
iScience

Article

ll
OPEN ACCESS
Measurement of trace 129I in natural water with
ozone reaction for effective separation of spectral
interferences
Yanbei Zhu, Daiki

Asakawa

yb-zhu@aist.go.jp (Y.Z.)

d.asakawa@aist.go.jp (D.A.)

Highlights
Quantum chemical

calculations showed

potential merits of O3 for

measuring 129I+

On-line generated ozone

was used as the reaction

gas for measuring of 129I+

The detection limit and the

BEC of 129I were 0.062 pg/

mL and 0.016 pg/mL

The 129I/127I ratio in 500

mg/mL natural iodine was

observed to be 6.73 10�10

Zhu & Asakawa, iScience 27,
111138
December 20, 2024ª 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.111138

mailto:yb-zhu@aist.go.jp
mailto:d.asakawa@aist.go.jp
https://doi.org/10.1016/j.isci.2024.111138
https://doi.org/10.1016/j.isci.2024.111138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.111138&domain=pdf


OPEN ACCESS

iScience ll
Article

Measurement of trace 129I in natural water
with ozone reaction for effective separation
of spectral interferences

Yanbei Zhu1,2,* and Daiki Asakawa1,*
SUMMARY

Tandem quadrupole inductively coupled plasma mass spectrometry has the potential capability to mea-
sure 129I at extremely low concentration if spectral interferences from 129Xe and 127I1H2 can be eliminated
effectively. Ozone was introduced as the reaction gas, resulting significantly improved reactions of
(129I+/129I16O+) and (129I+/129I16O2

+), and permitted the highly sensitive measurement of 129I+ as
129I16O+ and 129I16O2

+, helping eliminate spectral interferences related to 129Xe+ and 127I1H2
+. In isotopic

ratio (129I/127I) analysis bymeasuring (129I+/129I16O2
+)/(127I+/127I16O2

+), a blank ratio of 6.73 10�10 can
be realized for a solution of 500 mg/mL natural iodine, improved by one order of magnitude than the best
performance previous reported. This technique contributes to the measurement of trace level 129I, a
radionuclide of iodine attracting attentions as a geochemical tracer related to the development and
civilian use of nuclear energy as well as a regulated radionuclide with guidance levels in drinking water
established by the World Health Organization.

INTRODUCTION

Iodine-129 (129I, half-life 15.7 Ma) is one of the long-lived cosmogenic radionuclides.1 Naturally occurring iodine has an isotopic ratio

of 129I/127I at 10�13 order or lower. This measurement usually requires accelerator mass spectrometry (AMS). This type of low isotopic

ratio of 129I/127I can indicate old materials whose 129I has decayed. The natural isotopic ratio of 129I/127I in marine sediments exhibits steadier

value of 1.5310�12,2 while this ratio in terrestrial sediments is in the larger range of 1.5310�12 to 3.0310�11.3–5 Measurement of 127I via induc-

tively coupled plasma mass spectrometry (ICP-MS) is often conducted along with isotopic ratio analysis of 129I/127I via AMS to determine the

concentration of 129I in the sample.6–16

Meanwhile, anthropogenic 129I is gathering attention as a geochemical tracer due to its release associated with nuclear weapons testing,

nuclear accidents, nuclear reprocessing facilities, and nuclear power plants.17 The isotopic ratios of 129I/127I in the environment reached in the

range from 10�10 to 10�4 and some of the measurement can be realized with ICP-MS.18 Determination of 129I by ICP-MS have been contin-

uously examined by researchers around the world since early 1990s.19–43 Spectral interferences (especially due to 129Xe and 127I1H2) are always

an obstacle to the determination of 129I at extremely low concentrations. The instrumental detection limit for 129I was reported under

1.0 pg/mL (equivalent to 6.5 mBq/L) with latest ICP-MS instruments.26,30,31,42 This limit was significantly improved when compared to those

obtained in 1990s at tens of pg/mL.24,41,43 The introduction of reaction cell technique aids in improving the detection of 129I by ICP-MS, where

oxygen is often used as the cell gas.20,21,23,25,26,28–30,32–35,37–40,42 In most cases, 129I is measured as 129I+ by ICP-MS with spectral interferences

suppressed by reactions with cell gas, alongwithmathematic correction of 129Xe+ and 127I1H2
+. The availability of tandemquadrupole ICP-MS

(ICP-QMS/QMS) with a reaction cell permitted the measurement of 129I at so-called mass-shift mode,25 i.e., 129I+ passed through the first

quadrupole (mass to charge ratio (m/z) set to 129) and reacted with the cell gas to form 129I16O+, which passed through the second quadru-

pole (m/z set to 145). This mass-shift mode measurement can be more effective for separating spectral interferences in 129I measurement by

ICP-MS. However, the yield of 129I16O+ from oxygen reaction with 129I+ was relatively low (under 20%) given that the reaction is endothermic

(DH= 2.8 eV, approximately 270 kJ/mol).44 Efforts to improve the yield of 129I16O+ were attempted by the introduction ofmore reactive gases,

such as CO2 and N2O, but neither showed positive effect.25

Recently, one of the present authors (Y.Z.) reported a concise yet comprehensive study on using ozone as a cell gas for ICP-QMS/QMS,

examining its effects on most chemical elements with stable isotopes in the periodic table.45 The findings showed that ozone significantly

enhances the yield of 127I16O+ from 127I+ when compared to oxygen. In the current study, the authors focus on a detailed investigation of

the measurement of 129I using ICP-QMS/QMS with ozone as the cell gas, aiming to improve the separation of related spectral interferences
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Figure 1. Major studies and objectives of the present work
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and enhance isotopic analysis capabilities. Additionally, quantum chemical calculations were performed to elucidate the mechanisms of re-

actions between iodine ions and cell gas molecules. The major studies and objectives of this study are illustrated in Figure 1.
RESULTS AND DISCUSSION
Quantum chemical calculations of the reactions of I+ with oxygen and ozone

To investigate the differences in reactions of I+ with oxygen and ozone, quantum chemical calculations were performed based on density

functional theory.

First, the reaction of I+ and oxygen was investigated (Figure 2A, blue plots). Herein, I+ and oxygen were calculated as a triplet, which is the

most stable quantum. Furthermore, I+ and oxygen provided a complex, I+(O2), and the corresponding relative energy was �0.27 eV.

Subsequently, IO+ produced by the cleavage of O–O bond in I+(O2) through transition state, TS(I+-O2), provided either IO+ or IO2
+. The

transition state for the corresponding dissociation was calculated and its relative energy was 2.26 eV, indicating a less stable state than

the reactants. These results indicate that the low production efficiency of 127I16O+ and 127I16O2
+ using oxygen as cell gas can be attributed

to the high transition state barrier.

Next, the reaction of I+ and ozone was investigated (Figure 2A and 2B, red plots). Regarding the reaction of I+ and ozone, IO2
+ was gener-

ated by sequential reactions through IO+. Similar to the reaction with oxygen, I+ also provided a complex with ozone. However, the corre-

sponding complex, I+(O3) with relative energy of �0.86 eV, was more stable than the reactants. Then, I+(O3) produced IO+ and O2 via tran-

sition state and TS(I+-O3) with relative energy of �0.02 eV. This was more stable than the reactants. Given that IO+ and O2 were more stable

than I+ and O3 by relative energy of 2.88 eV, the reaction between I+ and O3 proceeded as a barrierless process. Subsequently, resultant IO+

provided a complex with ozone, IO+(O3), which undergoes O–O bond cleavage to produce IO2
+ and O2 through transition state, TS(IO+-O3).

Furthermore, IO+(O3), TS(IO
+-O3), and products (IO2

+ and O2) were more stable than reactants (IO+ and O3) by relative energy of 0.47, 0.24,

and 0.62 eV, respectively.

The results of quantum chemical calculations indicate that the use of ozone as reaction gas can efficiently produce IO+ and IO2
+ because

the reaction of I+ and IO+ with ozone proceeded as barrierless processes.
Quantum chemical calculations of the reactions of Xe+ with ozone

One of themajor spectral interferences with themeasurement of 129I+ is 129Xe+. Therefore, density functional theory-based quantum chemical

calculation was also performed about the reactions of Xe+ and ozone to investigate the differences in comparison to I+.

The Xe+ and ozone provided a complex, Xe+(O3), and the corresponding relative energy was�1.23 eV. Subsequently, XeO+ and O2 were

produced by the degradation of Xe+(O3). The relative energy of the corresponding transition state was�0.25 eV. Additionally, XeO+ and O2

were more stable than Xe+ and O3 by relative energy of 1.03 eV, indicating that the reaction between Xe+ and O3 proceeded as a barrierless

process (Figure 3A), similar to the reaction of I+ and ozone. Therefore, XeO+ will be obtained as the product ion of the spontaneous and bar-

rierless reaction between Xe+ and ozone, indicating a spectral interference of 129Xe16O+ with the measurement of 129I16O+.
2 iScience 27, 111138, December 20, 2024
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Figure 2. Energy diagrams of the reaction of I+ with O2 and O3, and those of the reaction of IO+ with O3

(A) The reaction of I+ with O2 (blue plots) and O3 (red plots).

(B) The reaction of IO+ with O3.
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Furthermore, XeO2 might be generated by the reaction between XeO+ and ozone. The detail of the corresponding reaction pathway

is shown in Figure 3B. The ozone interacts with Xe and O atoms in XeO+ to produce OXe+(O3) and XeO+(O3), respectively. The relative

energy of OXe+(O3) and XeO+(O3) were �0.65 and �0.44 eV, respectively. The OXe+(O3) was produced from XeO2
+ and O2 through

transition state, TS(OXe+-O3). Notably, the products (XeO2
+ and O2) were less stable than the reactants (XeO+ and O3) by relative en-

ergy of 0.13 eV. Therefore, the formation of XeO2
+ from XeO+ and ozone proceeded as endothermic reaction (Figure 3B). The resultant

XeO2
+ can react with oxygen to provide XeO+ and O3 because the corresponding reaction occurs as barrierless process. Conversely,

the degradation of Xe+O(O3) occurred through transition state, TS(XeO+-O3), which was more stable than the reactants by relative en-

ergy of 0.35 eV. Therefore, the reaction of XeO+ and ozone through Xe+O(O3) proceeded as exothermic reaction, whereas the product

is Xe+ due to low stability of the complex comprising Xe+ and O2. The quantum chemistry calculation strongly suggests that XeO2
+ is

barely produced by the reaction of Xe+ and ozone. Therefore, the measurement of 129I16O2
+ will be significantly less interfered by

129Xe+ related ions.
Improved yields of IO+ and IO2
+ ions by using ozone as opposed to oxygen as the cell gas for ICP-QMS/QMS

In the present study, online generated ozone was used as cell gas for ICP-QMS/QMS to investigate the product ions from I+. Ozone was

generated by passing dry oxygen gas through the space between a pair of concentric cylindrical quartz electrodes, which were water-

cooled to maintain the temperature at 20�C. At the optimized flow rate of oxygen (200 mL/min), stable and high concentration of ozone

(approximately 450 g/m3, gauge pressure 0.1 MPa) can be realized. A 250-min stability test demonstrated a relative standard deviation of

less than 1.0%, which is sufficiently low for use as a cell gas in ICP-QMS/QMS, considering that typical measurements often have a relative

standard deviation of approximately 1% or higher. The online-generated ozone was split into two branches using a T-connector: one

branch directed ozone to the reaction cell of the ICP-QMS/QMS, while the other was connected to a catalytic ozone decomposition de-

vice. The ozone flow rate to the reaction cell was controlled by the instrument’s built-in mass flow controller, while the flow rate to the

decomposition device was regulated by an additional mass flow controller at the under stream. In the present study, the concentration

of ozone was approximately 10.5% (v/v) in oxygen matrix. This gas is simply referred as ‘‘ozone’’ in the following text. A comparison of

ozone and oxygen as the cell gas for an ICP-QMS/QMS was performed to investigate product ions from 127I+. When oxygen was used
A B

Figure 3. Energy diagrams of the reaction of Xe+ with O3 and those of the reaction of XeO+ with O3

(A) The reaction of Xe+ with O3.

(B) The reaction of XeO+ with O3.
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Figure 4. Product ions of 127I+ in the reaction cell of ICP-QMS/QMS by reaction with oxygen and ozone, respectively

Cell gas flow rate, 0.2 mL/min; test sample, 10 mg/L of iodine in 2% tetramethyl ammonium hydroxide (TMAH). Blue bar, oxygen as cell gas; red bar, ozone as

cell gas.
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as the cell gas (Figure 4, blue bar), the dominating product ion was I+. Furthermore, product ion IO+ (m/z = 143) was observed but accom-

panied by I16OH2
+ or I17OH+ or I18O+ (m/z = 145) with a higher signal intensity. It is not surprising that 129I was not measured as 129I16O+ in

single quadrupole ICP-MS with oxygen as the cell gas,20,21,23,28–30,32–34,37,39,40,42 majorly due to the interference of 127I16O1H2
+ or I17OH+ or

127I18O+ with the measurement of 129I16O+. Even by using an ICP-QMS/QMS, 129I was more often measured as 129I+/129I+ (both 1st quad-

rupole and 2nd quadrupole set to permit the passage of an ion with an m/z of 129) but not 129I+/129I16O+ (the 1st quadrupole and the 2nd

quadrupole set to permit the passage of an ion with an m/z of 129 and 145, respectively).26,35,38 This occurred despite the exclusion of 127I+

from entering the reaction cell. This can be partly attributed to the low yield of IO+ (approximately 10%) when oxygen was used the cell

gas. When ozone was used as the cell gas (Figure 4, red bar), IO+ (m/z = 143) became the dominating product ion and could be consid-

ered as a candidate for measuring iodine at higher sensitivity. Additionally, the apparently high yield of IO2
+ (m/z = 159) indicates that it

can also be another candidate for measuring iodine. These results are in coincidence with the results of quantum chemical calculations

provided in Figure 2. Notably, when the ICP-QMS/QMS was operated without introducing any cell gas, only 127I+ was observed at the

second quadrupole. When oxygen or ozone was introduced as the reaction gas, the sum of the signal intensities for ions observed at

the second quadrupole, with m/z of 127, 143, 144, 159, and 160, was approximately equal to that of 127I+ observed without any cell

gas. This is because the operating conditions for the oxygen or ozone reactions were optimized to maximize the extraction of product

ions from the reaction cell, resulting in ion transmission rates similar to those achieved without any cell gas.
Analytical performance of ozone reaction for measurement of 129I

Dependence of signal intensities of I+, IO+, and IO2
+ on ozone flow rate (as reaction cell gas) was investigated in the range from 0.1 to

1.0mL/min (Figure 5A).With the increase in ozone flow rate, the signal intensity of I+ decreased gradually to zero at ozone flow rate of approx-

imately 0.5 mL/min. Meanwhile, the signal intensities of IO+ and IO2
+ increased gradually to the highest values at ozone flow rates of approx-

imately 0.25 mL/min and 0.35 mL/min, respectively. After reaching the highest values, both signal intensities decreased with the increase in

ozone flow rate. The increase in IO+ and IO2
+ intensities can be attributed to the increased yield due to increased reactant supply, while the

decrease in the intensities can be partly attributed to the deterioration of transmittance due to the increased collisions with cell gas. Ozone

flow rate at 0.3 mL/min (dashed line, Figure 5A) was selected as a compromised optimum condition to obtain relatively higher signal inten-

sities for IO+ and IO2
+.

The improvement in yields of IO+ and IO2
+ by using ozone as the cell gas indicates that highly sensitive measurement of 129I+ can be per-

formed in mass-shift mode. Further studies on the reagent blank values (2% TMAH, Figure 5B, sample no. 1) showed that apparent signals

were observed atm/z for both types of ions (129I16O+ and 129I16O2
+) measured for 129I+. Addition of 10 mg/mL 127I in the reagent blank did not

result in higher blank signals (2% TMAH, Figure 5B, sample no. 2), indicating their major source was not 127I1H2
+. The blank equivalent con-

centrations (BECs) observed at 129I16O+ and 129I16O2
+ were 3.8 and 0.4 pg/mL, respectively, approximately 2 and 3 orders of magnitude lower

than the sample with 1.0 ng/mL 129I (Figure 5B, sample no. 3), respectively.

A study on the product ions of Xe isotopes showed that XeO+ and XeO2
+ were both observed. Signal intensities for Xe+, XeO+, and XeO2

+

(Figure 5C and 5D) observed at different mass numbers (129, 130–132, 134, and 136) of Xe isotopes agreed with the natural isotope abun-

dances of Xe.46 It should be noted that the signal intensities of XeO2
+ (Figure 5D) were over one order of magnitude lower than those of

XeO+ (Figure 5C, green plots), approximately in proportion to the blank signals observed in Figure 5B. Therefore, the blank signals observed

for measuring 129I16O+ and 129I16O2
+ can be attributed to the contribution of 129Xe16O+ and 129Xe16O2

+, respectively. The much lower signal

intensities of XeO2
+ than those of Xe+ and XeO+ are in coincidence with the results of quantum chemical calculations given in Figure 3.

To achieve free-of-spectral-interference measurements of 129I, hydrogen was additionally introduced as the cell gas along with

0.3 mL/min ozone. The results showed that the signal intensities of 129Xe16O+ observed for blank samples significantly decreased with

the increase in hydrogen flow rate (Figure 6A). Meanwhile, the signal intensities of 129Xe16O2
+ also slightly decreased with the increase

in hydrogen flow rate.
4 iScience 27, 111138, December 20, 2024
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Figure 5. Product ions of I+ and Xe+ from the reactions with ozone

(A) Dependence of signal intensities of I+, IO+, and IO2
+ on ozone flow rate. Test sample, 1.0 ng/mL 129I in 2% TMAH.

(B) Signal intensities of IO+ and IO2
+ observed for measuring 129I+. Sample 1, 2% TMAH; sample 2, 2% TMAH with 10 mg/mL 127I; sample 3, 2% TMAH with

10 mg/mL 127I and 1.0 ng/mL 129I. Cell gas, ozone 0.3 mL/min, same below.

(C) Product ions of Xe isotopes, Xe+/Xe+(blue plots) and Xe+/Xe16O+ (green plots).

(D) Product ions of Xe isotopes, Xe+/Xe16O2
+.
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The signal intensity of 129I16O+ (Figure 6B, achieved with 1.0 ng/mL 129I) also decreased gradually with the increase in hydrogen flow rate,

from approximately 16,000 counts per second (CPS) at 0 mL/min of hydrogen to approximately 5,000 CPS at 10 mL/min of hydrogen.

Conversely, the change in signal intensity of 129I16O2
+ due to increased hydrogen flow rate was much less significant than that of 129I16O+.

These results may be attributed to this fact: reaction of (129I16O+ + H2 / 129I+ + H2
16O) is more likely to occur than (129I16O2

+ + 2H2 /
129I+ + 2H2

16O). It should be noted that the BEC values observed for 129I16O+ and 129I16O2
+ at 10 mL/min of hydrogen were 0.016 pg/mL

and 0.019 pg/mL, respectively.

The concentrations of 129I in multiple water samples were determined with the method (Figure 6C) proposed in this study. The concen-

tration in each original sample was under the detection limit, while the observed values (both measured by 129I16O+ and 129I16O2
+) of 129I

spiked samples were in good agreement with the concentrations spiked (level one of 70 pg/mL, and level two of 134 pg/mL). These

results were obtained with a relative standard deviation of approximately 2%–7%. The guidance level for 129I in drinking water established

by the World Health Organization (WHO) is 1 Bq/L,47 equivalent to a concentration of 152.9 pg/mL. Detection limit (to be discussed

in the following text), BEC, and reproducibility achieved in the present study are sufficiently good for fulfilling the WHO guidance

for 129I. It should be noted that the detection limit and BEC were four orders of magnitude under the guidance level, permitting

precise measurement of 100-times diluted seawater for monitoring 129I at the WHO guidance level. Polyatomic ions, such as 89Y40Ar+,
97Mo16O2

+, and 113Cd16O+, can be potential spectral interferences for the measurement of 129I+ by ICP-MS.25,26,37,38 A test with single-

element standard solutions Y, Mo, and Cd (10 mg/mL each) showed that spectral interferences from these elements were negligible in

the current study.

To date, over 20 studies reported quantitative analysis of 129I by ICP-MS.20–43 Detection limits (concentration equivalent to 3-fold standard

deviation of the blank) reported before the application of reaction/collision cell exceeded 30 pg/mL (Table 1).24,27,36 This is primarily attribut-

able to the interference from 129Xe as impurities in argon gas. The introduction of reaction/collision cell technique improved the detection

limit to sub pg/mL level.23,25,29,30,35 However, typical BECs still exceeded 2 pg/mL.19,25,37,38,40 This can potentially be explained by the insuf-

ficient reaction of 129Xe+ with cell gas (O2). It should be noted that mass-shift measurement (129I+/129I16O+) was also reported with a BEC of

2.9 pg/mL,which potentially indicates the formation of 129Xe16O+. Another drawback of usingO2 as the cell gas formass-shiftmeasurement of
129I+ is that the yield of 129I16O+ is approximately 10%, resulting in a lower sensitivity when compared to the measurement by 129I+. The intro-

duction ofmore-reactive gases, such as N2O andCO2, failed to improve the yield of 129I16O+. In the current study, the introduction of ozone as
iScience 27, 111138, December 20, 2024 5
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Figure 6. Results for hydrogen flow rate optimization and those for the determination of 129I in natural water samples

(A) Dependence of signal intensities observed for 129Xe+ / 129Xe16O+ and 129Xe+ / 129Xe16O2
+ on flow rate of hydrogen as additional cell gas. Samples: open

plots, 2% TMAH; solid plots, 2% TMAH with 10 mg/mL 127I.

(B) Dependence of signal intensities observed for 129I+ / 129I16O+ and 129I+ / 129I16O2
+ on flow rate of hydrogen as additional cell gas. Sample, 2% TMAH with

10 mg/mL 127I and 1.0 ng/mL 129I.

(C) Observed values of 129I in spiked natural water samples. Green plots, measured with 129I+ / 129I16O+; orange plots, measured with 129I+ / 129I16O2
+, plots

show (mean G standard deviation, n = 10). Dotted line, spiked level one; dashed line, spiked level two. Cell gas, ozone 0.3 mL/min, hydrogen 10 mL/min.
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cell gas improved the yields of 129I16O+ and 129I16O2
+, both of which can be used for the measurement of 129I. The signals of 129Xe16O+ and

129Xe16O2
+ were effectively suppressed by introducing hydrogen as an additional cell gas. The detection limits by measuring 129I16O+

and 129I16O2
+ were 0.062 and 0.057 pg/mL with BECs of 0.016 and 0.019 pg/mL (H2 flow rate, 10 mL/min), respectively. The detection limits

and BECs obtained in the current study, with O2 (or O2 and H2) as the cell gas, are also listed in Table 1 for comparison. The measurement of
129I+/129I+ with O2 and H2 as the cell gas resulted in much lower detection limit and BEC than those obtained solely with O2. However, the

detection limits andBECs obtained bymeasuring 129I16O+ and 129I16O2
+ withO3 as the reaction gas showed the best performance.Notably, in

case of samples with high concentration of 127I (e.g., over 50 mg/L for isotopic ratio analysis of 129I/127I), the introduction of H2 along with O2

can result in a higher blank for 129I+ due to the interference by 127I1H2
+(e.g., Table 2, 1.53 10�8 increased to 4.63 10�7 for themeasurement of

(129I+/129I+)/(127I+/127I+). Therefore, it is not surprising that H2 was not used with O2 in the studies reported to date.
Analytical performance of ozone reaction for measurement of 129I/127I isotopic ratio

In addition to the quantitative analysis of 129I in samples, the isotopic ratio of 129I/127I is frequently measured to evaluate the contribution of

anthropogenic 129I to the environment. However, the extraction of 129I in natural samples is always accompanied by relatively high concen-

tration of 127I due to the similarity in chemical properties.

High concentration of iodine solutions are usually used to check the capability for analyzing isotopic ratio at extremely low 129I/127I values,

e.g., from 63.5 to 5,000 mg/mL of natural iodine (Table 2). A preliminary test in the current study showed that when the concentration of iodine

(127I) exceeds 1,000 mg/mL, the slope of the calibration curve decreases for each 127I related ion such as 127I+/127I16O+, 127I+/127I18O+(or
127I17O1H+, 127I16O1H2

+), and 127I+/127I16O2
+. This potentially indicates that the ionization rate of iodine decreases at high concentrations.

Therefore, the concentration of natural iodine was set to 500 mg/mL for measuring 129I/127I ratio.

The isotopic ratios of 129I/127I observed for 500 mg/mL of natural iodine were 4.4 3 10�8 (Table 2) when the measured ions were

(129I+/129I16O+) and (127I+/127I16O+), respectively, independent to the use of H2 or He as the additional cell gas to O3. It should be noted

that when the 1st quadrupole was set to permit the passage of ions with m/z of 129, 127I1H2
+ also can pass and enter the reaction cell along

with 129I+. The reaction of 127I1H2
+ with O3 results in the formation of 127I18O+, which can pass the 2nd quadrupole set to permit the passage

ions withm/z of 145 and arrive at the detector, overlappingwith the spectrumof 129I16O+. Furthermore, the ratio of signal intensity observed at

(129I+(or 127I1H2
+)/129I16O+(or 127I18O+)) to that observed at (129I+(or 127I1H2

+)/127I16O+) was approximately 0.21% and close to the isotopic
6 iScience 27, 111138, December 20, 2024



Table 1. Typically reported detection limits for129I achieved with ICP-MS

Year ICP-MS model Cell gas Measured ion Detection limit (pg/mL) Reference

1992 PlasmaQuad PQ2 NAa 129I+ 30 Cox et al.36

1995 Yokokawa PMS-2000. NAa 129I+ 76 Marumatsu and Yoshida24

1996 ELEMENT NAa 129I+ 50 Kerl et al.27

2003 Platform ICP O2, He
129I+ 0.8 Izmer et al.30

2004 Platform ICP O2, He
129I+ 0.4 Izmer et al.29

2005 ELAN DRC II O2
129I+ 10 Brown et al.39

2007 ELAN DRC II O2
129I+ 5.7[3.2]b Brown et al.40

2011 ELAN DRCe O2
129I+ 15.2 Fujiwara et al.33

2013 Agilent 8800 O2
129I+ 0.3c Ohno et al.23

2013 Agilent 7700x O2
129I+ 1.5 Ohno et al.22

2014 Agilent 7500a NAa 129I+ 14.73 Hsieh et al.31

2014 ELEMENT 2 NAa 129I+ 0.7 Ezerinskis et al.35

2018 Agilent 8800 O2
129I+ 1.5 Yang et al.20

2021 iCAP RQ O2
129I+ 1.81 Kimmig et al.26

2022 NexION 5000 O2, CO2
129I+ 0.11[14]b Matsueda et al.25

2022 Agilent 8900 O2
129I+/129I16O+ 1.7[2.9]b Clralie et al.37

2022 iCAP RQ O2
129I+ 1.11[8]b Chang et al.38

2023 Agilent 8800 O2
129I+ 17[4]b Zacharauskas et al.19

Present Agilent 8800 O2
129I+ 0.7[2.4]b Present work

O2
129I+/129I16O+ 5[10]b

O2, H2
129I+ 0.12[0.13]b

O2, H2
129I+/129I16O+ 4[0.8]b

O3, H2
129I+/129I16O+

129I+/129I16O2
+

0.062[0.016]b

0.057[0.019]c

aNot available.
bBEC given in square brackets.
cEstimated as 0.3-fold of quantitation limit.
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ratio of 18O/16O in natural oxygen gas. Therefore, the relatively high isotopic ratio of 129I/127I observed by measuring (129I+/129I16O+) and

(127I+/127I16O+) can be primarily attributed to the spectral interferences from (127I1H2
+/127I18O+) to (129I+/129I16O+).

Conversely, when the measured ions were (129I+/129I16O2
+) and (127I+/127I16O2

+), the isotopic ratios of 129I/127I observed for

500 mg/mL of natural iodine were 4.9 3 10�9 and 6.7310�10 (Table 2) by using H2 and He as the additional cell gas to O3, respectively.

These lower isotopic ratios can be attributed to the exclusion of 18O related spectral interferences. Besides, the relatively higher isotopic

ratio obtained with H2 than that obtained with He probably can be attributed to the formation of 127I(16O1H2)
+ through the reaction of

127I1H2
+ with O3. The results for isotopic ratio of 129I/127I in natural iodine solutions spiked with varying levels of 129I (Figure 7) were in

good agreement with the estimated values. Notably, the results obtained by measuring (127I+/127I16O+) were corrected with reagent

blank values provided in Table 2.

Multiple studies based on ICP-QMS/QMS reported the performance for measuring isotopic ratio of 129I/127I (Table 2). The lowest values

were realized at approximately 4 3 10�9 to 7 3 10�9, which can be attributed to 127I1H2
+ (with minor contribution from 127I2D+) related to

spectral interferences.20,25,28

A report claimed that 4.6310�10 canbe realized for isotopic ratioof 129I/127I byusing5,000mg/mLof 127I solution,25withapproximately2310�9

in 1,000 mg/mL of 127I solution. The best performance (bymeasuring I+/I16O2
+, withO3 and He as the cell gas) in the current study realized 6.73

10�10 for isotopic ratio of 129I/127I by using 500 mg/mL of 127I solution. Assuming the signal intensity for 127I in 5,000 mg/mL of 127I with the present

methods, the ratio of 129I/127I can be realized as low as 6.73 10�11, approximately one order of magnitude lower than that reported.

The results obtained with O2 as the cell gas are also summarized in Table 2 for comparison. When O2 was used as the cell gas, the

performances bymeasuring (I+/I16O+) and (I+/I16O2
+) were even worse than those obtained bymeasuring (I+/I+), attributable to low sen-

sitivities due to the low yields of I16O+ and I16O2
+. The use of additional H2 or He failed in improving the analytical performance.

The reactions about 129I+, 127I1H2
+, and 129Xe+ in reported studies and the present study are illustrated in Figures 8A–8D. In reported

studies, both the on-mass measurements (Figure 8A) and mass-shift measurements (Figure 8B) failed to completely remove the interference

from127I1H2
+ and 129Xe+ to 129I+, or 127I18O+ and 129Xe16O+ to 129I16O+. The introduction of O3 and H2 as cell gas provided more efficient
iScience 27, 111138, December 20, 2024 7



Table 2. Performance for measuring129I/127I achieved with ICP-QMS/QMS

Year ICP-MS model Cell gas Measured ion 129I/127I 127I (mg/mL) Reference

2013 Agilent 8800 O2 I+/I+ 5 3 10�9 100 Ohno et al.23

2018 Agilent 8800 O2 I+/I+ 6.95 3 10�9 63.5 Yang et al.20

2022 NexION 5000 O2, CO2 I+/I+ 4.6 3 10�10

z2 3 10�9

5000

1000

Matsueda et al.25

2022 Agilent 8900 O2 I+/I16O+ 3.8 3 10�9 NAa Coralie et al.37

Present Agilent 8800 O2

O2

O2

O2, H2

O2, H2

O2, H2

O2, He

O2, He

O2, He

O3, H2

O3, H2

O3, He

O3, He

I+/I+

I+/I16O+

I+/I16O2
+

I+/I+

I+/I16O+

I+/I16O2
+

I+/I+

I+/I16O+

I+/I16O2
+

I+/I16O+

I+/I16O2
+

I+/I16O+

I+/I16O2
+

1.5 3 10�8

1.6 3 10�7

1.2 3 10�6

4.6 3 10�7

6.5 3 10�7

1.9 3 10�6

1.9 3 10�8

9.3 3 10�7

1.5 3 10�6

4.4 3 10�8

4.9 3 10�9

4.4 3 10�8

6.7 3 10�10

500 Present work

aNot available.
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removal of interferences from 127I1H2
+ and 129Xe+ to 129I+ by themeasurement of 129I+/129I16O+ (Figure 8C) and 129I+/129I16O2

+ (Figure 8D),

respectively. Furthermore, the measurement of (129I+/129I16O2
+) avoided the interference from 127I1H2

+ related ions, such as 127I16O2
+ and

127I16O18O+. In the current study, the typical sensitivity (both 129I16O+ and 129I16O2
+) for measuring 129I were approximately 6,500 CPS for

1.0 ng/mL solution, apparently higher than those reported by measuring 129I+ with O2 (and CO2) as the cell gas, approximately 300–600

CPS.26,39 Improvement of sensitivity for measuring 129I can be achieved bymodification of the samplematrix,25,38 attributable to the improve-

ment in iodine ionization in the plasma.
Figure 7. Isotopic ratio of 129I/127I in 129I spiked natural iodine sample solution measurement by ICP-QMS/QMS

Test sample, 129I spiked 500 mg/mL iodine (as NH4I) in 2% TMAH. Plots show (mean G standard deviation, n = 10). Color dashed lines estimated isotopic ratio

based on the quantity of 129I and that of natural iodine.
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Figure 8. Mechanisms for separating spectral interferences

(A) On-mass measurement of 129I+ with O2(or together with CO2) as reaction gas.

(B) Mass-shift measurement of 129I+(/ 129I16O+) with O2 as reaction gas.

(C) Mass-shift measurement of 129I+(/ 129I16O+) with O3 and H2 (or He) as reaction gases.

(D) Mass-shift measurement of 129I+(/ 129I16O2
+) with O3 and H2 (or He) as reaction gases.
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Conclusion

Quantum chemical calculations of reaction enthalpies related to I+ and Xe+ indicate that ozone can be used as a cell gas for ICP-QMS/QMS to

separate spectral interferences in the measurement of 129I+.

Experiments were conducted by using online generated ozone as the reaction gas for ICP-QMS/QMS, where significant improvement of

reactions (129I+/129I16O+) and (129I+/129I16O2
+) were observed in comparison to the results with oxygen as the reaction gas. This approach

enhances the highly sensitivemeasurement of 129I+ as 129I16O+ and 129I16O2
+ after ion-molecule reactions. The introduction of hydrogen, as an

additional cell gas to ozone, resulted in free-of-spectral-interferencemeasurement of 129I withoutmathematical correction due to the efficient

removal of spectral interferences related to 129Xe+.

The measurement of (129I+/129I16O2
+)/(127I+/127I16O2

+) resulted in a much lower blank ratio for 129I/127I analysis, which can be attributed

to the avoidance of 127I1H2
+ related spectral interferences. This occurred in themeasurement of (129I+/129I16O+)/(127I+/127I16O+). The use of

ozone as cell gas for ICP-QMS/QMS provided excellent performance for quantitative analysis of 129I and 129I/127I isotopic analysis.

The best performance for quantitative analysis 129I was realized by measuring (129I+/129I16O+) with ozone and additional hydrogen as the

reaction gas, obtaining a detection limit of 0.062 pg/mL and a BEC of 0.016 pg/mL, respectively. These results are significantly improvedwhen

compared to those reported to date, with the lowest values of 0.11 and 2.9, respectively.

The best performance for analysis of 129I/127I ratio was realized by measuring (129I+/129I16O2
+)/(127I+/127I16O2

+) with ozone and addi-

tional helium as the reaction gas, obtaining a value of 6.7310�10 with 500 mg/mL natural iodine. This can be approximately improved by

one order of magnitude when compared to the best results reported to date.

Ozone reaction can improve the formation of MO+ ion for most elements in the periodic table. It can be expected that there will be more

studies on ozone reactions with ions in the following years for separating spectral interferences or other applications.

Limitations of the study

(1) The present study is based on an ICP-QMS/QMS of model Agilent 8800s (compatible with Agilent 8900). Performance for separating

spectral interference in measuring 129I can differ slightly when other models of ICP-QMS/QMS are used.

(2) With respect to ICP-QMS/QMS used in the current study, the upper counting limit of the detector and its linearity around this limit are

key factors affecting the lower limit achieved for 129I/127I ratio.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

Ammonium iodide FUJIFILM Wako Pure Chemical Corp. CAS: 12027-06-4

Radionuclide I-129 Eckert & Ziegler Analytics, Inc. SN: 123794

Tetramethyl ammonium hydroxide Tama Chemicals Corp. CAS: 75-59-2

Instruments

ICP-QMS/QMS Agilent Technologies Model: Agilent 8800

Ozone generator EcoDesign Inc. Model: LOG-LC15G

Ozone decomposer EcoDesing Inc. Model: ED-MD9-500s
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

It is not applicable to this study.

METHOD DETAILS

Wako special grade ammonium iodide was used to prepare 127I solutions. A radio isotope solution (129I, 101.9 Bq/g in 2% TMAH, traceable to

theNational Institute of Standards and Technology) was used to prepare 129I solutions. TAMAPURE-AAgrade TMAH solution (25%) andUltra-

pur grade HNO3 (60%) were used to prepare solutions for iodine analysis and multielement analysis, respectively.

The experimental system used in this study is illustrated in Figure S1. All the instruments (1–3), switching valves (made of perfluoroalkoxy

alkanes (PFA)), connectors (made of PFA), and mass flow controllers (O2, 2 L/min) are commercially available. Tubes connecting the instru-

ments are made of PFA with an inner diameter of 1.0 mm and outer diameter of 3.0 mm. The mass flow controller is used to control the total

flow rate of O2 supplied to the ozone generator (1). Thismass flow controller is set at the downstreamof the ICP-QMS/QMS (3) tomaintain the

gas pressure supplied to the reaction cell. The ozone decomposer (2) at the upper stream ofmass flow controller protects it from corrosion by

ozone. Details with respect to the operating conditions are presented in the supplemental information.

Typical operating conditions for ICP-QMS/QMS were optimized for three sets of cell gas conditions: O3 only, O3 and H2, O3 and He,

respectively. A preliminary optimization of the instrumental conditions was carried out with a well-used tuning solution (Li, Co, Y, Ce, and

Tl, 1.0 ng/mL each in 2% HNO3). The final optimization prior to analysis of iodine was carried out with a test solution (10 mg/mL of 127I and

1.0 ng/mL and 129I in 2% TMAH). The representative parameters are as follows: radio frequency power, 1500 W; sampling depth, 8.0 mm

from the load coil; plasma gas flow rate, 14.0 L/min argon; carrier gas flow rate, 0.80 L/min argon; makeup gas flow rate, 0.45 L/min

argon; extraction l lens, �1.8 V, 2.2 V, and �1.9 V for O3 reaction, O3 and H2 reaction, and O3 and He reaction, respectively; extraction

2 lens, �205 V, �130 V, and �225 V for O3 reaction, O3 and H2 reaction, and O3 and He reaction, respectively; omega bias lens, �165 V,

�165 V, and �185 V for O3 reaction, O3 and H2 reaction, and O3 and He reaction, respectively; omega lens, 23.5 V, 23.6 V, and 25.7 V for

O3 reaction, O3 and H2 reaction, and O3 and He reaction, respectively; cell gas flow rate, 0.3 mL/min O3, 0.3 mL/min O3 with 10 mL/min

H2, and 0.3 mL/min O3 with 10 mL/min He, respectively; octopole reaction cell inlet, �50 V; octopole reaction cell outlet, �70 V; octopole

bias,�5.0 V; deflecting lens, 3.8 V, 0.6 V, and 1.2 V for O3 reaction, O3 and H2 reaction, and O3 and He reaction, respectively; energy discrim-

ination, �7.0 V; integration time, 0.1 s for 127I related ions, 5.0 s for 129I related ions, 1.0 s for other ions.

QUANTIFICATION AND STATISTICAL ANALYSIS

A mixed solution of Sb and Ba, 100 ng/mL each in 2% HNO3, was measured for correction of mass discrimination. The measured ion pairs

were 121Sb+/121Sb16O+, 123Sb+/123Sb16O+, 121Sb+/121Sb16O2
+, 123Sb+/123Sb16O2

+, 135Ba+/135Ba16O+, 137Ba+/137Ba16O+, 135Ba+/135

Ba16O2
+, and 137Ba+/137Ba16O2

+, respectively. For example, the correction factor obtainedwithmeasurement of Sb+/SbO+ canbeexpressed

as: FSb = RSb*/RSb
0, where R is the signal intensity ratio of (123Sb+/123Sb16O+)/(121Sb+/121Sb16O+), RSb* and RSb

0 denoting the real ratio and

the observed ratio, respectively. For the measurement of I+/IO+, the real ratio RI* can be calculated from the observed ratio RI
0 as: RI* =

RI
0 3 (0.57 3 FSb + 0.43 3 FBa), where 0.57 and 0.43 were the weight parameters considering the differences between isotopic masses

of 121Sb-to-127I and 127I-to-135Ba, respectively.

Following the instruction of the manual of the ICP-QMS/QMS instrument, dead-time correction was conducted for signal intensities

exceeding 1,000,000 CPS. The equation for dead-time correction was S* = S0(1-S03t), where S*, S0, and t denote the signal intensity after

correction, the initial signal intensity, and dead-time of the detector (30 ns for the present instrument), respectively.

Statistical analysis for calculations of mean values and their standard deviations were conducted with Excel for Microsoft 365. The value

following ‘‘mean value G’’ shows the standard deviation obtained from 10 repetitions of measurement, i.e., n = 10.
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All electronic structure calculations were performed using the Gaussian 16 suite. The energies of the atomic cations were obtained by

uB97XD hybrid functional and the split valence triple zeta basis set, Def2TZVP. The optimized geometries of the complexes of atomic cation

and oxygen atoms were obtained via optimization using the uB97XD/Def2TZVP level of theory. The obtained geometries were then charac-

terized by frequency calculations to determine the zero-point vibrational energy. To establish the energetics required for the reaction, the

transition state geometries were optimized at the uB97XD/Def2TZVP level and confirmed by verifying the existence of an imaginary part

of their vibrational frequencies. The connections between the transition states, reactants, and products were examined using an intrinsic re-

action coordinate analysis, starting from the transition state geometry. The harmonic frequencies obtained by frequency analysis were used to

determine the zero-point energy corrections.
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