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Abstract: Bixa orellana is a plant that has a variety of uses, such as applications in the food and
cosmetic industries, as well as culinary uses, and body painting for Indigenous people. Despite its
versatility, few studies have explored its inorganic composition, and its sulfur chemical speciation has
only been assessed from the point of view of sulfurous amino acids. Here, we report on the inorganic
composition of Bixa orellana fruits, pericarps, and seeds obtained using Wavelength Dispersive
X-ray Fluorescence (WD-XRF) and sulfur chemical speciation using X-ray Absorption Near-Edge
Structure (XANES). Our results show that the seed is a source of potassium, calcium, magnesium,
and phosphorous. But also, the pericarp, which is considered waste, contains a high amount of
nutrients. From the XANES measurements, the distribution of the oxidation state of the sulfur atom
was obtained, and it was shown that although several oxidation states of sulfur are present, oxidized
sulfur (sulfate) is the dominant form of sulfur in all samples.

Keywords: Bixa orellana; WD-XRF; XANES; sulfur chemical speciation

1. Introduction

Bixa orellana (Bixa orellana L.) is a plant from the Bixaceae family, whose trees are
commonly known as urucum or colorau [1]. Its fruits are red- or yellow-colored, and the
seeds are covered by an arillus rich in carotenoids, such as bixin, used for the production of
natural colorings [2] and as body paints by Indigenous people [3]. It has also been used in
sacred rituals since ancient times by the First Nations of America [4]. Natural colorings
such as bixin are gaining increasing importance [5] due to concerns surrounding the use of
some synthetic colorings in food, which are associated with human health risks [6]. The
seeds of Bixa orellana are also used for culinary purposes by the Amazonian people, in
the form of a powder spice known as colorifico or colorau [3], which is made by mixing
powdered seeds (or its extract) with corn flour, vegetable oil, and salt [7]. The seed without
the arillus also has nutritional value, with high amounts of phosphorous, proteins, and
amino acids, such as tryptophan and lysine [7,8]. This plant also has many applications
in natural medicine. Nonetheless, there is a shortage of studies related to its medicinal
properties, as pointed out in [7]. There is a wide variability in this plant, which propagates
through its seeds. Although it is presumed to have a Native American tropical origin [3],
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due to its many uses, it is currently cultivated in Mexico and South America as well as in
tropical and subtropical regions spanning Africa and Asia [9].

Despite its widespread use, few studies have reported the inorganic composition of the
macro- and micronutrients in Bixa orellana fruits and seeds [8,10,11]. Notably, the chemical
speciation of sulfur (S) remains unexplored. Sulfur plays a critical role in amino acid biosyn-
thesis, coenzyme formation, seed quality maintenance, and germination regulation [12].
Due to its widespread use in the food industry and cosmetics, there is a serious need for fast
and reliable techniques to determine its inorganic composition. This is an important require-
ment for the food industry, in order to determine its nutritional value, and for the cosmetic
industry. In the present study, the inorganic composition of Bixa orellana was determined
using Wavelength Dispersive X-ray Fluorescence spectrometry. Sulfur chemical speciation
was performed using the X-ray Absorption Near-Edge Structure (XANES) technique using
synchrotron light. Sulfur is usually taken up from the soil via plant roots in the form of
sulfate, undergoing a complex series of reactions. Sulfur is typically present in plants in
several oxidation states [13]. From the perspective of a number of important spectroscopic
techniques, sulfur is considered a “silent element” [14]; however, modern spectroscopic
techniques in the X-ray region not only provide information about quantification but can
also reveal the oxidation state of sulfur in different plant parts, providing insights into
the homeostasis and metabolism of sulfur in different plant tissues. Techniques, such as
those used in this study, also require a minimum sample preparation, usually without
the need for chemical digestion, extraction, or preparation, which is advantageous for
chemical speciation studies since it avoids the risk of any alterations in the constituents.
This study is part of a wider study of the macro- and micronutrient compositions of plants
from the Amazon rainforest using advanced spectroscopic techniques [15,16]. The samples
considered in this study came from the states of Pará and Amazonas in the northern region
of Brazil.

2. Materials and Methods
2.1. Plant Material

Plant material was collected from the Amazonian rainforest. Fruits belonging to
two different regions were collected. The first one (named “whole fruit” in the tables)
was collected in Altamira, State of Pará (3◦23′003′′ S 51◦23′005′′ W). The second sample,
collected at the Campus of the Instituto Nacional de Pesquisas da Amazônia (INPA), located
in Manaus, State of Amazonas (3◦05′49.2′′ S 59◦59′06.3′′ W), was separated into pericarps
and seeds. The materials were dried in a drying chamber at 50 ◦C until a constant mass
was achieved and then milled, preserving their biological properties. A voucher of the first
sample was deposited in the Herbarium of the National Institute of Amazonian Research
(INPA) under the number, 259,202. The second sample was compared to the first voucher
and confirmed by a botanist of the herbarium. The study was registered in the Genetic
Heritage Management Council (SISGEN/MMA) of Brazil under the number, ACB5AAA.

2.2. Wavelength Dispersive X-ray Fluorescence (WD-XRF)

The measurements performed using WD-XRF and the validation of this method
are described in detail elsewhere [15,16], and thus we only offer a brief description here.
The inorganic composition of the plant material was determined using a 1 kW WD-XRF
Spectrometer (S8 Tiger, Bruker, Karlsruhe, Germany) at the Federal University of Rio de
Janeiro. It was equipped with three analyzing crystals covering elements ranging from
fluorine to uranium: XS-55 (F to Mg), PET (Al to Cl), and LiF200 (K to U) [17]. Two detectors
mounted on a goniometer could detect fluorescent lines ranging from 0.5 eV to 50 eV: a
gas proportional counter (F to V) and a scintillation counter (Cr to U). The spectrometer
also featured a rhodium (Rh) tube with a beryllium window, well-suited for plant sample
analysis since rhodium itself is rarely found in these samples. The spectrometer’s software
included a standardless application based on fundamental parameters, which was used to
obtain quantitative results from the measured spectra. Quantification based on fundamental
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parameters makes use of incident beam intensity and tube spectra, detector efficiency,
fluorescence yield, and photoabsorption cross sections, among other parameters [18,19].
This kind of application allows for quantitative analysis without the need to develop a
specific calibration curve. It is nevertheless necessary to keep in mind that this is possible
but with some detriment in accuracy, which for this application has been determined to be
approximately 5% in major components and as much as 20% for elements with low atomic
numbers or with concentrations close to the limit of detection [20]. In order to validate
this method, a standard reference material from NIST (CRM 1570a from spinach leaves)
was measured. Our measurements [15] support the results previously reported in [20]. All
samples were milled to a fine powder, supported by a low Z material, and measurements
were performed in helium atmosphere at reduced pressure in a 17 min routine. The sample
holder was assembled with a 4 µm thin film (3525 Ultralene-SPEX®SamplePrep, Metuchen,
NJ, USA), and a 34 mm mask was used to delimitate the irradiated area.

Standardless applications require information about matrix compositions. For plant
material, cellulose provides a good accuracy level for this application [20]. Measurements
were made in triplicate, and the standard deviation of the mean is reported.

2.3. X-ray Absorption Near-Edge Structure (XANES)

XANES measurements have also previously been described in detail [15,16]. Briefly,
measurements were performed in the Soft X-ray Spectroscopy beamline (SXS) of the
Brazilian Synchrotron Laboratory (LNLS Brazil) [21,22]. The beam energy was tuned
within a selected photon energy range, encompassing the sulfur K-edge. A Si (111) double
crystal with an energy bandwidth of 0.5 eV was used in the monochromatization of the
incident beam. In this beamline, XANES measurements were performed in total electron
yield (TEY) mode using an electrometer (Keithley, Cleveland, OH, USA, Model 6514) and
in fluorescence yield (FL) mode using a silicon drift detector (SuperFast SDD, AMPTEK,
Bedford, MA, USA, Model XR-100 SDD). Energy calibration was carried out by measuring
the XANES spectrum of an ultrapure molybdenum foil in the TEY mode and setting the
zero of the second derivative of the spectra to 2520 eV [21].

Spectra around the sulfur K-edge were obtained from 2400 to 2600 eV in the photon
energy range, with the following: increments of 2 eV in the ranges between 2400–2440 eV
and 2560–2600 eV; steps of 1 eV in the ranges between 2440–2465 eV and 2500–2560 eV;
and steps of 0.2 eV in the 2465–2500 eV energy range. The latter interval covers the main
absorption near edge for the sulfur K-edge (≈2470 eV). The first normalization of the spectra
was carried out with respect to the beam intensity by measuring it using a gold mesh placed
before the sample. The second normalization, a step height normalization, was performed
using the procedure available in the ATHENA software package (Demeter_0.9.24) [23]; the
wide photon energy range of the pre-edge and post-edge regions allows for a precise step
height normalization. Spectra of the plant samples were measured in the fluorescence mode,
since due to the sulfur dilution in these samples, self-absorption issues were not expected.

A collection of standards was previously measured in order to obtain a library of
spectra of sulfur functional groups with the aim of carrying out sulfur chemical speciation
in different plant tissues [15,16]. The set of standards is composed of thiols (cysteine,
reduced glutathione), thioether (methionine), disulfide (cystine, oxidized glutathione),
sulfoxide (dimethyl sulfoxide (DMSO)), sulfone (L-methionine sulfone), sulfonic acid
(cysteic acid), organic sulfate (chondroitin sulfate), and inorganic sulfate (zinc sulfate).
Solid standards were purchased from Sigma Aldrich (Burlington, MA, USA), and they were
milled and measured in the TEY mode in order to avoid the distortion of the spectra caused
by self-absorption. For DMSO, a solution with a 0.4% mass of sulfur was prepared, and the
spectrum was obtained in fluorescence mode. A special Teflon sample holder, designed for
liquid samples and covered with a 4 µm X-ray film (3525 Ultralene-SPEX®SamplePrep),
was used.

To check for reproducibility and stability, a cysteine spectrum was measured several
times during the course of spectra acquisition for the plant samples and standards. Cys-
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teine was chosen because it has been proven that its spectra remain unchanged following
repeated irradiation [24]. The white line in the cysteine NEXAFS spectrum was observed at
2471.3 eV, whereas its second derivative determination was observed at 2470 eV.

3. Results
3.1. WD-XRF

The absolute concentration (measured in µg g−1) of the inorganic components de-
termined through WD-XRF and the corresponding standard deviation of triplicate mea-
surements are presented in Table 1 [16]. For Sample 1 (from State of Pará), the sample
was constituted of the whole fruit, dried, and milled, whereas for Sample 2 (from State of
Amazonas), the seeds and pericarp were separated from each other and dried and milled.

Table 1. Concentration (±SD) of inorganic components in the Bixa orellana samples as determined via
WD-XRF.

Measured Concentrations (µg g−1)

Sample 1 Sample 2

Whole Fruit Pericarp Seed

Mg 3200 ± 140 1150 ± 50 1990 ± 50
Al ND * 105 ± 5 ND
Si 540 ± 30 280 ± 20 120 ± 10
P 3720 ± 70 2570 ± 50 3750 ± 40
S 2240 ± 50 2450 ± 70 1850 ± 30
Cl 3220 ± 40 5070 ± 60 1010 ± 20
K 21,070 ± 340 20,720 ± 360 14,510 ± 220
Ca 6340 ± 110 7570 ± 130 2020 ± 60
Mn 33 ± 3 ND ND
Fe 70 ± 2 103 ± 3 43 ± 3
Cu 50 ± 1 60 ± 4 40 ± 1
Zn 50 ± 6 ND 63 ± 5
Rb 210 ± 12 ND ND

* ND: Not detected or below the quantification limit.

Potassium was the element found in the highest concentration in fruit, pericarp,
and seeds. Calcium had the next highest concentration, and in Sample 2, it was more
concentrated in the pericarp than in the seeds. Our results for seeds are consistent with
previously reported measurements [10,11], but for Sample 1 (whole fruit) and Sample 2
(pericarp), we observed relatively higher values. Magnesium is another macronutrient
present at a high concentration, and our results are in agreement with previously reported
measurements taken using different methods [10,11]. The two samples showed a high
content of phosphorous, mostly in the seeds, while sulfur was present in both samples
at similar concentrations. From Sample 2, it can be seen that chlorine was present at a
higher concentration in the pericarp. The results for essential micronutrients, such as
manganese, iron, copper, and zinc are in the ppm order. Our results for manganese content
were relatively lower than previously reported values in [10] but in agreement with [11].
Interestingly, rubidium was present in Sample 1 (from Altamira, State of Pará region).
It is an alkaline element whose presence might be related to the high concentration of
potassium. In a previous study carried out on Andira surinamensis [15], a plant used in
traditional medicine and from the same region of Amazonian rainforest (Pará), a similar
pattern was observed: samples showed higher concentrations of calcium than potassium as
well as high concentrations of strontium and barium, which are elements of the same group
of calcium. It is well known that the presence of some non-essential elements is intrinsically
related to the soil where the plants grow. These results may suggest that non-essential
elements can be acquired through the same paths of some essential elements from the same
chemical families [25].
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From Table 1, it is also possible to infer that the pericarp accumulates higher concen-
trations of macronutrients, such as potassium, calcium, and sulfur. The same behavior
is observed with respect to micronutrients, iron, and copper. This result reinforces that
the pericarp, currently considered a waste product in applications of Bixa orellana, may be
considered as a source of important nutrients.

3.2. XANES

XANES spectra of the fruit, pericarp, and seeds were measured around the sulfur
K-edge, and the results are shown in Figures 1–3 [16], respectively.
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The three spectra have a strong resemblance in shape, with three characteristic features
around 2471 eV, 2474 eV, and 2480 eV. Intensity differences are observed in the main features
from one spectrum to the other. With the objective of determining the sulfur functional
groups that account for each feature, the sulfur K-edge spectrum of reference compounds
was measured in identical experimental conditions for a set of standards covering the main
functional groups of sulfur in different oxidation states. These spectra were then used to
perform a best fit analysis of the sample spectra. Spectral compositions were determined
using a Linear Combination Fitting technique in ATHENA [23] software. The best fit was
determined by fitting several combinations of standards and choosing the combination that
provided better fitting parameters; these combinations were achieved using the same soft-
ware algorithm. When more than one standard with the same sulfur functional group was
available, the fitting was tested by changing the standards to determine which standard bet-
ter fitted the spectra. The set of standards comprised reference compounds including thiols
(as cysteine and reduced glutathione), thioether (as methionine), disulfide (as cysteine and
oxidized glutathione), sulfoxide (as dimethyl sulfoxide), sulfone (as L-methionine sulfone),
sulfonic acid (as cysteic acid), organic sulfate (as chondroitin sulfate), and inorganic sulfate
(as zinc sulfate), measured under the same conditions. The contribution of these functional
groups to each spectrum and the standard used in the fitting are presented in Table 2 [16].

Table 2. Results of LCF of Bixa orellana fruit, pericarp, and seeds.

Compound Functional Group Oxidation State [26–28] Sample 1 Sample 2

Whole Fruit
%

Pericarp
%

Seed
%

Oxidized glutathione disulfide 0.2 12.9 ± 2.0 6.6 ± 2.4 18.2 ± 1.7
Methionine thioether 0.5 18.2 ± 1.8 14.9 ± 2.2 24.8 ± 1.6
DMSO sulfoxide 2 10.2 ± 0.7 8.6 ± 0.9 11.0 ± 0.5
Cysteic acid sulfonic acid 5 9.6 ± 0.5 9.3 ± 0.6 3.1 ± 0.5
Inorganic sulfate inorganic sulfate 6 48.2 ± 0.5 61.0 ± 0.6 43.0 ± 0.5

For all three spectra, the feature at 2480 eV is the most intense and is explained by
the presence of at least two highly oxidized groups: inorganic sulfate and sulfonic acid.
The feature at 2474 eV indicates the predominance of one intermediate oxidized species,
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such as a sulfoxide group. Finally, in the feature at 2471 eV, contributions from thioether
(methionine) and disulfide (oxidized glutathione) were observed in all spectra.

4. Discussion

The concentrations of macro and micronutrients from Bixa orellana fruits and seeds
are presented in Table 1. In Table 2, we present the sulfur chemical speciation based
on synchrotron radiation spectroscopic measurements. The results presented in Table 1
confirm that, using WD-XRF, it is possible to efficiently obtain fast and reliable results
regarding the inorganic composition of Bixa orellana fruits and seeds, with minimal sample
preparation. Furthermore, a great advantage of working with this technique is that it
provides a full screening of all inorganic constituents of the seeds, allowing for a complete
determination of the presence of some elements otherwise not identified in specifically
developed calibration curves, such as chlorine or rubidium, which are reported in this study.
This is possible because the full analysis mode available with the standardless application
allows all fluorescence emission lines to be scanned.

The results obtained using WD-RXF show that the seeds of Bixa orellana are a source of
nutrients such as potassium, magnesium, calcium, and phosphorus. Potassium is present in
samples in concentrations of a few percent, highlighting that these seeds may be considered
an interesting source of potassium compared to other foods [29,30]. The calcium content is
not as high as the potassium content, but it is higher than those commonly found in other
edible seeds [30]. Magnesium, which is related to energy absorption, enzymatic regulation,
and structural functions in plant tissues, is also more concentrated in the seeds than in the
pericarp. Our results show that Bixa orellana seeds have similar magnesium levels compared
to other seeds [30]. The phosphorus concentration is higher in the seeds compared to the
pericarp, likely due to the high metabolic activity associated with this tissue. The same
observations of macronutrient content apply to the pericarp, which is usually taken just as
a sub product in most applications of this plant. In a previous study carried out by two
Brazilian Research Institutions, EMBRAPA and CPATU, it was observed that the pericarp
might accumulate more nutrients than the seed [11]. In the present study, we proved that
the pericarp has similar nutrient concentrations to those found in the seeds. In the case
of calcium and potassium, it may even surpass the concentrations found in seeds. This
brings our attention to the fact that important nutrients might be wasted in the production
of urucum, for instance, which is widely used in the cosmetic and food industries.

Although a few studies focused on the inorganic composition of Bixa orellana fruits and
seeds, none of them were performed using the WD-XRF technique. Our results are, in any
case, in good agreement with previously reported measurements performed with specimens
collected in different regions and analyzed using different methods. For instance, in a
study carried out with specimens collected in Guatemala [8] and analyzed using chemical
methods, only results for calcium, phosphorus, and iron were reported. From those results,
it can be observed that the content of phosphorous and iron is fairly similar in all samples
and in agreement with our results. The results presented for calcium, on the other hand,
show slightly lower concentrations compared to the present results. Moreover, we observed
a similar trend in the distribution, with pericarp accumulating a higher amount of calcium,
phosphorus, and iron than the seeds. This variation in mineral distribution may be related
to soil nutritional characteristics and genetic factors. However, due to its role as a protective
tissue, the pericarp is expected to exhibit a high concentration of calcium, providing greater
rigidity to this tissue [31]. Studies conducted by Vijayan et al. [32] indicate that higher
concentrations of iron and copper in the seed coat are associated with water impermeability.
Moreover, differences in the distribution of mineral nutrients between the pericarp and the
seeds may occur not only due to the mechanical strength of this structure but also to its
ability to confer chemical resistance against predators [31]. In a recent study carried out
with samples collected in the state of São Paulo, Brazil, and analyzed by ICP-MS [10], a
comprehensive analysis was performed, and results for 16 macro and micronutrients as
well as contaminants were reported for the seeds. The results for macronutrients, such
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as calcium, magnesium, and potassium, are on the same order of magnitude (percentage
range) but slightly higher than those obtained here, while results for phosphorus were not
reported. The results for micronutrients, such as copper, iron and zinc (in order of ppm),
are also presented here, with iron showing the greatest variability in measured values, and
zinc and copper exhibiting little variability. Finally, our results are in better agreement with
those from samples collected in a nearby region in the state of Pará, which were analyzed
using atomic absorption spectrometry [11]. This suggests that the differences found in
nutritional content are likely due to the climatic and cultivation conditions of the plant.

In summary, the WD-XRF standardless application used in this study can provide
reliable results for the inorganic composition of plant material. It is fast and requires
minimal sample preparation, and it is adequate for the purpose of evaluating the content
of macro and micronutrients. However, it has limitations regarding the determination of
the presence of heavy metals, such as mercury or lead. The limits of detection (LOD) for
these metals are reported to be in the order of 10 µg g−1 using a WD-XRF standardless
application in the organic matrix [20]; however, international standards regarding the
presence of toxic heavy metals in food are around 0.1–0.2 µg g−1 [33]. In the present study,
we did not detect those heavy metals in our samples.

Using WD-XRF, we observed that sulfur is slightly more concentrated in the pericarp
than in the seeds. From XANES spectra, we gathered information regarding the distribution
of oxidation states of sulfur atoms in different samples. XANES spectra are very sensitive
to the chemical environment around the selected atom. This method is shown to be suitable
for performing sulfur chemical speciation in several materials including the following:
coal, petroleum, and asphaltenes [26,34–38]; soils and related samples [28,39–45]; biological
systems [46–49]; plants [15,16,50]; and other materials [14,24,27,51–56].

In XANES, the chemical environment of an atom is probed by tuning the excitation
energy and scanning the selected core electron binding energy. This method probes the
excitation of core electrons for empty or partially filled molecular orbitals, providing
information about the chemical binding of the selected atom in the molecule. In complex
samples such as plants, the spectrum is a superposition of all the different oxidation states of
the selected atom in the molecules. By applying data processing tools (Principal Component
Analysis and Target Transformation [16]) and Linear Combination Fitting, it is possible
not only to identify the oxidation states of sulfur in those molecules but also to determine
the fraction of each oxidation state that computes to the sample spectrum. To achieve this,
the normalized sample spectrum is modeled as a linear combination of the normalized
spectra of model compounds, and the coefficients of each model represent the fraction of
sulfur atoms in the sample that belong to the same sulfur chemical groups [50]. Therefore,
in the XANES approach, it is important to have some knowledge of the samples in order to
select the model compounds that provide a chemical meaning to the fitting, avoiding the
problems related to the fact that similar sulfur functional groups may show differences in
XANES spectra [53].

We measured a set of model compounds used to perform sample fitting with the
purpose of obtaining a collection of model spectra of sulfur-containing chemicals with
meaning in plants sulfur metabolism. From these fitting results, we gathered information
on the chemical speciation and contribution of each species to the sample spectra.

In the XANES approach, speciation means the determination of the oxidation states
and functional groups in which the selected atom is present as well as the fraction of
each of those groups [50]. From Table 2, which shows the results of the LCF of XANES
measurements, it can be seen that sulfate is the predominant form of sulfur in Bixa orellana
seeds. This sulfate may serve as a reserve for protein synthesis and related metabolic
processes during the early stages of seedling development [57]. Sulfur is delivered to the
seed either in the form of sulfate or reduced sulfur compounds such as reduced glutathione
or methyl methionine [58]. Sulfate that arrives in mature leaves through the xylem can be
redistributed via the phloem to young leaves and developing fruits by specific membrane
transporters [59]. Our results allow us to outline a profile of the sulfur forms present
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in Bixa orellana fruits and seeds. From our results, it is shown that sulfur accumulates
in the seed in the form of sulfate and is also present in reduced sulfur forms (thioether
and disulfide) that could be used in the development of the seedling. It is observed that
sulfate is the predominant form of sulfur in the pericarp, from where it is transported
to the developing seed. In the seed, its distribution changes a little, and more sulfur is
accumulated in a reduced form than in the pericarp. However, inorganic sulfate is still the
major form of sulfur in the seeds. The low number of sulfur-containing proteins in the seeds
is also verified in this study, where the amount of sulfur belonging to thioether/disulfide
groups is in the order of 0.5 to 0.7 g/100 g of the total mass, calculated from the total sulfur
concentrations (Table 1) and the corresponding percentage of each sulfur type (Table 2).
This is in agreement with the content of sulfur-containing amino acids in seeds of Bixa
orellana, reported to be 0.4 g/100 g [60].

Our results highlight the fact that the seeds of Bixa orellana accumulate sulfur in an
inorganic form that has an important energetic cost as a source of sulfur in the early stages of
plant development. Future studies are needed to assess the accumulation and metabolism
of sulfur in these stages.

5. Conclusions

Based on our results, we found that a standardless application based on the funda-
mental parameters of spectroscopic techniques in the X-ray region is a fast and reliable
method for determining the inorganic composition of plant material for all elements, start-
ing from Z = 9, and with concentrations ranging from the order of ppm to a few percent.
This technique requires minimal sample preparation and maintains a reasonable level of
accuracy. Additionally, XANES analysis provides valuable insights into sulfur speciation in
plant tissue, delivering a complete profile of sulfur oxidation states without the need for
chemical preparation, thereby avoiding any risk of altering the distribution of species.
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