volume 74. p. 30. Available online: https://www.lume.ufrgs.br/
bitstream /handle/10183/170451/001053460.pdf (accessed on 4 January 2025).

Moon, D.W. Recent advances in MEIS. Surf. Interface Anal. 2020, 52, 63. [CrossRef]

Verma, H.R. Atomic and Nuclear Analytical Methods; Springer: Berlin/Heidelberg, Germany, 2007; ISBN 10-3-540-30277-8.
Worsfold, PJ.; Townshend, A.; Poole, C. Encyclopedia of Analytical Science, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2005;
ISBN 13-978-012761003.

Taylor, H.E. Inductively Coupled Plasma-Mass Spectrometry—Practices and Techniques; Academic Press: Cambridge, MA, USA, 2001;
ISBN 0-12-683865-8.

Dean, J.R. Practical Inductively Coupled Plasma Spectrometry; Wiley: Hoboken, NJ, USA, 2019; ISBN 9781119478683.

Hill, S.J. Inductively Coupled Plasma Spectrometry and Its Application; Blackwell: Hoboken, NY, USA, 2007; ISBN 13-978-1-4051-3594-8.
Welz, B.; Sperling, M. Atomic Absorption Spectrometry, 3rd ed.; Wiley-VCH: Weinheim, Germany, 1999; ISBN 13-978-3527285716.
Liu, H.C,; You, C.E; Chen, C.Y,; Liu, Y.C.; Chung, M.T. Geographic Determination of Coffee Beans Using Multi-Element Analysis
and Isotope Ratios of Boron and Strontium. Food Chem. 2014, 142, 439-445. [CrossRef]

Kato, H.; Sato, K.; Takui, T. Analysis of Iodine-like (Chlorine) Flavor-Causing Components in Brazilian Coffee with Rio Flavor.
Food Sci. Technol. Res. 2011, 17, 347-352. [CrossRef]

Stelmach, E.; Pohl, P.; Szymczycha-Madeja, A. The Suitability of the Simplified Method of the Analysis of Coffee Infusions on the
Content of Ca, Cu, Fe, Mg, Mn and Zn and the Study of the Effect of Preparation Conditions on the Leachability of Elements into
the Coffee Brew. Food Chem. 2013, 141, 1956-1961. [CrossRef]

Pan, X.; Yan, W.; Wu, X; Ye, ].; Liang, Y.; Zhan, G.; Dong, H.; Liao, W.; Yang, X.; He, Q. Replacing traditional coffee appraisers
with inductively coupled plasma-Mass spectrometry (ICP-MS): From manual sensory evaluation to scientific analysis. Food Chem.
X 2024, 24,101980. [CrossRef]

Pokorska-Niewiada, K.; Scheffler, A.; Przedpelska, L.; Witczak, A. Tracking Trace Elements Found in Coffee and Infusions of
Commercially Available Coffee Products Marketed in Poland. Foods 2024, 13, 2212. [CrossRef]

Vezzulli, F.; Fontanella, M.C.; Lambri, M.; Beone, G.M. Specialty and high-quality coffee: Discrimination through elemental
characterization via ICP-OES, ICP-MS, and ICP-MS/MS of origin, species, and variety. J. Sci. Food Agric. 2023, 103, 4303-4316.
[CrossRef] [PubMed]

Antoine, ].M.R.; Fung, L.A.H.; Grant, C.N. Geographic determination of the growing origins of Jamaican and international coffee
using instrumental neutron activation analysis and o other methods. J. Radioanal. Nucl. Chem. 2016, 309, 525-534. [CrossRef]
Messaoudi, M.; Begaa, S.; Hamidatou, L.; Salhi, M.; Ouakouak, H.; Mouzai, M.; Hassani, A. Neutron activation analysis of
major and trace elements in Arabica and Robusta coffee beans samples consumed in Algeria. Radiochim. Acta 2018, 106, 525-533.
[CrossRef]

Rawat, H.; Bhat, S.A.; Dhanjal, D.S.; Singh, R.; Gandhi, Y.; Mishra, S.K.; Kumar, V.; Shakya, S.K.; Narasimhaji, C.V.; Singh, A_; et al.
Emerging Techniques for the Trace Elemental Analysis of Plants and Food-Based Extracts: A Comprehensive Review. Talanta
Open 2024, 10, 100341. [CrossRef]

Ibourki, M.; Hallouch, O.; Devkota, K.; Guillaume, D.; Hirich, A.; Gharby, S. Elemental Analysis in Food: An Overview. J. Food
Compos. Anal. 2023, 120, 105330. [CrossRef]

Baqueta, M.R.; Costa-Santos, A.C.; Rebellato, A.P.; Luz, G.M.; Pallone, J.A.L.; Marini, F; Teixeira, A.L.; Rutledge, D.N.; Valderrama,
P. Independent Components—Discriminant Analysis for Discrimination of Brazilian Canephora Coffees Based on Their Inorganic
Fraction: A Preliminary Chemometric Study. Microchem. ]. 2024, 196, 109603. [CrossRef]


https://doi.org/10.1016/j.nimb.2011.02.047
https://www.pelletron.com
https://www.highvolteng.com/index_en.html
https://doi.org/10.1021/jf103150d
https://www.ncbi.nlm.nih.gov/pubmed/21226516
https://doi.org/10.1016/j.nimb.2010.07.012
https://www.lume.ufrgs.br/bitstream/handle/10183/170451/001053460.pdf
https://www.lume.ufrgs.br/bitstream/handle/10183/170451/001053460.pdf
https://doi.org/10.1002/sia.6708
https://doi.org/10.1016/j.foodchem.2013.07.082
https://doi.org/10.3136/fstr.17.347
https://doi.org/10.1016/j.foodchem.2013.05.011
https://doi.org/10.1016/j.fochx.2024.101980
https://doi.org/10.3390/foods13142212
https://doi.org/10.1002/jsfa.12490
https://www.ncbi.nlm.nih.gov/pubmed/36785999
https://doi.org/10.1007/s10967-015-4666-4
https://doi.org/10.1515/ract-2017-2875
https://doi.org/10.1016/j.talo.2024.100341
https://doi.org/10.1016/j.jfca.2023.105330
https://doi.org/10.1016/j.microc.2023.109603

Foods 2025, 14, 585 26 of 26

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

Pohl, P.; Stelmach, E.; Welna, M.; Szymczycha-Madeja, A. Determination of the Elemental Composition of Coffee Using
Instrumental Methods. Food Anal. Methods 2013, 6, 598-613. [CrossRef]

Fernandes, E.A.D.N.; Tagliaferro, F.S.; Azevedo-Filho, A.; Bode, P. Organic Coffee Discrimination with INAA and Data Min-
ing/KDD Techniques: New Perspectives for Coffee Trade. Accredit. Qual. Assur. 2002, 7, 378-387. [CrossRef]

Cabri, L.J.; Sylvester, PJ.; Tubrett, M.N.; Peregoedova, A.; Laflamme, ].H. Gilles. Comparison of LAM-ICP-MS and micro-PIXE
results for palladium and rhodium in selected samples of noril’sk and talnakh sulfides. Can. Mineral. 2003, 41, 321-329. [CrossRef]
Gurlet, L.B.G.; Poupeau, G.; Salomon, J.; Calligaro, T.; Moignard, B.; Dran, J.C.; Barrat, J.A.; Pichon, L. Obsidian provenance
studies in archaeology: A comparison between PIXE, ICP-AES and ICP-MS. Nucl. Instrum. Methods Phys. Res. Sect. B Beam
Interact. Mater. Atoms 2005, 240, 583-588. [CrossRef]

Saitoh, K.; Sera, K.; Gotoh, T.; Nakamura, M. Comparison of elemental quantity by PIXE and ICP-MS and/or ICP-AES for NIST
standards. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2002, 189, 86-93. [CrossRef]

Satyanarayana, A.V.S.; Rao, M.].; Mouli, K.C.; Reddy, B.S. Comparison of PIXE technique with chemical analysis and NAA-Geo
chemistry of high grade metamorphic charnockite rocks. J. Rad. Nucl. Appl. 2020, 5, 219-226. [CrossRef]

Stedman, J.D.; Spyrou, N.M. A comparison of the techniques of PIXE, PIGE and INAA by reference to the elemental analysis of
porcine brain samples. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 1994, 353, 436—439. [CrossRef]
Santos, E.J.; Oliveira, E. Determination of mineral nutrients and toxic elements in Brazilian soluble coffee by ICP-AES. ]. Food
Compos. Anal. 2001, 14, 523-531. [CrossRef]

Grembecka, M.; Malinowska, E.; Szefer, P. Differentiation of market coffee and its infusions in view of their mineral composition.
Sci. Total Environ. 2007, 383, 59—69. [CrossRef]

Suseela, B.; Bhalke, S.; Kumar, A.V,; Tripathi, R.M.; Sastry, V.N. Daily intake of trace metals through coffee consumption in India.
Food Addit. Contam. 2001, 18, 115-120. [CrossRef]

Pais, I.; Jonnes, ].B. The Handbook of Trace Elements; St Lucie Press: Delray Beach, FL, USA, 1977; ISBN 1-884015-34-4.

Ashu, R.; Chandravanshi, B.S. Concentration levels of metals in commercially available ethiopian roasted coffee powders and
their infusions. Bulletim Chem. Soc. Ethiop. 2011, 25, 11-24. [CrossRef]

Ozdestan, O. Evaluation of bioactive amine and mineral levels in Turkish coffee. Food Res. Int. 2014, 61, 167-175. [CrossRef]
Tabliaferro, ES.; Fernandes, E.A.N.; Franga, E.J. Elemental composition of commercial Brazilian coffee using neutron activation
analysis. In Proceedings of the 3rd International Conference on Isotopes, Vancouver, BC, Canada, 6-10 September 1999;
pp. 277-279.

International Atomic Energy Agency (IAEA). Available online: https://nucleus.iaea.org/sites/accelerators/Pages/default.aspx
(accessed on 4 January 2025).

Trindade, G.F,; Rosa, L.L.ES.; Stori, E.M.; Dos Santos, C.E.L.; Watts, ].F. Surface Mass Spectrometry as a New Approach for the
Characterisation of Coffee. Surf. Interface Anal. 2018, 50, 1051-1057. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s12161-012-9467-6
https://doi.org/10.1007/s00769-002-0531-6
https://doi.org/10.2113/gscanmin.41.2.321
https://doi.org/10.1016/j.nimb.2005.06.216
https://doi.org/10.1016/S0168-583X(01)01012-6
https://doi.org/10.18576/jrna/050309
https://doi.org/10.1016/0168-9002(94)91693-4
https://doi.org/10.1006/jfca.2001.1012
https://doi.org/10.1016/j.scitotenv.2007.04.031
https://doi.org/10.1080/02652030010008814
https://doi.org/10.4314/bcse.v25i1.63356
https://doi.org/10.1016/j.foodres.2013.12.027
https://nucleus.iaea.org/sites/accelerators/Pages/default.aspx
https://doi.org/10.1002/sia.6380

	Introduction 
	Analytical Techniques 
	Ion-Based Techniques 
	Neutron Activation Analysis (NAA) 
	Inductively Coupled Plasma (ICP) 
	Atomic Absorption Spectroscopy (AAS) 

	Results and Discussion 
	Ion-Based Techniques 
	Coffee Matrix 
	Coffee Beans 
	Roasted Ground Coffee 
	Spent and Drinking Coffee 

	Other Techniques 

	Concluding Remarks 
	References

