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Abstract
The increasing use of tellurium (Te) in electronics and renewable energy technologies has elevated its environmental con-
centration, posing ecological and health risks. This study addresses the critical need for effective methods to speciate Te by 
focusing on its two primary redox states—tellurite (Te(IV)) and tellurate (Te(VI))—which differ in reactivity, mobility, and 
toxicity. Existing analytical methods for Te speciation are often limited in sensitivity and can’t simultaneously determine 
both species. In response, we present a novel, rapid, practical, and highly sensitive approach for determining Te(IV) and 
Te(VI) using frontal chromatography coupled with inductively coupled plasma mass spectrometry (FC-ICP-MS). Multivariate 
optimization of chromatographic conditions, along with the exploitation of the “carbon effect” and careful isotope selection, 
yield detection limits of 1.0 ng/L for Te(IV) and 1.3 ng/L for Te(VI) with a total analysis time of five minutes. Acidification 
with nitric acid is the only sample pretreatment required. Applied to natural waters, sediments, and soils, the method demon-
strates high accuracy, superior sensitivity, greenness, and practicality, compared to state-of-the-art methodologies, offering 
an alternative and advantageous solution for routine Te speciation analysis across various environmental compartments.
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1  Introduction

The rapid expansion of industrial activities and technological 
advancements has significantly increased the release of trace 
element contaminants into the environment. Among these, 
tellurium (Te) is gaining attention as a technology-critical 
element due to its widespread use in various industrial appli-
cations [1, 2]. While naturally present in the Earth's crust 
at extremely low concentrations (approximately 1 × 10–7%), 
human activities have caused a notable rise in Te levels in 
water, soil, and sediment, making it an emerging pollutant 
of concern [3–5]. The primary sources of Te pollution stem 
from its use in electronics, such as the production of optical 
discs and solar panels [6, 7]. Additionally, metal smelting 

and coal combustion contribute to the diffusion of Te species 
[1, 5]. The increasing demand for Te, driven by the growth 
of the electronics industry and the transition to renewable 
energy sources, is expected to further exacerbate its environ-
mental contamination. This may pose serious health risks 
in the future as Te bioaccumulates in the human body [8, 
9], and recent studies have reported a correlation between 
heightened environmental exposure to Te species and the 
development of cancers, neurodegenerative conditions, and 
autoimmune disorders [8].

Hence, it is crucial to understand the behavior and fate of 
Te in the environment to investigate the potential risks posed 
to human and environmental health. The redox speciation 
of Te compounds is mostly overlooked in the current litera-
ture, with tellurite Te(IV) and tellurate Te(VI) as predomi-
nant species in natural waters and geological samples [1]. 
These two oxidation states exhibit distinct characteristics in 
terms of reactivity, mobility, bioavailability, and toxicity, 
significantly impacting their potential environmental and 
health risks [10, 11]. Specifically, Te(IV) is considered more 
mobile and 10 times more toxic than Te(VI). Additionally, 
Te(IV) is 100–1000 times more toxic than its homologous 
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selenite, a well-known toxic substance [5, 12]. The nota-
ble toxicity of Te species along with its marked difference 
between Te(IV) and Te(VI) highlights the need for selective 
monitoring of these compounds to accurately assess poten-
tial environmental and health risks. However, detecting and 
differentiating Te species is challenging due to the ultralow 
Te concentrations in all environmental compartments: in 
open ocean waters, for example, Te concentrations are typi-
cally below ~ 2 ng/L, although levels can increase tenfold 
in unpolluted freshwater systems [1, 13]. Similarly, in soils 
and sediments, Te levels generally stay in the low parts-
per-billion (µg/L) range outside of contamination hotspots 
[1]. While these concentrations may seem negligible, the 
bioaccumulation potential of Te species in both fauna and 
plants raises concerns about significant negative impacts 
over time [4].

In recent years, various analytical strategies have been 
developed to address the challenges of detecting ultratrace 
Te concentrations and differentiating between Te(IV) and 
Te(VI) species. Hydride generation, combined with sensi-
tive detection systems such as Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS) and atomic spectroscopy tech-
niques, has emerged as the preferred approach thanks to the 
low detection limits achieved [14–17]. However, hydride 
generation is limited to selective Te(IV) determination, 
with Te(VI) quantified indirectly by subtraction after total 
Te measurement, which requires pre-reduction of Te(VI), 
complicating the distinction between the two species. Pre-
concentration methods such as solid-phase extraction (SPE) 
[18–22], hollow fiber liquid phase microextraction (HF-
LPME) [23], and dispersive liquid–liquid microextraction 
(DLLME) [24, 25] with ICP-MS or Electrothermal Atomic 
Absorption Spectroscopy (ETAAS) have achieved sub-ng/L 
detection, but, these multistep processes risk analyte loss and 
rely on Te(IV) selective extraction and/or multiple desorp-
tion steps. Catalytic cathodic stripping voltammetry (Cat-
CSV) [26] offers detection limits as low as 5 ng/L without 
preconcentration and at lower cost, but it only detects Te(IV) 
unless Te(VI) is pre-reduced. Additionally, in all the men-
tioned strategies the reduction may be hindered by matrix 
interference (e.g., by nitrate) [26]. These limitations reduce 
the suitability of these methods for routine environmental 
monitoring.

Liquid chromatography (LC) hyphenated with ICP-MS 
for online analysis could present an ideal solution. How-
ever, to date, the use of this approach is extremely limited. 
Reversed-phase high-performance liquid chromatography 
(RP-HPLC) [27] and ion chromatography (IC) [28] with 
ICP-MS have been proposed for this purpose: these meth-
ods unfortunately demonstrated detection limits which were 
not applicable to natural waters and geochemical samples 
(i.e., around 1 µg/L [27, 28]). In the case of RP-HPLC, a 
further complication is introduced by the Te(IV) and Te(VI) 

complexation with chelating agents, which is highly sensi-
tive to experimental conditions (e.g., matrix effect) and can 
make the accurate differentiation between Te(IV) and Te(VI) 
challenging [27].

Summing up, a fully practical method for routine stream-
lined Te speciation remains elusive highlighting how further 
research is needed to address the scarcity of available data 
in the literature and to overcome the practical limitations 
of existing methods. Recently, we have shown that frontal 
chromatography (FC) coupled with ICP-MS offers a prom-
ising solution for the rapid and efficient speciation analysis 
of ultratrace elements, as demonstrated for As [29], Cr [30], 
Sb [31, 32] and Hg [33, 34]. This technique significantly 
reduces both analysis time and complexity while also lower-
ing overall costs. Notably, when the species differ in nature 
(e.g., ionic vs. non-ionic), the use of HPLC instrumentation 
is not mandatory, as a simple, low-pressure column with a 
limited resolving power—fed by a peristaltic pump—can 
effectively fit to separate them.

In this study, we adapted the FC-ICP-MS method for the 
simultaneous determination of Te(IV) and Te(VI) in natural 
water, sediment, and soil samples. This was achieved by 
passing acidified samples (with diluted nitric acid) through 
a custom-built short column packed with a strong cation 
exchange resin, with the eluate directly analyzed by ICP-MS. 
The multivariate optimization of chromatographic condi-
tions, along with a thorough investigation of the "carbon 
effect” and isotopes selection, enabled the simultaneous and 
accurate detection of both Te species in around five min-
utes, offering exceptional sensitivity with detection limits for 
Te(IV) and Te(VI) equal to 1.0 and 1.3 ng/L, respectively.

2 � Experimental

2.1 � Reagents

To prepare the stock standard solution of Te(IV) 
(1000 mg/L), a proper amount of sodium tellurite (99.5% 
pure, Thermo Scientific Chemicals) was dissolved in 30 mL 
of ultrapure water. The stock standard solution of Te(VI) 
(1000 mg/L) instead, was prepared by weighing a proper 
amount of telluric acid dihydrate (> 99% pure, Thermo Sci-
entific Chemicals) and dissolving it in 30 mL of ultrapure 
water (produced by a Sartorius Arium mini UV Lab Water 
System). Intermediate standard solutions were prepared by 
diluting the concentrated solutions and then diluted stand-
ard solutions were obtained for calibration. The traceabil-
ity of the Te concentration of the prepared solutions was 
determined against a single Te ICP standard (1000 mg/L 
J.T.Baker®, BAKER INSTRA-ANALYZED®) which 
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contains Te from tellurium dioxide dissolved in 10% hydro-
chloric acid.

A germanium standard solution (1000  mg/L, Fluka, 
TraceCERT®) was used as an internal standard by adding 
an appropriate volume to each sample, achieving a final con-
centration of 1 μg/L. Ultrapure nitric acid, distilled from 
reagent-grade HNO3 (65% purity, Carlo Erba) [35], was 
used to acidify all samples. The samples were prepared with 
ultrapure water from a Sartorius Arium mini UV Lab Water 
System (Varedo) and stored in low-density polyethylene bot-
tles that underwent a decontamination process. This process 
involved three steps: (i) soaking in a 0.4% w/w detergent 
solution (Nalgene L900, Thermo Scientific) for a week; (ii) 
soaking in a 2% w/w HNO3 solution for one week; (iii) soak-
ing in a fresh 2% w/w HNO3 solution for another week. The 
bottles were thoroughly rinsed with ultrapure water between 
each step and prior to use.

Methanol (Carlo Erba, ACS grade, ≥ 99.9%), ethanol 
absolute (Supelco, ACS grade), and 2-propanol (Sigma-
Aldrich, ACS grade, ≥ 99.8%) were used as organic post-
column additives.

2.2 � Instrumental Setup and Analytical Protocol

The FC-ICP-MS instrumental setup is depicted in Fig. 1. 
Separation of tellurium species was achieved with a custom-
made Polyether ether ketone (PEEK) column (2–3 mm inter-
nal diameter, 25–50 mm length) packed with strong cation 
exchange resin (Dowex® 50WX8, hydrogen form, 200–400 
mesh, Sigma-Aldrich). The packing material was retained 
by HPLC frits at each end of the column. Large resin parti-
cles (55 ± 20 μm) were used to minimize the overpressure, 
thus eliminating the need for an HPLC pump. As shown in 
Fig. 1, the short column is positioned between the peristaltic 
pump (for sample intake) and the ICP-MS nebulizer. As will 
be discussed below, the instrumental setup was modified to 
allow the introduction of an organic modifier in the sample 
flow after the column exit (see Fig. 1). To minimize online 
dilution, peristaltic pump tubes having different internal 

diameters were used to introduce the sample (internal diam-
eter 1.02 mm) and the organic additive (internal diameter 
0.38 mm). Optimized analysis conditions involved the acidi-
fication of samples to a final concentration of 0.43 M, a sam-
ple flow rate of 1.39 mL/min, and a 3 mm × 50 mm column. 
A 27.6% V/V methanol solution in ultrapure water was used 
as an organic modifier to induce the “carbon effect” (after 
online dilution, the final concentration is equal to 4%) [36].

Tellurium detection was finally performed using a 
Thermo Scientific ICAP Q ICP-MS. All measurements 
were carried out without a collision cell. Additional ICP-
MS operational parameters including monitored isotopes are 
provided in Table S1.

The analysis was automated utilizing an autosampler 
(CETAC ASX-260 Autosampler, Thermo Scientific), and 
a standard rinsing/cleaning procedure was applied for auto-
mated ICP-MS determinations. After each sample analy-
sis, the uptake tube was transferred to a washout reservoir 
containing 0.43 M HNO3, which was then pumped through 
the column via the peristaltic pump, with the washout time 
matching that of the sample analysis.

For data processing, analysis time and resolution were 
determined by calculating the first derivative curve and 
fitting each peak with a Gaussian function (as shown in 
Fig. S1). These parameters were computed using the equa-
tions in Fig. S1, consistent with standard elution chromatog-
raphy definitions. Origin 2018 software (version 9.5.1.195, 
OriginLab) was used for these calculations. Multivariate 
data analysis, including Design of Experiments (DoE) model 
computation, was conducted using CAT (Chemometric 
Agile Tool) software.

2.3 � Mineral Water, Sediment, and Soil Samples

Six mineral water samples, each with significantly different 
mineral salt content (fixed residues ranging from 34.9 to 
1300 mg/L), were utilized to evaluate the analytical perfor-
mance across various matrices. A summary of the collected 
samples, along with their key chemical compositions and 

Fig. 1   Schematic representation 
of the FC-ICP-MS instrumental 
setup used in this study
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physicochemical properties, is provided in Table S2. Water 
sample preparation for FC-ICP-MS analysis followed the 
procedure outlined in the previous section, involving the 
addition of HNO3 and Ge as internal standards.

Concerning the analysis of soil and sediments, a total of 
five samples (two soils and three glacial sediments) plus the 
certified reference material GBW07302 (Institute of Geo-
physical and Geochemical Exploration, stream sediment 
from Jiangxi, containing 24 µg/kg of Te) were analyzed. The 
five samples were collected in the Ventina Valley (Central 
Alps, Northern Italy), a remote area in which atmospheric 
dry and wet deposition are the only source of anthropic-
derived trace elements contamination (as observed in pre-
vious work for other trace elements – Ag, Cd, and Zn[37]). 
Further details on their composition are reported in a previ-
ous work (see [37] and refer to V08, V07, and V11 for the 
sediment samples and to P04 and P05 for the soil samples).

The standardized extraction procedure ISO-17586:2016 
[38] was utilized, involving a 2-h extraction with continu-
ous agitation (provided by a Stuart, Vernon Hills, IL, USA, 
SSL1 lab-scale orbital shaker). During the process, 15 mL of 
0.43 M HNO3 and 300 mg of solid sample were used. After 
extraction, the solution was filtered through a 0.22 µm nylon 
filter and subsequently analyzed by FC-ICP-MS.

3 � Results and Discussion

3.1 � From the Idea to the Proof of Concept

To evaluate the applicability of FC-ICP-MS for Te(IV)-
Te(VI) speciation, it is crucial to identify chromatographic 
conditions that fulfill the key requirements of this low-res-
olution technique, specifically ensuring that the two target 
species possess completely distinct chemical properties. This 
characteristic enables the selective retention of one species 
in the chromatographic column, while the other species 
remains unretained.

The Pourbaix diagram (obtained using Hydra-Medusa 
software, Fig. 2) clearly shows that in acidic nonreduc-
ing environments (approx. pH < 3, and with an Oxida-
tion–Reduction Potential around 0.75 V) the above discussed 
requirement is met: Te(IV) exists as a cationic species 
(TeOOH+) whereas Te(VI) occurs as a neutral species 
(H2TeO4).

Under these conditions (e.g., in diluted HNO3), cationic 
Te(IV) is expected to interact with a strong cation-exchange 
resin, while Te(VI) should pass through the column without 
any interaction.

For the first preliminary experiment, all chromatographic 
parameters were selected arbitrarily, leveraging our expertise 
in the field. The chosen parameters included: HNO3 con-
centration (0.25 M), column length (50 mm), column width 

(3 mm), and sample flow rate (1.14 mL/min). The results of 
this experiment are presented in Fig. 3.

As can be seen, when a mixture of Te(IV) and Te(VI) is 
introduced into the FC system, two distinct sigmoidal curves 
are observed. At this stage, we recorded the frontal chroma-
tograms by monitoring the interference-free 125Te isotope, 
which is the default and preferred option for Te determi-
nation using ICP-MS. The first curve corresponds to unre-
tained neutral Te(VI), while the second, broader curve is 

Fig. 2   Pourbaix diagram of tellurium species constructed using 
Hydra-Medusa software [39] (T = 25  °C, Te total concentra-
tion = 1 × 10−9 M)

Fig. 3   Frontal chromatogram of a 0.25 M HNO3 solution containing 
1 μg/kg of Te(VI) (red line), Te(IV) (gold line), and both Te(VI) and 
Te(IV) species (blue line). Experimental conditions are detailed in the 
figure
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related to cationic Te(IV), which is partially retained by the 
stationary phase. Notably, two well-defined plateaus can be 
distinguished,for Te(VI) between 60–100 s and for Te(IV) 
between 250–300 s, allowing for the quantification of both 
species by measuring the height of their respective fronts. 
As a final remark, the chromatogram is reported as corrected 
by internal standard 73Ge which occurs as a neutral species 
(H2GeO3) under these conditions, thus it is not retained by 
the cation-exchange resin. This choice was made to compen-
sate for any fluctuation of the 125Te signal (see Fig. S2 for a 
comparison with 125Te and 73Ge raw data).

In addition to the effective separation of Te(IV) and 
Te(VI), the elution time is relatively short, around 5 min. 
However, there is space to further shorten this time to make 
it suitable for routine analysis, while still maintaining com-
parable separation efficiency. A Design of Experiments 
(DoE) approach was therefore employed to optimize the 
chromatographic parameters (see next paragraph). Further-
more, the exploitation of the so-called “carbon effect” and 
the careful selection of isotopes were also investigated to 
further enhance the method's sensitivity. These steps are 
essential to meet the analytical requirements for detecting 
ultratrace levels of Te in environmental samples. All these 
optimizations will be detailed in the following paragraphs.

3.2 � Design of Experiment: Optimizing 
Chromatographic Parameters

Optimal conditions were sought using a full factorial 24 
design, which systematically evaluated the effects of (i) 
column length (25 and 50 mm), (ii) column width (2 and 
3 mm), (iii) sample flow rate (1.39 and 1.14 mL/min), 
and (iv) HNO₃ concentration (0.25 and 0.50 M) on two 
responses: analysis time and chromatographic resolution. 
The aim is to find analysis conditions that maintain sufficient 
resolution to effectively separate the two species while keep-
ing minimum analysis time. The specific conditions tested 
in each experiment are outlined in Table 1 and Table S3.

The resulting 16 conditions (full-factorial DoE) were 
applied to the analysis of Te(IV)-Te(VI) mixture solutions 
(concentrations = 1 μg/kg). The effect of each single param-
eter can be immediately observed in Fig. 4.

The chromatograms show that all the parameters influ-
ence the elution profile. Since Te(VI) does not interact with 
the cation-exchange resin, its elution time is very slightly 
influenced by sample flow rate and column geometry 
whereas the chemistry of the mobile phase does not play any 
role. Contrarily, the elution time and width of the front of 
cationic Te(IV) are significantly affected by all investigated 
parameters. Generally, increasing the sample flow rate and 
decreasing column size speed up the elution of Te species 
as expected. Moreover, higher HNO3 concentrations notably 

reduce analysis time at the expense of the resolution, as H⁺ 
ions enhance the rapid elution of Te(IV).

Multivariate regression analysis was conducted to quanti-
tatively assess the effects and optimize the chromatographic 
conditions that were initially observed qualitatively. Once 
the resolution and the analysis time were rigorously deter-
mined (see details in Fig. S1), their responses were mod-
eled by second-order equations including interaction terms. 
Figure 5 shows the obtained coefficients, while the surface 
responses are depicted in Fig. S3.

The goodness of the regression model is demonstrated 
by the high explained variance (94.4% for the resolution 
model and 99.1% for the analysis time model) and the low, 
randomly scattered residuals, as illustrated in Fig. S4.

As shown in Figs. 5a-b, all main effects have a statistically 
significant impact (p-value ≤ 0.05) on both resolution and 
analysis time, except for the sample flow rate, which does not 
significantly affect resolution. This is consistent with the data 
in Fig. 4, where column geometry (length and internal diam-
eter, i.d.) and acid concentration are identified as the primary 
factors influencing responses. Furthermore, interaction terms 
involving column geometry and HNO3 concentration signifi-
cantly affect both resolution and analysis time, while other 
interaction terms are negligible. The surface response plots 
in Fig. S3 provide further illustration of these findings. As 
expected, regions within the experimental domain that exhibit 
high resolution are also associated with longer analysis times. 
This underscores the need to find a compromise in chromato-
graphic parameters. As summarized in Table S1, resolutions 
varied from 0.38 to 1.77, and analysis times ranged from 59 to 
290 s. Given the low separation capacity of the FC system, a 
resolution greater than 1 is considered satisfactory. Among the 
tested conditions, the chromatographic run with all parameters 
set to high levels (see experiment No. 9 in Table S1) proved 
to be optimal, achieving a resolution of 1.05 and a very short 
analysis time (147.9 s). The chromatogram in Fig. S5 shows 
effective separation between Te(IV) and Te(VI), allowing for 
their speciation analysis in around 2.5 min. Anyway, we opted 
to slightly enhance the resolution by decreasing the HNO3 con-
centration from 0.5 M to 0.43 M: this straightforward adjust-
ment is expected to enhance chromatographic separation while 

Table 1   Chromatographic conditions and corresponding levels used 
in the Design of Experiments (DoE) model for data standardiza-
tion and centering, selected for all experiments within the explored 
domain

Parameter Low level (− 1) High level (+ 1)

Column length (mm) 25 50
Column internal diameter (i.d., 

mm)
2 3

HNO3 concentration (M) 0.25 0.50
Sample flow rate (mL/min) 1.14 1.39
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also unlocking the direct analysis of soil and sediment extrac-
tion solutions for geochemically reactive elements, utilizing 
the standardized method with 0.43 M HNO3 [38]. With this 
modification, we finally achieved a resolution of 1.12 and an 
analysis time of 152.6 s (Fig. 6).

The front height of Te(IV) can be reliably estimated as the 
average signal within the range of 50–55 s, while Te(VI) can 
be quantified within the range of 150–155 s. Given that these 
conditions were satisfactory, further optimizations were per-
formed using the following chromatographic parameters: 
column length = 50 mm, column width = 3 mm, HNO3 con-
centration = 0.43 M, sample flow rate = 1.39 mL/min.

As a final remark, we verified that Te species do not 
undergo interconversion and that their concentrations remain 
stable for at least 72 h in 0.43 M HNO3.

3.3 � Increasing the Sensitivity: Carbon Effect 
and Isotope Selection

Once optimized the rapid elution of Te species, we 
assessed the possibility of enhancing the sensitivity of 
the method by the so-called “carbon effect” [36], i.e., the 

matrix effect induced by simple organic compounds that 
can significantly enhance the limit of detection (LOD) 
for elements with high ionization potential, including Te. 
Although the exact mechanism behind this signal enhance-
ment remains unclear, it seems primarily ascribable to 
improved ionization efficiency through charge transfer 
between C+ ions and analyte atoms in the plasma, increas-
ing signal intensity [36].

Organic modifiers were introduced post-column in the 
FC-ICP-MS to prevent any alteration of the chromatographic 
system (refer to the configuration in Fig. 1). The flow rate 
of the additive was adjusted to minimize the online dilution 
of the samples (dilution factor of approximately 1.18). As 
shown in Fig. 7, we tested three different alcohols, namely 
ethanol (EtOH), methanol (MeOH), and 2-propanol (iPrOH) 
at three different concentrations for the analysis of a Te(IV)-
Te(VI) mixture solution (1 µg/kg). For comparison purposes, 
an experiment was conducted using ultrapure water as the 
additive to simulate the same dilution.

Regardless of the organic modifiers used, sensitivity sig-
nificantly increases. The best result was achieved with 4% 
V/V MeOH, which increased the 125Te signal by a factor of 

Fig. 4   Effects of chromatographic parameters on the elution profile of Te species: a column length; b column internal diameter; c HNO3 concen-
tration, and d sample flow rate. The chromatographic conditions for each test are reported in the corresponding panel
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2.9 for both Te(IV) and Te(VI) species. No specific effects 
instead were found for the internal standard 73Ge.

The step forward involved the choice of the best Te iso-
tope to be used to improve sensitivity without incurring sig-
nificant interference. Tellurium presents challenges for ICP-
MS determination due to the numerous isotopes suffering 
from isobaric interference from xenon (Xe) isotopes origi-
nating from plasma gas impurities. Additionally, the most 
abundant isotope, 130Te, is affected by isobaric interference 
from 130Ba and 130Xe. This Te isotope was not therefore con-
sidered in this study. We considered the following isotopes:

125Te: 7.14% abundant, with no known interferents, the 
default isotope in ICP-MS analysis [1].

126Te: 18.95% abundant, interfered with by 126Xe (0.09% 
abundant).

128Te: 31.69% abundant, interfered with by 128Xe (1.91% 
abundant).

Signal corrections were applied based on the equations 
reported in Table S4. Sensitivities were determined from the 
slopes of the calibration curves within the range 0.01–1 µg/
kg. Excellent linearity was observed for all studied isotopes, 
with R2 > 0.9998 (Fig. S6). Enhanced analytical signals com-
pared to 125Te were observed for 126Te (2.7-fold increase) 
and 128Te (4.7-fold increase). Despite the higher sensitivity 
offered by 128Te, the best compromise between sensitivity 
and signal-to-noise ratio was achieved using the 126Te iso-
tope. This is primarily due to the more significant correc-
tions required for Xe interference, which greatly increases 
signal noise. Consequently, the LODs were achieved on the 
126Te channel: 1.0 ng/kg for Te(IV) and 1.3 ng/kg for Te(VI). 

Fig. 5   Coefficients resulting from multivariate regression analysis on the data presented in Table S3 to model a chromatographic resolution and 
b analysis time. Green bars mean statistically significant parameters with a p-value of ≤ 0.05 and red bars mean not statistically significant factors
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For comparison, 128Te under the same conditions provided 
LODs of 2.8 ng/kg for Te(IV) and 2.7 ng/kg for Te(VI), 
while uncorrected 125Te produced LODs of 2.7 ng/kg for 
Te(IV) and 2.5 ng/kg for Te(VI). This difference can be 
attributed to the higher variance induced by the much more 
marked interference correction needed for 128Te, supporting 

the greater reliability of the 126Te isotope which was chosen 
as the optimal channel to be monitored. All LOD values 
were estimated by analyzing ten replicates of 5 ng/kg stand-
ard solutions of Te(IV) and Te(VI) (see Fig. S7 for 126Te 
signals): this concentration is approximately five times the 
standard deviation of the background signal, in line with 
European guidelines for estimating LOD [40].

The notably low LOD values warrant careful considera-
tion, as the simultaneous presence of both species might 
introduce errors, particularly at ultratrace levels when one 
species is significantly orders of magnitude more prevalent 
[31, 32]. To address this, the method's predictive accuracy 
was tested by analyzing nine different Te(IV)-Te(VI) mixture 
solutions with various concentrations (10, 100, and 1000 ng/
kg). The findings are summarized in Table 2.

The recoveries are close to 100% in most cases, validat-
ing that the method performs well for Te(VI) with minimal 
loss or enhancement. As expected, significant overestimation 
occurred only under extreme conditions, specifically when 
the Te species ratio was 1:100, where a relative recovery of 
200% was observed for both Te(IV) and Te(VI). It is impor-
tant to note that these high relative recoveries are associ-
ated with very low absolute errors, around 10 ng/kg (1% of 
the interferent species signal), which is approximately three 
times the limit of quantification. Furthermore, the presence 
of an interferent Te species in concentrations two orders of 
magnitude higher (1 µg/kg) does not represent a realistic sce-
nario. As demonstrated, we can safely state that concentra-
tions below 100 ng/kg do not present any cross-interference 
issue given that the absolute error of 1 ng/kg lies close to 
the LOD.

The repeatability was assessed through three replicates of 
the nine standard solutions detailed in Table 1. The relative 
standard deviations (RSDs) observed were 4.2% for Te(IV) 
and 2.8% for Te(VI), aligning well with the expected RSD 
values for conventional ICP-MS measurements. Inter-day 
precision was assessed by analyzing both single standard 
solutions and Te(IV)-Te(VI) mixture solutions over three 
consecutive days. The results showed inter-day precision 
below 5% for both Te species, further demonstrating the 
robustness of the method.

3.4 � Application to Mineral Water, Sediment, 
and Soil Samples

Six natural water samples were analyzed to validate the 
applicability of the FC-ICP-MS method across various 
mineral compositions. The physiochemical parameters 
and major ion concentrations are provided in Table S2. 
All samples contained extremely low levels of Te species, 
with Te(IV) consistently below the LOD, while Te(VI) was 
detected at concentrations up to 7.4 ng/kg (Table 3). No 
clear correlations between Te speciation and the specific 

Fig. 6   Frontal chromatogram obtained for a Te(IV)-Te(VI) mixture 
solution (both species at a concentration equal to 1  μg/kg) under 
optimized conditions (column internal diameter = 3  mm, column 
length = 50  mm, HNO3 concentration = 0.43  M, and sample flow 
rate = 1.39 mL/min). Red and gold regions denote the time intervals 
utilized to determine the height of the fronts

Fig. 7   Evaluation of the carbon effect using three different organic 
modifiers at three concentration levels. The sensitivity enhancement 
factor was calculated by normalization against ultrapure water sensi-
tivity. Te(IV)-Te(VI) mixture solutions (1  µg/kg) were analyzed for 
this purpose
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characteristics of the water samples were observed, suggest-
ing that the geochemical setting and geographical origin of 
the water source may influence Te distribution.

Furthermore, mineral waters spiked with very low con-
centrations of Te(IV) and Te(VI) (5 ng/kg) were analyzed 
for validation. This choice was made because that no certi-
fied reference materials are available for Te speciation. As 
shown in Table 3, recoveries were (97 ± 5)% for Te(VI) and 
(115 ± 16)% for Te(IV). This demonstrates the reliability 
of the method for detecting ultratrace levels of Te species 
under challenging conditions, with the spike concentration 
approaching the limit of quantification.

Similarly, we applied the developed method to determine 
the weakly bound, geochemically reactive fraction of Te spe-
cies in sediments and soils. The standardized extraction pro-
cedure ISO-17586:2016 [38] was employed. As this protocol 
involves an extraction using 0.43 M HNO3, it is fully com-
patible with the direct analysis of the filtered samples with-
out requiring dilution. This feature significantly enhances 
analytical sensitivity, enabling the detection of ultratraces 
even in solid samples. The analyses (Table 4) show, as 
expected, extremely low concentrations of Te species (with 
concentrations in solid samples in the range 0.34–3.5 µg/kg 
and 0.13–0.56 µg/kg for Te(VI) and Te(IV), respectively). 
These results are consistent with the uncontaminated set-
ting in which the samples were collected, i.e., a remote area 
presenting negligible local sources of contamination. The 
ability to detect such ultratrace levels highlights the method's 
capability to accurately measure Te even in samples that 
should be regarded as background references. Concerning 
Te species distribution, Te(VI) is largely the predominant 
species in sediment samples, with Te(IV) in some cases fall-
ing below the LOD. This consideration applies also to the 
certified reference material (total Te concentration equal to 
24 µg/kg), where the weakly bound Te fraction is made of 
Te(VI), only.

Regardless of the extraction capabilities of the stand-
ardized ISO-17586:2016 procedure (and hence what “geo-
chemical reactive species” clearly refers to), we spiked the 
post-extraction solutions to verify whether the co-extracted 
substances interfere with the Te species concentrations and 
distributions. As can be seen in Table 4, Te(IV) and Te(VI) 
remain stable in the extraction media even after 72 h, with 
recoveries not statistically different from 100%, thus con-
firming the consistency and accuracy of the obtained data. 
These results strongly highlight also the robustness of this 
protocol: the analyzed samples present significant geo-
chemical anomalies, including elevated levels of potential 
interferents (i.e., Sn and W for GBW07302, as well as Ni 
and Cr in the samples from the Ventina Valley [41]). This 
demonstrates the method's reliability, even when applied to 
challenging matrices.

3.5 � Comparison with Existing Methods

Table 5 presents a comparison of representative analytical 
features between the developed method and recent protocols 
reported in the literature for Te speciation analysis in water 
and soil samples. Both chromatographic and non-chroma-
tographic methods were considered in this evaluation. No 
focus will be given to extraction techniques from soil or 
sediment samples since a standardized extraction protocol 
was used here (and therefore this aspect was neither opti-
mized nor developed in the present study). Differently, any 
other relevant pretreatment (e.g., pre-concentration, derivati-
zation) steps will be discussed.

Currently, only a limited number of chromatographic 
methods are available for the simultaneous determination 
of Te species [27, 28]. However, these methods fall short 
compared to the proposed approach, particularly in terms of 
LOD. Most existing strategies are inadequate for quantifying 
Te in uncontaminated natural matrices, as their LODs typi-
cally exceed 1 µg/kg, restricting their practical application. 

Table 2   Quantification of Te(IV) and Te(VI) in spiked ultrapure water solutions. The FC-ICP-MS analysis was carried out under optimized con-
ditions. Uncertainties are expressed as two times the standard deviation (n = 3)

Sample Spiked Te(VI) con-
centration (ng/kg)

Spiked Te(IV) con-
centration (ng/kg)

Experimental Te(VI) 
concentration (ng/kg)

Experimental Te(IV) 
concentration (ng/kg)

Recovery Te(VI) (%) Recovery Te(IV) (%)

Mix-1 1000 10 997 ± 15 23 ± 13 99.7 ± 1.5 230 ± 130
Mix-2 1000 100 1012 ± 16 113 ± 18 101.2 ± 1.6 113 ± 18
Mix-3 1000 1000 1000 ± 14 999 ± 40 100.0 ± 1.4 99.9 ± 4.0
Mix-4 100 10 99 ± 3 10.3 ± 1.8 99 ± 3 103 ± 18
Mix-5 100 100 103 ± 3 93 ± 7 103 ± 3 93 ± 7
Mix-6 100 1000 109 ± 10 992 ± 18 109 ± 10 99.2 ± 1.8
Mix-7 10 10 9.4 ± 0.8 10.2 ± 1.7 94 ± 8 102 ± 17
Mix-8 10 100 11 ± 2 101 ± 2 110 ± 20 101 ± 2
Mix-9 10 1000 20 ± 1 959 ± 19 200 ± 10 95.9 ± 1.9
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While some methods offer analysis times comparable to the 
FC-ICP-MS (around 300 s for the fastest HPLC-based strate-
gies in the literature [28]), they do not match the sensitivity 
of the proposed method.

The lowest LODs (down to sub-ng/L levels) have been 
achieved using hydride generation systems coupled with 
ICP-MS/MS [14]. Despite their sensitivity, vapor genera-
tion-based methods do not support the simultaneous deter-
mination of both Te species [14, 43]. Typically, they quan-
tify either Te(IV) or total Te, with the latter requiring the 
pre-reduction of Te(VI) using agents like Ti(III) in combi-
nation with strong acids at high temperatures. However, the 
reduction with TiCl3 can be problematic since nitrates in 
water samples may interfere [26]. This additional step com-
plicates the process, extends the analysis time, and reduces 
environmental sustainability.

The limited LODs have also driven the adoption of pre-
concentration techniques to enhance sensitivity. However, 
these methods often suffer from analyte loss and discrepan-
cies in the preconcentration behavior of Te(IV) and Te(VI). 
This issue frequently necessitates the pre-reduction of 
Te(VI) to Te(IV), further complicating the procedure and 

preventing the simultaneous determination of both species 
[21, 22]. Nevertheless, the LODs achieved through these 
techniques are comparable or, in some cases, superior to 
those of the present work.

Electrochemical methods also face similar challenges, as 
they are selective for Te(IV) and do not detect Te(VI), which 
is non-electroactive [26]. Although preconcentration is not 
required, these methods are limited to Te(IV) and, while they 
can achieve LODs as low as 5 ng/kg, they are unsuitable for 
comprehensive speciation analysis [26].

By comparison, the proposed method offers notable 
LODs similar to or better than most of the state-of-the-
art techniques for Te analysis, with the great advantage 
of allowing a direct and fast speciation analysis, having 
minimal or no sample workup. As a potential drawback, 
this method may appear to require a much larger sample 
volume compared to other techniques (e.g., HPLC) due 
to the high flow rate at which the sample solution is con-
tinuously fed to the ICP-MS. However, the actual sample 
volume needed is still relatively small, with just 5 mL 
sufficient for a single analysis: this volume should not 
pose a critical limitation for the analysis of environmental 

Table 3   Te(IV) and Te(VI) quantifications in mineral water samples and mineral water samples added with 5 ng/kg of both Te species. Quantifi-
cations were performed by external calibration. Uncertainties are expressed as two times the standard deviation (n = 3)

Sample Te(VI) (ng/kg) Te(IV) (ng/kg) Te(VI) in spiked solu-
tion (ng/kg)

Te(IV) in spiked solu-
tion (ng/kg)

Te(VI) spike 
recovery (%)

Te(IV) spike 
recovery (%)

Wat-1  < LOD  < LOD 4.6 ± 0.43 6 ± 1.0 92 ± 9 117 ± 16
Wat-2 7.3 ± 0.7  < LOD 11.8 ± 0.70 6 ± 1.0 89 ± 6 127 ± 16
Wat-3 7.4 ± 0.8  < LOD 12.4 ± 0.90 6 ± 1.1 99 ± 7 115 ± 18
Wat-4 3.1 ± 0.5  < LOD 7.9 ± 0.61 7 ± 1.0 96 ± 8 136 ± 14
Wat-5  < LOD  < LOD 5.3 ± 0.44 5.2 ± 0.68 105 ± 8 105 ± 13
Wat-6 4.8 ± 0.5  < LOD 9.7 ± 0.91 4.5 ± 0.73 99 ± 9 91 ± 16

Table 4   Te(IV) and Te(VI) quantifications in soil and sediment sam-
ples, as well as the samples spiked with 50 ng/kg of both Te species 
(100  ng/kg for the certified reference material GBW07302). Spiked 

solutions were analyzed 72 h after the spiking. Quantifications were 
performed by external calibration. Uncertainties are expressed as two 
times the standard deviation (n = 3)

(*)  concentration below the limit of quantitation (LOQ)

Sample Te(VI) in 
solution (ng/
kg)

Te(IV) in 
solution (ng/
kg)

Te(VI) in solid 
sample (µg/kg)

Te(IV) in solid 
sample (µg/kg)

Te(VI) in spiked 
solution (ng/kg)

Te(IV) in spiked 
solution (ng/kg)

Te(VI) spike 
recovery (%)

Te(IV) spike 
recovery (%)

V08 22 ± 1 4 ± 2 1.11 ± 0.07 0.18 ± 0.04 73 ± 3 54 ± 3 102 ± 2 100 ± 6
V07 32 ± 2 3.5 ± 0.2 1.6 ± 0.1 0.18 ± 0.01 82 ± 3 57.8 ± 0.9 103 ± 4 99 ± 2
V11 28.7 ± 0.6 3 ± 2 1.43 ± 0.06 0.13 ± 0.09 80 ± 6 53 ± 4 103 ± 7 100 ± 8
P04 6.7 ± 0.1 2.5 ± 0.1 (*) 0.34 ± 0.01 0.134 ± 0.004 58 ± 5 52 ± 8 100 ± 9 109 ± 15
P05 16.9 ± 0.4 11.1 ± 0.6 0.85 ± 0.04 0.56 ± 0.03 69 ± 4 62 ± 5 104 ± 5 102 ± 8
GBW07302 70 ± 5  < LOD 3.5 ± 0.3  < LOD 175 ± 15 99 ± 3 105 ± 8 99 ± 3
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samples. Finally, we successfully addressed potential lim-
itations arising from common matrix effects that could 
impact chromatographic separation through the valida-
tion of environmental samples. The traceability of the 
investigated interferents is ensured by data reported on 
the composition of all analyzed water samples (Table S2) 
and soils and sediments (standard GBW07302 and refer-
ence [37]).

In summary, the simplicity and strong analytical perfor-
mance of this approach make it highly suitable for high-
throughput routine Te speciation analysis, while also offer-
ing an environmentally friendly option.

4 � Conclusions

This study presents a significant advancement in Te spe-
ciation analysis through developing an innovative FC-
ICP-MS method. This approach effectively addresses the 
limitations of existing techniques by offering simultaneous 
determination of tellurite (Te(IV)) and tellurate (Te(VI)) 
with exceptional sensitivity, achieving detection limits of 
1.0 ng/L for Te(IV) and 1.3 ng/L for Te(VI) within a rapid 
five-minute analysis.

Application of this method to natural mineral water, 
sediment, and soil samples demonstrated its effectiveness 

Table 5   Comparison of the analytical features between existing procedures for the determination of Te species in natural water or soil samples 
and the proposed method

CE capillary electrophoresis, HG hydride generation, FI flow injection, PVG photochemical vapor generation, DP-Cat-CSV differential pulse 
catalytic cathodic stripping voltammetry.

Matrix sample Pretreatment Detection technique Te(VI) LOD (ng/L) Te(IV) LOD (ng/L) References

Water and soils For soils: extraction of 
water-soluble fraction of 
Te species in de-ionized 
water for 2 h

CE-UV 346,000 509,000 [42]

Water – LC-ICP-MS 500 1400 [27]
Soil Ultrasound-assisted extrac-

tion of Te species from 
soils with 100 mM citric 
acid (4 h)

IC-ICP-MS 2000 4000 [28]

Water i) reduction of Te(VI) spe-
cies with TiCl3 for the 
determination of total Te

ii) H2Te generation by HCl/
NaBH4 reaction

HG-ICP-MS/MS Not selectively detected, 
determined by subtraction

0.07 [14]

Water i) reduction of Te(VI) 
with HCl and KBr at 
90–100 °C for 45 min

ii) magnetic solid phase 
extraction (MSPE)

MSPE-ICP-MS Not selectively detected, 
determined by subtraction

1.2 [21]

Water i) reduction of Te(VI) with 
L-cysteine and HCl for 
the determination of total 
Te (~ 100 °C for 1 h)

ii) capillary microextraction 
(CME)

CME-ICP-MS Not selectively detected, 
determined by subtraction

5.9 [22]

Water i) reduction of Te(VI) with 
6 M HCl (95 °C)

ii) photochemical vapor 
generation in a mixture 
of acetic acid-formic acid 
with the addition of Mn2+ 
and Fe2+ ions

FI-PVG-ICP-MS/MS Not selectively detected, 
determined by subtraction

1.3 [43]

Water reduction of Te(VI) species 
with TiCl3 for the deter-
mination of total Te

DP-Cat-CSV Not selectively detected, 
determined by subtraction

5.0 [26]

Water, sediments, and soils For soils and sediments: 
extraction of geochemi-
cally reactive species 
(ISO-17586:2016), 2 h in 
0.43 M HNO3

FC-ICP-MS 1.3 1.0 This work
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across various mineral compositions with recovery rates 
close to 100% for spiked samples, validating the method's 
accuracy and reliability. Analysis of water, sediments, and 
soils revealed extremely low levels of Te species, consist-
ent with uncontaminated samples and demonstrated the 
method's capability to detect ultratrace concentrations 
even in samples that could be proposed as background 
references.

The FC-ICP-MS method outperforms existing tech-
niques by providing superior (or comparable) detection 
limits, reducing analysis time, and extremely simplifying 
sample preparation. This makes it a highly effective tool 
for routine environmental monitoring of tellurium, offering 
a more practical and environmentally sustainable solution 
for assessing the distribution and risks of this emerging 
pollutant.
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