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A B S T R A C T

Background: Yerba mate, a popular beverage in South America, is rich in bioactive compounds and minerals. 
However, yerba mate leaves may contain toxic metals and environmental contaminants. This study performed 
multi-element analyses using ICP-MS and ICP OES and mercury speciation by GC-CV-AFS and CV–AAS to profile 
infusions of ten yerba mate samples consumed in Brazil and Uruguay.
Materials and methods: For ICP OES and ICP-MS analyses, 500 mg infusions of samples were prepared and diluted 
with 10 % v/v HNO3. Ultrasonic-assisted extractions of mercurial species were made followed by distillation and 
dilution with water for CV-AAS. For GC-CV-AFS speciation, samples were extracted and distilled, using 200 μL 
aliquots for analysis.
Results: The most abundant elements in the digested solid samples were K, Ca, and Mg, whereas in infusions the 
ranges were up to 9.18 mg g− 1 for K, 0.68 mg g− 1 for Ca, and 2.74 mg g− 1 for Mg. Pb presented a mean con
centration of 260 µg kg− 1 in leaves but it was not found in infusions. Hg2+ was found from 0.67 to 0.96 μg kg− 1 in 
leaves with one sample presenting 0.67 μg kg− 1 of CH3Hg.
Conclusion: K, Ca, and Mg were the most abundant elements in the yerba mate samples. Four samples showed 
ultra-trace concentrations of Hg2+ and one of CH3Hg.

1. Introduction

Mercury is a highly toxic and persistent contaminant, widely present 
in environmental sources [1,2]. According to the World Health Orga
nization (WHO), Hg is ``one of the top ten chemicals or groups of 
chemicals of great concern for public health’’ [3]. The toxicity of mer
cury depends heavily on its chemical form, which includes predomi
nantly elemental mercury (Hg0), inorganic mercury (Hg2+ and its 
inorganic complex ions) and organic mercury [4]. Organic mercury such 
as CH3Hg bioaccumulate in human tissues [5] and its toxicological ef
fects on plant and animal life have long been recognized [6].

The availability of analytical information is crucial to prevent human 
exposure to toxic levels of metals through the ingestion of foods and 
beverages [7]. Therefore, the development of effective and sensitive 
methods for the determination of mercury species at ultra-trace levels in 

food samples is of great importance.
One of the most studied sources of mercury contamination in humans 

is through fish and seafood [7], where mercury biomagnification in the 
food chain reveals high concentrations in top predators [8]. Studies in 
other types of food revealed total mercury concentrations from 75.2 to 
158.7 µg kg− 1 in rice, and from 55.6 to 343.9 µg kg− 1 in vegetables [9]. 
In bottled natural mineral waters, a total mercury concentration has 
been reported reaching up to 1.0 ng L− 1 [10]. Studies have also reported 
the presence of mercury in some fertilizers used in agricultural activities 
[11], which can influence the accumulation and transfer of this toxic 
metal in the soil-plant system.

Yerba mate (Ilex paraguariensis) is a perennial specie, native of South 
America southern cone [12], whose leaves are consumed as hot or cold 
infusions by large part of the population [13]. For instance, in Uruguay 
the consumption is about 12 kg of the dried yerba mate /person /year 
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[14]. Different authors reports that consumption of yerba mate is 
beneficial to humans due to the great variety of bioactive compounds 
[15–17], source of macroelements (Ca, Mg, Na, K), and microelements 
(Cu, Zn, Fe, and Mn) [18–22]. Recently, a research reported by Welna 
et al. [23] determined the concentration in yerba mate samples of Ca, 
Mg, K, and Na ranging between 16 and 118 mg kg− 1, and small amounts 
of the essential microelements (Cu, Fe, Mn, and Zn, 0.032–2.40 mg 
kg− 1). The consumption of yerba mate is also a way of exposure to toxic 
elements (Al, Cd, and Pb) [24–26], given that the yerba mate tree can be 
a bioaccumulator of toxic metals, and can potentially act as a route for 
these elements to enter the food chain [27]. Accordingly, maximum 
accepted limits for Cd, As and Pb were set at 0.6 µg g− 1and 0.4 µg g− 1 

respectively [28,29]. The main sources of contaminants in yerba mate 
leaves are related to the environment or to anthropological activities, 
being the soil an important source for cadmium and lead intake [30]. 
Several studies has been conducted in order to determine the content of 
minerals and metals in leaves and infusions using spectrometric-based 
techniques, like inductively coupled plasma optical emission spec
trometry (ICP OES) [31], and inductively coupled plasma mass spec
trometry (ICP-MS) [32], both techniques employed in the present study.

In 2011, WHO established 4 µg kg− 1 as the tolerable weekly intake 
limit of mercury, but the panel of Contaminants in the food chain 
(CONTAM) of the European Food Safety Authority (EFSA) recommend a 
tolerable weekly intake of Hg of 1.3 μg kg− 1 body weight [33]. Likewise, 
the Committee of Specialists in Food Additives (JECFA) established two 
values, one for CH3Hg (1.6 μg kg− 1 of body weight), and another for 
inorganic Hg (4 μg kg− 1 of body weight) [11]. In 2018, the Regulation 
(EU) 2018/73 updated the maximum residue levels (MRL) for mercury 
compounds in teas or infusions (tea, coffee, infusions and cocoa beans, 
etc.) to 20 µg kg− 1 [34]. In Brazil, the National Sanitary Surveillance 
Agency (ANVISA), in 2013, established 50 µg kg− 1 as the MRL for 
mercury in any food [35].

The methods for analyzing mercury (Hg) and identifying its forms in 
environmental, food, and biological samples are well-established [36]. 
They usually involve separating the mercury from other substances and 
then detecting it using spectrometric techniques [37–42]. Other 
methods can also be used, such as using inductively coupled plasma 
mass spectrometry (ICP-MS) combined with high-performance liquid 
chromatography (HPLC) [43–47], capillary electrophoresis [48], 
total-reflection X-ray fluorescence [49], electrochemical methods [50], 
or direct mercury analysis [51].

Recent studies have measured mercury levels in herbal and fruit 
infusions, finding 10 µg kg− 1 in tea leaves, but none in tea infusions [52]. 
Another study found an average of 2.47 µg kg− 1 in tea and 5.67 µg kg− 1 

in yerba mate [53]. These studies measured total mercury without 
considering its different chemical forms, which vary in toxicity. This is 
important because methylmercury is highly toxic and poses significant 
health risks.

To identify the different forms of mercury, sensitive methods like gas 
chromatography with cold-vapor atomic fluorescence spectrometry 
(GC-CV-AFS) are recommended by the United States Environmental 
Protection Agency (EPA) as the most reliable approach [54]. Ensuring 
the safety and quality of yerba mate requires precise measurements, as 
mercury can transform and become more toxic in the environment [55]. 
Understanding how mercury is in terms of the chemical form is crucial 
for assessing its toxicity, which is an important but underexplored area 
in yerba mate research [56].

This study aims to analyze the overall metal content, including 
mercury, in commercial yerba mate from southern Brazil using ICP OES 
and ICP-MS, helping to address gaps in food safety research. By using 
GC-CV-AFS with improved extraction and distillation methods, the 
study ensures accurate and precise mercury measurements. Under
standing mercury in yerba mate is vital for public health, especially 
since yerba mate is a popular beverage in South America.

2. Material and methods

2.1. Reagents and materials

Ultrapure deionized water (resistivity ≥18.2 MΩ cm) was obtained 
from a Milli-Q A10 Gradient system (Millipore, USA). Nitric acid (65 % 
p.a.) and hydrogen peroxide (30 % Suprapur) were obtained from Merck 
(Germany). Nitric acid was purified by sub-boiling bi-distillation in 
quartz still (Duo-PUR, Milestone, USA). Brooks Rand Instruments (USA) 
provided sodium tetra (n-propyl) borate (NaBPr4), and high purity 
standard solutions (1 mg L− 1) of methylmercury chloride (CH3HgCl), 
ethylmercury chloride (CH3CH2HgCl) and mercury chloride (HgCl2). 
Multi-elemental standard PE-29 (Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, 
Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V, Zn) elements 
was obtained from PerkinElmer (USA). Acetate buffer solution (pH 4.5) 
was also from Brooks Rand Instruments. Tin chloride was obtained from 
Vetec (Brazil). Sulfuric acid, hydrochloric acid, sodium chloride, sodium 
nitrate, ammonium hydroxide, Triton X-100, Triton X-114 were pur
chased from Merck (Germany). The nitrogen gas used were 99.99 % 
purity, and argon was of high purity (99.996 %). The solution of sime
thicone (about 75 mg mL− 1), used as an antifoam, was purchased from 
Prati-Donaduzzi (Brazil) and acquired at a local pharmacy. Samples 
were filtered through a 0.22 µm filter (13 and 47 mm diameter) made of 
hydrophilic polyvinylidene fluoride (PVDF) acquired from Waters 
(USA).

2.2. Commercial samples of yerba mate (Ilex paraguariensis) and 
standard reference material

Ten commercial samples of yerba mate were used in this study. The 
information of the samples is summarized in Table 1. Standard Refer
ence Material (NIST CRM 1515 - Apple Leaves, National Institute 
Standards and Technology, USA) was used to evaluate efficiency of the 
extraction methods.

2.3. Instruments

Total mercury determinations were made on a model RA-915 
portable mercury cold vapor (CV) atomic absorption spectrometry 
(AAS) analyzer with the Zeeman background correction and a multi-pass 
cell (LUMEX, Russia). A RP-92 chemical reduction accessory for aqueous 
solutions (LUMEX) was adapted to the analyzer. Mercury speciation 
analysis was made on a MERX automated methyl mercury system 
(Brooks Rand Instruments) composed by a trap system, a GC system and 
a CV atomic fluorescence detector. The GC-CV-AFS system has modules 
for purging and retention/pre-concentration, which are used respec
tively to purge the volatile derivatized mercury species into the system 
where they are retained in pre-concentration traps to be further des
orbed. A chromatographic module performs the separations of the 
mercury-derivatized species, while the pyrolysis module promotes 
thermal decomposition generating the Hg0, which is detected by the 

Table 1 
Commercial samples of yerba mate (Ilex paraguariensis).

Identification City/State Country Type of process/product

M1 Barão de Cotegipe-RS Brazil a Aged yerba mate
M2 Barão de Cotegipe-RS Brazil a Aged yerba mate with herbs
M3 Encantado-RS Brazil a Aged yerba mate
M4 Encantado-RS Brazil a Aged yerba mate
M5 Tuparendí-RS Brazil a Aged yerba mate
M6 Rio Grande-PR Brazil Roasted yerba mate
M7 Nova Prata-RS Brazil a Aged yerba mate with herbs
M8 Barão de Cotegipe-RS Brazil a Aged yerba mate with herbs
M9 Arvoreziha-RS Brazil a Aged yerba mate
M10 Ilópolis-RS Brazil Green yerba mate

Reference: a Produced only for its consumption in Uruguay.
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fluorescence detector. The GC separation column (Brooks Rand In
struments) was a U-shaped glass column (4 mm internal diameter) 
packed with 15 % OV-3 (10 % phenylmethyl-dimethylsilicone) in 
Chromosorb white solid support. The determination of the others ele
ments was made by ICP-MS using a NexIon 300X mass spectrometer 
(PerkinElmer, USA), and by ICP OES employing an Optima 7300 DV 
spectrometer (PerkinElmer, USA).

2.3.1. Cleaning procedures for ultra-trace determination of mercurial 
species

In order to prevent possible sources of external contamination of 
residual mercury, all materials (made of glass, Teflon and quartz) were 
previously subjected to a thorough cleaning. First, the materials were 
immersed, for 12 h, in sub-boiled HNO3 solution (5 % v /v), washed with 
Extran detergent solution and then with distilled water, before rinsing 
three times with ultrapure water. The materials used in the distillation 
were subsequently washed with acetone, then with dichloromethane, 
and finally using hexane before drying in an oven. Quartz tubes (used for 
photocatalytic oxidation of mercurial species) were placed in a muffle 
furnace for 6 h at 400 ◦C. Occasionally, it was also necessary to place 
material in detergent solution inside an ultrasonic bath. All reagents 
were evaluated for original traces of mercury using the CV-AAS system. 
For this, 1 mL aliquots of a reagent solution were diluted 10 times and 
mixed with 3 mL of SnCl2 (20 % m/v) in the RP− 92 chemical reduction 
accessory. Any residual mercury measured from each reagent was 
considered in the final calculation of the mercury found in the samples.

2.4. Standards solutions

2.4.1. Multi-elemental standards
Standard stock solutions were prepared in acid medium (10 % v/v 

HNO3) at concentrations of 10, 100 and 1000 µg L− 1. The PE-29 solu
tions were diluted to the correct extent in an acidic medium to adjust 
analytical curves within proper ranges for ICP-MS: from 0.1 to 0.8 µg 
L− 1, 1.0 to 8.0 µg L− 1 and from 10 to 80 µg L− 1. For ICP OES the elements 
Al, B, Ba, Ca, Fe, K, Mg, Mn, Na, P, Sr, and Zn were diluted in a range of 
10 to 1000 µg L− 1.

2.4.2. Methyl mercury solutions
The CH3HgCl intermediary solutions (1000 ng L− 1) were prepared by 

the direct dilution of 1 mg L− 1 commercial standard solutions in ultra
pure water. Working solutions (10 ng L− 1 and 100 ng L− 1) were pre
pared by dilution of the intermediary solution in water. The 
derivatization reagent solution (1 % v/v) was prepared by dissolving 50 
mg of NaBPr4 in 5 mL of the ultrapure KOH (1 % v/v) aqueous solution. 
The SnCl2 (2 % v/v) solution was prepared by dissolving 20 g of the salt 
in 100 mL of concentrated HCl. This solution was heated to evaporate 
half of the volume, in order to eliminate mercury contamination 
(decreasing analyte background and preventing contamination of the 
system). After cooling, ultrapure water was added to adjust final 
volume.

2.5. Sample preparation

2.5.1. Hot aqueous infusions procedure
As described by Pozebon et al. [21] for the infusion, a mass about 500 

mg of sample was placed into a polypropylene tube along with 20 mL of 
ultrapure water at 100 ◦C standing for 5 min, in order to obtain the 
sample infusion. The mixture was filtered using a Whatman N◦ 542 
(diameter 100 mm) filter paper (Whatman, USA) under forced vacuum 
system. Finally, the samples were diluted 10-fold and 1000-fold, before 
analysis, using a 10 % v/v HNO3 solution.

2.5.2. Acid dissolution procedures
As described by Pozebon et al. [21] for elemental determinations, the 

targeted elements were extracted by mixing (200.0 ± 0.1) mg samples 

with 2.5 mL of HNO3 in a polypropylene tube. Subsequently, the tube 
was closed with a screw cap and placed on a heating block for 4 h at 90 
◦C. Then: i) 1.0 mL of H2O2 was added to the mixture, ii) the mixture was 
further heated, on the heating block, for 30 min at 90 ◦C, iii) the ob
tained solution was left to cool to room-temperature, iv) the volume of 
the solution was adjusted to 25 mL using ultrapure water and v) and 
then 10-fold diluted with 10 % (v/v) HNO3 before analyses. The effi
ciency of the procedure was checked using the NIST CRM 1515 and 
expressed as recovery percentage (Table S1), with results varying from 
54 % (Ca) to 109 % (B).

2.5.3. Acid dissolution procedures for the determination of mercurial 
species

For the analysis of total mercury (comparative method), it was 
necessary to perform an acid dissolution (in closed vessels). In this case, 
50.0 ± 0.1 mg of yerba mate samples were digested with 2 mL of HNO3 
(concentrated and sub-boiled distilled) in a Teflon tube at 80 ◦C for 2 h 
in an automated digestion system. After digestion, samples were cooled 
to room temperature and the volume adjusted to 10 mL with ultrapure 
water. For determinations of total mercury, aliquots of 1 mL of this so
lution were diluted to 10 mL and then analyzed in the CV-AAS system. 
Five replicates of 50 mg of reference material NIST CRM 1515 were 
digested with 2 mL of HNO3. The same CV-AAS analysis protocol was 
followed for total mercury determinations in the reference material.

2.5.4. Ultrasonic-assisted extraction process for mercurial species
Sample extracts were prepared using macerated and homogenized 

yerba mate with an agate mortar and pestle, an established technique 
that ensures sample uniformity prior to extraction. However, the inno
vation lies in the use of ultrasound-assisted extraction with a nonionic 
surfactant, followed by distillation. This procedure was adjusted based 
on an existing protocol in the literature [57] but introduces a new 
methodological contribution by applying the combination of processes, 
in the efficiency of extraction of mercury species from yerba mate 
matrices. In brief, 50.0 ± 0.1 mg of yerba mate sample was weighed and 
transferred to Teflon tubes. Aliquots of Triton X-114 solution (5 % w/v) 
and H2SO4 solution (2 mol L− 1) were added to adjust the pH to 3. The 
application of an ultrasonic water bath at 40 ◦C to extract mercury 
species from the leaves highlights the use of modern and innovative 
technology in the extraction.

Subsequently, 50.0 mL of yerba mate extracts, 0.5 mL of H2SO4 
aqueous solution (8.0 mol L− 1), and 50 μL of simethicone (75 g L− 1) 
were added to a Teflon tube used in the distillation system for methyl
mercury. Here, the EPA− 1630 method [58] was applied, representing 
an established technique for the distillation of methylmercury. Distil
lation was performed at 130 ◦C under argon flow, adjusted between 50 
and 90 mL min− 1, concluding in approximately 120 min or until 40 mL 
of distillate were collected. Finally, the distillates were stored at 5 ◦C in 
the dark in the refrigerator, according to established practices for the 
preservation of the extracted compounds. This procedure stands out for 
eliminating the need for toxic solvents, thus reducing the environmental 
impact. The incorporation of Triton X-114 as a nonionic surfactant re
places harmful solvents, demonstrating a commitment to more envi
ronmentally friendly practices.

2.6. Procedures for mercury determination

2.6.1. Measurements of Hg2+ and total mercury by cold vapor atomic 
absorption spectrometry

For preliminary studies regarding the determination of mercurial 
species, aliquots (10 mL of infusion) of yerba mate were used. After 
filtering the sample infusions (using a 0.22 µm PVDF filter), a 1 mL 
aliquot was diluted to 10 mL in volumetric flasks with ultrapure water. 
To determine inorganic mercury, the total volume of the sample was 
transferred to the glass reaction cell (bubbler) of the CV-AAS system.

Preliminary analyzes of total mercury in yerba mate samples were 
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carried out using 1 mL of filtered samples of (digested liquid/solid in
fusions) yerba mate were placed in 10 mL volumetric flasks, containing 
1 mL of H2O2 solution (1 % in volume) with pH adjusted to 4.5 (by 
adding aliquots of 0.1 mol HCl L− 1 solution), then the total volume was 
transferred to a quartz tube (15 mL). The quartz tubes were placed for 15 
min in a photoreactor under UV irradiation [59] to convert organic 
mercury into inorganic mercury. Then, the solution was placed in the 
glass reaction cell of the CV-AAS system to be reduced with 3 mL of 
SnCl2 solution (20 % w/v) and then determined.

2.6.2. Speciation analysis of mercury by gas-chromatography cold vapor 
atomic fluorescence spectrometry

An aliquot (200 μL) from a 40 mL (of distilled sample) solution was 
transferred to a sample flask (amber with 40 mL volume and septum 
cap) containing 20 mL of ultrapure water, then mixed with 200 μL of the 
acetate buffer solution, and 100 μL of the derivatization reagent solution 
(NaBPr4 at 1 % v/v). After 15 min, the flask was placed in the automatic 
sampler to be transferred to a purge vessel, forcing the liberation of the 
volatile propylated mercurial species that were carried by an argon flow 
(312 μmL μmin− 1) to a dry trap, where they were adsorbed and then 
thermally desorbed to be carried by an argon flow (34 μmL μmin− 1), 
through the chromatographic column. After separation, each of the 
species passed sequentially through a tube section, where heated by a 
resistance produce the Hg vapor detected.

2.7. Analytical conditions for ICP-MS and ICP OES

The analytical performance was evaluated through the following 
analytical figures of merit: sensitivities, response linearity by fitting 
twelve concentration points of analytical curves (evaluated as coeffi
cient of determination or R2), instrumental and method́s limits of 
detection (LOD) and limits of quantification (LOQ) using respectively 
three and ten times the blank signal (comprising of water, hydrogen 
peroxide and nitric acid) and precision (expressed as relative standard 
deviation or %RSD for authentic triplicates) expressing inter-day and 
intra-day variations. Blank and triplicate samples were analyzed to 
provide quality control. The concentration of Al, B, Ba, Ca, Fe, K, Mg, 
Mn, Na, P, Sr, and Zn were determined by ICP OES. The concentration of 
Co, Cu, Mg, Ni, Sr, V, Zn, La and Ce were measured by ICP-MS. 103Rh was 
used as internal standard (IS) to correct and/or compensate non-spectral 
interferences and matrix effects. Operating conditions for sample anal
ysis by ICP-MS and ICP OES are presented in Table 2.

3. Results and discussion

3.1. Mercurial species

3.1.1. Preliminary studies
Preliminary studies to assess the content of mercury (Hg2+ and total 

mercury) were made by CV-AAS (with multi-pass optical system), using 
aliquots of infusions from each of the different yerba mate samples (10 
different samples). Results indicated that sample infusions identified as 
M3, M4, M6, and M9 presented ultra-trace levels of Hg2+. The results for 
total mercury (after photochemical treatment) indicated that sample M9 
also presented ultra-trace residues of organic mercurial species (prob
ably CH3Hg) as seen in Fig. 1A.

In order to confirm the results obtained from the preliminary study 
using infusions, yerba mate leaves from each sample were submitted to 
acid dissolution using sub-boiled HNO3. Thus, the determinations of 
Hg2+ (where organomercurial species transformed in Hg2+ during acid 
dissolution) were made by CV-AAS. The results for total mercury found 
in these digested yerba mate closely aligns with the observed results in 
yerba mate infusions, as samples identified M3, M4, M6, and M9 pre
sented measurable ultra-trace levels of Hg2+ (Fig. 1B). Therefore, further 
speciation analysis studies were performed in samples M3, M4, M6 and 
M9. Temporal profiles obtained by CV-AAS for the calibration curve used 
in the determination of total mercury is shown in Fig. 1C.

3.1.2. Study of artifact formation and matrix effect of yerba mate samples 
on mercury speciation analysis

One of the challenges involved in carrying out mercury de
terminations in samples of yerba mate leaves is their organic content 
[60–62] that imposes interferences in speciation analysis [41]. For this 
reason, it was decided to separate the mercurial species from the sample 
matrix using ultrasonic extraction with Triton X-114, followed by 
derivatization and distillation assisted with argon.

Organomercurials artifacts tend to be formed during chemical 
derivatization [63] and extraction/distillation [57]. In addition, the 
presence of high amounts of purine alkaloids (methylxanthines such as 
caffeine and theophylline), polyphenols (chlorogenic acids and their 
derivatives), saponins and flavonoids in yerba mate, could promote 
methylation of inorganic mercury species when they are distilled, 
leading to erroneous results [57]. In order to study artifacts and provide 
conditions to minimize its formation, studies were conducted with the 
yerba mate sample M2 (which presented a low amount of mercury 
detected by the CV-AAS method). The formation of artifacts of CH3Hg 
and CH3CH2Hg was evaluated in function of the amount of sample mass 
(25; 50; 75; 100 and 200 mg); transferring the content of the yerba to 
Teflon tubes (70 mL) followed by the addition of 50 mL of water and 
fortification with 800 pg L− 1 of Hg2+. The extraction procedure was 
performed following conditions reported in the literature: pH 3.0 
adjusted with H2SO4 and 40 min of ultrasonic agitation at 40 ◦C [57]. In 
order to monitor the efficiency of sample processing (ultrasonic assisted 
extraction-distillation), a standard solution with 800 pg de Hg2+ (called 
control solution) was submitted to distillation (bypassing the ultrasonic 
step). In all cases, distillation proceeded until about 90 % of the aqueous 
sample mixture volume had been collected as a distilled solution. Results 
showed that the CH3Hg artifact appeared with the experiments carried 
out with 50 mg of yerba mate sample or more (2 pg, equivalent to 0.25 % 
in mass of the fortified amount of Hg2+). The interference progressively 
increases when the experiments were carried out with 75 mg yerba mate 
(15 pg CH3Hg); 100 mg (37 pg CH3Hg); 150 mg (71 pg CH3Hg), and 200 
mg (117 pg CH3Hg), as seen in Fig. 2A. In contrast, the CH3CH2Hg 
content remained constant (about 3 pg, where source was identified as 
the derivatization reagent). In order to find a compromise between 
minimization of artifacts and the mass of sample needed to provide 
measurable quantities of mercury, further experiments were made using 
50 mg of yerba mate.

It is also known that formation of methylated compounds tends to 

Table 2 
Operational conditions used for REE analysis.

Parameter ICP-MS ICP OES

RF power 1100 W 1400 W
Plasma gas 17 L min− 1 15 L min− 1

Auxiliary gas 1 L min− 1 0.6 L min− 1

Nebulizer gas 0.92 L min− 1 0.6 L min− 1

Sample uptake 
rate

1.5 mL min− 1 1.5 mL min− 1

Replicates 3 3
Dwell time 50 ms –
Plasma view 

mode
– Axial (Al, B, Ca, K, Mg, Na, P) 

and Radial (Ba, Fe, Mn, Sr, 
Zn)

Monitored 
isotopes

75As,138Ba, 59Co, 112Cd, 65Cu, 
24Mg, 55Mn, 60Ni, 208Pb, 88Sr, 
51V, 66Zn, 139La and 140Ce.

–

Emission lines 
(nm) and 
state

– Al 396.153(I), B 249.677(I), 
Ba 455.403(II), Ca 422.673 
(I), Fe 259.939(II), K 766,490 
(I), Mg 285.213(I), Mn 
257.610(II), Na 589.592(I), P 
213,617(I), Sr 421.552(II), 
Zn 206.200(II).
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increase as the total organic content (TOC) increases, particularly at the 
end of the distillation stage, when organic matter and Hg2+ are 
concentrated in the distillation flask [57]. For this reason, the formation 
of organic mercurial species artifacts was also evaluated in function of 
the relative volume of the collected distilled solution (60 %, 70 % and 80 
% of the original aqueous mixture). Results showed the formation of a 
constant amount of CH3Hg artifact (about 0.20 % of the quantity 
measured for Hg2+ in control solution) no matter the distilled fraction 
collected (Fig. 2B); in contrast to about 0.25 % of artifact found when 
distilled collection was processed up to 90 % of the aqueous sample 
mixture. Therefore, in order to minimize artifact formation, the 
extraction-distillation procedure adopted employed 50 mg of yerba 
mate with distillation carried out until 80 % of the aqueous sample 
mixture was collected.

As the experiments carried out with 50 mg of yerba mate produced 
insignificant amounts of CH3Hg as artifacts compared to those reported 
in the literature [63], it was necessary to evaluate matrix effect imposed 
by sample. Hence, fortifications of 800 pg of both Hg2+ and CH3Hg were 
made in Teflon tubes containing 50 mg of sample (yerba mate M2). In 
one set of samples (n = 3), a volume of 50 mL of water was added with 
no further pH adjustment and no addition of Triton X-114 as an aid for 
extraction. In a second set of samples (n = 3), besides water, an aliquot 
of a concentrated hydrochloric acid solution was added, to adjust to pH 
3, along with Triton X-114 (aiming a final concentration of 0.5 %) before 
adjusting final volume to 50 mL. Control solutions, containing 800 pg of 
Hg2+ and CH3Hg (without pH adjustment and without surfactant) were 
directly distilled, bypassing ultrasonic extraction, and used to evaluate 
efficiency of the distillation process.

Extractions were carried out following the protocol reported in the 
literature [57], using an ultrasonic bath for 40 min at 40 ◦C, and then, 

the Teflon tubes containing the extracts were placed in the distiller with 
the distillation ended right after the collection of about 80 % in volume 
of the distilled extract. This extract was transferred to amber tubes of the 
GC-CV-AFS system, where, shortly after the addition of the derivatizing 
reagent and pH adjustment, they were analyzed. The results from the 
speciation analysis performed on the yerba mate extracts, without pH 
adjustment and in absence of surfactant, showed recoveries of 15.8 % 
and 9.4 % for the Hg2+ and CH3Hg respectively (Fig. 3B). In contrast, 
extractions carried out with the proper pH adjustment and using Triton 
X-114 produced recoveries yields of 79 % and 67.6 %, for the Hg2+ and 
CH3Hg respectively (Fig. 3C), compared with the results obtained by 
analyzing the control samples (Fig. 3A). This indicated that the use of 
acidic pH and surfactant decreased sample matrix interferences after the 
distillation process.

3.1.3. Optimization of ultrasonic agitation and temperature for the 
determination of mercurial species in yerba mate

In order to achieve maximum recovery of mercurial species in the 
presence of vegetal matrix, an optimization was performed for the ul
trasonic agitation and temperature during the extraction/distillation 
process. For these studies, 50 mg of yerba mate M2 was used along with 
50 mL of an aqueous solution at pH 3 and containing 0.5 % Triton X-114 
and fortification compounds (800 pg of Hg2+ and 800 pg of CH3Hg). The 
closed Teflon tubes were submitted to ultrasonic agitation during 30 min 
at different temperatures (30; 40; 50; 60; and 70 ◦C) before transferring 
the extract to the distiller. The GC-CV-AFS analyses were performed 
with distillates, and results showed better recoveries of the mercury 
species when ultrasonic agitation was made, at 50 ◦C and 60 ◦C. In ex
periments made at higher temperatures, the concentration of Hg2+

decreased while the concentration of CH3Hg increased (Fig. 4A), 

Fig. 1. Evaluation of mercury content (Hg2+ and other mercurial species) in samples (M1–M9) of yerba mate. A) Aliquots of infusions. B) Aliquots of acid solubilized 
samples. C) Hg0 temporal profiles of increasing Hg2+ concentrations using CV-AAS with a multipass cell.
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indicating a probable methylation of Hg2+ due to interactions with the 
organic material of the sample [57].

The ultrasonic agitation time (20; 30; 40; 50; 60; and 70 min) was 
further studied at 50 ◦C in order to evaluate the recovery of analytes in 
the presence of sample matrix. A gradual increase in recovery of mer
cury species occurred as samples were placed under prolonged ultra
sonic agitation (Fig. 4B), reaching maximum yields after 50 min 
(recoveries of 91 % for Hg2+ and 85 % for CH3Hg, using as reference the 
results obtained for distilled control standard solutions). As a conclusion 
the selected conditions to perform the analytical validation were: 50 mg 
of yerba mate, plus the addition of a concentrated hydrochloric acid 
solution to adjust to pH 3, along with Triton X-114 (0.5 %) solution, 
before adjusting final volume to 50 mL. Extractions were carried out 
using an ultrasonic bath for 40 min at 40 ◦C, and then, the Teflon tubes 

containing the extracts were placed in the distillation apparatus. The 
distillation end when collection of distilled reached about 80 % of the 
original volume.

3.2. Analytical figures of merit and method application for mercurial 
species

The sensitivity of the analytical curves prepared with standard so
lutions of Hg2+ in water and combined with 50 mg of yerba mate matrix 
M2 are shown in Fig. 5. The yerba mate matrix imposes interference even 
after extraction and distillation, as can be evaluated by the decreasing of 
7.6 % in curve sensitivity for Hg2+ and of 15.3 % for CH3Hg (Fig. 5A and 
B). A two-tailed Student’s t-test was used to determine the statistical 
significance of results, indicating that both decreases in sensitivity were 
statistically significant, with p-values of 0.028 and 0.035 (less than the 
critical significance level of 0.05). This confirms that the observed dif
ferences are not due to chance, but rather to true matrix interference.

Therefore, matrix-matched standards were used to improve the ac
curacy of determinations. Thus the analytical curves were constructed 
using the standards of Hg2+ and CH3Hg mixed with 50 mg M2 (sample 
with no detectable amounts of the mercurial species), so to achieve a 
matrix matching calibration within the absolute range from 30 to 800 pg 
(0.75 ng L− 1 to 20 ng L− 1). These standards were also submitted to the 
ultrasonic treatments and distillation. Analytical curve equations for 
Hg2+ and for CH3Hg using matrix-matched standards were, respectively, 
Y = (2.3 × 106 ± 7.6 × 104 L pg− 1) X − (325 ± 43) and Y = (1.4 × 106 ±

5.2 × 104 L pg− 1)X − (443 ± 68) with a R2 of 0.9997 (Hg2+) and 0.9998 
(CH3Hg).

Limit of detection (LOD) (pg/50 mg mass of sample) and limits of 
quantification (LOQ) were based on the amount of the measured mer
cury (as Hg0) that produced, respectively 3 times and 10 times the 
standard deviation of the average baseline (n = 10) [64]. The LOD 
values were 9 pg per 50 mg mass of sample (or 0.2 ng L− 1) for Hg2+, and 
12 pg per 50 mg mass of sample (or 0.3 ng L− 1 for CH3Hg) while the LOQ 
for Hg2+ and CH3Hg were 20 pg per 50 mg mass of sample (or 0.5 ng 
L− 1) and 23 pg per 50 mg mass of sample (or 0.6 ng L− 1) respectively. 
The LOD and LOQ values presented for Hg2+ and CH3Hg are within the 
expected range of mercury in environmental samples and are considered 
acceptable. Achieved LOQ values are low enough to detect and quantify 
small concentrations of mercury, which is crucial for environmental 
monitoring and health risk assessment. The ability to detect and quan
tify mercury at such low levels indicates that the method is sensitive and 
suitable for applications that require high accuracy and reliability in the 
detection of contaminants in complex samples. Furthermore, these 
values are achieved thanks to an exhaustive cleaning protocol for the 
materials used in the analyses, ensuring that there is no 
cross-contamination and that the results are highly accurate and 
reliable.

As matrix interference from vegetal matrix was found, recovery of 
the method was evaluated by analyzing the CRM 1515 (Apple Leaves, 
with certified total mercury value of 43.2 ± 2.3 µg kg− 1). Matrix 
matching was made by performing distillation of standards in the 
presence of the yerba mate M2, a dried vegetal sample whose matrix is 
supposed to impose similar interference that one expected with the dried 
apple leaves matrix. The value obtained using the GC-CV-AFS system 
was (39.6 ± 6.3) × 103 µg kg− 1 (91.6 % recovery with only inorganic 
mercury, as Hg2+, detected), after the CRM were subjected to the 
extraction and distillation process. Statistical similarity of results was 
proved using a two-tailed Student-t-test = 0.314 (ɑ = 0.05 and n1 = n2 =

3), which can be considered very satisfactory, considering the large 
factor of dilution applied to the sample to perform the analysis with GC- 
CV-AFS.

The precision of the developed method was also evaluated as intra- 
day and inter-day precision. For this, mercury speciation and de
terminations were evaluated using the GC-CV-AFS system, after the 
extraction and distillation of three replicates of samples containing 50 

Fig. 2. Study of the formation of CH3Hg artifact in samples extracts fortified 
with 800 pg of Hg2+, according to: (A) mass in mg of yerba mate M2. (B) volume 
of sample collected from distillation.

Fig. 3. Study of extraction/distillation of mercury species (800 pg of Hg2+ and 
CH3Hg): a) control samples in water; b) A 50 mg of yerba mate (YM) and water; 
c) A 50 mg of yerba (YM) mate in pH 3 aqueous solution containing 0.5 % of 
Triton X-114. For (b) and (c), it was used ultrasonic agitation (40 min) at 40 ◦ C.
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mg yerba mate M2 fortified with three different concentrations (3.0 µg 
L− 1; 9.0 µg L− 1; and 12.0 µg L− 1) of either Hg2+ or CH3Hg+. Measure
ments were made in three consecutive days. The obtained precisions 
(relative standard deviation) was less than 1 % (Table S9), ensuring that 
the proposed method is reproducible.

The proposed method was applied to samples of yerba mate identi
fied with the codes M3, M4, M6, and M9. The analysis of these samples 
were performed using optimized conditions to minimize artifact for
mation and maximize analyte accuracy (using matrix-matched 

standards with 50 mg of yerba mate M2). For the quantification studies, 
50 mg of the samples (M3, M4, M6 and M9) were used (n = 3), submitting 
them to the ultrasonic extraction and distillation process. The results 
(corrected by the dilution factor) are summarized in Table 3, indicating 
the presence of the Hg2+, which ranges from 0.67 µg kg− 1 or 34 pg in 
absolute value (for sample M6), to 0.96 µg kg− 1 or 48 pg in absolute 
value (for sample M3). Besides, sample M9 was the only one that pre
sented ultra-trace levels of organic mercury (as CH3Hg) at 0.07 µg kg− 1 

or 3.5 pg in absolute value.

Fig. 4. (A) Effect of temperature on recoveries of mercury species (fortification of 800 pg of Hg2+ and 800 pg of CH3Hg) in presence of 50 mg of yerba mate using 
ultrasonic-assisted extraction (30 min) using Triton X − 114 (0.5 %) and solution at pH 3. Measurements made by GC-CV-AFS distillation and propylation. (B) Effects 
of ultrasonic agitation on recoveries of mercurial species (800 pg L− 1 of Hg 2+ and CH3Hg) in presence of 50 mg of yerba mate. Extraction made using Triton X − 114 
(0.5 %); solution at pH 3 and at 50 ◦C. Measurements made by GC-CV-AFS distillation and propylation (standard deviation for n = 3).

Fig. 5. A) Analytical curves (from 30 to 800 pg L− 1): a) using standard solution of Hg2+ and b) using standard solution of Hg2+ in the presence of 50 mg yerba mate 
M2. B) Analytical curves: a) using standard solution of CH3Hg and b) using standard solution of CH3Hg in the presence of 50 mg yerba mate M2; (C) Typical GC-CV- 
AFS chromatographic profiles of mercurial species (a) residual Hg0 (b) CH3Hg; (c) Hg2+.
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The results of this study were compared with the results obtained 
from the quantification of total mercury in samples M3, M4, M6 and M9 
after acid dissolution using CV-AAS. These total mercury results were 
compared to the ones obtained by GC-CV-AFS and they were statistically 
similar (Table 3). In case of sample M9, the value used in the comparison 
was the sum of the GC-CV-AFS results found for Hg2+ and CH3Hg.

Yerba mate samples were also fortified with analytes at three con
centration levels (Table 4). The recovery percentages of analyte fortifi
cation (discounting the original concentrations reported in Table 3) 
were close to 100 %. The total concentrations recovered, at the different 
levels of fortification, allowed estimating the original concentrations in 
the samples (M3, M4 and M6), and also estimate the content of CH3Hg 
and Hg2+ in sample M9. Results were similar to those previously 
determined and presented in Table 4 (according to two-tailed Student-t- 
test at the 95 % confidence limit).

According to the results, four of the yerba mate samples were found 
to contain Hg2+ concentrations between 0.67 and 0.96 µg kg− 1 based on 
dry weight. Only one sample of yerba mate presented a CH3Hg con
centrations of 0.67 µg kg− 1, these results did not exceed the maximum 
Hg limit (50 µg kg− 1) established by the National Sanitary Surveillance 
Agency (ANVISA, Brazil) for any kind food. It is important to highlight 

that in the literature there are only works that report the total mercury 
content in yerba mate [53], not focusing on the speciation analysis of 
mercury in this type of matrix, which is of extreme importance, 
considering the risk to human health of organomercurials. In addition, 
the use of ultrasound-assisted extraction method in a medium contain
ing surfactant (Triton X-114) does not involve the use of toxic organic 
solvents, traditionally used for extraction processes, which makes it an 
environmentally friendly method. Finally, distillation of samples, fol
lowed by speciation analysis and Hg determination by GC-CV-AFS, is a 
breakthrough on EPA Method 1630, allowing accurate determinations 
of mercury in this type of samples.

3.5. Comparative study with others matrices

The results obtained in the present study are compared with those 
reported by others authors in Table 5. In terms of elemental and total 
mercury analysis, the required time is comparable if considering sample 
and instrumental preparations. It should be noted that LOD and LOQ for 
the general elements are in accordance with literature using ICP OES 
and ICP-MS. In the case of mercurial species, the present study details 
LOD and LOQ for both Hg2+ and CH3Hg, and no other work reports 
values for CH3Hg. The diversity of sample preparation procedures adds 
complexity to the interpretation of the results, but, in the case of 
mercurial species, the optimization and distillation have been employed 
specifically to guarantee high level of cleanliness in order to minimize 
contamination and avoid artifacts. The achieved results for yerba mate 
samples indicate that the average value was 0.797 µg kg− 1, being about 
10 times smaller compared to the only value reported by a single author. 
Furthermore, in two of the articles the data reflect only a result derived 
from acid digestion, while in our case, we work with both digestion and 
infusion. The Hg content range in others studies was 2.5 to 15.8 µg/100 
and was significantly higher than in our determinations (0.67 to 0.92 µg 
Hg/100 g). Our findings suggest that Hg contamination could come from 
a later stage such as roasting, so in this case it would be of environmental 
contamination.

3.6. Multi-element analysis of yerba mate and yerba mate infusions

The overall elemental composition of the ten different samples of 
commercial mate leaves was evaluated through ICP-MS and ICP OES. In 
terms of analytical validation, the analytical curves for all the elements 
revealed a good linearity with a R2 higher than 0.99. The instrumental 
LOD were between 0.06 and 50 µg L− 1 (Table S2). The average re
coveries for CRM 1515 (apple leaves) were in the range between 54 % 
and 109 % (Table S1). Low recovery for some of the elements can be 
attributed to several factors. One potential cause is the incomplete 
dissolution of the plant matrix during the acid digestion process. Cal
cium, for example, can form stable compounds with organic plant 
components, making it difficult to be completely released during 
digestion [68]. Pequerul et al., [69] point out that the pH of the diges
tion solution and the presence of other ions can promote the precipita
tion of calcium compounds, decreasing their availability for analysis 
[69]. Matrix effects, including the presence of co-dissolved organic 
matter, may also influence element recovery affecting specially results 
using ICP-MS. Liu et al., discuss how organic compounds present in the 
sample can interact with analytes during digestion and detection, 
leading to increased or decreased signals, depending on the nature of the 
element and matrix [70]. In fact, Trimmel et al., demonstrated that Ca 
does not have an optimal recovery even when using more than one 
different CRM [71]. In our study, using different CRMs under acid 
digestion (Tomato leaves 1573a and Peach leaves 1547) the recovery for 
Ca was 52 and 69 % respectively (data not shown). In addition, other 
factors affecting the results are the quantity amount of matrix, being 
ICP-OES prone to better matrix tolerance and long-term stability [72].

Elements such as Mg, P, K, Ca, Mn, Fe, Co, Cu, Zn, Fe, Sr, V, Pb and Cd 
were determined in mate leaves (Table 6, Fig. S1.A and B) and in the 

Table 3 
Concentrations of Hg2+ and CH3Hg in yerba mate samples determined by the 
proposed method based on GC-CV-AFSa, and the determination of total mercury 
found in yerba mate samples using CV-AASb.

Samples Hg2+ (µg kg− 1)a 

(absolute value in 
pg)

CH3Hg (µg 
kg− 1)a 

(absolute value 
in pg)

Total 
mercuryb* (µg 
kg− 1)

tcalculated**

M3 0.96 ± 0.02 
(48)

− 0.91 ± 0.08 
(46)

0.982

M4 0.74 ± 0.03 
(37)

− 0.72 ± 0.07 
(36)

0.743

M6 0.67 ±0.03 
(34)

− 0.63 ± 0.07 
(32)

0.674

M9 0.82 ± 0.01 
(41)

0.07 ± 0.02 
(3.5)

0.85 ± 0.05 
(43)

0.877

*Samples after the acid digestion process.
*t-critical (two-tailed Student-t-test; ɑ = 0.05 (d.f. = n1 + n2 − 2 = 4) = 2.77).

Table 4 
Quantification study using fortification of yerba mate samples with estimation of 
the original analyte content.

Sample Hg2+

fortification 
level 
(µg L− 1)

Total Hg2+

found (µg 
L− 1)

Original Hg2+

recovered in the 
fortification 
experiment a (µg 
L− 1)

Average 
original Hg2+

(µg L− 1)

M3

3.00 
9.00 
12.00

3.97±0.04 
9.98±0.06 
12.96±0.07

0.97±0.04 
0.98±0.06 
0.96±0.07

0.97±0.04

M4

3.00 
9.00 
12.00

3.74±0.03 
9.75±0.05 
12.74±0.05

0.74±0.03 
0.75±0.05 
0.74±0.07

0.74±0.03

M6

3.00 
9.00 
12.00

3.65±0.06 
9.64±0.07 
12.65±0.08

0.65±0.06 
0.64±0.07 
0.65±0.08

0.64±0.07

M9 3.00 
9.00 
12.00

3.83±0.07 
9.84±0.05 
12.83±0.07

0.83±0.08 
0.84±0.05 
0.83±0.07

0.83±0.05

Sample CH3Hg 
fortification 
level (µg kg− 1)

Total 
CH3Hg 
found (µg 
kg− 1)

Original CH3Hg 
recovered in the 
fortification 
experiment (µg 
kg− 1)

Original CH3Hg 
recovered in the 
fortification 
experiment (µg 
kg− 1)

M9 0.50 
1.00 
2.00

0.49±0.05 
1.07±0.04 
2.07±0.06

0.07 ± 0.03 
0.07±0.03 
0.07±0.02

0.07±0.02
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infusions (Table 7, Fig. S2.A and B). In general, elements content were in 
agreement with what was found in yerba mate by other authors, re
ported in Table S3 (alkaline elements and P), Table S4 (alkaline earth 
elements), Table S5 (essential trace elements) and Table S6 (toxic 

elements) [18,20–22,24,32,73–94]. As expected, K, Ca and Mg were the 
most abundant elements in the original samples, on the other hand, the 
infusion values ranged from 5.46 to 9.18 for K, 0.19 to 0.68 for Ca and 
1.39 to 2.74 mg g− 1 for Mg. However, the sample analyzed by Olivari 

Table 5 
Comparative study with previous reported data of mercury.

Nª of 
study

Type of 
methodology

N◦ of samples Type of extraction Mean 
concentration 
found (ng g− 1)

LOD (µg 
kg− 1)

LOQ (µg 
kg− 1)

Recovery (%) Analysis time 
per sample in 
the instrument 
(min)

Ref

1 AAS 86-Tea (black, 
green, white, 
Pu-erh) and 
Yerba Mate

50 mg with 250 mL of boiling 
water

Teas: 2.86 (range 
0.36–10.76)

0.01 Not 
reported

92.2 (Mixed 
Polish Herbs 
INCT-MPH-2)

1 to 3 [53]

Yerba mate: 6.87

2 CV-AFS 129-Green tea 2 g with 150 mL of boiling water 
and 2 g with 150 mL of boiling 
water (repeated to obtain 10 tea 
infusions) samples

6.3 (range 
1.8–102.9)

Not reported 93–97 (CRM; 
GBW10020 and 
10,048- citrus 
leaf)

30 [65]

3 CV-AFS 10-Drinking 
water and 
food

1 g with 5 mL of 60 % 
HNO3, 2 mL of 33 % H2O2, and 
1 mL of H2O

Drinking water: 
0.002

0.002 0.006 Not reported 30 [66]

Food (eggs, beans, 
meat and garlic): 
0.0012–0.0018

4 HPLC-CV-AFS 3 water (sea, 
river water 
and sewage)

1 mL of the infusion was diluted 
to 50 mL with double-distilled 
water. The separate second 
extraction was carried out in 5 
mL TMAH (25 % solution) for 
20 min at 55 ◦C and another 20 
min at 60 ◦C

< LOD 0.00004 Not 
reported

83–98 (Human 
hair samples NIES 
CRM N◦ 13 and 
IAEA-085)

22 [67]

The extract was ultra- 
centrifuged and 1 mL of sample 
was diluted in water to a final 
volume of 50 mL and acidified 
with 0.55 % HCl (0.75 mL) to a 
pH of around 0.8

91–102

5 GC-CV-AFS 5-Yerba mate 
(aged, green 
and roasted)

50 mg with 50 mL of an aqueous 
solution at pH 3 in a ultrasonic 
agitation for 50 min at 50 ◦C

0.797 0.002 for 
Hg2+

0.005 for 
Hg2+

91.2 (CRM 1515) 30 This 
study

0.003 for 
CH3Hg

0.006 for 
CH3Hg

100

Table 6 
Results (mean ± SD, n = 3) of elements in 10 samples of yerba mate leaves.

Yerba Mate Leaves (mg g− 1)

Element M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

K a 11.56 ± 0.18 14.01 ± 0.11 12.78 ± 0.22 13.33 ± 0.34 15.03 ± 0.46 11.2 ± 0.39 13.95 ± 0.29 14.06 ± 0.39 12.74 ± 0.15 16.0 ± 0.35
Ca a 7.19 ± 0.18 7.32 ± 0.13 7.46 ± 0.63 7.17 ± 0.51 7.42 ± 0.19 7.53 ± 0.46 8.79 ± 0.18 7.62 ± 0.15 7.14 ± 0.21 7.26 ± 0.25
Mg a 5.16 ± 0.09 4.85 ± 0.10 5.60 ± 0.16 5.42 ± 0.07 5.46 ± 0.20 5.32 ± 0.28 6.01 ± 0.09 5.54 ± 0.13 5.40 ± 0.07 4.71 ± 0.12
P a 1.19 ± 0.3 1.46 ± 0.09 1.04 ± 0.02 1.10 ± 0.04 1.38 ± 0.03 1.35 ± 0.05 1.65 ± 0.07 1.10 ± 0.005 1.05 ± 0.02 1.23 ± 0.05
Mn b 1.04 ± 0.11 1.13 ± 0.03 1.22 ± 0.05 1.22 ± 0.05 1.09 ± 0.08 0.77 ± 0.02 1.23 ± 0.03 0.98 ± 0.03 1.25 ± 0.07 0.97 ± 0.02

Yerba Mate Leaves (mg kg− 1)

Element M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

Fe a 164 ± 12 197 ± 58 99.7 ± 15.2 123 ± 3.0 144 ± 8.0 62.0 ± 3.7 215 ± 44 129 ± 44 134 ± 4.0 73.1 ± 6.3
Ba a 60.4 ± 0.7 56.2 ± 4.7 58.2 ± 4.2 61.3 ± 2.6 65.3 ± 1.9 72.5 ± 12.8 74.3 ± 6.9 61.8 ± 5.4 56.9 ± 3.0 62.4 ± 3.8
Zn b 59.1 ± 6.4 77.64 ± 1.7 50.4 ± 9.6 58.2 ± 7.8 78.1 ± 6.5 72.0 ± 5.7 90.5 ± 3.9 50.7 ± 2.7 65.3 ± 6.1 46.9 ± 3.6
Sr a 33.2 ± 1.3 31.1 ± 0.4 39.8 ± 2.7 43.4 ± 2.1 33.1 ± 0.6 26.7 ± 2.1 34.4 ± 1.2 45.0 ± 0.9 31.1 ± 0.7 30.7 ± 1.1
Na a <LOD 92.1 ± 43.1 <LOD <LOD <LOD <LOD 47.1 ± 12.4 <LOD 15.8 ± 7.5 <LOD
Cu b 10.4 ± 0.7 10.1 ± 0.2 10.9 ± 0.5 10.8 ± 0.2 10.9 ± 0.4 8.75 ± 0.34 9.70 ± 0.39 10.7 ± 0.3 10.3 ± 0.7 8.89 ± 0.48
Ni b 2.99 ± 0.30 2.70 ± 0.08 3.40 ± 0.29 3.86 ± 0.11 3.71 ± 0.09 2.38 ± 0.09 3.20 ± 0.11 3.04 ± 0.18 3.28 ± 0.23 1.39 ± 0.11
V b 0.314 ±

0.019
0.504 ±
0.032

0.178 ±
0.012

0.257 ±
0.010

0.291 ±
0.026

0.177 ±
0.001

0.491 ±
0.004

0.227 ±
0.006

0.305 ±
0.013

0.113 ±
0.005

Pb b 0.234 ±
0.041

0.183 ±
0.013

0.279 ±
0.014

0.317 ±
0.023

0.209 ±
0.020

0.209 ±
0.037

0.157 ±
0.017

0.457 ± 0.02 0.206 ±
0.055

0.275 ±
0.027

Co b 0.192 ±
0.005

0.279 ±
0.035

0.106 ±
0.013

0.151 ±
0.012

0.392 ±
0.016

0.270 ±
0.015

0.374 ±
0.037

0.101 ±
0.006

0.251 ±
0.012

0.162 ±
0.018

Ce b 0.223 ±
0.006

0.334 ±
0.012

0.218 ±
0.023

0.278 ±
0.002

0.236 ±
0.010

0.147 ±
0.018

0.266 ±
0.013

0.369 ±
0.082

0.251 ±
0.017

0.166 ±
0.004

La b 0.137 ±
0.002

0.284 ±
0.021

0.129 ±
0.007

0.182 ±
0.006

0.269 ±
0.008

0.238 ±
0.006

0.244 ±
0.018

0.239 ±
0.033

0.187 ±
0.006

0.114 ±
0.004

References: a analyzed by ICP OES, b analyzed by ICP-MS.
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et al. [95] (i.e. sample U1, for consumption in Uruguay) shows a content 
of K and Mg below (ten times less) the values reported in the present 
work. Such a difference in reported concentrations can be attributed to 
environmental and agricultural factors as soil quality plays a crucial 
role, and mineral composition, including heavy metals, affects plant 
uptake. The use of fertilizers and pesticides further affects the elemental 
profile of yerba mate plants and climatic conditions, such as rainfall and 
temperature, influence the nutrient. It is important to clarify that yerba 
mate is not cultivated in Uruguay, and this generates the loss of trace
ability of the quality of the sample. The amount of minerals in the in
fusions depends on the extraction efficiencies of the brewing conditions. 
According to Natesan and Ranganathan [96] the analyte elements can 
be classified into three groups: highly extractable elements (>55 %); 
moderately extractable elements (22–55 %), and poorly extractable el
ements (<20 %). The extraction efficiency of each element was esti
mated following the formula of Olivari et al. [95]. High extractable 
element were found in yerba mate, that the case of K (42 % to 79 %); but 
in the case of Mg is moderately extractable (28 % to 50 %). The very high 
solubility of K is explained by the fact that it is present in plants in 
readily soluble forms. Moreover, K is known to be more abundant 
outside the plant cells [91]. In contrast, Matsuura et al. [97] suggested 
that most of the Ca is accumulated inside the cells and is hardly 
extracted during brewing, which is consistent with the data obtained for 
Ca. The poorest leached elements were Ba, Ca, Fe and Sr with solubility 
below 10 % (poorly extractable). In general terms, Ca concentration was 
lower, K, Mg, Mn were similar, iron was about half, and zinc was almost 
a third of the values reported in other study dealing with similar samples 
(Table S7) [21]. Others elements such as P and Mn are in very low 
concentration. The leached content for these elements are between 19 
and 51 % (moderately extractable). This variability can be attributed, 
for example, to factors such as elaboration process. In fact, it has been 
verified in previous investigations [60], that the process and the particle 
size are also important factors. Both samples, M6 and M10 are the ones 
with the lowest levels of all the determined elements, and they were 
produced using different processes (M6 is not aged and M10 is roasted) 
and present a different particle size distribution.

Considering minor elements (Co, Cu, Fe, Ni, Zn, Ce and La), the 
highest concentration was found for Zn, Cu and Fe, corroborating pre
vious reports [31,98]. In the case of the infusion, values varied from 8.0 
to 32 (1 × 10− 3 µg kg− 1, Zn), from 0.27 to 8.2 (1 × 10− 3 µg kg− 1, Cu) and 
from 1.4 × 10− 3 to 4.5 × 10− 3 µg kg− 1, Fe). Finally, the concentration 
found of rare earths (Ce, La) are in agreement with concentration re
ported in other studies. Co as well as Ni were leached to solution in 
percentages that ranges from 33 to 100 % (high extractable), except for 
sample M6. Lead presented a mean concentration of 260 µg kg− 1 in 

leaves (ranging between 180 and 450 µg kg− 1), showing that the sam
ples do not surpass the maximum limit allowed for this inorganic con
taminants in food; being our results in agreement with values reported in 
other studies [21,23,99]. However, lead was not found in infusions.

Researches carried out by Baran et al. [100], Pozebon et al. [21] and 
Ulbrich et al. [99] on yerba mate samples showed similar mineral 
compositions for dried leaves and infusions. In terms of agreement with 
this work, the elements were arranged in the following descending 
order: K > Ca > Mg > P > Mn > Fe > Zn > Sr > Cu > Ni > V > Pb > Co >
Cd (leaves) and K > Mg > P > Mn > Ca > Zn > Cu > Fe > Ni > Sr > Co 
(infusions). Reporting the level of concentration leached to the infusion 
(Table S8), is an information of great importance for the habitual con
sumer. However, limitation in the small sample size may affect statis
tical and the ability to detect subtle differences in analyte 
concentrations, besides the geographic scope is limited, hindering the 
capture of the full range of environmental conditions, such as differences 
in soil and agricultural practices.

4. Conclusions

In this study, the total content of Hg and the speciation analysis was 
determined in ten widely consumed commercial yerba mate brands. For 
the first time, the condition of extraction and distillation were optimized 
and successfully used in a complex matrix rich in active compounds and 
organic material. The mean Hg concentration for all samples was 0.797 
µg kg− 1. This results indicate the potential for Hg accumulation in yerba 
mate but the exposure to human’s consumption is extremely low. 
Furthermore, ICP OES and ICP-MS were used for quality control of el
ements in yerba mate. Magnesium and potassium were presents in high 
concentration, with high solubility, which reinforces that yerba mate 
has a great capacity to accumulate these elements and is a relevant di
etary source. Future research should include a wider range of samples 
and consider increasing the sample size to reinforce reliability and 
applicability.
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Table 7 
Results (mean ± SD, n = 3) of elements in 10 samples of yerba mate infusion.

Yerba Mate Infusion (mg g− 1)

Element M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

K 9.18 ± 2.06 9.06 ± 0.54 5.55 ± 0.30 9.17 ± 1.47 6.91 ± 0.96 6.43 ± 0.60 8.47 ± 1.01 8.48 ± 1.41 5.46 ± 0.49 6.67 ± 0.81
Mg 2.55 ± 0.46 2.06 ± 0.03 1.74 ± 0.04 2.74 ± 0.42 1.65 ± 0.31 1.71 ± 0.06 2.45 ± 0.19 2.30 ± 0.36 1.51 ± 0.07 1.39 ± 0.16
Mn 0.59 ± 0.02 0.72 ± 0.03 0.76 ± 0.05 0.79 ± 0.05 0.57 ± 0.03 0.23 ± 0.02 0.61 ± 0.04 0.57 ± 0.02 0.68 ± 0.02 0.46 ± 0.05
P 0.60 ± 0.13 0.54 ± 0.004 0.26 ± 0.02 0.45 ± 0.08 0.39 ± 0.06 0.49 ± 0.05 0.64 ± 0.05 0.38 ± 0.07 0.26 ± 0.01 0.37 ± 0.05
Ca 0.50 ± 0.08 0.43 ± 0.03 0.37 ± 0.02 0.68 ± 0.12 0.26 ± 0.03 0.21 ± 0.01 0.48 ± 0.04 0.37 ± 0.06 0.31 ± 0.001 0.19 ± 0.02

Yerba Mate Infusion (mg kg− 1)

Element M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

Zn 25.7 ± 0.2 31.8 ± 5.6 21.5 ± 0.7 26.1 ± 2.7 28.9 ± 1.7 8.06 ± 0.26 32.2 ± 2.6 22.7 ± 2.7 27.1 ± 2.7 22.3 ± 1.6
Cu 7.01 ± 0.28 6.72 ± 0.79 6.92 ± 0.23 8.21 ± 0.66 6.25 ± 0.60 0.27 ± 0.024 4.35 ± 0.13 7.12 ± 0.05 6.71 ± 0.50 5.56 ± 0.25
Ni 3.59 ± 0.71 2.89 ± 0.38 3.37 ± 0.14 3.77 ± 0.35 3.34 ± 0.24 1.06 ± 0.18 2.94 ± 0.19 3.01 ± 0.05 3.04 ± 0.15 1.11 ± 0.07
Fe 4.53 ± 0.40 3.16 ± 0.10 2.14 ± 0.09 1.96 ± 0.46 2.49 ± 0.28 1.44 ± 0.27 3.45 ± 0.25 2.92 ± 0.37 1.73 ± 0.26 2.59 ± 0.25
Ba 2.86 ± 0.56 1.54 ± 0.11 2.53 ± 0.12 4.03 ± 0.44 3.00 ± 0.55 3.87 ± 0.37 2.80 ± 0.24 1.48 ± 0.26 2.36 ± 0.07 2.44 ± 0.34
Sr 2.50 ± 0.40 1.97 ± 0.06 2.20 ± 0.06 3.81 ± 0.68 1.51 ± 0.16 1.33 ± 0.15 2.33 ± 0.22 2.44 ± 0.39 1.46 ± 0.03 1.04 ± 0.10
Co 0.134 ±

0.01
0.193 ±
0.017

0.098 ±
0.005

0.130 ±
0.009

0.276 ±
0.018

0.088 ±
0.016

0.225 ±
0.010

0.079 ±
0.006

0.177 ±
0.009

0.116 ±
0.008

References: a analyzed by ICP OES, b analyzed by ICP-MS. Pb and Cd were not detected (n.d.) in all the samples.
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