
ll
OPEN ACCESS
Report
Ultrasensitive and highly specific detection of
iodine ions using zirconium (IV)-enhanced
oxidation
Tiantian Feng, Yihui Yuan, Xuran

Chen, ..., Roberto Scaffaro, Biao

He, Ning Wang

yuanyh@hainau.edu.cn (Y.Y.)

wangn02@foxmail.com (N.W.)

Highlights

Zr(IV) enhances the detection of I�

by boosting the generation of I2

Ultrasensitive detection of I� with

high specificity and high reliability

The detection method is

applicable in diverse

environments
�
Feng et al. report the high-sensitivity detection of I enhanced by Zr(IV). Zr(IV) can

directly and indirectly oxidize I� by promoting the generation of ,OH to obtain I2.

This results in the oxidization of 3,30,5,50-tetramethylbenzidine with detectable

signal and ultrahigh I� detection sensitivity.
Feng et al., Cell Reports Physical Science 3,

101143

November 16, 2022 ª 2022 The Author(s).

https://doi.org/10.1016/j.xcrp.2022.101143



ll
OPEN ACCESS
Report
Ultrasensitive and highly
specific detection of iodine ions
using zirconium (IV)-enhanced oxidation

Tiantian Feng,1 Yihui Yuan,1,* Xuran Chen,1 Shilei Zhao,1 Meng Cao,1 Lijuan Feng,1 Se Shi,1 HuiWang,1

Tao Liu,1 Alexander Pud,2 Li Han,3 Roberto Scaffaro,4 Biao He,5 and Ning Wang1,6,*
1State Key Laboratory of Marine Resource
Utilization in South China Sea, Hainan University,
Haikou 570228, P.R. China

2V.P. Kukhar Institute of Bioorganic Chemistry
and Petrochemistry, National Academy of
Sciences of Ukraine, 50 Kharkivske Shose, 02160
Kyiv, Ukraine

3Department of Energy Conversion and Storage,
Technical University of Denmark, Elektroevej
Building 375, 2800 Kgs. Lyngby, Denmark

4Department of Engineering, University of
Palermo, Viale delle Scienze, Ed. 6, 90128
Palermo, Italy

5Institute for Materials, Ruhr-Universität Bochum,
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SUMMARY

Nuclear energy has significantly promoted the development of hu-
man society. However, nuclear pollution caused by nuclear acci-
dents can lead to significant hazards to the environment and human
health. As a major radioactive product, radioactive iodine (mainly
existing as I�) detection has attracted significant attentions. In this
study, zirconium(IV) is used to enhance the oxidation of environ-
mental I� to form I2. Subsequently, the generated I2 oxidizes the
chemical chromogenic substrate 3,30,5,50-tetramethylbenzidine,
which is used for I� detection and realizes an ultralow limit of detec-
tion (LoD) of 0.176 nM. The LoD of our method, to the best of our
knowledge, is the lowest among those of the available chemical
methods for I� detection. Furthermore, our detection method also
shows high specificity and reliability, making it a promising tech-
nique for detecting I� in practical environments.

INTRODUCTION

Nuclear power supplies approximately 13% of the global electricity consumption

and will continue to play an important role in the development of human soci-

ety.1–9 However, radioactive elements produced by nuclear fission seriously

threaten human society and environmental safety.10–15 Iodide (I�) is the dominant

form of iodine among I�, IO3
�, I2, HOI, and organic iodine,16,17 and it is one of

the most problematic radionuclides generated during the nuclear fuel cycle owing

to its high radioactivity and extremely high solubility and mobility.18,19 The nuclear

accident of the Fukushima Daiichi nuclear power plant in 2011 caused the leakage of

radioactive iodine, including 129I and 131I, mainly in the form of I�.20 Furthermore,

the Japanese government plans to discharge nuclear wastewater in 2023, which

will cause more serious harm to the environment.21,22 Therefore, the detection of

environmental I� is of vital importance.

Recently, various methods have been used for the quantification of I�, including
high-performance liquid chromatography,23 capillary electrophoresis,24 mass spec-

trometry,25 and Raman scattering spectrometry.26 However, these methods usually

rely on expensive equipment and complicated pre-operation processes, making

them unsuitable for practical applications.27–29 Hence, chemical detection methods

are designed based on the interaction between I� and chemical chelates,30–33

which can generate detection signals, including optical signals and electrochemical

signals.34–36 However, these methods depend on the recognition of I� by

chemical chelates, which can be interfered by the coexisting ions.37 The

3,30,5,50-tetramethylbenzidine (TMB) is a chemical chromogenic substrate used in
Cell Reports Physical Science 3, 101143, November 16, 2022 ª 2022 The Author(s).
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Figure 1. Ability of Zr(IV) in enhancing the oxidization of I� and TMB

(A) ESR spectra of ,OH radicals from the solutions containing H2O2 (denoted as H), Zr(IV), and the coexistence of H2O2 and Zr(IV) (denoted as HZr). The

photographs of the corresponding solutions treated by I� for 1 min and 4 h are shown.

(B) Absorbance spectra of TMB, TMBZr, TMBHZr, TMBIZr, and TMBHIZr after the reaction time of 12 h.
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the development of colorimetric detection methods because of its high sensitivity,

good color purity for colored products, and high stability of its oxidation prod-

ucts.38,39 TMB can be oxidized to a cation radical TMB+ or diimine TMB2+. The

TMB2+ can be detected using ultraviolet-visible (UV-vis) spectrophotometer at

the absorbance wavelength of 450 nm.40 In the presence of H2O2, I
� can trigger

the oxidation of TMB by forming I2, which has been applied for detection of I�.41

However, owing to insufficient oxidation of I�, this detection method only realizes

a low detection sensitivity and cannot fulfill practical demands. Therefore, strategies

with enhanced detection sensitivity, specificity, and operation convenience are ur-

gently required for the practical detection of I�.

Zirconium(IV), denoted as Zr(IV), is a Lewis acid metal center with high chemical sta-

bility and outstanding catalytic activity.42,43 Different types of Zr(IV)-containing ma-

terials, including Zr-metal-organic frameworks (MOFs),44,45 ZrO2,
46 basic zirconium

carbonate,47 zirconium phosphate catalysts,48 and Zr(OH)4, have been used as cat-

alysts.49 However, the application of Zr(IV) in enhancing the detection sensitivity of I�

has not been reported yet. In this study, Zr(IV), in the form of ZrOCl2,
50,51 is obtained

by dissolving ZrCl4 in deionized water and is used to enhance the ability of TMB to

detect I� in the presence of H2O2. Zr(IV) enhances the oxidation of I� to I2 and trig-

gers the transformation of H2O2 to hydroxyl radicals (,OH), which also oxidize I� to

I2. Subsequently, the oxidized iodine oxidizes TMB to obtain oxidized TMB (ox-TMB)

with a yellow color, which is used to detect I�. Owing to the enhanced transformation

of I� to I2 by Zr(IV), ultrahigh sensitivity of I� detection in diverse aqueous environ-

ments is successfully realized.

RESULTS AND DISCUSSION

Mechanism of enhanced I� oxidation by Zr(IV)

The mechanism of Zr(IV) to enhance the oxidation of I� was analyzed. Electron spin

resonance (ESR) analysis showed that the coexistence of Zr(IV) with H2O2 caused the

generation of ,OH, indicating that Zr(IV) exhibited peroxidase-like activity to trigger

the homolytic splitting of H2O2 into ,OH (Figure 1A). After the addition of I�, the
mixture of Zr(IV) and H2O2 turned orange due to the oxidation of I� by ,OH to
2 Cell Reports Physical Science 3, 101143, November 16, 2022



ll
OPEN ACCESSReport
form I2. ESR analysis of the solution after the addition of I� showed that the signal of

the ,OH radical was significantly decreased, proving that ,OH was utilized in

oxidizing I� to I2 (Figure S1). Furthermore, the ability of Zr(IV) alone to trigger the for-

mation of I2 was determined by analyzing the absorbance spectra of the I� solutions

treated with Zr(IV) and both H2O2 and Zr(IV). The results showed that I3
� generated

by the interaction between I2 and I� was detected in all samples containing Zr(IV),

confirming the ability of Zr(IV) to promote the oxidation of I� to I2 (Figure S2).

X-ray photoelectron spectroscopy (XPS) analysis of the mixture containing Zr(IV)

and I� also showed that Zr(IV) was reduced to Zr(III), existing in its stable form

ZrO+,52 by obtaining electrons from I� (Figure S3). These results reveal that Zr(IV) en-

hances the oxidation of I� by combining two approaches, including the direct oxida-

tion of I� and the indirect oxidation of I� by boosting the generation of ,OH.

Enhanced oxidation of TMB by Zr(IV)

The ability of Zr(IV) to enhance the oxidation of TMB was determined by monitoring

the characteristic absorbance peak of ox-TMB at approximately 446 nm. The effects

of H2O2, I
�, and Zr(IV) on the oxidation of TMB were determined. Upon adding Zr(IV)

to the TMB solution, indicated as TMBZr, a nearly negligible peak at 446 nm, corre-

sponding to the ox-TMB, was observed (Figure S4). This weak peak indicates that

Zr(IV) only possesses a low oxidation ability to TMB. Upon the addition of H2O2

or I� to the TMB solution, indicated as TMBH and TMBI, respectively, there was

no observable peak at 446 nm. However, the addition of Zr(IV) with either H2O2

or I� to TMB, denoted as TMBHZr or TMBIZr, respectively, resulted in strong peaks

at approximately 446 nm (Figure 1B). These results indicate that Zr(IV) can oxidize

TMB in cooperation with H2O2 or I
�. The coexistence of all four substances, denoted

as TMBHIZr, led to the most significant change of the absorbance at 446 nm, which is

even distinguishable by the naked eye, indicating that the oxidation of TMB can

reach a maximum only by the coexistence of I�, Zr(IV), and H2O2.

Mechanism of enhanced TMB oxidation by Zr(IV)

The oxidation mechanism of TMB by Zr(IV) was further analyzed. The Fourier-trans-

form infrared (FTIR) spectroscopy analysis showed that, compared with the spectrum

of TMB, the peak corresponding to the C=N bond (1,566 cm�1) was detected, and

the peak corresponding to the C–N bond (1,095 cm�1) was weakened, in the spec-

trum of TMBHIZr, which was because that C–NH3
+ group in TMB was oxidized into

the C=NH2
+ group (Figure 2A). Furthermore, the peaks of the –NH2 group (3,433

and 3,358 cm�1), which were specific for TMB, were also detected in the spectrum

of TMBHI, indicating that TMB was not completely oxidized in the TMBHI system

(Figure S5). XPS analysis of the precipitate generated from TMBHIZr revealed an

extremely low amount of Zr(IV) and a high amount of iodine (Figure 2B). The results

of scanning electron microscopy (SEM) together with energy-dispersive spectros-

copy (EDS) further proved the results of XPS analysis (Figure 2C).53 The N 1s spec-

trum of TMB possessed two peaks at 401.6 and 399.6 eV, which were assigned to

the N–H and C–N groups, respectively (Figure S6). As for the coexistence of TMB

with both Zr(IV) and H2O2, the two peaks corresponding to the =NH2
+ (400.6 eV)

and C=N (398.9 eV) groups were detected, which was attributed to the oxidized

TMB. The ESR analysis showed, with the addition of Zr(IV), that the ESR intensity

of TMBHIZr was much higher than that of TMBHI, demonstrating that Zr(IV) signifi-

cantly promoted the oxidation of TMB (Figure 2D). The iodine species in TMBHI

and TMBHIZr were determined using Raman spectroscopy. The result showed that

peaks corresponding to I3
� (104 cm�1) and I2 (212 cm�1) were detected in

TMBHIZr, attributing to the oxidation of I� (Figure 2E). The oxidation of I� by ,OH

and Zr(IV) produced I2, which interacted with I� in the mixture to form I3
�. Compared
Cell Reports Physical Science 3, 101143, November 16, 2022 3



Figure 2. Mechanism of Zr(IV) in boosting the oxidation of TMB

(A) FTIR spectra of TMB and TMBHIZr.

(B) XPS spectra of TMB and TMBHIZr.

(C) SEM images and corresponding EDS elemental mapping of TMBHIZr.

(D) ESR spectrum of TMBHIZr and TMBHI.

(E) Raman spectra of TMBHI and TMBHIZr.

(F) Cyclic voltammograms of TMB, TMBHI, and TMBHIZr.

ll
OPEN ACCESS Report
with these peaks in the spectrum of TMBHI, higher peak intensities were observed in

the spectrum of TMBHIZr, which further proved the ability of Zr(IV) to promote the

oxidation of I� and subsequently facilitated the oxidation of TMB.

The oxidation of TMB was also analyzed by determining its electrooxidation behavior

by means of cyclic voltammetry (Figure 2F). For TMB alone, two pairs of separated

redox peaks, corresponding to the one-electron and two-electron oxidation stages

of TMB, were detected.54,55 The separated states of these two redox peaks indicated

that these two oxidation steps can occur in a stepwise manner without overlap. How-

ever, these redox peaks disappeared in the cases of TMBHI and TMBHIZr, indicating

that TMB in TMBHI and TMBHIZr maintained low redox activity under electrochemical

conditions. The low redox activity of TMB in TMBHIZr was because that TMB has been

completely oxidized into its two-electron oxidation product, which was the reason for

its high chromogenic efficiency. Although TMB has been detected by FTIR in the

TMBHI system, it was difficult to be further oxidized because of its low redox activity

in TMBHI. This may be the reason for the low detection sensitivity of the previous

method based on the oxidation of TMB by the coexistence of I� and H2O2.
41

Optimization of the detection system

To optimize the conditions for I� detection, the effects of Zr(IV) concentration, pH, and

salt concentration on the oxidation of TMB were analyzed by measuring the absor-

bance difference DA before and after the addition of I� into the solution containing

TMB, H2O2, and Zr(IV). The increase in Zr(IV) concentration led to the rise of DA, and

themaximumDAwas obtainedwith a Zr(IV) concentration of 1mM (Figure S7). Further-

more, constant absorbance with or without the addition of I� was observed in the
4 Cell Reports Physical Science 3, 101143, November 16, 2022



Figure 3. Performance of the proposed method in I� detection

(A) UV-vis absorbance spectra of the mixtures of TMB, Zr(IV), and H2O2 containing different concentrations of I�. The mixtures were left to react for 12 h.

The colors of the mixture before and after adding I� are shown in the inset.

(B) Linear relationships between DA and I� concentrations in the range of 0–300 nM.

(C) Verification of the LoD for detecting I�.
One-way ANOVA followed by Tukey’s post hoc tests was used to perform the multiple comparisons among the absorbance value with different I�

concentrations. Data are presented as mean values G SD from n = 5 independent experiments. **p < 0.01. All statistics were performed using IBM SPSS

Statistics 24.0.
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presence of 0.0125 mM TMB, 0.065 mM H2O2, and 1 mM Zr(IV) within the initial solu-

tion pH range of 4–10 (Figure S8). Thus, a broad range of initial pH values (from 4 to 10)

was suitable for the detection of I� using our method. Analysis of the reaction time for

the oxidation of TMB after the addition of I� showed that a stableDAwas reached after

12 h of reaction (Figure S9). Thus, a reaction time of 12 h was selected for I� detection.

For salt concentrations lower than 300 mM, the mixture exhibited a stable absorbance

both before and after the addition of I�, indicating that salt concentrations lower than

300 mM were suitable for the detection of I� using our method (Figure S10). Based on

the above analysis, a system containing 0.0125 mM TMB, 0.065 mM H2O2, and 1 mM

Zr(IV) was used for the detection of I� in aqueous environments.

Validation of the detection method for I�

To verify the performance of the constructed system in I� detection, I�was added to

the optimal system containing TMB, H2O2, and Zr(IV) and left to react for 12 h. The

intensity of the peak at approximately 446 nm increased gradually with the increase

in I� concentration (Figure 3A). Notably, with increasing I� concentration, a blue shift

of the peak was observed. This was due to the oxidation of TMB, leading to the trans-

formation of the C–NH3
+ group in TMB to the C=NH2

+ group and causing a change

in the conjugated system of the benzene ring in the molecule. The absorbance dif-

ference DA exhibited a linear relationship (R2 > 0.999) with the concentration of I� at

0.3�10, 10–30, and 30–200 nM (Figure 3B). Based on this relationship, the limit of

detection (LoD) of this method was calculated to be 0.176 nM (0.022 mg L�1) using

the following formula: 3s/k,56 where s was obtained by conducting 20 repeated de-

tections of the mixed solution without adding I�. The absorbance of the solution

containing 0.176 nM I� was significantly different from that of the solution without

I�, confirming the ability of this method to detect I� at concentrations as low as

0.176 nM and demonstrating the reliability of the calculated LoD (Figure 3C). Owing

to the addition of Zr(IV), the LoD of the proposed method is approximately 2,200

times lower than that of the detection method based on only TMB and H2O2

(0.39 mM).41 The LoD of our method is lower than the concentration of iodine in

the rainwater and soil samples near the Fukushima Daiichi nuclear power plant in

the years 201757 and 2012,58 respectively, making the method suitable for detecting

I� in a real nuclear wastewater environment.
Cell Reports Physical Science 3, 101143, November 16, 2022 5



Figure 4. Practical detection of I� in diverse aqueous environments

(A) Concentrations of I� in tap and lake water detected using the designed method. Mean values and standard errors are shown (n = 6).

(B) Iodine ions detection in simulated nuclear wastewater and simulated seawater. The correlation between the detected and the spiked concentrations

was analyzed. Mean values and standard errors are shown (n = 6).

(C) Comparison of the LoDs of our method with other methods summarized in Table S4. The corresponding references to S1 to S65 are provided in the

supplemental information.
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Detection specificity

Detection specificity is critical for the accurate detection of the target substance.

Based on the wide existence of these ions in aqueous environments, 24 cations

and 16 anions were chosen for the specificity assay. Except for I�, the other tested

ions did not change the color of the solution (Figure S11). Furthermore, these inter-

fering ions caused rare influence on the absorbance at approximately 446 nm, indi-

cating that the oxidation of TMB relies only on I�. It is noteworthy that, even by

coexisting with 10 times excess concentration, these 40 interfering ions only showed

rare influence on the DA caused by I� (Figure S12). Even by coexisting with all above

40 interfering ions, the DA value only decreased by 6.47%, demonstrating the ultra-

high specificity of this method (Figure S13).

Practical applicability

Tap and lake waters were used to determine the applicability of our detection

method. The water samples were adjusted to pH 5, and the concentrations of I�

were tested using the proposed method after suitable dilutions. The average I� con-

centrations detected in tap and lake water were 158.51 and 179.21 nM, respectively

(Figure 4A). The relative standard deviations (RSDs) of the detected I� concentra-

tions were all less than 3.05%, proving the reliability of this detection method
6 Cell Reports Physical Science 3, 101143, November 16, 2022
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(Table S1). Furthermore, simulated nuclear wastewater59 and simulated seawater60

were spiked with different concentrations of I� (that is, 2,000, 3,000, and

5,000 nM) (Table S2), and the concentrations of I�were measured using this method

after suitable dilution (Figure 4B). Themeasured I� concentrations were very close to

the spiked concentrations, and the RSDs were all less than 5.17% (Table S3), indi-

cating the suitability of this method for detecting I� in practical environments.

In conclusion, a Zr(IV)-based ultrasensitive and highly specific detection method for

aqueous I� was designed. In this method, Zr(IV) promotes the generation of I2 from

I� to trigger the oxidation of TMB in the presence of H2O2. Furthermore, Zr(IV)

directly oxidizes I� and indirectly oxidizes I� by boosting the generation of ,OH

from H2O2, thereby significantly enhancing the chromogenic efficiency of TMB for

high-sensitivity detection of I�. The designed method has an ultralow LoD of

0.176 nM, which is among the best available methods for I� detection and even

lower than the concentration of I� in the radioactive pollutants near the Fukushima

Daiichi nuclear power plant (Figure 4C; Table S4). Compared with the detection

method based merely on TMB and H2O2, the LoD of this method is 2,200 times

lower. Benefiting from the specific oxidation ability of I2 to TMB, our detection

method also showed ultrahigh specificity and can resist the interference of 40 inter-

fering ions. Moreover, this detection method exhibited high practical application

potential because of its excellent reliability in simulated nuclear wastewater and

simulated seawater. Owing to its ultrahigh specificity and sensitivity as well as

outstanding reliability, our detection method can be applied for detecting I� in

diverse environments, including nuclear wastewater, which would protect human

beings from the hazard of radioactive pollution.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Ning Wang (wangn02@foxmail.com).

Materials availability

This study did not generate new unique reagents.

Supplemental experimental procedures

The supplemental experimental procedures, including materials, characterization of

the detection mechanism, optimization of the detection method, preparation

of samples for mechanism analysis, and determination of the practical application

of this method, can be found in the supplemental information.

Data and code availability

The datasets generated in this study are available from the lead contact upon

reasonable request.
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Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.101143.
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