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Abstract 
In the atmosphere, water vapor affects the interaction of trace gases and particles, influencing key processes 

including cloud nucleation, radiation, and heterogeneous chemistry. In this study, the effect of water vapor on the 

reactions of toluene and NO2 on magnetite, a component of atmospheric dust particles, is investigated using a suite 

of analytical techniques, namely, X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass 

spectrometry (TOF SIMS). Adsorption isotherms show that water vapor reduces the adsorption of toluene on 

magnetite. XPS spectra reveal that exposure to water vapor results in limited dissociation and molecular adsorption 

of water, and partial oxidation of magnetite. When toluene is added, enhanced dissociation of water and oxidation of 

the magnetite surface are observed, strongly suggesting the importance of intermolecular interactions between water 

molecules and the interaction of toluene with the H-bonded network of adsorbed water. Upon addition of NO2, 

enhanced oxidation and NO3 are observed in XPS and TOF SIMS spectra, respectively. In contrast, on oxidized 

magnetite, less dissociation and sorption of water is observed, and no enhanced oxidation is observed. Our results 

show that hydrated magnetite surfaces inactive toward further water dissociation can be reactivated depending on 

the surface chemistry, due to Fe2+. We show that the effect of water vapor on the interaction of toluene and NO2 on 

magnetite depends on the Fe2+/Fe3+ ratio, which can vary under environmental conditions. Different reactivity of the 

Fe3O4 in dust can thus be expected, with implications on the fate of pollutants in the atmosphere. 

 

 

 
 

Introduction 
Aerosol particles are ubiquitous in the atmosphere. Emitted directly from natural and anthropogenic sources and/or 

formed from secondary reactions, they interact with radiation and can undergo further reactions with atmospheric 

constituents that affect air quality and climate.(1) The effect of particles in the atmosphere depends on their physical 

(e.g., size and shape) and chemical properties. The International Panel on Climate Change (IPCC) fifth Assessment 

Report (2013) states that despite progress made in understanding the physical and chemical properties and reactions 

of particles, aerosols and their interactions with clouds and radiation “contribute the largest uncertainty to the total 

radiative forcing estimate” affecting climate change. The aerosol-cloud-induced uncertainty is as large as the effect 

of increasing atmospheric concentration of well-mixed greenhouse gases. Current research efforts are dedicated to 

understanding reactions of particles with gaseous atmospheric constituents, namely, trace gases like water 

vapor,(2) NO2,(3) SO2,(4) and volatile and semivolatile organic compounds.(5) 

 

Iron oxides are an important class of aerosols emitted in the atmosphere from natural and anthropogenic 

sources.(6) Magnetite (FeO·Fe2O3) is a mixed-valence iron oxide containing Fe2+and Fe3+ that occurs naturally in 

rocks and sediments,(6) but is introduced into the atmosphere from anthropogenic activities involving fuel 

combustion, in particular, from vehicle emissions(7) and in the production of steel.(6) Owing to its diverse 

properties, sorptive and catalytic in particular, magnetite is of interest to many fields. For instance, in industry, 

magnetite catalyzes the production of H2 in the water gas shift reaction(8) and the production of ammonia.(6) For 
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pollution remediation technology, magnetite is used to remove heavy metals and organic compounds from water(9, 

10) and air.(11) In the environment, a recent field study suggested the presence of magnetite in dust could be 

responsible for the adsorption of polyaromatic hydrocarbons.(12) The sorption capabilities of magnetite demonstrate 

its significance as an environmental surface. 

The interaction of water on solid surfaces has been the subject of considerable research due to its relevance to 

various fields such as semiconductors,(13) catalysis,(14) and corrosion of metals.(15, 16) In the context of 

atmospheric chemistry, the adsorption of water or OH/H2O on the surface of particles will likely influence 

subsequent interactions with trace gases such as NO2, SO2, and organic compounds. Studies on the adsorption of 

SO2 on mineral dust components show that the presence of water vapor enhanced the formation of SO3
2– on calcium 

carbonate(17) but not on α-Fe2O3.(18) On aluminum oxide, the coordinated structure of nitrate ion solvated by 

coadsorbed water was shown to be different from that of the free nitrate ion(19) (and references therein). On 

magnetite, water is reported to dissociate into OH and H on oxygen vacancies and iron sites at low water 

concentration, but adsorb molecularly at increasing pressures through hydrogen bonding with surface hydroxyl 

groups.(20) Therefore, surface properties and different water vapor concentrations (resulting in different coverage) 

will likely lead to various surface chemistries and reactivity. In addition to water, the presence of multiple gases on 

certain metal oxide surfaces results in different reactivity. For example, it was reported that the presence of NO2 and 

SO2 could enhance the formation of SO4 on ZnO, TiO2, α-Al2O3, MgO, and α-Fe2O3.(4) Therefore, to evaluate the 

potential impact of magnetite as an environmental surface on climate and air quality, the effects of water and the 

coadsorption of multiple trace gases on its surfaces need investigation. 

In previous studies,(21, 22) we have shown that aromatics, namely BTEX, adsorbed efficiently to magnetite 

nanoparticles and that NO2 competed with toluene at concentrations relevant to polluted areas by oxidizing the 

surface and forming NO3 in dry air. However, the impact of coadsorbed water on the reactions of NO2 and toluene 

on magnetite was unknown and is the subject of the present work. In this study, we aimed our focus on toluene as a 

model for BTEX with a vapor pressure between those of the most volatile benzene and the less-volatile 

ethylbenzene and xylenes. Toluene is more reactive by virtue of its methyl group compared with benzene and is a 

better model for less-volatile compounds belonging to the BTEX series. The adsorption of toluene in the presence 

and absence of NO2 at relative humidity of 50 and 90% was herein investigated by collecting adsorption isotherms 

using gas chromatography–flame ionization detection (GC-FID). Changes in the chemical composition, which 

include the Fe2+/Fe3+ oxidation ratio and the formation of products were analyzed using XPS and TOF SIMS. 

Understanding the reactions of toluene, NO2, and water vapor on magnetite is necessary to predict the impact of 

rising dust and trace gas emissions on air, water, and soil surrounding urban and industrial areas, as well as on direct 

air pollution treatment efforts. We discuss the implications of our results in understanding air quality and climate 
processes. 
 

Experimental Section 

Adsorbents Synthesis 

The Fe3O4 nanoparticles (NPs) were synthesized by coprecipitating a 2:1 solution of FeCl3·6H2O and FeCl2·4H2O 

with ammonium hydroxide in deoxygenated water at 358 K based on the Massart method(23) and modified by 

Vereda et al.(24) The nanoparticles were dried in a vacuum oven at 323 K and then stored in a vacuum desiccator 

until needed. The number of washings with water controlled the initial oxidation ratio of the NPs; the higher the 

number of washings, the more oxidized the Fe3O4 NPs. 

The NPs were crushed to a powder using a mortar and pestle. For the adsorption isotherm reactions, after weighing, 

a magnetic stirring bar was used to collect the powder after weighing, a magnetic stirring bar was used to collect the 

powder; both the powder and the magnet were transferred to the flask, which was then sealed. For the XPS and TOF 

SIMS reactions, the NPs were weighed on weighing paper and transferred directly to the flasks. A magnet was 

placed outside the walls of the flask to keep the powder together. For the XPS and TOF SIMS analyses the NPs 

were transferred onto another weighing paper and then pressed onto the respective tapes used for the analyses. 

Before and after the addition of NPs, the flask containing a Teflon-coated magnetic stirring bar was evacuated down 

to at least 2 × 10–2 Torr using a Schlenk vacuum system and kept under vacuum for at least 20 min. The flasks were 

then filled with ultrahigh purity N2 and re-evacuated down to a low of 10–2–10–3 Torr. This cycle was repeated once 

more, and after the second evacuation the flask was filled with extra dry air. At this point the selected gases were 

added. 
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Adsorbent Characterization 

We used several complementary analytical techniques to characterize the Fe3O4 NPs. X-ray diffraction (XRD) 

patterns were recorded on a Siemens D5000 diffractometer with Cu Kα radiation (λ = 1.5418 Å) to identify their 

crystal structures and average size. Transmission electron microscopy images were taken on a Philips CM200 TEM 

to investigate the morphology of the Fe3O4 NPs. The Brunauer–Emmett–Teller (BET) specific surface area and the 

Barrett–Joyner–Halenda (BJH) average pore size were determined using a TriStar 3000 V6. 07 A (serial number 

2134) surface area analyzer at 77 K. For the surface chemical composition investigation of Fe3O4 NPs, we used X-

ray photoelectron spectroscopy (ESCALAB 3 MKII de VG) using a nonmonochromatic Al Kα source to collect 

high-resolution scans of the carbon C 1s, oxygen O 1s, and iron Fe 2p core lines. The charge shift correction was 

done relative to the adventitious C 1s at 285.0 eV (shown in the Supporting Information). All reported binding 

energies in this work have a resolution of ±0.4 eV. To analyze potential reaction products sorbed on the surface, 

time-of-flight secondary ion mass spectrometry (ION-TOF SIMS IV) was performed on the magnetite exposed to 

various experimental conditions. The Fe3O4 NP samples were bombarded with a Bi+ ion source at 25 kV. Mass to 

charge spectra for positive and negative ions were collected. Details on the determination of size from XRD and the 

fitting of XPS spectra are given in the Supporting Information section. 

 

 

Stock and Reaction Gas Mixtures 

Separate and diluted stock mixtures of toluene and NO2 were freshly prepared and left to equilibrate for 3 h before 

they were used in experiments. Water vapor was transferred from a flask containing liquid water in equilibrium with 

its vapor at room temperature (T = 296 ± 1 K). The preparation of reaction mixtures involved transferring water 

vapor to the required pressure and filling to 1 atm with dry air using a vacuum line, while toluene and NO2 were 

transferred using gastight syringes (Hamilton Company USA). Glass flasks were used and were precoated with a 

hydrophobic layer of GLASSCLAD 18 (UCT Specialties, Inc.). For XPS and TOF SIMS experiments, the reaction 

mixtures were left for 24 h prior to analyses. Additional details on the preparation of stock mixtures are given in 

the Supporting Information. 

 

Adsorption Isotherm 

Adsorption isotherms of toluene on Fe3O4 NPs were measured by the incremental injection of toluene into reference 

and treatment flasks, which contained water vapor amounting to 50% or 90% relative humidity (RH) in air. The 

reference flasks contained toluene only and were used to construct a calibration curve. The treatment flasks 

contained 0.14 g (RH 50%) and 1 g (RH 90%) of magnetite, and toluene alone, or in the presence of 1.5 ppm by 

volume (ppmv) NO2. Adsorption isotherms were determined by quantifying the gas-phase concentration of toluene 

using a preconcentrating CARBOXEN/polydimethylsiloxane (CAR/PDMS) solid-phase microextraction (SPME) 

fiber coupled with a gas chromatograph equipped with a flame ionization detector (GC-FID-HP 6890). The amount 

of toluene adsorbed was calculated by subtracting the number of moles at equilibrium in the reaction flask from the 

initial number of moles, which were determined from the linear fit of the calibration curve, obtained using the 

reference flask. The amount of toluene adsorbed per gram of Fe3O4 NPs as a function of toluene remaining in the 

gas phase was plotted. Details on chromatography are given in the Supporting Information. 

 

 

Surface Chemical Analysis 

XPS high-resolution spectra for Fe 2p, O 1s, and C 1s were collected for two sets of experiments carried out on two 

magnetite surfaces of different oxidation ratios, namely, sample series A (Fe2+/Fe3+ = 0.4622) and sample series B 

(Fe2+/Fe3+ = 0.3822). For simplicity, samples from series A or series B are referred to sample A, or B, respectively. 

For both sets, 0.02 g of magnetite NPs were exposed to an RH of 90% in dry air at 1 atm and room temperature (T = 
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296 ± 1 K). For sample A, the treatment flasks contained 13 ppmv of toluene in one flask, and a mixture of 0.65 

ppmv of NO2 and 13 ppmv of toluene in another flask. For sample B, an additional flask containing 0.65 ppmv 

NO2 only was tested. XPS spectra for dry samples of A and B were also collected.(22) The Fe2+/Fe3+ ratio of the 

surface was calculated from the contributions of Fe2+ and Fe3+ determined from the fitted peaks in the Fe 2p spectra. 

The base pressure in the XPS chamber was kept under 10–8 Torr. Details on the determination of Fe2+/Fe3+ are given 

in the Supporting Information. For the TOF SIMS analysis, the same preparation procedure as the XPS was 

followed. For the TOF SIMS, the analysis was carried out on Sample B. For the reactions involving 0.65 ppmv NO2, 

the concentrations were too low to be detected by either XPS or TOF SIMS. Therefore, we report the results of an 

experiment carried out for a sample exposed to 100 ppmv of NO2 using TOF SIMS. 

 

Materials and Supplies 

FeCl3·6H2O (>98%, Sigma-Aldrich) and FeCl2·4H2O (≥99%, Sigma-Aldrich), toluene (99.8%, Fisher Scientific), 

and NH3·H2O (≥25% ammonia, Fisher Scientific) were used as received. NO2 (1.02% in N2, Praxair), ultrahigh 

purity nitrogen (99.999%, MEGS Specialty Gases), and extradry compressed air (content of O2 19.5%–23.5% and 

H2O < 10 ppm, Praxair Canada, Inc.) were used as received. The SPME fibers were purchased from Sigma-Aldrich 

and conditioned as suggested by the manufacturer. Distilled and deionized water (18.2 MΩ·cm) was obtained from a 

Milli-Q machine (Simplicity 185). The pressure readings were measured using a capacitance manometer (Model 600 

Barocel, Edwards). 

Additional information on methodology, and error analysis, are provided in the Supporting Information section. 

 

Results and Discussion 
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Characterization of Magnetite Nanoparticles 

X-ray diffraction patterns were collected to identify the crystal and to determine the size of the nanoparticles. 

Figure 1 shows that sample series A and B match the reference of magnetite and have an average Scherrer size of 9 

nm (previously determined(22) and presented as a modified version in Figure 1). The TEM image in Figure 2 shows 

that the size distribution of the nanoparticles was in the range of 5–10 nm. The BET surface area and average pore 

size were previously determined(21) to be 80 ± 10 m2·g–1 and 10 ± 3 nm, respectively. 

Reduced Adsorption of Toluene Due to Water Vapor 

To evaluate the impact of water vapor, we collected adsorption isotherms of toluene at RH of 50% in the presence 

and absence of NO2. Figure 3 shows that the adsorption of toluene is inhibited until the equilibrium concentration 

reaches 0.3 × 10–8 mol·cm–3 for RH of 50%. The adsorption of toluene is completely inhibited at RH of 90% (shown 

in the Supporting Information). 
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In a previous study,(22) the adsorption of toluene on magnetite in dry air resulted in an L-shaped isotherm based on 

the Giles classification(25) indicating a favorable adsorption. Here, the inverted shape of the isotherm obtained in 

the presence of water vapor at RH 50% is classified as an S shape. The transition from an L to an S shape is 

proposed to result from competitive effects, where the competing specie binds strongly to the 

surface.(25) Therefore, by inspecting the shape of the isotherm, our results suggest that H2O inhibits the adsorption 

of toluene by competition for the sites at low toluene concentration. The inflection at higher concentrations of 

toluene suggests that toluene could be adsorbing by a cooperative mechanism, which has been reported as a 

possibility for S-shaped isotherms(25) and for the adsorption of toluene on liquid water.(26) With respect to NO2, 

the adsorption curves of toluene in Figure 3 coincide. Therefore, on the basis of isotherms alone, the effect of 

NO2 cannot be deciphered. To further understand the effect of water vapor and NO2 (if any) on the adsorption of 

toluene, we analyzed the surface chemical composition using XPS and TOF SIMS. 
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Dissociation of Water on Magnetite 

To further understand the effect of water vapor and NO2 on the adsorption of toluene, we analyzed the surface 

chemical composition using XPS and TOF SIMS. First, we report the effect of water vapor at RH 90% on the 

oxidation level of the surface of sample series A shown in Figure 4a, which shows that relative humidity causes the 

oxidation of the surface from Fe2+/Fe3+ = 0.46 (previously determined(22)) to 0.40. The analysis of the O 1s spectra 

in Figure 5a shows five peaks in the O 1s spectrum. The peak at 529.1 ± 0.4 eV is assigned to Fe–O in agreement 

with reported values.(27) The peak at 530.5 ± 0.4 eV is attributed to Fe–OH and is slightly lower than reported 

values.(27, 28) The analysis of atomic contributions in the Fe 2p, however, shows that this peak is associated with 

iron. An additional peak at 526.8 ± 0.4 eV was also added and assigned to an OH at a nonequivalent site.(20) The 

peaks at 532.2 ± 0.4 eV and 533.9 ± 0.4 eV are assigned to adsorbed OH and H2O, respectively, and agree with the 

reported values.(29) Table 1 shows the assignments of the fitted peak and ratios of species calculated from atomic 

contributions of the O 1s spectrum for sample A. By comparing Fe/O ratios for the dry (previously determined(22)) 

and humid samples shown in Table 1, a decrease is observed and is consistent with the incorporation of oxygen and 

the oxidation observed for the Fe2+/Fe3+. The increases in FeOH/FeO from 0.33 (previously determined(22)) to 0.54 

indicate that water had dissociated on the iron sites. There is also an increase in peaks higher than 531 eV assigned 

to OH and H2O. Note that the binding energies of OH and H2O also coincide with organic oxygen peaks as shown in 

Table 1. By comparing with the C 1s, the peaks at 532.2 ± 0.4 eV and 533.9 ± 0.4 eV are also consistent with 

organic carbon in the C 1s, which is a common contaminant detected by XPS on samples exposed to air. A recent 

study on the oxidation of iron by water shows that carbon impurities could dissolve in the water layer giving the C 

1s contributions.(30) The formation of OH and adsorption of H2O are consistent with studies reporting on the partial 

dissociation of water on magnetite.(20, 31) 
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Concerning oxidation, previous studies have reported that exposure to water resulted in the oxidation of 

iron;(29) here, the presence of Fe2+ suggests that the sites for oxidation are not accessible for further dissociation. 

Studies carried out on similar systems suggest that the inaccessibility to iron cations following exposure to water 

vapor is due to the presence of H atoms resulting from the dissociation of water, which prevent cation diffusion and 

occupy sites for dissociation of water.(29) The reduced oxidation of iron could also have occurred due to the 

presence of water aggregates; recent theoretical studies predict that water aggregates increase the energy barrier for 

dissociation of water on an iron surface.(32) Other possible explanations for the effect of water on magnetite are 

described in more detail in the next section. 
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Increased Dissociation of Water by the Addition of Toluene 

To investigate the interaction of toluene on the hydrated surface of magnetite, we analyzed the surface following the 

addition of toluene at relative humidity of 90% by XPS. In Figure 4b, a decrease in the Fe2+/Fe3+ ratio from 0.40 to 

0.31 compared with Figure 4a containing water vapor alone is observed. 

 

It is worth noting that we also observe changes in the O 1s spectrum. In Figure 5b, a decrease in the intensity of the 

O 1s intensity indicates adsorbed species. The ratio of Fe/O decreases, while the contributions at 532.3 eV and at 

533.6 eV assigned to OH and H2O increase. The latter contributions are also consistent with organic carbon in the C 

1s. However, because of the possible dissolution of unavoidable contaminants inherent to the technique, it is not 

possible to determine the identity of the sorbed species causing the reduced intensity of the O 1s and the organic 

carbon peaks in the C 1s. Nonetheless, upon the addition of toluene, we also observe increases in FeOH/FeO (0.66 

in Table 1). An increase in FeOH is consistent with further oxidation of the surface,(33) which could result from 

further dissociation of water. Furthermore, by comparing with experiments carried out in dry conditions,(22) the 

FeOH/FeO and O (>531.2 eV)/O (total) ratios are much larger in comparison with the dry sample.(22) These 

observations suggest that toluene can interact with the hydrated magnetite surface. The increases in the oxidation of 

the surface and in FeOH and contributions of oxygen at binding energies higher than 531.2 eV point to possible 

increased adsorption and dissociation of water. At this stage, we cannot confirm the exact mechanism, and in light of 

the likely contamination appearing in the C 1s and the absence of adsorption of toluene under the same conditions, it 

cannot be affirmed that toluene is reacting with the adsorbed OH or H2O. Because the principal sites for water 

dissociation on Fe3O4 are cations,(34) the increase in the OH (532.3 eV) upon the addition of toluene (Figure 5b) 

indicates iron sites were not saturated with OH or H2O in Figure 5a; that is, the surface was not completely covered, 

but those sites were inaccessible for further dissociation. Upon toluene addition, the further increases in OH, water 

adsorption, and oxidation suggest that toluene can likely interact with the hydrated surface and change the structure 

of the adsorbed water to favor dissociation. Note that the structural rearrangement and reorientation of dipole of the 

surface layer of liquid water due to toluene has been proposed.(26) Selected theoretical studies have proposed that 

the structural arrangement of the water network on metal and their oxides depends on the dissociation site(35, 

36) and the coverage.(37) On magnetite nanoparticles having similar sizes as those used here and prepared by 

coprecipitation, simultaneous growth of water layers at several sites has been reported.(31) Experimental studies on 

other surfaces report other mechanisms, for example, monomers to three-dimensional icelike structure (on 

epitaxially grown magnetite),(38) islands (on MgO),(39) and the formation of pseudodissociated water.(40) Some 

theoretical studies also suggest the rearrangement of hydrogen-bonded OH and H2O on magnetite (001) is 

possible.(36) We propose therefore that toluene might likely change the arrangement of the hydrogen-bonded water 

on the surface into an arrangement that favors dissociation. 

A related possibility is that toluene interacts with the network, resulting in the enhanced transfer of proton. Proton 

transfer via the H-bonded structure of several water molecules has been suggested as the key mechanism that 

facilitates the dissociation of water at high coverage in comparison with low coverage,(41) which implies the 

necessity for intermolecular interactions. 

The acid–base interaction between water and the benzene ring of aromatics forming icelike cages “trapping” 

aromatic molecules has been proposed to explain the slight solubility of toluene in water (T ≤ 291 K).(42, 

43) Interactions between the aromatic π and hydrogen on liquid water,(44) from surface OH group on silica(45) (dry 

and hydrated), and dangling OH on ice(46) have been reported. Though the exact mechanism is unclear, our results 

strongly suggest the importance of intermolecular interactions between water molecules and the interaction of 

toluene with the H-bonded network and possible reaction. Future work will include testing the dependence of water 

dissociation as a function of toluene concentration, as well as the evaluation of the role of molecular O2, and other 

key chemical systems of air pollution interest, such as SO2/toluene/H2O. 

 

Further Oxidation by NO2 

To investigate whether NO2 competed with toluene by adsorbing and/or reacting on the hydrated surface of 

magnetite, we analyzed the surface of magnetite following the addition of NO2 and toluene at RH of 90% by XPS 

and by TOF SIMS. A stronger decrease of Fe2+/Fe3+ reaching 0.16 is observed, as shown in Figure 4c. Note that 
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Fe2O3 and/or FeOOH are two possible oxidation products(20, 33) in Figure 4, but due to overlaps in binding 

energies cannot be assigned exclusively. Here again, the addition of NO2 results in interesting features in the XPS O 

1s spectrum in Figure 5c and Table 1. The Fe/O ratio further decreases in comparison with the samples exposed to 

air and toluene alone indicating further incorporation of oxygen. A slight decrease in the relative contribution of 

FeOH/FeO for the sample containing toluene alone and an increase in O (>531.2 eV)/O (total) ratio may point to a 

reaction involving the OH groups. In comparison with the system of toluene (Figure 5b), the overall intensity of the 

oxygen envelope increases (Figure 5c), indicating there are less adsorbed species. This increase is consistent with an 

increase in the oxide contribution assigned as FeO and may point to a possible reaction with the adsorbed species 

when the NO2 is added. To confirm whether NO3 was forming on magnetite in the presence of water vapor, TOF 

SIMS spectra were collected and are shown in Figure 6. 

 

Because this technique is not quantitative, the ion intensities normalized to the total ion intensity were calculated, 

and as shown in Table 2, samples a–d are comparable; hence, the results obtained under those concentrations are 

inconclusive. However, the formation of NO3 is confirmed for a sample exposed to 100 ppmv of NO2, as shown in 

Figure 6e. In the presence of H2O, the formation of NO3 and the resulting oxidation of magnetite are proposed to 

occur via reaction 1, which has been reported for HNO3 formation by heterogeneous hydrolysis of NO2.(47-49) 

 

2𝑁𝑂2 + 𝐻2𝑂 → 𝐻𝑂𝑁𝑂 + 𝐻𝑁𝑂3 (1) 

 

The formation of HNO3 via the partial dissociation of NO2 is proposed to involve a transient species having the form 

of NO+NO3;(49) NO and NO3 result from the partial dissociation of NO2 and oxidation of metal oxides.(50) Several 

species of nitrate on metal oxide in the presence of water have been observed and include HNO3, solvated and 

partially solvated nitrate as well as hydronium ion.(51) The dissociation of HNO3 into NO3(52) and surface-bound 

protons was observed on related iron oxyhydroxides.(53) An additional oxidation pathway(54) can also involve the 

oxidation of the Fe2+ following reaction 2: 
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3𝐹𝑒2+ + 4𝐻+ + 𝑁𝑂3
− ↔ 3𝐹𝑒+ + 2𝐻2𝑂 + 𝑁𝑂 (2) 

 

The increase in Fe–OH observed in Figure 5c could then also result from further dissociation of water on iron sites. 

Further studies are needed to determine the mechanism(s) resulting in the enhanced oxidation, which could be 

explained by the dissociation of NO2, H2O, and possibly the presence of H+. 
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Lower Reactivity on Oxidized Magnetite 

To compare the effect of oxidation on the reactivity toward toluene and NO2 in the presence of water, we carried out 

the same experiments on a more oxidized sample (sample series B having a ratio of Fe2+/Fe3+ = 0.38 prior to water 

vapor exposure).(22) Figure 7a shows that the exposure to water vapor alone results in further oxidation (Fe2+/Fe3+ =  
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0.31). The O 1s spectrum is shown in Figure 8a, and Table 3 shows the assignments of the fitted peak and ratios 

based on O 1s and Fe 2p atomic contributions for sample series B. The Fe/O ratio for the sample exposed to water 

vapor alone is lower than that of the sample in dry air (previously determined(22)), which indicates an incorporation 

of oxygen and is consistent with the oxidation. 

 

The ratios of FeOH/FeO and organic oxygen increase slightly compared with the dry sample.(22) In addition, 

contributions assigned to adsorbed OH (532 eV) in sample A are absent in sample B as shown in Figure 8a. These 

results indicate the oxidized sample is less reactive toward water exposure compared to sample A. The oxygen 

contribution at 533.0 ± 0.4 eV is also assigned to organic oxygen and consistent with organic carbon in the C 1s. For 

samples exposed to toluene and the mixture of toluene and NO2, the Fe2+/Fe3+ ratio increases as observed in 

Figure 7b,d. We have previously observed an increase in the Fe2+/Fe3+ ratio in the presence of toluene(21) and a 

decrease in the presence of NO2 for experiments carried out in dry air.(22) The Fe/O ratios are also slightly higher 

for the samples exposed to toluene compared with the blank (no toluene). In Table 4, the TOF SIMS analyses for 

fractions exposed to toluene show increases in the ion intensities normalized to total ion intensities for fragments 

associated with toluene at m/z of 77 (C6H5
+) and 91 (C7H7

+), and at m/z 43 (C2H3O+) and 105 (C7H5O+), associated 

with oxygenated compounds, which suggests that toluene is reacting as was previously observed for the reaction of 

toluene in dry air.(21, 22) The sample exposed to NO2 alone results in the highest oxidation, which is consistent 

with the lowest Fe/O (Table 3). 

 

 

 

 

With respect to oxygen features above 531.3 eV, no significant changes are observed under the various conditions 

shown in Figure 8; the O/O (total) ratios in Table 3 do not vary by the same extent as sample A (Table 1). 

These observations suggest that the effect of water is different on oxidized (sample B) and reduced (sample A) 
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magnetite. Sample B is inactive toward water; that is, the dissociation is not occurring as evidenced by the absence 

of adsorbed OH (532 eV), and no effect on the subsequent reactions of toluene and NO2 is observed. In this case, on 

the oxidized sample, both toluene and NO2 are able to access the iron sites. 

There are several possible explanations for the difference in reactivity toward water between the two samples. The 

first considers that water dissociation is associated with cations.(34) Compared to magnetite, γ-Fe2O3 and FeOOH, 

which are the probable oxidation phases(29, 33) under our conditions, both have less iron cations in their unit 

cells.(6) γ-Fe2O3 and FeOOH could also passivate the surface toward oxidation due to the presence of Fe3+, which 

has been suggested to slow diffusion of cations and the rate of oxidation by water vapor.(56) The dissociation of 

water can also be due to a different termination where surfaces with oxygen are found inactive toward water 

dissociation for well-defined FeO (111), which is in contrast to well-defined Fe3O4 (111) exposing iron 

cations.(34) The small NPs used here likely have less defined surfaces,(57) and the lower reactivity toward water is 

attributed to the presence of an oxidized layer for sample B. 

Noting that because H2O is added under vacuum, it is possible that the surface termination of sample A also 

contained oxygen vacancies, which have been proposed to form on magnetite in oxygen-poor conditions and 

constitute sites for water dissociation.(36) This is in contrast with oxidized magnetite, which contains an oxidized 

layer, that is, γ-Fe2O3, that contains cation vacancies.(6) The lower reactivity toward water dissociation for sample B 

suggests that the presence of water does not interact enough with the surface to influence the subsequent interaction 

of toluene with the magnetite. With respect to NO2, the detection of NO3 in Figure 6 can be due to interaction with 

H2O as proposed by eq 1 and/or by partial dissociation of NO2 into NO and NO3 on the iron resulting in the 

oxidation observed in Figure 7c; partial dissociation of NO2 and oxidation of metal centers has been observed on 

other metal oxides.(50) Though the exact mechanism for the formation of NO3 cannot be concluded from these 

results alone, it is apparent that the interaction on sample B is lower compared with sample A, as observed by the 

extent of oxidation in Figures 7c,d and 4c. 

Enhanced Reactivity Due to Fe2+ 

Because the main difference between samples A and B is the higher stoichiometric Fe2+/Fe3+ ratio, the increased 

reactivity in sample A is attributed to the presence of more Fe2+. The reactivity of Fe2+ has been reported in other 

systems such as aquatic systems where aqueous Fe2+ is known to induce the reactivity of other oxide phases with 

contaminants.(58) For example, increased reactivity toward the reduction of nitrobenzene(59) and 

uranium(VI)(60) by magnetite have been attributed to the availability of Fe2+. A study by Hoftsetter et al. has shown 

that both structural and bound Fe2+ contribute to reactivity.(61) Furthermore, in light of recent studies reporting on 

the enhanced oxidation of Fe due to nanoscale size induced forces, which cause faster diffusion of oxygen 

atoms(62) in addition to the migration of Fe2+ to the surface, it is possible that enhanced oxidation of Fe2+ is 

occurring due to nanoscale effects. In our work, though the Fe2+ is structural and not in an aqueous form, it is 

possible that at 90% RH, a combined effect of increased ion diffusion resulting from the size of the nanoparticles 

(Figures 1 and 2) and the presence of Fe2+ explain the reactivity of sample A toward water, toluene, and NO2. 

Additional considerations that can affect the reactivity toward toluene and NO2 include the impact of dissociated 

products (like OH and H), which in recent theoretical studies point to the significance of charge rearrangement and 

the dependence on termination to explain catalytic activity of magnetite reactivity.(36) Finally, the phase of oxidized 

iron (e.g., FeOOH) could also influence the reactivity. 

 
 

Conclusion 
 

In this work, we investigated the effect of relative humidity on the adsorption and reactions of toluene and NO2 on 

magnetite nanoparticles. We showed that water competed with toluene for active sites on magnetite and that the 

interaction of water on magnetite resulted in OH and molecularly adsorbed water, which are suggested to be the 

competing species. We found that the initial stoichiometric ratio of magnetite influenced the extent of dissociation of 

water, in turn influencing subsequent interactions of toluene and NO2 with magnetite. On reduced samples, higher 

dissociation of water was observed; the subsequent addition of toluene resulted in additional oxidation, dissociation 

of water, and possibly the formation of organic species, which suggests toluene interacts with the H-bonded network 

of adsorbed water. Selected theoretical studies on well-defined surfaces show that various structures of adsorbed 
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water bonding via a hydrogen network can exist (ice, hydronium) and that adsorbed species can influence the 

reactivity toward water dissociation;(63) current research also shows the significance of cooperative adsorption of 

water on dissociation.(20) Our work shows that species like toluene are able to increase water dissociation, possibly 

by influencing the cooperative adsorption of water on surfaces of environmental relevance. Interestingly, in the case 

of NO2, the nearly complete oxidation suggests that the presence of water on the surface results in additional 

complex pathways. In contrast, on oxidized magnetite samples, water dissociation occurs to a much lower extent and 

does not influence the interaction of toluene and NO2. On the basis of the observed changes in oxidation of the 

surface, the effect of water vapor on the interaction of toluene and NO2 will vary depending on the stoichiometric 

ratio of magnetite. 

 

Our results show that hydrated surfaces inactive toward further water dissociation can be reactivated toward more 

oxidation in the presence of pollutants like toluene and NO2 depending on the surface chemistry, which includes the 

availability of Fe2+ and adsorbed species. Hence, the potential occurrence of a range of stoichiometric ratios of 

magnetite in urban dusts will likely affect the fate of pollutants like NO2 and toluene in humid polluted atmospheres. 

Therefore, future work should involve testing reactivity at different stoichiometric ratios to establish a clearer 

relationship between reactivity, stoichiometry, and active sites as well as the identification of products to better 

evaluate the fate of such reactions on the environment. 

 

Supporting information 
Details on the collection and interpretation of XPS spectra, the preparation of stock mixtures, data collection using 

chromatography, the adsorption isotherm at 90% relative humidity, XPS spectra for C 1s, N 1s, and Cl 2p, and the 

calculation of XPS and TOF SIMS errors. This material is available free of charge via the Internet 

at http://pubs.acs.org. 
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