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Although inductively coupled plasma mass spectrometry (ICP-MS) retains high sensitivity and has been
intensively used for the measurement of %Tc, it usually suffers from tedious, expensive, and time-
consuming sample pretreatments due to the isobaric interferences from %Ru and **Mo!H. Herein, capil-
lary electrophoresis (CE) was applied as sample introduction system for the sensitive, and interference-
free determination of ¥TcO," from RuO,-, and MoO42* by ICP-MS with a simple sample treatment. Com-
pared to the conventional methods, the hyphenated CE-ICP-MS avoids the use of expensive separation
resins and reduces the consumption of mineral acid, representing a simpler, more efficient and envi-
ronmentally benign approach. Moreover, the proposed method exhibits higher accuracy compared with
the mathematical correction method using the natural isotope ratio of %Ru and '°'Ru, and significantly
reduces sample consumption and the amount of waste, thus remarkably alleviating the radioactive expo-
sure to operators and the pressure of radioactive waste treatment. Under the optimized conditions, the
detection limits of 25ng/L and 0.06 pg/L were obtained for RuO4~ and ReO4~ (Tc was replaced by Re), re-
spectively, with relative standard deviation (RSD) lower than 5%. In addition, efficient recoveries of RuOy4-,
Re0,4, and %9TcO,4" from simulated Hanford site groundwater were achieved. The method is expected to
be a promising candidate for sensitive and accurate analysis of 9°Tc from contaminated environmental

samples.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Technetium-99 (%9Tc) is a potential long-lived environmental
hazard with a half-life of 2.1 x 10° years. Almost all the ?°Tc in the
environment results from anthropogenic nuclear activity, including
nuclear accidents, nuclear weapon testing, leakage from nuclear
power plants, geological disposal, and nuclear medical application
of 99MTc [1-4]. Following its release, *Tc will spread through at-
mospheric deposition, water circulation, and the food chain, lead-
ing to a serious threat to humans and other animals and plants
[4-9]. Therefore, it is important to accurately and rapidly deter-
mine %Tc in nuclear waste and the environment.

As a pure B-emitter, °Tc can be measured by radiometric
techniques, including gas flow Geiger-Miiller (GM) counter [10],
liquid scintillation counter (LSC) [11], neutron activation analysis
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(NAA) [12,13], and mass spectrometric techniques such as induc-
tively coupled plasma mass spectrometry (ICP-MS) [14-18], reso-
nance ionization mass spectrometry (RIMS) [19], thermal ioniza-
tion mass spectrometry (TIMS) [20,21], and accelerator mass spec-
trometry (AMS) [22]. Compared to other methods, ICP-MS simul-
taneously provides better detection of limit (LOD) and retains the
merits of easier access that lowers its instrumentation and oper-
ation cost, thus becoming the most used technique for the deter-
mination of 9¥Tc in various samples, especially for environmental
samples with complicated components [23-25]. Isobaric interfer-
ences from the stable isotope ®*Ru and the molecular ion %Mo'H
are the main interferences as ICP-MS is used to determine %Tc. To
alleviate these interferences, various separation methods were em-
ployed to separate TcO4~, RuO4~, and MoO,42" prior to their analyses
[15,26-31]. However, these approaches require expensive resin ma-
terials and use a large amount of high-concentration strong acid
as eluent, which is not only laborious and time-consuming, but
also generates a lot of radioactive waste. To reduce the radiolog-
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ical exposure to operators, several improved techniques integrating
automated analysis module into ICP-MS were proposed in recent
years [32-37]. In fact, even the methods using resin material were
still not capable of completely separating TcO4  from RuO4-, and
Mo0,42" [38,39], causing an inevitable error in the measurement
of 99Tc. Thus, a mathematical correction method was developed to
correct the concentration of 99Tc based on the natural isotope ra-
tio of 9Ru/'0'Ru [15,25,31,40]. However, 9*Tc will decay into ®°Ru
and then the concentration of ®Ru and °'Ru in nuclear waste or
the environment are no longer the same as the natural abundance.
Therefore, the mathematical correction method cannot accurately
correct the concentration of 99Tc [4]. In general, the current ICP-
MS methods using resin more or less suffer from inaccuracy on
the determination of 9°Tc. As a result, it is still a great challenge to
develop a sensitive method for the accurate determination of 99Tc
without the interferences from %°Ru and “¢Mo!H.

Capillary electrophoresis (CE) is a state-of-the-art separation
technique and has been widely used for the separations and analy-
ses of radioactive elements [34,41-44]. Owing to its advantages of
effective separation, fast analysis speed, and small injection vol-
ume, the automated CE not only enables high sample through-
put but also reduces the radioactive exposure to operators. Al-
though the CE based techniques have been intensively explored
for radioactive elements detection [45-47], they are usually cou-
pled with an ultraviolet and visible spectrophotometry (CE-UV-
Vis) detector and then hinder their practical application because
of their low sensitivities resulted from low sample injection vol-
ume (nL level) and the extremely short optical path. Therefore, it
is essential to combine CE with other more sensitive detectors for
the determination of %°Tc. Over the past several decades, ICP-MS
has been frequently used as a CE detector for the detection or spe-
ciation analysis of radioactive elements due to its high sensitivity
and elemental specific selectivity [41-43,48-50]. However, to the
best of our knowledge, the use of CE as an effective alternative to
the conventional resin-based separation methods to eliminate the
interferences of %°Ru and 2Mo'H has never been reported.

In this work, we developed a new automated method coupling
CE and ICP-MS for the sensitive and accurate determination of %9Tc.
99TcO,4™ can be completely separated from RuO4~ and MoO42" prior
to its determination, thus effectively reducing the isobaric inter-
ferences of %°Ru and ?8Mo'H. TcO4~ was replaced by ReO4  due
to their similar physicochemical properties and electrophoretic be-
havior [47,51,52]. The developed method avoids the use of expen-
sive resin and the subsequent cumbersome elution process, thus
decreasing the analysis cost and reducing the amount of radioac-
tive waste. In addition, the use of hyphenated CE-ICP-MS not only
achieves better LODs and consumes less amount of sample com-
pared to conventional methods but also realizes automatic opera-
tion, alleviating the radioactive exposure to operators.

The main purpose of this experiment is to eliminate the iso-
baric interferences on the determination of 99Tc. As a consequence,
the initial experiment was to investigate that the feasibility of
CE-ICP-MS on the separation and analysis of TcO4~, RuO4-, and
Mo0,42". Since the conditions for radioactive experiment is limited
in Sichuan University, ReO4~ was thus used as substitutes analo-
gous to TcO4™ because of their similar physicochemical properties
and electro-phoretic behavior. The schematic of the CE-ICP-MS sys-
tem and the typical running parameters for non-radioactive exper-
iments in Sichuan University are shown in Fig. S1 and Table S1
(Supporting information). According to previous work [47,53,54], a
buffer solution containing 10 mmol/L K,CO3; (pH 11.0) was firstly
used to separate and analyze KReO,4, KRuO4, and K;Mo0O4 by CE-
ICP-MS. The results summarized in Fig. S2 (Supporting informa-
tion) show that the isolated signals for ReO4~ and RuO,4 can be
clearly observed, whereas no signal is detected for MoO42~ even
the separation time longer than 40 min. This is probably because
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Fig. 1. The electropherograms of (a) 348ug/L K;MoO4, 3.33mg/L KRuO4, and
33.3pg/L KReO4 mixture using 10 mmol/L K,CO5; solution as buffer solution and
washing fluid, (b) 100 pg/L KReO,4, 100 pug/L NH,%TcOy4, and 5 mg/L KRuO, mixture.

that MoO42" cannot be eluted from the capillary under this oper-
ating condition. Subsequently, we applied the pressure-assisted in-
troduction of buffer solution to swept the compounds kept in the
capillary into the ICP-MS after appearing the signals of ReO4  and
RuO,". Interestingly, the signals for %Mo and 9°Mo were detected
besides of the signals for Re and Ru (Fig. 1a), confirming the afore-
mentioned speculation and the feasibility of the CE-ICP-MS on the
separation and analysis of ReO4~ from RuO4~ and MoO42".

To further study the interference of %Mo'H at m/z=99, vari-
ous concentrations of Mo0O,4% (0.001, 0.01, 0.1, 1, and 10 mg/L) were
added into the standard solution of RuO4 and then analyzed by
ICP-MS using no gas mode and He mode. Although %Mo signal
was increased with increasing the concentration of MoO42, the
99Ru signal kept stable regardless that the no gas mode or He
mode was used (Fig. S3 in Supporting information), suggesting that
the interference from MoO42" was negligible on the determination
of TcO4~. A comparison between the results obtained under the no
gas mode and He mode, which suggests the latter is a better choice
because a smaller relative standard deviation (RSD) is achieved, so
He mode and 10 mmol/L K,CO3; (pH 11.0) buffer are selected for
the subsequent experiments.

In order to demonstrate that the CE-ICP-MS system can accom-
plish the sensitive and interference-free determination of %9Tc from
RuO,~, a mixture containing 100 pg/L KReO4, 100 ug/L NH42TcOy,,
and 5mg/L KRuO4 was analyzed. The typical running parameters
of CE-ICP-MS were listed in Table S2 (Supporting information). As
shown in Fig. 1b, TcO4~ and RuO,4" retain different migration time,
which evidently demonstrates the feasibility of the successful and
complete separation and analysis of TcO4~ from RuO,4. Therefore,
the isobaric interference of %°Ru on the determination of 9¥Tc can
be efficiently eliminated by CE-ICP-MS. Most importantly, Fig. 1b
shows that ReO,  provides same migration time with 99Tc, which
verifies the similar electrophoretic behavior between Tc and Re.
Therefore, ReO4 can be used as a stable substitute analogous to
TcO4 and used in the subsequent experiments.

To achieve the optimal analytical performance for the separa-
tion of ReO4  and RuOy4, different parameters that affected the
separation efficiency of CE-ICP-MS were initially optimized. The
length of the capillary plays an important role in the separation
efficiency and then FS-capillaries with length of 97 cm and 108 cm
were conducted to explore their performances on the separation of
RuO,4 and ReOy4". From Fig. S4 (Supporting information), it showed
that both these two FS-capillaries can achieve the complete sep-
aration of RuO4  and ReQ,4, while a shorter FS-capillary can sig-
nificantly save the analysis time. Thus, the FS-capillary of length
of 97cm was used in the subsequent experiments. The concen-
tration of buffer directly affected the ionic strength of the elec-
trophoretic medium, which further influenced the zeta potential
and the electroosmotic flow (EOF). The concentrations of K,CO;
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Fig. 2. The effect of (a) buffer concentration, (b) pH of buffer, (c) injection time
of sample, (d) separation voltage, (e) different HNO3; concentration as sheath fluid,
and (f) different HNO3 flow rates on separation efficiency with 100 ng/L KReO4 and
5mg/L KRuO4 mixture.

ranging from 5—25 mmol/L was investigated. Fig. 2a shows that the
peak area of RuO,4" increased as the buffer concentration increased
from 5mmol/L to 10 mmol/L and achieved the top at the buffer
concentration of 10 mmol/L. The peak area of ReO4  decreased as
the buffer concentration increased. The migration time of RuO4-
and ReO4 prolonged with the increase of buffer concentration and
could not obtain the signal of Re at the buffer concentration of
25mmol/L (Fig. S5 in Supporting information). The buffer capac-
ity increases with the increase of concentration of the buffer so-
lution, ensuring that the pH and conductivity of the local separa-
tion buffer solution will not change at the moment of sample in-
jection. However, excessively high salt concentration will generate
more Joule heat reducing the separation efficiency of RuO4~ and
ReO4™ and even could not obtain the signal of Re [55]. In addition,
the high concentration of buffer solution also leads to the low neb-
ulization efficiency of ICP-MS [56]. Therefore, 10 mmol/L of K,CO3
concentration was selected in the subsequent experiments.

The pH of the buffer system directly affects the degree of pro-
tonation of the silanol group in the capillary wall, which further
affects the EOF and separation efficiency of RuO4~ and ReO4". Con-
sequently, we studied the pH in the range of 9.8—11.4 by adding
appropriate amounts of 1 mol/L HCl or NaOH. As shown in Fig. 2b,
the peak area of RuO4~ decreased with the increase of buffer pH.
However, the peak area of ReO4~ decreased as the buffer pH in-
creased from 9.8 to 10.2, 11.0 to 11.4, and achieved the top at pH
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11.0. The EOF increased with the increase of buffer pH, generating
more Joule heat and reducing the peak areas of RuO4~ and ReOy4".
Buffer pH also affects the dissociation ability of samples and differ-
ent samples need different separation pH, which might cause the
increased peak area of ReO4  at pH 11.0. Considering the separa-
tion efficiency of RuO4  and ReO4”, pH 11.0 of K,CO3 buffer solu-
tion was preferred in subsequent experiments. The injection time
is positively correlated with the injection volume under the hydro-
dynamic injection mode, thus, different injection times (10, 15, 20,
25, and 30s) were tested. The peak areas of RuO,~ and ReO4 grad-
ually increased with the increase of the injection time in the range
of 10-30s (Fig. 2c). However, the peak of RuO4~ became broader
with the increase of injection time of samples (Fig. S6 in Support-
ing information). The ionic strength of the solution increased with
the amount of sample increased, which will reduce the accumula-
tion effect of electric field focusing and reduce the separation effi-
ciency [57]. Furthermore, too long injection time would induce the
overloaded of sample with the increase of sample concentration,
causing the decrease of separation efficiency. Thus, the injection
time of 20s was selected in this work.

The separation voltage of CE was also optimized on account
of its influence on separation efficiency and field strength. As
shown in Fig. 2d, five different voltages (26, 27, 28, 29, and 30kV)
were investigated. The achieved peak area of RuO,4" increased from
26kV to 27kV, 28kV to 30kV, and with the highest peak area
at 27 kV. Nevertheless, the achieved peak area of ReO4 increased
from 26 kV to 29kV, and achieved the highest peak area at 29kV.
According to the corresponding diagram of the working current
and separation voltage, the curve bends at the separation voltage
of 28kV (Fig. S7 in Supporting information), and the Joule heat
could not be effectively dissipated at this time. The Joule heat in-
creased with the increase of separation voltage, reducing the sep-
aration efficiency of RuO4~ and ReO4 [58,59]. To obtain a higher
theoretical plate number, a voltage in the linear range should be
used during the CE separation process. Therefore, the separation
voltage was chosen at 27 kV.

The composition of the sheath fluid significantly affects the
nebulized efficiency at the end of the CE capillary, thus affect-
ing the sample introduction efficiency and analytical performance.
Thus, different concentrations of sheath fluid (HNO3) and the
flowrate of sheath fluid on the intensities of Re and Ru were in-
vestigated in a range of 0%-4% (v/v). Fig. S8a (Supporting informa-
tion) shows that both DIW and different concentrations of HNO;
can achieve high signal-to-noise ratios of RuO4  and ReO4”, the
corresponding peak area concluded in Fig. 2e. The peak area of
RuO,4~ decreased with HNO3 concentration in the range of 0%—1%
and 2%-4%, and achieved the top at the HNO5; concentration of
2%. The peak area of ReO,4  decreased with concentration of HNO;
increased from 0% to 1%, 2% to 3%, and increased with the con-
centration of HNO3 increased from 1% to 2%, 3% to 4%. The high-
est peak area of RuO4 and ReO4 both at the HNO5; concentra-
tion of 2%. A stable CE current is a precondition for utilization,
from Fig. S8b (Supporting information), it can be observed that
all the HNO3 solutions maintain stability except for DIW. Thus, 2%
(v/v) HNO3 was selected as the sheath fluid. Fig. 2f shows that the
peak areas of both RuO4~ and ReO4” decreased with the flow rate
increased from 0.5mL/min to 1.0 mL/min, and become stable af-
ter the flow rate of 1.0mL/min. To obtain excellent sensitivity, we
chose the sheath fluid flowrate at 1.0 mL/min. It is worth noting
that the electrophoretic migration time gradually prolonged over
time, which may be owing to the carbon dioxide absorption from
the air and changed the thickness of the electric double layer.

Under the optimal conditions, analytical figures of merit us-
ing CE-ICP-MS were evaluated by analyzing a series of standard
solutions with various concentrations of KReO4 (0, 1, 2, 5, 10,
20, 50, 100, and 200pg/L) containing different concentrations of
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Fig. 3. (a) The electropherograms of RuO,~ and ReO,~ with various concentrations
of KReO,4 from (a) 1-200pg/L and (b) 1-10pg/L, and corresponding typical calibra-
tion curves of (¢) RuO4~ and (d) ReO4, respectively.

KRuO,4 (0, 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 mg/L). The electrophero-
grams of RuO4 and ReO,4 are shown in Figs. 3a and b, which
show the gradually increased peaks of RuO4  from 0.2mg/L to
20mg/L, and ReO4 from 1pg/L to 200ng/L, respectively. Figs. 3c
and d show the corresponding typical calibration curves of RuO4~
and ReQ,", respectively. The linear correlation coefficients (R?) are
better than 0.99 for these calibration curves, which retain linear
ranges of 0.2—20 mg/L for RuO4~ and 1-200ng/L for ReOy4", respec-
tively. The LODs, defined as the analyte concentration equivalent
to 3 times the standard deviation of 11 measurements of a blank
solution (DIW) divided by the slope of the calibration curve, were
0.025 mg/L for RuO4 and 0.06 ng/L for ReO4, respectively. The LOD
of ReO4 is much lower than that of CE-UV method, but higher
than that of other ICP-MS methods due to small volume of sam-
ple injection (Table S3 in Supporting information). However, the
LOD is not the most significant advantage of the proposed CE-ICP-
MS. Compared to other ICP-MS methods, the present method cou-
pled CE, the separation end, with ICP-MS, the quantified detection
end. This integration on the one hand sacrifices the LOD to some
extent, but on the other achieves the suppression of interference
from 99Ru, which is not achievable by other ICP-MS methods. The
precision is expressed as the RSD of five replicate measurements,
yielding values of 4.6% and 4.3% for RuO4~ and ReOQ,", respectively
(Fig. S9 in Supporting information).

To verify the accuracy and practicability of the proposed
method, Hanford site groundwater samples were simulated ac-
cording to a reported protocol by adding various concentrations
of KReO4 (0, 0.6, 6, 60, and 100pg/L), KRuO,4 (0, 60, 600, 6000,
10,000 pg/L), and NH,**TcO, (0, 0.6, 6, 60, and 100pug/L), respec-
tively [54]. The ingredient of Hanford site groundwater listed in
Table S4 (Supporting information). The electropherograms of simu-
lated Hanford site groundwater samples spiked with different con-
centrations of KRuO4, KReO,4, and NH4%9TcO, are shown in Figs.
S10a and b (Supporting information). The obtained results show
that the signals of RuO,~, ReO,4", and 9°TcO, were successfully ob-
served. The analysis time of per simulated Hanford site ground-
water samples spiked with different concentrations of NH4%TcO,
were in 20 min including the capillary rinsed with running buffer

Chinese Chemical Letters 36 (2025) 110093

solution for 2 min. Table S5 (Supporting information) lists the re-
covery rates for the samples spiked with different concentrations
of KRuO,, KReO4, and NH4%9TcO,4, showing that good recovery
ranging from 85.6%-96.7% were obtained by the proposed analyti-
cal systems. The analytical results confirm the accuracy and prac-
ticability of the proposed method, which is expected to be used
for highly sensitive and accurate determination of actual samples
contaminated by %°Ru and %°Tc with ICP-MS.

In this work, the separation and detection of %¥TcO,  from
RuO,, and MoO4% were achieved by using CE as a sampling sys-
tem for ICP-MS. To obtain high sensitivity and reduce the radio-
logical exposure to operators, ReO4~ was used as the analogue of
99TcO,4~. The proposed method is more accurate compared with
the mathematical correction method using the natural isotope ra-
tio of %°Ru and '°'Ru. In addition, the proposed method avoided
the use of expensive resin materials and a large amount of high-
concentration strong acid, which can save the analysis cost and is
more friendly to the environment. Most importantly, the hyphen-
ated CE-ICP-MS holds superiority not only in requiring a small vol-
ume of sample for low LODs and automated operation, which sig-
nificantly reduces the radiological exposure to operators. The auto-
mated method is expected to be a promising candidate for sen-
sitive and accurate analysis of %*Tc contaminated environmental
samples by ICP-MS.
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