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a b s t r a c t 

Heterogeneous reaction of mineral aerosols and atmospheric polluting gases play an important role in 

atmospheric chemistry. In this study, the reactions of NO2 with or without SO2 mixture gas on the sur- 

face of α-Fe2 O3 particles under dry conditions were studied. The effects of sodium dodecyl sulfate (SDS) 

and the heterogeneous reaction under both dark and UV irradiation conditions were investigated. The in- 

frared spectrum analyzed by the two-dimensional correlation spectroscopy (2D-COS) was used to obtain 

the products formation sequences. The results showed that UV irradiation can promote the production 

of nitrate. The 2D-COS analysis indicated SDS changed the sequence order of nitrate and nitrite species 

during reactions. In oxidation conditions, the final product of heterogeneous reaction of NO2 and α-Fe2 O3 

was monodentate nitrate. Only the heterogenous reaction of NO2 and α-Fe2 O3 containing SDS (FOS) with- 

out UV light, the final product was bidentate nitrate. SDS was the catalysis agent supply and photoresist 

to the system. With surface active compounds, the environmental lifetime of heterogeneous reactions be- 

tween trace gases and aerosols extends. Surfactants, ultraviolet light, and the types of gases involved in 

the reaction all have complex effects on the aerosol aging process. This study provided a reference for 

subsequent heterogeneous reaction studies and the formation of aerosols. 

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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As one of the major tropospheric aerosols, mineral aerosols can 

e transported over long distances and interact with atmospheric 

ollutants (such as NO2 and SO2 ) during transmission. With a re- 

ction surface provided mineral aerosols, heterogeneous reactions 

ccur between mineral aerosols and gases, which change the com- 

osition and surface properties of mineral dust [1] , and further af- 

ect climate and human health [2–4] . Trivalent iron is an important 

omponent of the Earth’s crust [5] , due to wind and volcanic ac- 

ivity [6] , it is easily transferred to the atmosphere in the form of 

erosols of iron-containing mineral dust [7] . In addition, α-Fe2 O3 is 

 typical component of mineral dust and also has thermodynamic 

tability and photocatalysis properties [8] . During UV light irradi- 

tion, α-Fe2 O3 is one pathway of atmospheric gases sink. In this 

tudy, iron oxide was chosen as the model oxide. 

NO2 and SO2 are important pollution gases in atmosphere, they 

re precursors of nitrate and sulfate. Heterogeneous reactions of 

ineral aerosols with acidic gases play a crucial role during the 

ink of acidic gases [9] . In previous studies, nitrate amount on 
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oethite is higher than that on hematite and magnetite [10] . For 

ulfate series, the products on the surface of α-Fe2 O3 , α-FeOOH 

nd Fe3 O4 particles are mainly bidentate sulfate. By contrast, on 

he surface of γ -Fe2 O3 particles single-tooth Fe(III)-sulfate complex 

as yielded [11] . A synergistic effect was reported from the hetero- 

eneous reaction of NO2 and SO2 on γ -Al2 O3 particles. NO2 can 

ct as an oxidant to promote the oxidation of SO2 to sulfates [12] . 

n this paper, the heterogeneous reaction of NO2 /SO2 with Fe2 O3 

as studied, and the effect of light and surface active constituent 

n the reaction were also considered with two-dimensional corre- 

ation spectroscopy (2D-COS) analysis. 2D-COS is a technique that 

lots spectral intensity as a function of two independent spec- 

ral variables ( i.e. , frequency or wavelength) [13–15] . With these 

D spectra, a simplification of complex spectra consisting of many 

verlapping bands or bands can be obtained. It has become an im- 

ortant tool for analysis for Raman with IR spectra, Raman with 

TIR spectra, Ultraviolet-visible with fluorescence spectra [16–18] . 

Surfactant usually appears on the surface of atmospheric 

erosol particles, in the form of a single layer, sheet island, or 

hick adsorption film [19] . The surface active compounds can en- 

ance cloud condensation nuclei (CCN) activity in the atmosphere 

y reducing the surface tension or extend the lifetime of molecules 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Table 1 

Main absorption bands in this study. 

Wavenumber (cm−1 ) Surface species Vibrational mode Representation 

1662 Bridging nitrate 

or carbonyl 

ν3 [24] [25] 

1630 Water δ(HOH) [25] H2 O [24] 

1594, 1285 Bidentate nitrate 1594: ν3 high [26] 

1285: ν3 low [26] 

[ 27 , 28 ] 

1574, 1493 Monodentate nitrate 1574: ν3 (high) [29] 

1493: ν3 [24] 

[ 12 , 25 ] 

1462, 1203 Chelated nitro species [24] 

1401 Nitro compounds ν3 [24] M-NO2 [24] 

1388 Free nitrate anion ν3 [24] NO3 
− [30] 

1365, 1355-1335 Water-solvated nitrate NO3 
−(aq) [ 25 , 31 ] 

1267 Nitrite NO2 
− [30] 

1280-1260 Free sulfate SO4 
2− [8] 

1151 Bidentate sulfate [ 8 , 25 ] 
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n the bulk [ 19 , 20 ]. With surface active organics bounding on

he surface of an atmospheric particle, the heterogeneous chem- 

stry among radicals and aerosols is modified and radical oxidation 

imescale is shortened [21] . Sodium dodecyl sulfate (SDS) is an an- 

onic, nontoxic surfactant, it is often used as a surrogate for soluble 

tmospheric surfactants [22] . In this study, SDS was selected as a 

odel surfactant to research its effects to the heterogeneous reac- 

ion between acid gases and photocatalytic aerosol particle. 

In this paper, 2D-COS was used to analyze the heterogeneous 

eactions of NO2 , SO2 and α-Fe2 O3 under different conditions, and 

he effects of UV light, surfactant SDS and the different gases in- 

olved in the reaction were investigated. The analysis process of 

D-COS was shown in Supporting information (experiment section 

). The sequence order of nitrate and nitrite species was affected 

y the addition of SDS, reaction environment and other gases. As a 

odel surface active compound of this study, SDS’s sulfate tail pro- 

ides sulfate for the aerosol. With the sacrificing of C-H bond from 

DS, the bond was photocatalyzed to carbonyl group to protect the 

erosol. With 2D-COS, the heterogeneous reactions of trace gases 

NO2 and SO2 ) with α-Fe2 O3 or α-Fe2 O3 containing SDS (FOS) 

ere reinterpret. It helped to offer deep analysis to the reaction 

rocess. 

The crystallinity and phase of the Fe2 O3 nanocomposite were 

dentified using XRD analysis as seen in Fig. S1 (Supporting in- 

ormation). The pattern of Fe2 O3 nanoparticles displays the core 

-Fe2 O3 feature peaks [23] . Based on the XRD card, the type of 

e2 O3 was α-Fe2 O3 . In this paper, all experiments spectral bands 

nd their corresponding vibration modes in this study were shown 

n Table 1 [8,12,24–31] . 

The infrared spectra of NO2 on α-Fe2 O3 particles results were 

hown in Fig. S2 (Supporting information). The weak band at 

630 cm−1 was attributed to water [24] . The bands at 1594 and 

285 cm−1 were assigned to bidentate nitrates [ 27 , 28 ]. The band at

267 cm−11 was belonged to nitrite [30] . With the increase of ex- 

osure time, nitrite was converted to nitrate [30] . It indicated that 

itrite was an intermediate product of the reaction [ 27 , 31 ]. In ad-

ition, from Fig. S2 that the band at 1267 cm−1 vanished quickly 

hen UV light was applied to the system. This result suggested 

hat UV light promoted the transformation from nitrite to nitrate 

32] . The bands at 1574, 1388, 1355 and 1336 cm−1 attributed to 

itrate, corresponding to monodentate nitrate, free nitrate anion 

nd water-solvated nitrate, respectively [ 25 , 30 , 31 ]. Whether under 
2

ark condition or with UV irradiation, the main product of the het- 

rogeneous reaction of NO2 on α-Fe2 O3 was nitrate. This was con- 

istent with previous findings [ 10 , 33 ]. However, precious research 

id not interpret further. Therefore, 2D-COS was used to further 

nalyze the processes. The red and blue color indicated positive 

nd negative correlation, respectively. As shown in Fig. S3a (Sup- 

orting information), the synchronous map under dark conditions 

ad two main autocorrelation peaks of 1467 and 1285 cm−1 along 

he diagonal line. Therefore, the chelated nitro species simultane- 

usly changed with bidentate nitrate, indicating that nitrate was 

he main product. The asynchronous map revealed the sequen- 

ial changes in several new bands (Fig. S3b in Supporting infor- 

ation): 1370, 1355, 1321 and 1202 cm−1 . The order of the oc- 

urrence of the analysis and the observed bands was shown in 

able S1 (Supporting information). It could be concluded that re- 

ction time responses for products generally occurred in orders 

f chelated nitro species → water solvated nitrate → bidentate ni- 

rates → monodentate nitrate. The gas-phase NO2 was adsorbed on 

he surface of α-Fe2 O3 particles to form adsorbed NO2 , and then 

isproportionation occurred as shown in Eq. 1 [34] : 

NO2 (g) → 2NO2 (ads) ↔ N2 O4 (ads) → NO+ (ad) + NO3 
− (ads) (1) 

Chelated nitro species were first formed [ 26 , 34 ]. Then NO2 in- 

eracted with adsorbed water to form water-solvated nitrate. With 

he continuous addition of NO2 , bidentate nitrate and monodentate 

itrate yielded successively [ 26 , 34 ]. Compared with the dark con- 

ition, three new bands were observed in the synchronous map 

ith UV irradiation: 1389, 1365 and 1335 cm−1 , shown in Fig. 

3c (Supporting information). According to Fig. S3d and Table S2 

Supporting information), the sequential order for bands change 

as: chelated nitro species → free nitrate anion → water solvated 

itrate → bidentate nitrate → monodentate nitrate. Compared with 

he dark condition, nitrate species (free nitric acid anion) was ob- 

erved with UV irradiation. The order of free nitric acid anion was 

fter chelated nitro species and before aqueous solvated nitrate. 

rom previous researches, the main product of NO2 on the sur- 

ace of α-Fe2 O3 particles was nitrate with or without UV irradi- 

tion [ 10 , 33 ]. In this study, the monodentate nitrate was the final

ormed functional group during NO2 reacted with α-Fe2 O3 with 

ark or UV irradiation condition. UV light had an obvious promot- 

ng effect on the generation of nitrate (Fig. S2) [32] . 
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Fig. 1. Infrared spectra of heterogeneous reactions of NO2 on FOS particles over 

time: (a) Dark condition, (b) UV condition. 
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Fig. 2. 2D-COS spectrum of NO2 with FOS under dark and UV light: (a) Syn- 

chronous and (c) asynchronous mappings under dark condition; (b) Synchronous 

and (d) asynchronous mappings under UV condition. 
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In addition to the heterogeneous reaction involving NO2 , the 

ffects of SDS to the heterogeneous process were further investi- 

ated ( Fig. 1 ). And at the beginning, two weak bands (1203 and

467 cm−1 ) belonging to chelated nitro species formed first and 

isappeared after exposure to NO2 for about 10 min. In addition, 

he band at 1202 cm−1 was not observed in FOS compared to the 

O2 alone on the surface of α-Fe2 O3 after 30 min reaction (Fig. 

4 in Supporting information). Besides, the band at 1467 cm−1 

hifted to 1493 cm−1 , i.e., chelated nitro species was converted to 

onodentate nitrate after adding SDS [25] . These results indicated 

hat SDS promoted the transformation of chelated nitro species to 

ther nitrate species comparing to the particle without SDS. The 

and intensity at 1401 cm−1 which attributed to nitro compounds 

ncreased with time [24] . That suggested SDS could be beneficial 

o the formation of nitro compounds. The tail of SDS structure is 

ulfate, which adsorbs on α-Fe2 O3 particles and promotes the re- 

ction from gas phase NO2 to nitrate species [35] . On the other 

and, with UV light, the monodentate nitrate band at 1573 cm−1 

isappeared on FOS comparing to α-Fe2 O3 group (Fig. S4). UV irra- 

iation inhibited the formation of chelated nitro species ( Fig. 1 b). 

ompared to heterogeneous reaction without SDS (Fig. S4), a new 

and at 1662 cm−1 , which was assigned to bridging nitrate or car- 

onyl was observed [ 25 , 36 ]. The results indicated part of C-H from

DS was photocatalyzed by α-Fe2 O3 . The intensity of nitrate bands 

t 1662 and 1396 cm−1 assigned to nitrate increased. Compared 

ith the heterogeneous reaction involving only gas [9] , the ad- 

ition of additives made the whole reaction process more com- 

licated, which not only changed the types of products but also 

hanged the generation sequence among products species. 

From Figs. 2 a and b, there were two autocorrelation bands of 

491 and 1281 cm−1 under dark and three autocorrelation bands 

f 1500, 1392 and 1280 cm−1 under UV conditions, respectively. 

oreover, the band intensities of 1491 cm−1 and 1281 cm−1 were 

arge, indicating that their sensitivity was high. The main product 

f the two reaction conditions was nitrate. The asynchronous map 

nder dark condition had several new bands ( Fig. 2 c): 1637, 1466, 
3

385, 1353 and 1202 cm−1 . According the analysis results demon- 

trated in Table 2 and Table S3 (Supporting information), the order 

f occurrence of bands under dark and UV irradiation conditions is 

hown in Scheme 1 a. 

According to the asynchronous map ( Figs. 2 c and d), UV irra- 

iation had significant effect to the sequence of functional groups. 

rom Scheme 1 a, the chelated nitro species formed first to both 

ark and UV condition, this was consistent with the sample with- 

ut SDS. However, to the dark experiment, bidentate nitrate and 

onodentate nitrate were the last functional group yielded for the 

OS sample and α-Fe2 O3 particles, respectively. SDS supplied ad- 

itional electron to the particles and the nitrate structure on the 

OS surface was bidentate [37] . With UV light irradiation, the pro- 

ess of FOS with NO2 was more complex. Compared to the sam- 

le without SDS, the sequence bidentate nitrate and water-solved 

itrate was switched. Other nitrate species, such as bridging ni- 

rate and nitro compound were generated. The last nitrate specie 

monodentate) was the same as reaction product on α-Fe2 O3 par- 

icles. This may due to the photocatalysis process induced elec- 

ron and hole on its surface. On the other hand, the electron was 

lso from SDS. The complex relationship between the two parts 

reated this phenomenon. For all samples contained SDS with UV 

ight, the final product in the heterogeneous reaction between NO2 

nd FOS was monodentate ( Scheme 1 b). From Fig. S5 (Support- 

ng information), the integrated area reparented the nitrate and ni- 

rite amount. The products accumulation processes of the four ex- 

eriments did not have significant difference. According to Fig. S6 

Supporting information), with UV irradiation, the intensity of C-H 

and (2977 cm−1 ) was significant comparing to its in dark condi- 

ion. It suggested the SDS absorption status on the α-Fe2 O3 parti- 

le was oblique with UV irradiation. This phenomenon was not ob- 

erved on FOS in dark. In previous study, SDS demonstrated pho- 

oresist properties during the UV inducing oxidation [38] . In this 

tudy, with the C = O generated, energy from UV light was con- 

umed. It extended the environmental lifetime of heterogeneous 

eactions between trace gases and aerosols. 

The NO2 and SO2 mixture reacted with α-Fe2 O3 and its in- 

rared spectra was shown in Fig. S7 (Supporting information). Both 
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Table 2 

Band symbol relationship between synchronous and asynchronous mappings of NO2 with FOS under dark condition. 

Position (cm−1 ) Sign 

1637 1491 1466 1403 1385 1353 1281 1202 

1637 + + (−) + (−) + (−) + (−) + (−) + (−) + (−) 

1491 + (−) + ( + ) + (−) + (−) + ( + ) + (−) 

1466 + ( + ) + ( + ) + ( + ) + ( + ) + (−) 

1403 + (−) + (−) + ( + ) + (−) 

1385 + (−) + ( + ) + (−) 

1353 + ( + ) + (−) 

1281 + (−) 

1202 + 

Result 1202→ 1466→ 1353→ 1385→ 1491→ 1403→ 1281→ 1637 

Scheme 1. The sequential order of bands of heterogeneous reaction (a) NO2 with FOS and (b) NO2 and SO2 with FOS under dark and UV irradiations. 
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n dark and UV irradiation conditions, two bands appeared at 

151 cm−1 and 1266 cm−1 , which were attributed to bidentate sul- 

ate and free sulfate, respectively [ 8 , 25 ]. A band 1667 cm−1 was

bserved after 10 min reaction (Fig. S7b), which was attributed to 

ridging nitrate [36] . The main products of this heterogeneous re- 

ction process were sulfate and nitrate. In this study, the band as- 

igned to nitrite was not observed, which indicated the synergistic 

ffects of NO2 and SO2 . 

The 2D-COS was shown in Fig. S8 (Supporting information), 

nd the synchronous map had one autocorrelation band (Fig. S8a): 

277 cm−1 , indicating that the main product was sulfate. The asyn- 

hronous map showed several bands (1599, 1577, 1459, 1396, 1377, 

330, 1280, 1268 and 1156 cm−1 ) as shown in Fig. S8b. The main 

eaction mechanism of NO2 and SO2 may be as follows [ 25 , 39 , 40 ]:

O2 (g) → NO2 (ad) (2) 

O2 + MO → MSO3 (3) 

NO2 (ad) ↔ N2 O4 (ad) → NO + NO3 
− (4) 

O + NO3 
− + MSO3 → MSO4 + NO + NO2 

− (5) 

NO(g) + O2 → 2NO2 (g) (8) 
4

here M and MO represent the surface metal sites and surface re- 

ctive oxygen sites, respectively. 

According to the analysis in Table S4 (Supporting information), 

he sequential order for the band change is shown in Fig. S9 (Sup- 

orting information). 

The synchronous map under UV radiation had only two au- 

ocorrelation bands: 1504 and 1267 cm−1 , which showed the 

trongest and most sensitive sulfate bands (Fig. S8c). Multiple 

ross bands appeared in the asynchronous graph (Fig. S8d). The 

nalysis of Table S5 (Supporting information) showed that the 

ands followed a certain sequence, i.e. , Fig. S9 (Supporting infor- 

ation). The main products under dark and UV irradiation were 

ulfate and nitrate. After introduction of UV light, not only the se- 

uence of different nitrate species was changed, but also the ni- 

rate species were changed. The nitro compounds formed in the 

ark, which was not yielded with UV irradiation. The sequence of 

ulfate species for UV or dark experiment was the same, from the 

identate sulfate to free sulfate. For the UV group, water-solvated 

itrate was the final step of reactions. Previous studies reported 

here was a synergistic interaction between NO2 and SO2 [36] , 

ith 2D-COS the process could be re-elucidated. From Figs. S10a 

nd b (Supporting information), in dark group, the original prod- 

cts were accumulated in the first 10 min and generated dramat- 

cally. By contrast, the products of UV group linear increased from 

he beginning. 

From the two groups experiments results (Fig. S11 in Support- 

ng formation), the main heterogeneous reaction products of NO2 

nd SO2 with FOS were nitrates and sulfates. Compared to the 

ample without SDS (Fig. S12 in Supporting information), the band 

667 cm−1 assigned to bridging nitrate was formed. The bands 

epresented nitrate, nitrite and sulfate species (1616–1118 cm−1 ) 

ere demonstrated in Figs. S10c and d. The integrated area con- 

inuously increased with time both in dark and UV conditions. The 

mount of dark group retarded after 20 min. In contrast, in the 

rradiated groups, the integrated area and the products increased 

uring irradiation time. 
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Fig. 3. 2D-COS spectrum of NO2 and SO2 with FOS under dark and UV light: 

(a) Synchronous and (c) asynchronous mappings under dark condition; (b) Syn- 

chronous and (d) asynchronous mappings under UV condition. 
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The 2D-COS showed that the synchronous map had the same 

utocorrelation bands ( Figs. 3 a and b): 1483, 1397 and 1278 cm−1 . 

ands of 1483 and 1275 cm−1 were strongest in dark condition, 

ollowed by 1397 cm−1 , while band at 1278 cm−1 was strongest 

t UV irradiation, followed by 1479 and 1395 cm−1 . This indicated 

hat the main products under both different conditions were ni- 

rate and sulfate species. Several new cross bands appeared in the 

synchronous map under dark condition ( Fig. 3 c), and the sequen- 

ial order for the band’s changes analyzed (Table S6 in Support- 

ng information) and shown in Scheme 1 b. According to the re- 

ults ( Fig. 3 d, Table S7 in Supporting information and Scheme 1 b),

identate sulfate was the first functional group to generated under 

V. However, for the dark experiment, bidentate nitrate took the 

ead. To the final product, both in UV and dark experiments, mon- 

dentate nitrate was the final functional group. In this study, only 

ne experiment (NO2 and FOS in dark) final product was biden- 

ate nitrate. It indicated SDS offered supplemental electron to α- 

e2 O3 aerosol. With UV light or SO2 injection, the microenviron- 

ent of FOS changed. Therefore, monodentate nitrate was the fi- 

al generated for other experiments. These results suggested the 

itrate species related to the oxidation status of reactants and re- 

ction environment. The SDS offered oxidation capability from sul- 

ate ion and SO2 supplied its catalysis function. The long chain of 

DS could change its adsorption status with UV irradiation and 

rotected aerosols through its sacrificial characteristics. In other re- 

earch, the surface active compounds could slow the reactive up- 

ake of trace gases to aerosol [41] . In this study, SDS played two

oles, i.e. , photoresist and acid catalysis. 

In conclusion, we reinterpreted the reactions of NO2 with or 

ithout SO2 mixture gas on the surface of α-Fe2 O3 particles with 

r without SDS by using 2D-COS. SDS changed the sequence or- 

er of nitrate and nitrite species during reactions. Monodentate ni- 

rate was the final product of NO2 and α-Fe2 O3 in oxidation con- 

itions. Bidentate nitrate was final formation only observed in the 

eterogenous reaction of NO2 and FOS without UV light. The func- 

ions of SDS were the catalysis and photoresist. The surface active 

ompounds extended the environmental lifetime of heterogeneous 
5

eactions between trace gases and aerosols. This study provided a 

ew angle for reaction studies in environmental catalysis field. 
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