tomic

pectroscopy

Accurate and Rapid Determination of *Tc in Seawater Samples
Using Triple-quadrupole ICP-MS with C:Hs-He Mode

Jie Chen,? Yiman Lu,* Zongjie Xie,* Zhilong Yang,* Man Wang,* Hao Wang,? Jing Lin,* and Shan Xing ®P-*

*School of Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, PR. China
" Frontiers Science Center for Rare Isotopes, Lanzhou University, Lanzhou 730000, P.R. China

Received: May 28, 2026, Revised: July 30, 2026, Accepted: July 30, 2026; Available online: August 10, 2026.

DOI: 10.46770/A4S.2026.0033

ABSTRACT: Accurate and rapid monitoring of ®Tc is crucial for the radiological risk assessment in nuclear emergency
situations. However, accurate determination of *Tc by ICP-MS is always hindered by the interferences of **Mo and *Ru. In this
work, a rapid and accurate analytical method of *Tc in seawater samples was established, and ®Re as a non-isotopic tracer was
used for the monitoring of *Tc yield in the whole procedure. TiCl3 was chosen as a reducing agent and co-precipitant for the *Tc
preconcentration. **Mo and *’Ru were effectively removed using two TK200 resin columns under novel alkaline loading conditions,
and the excellent decontamination factors (DFs) of 4.28 x 10° for Mo and 5.16 x 10° for Ru were achieved. Importantly, the
interferences of *Mo" tailing, Ru* and *Mo'H" can be efficiently suppressed using C2Hs as a new reaction gas for *Tc

measurement, and **Mo'H"/**Mo" of 1.31 x 1077
was achieved at 0.28 mL/min C2Hs-1.0 mL/min
He. The overall decontamination factor of Ru
reached 3.76 x 107, which are at least 2 orders of
magnitude higher than that of the conventional
methods. The detection limit of 3.18 pg/L (2.00
mBg/L) was obtained with a whole analytical time
of 4 hours for 12 samples, which was suitable for
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this
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INTRODUCTION

“Tc with a long half-life of 2.13 x 10° y is usually produced from
thermal neutron fission of 235U (fission yield of 6.1%) and 2**Pu
(fission yield of 5.9%).! In the environment, *Tc mainly originates
from human activities, including nuclear weapons testing, spent
nuclear fuel reprocessing plants and nuclear accidents. For
instance, following the discharge events from the British Nuclear
Fuels plc (BNFL) Sellafield reprocessing plant in 1998, the
seawater Tc concentration in Balbriggan and the western Irish
Sea reached approximately 22-23 mBg/L.2 Due to the high
mobility (TcOs), long half-life and high toxicity, *Tc is
considered to be one of the most important radionuclides for
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radiological risk assessment.>¢ Therefore, rapid and accurate
analysis of *Tc in environmental samples (e.g., seawater) is of
great significance for environmental monitoring in the emergency
situation.

PTc as a B emitter with the maximum decay energy of 0.294
MeV is generally measured by liquid scintillation counting
(LSC)™ ' and mass spectrometry (e.g., ICP-MS, AMS)'>18,
Wigley et al'! reported an analytical method for the determination
of ®Tc in environmental samples in combination with co-
precipitation, anion exchange chromatography and LSC
measurement. However, the detection limit of *Tc was only 17
mBg/g, and it took a week for chemical separation and
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measurement of 24 samples. Mass spectrometry techniques (e.g.,
ICP-MS, AMS) have been applied for the determination of *Tc
with the advantages of the lower detection limit, shorter
measurement time and high sensitivity. However, isobaric
interferences from *?Ru and *®Mo'H hinder the accurate
measurement of *Tc.!3 Although AMS has achieved the
determination of fg-level ®Tc through target optimization and
PRu/'°"Ru isotopic correction, the interference of *Ru cannot be
completely eliminated, and the measurement time for a single
sample is relatively long (several hours).'® In recent years, tandem
quadrupole inductively coupled plasma mass spectrometry (ICP-
MS/MS) equipped with the collision reaction cell (CRC) has been
widely used for the determination of ultra-trace radionuclides (e.g.,
908r, actinides, %I, *Tc) using different kinds of reaction gases
(e.g., CO2, Oz, NH3).!71°2! Among them, Oz has been used to
efficiently eliminate the interferences of **Mo and **Mo!H*, but it
is almost inert to *Ru, which has to be corrected by the isotopic
ratio of Ruw/'?Ru for the *Tc measurement.'>!® Similarly, NH3
can only react with Ru, while increased the sensitivity of Mo, and
the Tc sensitivity was only 1.9 cps/ppt in NH3 mode.? Isotopic
ratio correction often increases the measurement uncertainties
especially when the concentrations of *’Ru in the sample are very
high. Thus, the need for a reaction gas that reacts with both Mo
and Ru is more pronounce for the accurate measurement of *Tc.

Prior to the Tc measurement by ICP-MS, the sample matrix
and the interferences have to be removed.>?* Co-precipitation is
commonly used to preconcentrate *Tc from seawater samples.
Although commonly-used precipitation reagents, including
Ca3(POs)2 and Fe(OH)2/Fe(OH)s, can efficiently preconcentrate
PTc, they often require high concentrations and may interfere with
the subsequent extraction chromatographic separation of *Tc. 242
Our previous study reported that TiCls as the precipitant and
reducing reagent can be used for *Tc preconcentration with the
high chemical recovery of >90% at pH = 7-8. More importantly,
excess titanium in loading solution cannot affect the separation of
“Tc by extraction chromatographic resins. Extraction
chromatography (e.g., TEVA resin, TK200 resin)>*?*26-% can
offer high selectivity and high decontamination factors of
interferences compared with the methods of solvent extraction!!*°
and ion exchange chromatography®'33. The decontamination
factors of ~10* for **Mo and 10*~10° for *’Ru were achieved by
employing two TEVA resin,*¢ and the low decontamination
factors of **Mo (200) and *Ru (270) were obtained by TK200
resin containing TOPO (trioctylphosphine oxide) under the acidic
loading conditions.’ So far, due to the low decontamination factors,
%Mo and *Ru can still be present at high concentrations to affect
the accurate *Tc measurement by ICP-MS. Therefore, the method
with high decontamination factors of Mo and *Ru for the
accurate measurement of *Tc is particularly important.

This work aims to develop an accurate and rapid analytical
method without Ru isotope-ratio correction for ®Tc in seawater
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samples in nuclear emergency situations, in combination with
extraction chromatography separation and mass spectrometry
measurement. For this purpose, the highly efficient separation of
PTc from Mo and Ru by TK200 resin, and the accurate
measurement of *Tc by ICP-MS/MS using C2Hs and He as the
reaction and collision gas were investigated. Blank and spiked
seawater samples prepared by the developed method were
explored for the evaluation of detection limit and method
reliability.

EXPERIMENTAL

Chemical reagents and sample. TK200 extraction resin (100—
150 um) was purchased from TrisKem International (Bruz,
France). All other chemical reagents, including HNOs, HCI,
NaOH, NH4SCN, TiCl; and NH3-H20, were ultrapure reagents
(Sinopharm Chemical Reagent Co. Ltd) and were prepared with
deionized water (18.2 MQ-cm) from a Milli-Q reference water
purification system (USA). 1000 pg/mL '®Re, 1000 pg/mL *Ru,
and 1000 pg/mL **Mo standard solutions were obtained from the
National Research Center for Certified Reference Materials,
China. A *°Tc standard solution (NH4TcO4) with an activity of 547
Bq/g (871 ng/g) was supplied by Risg National Laboratory for
Sustainable Energy (Denmark).

A seawater sample used for the method validation was collected
from the South China Sea (112.37°E, 16.84°N) in June 2023. The
seawater sample was filtered through a 0.45 membrane to remove
suspended particles and adjusted pH < 2 by concentrated HCI
immediately after collection. The seawater sample was finally
stored in a pre-cleaned polyethylene bottle (using deionized water
in the lab and original seawater on site) at room temperature until
analysis.

Chemical preparation procedure of **Tc in seawater samples.
A flow chart of the chemical procedures of *Tc is shown in Fig. 1.
Briefly, after spiking 100 ng '®*Re as a chemical yield tracer,
concentrated HCl was added to the filtered seawater sample (~1 L)
for the adjustment of pH value (< 1). Then, 1.5 mL 15% TiCls were
added to the sample, and the sample was stirred with a stirring
speed of 750 rpm for approximately 30 minutes to reduce Tc(VII)
and Re(VII) to Te(IV) and Re(IV). NH3-H20 was added to adjust
pH 7-8, and the mixture was stirred for 10 minutes in order to form
the precipitate, and then the precipitate was separated by
centrifugation at 4000 rpm for 5 minutes and washed 1-2 times
with a few milliliters of deionized water. 2.0 mL 30% H20> and
2.5 mL 5 mol/L NaOH were added to dissolve the precipitate and
oxidize Te(IV) and Re(IV) to Te(VII) and Re(VII). For separation
of Tc and Re using extraction chromatography using TK200 resin,
the sample solution was adjusted to pH = 13, and loaded onto a
TK200 resin column with a height of 5 cm and an inner diameter
0f 0.4 cm (0.2 g) pre-conditioned with 0.1 mol/L NaOH at a flow
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Fig. 1 Schematic diagram of the chemical procedure of *Tc in seawater
samples.
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Fig. 2 The effect of TiCl; concentrations on the chemical recoveries of *Tc
and '"°Re. Error bars represent relative standard deviation (n = 3).

rate of 1 mL/min. After rinsing the column with 10 mL of 0.1
mol/L NaOH at 1.0 mL/min to remove Mo and Ru, *Tc and %°Re
were finally eluted with 5.0 mL of hot water (> 70 °C) at 5.0
mL/min. ®Tc in the first eluate was purified by the second TK200
resin column under the same conditions, and then the second
eluate was directly measured by ICP-MS/MS without any system
conversion procedure.

Static adsorption experiments. Static adsorption experiment was
conducted in a 10 mL polyethylene tube with a solid-liquid ratio
of 1 g/L and initial Re, Mo and Ru concentrations of 1 ppb. In brief,
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5.0 mg of resin was mixed with 5.0 mL of prepared solutions
contained Re ion and the interference ions (Mo and Ru) in the 10
mL plastic centrifuge tube, and then shook at room temperature
for 24 h to reach adsorption equilibrium. After adsorption
equilibrium, the supernatant was filtered through a 0.22 pm filter
membrane, and diluted with deionized water. The concentrations
of 'Re, Mo and Ru were determined by ICP-MS/MS. The
distribution coefficient (K4, mL/g) was calculated based on the
initial and equilibrium concentrations of the liquid phase using the
following equation:

Co — Ce % v
Ce m

Kq ()
where Cp is the added concentration of the adsorbate in the liquid
phase; C. is the equilibrium concentration of the adsorbate in the
liquid phase; m is the mass of the solid phase; V is the volume of

the liquid phase.

ICP-MS/MS measurement of *Tc and ®5Re. A tandem
quadrupole ICP-MS (Agilent 8900 ICP-MS/MS, Agilent
Technologies, USA) was selected for the determination of **Tc and
185Re. He (99.999%) as a collision gas and C2Ha (99.999%) as a
reaction gas were injected into the CRC to completely eliminate
the interferences of Mo and Ru. 1 ng/mL In solution and 0.5 mol/L.
HNO3 solution were used as the internal standard and wash
solution during the measurement, respectively. The measurement
parameters were optimized with 1 ng/L *Tc standard solution, and
the optimized parameters are shown in Table S1. No memory
effect was observed for consecutive measurement.

RESULTS AND DISCUSSION

Pre-concentration of Tc and Re in seawater samples using co-
precipitation. Re is used for the chemical recovery monitor of Tc
since it belongs to Group VIIB with similar chemical property
with Tc. Tc and Re mainly exist as TcO4 (Tc(VI)) and ReOqs
(Re(VID)) in seawater samples. Thus, it is necessary to reduce
Te(VID) and Re(VII) to Te(IV) and Re(IV) prior to co-precipitation.
In this work, TiCls was selected as the precipitant and reducing
agent under weakly alkaline condition (pH = 7-8). The effect of
TiCl3 concentrations on the chemical recoveries of *Tc and '$°Re
is shown in Fig. 2. The results showed that the chemical recovery
of '%Re was only 7.97% when the concentration of TiCl3 was set
to be 0.5 mmol/L. This could be mainly attributed to the lower
redox potential of Re(VII)/Re(IV) (E =+ 0.51 V) compared with
Te(VID/Te(IV) (E =+ 0.75 V), making it more difficult to reduce
Re(VID) to Re(IV). The chemical recoveries of 'Re and *Tc
showed a significant increasing trend with the increase of TiCls
concentration, achieving almost 100% at the TiCl3 concentration
of 1.5 mmol/L. The chemical recoveries of Re and Tc showed a
small variation with the continued increase of TiCls concentration,
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but the amount of precipitate significantly increased. Therefore,
1.5 mmol/L TiCls was selected as the reducing agent and
precipitant. The hydroxide precipitates of matrix elements (e.g.,
Ca, Mg) would not be formed at pH = 7-8. The yield ratio of Tc
(97.60%) and Re (99.33%) was 0.98, indicating their similar
chemical behaviors in this step.

Separation and purification of **Tc and '®*Re by TK200 resin.
The removal of **Mo and *Ru from seawater samples is crucial
for the accurate analysis of *Tc by mass spectrometry. For the
improvement of DF(*®*Mo) and DF(*Ru), a series of static
adsorption experiments were conducted to investigate the
chemical behaviors of '%Re, Mo and *Ru on TK200 resin in
different media (e.g., HNOs, NaOH, NH4SCN), and the K4 values
are shown in Fig. 3. The results indicated that low-concentration
HNOs and high-concentration NaOH are suitable as the loading
and washing solution. While high-concentration HNOs, low-
concentration NH4SCN and low-concentration NaOH (or water)
are suitable for the Re elution from TK200 resin. The low-
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concentration HNOj3 as the loading solution has been widely used
for Re separation, but NaOH as the loading solution is unusual. It
should be noted that if a high NaOH concentration is applied for
column loading and washing, residual Na* retained on the column
could increase the salinity of eluent, which could interfere with
subsequent ICP-MS/MS measurements.

For the investigation of the influence of pH values of loading
solution on ®Tc and '%°Re yields, sample solution (10 mL) was
adjusted to pH 13 with 5 mol/L NaOH before loading, and then
the column was washed with 10 mL of 0.1 mol/L NaOH. The
analytes were finally eluted with 5.0 mL of hot water (> 70 °C),
and the results are shown in Fig. 4a. The results indicated that more
than 85% of ®Tc and '35Re can be adsorbed onto the TK200 resin
regardless of the pH values, and the recovery ratio of Tc (88.23%)
and Re (90.29%) was 0.98, indicating their similar chemical
behaviors in alkaline loading conditions. For the elution of Tc/Re
from TK200 resin, high-concentration HNOs as the eluent must be
evaporated to dryness on a hot-plate and then dissolved in 0.5 mol/L
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HNOs before ICP-MS measurement. This procedure could lead to
the loss of ®Tc and '®Re and be relatively time-consuming.
Although relatively high recoveries (> 85%) of *Tc and '%°Re
were obtained when low-concentration NH4SCN was selected as
the eluent, the decontamination factors of ®*Mo (558) and ®Ru (78)
were very low. Therefore, deionized water was selected as the
eluent. Additionally, the extraction of TcO4 by trioctylphosphine
oxide (TOPO) is an exothermic process. Therefore, the influence
of different water temperatures on the recoveries of “Tc and '%°Re
was investigated as shown in Fig. 4b. The results showed that only
70% of *Tc and '%°Re were eluted using 25 °C deionized water,
and their recoveries showed an increasing trend with the increase
of water temperature. Almost all *Tc and '3°Re were eluted when
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the temperature was higher than 70 °C.

Prior to the separation by extraction chromatography, H2O> was
usually used to oxidate Tc(IV) and Re(IV) to Te(VII) and Re(VID),
namely TcOs and ReOs, which could be easily absorbed by
TK200 resin. Meanwhile, H2O2 was also employed to accelerate
the dissolution rate of Ti(OH)3-TcO2 co-precipitation in NaOH
and HNOs media due to the formation of peroxo complexes. The
adsorption behaviors of ®Mo and *’Ru (initial concentrations of 1
ppm in 10 mL solution) on the TK200 resin column (® 0.4 X 5 cm)
in 0.1 mol/L HNO;3 loading solution (commonly-used condition)
and 0.1 mol/L NaOH loading solution at 1.0 mL/min were
investigated, and the results are showed in Fig. 5. As shown in Fig.
5, 81% of Mo and 35% of *Ru were adsorbed onto the TK200
resin in 0.1 mol/L HNO3 loading media. While only 3% of Mo
and *Ru were adsorbed onto the TK200 resin in 0.1 mol/L loading
NaOH media. The decontamination factors of **Mo (2.86 x 10%)
and Ru (4.40 x 10%) in NaOH media were 1-2 orders of
magnitude higher than those in HNOs media (150 for Mo and
205 for *Ru) using a single TK200 columns. Therefore, 0.1 mol/L
NaOH (pH = 13) was selected as the loading and washing
condition.

The adsorption and elution behaviors of Mo, Ru, *Tc and
185Re on two tandem TK200 resin columns were investigated, and
the results are shown in Fig. 6. The results showed that when 0.1
mol/L NaOH was selected as the loading and washing solution,
and hot water (> 70 °C) selected as the eluent, the chemical
recovery ratios of ®Tc and '®°Re were consistent. Tc and '®*Re
could be efficiently eluted by only 5 mL deionized water (> 70 °C),
which can be directly measured by ICP-MS/MS without any
system
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conversion procedure. The chemical yields of *Tc and '®°Re in the
overall chemical procedure are (83.60 + 0.45) % and (83.71 +
0.44) %, indicating their similar chemical behaviors. The
decontamination factors of 4.28 x 10° for **Mo and 5.16x10° for
%Ru were achieved using two series TK200 resin columns, which
were at least 1-2 orders of magnitude higher than those of TEVA
resin and TRU resin.>** However, the residual *Ru (0.4 pg/L) and
%Mo (0.5 ng/L) in the eluate can still interfere with low-level *Tc
measurement.

ICP-MS/MS measurement of **Tc and '3°Re. In general, the
concentrations of Ru and Mo in seawater samples are about 1 ng/L
and 10 pg/L, respectively. After the separation of *Tc from *Ru
and Mo by chemical procedures, the residual interferences
especially Ru (0.4 pg/L) in the eluate can still interfere with the
accurate determination of *°Tc. Currently, Oz as a reaction gas has
been successfully used to eliminate the Mo, but it is almost inert to
%Ru.'? Therefore, the highly reactive gas, C2Ha, was selected for
the removal of both *’Ru and **Mo in this work. The variation of
on-mass measurement sensitivities of Tc, *Mo and *Ru with the
flow rate of C2H4 and He are shown in Fig. 7. As shown in Fig. 7a,
the measurement sensitivities of *Tc, Mo and *Ru in no gas
mode were 317 cps/ppt, 19 cps/ppb and 66 cps/ppt, respectively.
The measurement sensitivities of *Tc and 'Ru showed an obvious
exponential decreasing trend with the increase of C2Hs flow rate
when the flow rate of He was set to be 1.0 mL/min. It is worth
noting that it was mainly attributed to the formation of complicated
polyatomic ions (e.g., TcCxHy and RuCxHy) instead of the collision
loss of Tc and Ru with C2Ha, since the collision would generally
improve the measurement sensitivity (discuss later). The
sensitivity variation of ®*Mo showed an increase with the increase
of C2H4 flow rate and the highest value lay at 0.23 mL/min Cz2Ha,
and then decrease with the increase of C2Ha4 flow rate. This was
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contributed to the focusing effect of “*Mo at low C2H4 flow rate,
and the reaction of C2Hs and **Mo is dominant with the increase
of C2Has flow rate, leading to the formation of MoCxHy. When the
CoHs flow rate was set to be 0.28 mL/min, the contribution of
%MoH"* and ®Ru at m/z = 99 was less than 1 cps/ppt, and the
measurement sensitivity of Tc was 35 cps/ppt. The excellent
decontamination factor of Mo (2.34) and *°Ru (72.8) was
achieved by ICP-MS/MS for the first time. The **Mo'H" signal
intensity was suppressed down to <1 cps by measuring of a 0.1
mg/L Mo standard solution in C2Hs4 mode, and **Mo!'H*/*®Mo" of
1.31 x 1077 was achieved using 0.28 mL/min C2Hs as reaction gas.
The sensitivities of ®Tc, Mo and “Ru exhibited an obvious
decreasing trend with the increase of He flow rate when C2Ha flow
rate was set to be 0.28 mL/min (Fig. 7b). Since C2Ha is normally
considered to be corrosive, C2Ha4 is injected into the CRC through
the third gas line. According to the Agilent 8900 ICP-MS manual,
1.0 mL/min He is automatically injected into the CRC when the
third line gas (C2H4) is used to protect the instrument, and the
discussion regarding the influence of He flow rate on sensitivity is
provided in the Supporting Information (Fig. S1).

In combination with the radiochemical separation including
TK200 resin separation under novel alkaline loading and hot water
elution conditions, the decontamination factor of 3.76 x 107 for Ru
was obtained, which were at least 2 orders of magnitude higher
than conventional methods.'>'7 Importantly, the developed
method can achieve the accurate determination of *Tc by ICP-
MS/MS without any mathematical correction of Ru isotopic ratios.

Method validation and detection limit. Six procedural blanks
prepared by the developed method were used to evaluate the
detection limit (L4) of *Tc, and each sample was measured four
times. Based on the procedure blank measurement of *Tc, the La
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Fig. 8 The measured results vs. expected values of *Tc in the spiked

samples by ICP-MS/MS, along with the 1:1 reference line. Error bars
represent relative standard deviation (n = 3).
could be calculated using the following equation:
L =2 Xk X g 2
A_meAxan (3)

M X Ty

where k = 1.645 at the 90% confidence level, and o, is the
standard deviation of the procedural blank measurement, A isthe
activity, m is the mass of the radionuclide, N, is the Avogadro
constant, M is the molar mass of the radionuclide, T/, is the
half-life. o, was calculated to be 0.967 pg (0.607 mBq) corrected
by Re tracer. Therefore, the detection limit of **Tc was calculated
to be 3.18 pg/L (2.00 mBg/L), which was 40 times lower than that
(0.08 Bg/L with a counting time of 2 hours) measured by LSC.°
The analytical method was validated by a series of seawater
samples spiked with known concentrations of *Tc, and the results
are shown in Fig. 8. The results showed that the measured
concentrations of ®Tc were in good agreement with the expected
values in the spiked samples, indicating that the method is accurate
and reliable. The chemical recoveries of '®Re were (74.53 +
2.98) %. The whole analytical time, including the chemical
separation and measurement by ICP-MS/MS, takes only about 4
h per 12 samples. The proposed method is therefore better suitable
for rapid and accurate analysis of *Tc in seawater samples, as
endorsed in radiological emergencies.

CONCLUSION

A rapid and accurate determination of ®Tc in seawater samples
for emergency situations was developed in this work. Highly

https://www.at-spectrosc.com/as/article/pdf/20260033
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efficient separation of %Tc from the interferences (e.g., Mo, Ru)
was achieved by Ti(OH)s-TcO2 co-precipitation and two series
TK200 resin columns. The chemical recovery ratios of Tc and Re
were about 1 in the whole chemical procedure, indicating their
similar chemical behaviors. The interferences of ®Mo* tailing,
PRu* and ®Mo'H* were completely eliminated under C2Ha-He
mode. *®Mo'H*/*®Mo* of 1.31 %1077 and decontamination factor
of 72.8 for ®°Ru were achieved at 0.28 mL/min C2H4-1.0 mL/min
He. Importantly, the excellent decontamination factor of 3.76 >
107 for ®°Ru are achieved by the correction-free alternative method.
In the overall procedure, the detection limit of ®Tc was 3.18 pg/L
(2.00 mBg/L) with an analysis time of 4 hours for 12 samples,
demonstrating that the developed method can be applied for the
accurate determination of *Tc in nuclear emergency.
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