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ABSTRACT: Quantification of pg/L levels (i.e., 0.6 mBq/L) of
radioactive technetium-99 (99Tc) was achieved within 15 min in
the presence of isobaric and polyatomic interference sources such
as ruthenium-99 (99Ru) and molybdenum hydride (98Mo1H) at 3−
11 orders of magnitude higher concentrations. Online solid-phase
extraction−inductively coupled plasma−quadrupole mass spec-
trometry (ICP−QMS) with oxygen (O2) dynamic reaction cell
(online SPE−ICP−MS−DRC) was shown to be a thorough
automatic analytical system, circumventing the need for human
handling. At three stepwise separations (SPE−DRC−Q mass
filters), we showed that interference materials allowed the
coexistence of abundance ratios of 1.5 × 10−13 and 1.1 × 10−5 for 99Tc/Mo and 99Tc/Ru, respectively. A classical mathematical
correction using the natural isotope ratio of 99Ru/102Ru was used to calculate the residues of 99Ru. Using this optimized system, a
detection limit (DL; 3σ) of 99Tc was 9.3 pg/L (= 5.9 mBq/L) for a 50 mL injection and sequential measurements were undertaken
at a cycle of 24 min/sample. For the measurement of a lower concentration of 99Tc, an AG1-X8 anion-exchange column was used to
study 20 L of seawater. Its DL was approximately 1000 times greater than that of previous methods (70.0 fg/L). Thus, this method
withstands coexistences of 5.8 × 10−18 and 3.5 × 10−9 for 99Tc/Mo and 99Tc/Ru, respectively. Spike and recovery tests were
conducted for environmental samples; the resulting values showed good agreement with the spike applied.

■ INTRODUCTION

Technetium-99 (99Tc) is an artificial radionuclide (half-life:
2.13 × 105 y) and pure β− emitter (Emax = 292 keV1−5). No
stable isotopes of Tc occur in nature; instead, it is highly
yielded as a thermal neutron fission product of 235U (6.1%)6,7

and 239Pu (5.9%).7 The presence of 99Tc in the environment is
thus a result of processes in nuclear energy sources. Discharge
from nuclear fuel reprocessing plants in marine environments
is its primary source.8,9 The calculated released 99Tc amount
was about 9 kg of 99Tc per 1 GW(e) year.10 Thus, monitoring
for administration or regulation is very important. The most
stable chemical species of Tc under oxidizing conditions is
TcO4

−, which has high mobility in environments. Con-
sequently, the trends of 99Tc concentration in groundwater
around nuclear facilities such as Sellafield11 and Hanford
sites12 have been monitoring based on the drinking water
standards (WHO: 100 Bq/L,13 EPA (USA): 33 Bq/L14,15).
To determine the presence of 99Tc, inductively coupled

plasma−mass spectrometry (ICP−MS) has been widely
utilized owing to its high sensitivity, rapidity, and high
throughput instead of traditional radiometric analytical
methods such as low-background β counter or liquid
scintillation. ICP−MS analyses require the chemical separation

of 99Tc from other coexisting nuclides to prevent isobaric and
polyatomic interferences. Although the generation of isobars is
possible through polyatomic ions (e.g., 40Ca18OH40Ar,
43Ca16O40Ar, 51V16O3,

59Co40Ar, 62Ni37Cl, 63Cu36Ar, 64Zn35Cl,
87Rb12C, and 87Sr12C),16,17 the primary isobaric and polyatomic
interferences are often found around m/z 99 due to 98Mo1H
and 99Ru. The occurrence rates of these interferences have
been reported as the 98MoH/Mo ratio is on the order of 10−5−
10−6 for ICP−single quadrupole MS (ICP−QMS)18 and ICP−
sector field MS (ICP−SFMS),19 arising from the 12.76% of
natural Ru that occurs as 99Ru. Other typical major
interferences are caused by mass-spectral overlapping problems
arising from peak tailing of excess amounts of 98Mo. Such peak
tailing appears at m/z 99 due to the abundance of Mo (natural
isotopes, i.e., (m/z 99)/Mo = 10−6−10−7).16,20,21 To overcome
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these interferences, the separation efficiency (discrimination)
demands values exceeding 3.4 × 10−9 and 3.1 × 10−2 for 99Tc/
Mo and 99Tc/Ru, respectively, shown in Table S1 in the
Supporting Information (SI). The 99Tc values were observed at
monitoring points in the Sellafield and Hanford sites (less than
6 mBq/L, equivalent to 9.5 pg/L).11,12 Meanwhile, the Ru and
Mo concentrations in typical environmental water are 0.5−1.5
ng/L and 30 ng/L−13.9 mg/L, respectively.22−24 Regarding
Mo concentrations in freshwater, the concentrations are
significantly different in the water type, sampling location,
and depth of sampling.22 Numerous studies have addressed the
utilization of solid-phase extraction (SPE) approaches as a
means to separate and enrich 99Tc prior to analysis via ICP−
QMS. In particular, the commercially available TEVA resin has
been widely used as the SPE resin for separating 99Tc prior to
ICP−MS analysis.25−30 The typical protocol of TEVA resin
requires acidic conditions (0.05−0.1 M HNO3) in the
adsorption of 99Tc onto the resin; in contrast, highly acidic
conditions (6.5−8 M) are required for its elution.
Online SPE−ICP−MS is an automatic sequential analytical

technology characterized by good repeatability and high-speed
data acquisition. By virtue of these advantages, coupled SPE−
ICP−MS systems have been widely employed to monitor
environmental radioactivity.31−48 For radionuclide analysis,
this coupled system provides radiological protection to
operators by suppressing the exposure dose. For example,
the system is useful for monitoring radioactivity during the
decommissioning of nuclear power plants. In spite of this,
relatively few studies have reported online SPE (TEVA resin)−
ICP−MS methods for 99Tc analysis.26,29,30,49 The primary
reasons for this can be attributed to the difficulties involved in
the direct introduction of eluate into ICP−MS (after SPE).
Numerous challenges have been identified. (i) While all
reported 99Tc analyses of online SPE−ICP−MS used TEVA
resin as the SPE column, the final solution eluted from the SPE
column was obtained as a highly acidic solution (6.5−8.0 M
HNO3). This solution often damages parts of ICP−MS,
causing Mo (interference element) to leak from the material of
the ICP−MS [note: see the online SPE of 99Tc in the Results
and Discussion section]. To avoid this problem, the eluate
after SPE (TEVA) must be collected before introduction into
the ICP−MS; thus, repreparation such as evaporation, dryness,
and replacement is required to ensure that a milder solution is
injected into the ICP−MS. Consequently, it is necessary to
remedy inefficiency via an automatic system of 99Tc analysis
without human handling. (ii) Stricter separation of Mo and Ru
from 99Tc is required. Treatments requiring a large volume of
the sample solution are necessary to measure very low
concentrations of 99Tc. A single-step separation using only
SPE is not sufficient,50 and it is difficult to measure the
background control on enriched concentrations of Mo and Ru.
In other words, the DL of 99Tc based on ICP−MS analysis
depends on the abundance ratios of 99Tc/Mo and 99Tc/Ru. To
improve the sensitivity of 99Tc, it is crucial to suppress (i.e., to
reduce the value of) the allowed abundance ratios of 99Tc/Mo
and 99Tc/Ru.51 This requires a larger volume of sample to be
preconcentrated in a smaller volume and directly injected into
the ICP−MS system (either online or offline).
In this study, we present online automation of the SPE−

ICP−MS system requiring no human handling by applying a
combination of three separations: (i) online SPE using TK201,
(ii) O2 dynamic reaction cell (DRC), and (iii) quadrupole
mass filtering. Although the dynamic reaction cell (DRC) is an

important technique for the separation of isobaric interference,
no previous studies have addressed its use in separating Mo
and 99Tc. Combination effects on the quantification of 99Tc are
thus evaluated as part of the present study. In addition, the
proposed method can allow additional combinations between
offline preconcentration methods. Thus far, no study has
considered ultralow abundance ratios of 99Tc/Mo and 99Tc/
Ru in the automated 99Tc analysis. Furthermore, spike and
recovery tests for environmental water samples (e.g., ground-
water, river water, deep pond mineral water, seawater, and
concentrated seawater) were investigated.

■ EXPERIMENTAL SECTION
Apparatus. The online SPE−ICP−MS used in this study

comprised the following instruments: a NexION 300X ICP−
MS equipped with a DRC (PerkinElmer, Inc., Shelton, CT), a
U5000AT+ ultrasonic nebulizer (USN; Teledyne CETAC
Technology, NE), an FIAS400 flow injection system
(PerkinElmer) featuring specially fabricated double eight-way
switching valves, and an S10 autosampler (PerkinElmer).
Ultrapure (>99.999%) gases were used for the DRC as
collision/reaction gases (O2, He, NH3, CH4), and argon ion
source was used as the mixed-gas plasma (N2).

Reagents and Preparation. A radioactive 99Tc stock
solution (50 Bq/g (= 79 ng/g); radioactive purity >99%)
obtained from Kaken Corporation Ltd. (Ibaraki, Japan) was
diluted to the required concentration. Solution mixtures of 70
elements were prepared by mixing XSTC series #1, #7, #8, and
#13 standard stock solutions of metal ion mixtures (stable
isotopes; concentration: 10 mg/L; SPEX Certiprep, Inc.,
Metuchen, NJ). Single-element stock solutions (1000 mg/L;
atomic absorption spectrometry grade) were obtained from the
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Concentrated HNO3 (ultrapure grade, 69 w/w%) was
obtained from Kanto Chemical Co., Inc. (Tokyo, Japan).
Ultrapure water (18.2 MΩ·cm) was obtained from a
PURELAB Ultra purifier (ELGA, Bucks, U.K.). SPE powders
(440 mg) of TK201 resin (particle diameter: 100−150 μm;
TRISKEM International, Bruz, France) were packed half
amounts into two empty polyetheretherketone (PEEK)
columns (PerkinElmer; 3.5 mm I.D., 50 mm long). A strong
anion exchanger, AG1-X8 (11.7 g), was used as the offline
preconcentration resin (particle diameter: 100−150 μm;
quaternary ammonium groups; BioRad Laboratories Inc.
Hercules, CA) and packed into an empty polypropylene
(PP) column (PerkinElmer; 18 mm I.D., 55 mm long). All
other reagents, which were of analytical grade, were obtained
from the FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan) and were used without further purification
unless otherwise noted.

Sample Collection and Pretreatment. Preparation of
Environmental Samples. River water, groundwater, deep
pond mineral water, and seawater were collected in Fukushima,
Ibaraki, and Kumamoto prefectures in Japan. A reference
material, IAEA-443 Irish seawater, with an information value of
99Tc was used to evaluate the proposed method. These
samples were fi l tered using a hydrophil ic poly-
(tetrafluoroethylene) (PTFE) polymer membrane filter (0.45
μm × 47 mm). Hundred milliliters of sample volume was
prepared at 0.7 M HNO3 aq. sol. via an appropriate serial
dilution of ultrapure HNO3 before ICP−MS analysis. The
injection volume of the sample was 50 mL (as 0.7 M HNO3 aq.
sol.).
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Offline Preconcentration for Lower Concentration of
Environmental Samples. As an additional pretreatment,
AG1-X8 strong anion exchanger was used before injection into
the system following the procedures reported in the
literature.52,53 Four milliliters of 100 mg/L rhenium (Re)
was spiked into 40 L of seawater sample as a tracer [note: in
this case, the recoveries between Tc and Re well corresponded.
The capacity was commercially reported as 1.2 meq/mL
(equal to 32 g/L as Re)]. Samples (40 L) were passed through
the AG1-X8 anion-exchange column at a flow rate of 100 mL/
min to enable the adsorption of 99Tc using a diaphragm pump
(SIMDOS 10 FEM 1.10 TT. 18RC2, KNF Neuberger, Inc.,
Freiburg, Germany), after which the column was cleaned with
200 mL of 0.5 M HNO3 at the same flow rate. 99Tc (with Re)
was eluted by passing 50 mL of 12 M HNO3 into the column.
The eluted solution was heated using a hot plate at 100 °C
until completely dry; then, it was diluted using 20 mL of 0.7 M
HNO3 (i.e., a preconcentration factor of 2003 times (from
40.055 L to 20 mL)). An aliquot (10.0 mL) of the condensed
seawater was injected into the proposed system. To monitor
the recovery of 99Tc, concentrations of the Re tracer were
measured before and after preconcentration using the AG1-X8
anion-exchange column. The recovery rate (R%) was
calculated as follows

R
C V
C V

% 100f f

i i
= ×

(1)

where Ci and Cf are the initial and final concentrations of Re,
respectively, and Vi and Vf are the initial and final (eluate)
volumes, respectively.
Autosequential Online SPE−ICP−MS System. The

scheme of the proposed SPE−ICP−MS−DRC system is
shown in Figure 1, and the experimental parameters are shown
in Table S2 in the SI. Two flow lines controlled by automation
switching values were arranged in the system (Figure 1).
Figure 1A shows valve position #1, which influences the online
SPE step (red flow line) and the clean-up line (black flow line).
Fifty milliliters of a sample solution containing 99Tc (0.7 M
HNO3 aq. sol.) was injected into the proposed system via an
autosampler (red line). After injection, the sample passed
through the SPE column via pump #2 at a flow rate of 5.0 mL/
min. During the sample flow into the column, 99Tc was
adsorbed onto the resin, while unabsorbed elements were
discharged into the drain. Then, the column was rinsed with
approximately 33 mL of 0.7 M HNO3 (flow rate: 5.0 mL/
min). During the abovementioned steps (i.e., sample injection,
SPE step, and rinsing), 3.0 M HNO3 flowed inside the other
flow line (i.e., the black line), where it was merged with 100
ng/L rhodium (Rh) aq. sol. (0.4 M HNO3) as an internal
standard (ISTD) via pump #1 at a flow rate of 1.0 mL/min
(3.0 M HNO3: ISTD = 13:1). The resulting mixture was
introduced into ICP−MS via the USN. After all sample
volumes had passed through the SPE column, the valve was
switched from position #1 to position #2.
Figure 1B (valve position #2) shows the steps involved in

the elution of 99Tc and its measurement via ICP−MS (red flow
line). The eluate (3.0 M HNO3) was passed through the SPE
column at a flow rate of 2.0 mL/min, and the adsorbed 99Tc
was eluted. The elution shown by the red line was merged with
the ISTD sol. in the black line (0.16 mL/min), after which
99Tc was introduced into the ICP−MS via the USN. During
elution and measurement via ICP−MS, any liquid flowing

along the black dotted line was retained until the next sample
analysis. Following its introduction into the ICP−MS, the
remaining Mo (and other high-valence metal ions) reacted
with O2 in the DRC and interference nuclides (i.e., the tailing
from 98Mo and polyatomic ions such as 98MoH) were
separated by the QMS filter. For the ISTD, the intensities of
99Tc as target ion are divided by the intensities of 115In. For
quantification, a calibration curve (0.0, 0.1, 0.2, 0.5 ng/L) was
prepared using a set of standard solutions vs peak areas (signal
integration) of 99Tc. Signal integration was conducted by
Microsoft Excel. Monitoring ions at m/z 98, 99, 102, and 103
were measured and identified as 98Mo, 99Tc, 102Ru, and 103Rh,
respectively. In addition, the cell pass voltage was adjusted
using natural Mo isotopes, and all isotopes of relative
abundance for Mo were adjusted in the mass spectrometer.

Mathematical Correction of Measurement Values. To
avoid isobaric interference from 99Ru, the classical mathemat-
ical correction using the isotopic ratio of Ru (99Ru/102Ru) was
conducted following previous protocols21 (as shown in Figure
1C). The isotopic abundance ratio of 99Ru/102Ru was actually
measured using a standard solution (100 μg/L). Overlapping
99Ru counts on the observed peak (m/z 99) were eliminated
by the following eq 2

Figure 1. Scheme of the online SPE−ICP−MS−DRC system: (A)
valve position A representing the loading of a sample to the column
(99Tc adsorption) and rinsing; (B) valve position #B representing the
elution of 99Tc from the SPE column and its introduction into the
ICP−MS via the USN. Eluted nuclides are ionized in plasma and then
exposed to O2 gas in the DRC. Surviving

99Tc is filtered via QMS, and
the isolated 99Tc is detected at m/z 99. The flow signal
chromatographic peak is thus obtained; (C) mathematical correction
of measurement values to avoid isobaric interference from 99Ru using
the natural isotopic ratio of Ru (99Ru/102Ru: mass bias was
controlled).
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A A Anet (cps)
Ru
Ru99 observed

99

102 102= − ×
(2)

where Aobserved, A102, and net A99 correspond to the peak areas
of m/z 99 observed via ICP−MS, m/z 102 from 102Ru, and the
net value given by 99Tc, respectively. The value 99Ru/102Ru is
mass-biased via ICP−MS.
The DL for online SPE−ICP−MS was calculated from the

slope of the calculation curve and standard deviation (3σ) of
the blank sample. With additional offline preconcentration (in
this case, ion exchanger), the DL was calculated as follows

C
C

DL DLtotal
i

f
= ×

(3)

■ RESULTS AND DISCUSSION

As preliminary confirmation, a significant difference between
the background noise signal at m/z 99 (typically 24.7 ± 4.8 cps
in 0.4 M HNO3 aq. sol.) and the signal intensity of the target
was confirmed by injecting 10 metal ions (Mo: 10 mg/L, Ru:
100 ng/L, Ca: 500 mg/L, V: 100 μg/L, Co: 10 μg/L, Ni: 100
μg/L, Cu: 100 μg/L, Zn: 100 μg/L, Rb: 10 mg/L, Sr: 10 mg/
L) into an ICP−MS. When 10 mg/L Mo and/or 100 ng/L Ru
solutions were individually injected into the ICP−MS via the
cyclonic spray chamber, the signal intensity at m/z 99 was both
increased and disturbed by the presence of these elements
(2678 ± 211 and 875 ± 30 cps for 98Mo1H and 99Ru,
respectively). The other eight elements showed no impact on
the intensity (m/z 99); therefore, we assumed that Mo and Ru
were the primary sources of interference. When 0.27 mg/L of
Mo or 3.7 ng/L of Ru is individually measured, the m/z 99
counts (>background level) were generated. In other words,
without any separation, interference problems noted around
m/z 99 were greater than the intensity ratios 2.7 × 10−5 and
3.7 × 10−12 for (m/z 99)/Mo and (m/z 99)/99Ru, respectively.
The intensity of Mo related to primary 98Mo1H and peak
tailing from excess amounts of 98Mo is described in the
Separation of Mo by DRC section.
Online SPE of 99Tc. By contract with TEVA,51 a

commercially available TK201 resin54 was used to capture
99Tc under neutral pH and release 99Tc at concentrations of
less than 3.0 M HNO3. The two resins, TEVA and TK201,
were evaluated; Figure S1 in the SI shows the adsorbability of
65 elements (10 mL of 100 μg/L each element). When the
mixture solution passed through the SPE column, the
recoveries were calculated by the difference of the concen-
tration. Both showed effective adsorption of 99Tc on the SPE
column and the separation of Mo and Ru. The recovery rates
(for 10 mL eluate; relative standard deviation, RSD) were
94.9% (±1.7%), 0.86% (±0.01%), and 0.37% (±0.02%) for
99Tc, Mo, and Ru in the TK201 resin, respectively. In contrast,
the TEVA resin exhibited values of 104.6% (±0.56%), 0.13%
(±0.02%), and 0.67% (± 0.03%) for 99Tc, Mo, and Ru,
respectively. These results indicate that the TK201 resin
(without DRC) discriminates Mo from Tc in the ratios of >9.1
× 10−3 and >3.9 × 10−3 for 99Tc/Mo and 99Tc/Ru,
respectively. These values were, however, insufficient to
separate 99Tc from natural Ru and Mo in environmental
waters. Water sample analysis (without any pretreatment)
around nuclear facilities requires values below 3.4 × 10−9 and
3.1 × 10−2 for 99Tc/Mo and 99Tc/Ru, respectively.

On the other hand, the elution of 99Tc from the columns
requires acid solution as the eluate. The TEVA resin used a
higher concentration (8.0 M) of HNO3, whereas TK20156

required a relatively low concentration (3.0 M). The direct
injection of samples dissolved in higher concentrations of
HNO3 into ICP−MS can result in damage to certain interfaces
and metallic parts of the ICP−MS (e.g., the sampling cone
and/or skimmer cone). For two different concentrations of
HNO3 solutions (each 5 mL, with concentrations of 3.0 and
8.0 M) in contact with a Ni sampling cone (i.e., a part of the
QMS) for 90 min, the resulting concentrations of Mo and Ru
increased to 9.5 mg/L, 244.2 μg/L, and 67.3 g/L for Mo, Ru,
and Ni, respectively (for 8.0 M HNO3); in contrast, the values
for 3.0 M HNO3 were 4.5 mg/L, 56.8 μg/L, and 20.3 g/L for
Mo, Ru, and Ni, respectively. To suppress damage of metallic
parts and leakages of the interference material from these parts
(i.e., to suppress background counts), a lower concentration of
HNO3 solution is preferable. These results showed that the
TK201 resin was preferable over TEVA in the online 99Tc SPE
column.
Achieving a DL of monitoring level (less than 6 mBq/L), it

is necessary to enrich more 99Tc into the SPE column by
increasing the sample volume. However, the SPE single
column with the TK201 resin (220 mg) had lost 99Tc in
proportion to the passed sample/rinse volume. Therefore, the
inline style double SPE columns (440 mg) were employed to
maintain the recovery rate. Figure S2A in the SI shows that the
adsorption rate of 99Tc (1.0 μg/L, 10−100 mL) maintained
over 99% up to 100 mL sample volume. Figure S2B in the SI
shows the recovery rate of 99Tc, Mo, and Ru corresponding to
rinse volume (after loading 50 mL sample). The final recovery
rates were 99.6, 0.029, and 0.022% for 99Tc, Mo, and Ru,
respectively (sample: 50 mL, rinse: 30 mL). The double SPE
columns enhanced the sensitivity of 99Tc approximately five
times, and the abundance ratios indicated 2.9 × 10−4 and 2.2 ×
10−4 for 99Tc/Mo and 99Tc/Ru, respectively.

Separation of Mo by DRC. To remove the small amount
of residual Mo, DRC separations were investigated using
typical gases (O2, NH3, He, and CH4) for the separation step.
To confirm the effect of DRC, 1.0 μg/L 99Tc and a 104× excess
concentration (10 mg/L) of Mo (dissolved in 0.4 M HNO3)
were individually injected into the ICP−MS via the cyclonic
spray chamber, which is connected with a microflow-type
nebulizer without an online SPE column. Figure S3 in the SI
shows the effects of several gases on the DRC. Numerous
studies have addressed the utilization of such an O2 gas-loading
approach as a means to separate Mo;55,56 however, the
quantitative removal of Mo via different gas species has not yet
been investigated. Oxygen was found to be most effective in
the removal of Mo (i.e., m/z 98 and 99 for 98Mo and 98Mo1H,
respectively) while maintaining the intensity of 99Tc. The
intensities of 98Mo and 98Mo1H decreased to background
levels, as shown in Figure S3A,B in the SI. In contrast, the
intensity of 99Tc was maintained against O2 exposure (Figure
S3C in SI). Other gases (He, CH4, and NH3) were found to be
insufficient for the removal of excess amounts of Mo, although
slight decreases were observed in m/z 98 and 99. The major
differences between O2 and these gases result from oxidation
(addition of O atoms) and the simple collision effect.57 In
addition, the 101−102 intensity of Tc decreased under
exposure to NH3 and He (Figure S3C), whereas Tc survived
under O2 and CH4. It seems that the charge transfer occurred
notably under NH3, which has the lowest ionization potential
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(10.16, 12.07, and 12.6 eV for NH3, O2, and CH4,
respectively),58,59 and high pressure of He excluded Tc with
increasing the number of collisions.60

Figure 2A shows the mass spectrum of Mo without the O2
reaction in DRC. Mo has seven natural isotopes (relative
abundances): 92 (14.84%), 94 (9.25%), 95 (15.92%), 96
(16.68%), 97 (9.55%), 98 (24.13%), and 100 (9.63%). Despite
no isotope with mass number 99 occurring in nature, an
obvious signal was confirmed on the target position (m/z) of
99, and many signals were observed over 100. These originate
from 98Mo1H and polyoxides of Mo (such as MoO and MoO2;
formation of Mo polyoxometalate is well known and detected
by ICP−MS59). In addition, the mass spectrometric signal
tailing arising from excess Mo (primary source: 98Mo+) may be
observed over m/Δm = approx. 106.16,20 Figure 2B shows the
mass spectrum of Mo with the O2 reaction in DRC. Mo signals
are observed to shift to higher mass numbers stemming from
MoO2 and MoO2H. The interfered species (98Mo+ and
98Mo1H+) disappeared, and the resulting position (m/z) of
99 has no features. Figure 2C shows the mass spectrum of 1
μg/L 99Tc in the presence of a 104× excess concentration of
Mo (10 mg/L) with O2 reactions in DRC, demonstrating that
the resulting signal of 99Tc survives.
The volume (flow rate) of O2 influenced the intensity of

Mo, whereas the intensity of 99Tc remained constant within
the entire volume of O2, as shown in Figure 3A. In the absence
of O2 (0 mL/min), the variety of Mo species such as 98Mo+

(m/z 98), 98Mo1H+ (m/z 99), 98Mo16O+ (m/z 114), and
98Mo16O2

+ (m/z 130) existed natively. Among them, 98Mo+,
98Mo1H+, 98Mo16OH+, and 98Mo16O+ decreased logarithmically
with increasing O2. A small amount of 98Mo16O+ and
98Mo16OH+ survived at higher O2 flow rates; otherwise, di-
and trioxide ions and their related hydrated ions (i.e.,
98Mo16O2

+, 98Mo16O3
+, 98Mo16O2H

+, and 98Mo16O3H
+, and

others), which are thermodynamically stable with a binding

energy of 144 kcal/mol for MoO2
+,61 were present within the

entire flow rate of O2. Under He gas atmospheres,61,62 the
presence of higher oxides, for example, 98Mo16O4

+, 98Mo16O5
+,

Figure 2. Mass spectra of the Mo-standard (Mo-STD) solution with and without O2 reaction in DRC. (A) 10 mg/L Mo-STD without DRC; (B)
10 mg/L Mo-STD via DRC (O2: 2 mL/min); and (C) 1 μg/L 99Tc coexisting with 10 mg/L Mo-STD via DRC (O2: 2 mL/min). Experimental
conditions: ICP−MS measurement was conducted via a cyclonic spray chamber connected to a microflow-type nebulizer.

Figure 3. Effect of O2 flow rate (DRC) on (A) the variation of Mo
species and (B) the allowed coexistence of Mo with 99Tc.
Experimental conditions: both (A) and (B) were the absence of
SPE; they only used DRC. (A) 1.0 ng/L 99Tc sol with 10 mg/L Mo
sol. and (B) 1.0 ng/L 99Tc with different orders of magnitude of Mo
(0.1−500 mg/L). While maintaining the precision of quantification
(1.00 ± 0.2 ng/L (20%)) for 99Tc, the allowed maximum 99Tc/Mo
ratios (amount) were plotted in each O2 flow rate.
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and 98Mo16O6
+, was reported; however, these were not

detected in the DRC of the ICP−MS. The oxidation process
of Mo in He atmospheres depends on the concentration of
O2;

62 similar phenomena control the mechanisms of oxidation
in the DRC. In contrast, the intensity of 99Tc (1.0 μg/L) varied
only 1% from the initial intensity under O2 flows of up to 1.5
mL/min. When 1.00 ng/L 99Tc solutions with different
amounts of Mo were measured, the quantitative tolerance of
99Tc (1.00 ± 0.2 ng/L) was found to depend on the flow rate
of O2, as shown in Figure 3B. Consequently, the DRC
(without online SPE) discriminated 5 × 10−10 for 99Tc/Mo
under the condition of a 2.0 mL/min O2 flow rate; i.e., it
means that the count rate of Mo in m/z 99 corresponds to only
5 × 10−10 of 99Tc. Otherwise, the DRC was not effective for
removing 99Ru (see Figure S4).
Mathematical Correction of 99Tc from 99Ru. To avoid

interference from small amounts of 99Ru residues, a
mathematical correction21 was applied following the protocol
presented in the Experimental Section. The isotope abundance
ratio of 99Ru/102Ru was 0.388 obtained from the measurement
result of Ru standard (100 μg/L), and the concentration of Ru
after SPE was only 0.022% of its initial concentration. The
measurement error of A102 (for 102Ru) was within 5%.
Overlapping 99Ru counts on the observed peak (m/z 99)
were successfully eliminated because the solution with
nonspiked 99Tc showed a signal equal to the background
signal after correction. The correction satisfied the condition
under which a significant difference between the intensities of
net A99 and ARu‑99 (i.e., 0.388 × ARu‑102) that is greater than the
value of the measurement error of Ru (5%) is required: net A99
> 1.05 (0.388 × ARu‑102). Therefore, the coexistence ratio
(mass abundance) for 99Tc/Ru was 0.05 (i.e., 5/100).
Autosequential Online SPE−DRC−ICP−MS System.

Figure 4 shows the chromatographic peaks (m/z 99) obtained

using the proposed online SPE−DRC−ICP−MS system,
which combines the TK201 online SPE and O2-DRC. These
peaks appeared at a retention time (RT) of 194 s, which was
constant despite the changing concentration of 99Tc and/or
coexistence of Mo and Ru. The elution of the peak tail ended
at 366 s, and the analytical time for all of the samples was 24
min. The time depended on the sample volume; a majority of
the time was consumed in the process of the SPE
preconcentration rather than ICP−MS measurement. All
experiments were conducted by injecting 50 mL of sample

volume to maintain a total analytical time of 24 min. The peak
width was 4.3 min, denoting 8.5 mL of the eluate volume from
the SPE (cf. eluate flow rate: 2.0 mL/min). This resulted in
SPE preconcentration in which the sample volume (initial
injection: 50 mL) was enhanced by 5.9 times. Peak height and
peak area depended on the concentration of 99Tc, both of
which exhibited a linear trend. For 50 mL of injected sample,
the DL (3σ) regarding the peak area was 9.3 pg/L (equal to
5.9 mBq/L) and the relative standard deviation (RSD) was
1.7% (50 mL of 0.2 ng/L 99Tc; n = 3). In addition, BEC and
limit of quantification (LOQ) are 71.5 pg/L (45 mBq/L) and
30 pg/L (20 mBq/L), respectively.
The maximum allowances of coexistence (capable abun-

dance) obtained by multiplying each part of the values were
1.5 × 10−13 (online SPE and DRC) and 1.1 × 10−5 (online
SPE and mathematical correction) for 99Tc/Mo and 99Tc/Ru,
respectively (shown in Table 1).

Additional Offline Preconcentration: Anion-Ex-
change Preconcentration (IC). Presently, typical ICP−MS
techniques for 99Tc use additional preconcentration methods
to enhance the amount of 99Tc because of its low
concentration levels. The proposed method can be optionally
used with offline preconcentration methods such as ion-
exchange preconcentration (IC) and/or other additional SPE
methods. In this study, 40.448 L of seawater was
preconcentrated using AG1-X8 anion-exchange resin and
prepared to a volume of 20.00 mL (i.e., volume ratio: 2022-
fold), and the initial concentrations of Re (as a tracer), Mo,
and Ru in the seawater were 10.1, 10.2, and 0.53 μg/L,
respectively. The recovery rates (R%) of Re (a tracer of 99Tc),
Mo, and Ru were 55.1, 1.21, and 3.00%, respectively. These
values for Mo and Ru were 4.5 × 10−3 and 3.6 × 10−3, i.e.,
99Tc/Mo and 99Tc/Ru, respectively.
The resulting coexistence in the entire system can

theoretically be allowed to decrease to 2.1 × 10−14 and 6.9
× 10−6 for 99Tc/Mo and 99Tc/Ru, respectively. When using
additional preconcentration methods, the DLtotal (3σ) was 70.0
fg/L (the DL value was improved 1114-times greater than the
single use of the online method of DL (10 mL sample
injection): 78.0 pg/L). In addition, this value is approximately
1000 times greater than that enabled by methods of
coexistence. Using this IC, an additional 9 h of analytical
time was required (entire time of analysis: 10 h).
The final concentrations of Mo and Ru determined after IC

preconcentration were 248.1 and 31.6 μg/L, respectively.
Although the proposed system (online SPE−ICP−MS−DRC)
has the ability to achieve abundance values of 1.5 × 10−13 and
1.1 × 10−5 for 99Tc/Mo and 99Tc/Ru, respectively, the actual
abundances after the IC preconcentration were 4.0 × 10−5 and
3.2 × 10−4 for 99Tc/Mo and 99Tc/Ru, respectively.
Considering these values, the maximum preconcentration
factor of seawater would be 3.2 × 103 times, and its initial
maximum volume can reach values of 1.18 × 103 L (with
preconcentrates down to 20 mL).
Alternatively, a large-volume auto-preconcentration method

for 99Tc25 or a high-performance separator63 can be employed
in the condition of less than the abundance ratio. Previously,
Shi25 reported that a large-volume auto-preconcentration
method can achieve preconcentration from 200 L to several
mL while maintaining an abundance ratio of 10−5−10−7 for
99Tc/Mo and 99Tc/Ru; such approaches are compelling means
to improve sensitivity.

Figure 4. Optimized online SPE−ICP−MS−DRC profiles of 99Tc.
Experimental conditions: sample, 50 mL of 0−0.5 ng/L 99Tc solution
dissolved in 0.7 M HNO3, DRC; O2 gas, 1.5 mL/min, detected ion,
99. The background (BL) is equivalent to the concentration 71.5 pg/
L (45 mBq/L) of 99Tc.
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Comparison with Other Methods. When compared with
existing techniques, the online SPE−ICP−MS−DRC techni-
que proposed herein exhibits superior characteristics in terms
of DL and required sample volume, as shown in Table S4 in
the SI. The proposed method has the lowest DL of the online
methods in the list. Most existing methodologies for 99Tc
analysis using ICP−MS use the TEVA resin; therefore, manual
handing is necessary during analysis and sample applications
are limited. For example, seawaters have extremely low values
of 99Tc/Mo and/or 99Tc/Ru. Furthermore, low values of 99Tc/
Mo and/or 99Tc/Ru mean that it is difficult to increase the
initial volume of the sample. Based on these comparisons,
online SPE−ICP−MS−DRC should be the method of choice
for 99Tc quantification, especially when considering measure-
ments of environmental samples.
Measurement of Environmental Samples. The pro-

posed results for five 99Tc-spiked environmental samples
containing a certificated reference sample (IAEA-443) are
summarized in Table 1. Without any additional pretreatment
or omitting matrix elements from these samples before
analysis, their quantified 99Tc values agreed well with the
spiked numbers. Concentrations of Mo and Ru in the
environmental samples measured via ICP−MS (normal) with
dilution (100−104) using the HNO3 solution were 0.39, 0.015,
14.8, and 9.8 μg/L for Mo in river water, groundwater, deep
pond mineral water, and seawater, respectively. In contrast,
concentrations of Ru were ND (<0.67), 1.6, 11.1, and 1313
ng/L for river water, groundwater, deep pond mineral water,
and seawater, respectively. This gives 99Tc/Mo and 99Tc/Ru
values of 6.8 × 10−5−6.7 × 10−2 and 7.6 × 10−4−1.5 × 100,
respectively. The resulting 99Tc concentrations are significantly
higher than those of Mo and Ru (approx. 6 and 3 orders of
magnitude for Mo and Ru, respectively). In addition, the
certificated reference material (IAEA-443 seawater) containing
0.159−0.250 mBq/kg of 99Tc was measured by this method,
and the resultant value significantly corresponded, as shown in
Table 2.
This study also used condensed seawater samples with

additional IC preconcentration to achieve a 2000-times
enhancement of 99Tc sensitivity (40−20 mL). Among these
experiments, aliquot volumes (10 mL), including 99Tc (100
pg), were directly injected into the system without any further
preparation. R% was 55.1% (Re tracer), and the DL of 99Tc
was 70.0 fg/L (44.3 μBq/L). The concentration of nonspiked
and spiked samples showed values below the DL (70.0 fg/L)
and 111 pg (70.3 mBq), respectively. The use of additional
(optional) pretreatment methods such as IC resin separation
prior to online SPE−ICP−MS−DRC analysis did not preclude
the quantification of fg/L 99Tc concentrations.

■ CONCLUSIONS
In this study, the direct quantification of 99Tc in small aliquot
volumes (50 mL) of environmental samples containing
picogram levels of 99Tc was presented using online ICP−
MS−DRC. Although 99Tc analyses using ICP−MS generally
get disturbed in the presence of Mo and Ru, the combination
of SPE, DRC, and QMS filter techniques allowed the
coexistence of abundance ratios of 1.5 × 10−13 and 1.1 ×
10−5 for 99Tc/Mo and 99Tc/Ru, respectively. Neither chemical
separation nor manual handling was required to remove
isobaric interferences from Ru and Mo during the measure-
ment sequence. Background 99Tc noise signals were effectively
suppressed via a thorough investigation of their noise sources.
As most existing methodologies of 99Tc analysis do not allow
the measurement of ultralow abundance (99Tc/Mo and 99Tc/
Ru), it was difficult to analyze seawater samples. When
investigating DRC, both optimization of the measurement and
the removed species of Mo were considered. Under optimized
conditions, a small volume of aliquot (50 mL) containing
picogram concentrations of 99Tc was successfully analyzed
using the proposed online ICP−MS−DRC method even in the
presence of 1011 or 103 times greater Mo and Ru interference
sources. In many previous reports, significant interference has
been ignored. Herein, we achieved the measurement of
ultralow abundances (99Tc/Mo and 99Tc/Ru) using the
proposed method, thus showing that it can be applied to
large-volume preconcentrations. Environmental samples, such
as river water, groundwater, deep pond mineral water, and
seawater, can be analyzed within 24 min using this method.

Table 1. Abundance Ratio of 99Tc/Mo and 99Tc/Ru at Each Separation Step

allowance coexistence ratio

separation step 99Tc/Mo 99Tc/Ru

online SPE 2.9 × 10−4 2.2 × 10−4

DRC with O2 5.0 × 10−10

mathematical correction 5.0 × 10−2

online ICP−MS−DRC 1.5 × 10−13 1.1 × 10−5

offline preconcentration 4.0 × 10−5 3.2 × 10−4

offline preconcentration + online ICP−MS−DRC 5.8 × 10−18 3.5 × 10−9

Table 2. 99Tc-Spike and Recovery Test Results for
Environmental Samples

samplea addition/pg (mBq)

online
SPE−ICP−MS−DRC/pg

(mBq)b

river water 0.00 NDc

10.0 (6.33)d 9.84 ± 0.53 (6.23 ± 0.33)
groundwater 0.00 NDc

10.0 (6.33)d 8.92 ± 0.16 (5.65 ± 0.10)
deep pond
mineral
water

0.00 NDc

10.0 (6.33)d 9.94 ± 0.20 (6.29 ± 0.13)

seawater 0.00 NDc

10.0 (6.33)d 8.85 ± 0.92 (5.60 ± 0.58)
seawater
(IAEA-443)

12.6−19.8e (8.0−12.5)e 15.81 ± 0.76 (10.00 ± 0.48)

aAll samples were prepared using a 0.7 M HNO3 solution.
bn = 3; all

samples (50.0 mL) were directly injected into the online SPE−ICP−
MS−DRC without any additional preconcentration. cND: non-
detection (<9.3 pg/L; equal to 0.465 pg for 50 mL). dTotal volume
50 mL (i.e., 0.2 ng/L). eCertificated concentration. The reported
range is 0.251−0.395 ng/L (0.159−0.250 mBq/kg).64
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Indeed, direct analysis using this method, as well as a
combination of additional preconcentration, is applicable.
The proposed method is a new and effective analytical
methodology for rapid and trace analysis of 99Tc in
environmental samples. It is particularly useful for distinguish-
ing the very low abundances between 99Tc and potential
interference (i.e., from 99Tc/Mo and 99Tc/Ru) and is thus
useful in the field of environmental radioactivity monitoring.
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