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Introduction
A significant quantity of radioactive iodine is expected to be released following severe nuclear reactor accidents. Recent studies have shown that among various species expected, iodine oxides (IxOy) are less explored but play a crucial role in nuclear safety assessments due to their impact on source term evaluation. Therefore, this study was designed to generate and characterize iodine oxides in a laboratory scale setup.
Methods
Experiments were conducted at room temperature and ambient relative humidity using an I2 concentration of ∼1 ppm and an O3 concentration of ∼30 ppm inside a controlled chamber. The reaction kinetics were determined by continuously monitoring O3 concentration. While many previous studies have relied on the radioactive iodine tracers and gamma spectroscopy, this study adopts an alternative approach by analysing ozone decay as a proxy for iodine oxidation. The generated iodine oxide aerosols were characterized for their physical and chemical properties. Impactors and gross samplers were used to collect aerosols, giving particle mass size distribution and total mass concentration, respectively. Particle morphology and chemical composition were determined using a scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).
Results and discussion
The reaction kinetics showed that ozone decay followed first-order kinetics with a high correlation (R2 > 0.99). The particles were found to have I2O5 chemical species with varied shapes, from small porous cloud-like structures to large rod-shaped particles. The findings provide valuable insights into iodine oxidation under environmentally relevant conditions, bridging knowledge gaps in source term estimation and contributing to the enhancement of accuracy of the modeling codes for nuclear safety applications.
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1 INTRODUCTION
The release of radioactive materials following a Severe nuclear reactor accident, known as the source term, is crucial for public health risk assessment (Stewart et al., 2012; Lee et al., 2022). Among these, iodine is a major concern due to its volatility, environmental persistence, thyroid affinity, and complex chemistry. It exists in multiple oxidation states and chemical forms (aerosol, organic, and inorganic), influencing dose coefficients essential for risk evaluation (Stewart et al., 2012). Historical reactor accidents such as Three Mile Island (1979), Chernobyl (1986), and Fukushima Daiichi (2011) have released significant amounts of radioactive iodine isotopes into the environment (Imanaka et al., 2015; Steinhauser et al., 2014). Initially, CsI was assumed to be the dominant iodine species entering containment, with minor contributions from other forms (Beahm et al., 1992; Soffer et al., 1995). However, later studies revealed that iodine speciation is more complex, influenced by reactor conditions, environmental factors, and radiolysis (Wren et al., 2000; Hou et al., 2013; Guentay et al., 2005). Phébus experiments further showed that iodine can be present in both gaseous and particulate forms with varied distribution depending on accident scenarios (Birchley et al., 2005; March et al., 2006; Jacquemain et al., 1999). For over 40 years, iodine behavior has been studied to improve source term predictions during severe nuclear accidents (Bosland and Jabet, 2024).
Recent studies show that air radiolysis products like ozone (O3) and ionizing radiation oxidize iodine species to form iodine oxides, which nucleate into iodine oxide particles (IxOy) (Dickinson et al., 2014; Funke et al., 2012; Herranz et al., 2015; Kärkelä et al., 2010; Kärkelä et al., 2015). These oxides are involatile and may deposit on surfaces or dissolve in water (Dickinson et al., 2014). Radiolytic I2 oxidation, which converts volatile iodine into aerosols, significantly influences its removal rate, making it key to source term assessments (Funke et al., 2012). Iodine oxides have been investigated by several international programs as well due to the crucial role in source term estimation and mitigation strategies. The PARIS program examined I2 reactivity with air radiolysis products and aerosol kinetics (Bosland et al., 2008; Bosland et al., 2011). The THAI program (Funke et al., 2012) and the EXCSI facility at VTT, Finland (Kärkelä et al., 2009), explored iodine oxide aerosols formation from I2 and O3 reactions. The STEM project studied particulate IxOy decomposition, identifying stable and unstable iodine oxides such as I2O4, I4O9, and I2O5 (Leroy and Bosland, 2023). Computational modeling studies designed to understand iodine oxides behavior in reactor accidents have also highlighted the role of iodine oxides in transport and deposition, challenging earlier models and improving radiological assessments (Dickinson et al., 2014; Lee and Cho, 2022; Bosland et al., 2010). Research on iodine oxides has focused on three key aspects: aerosol size, chemical composition, and radiolytic reaction rates. Aerosol size affects transport, deposition, and filtration efficiency, while chemical composition determines stability and reactivity. Reaction rate studies provide insights into iodine oxidation kinetics, crucial for accurate source term predictions. Together, these factors shape the understanding of iodine oxides behavior in nuclear accidents.
Aerosol size is a critical parameter for characterization, making the determination of iodine oxides aerosol size a key focus in numerous studies. For instance, THAI IOD 13 and 14 tests reported initial iodine oxide particle sizes of ∼0.2 µm, increasing to ∼0.4 µm due to agglomeration (Dickinson et al., 2014). In EXCSI, iodine oxides particle sizes ranged from tens to a few hundred nanometers (Ristovski et al., 2006). Uncertainties remain regarding the exact chemical composition, as iodine oxides may exist in multiple forms (Dickinson et al., 2014). The complex radiolytic reaction mechanism can be simplified into two steps: first, the formation of oxidizing agents, and second, the oxidation of gaseous I2 into IxOy aerosols by these agents (Funke et al., 1999; Bosland et al., 2008).
air+Radiation ⟶O3
I2 /Org I+O3⟶IxOy
The third key aspect, radiolytic reaction rates, has been explored by several researchers. Funke (2000) studied the radiolytic decomposition for high I2 concentrations, observing an initial zero-order reaction rate. This zero-order behavior suggests that the rate is constrained by the formation of a reactive species in the irradiated air/steam environment. In contrast, the PARIS program (Bosland et al., 2008; Bosland et al., 2011) examined radiolytic oxidation at lower initial I2 concentrations, revealing decomposition kinetics that deviated from Funke’s (2000) findings. The results indicated a shift toward first-order kinetics at lower I2 concentrations, challenging the previously established zero-order assumption. Similarly, Tang and Castleman (1970) studied the radiolytic decomposition of gaseous CH3I in air, reporting zero-order kinetics at high concentrations but a transition to pseudo first-order kinetics within the relevant concentration range.
Despite advancements, knowledge gaps persist in IxOy formation, transport, and impact, with oxidation kinetics under reactor accident conditions requiring further validation. Sinitsyn et al. (2024) highlighted that iodine oxides nanoparticle formation within containment can reduce filter efficiency, posing a long-term radiological hazard. Addressing these gaps through experimental studies is essential for improving nuclear accident response and iodine emission mitigation. Therefore, in this study, experiments were carried out to achieve radiolytic conversion of gaseous iodine (I2) into IxOy aerosols using O3 and analyzing their physical and chemical characteristics. The experiments were carried out under ambient room conditions to complement previous studies, such as those conducted within the THAI program, which primarily focused on elevated conditions to simulate severe nuclear accident scenarios. In contrast, our aim was to investigate under typical laboratory or environmental conditions, which are more representative of initial release or ambient atmospheric processes. The research aims to determine the size distribution, morphology, and rate constant of the formed IxOy particles, providing insights into their dynamics. Understanding these parameters is essential for refining iodine source term models, improving filtration and mitigation strategies, and enhancing nuclear safety protocols.
2 MATERIALS AND METHODS
The experiment was designed to convert gaseous iodine (I2) into iodine oxides (IxOy) using O3 inside a 0.2 m3 perspex chamber (Figure 1). This chamber, equipped with multiple sampling lines, was placed inside a walk-in chamber to ensure workplace safety (Figure 2). The ozone generator, oxygen concentrator, and iodine chamber were positioned outside the walk-in chamber and connected to the perspex chamber via sampling lines. The chamber was flushed with clean air before the start of the experiment, and experiments were carried out under room conditions. The chamber environment was equilibrated with the outside ambient conditions, and no difference in temperature and relative humidity was noted in the sensors placed at both locations during scoping tests. Temperature and relative humidity characterizing the outside ambient environment were measured during the experiments and were found to remain within the range of 25°C–30°C and 50%–55%, respectively. Due to the possibility of iodine vapor deposition on sensors, we could not place any instruments in the chamber. In addition to that, the chamber was operated at atmospheric pressure only. A zero filter was attached to a port to maintain atmospheric pressure and balance pressure differences, if any.
[image: Diagram of an isolated room setup for iodine and ozone reactions. It includes a chamber for the reaction \(I_2 + O_3 \rightarrow I_xO_y\), an iodine generator, an ozone monitor, an ozone generator, and an ozone destructor. An ozone leak detector is shown on the right. The chamber feeds into aerosol and chemical analysis equipment. Arrows indicate the flow and connections between components.]FIGURE 1 | Schematic of experimental set-up.[image: (a) Laboratory setup showing an ozone generator, oxygen concentrator, impactor, ozone monitor, iodine chamber, and walk-in chamber labeled with yellow tags. (b) Perspex chamber with attached ozone destructors inside a lab environment, also labeled with yellow tags.]FIGURE 2 | Picture of (a) experimental set-up and (b) inside of walk-in chamber.O3 was produced using an ozone generator (OZ-AIR ILG-OXY-WC, Nominal O3 production ≥20 g/h) coupled with an oxygen concentrator (dry filtered oxygen with 90% outlet purity) and introduced into the perspex chamber. The O3 concentration was continuously monitored using an ozone monitor (2B Technologies, 106-M) based on UV absorption (linear dynamic range: 0–1,000 ppm, resolution: 0.01 ppm), which provided real-time measurements to maintain controlled reaction conditions. Once a steady-state O3 concentration was achieved, the injection was stopped, and I2 vapors generated by controlled heating were introduced using an external pump. The reaction progression was monitored using an ozone monitor instead of iodine because of the possibility of continuous and real-time measurement with the high resolution (1 Hz) of the former instrument. To minimize interference from iodine in UV-based ozone measurements at 254 nm, the sampling line to the ozone monitor was kept long and submerged in an ice bath. This setup allowed I2 to condense before reaching the detector, ensuring accurate O3 quantification.
The I2 generation system consisted of a 10-L glass chamber, which was heated to approximately 100°C to facilitate the generation of I2 vapor. Filtered air was pushed into the chamber at a flow rate of 5 LPM for 10 min, achieving more than 99% clearance. The I2 concentration in the chamber was indirectly inferred from the amount of iodine pellets subjected to heating and the volume of the chamber. The direct quantification was not performed in each trial; however, a separate experiment (measurement of I2 using UV–Vis spectroscopy) was carried out to validate this methodology.
Instruments for aerosol characterization and chemical analysis were connected to the chamber. This study used an Anderson low-pressure cascade impactor (Anderson, 0.1 µm–21 μm, flow rate: 10 LPM, pressure: 150 mmHg) based on inertial impaction to get size-segregated aerosol samples for particle size distribution analysis. A gross sampler with glass fiber filter paper was used to obtain total mass concentration by collecting bulk aerosols. The sampling flow rate and the duration were 10 LPM and 20 min, respectively. To characterize the aerosol products (iodine oxides) formed during the reaction, impactor and gross filter samplings were conducted at the end of the experiment. These sampling methods were employed to investigate particle size distribution, morphology, and chemical composition and were not intended to study the reaction kinetics. The kinetics of O3 decay was monitored separately using continuous data from the ozone monitor throughout the experiment.
These aerosols collected on glass fiber filter papers were used for further chemical analysis. A scanning electron microscope (SEM) was used to obtain high-resolution imaging to analyze aerosol morphology and size, and energy-dispersive X-ray spectroscopy (EDX) was used to identify and quantify the elemental composition of iodine oxide particles. Additionally, X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation states of iodine within the collected aerosols, providing insights into their chemical composition.
All experiments were carried out in a static condition; that is, after inserting the I2 and O3, the ports were closed to allow unperturbed reaction progression. To prevent any environmental or health hazards from the O3, the exhaust of the sampling pump was connected to an ozone destructor unit. To summarize, the experiment can be subdivided into three phases:
	1) I2 Injection Phase: The iodine chamber (10 L) was flushed with air at 5 LPM for 10 min. Based on the calculated clearance time (9 min for 99% clearance at 30 ACH), the injection phase ensured complete transfer of iodine vapor into the main reaction chamber.
	2) Reaction Phase and O3 Monitoring: The O3 decay kinetics study began immediately after phase 1, i.e., after the completion of iodine injection.
	3) Sampling Phase: Approximately 10 min were allowed for completion of gas-to-particle conversion (sufficient for the depletion of one of the reactants, viz., O3, to background levels). Gross filter sampling (20 LPM for 10 min) and impactor sampling (10 LPM for 20 min) were initiated after 10 min. The objective of the sampling was to characterize the physical and chemical properties of the aerosol.

3 RESULTS AND DISCUSSIONS
Two sets of experiments were conducted to study the O3 decay kinetics and the characteristics of IxOy aerosols. Initially, the chamber contained O3 and I2 concentrations of approximately 30 ppm and ∼1 ppm, respectively, resulting in an ozone-to-iodine ratio of 30:1. The high ratio ensured the complete conversion to iodine oxides. The methodology is consistent with other studies, such as the THAI experiments. Maintaining a high O3 concentration relative to I2 is crucial as it promotes efficient oxidation and facilitates the formation of iodine oxide aerosols. The first confirmation of the conversion of iodine vapor to IxOy aerosols came from the collection of aerosols on a gross sampler. Experimental observations confirmed the rapid formation of iodine oxides through the oxidation of molecular iodine at room temperature. The obtained mass concentrations on the gross sampler were ∼20 mg/m3.
3.1 Aerosol size characterization
Numerous studies have shown that the radiolytic decomposition of I2 and CH3I leads to the formation of fine IxOy aerosols with diameters below 1 μm (Funke et al., 2012; R’mili et al., 2022). However, study by Leroy and Bosland (2023) revealed the presence of IxOy particles with a broad size distribution with three size ranges: the largest (>5 µm) accounted for 20%, while the intermediate (2–5 µm) and smallest (<1 µm) constituted the remaining 80%. In this study, aerosol size was characterized by using an impactor and SEM images. Figure 3 shows the mass size distribution obtained by the impactor. Each stage of the impactor was analyzed gravimetrically, and the filters were pre-conditioned in the desiccator prior to the sampling. The analysis shows that 70% of the formed particles lie between 1.13 µm and 2.23 µm. This is similar to the observation of the study by Leroy and Bosland (2023), where only ∼10% of the particles were >5 µm. Most of the particles (80%) lay in the range of 1–5 µm. This similarity may be attributed to the similar way of generation (excess of O3 relative to I2, low concentrations, and static chamber). These submicron aerosols may thereafter serve as nucleation sites, promoting the growth of larger iodine oxides aggregates.
[image: Bar chart showing mass concentration in milligrams per cubic meter (mg/m³) across various particle size ranges in micrometers (µm). The highest concentration is approximately 10 mg/m³ for particles sized 1.13 to 2.23 µm.]FIGURE 3 | Mass size distribution of IxOy particles obtained from the impactor.The SEM analysis was conducted at an accelerating voltage of 15 kV with a working distance of approximately 10 mm. The images were captured using a secondary electron detector at a resolution suitable for surface morphological characterization, approximately 3–5 nm. Prior to SEM observation, the samples were sputter-coated with a thin (∼10 nm) layer of gold to minimize surface charging effects and improve imaging quality. Gold was chosen due to its excellent conductivity and compatibility with SEM-EDX analysis, without interfering with the detection of key elements such as iodine or oxygen. SEM images (Figure 4) reveal IxOy aerosols exhibiting both rod-like and fluffy cloud-like structures, indicating diverse morphologies. This morphological diversity aligns with findings from previous studies, which have shown that IxOy particles can form fractal-like aggregates with varying shapes and sizes, influenced by factors such as relative humidity and the specific iodine oxide species present (R’Mili et al., 2022; Saunders and Plane, 2006). Funke et al. (2012) reported that particles undergo growth via agglomeration, leading to larger, more irregular formations over time. The presence of both rod-like and cloud-like structures in the present study is consistent with previous findings, where iodine oxide aerosols display heterogeneous morphology due to differing nucleation and growth mechanisms.
[image: Scanning electron microscope images showing various magnified views of fibrous materials. Each image displays fibers with measurements marked in micrometers and nanometers, highlighting differences in diameter and length. Magnifications range from four thousand times to ten thousand times.]FIGURE 4 | SEM images of IxOy samples collected on glass fiber filter paper.3.2 Chemical characterization
Several studies have investigated the chemical composition of IxOy, identifying potential oxidation products such as I2O4, I2O5, I4O9, and HIO3 (Kärkelä et al., 2009; Glowa and Ball, 2012). Research suggests that I2O4 plays a pivotal role in the early polymerization steps leading to IxOy formation (Martín et al., 2013; Ristovski et al., 2006; Tietze et al., 2012; Saunders et al., 2010). Successive oxidation of primary species (I, IO, IO2) in the presence of O3 ultimately produces I4O9, while I2O4 and its dimer are thought to undergo polymerization, initiating aerosol nucleation (Martín et al., 2013). The IODAIR model (Dickinson, 1998) suggests that radiolytic I2 oxidation is primarily driven by reactions with OH, O, and H radicals, forming intermediates such as HOI, HI, IO, INO2, and IONO2. A key precursor, IO2, arises through a minor pathway involving O3 reactions with I2 or IO, subsequently dimerizing into I2O4 and other oxides (Dickinson et al., 2014).
	1) IO2+IO3⟶I2O4
	2) I2O4+IO2⟶I3O6
	3) I3O6+IO2⟶I2O8
	4) I2O8+O3⟶I4O9I

However, Sipil¨a et al. (2016) proposed an alternative mechanism in which aerosols form via sequential addition of HIO3, followed by intra-cluster restructuring to I2O5 and water recycling through dehydration. In chamber studies of the I2 with hν and O3 system, Saunders and Plane (2006) suggested that I2O5 was more likely to be formed through successive oxidation of I2O2, I2O3, and I2O4 in the presence of O3. The reactive processes and composition of polymerizing iodine oxides remain uncertain, with intermediate reactions leading to aerosol formation still poorly understood (Kumar et al., 2018; Martín et al., 2020).
	1) I2O2+O3⟶I2O3
	2) I2O3+O3⟶I2O4
	3) I2O4+O3⟶I2O5
	4) I2O5+I2O5n⟶I2O5n+5

To address the uncertainty in the chemical composition of the formed IxOy, both EDX and XPS analyses were performed on aerosol samples collected using the gross sampler. Elemental mapping via EDX (Figure 5) confirmed the spatial distribution of iodine, indicating its presence within the observed structures. EDX, alongside SEM, enables qualitative elemental analysis by detecting characteristic X-rays emitted upon electron beam interaction. Figure 6 shows the EDX spectra of the collected aerosol particles during experiments. The spectra exhibit prominent peaks corresponding to iodine and oxygen, thereby supporting the formation of iodine oxides.
[image: SEM images of fibrous structures are shown in the top panels, with dense interwoven strands on the left and a detailed surface on the right. The bottom panels display corresponding data plots with cyan dots on a black background, indicating specific data points related to the electron images.]FIGURE 5 | SEM images and EDX elemental mapping showing presence of iodine (cyan color dots represent iodine) (15 keV accelerating voltage and 10 mm working distance).[image: Scanning electron microscope images show fiber structures with labeled "Spectrum 1" sections. Below each image, bar charts display elemental analysis data. The first graph presents 36.86% weight and 82.24% atomic oxygen, 63.14% weight and 17.76% atomic indium. The second graph shows 31.06% weight and 78.14% atomic oxygen, 68.94% weight and 21.86% atomic indium.]FIGURE 6 | EDX elemental analysis of iodine oxides aerosol (corresponding to area in box, top).To further determine the chemical composition of the iodine oxides, X-ray photoelectron spectroscopy (XPS) analysis was conducted, which confirmed the presence of I2O5. XPS is a powerful technique used to analyze the chemical composition and oxidation states of elements in a material by measuring the binding energy of emitted electrons upon X-ray irradiation. X-ray photoelectron spectroscopy (XPS) measurements were carried out using a DESA-150 electron analyzer (Staib Instruments, Germany) with a resolution of 2 eV, a pass energy of 40 eV, and Mg-Ka (1,253.6 eV) source. The accelerating voltage was 15 KeV, and the beam current was 15 mA. The binding energy was calibrated using an Au-4f7/2 line with an energy of 84.0 eV and a C-1s line with an energy of 284.8 eV. The deconvolution of high-resolution peaks was carried out using XPSPEAK4.1 software. The base pressure of the chamber was maintained at ∼ 2 × 10−8 mbar during the measurements. No additional surface coating was applied to XPS samples as the system includes a low-energy electron flood gun to neutralize surface charge during analysis.
In the case of IxOy, XPS can distinguish between different iodine oxidation states and identify specific iodine oxide compounds. The collected aerosol sample was first subjected to an XPS survey scan covering all binding energy ranges to detect elemental constituents (Figure 7a), giving a strong peak at I 3d. Further analysis of the I 3d region (Figure 7b) revealed two distinct peaks at binding energy positions of 623.5 eV and 634.96 eV, corresponding to iodine oxidation states indicative of I2O5 (Chastaine and King, 1995; Sherwood, 1976). In XPS analysis, the I 3d spectrum typically exhibits a doublet structure due to spin-orbit splitting, a common phenomenon in elements with relatively high atomic numbers. This splitting arises because the total angular momentum (J) of the electrons in the I 3d orbital can take two different values, leading to two distinct peaks. Table 1 provides detailed information on the peak positions, full width at half maximum (FWHM), and peak areas, further supporting the identification of I2O5 in the aerosol samples. Differences in experimental parameters, including reactant molar ratios, initial species concentrations, temperature, and relative humidity, can significantly influence the oxidation pathway and govern the speciation of the resulting iodine oxides. In this study, the aerosols were collected under oxidizing conditions with excess O3, which facilitated the further oxidation of lower iodine oxides to I2O5.
[image: Two graphs depicting intensity versus binding energy (BE) in electron volts (eV). Graph (a) shows peaks labeled I 3d between 600 and 1200 eV. Graph (b) magnifies a section with two peaks labeled I 3d5/2 and I 3d3/2 near 620–635 eV.]FIGURE 7 | (a) XPS survey scan for all binding energies and (b) I 3d XPS spectra.TABLE 1 | Peak analysis of XPS for the iodine oxide sample.		Peak 1	Peak 2
	Position	623.5	634.96
	FWHM	2.2	2.25
	Area	20,741.17	14,903.38


3.3 Decay rate
Previous studies have primarily utilized tracer iodine species, using gamma spectroscopy to track iodine concentration and reaction kinetics (Funke et al., 2012; Dickinson et al., 2014). However, handling radioactive iodine was not feasible in our study, making direct monitoring of iodine decay impractical. As an alternative approach, we used the decay rate of O3 for I2 consumption, given that O3 is the primary oxidizing agent in the reaction. Continuous monitoring of O3 concentration using an ozone analyzer was carried out, and its decay rate was measured over time to infer the progress of iodine oxidation. This method provides an indirect yet effective way to assess IxOy formation while ensuring safety and feasibility in a non-radioactive experimental setup.
Figures 8a,b show the decay of O3 concentration following the introduction of I2 into the chamber. By plotting O3 concentration against time, the reaction rate constant and half-life were determined, following first-order exponential decay kinetics. The decay was modeled using a mono-exponential (ExeDec1, Equation 1) function:
y=Ae−xt+yo(1)
where y represents O3 concentration (ppm), yo is residual or background ozone level when t approaches ∞. x is time (s), and k is the rate constant (s-1), which is the reciprocal of t. The half-life was calculated as (Equation 2)
t1/2=0.693k(2)
[image: Graphs showing the decrease in ozone concentration over time for two sets. (a) Set 1 shows a decline from 25 ppm, with iodine insertion marked, fitting model ExpDec1. (b) Set 2 depicts a decrease from 30 ppm, also with iodine insertion and ExpDec1 fit. (c) Set 1 displays a logarithmic plot of ozone concentration over time fitting ExpDec1. (d) Set 2 presents a similar logarithmic trend. The x-axis is time in seconds, and y-axes represent ozone concentration and logarithmic values.]FIGURE 8 | (a,b) Ozone concentration vs. time plot and (c,d) Ln [A] vs. time plot of Set 1 and Set 2 (The line-of-best-fit is shown in red.).The O3 decay exhibited an excellent fit to first-order kinetics, as indicated by the high correlation coefficient (R2 = 0.996). Additionally, plotting ln[A] vs. time yielded a linear fit (R2 = 0.995), further confirming first-order reaction behavior (Figures 8c,d). The decay constants obtained for Set 1 and Set 2 were 8.3 × 10−3 s−1 and 5.2 × 10−3 s−1, respectively, with corresponding half-lives of 83.5 s and 133.3 s, showing good reproducibility.
To assess background O3 decay in the absence of I2, control experiments were conducted by inserting O3 without I2. The results showed negligible O3 depletion, confirming that observed O3 decay during actual experiments can be attributed to iodine chemistry. Figure 9 compares the decay of O3 concentration with and without I2.
[image: Line graph depicting ozone concentration over time in seconds. The red line shows ozone decay without iodine, remaining mostly level. The blue line represents ozone decay with iodine, showing a steep decline from about 30 parts per million to 0 over 500 seconds. Legend indicates line types.]FIGURE 9 | Ozone concentration vs. time plot: with and without iodine.The use of mono-exponential decay functions (Equation 1) for kinetic analysis is well-established in the literature (Mishra et al., 2013; Vicari et al., 2021; Smulders and Nitschke, 2012; Tsai et al., 2008; Remy et al., 2015). For instance, Smulders and Nitschke (2012) employed a similar approach to study the Diels–Alder reaction between furan and maleimide, where furan consumption was modeled using a mono-exponential decay function, and the reaction rate constant was determined.
In chemical kinetics, a first-order reaction is characterized by a rate directly proportional to the concentration of a single reactant, expressed as:
Rate=kA
where k is the rate constant, and [A] is the reactant concentration. In a pseudo first-order reaction, a multi-reactant system behaves as if it follows first-order kinetics due to the presence of one reactant in large excess. The concentration of the excess reactant remains nearly constant throughout the reaction, allowing the rate law to be simplified to depend only on the limiting reactant.
Regarding the reaction between iodine (I2) and ozone (O3), studies have shown that the kinetics can exhibit first-order behavior under certain conditions. Funke (2000) observed zero-order kinetics for high I2 concentrations, while the PARIS program (Bosland et al., 2008; Bosland et al., 2011) found a shift to first order at lower concentrations. Tang and Castleman (1970) reported a similar transition for CH3I. The observed first-order ozone decay suggests that the reaction rate is primarily governed by ozone concentration, which could be due to the O3-limited reaction or rapid iodine oxidation. If iodine is present in excess or reacts rapidly with ozone, then ozone concentration dictates the rate-determining step. This scenario is common in ozone-involved reactions, where ozone decay follows first-order kinetics. Otherwise, if the iodine oxidation step is fast relative to ozone decomposition, the reaction appears first-order with respect to ozone. While the reaction indicates first-order behavior with respect to ozone, further studies such as varying initial iodine concentrations or conducting detailed mechanistic analyses are necessary to confirm whether this is a true first-order reaction or a pseudo-first-order approximation. Unlike previous studies that relied on radioactive tracer iodine and gamma spectroscopy, the present study employs ozone decay as a proxy for iodine oxidation, allowing safe and continuous reaction monitoring without the complexities of handling radioactive iodine. This study bridges the data gap that can help in refining source term assessments and advancing computational modeling. The findings contribute to a better understanding of iodine oxides formation kinetics, providing valuable insights for nuclear safety and mitigation strategies in iodine-related environmental scenarios.
4 CONCLUSION
This study provides critical insights into the formation and characteristics of iodine oxides (IxOy) through the oxidation of molecular iodine (I2) by ozone (O3) under room conditions. One of the key distinctions of this study lies in its experimental conditions. While earlier studies, such as those conducted in large-scale facilities like THAI, explored iodine chemistry under extreme conditions (e.g., elevated temperatures and humidity levels), this research focuses on iodine oxidation in a more simplified yet environmentally relevant setting.
With an initial I2 concentration of 1 ppm and O3 at 30 ppm, the study demonstrated rapid IxOy formation, confirming that iodine oxidation can proceed efficiently under ambient conditions. The study effectively demonstrates that iodine oxides can form rapidly under ambient conditions. High-resolution characterization techniques such as SEM, EDX, XPS, and impactor-based sampling provided a detailed analysis of the size, morphology, and elemental composition of IxOy aerosols. The SEM images revealed both rod-like and cloud-like structures, indicating a complex aerosol formation process, while EDX and XPS confirmed the presence of iodine oxides, I2O5. Kinetic analysis showed first-order ozone decay, indicating ozone-limited reaction dynamics.
Understanding IxOy formation at room temperature and relative humidity helps refine models related to aerosol nucleation, transport, and deposition, particularly in nuclear accident scenarios. By refining kinetic models and exploring broader reaction conditions, future research can enhance our understanding of IxOy behavior in nuclear accident scenarios, ultimately improving risk assessment and mitigation strategies. This study uses ozone decay kinetics for determining iodine oxidation, enabling safe and continuous reaction monitoring without relying on radioactive tracers or gamma spectroscopy. In summary, this study not only reinforces the rapid oxidation of iodine by ozone under ambient conditions but also offers a methodological approach, detailed aerosol characterization, and robust kinetic analysis that distinguish it from previous research in the field.
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