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Hematite is one of the most important components in atmospheric mineral aerosols, which always pre-
sents different morphologies due to its different formation processes and various sources. However, less
attention has been paid to the influences of the particle morphologies on atmospheric heterogeneous re-
actions as well as the contributions from illumination and moisture. In the present study, the impacts of
these factors on the heterogeneous conversion of SO, on nano a-Fe,Osz particles with different morphol-
ogies were investigated in detail using in situ diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFTS). The results indicated that the heterogeneous reactivities were significantly different among four
a-Fe,Os samples with various shapes. Compared to the nanocapsule-like and hollow nanoring-like
a-Fe O3, hexagonal nanoplate-like and agglomerated nanoparticle-like o-Fe,Os exhibited significantly
greater uptake capacity of SO, probably due to the abundant reactive sites and larger BET surface area and
pore size. In addition, light illumination enhanced the heterogeneous conversion of SO, on the four nano
a-Fe O3 samples; this might be due to the semiconducting property of hematite and comparatively low
Received 23rd January 2019, light intensity. Furthermore, moisture promoted the heterogeneous uptake of SO, on hexagonal
Accepted 11th April 2019 nanoplate-like a-Fe,Os in appropriate range; however, excess moisture was unfavorable for sulfate forma-
DOI: 10.1039/c9en00097f tion. Possible mechanisms were proposed in the present study. This study would be helpful in understand-
ing the atmospheric heterogeneous processes and provides useful parameters for atmospheric modelling

rsc.li/es-nano studies.

Environmental significance

Mineral aerosols have great impacts on the global climate and human health directly and indirectly, and the heterogeneous conversion of gaseous
pollutants in the atmosphere plays an important role in aerosol formation. Numerous studies have been performed that have mainly focused on the
impacts of moisture, temperature, and the composition of particles on this heterogeneous conversion. However, mineral dusts present different
morphologies in the atmosphere due to their different formation processes and various sources. This study investigates, for the first time, the impact of
morphology on the heterogeneous conversion of SO, on nano a-Fe,0;. We found that the uptake capacity was significantly different among four o-Fe,O;
with different shapes, probably due to their different BET specific surface areas, surface active sites, and crystal planes. In addition, the results indicated
that light illumination enhanced the heterogeneous conversion and moisture promoted it in an appropriate range. This study makes up for the
deficiencies in previous studies, and provides new insights for research into the atmospheric heterogeneous reactions.
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surfaces of dust particles.>”> Moreover, atmospheric chemis-
try models have been applied to explore the formation pro-
cess and concentration of sulfate.®® The modeling simula-
tions have indicated that the concentration of sulfate is
usually underestimated, whereas the SO, concentration is
overestimated as compared to the case of field measure-
ments. On the other hand, sulfate formed from the gas phase
and aqueous phase oxidation could not bridge the gap be-
tween field measurements and modeling simulations on a
global scale.**'° In addition, via field measurements, it has
been found that the surfaces of atmospheric particles are
usually coated with sulfate.'’ Therefore, the heterogeneous
oxidation of SO, on the surfaces of atmospheric particles
might play an important role in sulfate formation. Moreover,
the heterogeneous conversion of SO, and the formation of
sulfate will change the size, composition, and morphology of
aerosol particles and thus have significant impacts on hygro-
scopicity, optical property and cloud condensation nuclei ac-
tivity."> Many studies have been conducted to investigate the
atmospheric heterogeneous conversion of SO, and other
gases on the surface of nanoparticles. These studies are often
focused on understanding the effects of relative
humidity,”**® temperature,'"'® the composition of nano-
particles,'”'® other gases such as O3, NH;, and NO,,"* " the
crystal structure,'"*> and so on. However, there are still too
many uncertainties in the complicated atmospheric heteroge-
neous reactions.

Mineral dust, emitted from arid and semi-arid regions, is
a major component in the atmosphere. The annual flux of
mineral dusts entering into the atmosphere is estimated to
be about 1000-3000 Tg, which accounts for about 30-60% of
global aerosols.”*** Among these mineral dusts, size-resolved
particulate matters containing nanoparticles inevitably exist.
These mineral nanoparticles can be transported over thou-
sands of kilometers, all the while providing reactive surfaces
for the heterogeneous conversions of atmospheric reactive
gases. Iron is an important component of mineral dusts, in
which it usually exists in the form of iron oxides and oxy-
hydroxides.”* Significantly, iron oxide nanostructures are
widespread in environmental ecosystems, and some re-
searchers have reported that hematite could be employed as
an environmental indicator, because Fe,O; is more thermody-
namically stable than other iron oxides, such as magnetite
and goethite, under ambient conditions and also as the mor-
phologies of naturally formed hematite nanocrystals have
large variations depending on thermodynamic and chemical
conditions.>®® In nature, the typical morphologies of Fe,O;
nanocrystals are rounded, rhombohedral, and plate-like;
among these, rounded and rhombohedral morphologies are
common in low-temperature environments.”®*” In addition,
hematite nanoparticles are mostly formed from different pre-
cursors mainly through solid-state transformation pro-
cesses,”” therefore, the obtained hematite may inherit or
show some differences as compared with the precursor's
morphologies. For example, hematite nanoparticles would
present irregular hexagonal morphologies if they were formed
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from ferrihydrite by internal rearrangement and dehydration
within the ferrihydrite aggregates;*® whereas hematite nano-
particles formed by the dehydration of akaganeite and
lepidocrocite would maintain the rod- or lath-like morphol-
ogy of the precursors at high temperatures (<300-400 °C).*
Moreover, Guo et al. constructed a morphology map of hema-
tite nanocrystals over a range of environmental conditions
using modeling simulations, and the results indicated that
the equilibrium shape of hematite could be rhombohedral,
rounded, hexagonal, cubic, spherical, and so on.”® Overall,
we can see that the hematite particles show obviously differ-
ent morphologies in nature depending on their formation
process and the environmental conditions. Furthermore,
while being one of the typical oxide minerals, Fe,O; contrib-
utes ~6% by mass to the total mineral dusts burden in the
atmosphere.’® Therefore, it is reasonable that hematite would
show different shapes in the atmosphere as well. Although
the atmospheric chemical processes of Fe-containing dust
particles during long-range transport can influence the levels
of atmospheric gaseous pollutants, such as SO, and NO,, the
roles of the morphology of hematite in atmospheric heteroge-
neous reactions remain unclear. In addition, a-Fe,O; is often
used as a photocatalyst in wastewater treatment and water
splitting due to its semiconducting property. Because the per-
formances are always dependent on the morphology and size
of the photocatalysts, researchers have paid much attention
to prepare o-Fe,O; with different morphologies and sizes
with an aim to improve their performance.**® Furthermore,
o-Fe,0; is an important ingredient in steel manufacturing.
Inevitably, the use of a large amount of o-Fe,O; would make
it enter into the atmosphere, where it will participate in at-
mospheric heterogeneous reactions. The different morphol-
ogies of mineral particles might then show different chemical
reactivities, like cloud condensation nuclei activity. In the at-
mosphere, the particles usually are in a mixing state and thus
it is complex and difficult to investigate the atmospheric
heterogeneous reactions using multicomponent particles or
sampled particles. Interestingly, previous studies suggested
that single particle analyses could provide information about
the mixing state of particles and explain the heterogeneous
reactions occurring to a certain extent.’’° A lot of re-
searchers have tried to understand the mixing state of parti-
cles by analyzing a single particle through hygroscopicity, op-
tical properties, heterogeneous reactivities as well as
morphology.'>*>*! However, little attention has been paid to
investigate the influence of morphology on the heteroge-
neous conversion of SO, and other reactive gases on atmo-
spheric nanoparticles up to now.

Hence, in this study, we focused on the impact of the mor-
phology of nano a-Fe,0; on the heterogeneous conversion of
SO,, using in situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) and ion chromatography (IC). In
addition, we also studied the effects of light illumination and
relative humidity on the heterogeneous reactions. Four kinds
of a-Fe,0; with different morphologies were prepared and
used as model nanoparticles. The results revealed that
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o-Fe,0; nanoparticles with different morphologies showed
different uptake capacity. Light illumination improved the
heterogeneous oxidation of SO, on o-Fe,O; samples, while
the relative humidity (RH) promoted SO, heterogeneous con-
version in an appropriate range. This research provides a
new insight for better understanding various influential fac-
tors involved in the heterogeneous formation of sulfate on
mineral nanoparticles.

2. Experiments
2.1 Materials

All the chemicals were of analytical grade and used without
further purification. Deionized water was used throughout
the experiments (specific resistance Z18.2 MQ cm).

The methods utilized for the nano a-Fe,O; samples syn-
thesis are shown in the ESL{ The prepared four a-Fe,O; sam-
ples with nanocapsule-like, hollow nanoring-like, hexagonal
nanoplate-like, and aggregated nanoparticle-like morphol-
ogies (as discussed in section 3.1) were denoted as a-Fe,03-A,
o-Fe,05-B, a-Fe,03-C, and o-Fe,05-D, respectively. The pre-
pared samples were kept in a desiccator at 68% relative hu-
midity (RH) for 24 h before the in situ DRIFTS experiments.
The RH in the desiccator was controlled with a saturated so-
lution of potassium iodide (Sigma-Aldrich). The samples were
still loose powders after the treatment and some adsorbed
water was present on the surfaces of the hematite samples.

In order to study the effect of the relative humidity on the
heterogeneous conversion of SO, on o-Fe,O;, we chose
o-Fe,0;-C as a typical sample. The sample was kept in a des-
iccator at 68% relative humidity for 0, 12, 24, 48, 72, and 96
h, respectively. These treated samples were denoted as 68%
RH saturation time-0 h, -12 h, -24 h, -48 h, -72 h, and -96 h,
respectively.

N, and O, (99.999% purity, Shanghai Yunguang Specialty
Gases Inc.) were introduced through an air dryer of silica gel
and a molecular sieve before use. SO, (100 ppm, SO,/N,,
Shanghai Yunguang Specialty Gases Inc.) was used as a reac-
tant gas in the experiments. A xenon lamp with a light inten-
sity of about 15 mW cm> was used as the light source to
study the effect of light illumination.

2.2 Sample characterizations

The crystal structures of the as-prepared four o-Fe,O; sam-
ples were characterized by powder X-ray diffraction (XRD,
Bruker D8 Advance) using an X-ray diffractometer with Cu
Ko radiation (1 = 1.54 A) ranging from 20° to 70° (26) with a
scan speed of 2° min~". Micromorphology analysis of the
four nano o-Fe,0; samples was performed by field emission
scanning electron microscopy (FE-SEM, Hitachi S-4800, Ja-
pan). The BET specific surface area and pore size of the
samples were analyzed from nitrogen adsorption-desorption
isotherms measured at 78 K on a Micromeritics Tristar
3000.
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2.3 In situ DRIFTS experiments

In situ DRIFTS spectra were recorded using a Nicolet Avatar
360 FTIR spectrometer, equipped with a diffuse reflectance
accessory and a high-sensitivity MCT detector cooled by lig-
uid N,. The reaction chamber and the sample were coupled
with a temperature controller. The whole DRIFTS apparatus
was similar to that used in previous studies.®**

First, 50 = 0.02 mg of the hematite sample was placed into
a ceramic crucible in the reaction chamber, and the chamber
and the sample were kept at 298 K by using a temperature
controller. Before the reactant gas was introduced, the cham-
ber and the sample were purged by a stream of synthetic air
in a total flow rate of 100 mL min* for 1 h, in order to re-
move the physically adsorbed water and impurities. Then, a
single-beam spectrum was collected as the background spec-
trum. After that, a mixture of SO, (3%, v/v) and O, (21%, v/v)
with N, as the carrier was introduced into the reaction cham-
ber at a total flow rate of 100 mL min". In order to study the
effect of simulated light illumination on the heterogeneous
conversion of SO,, simulated solar irradiation was applied to
the particles with a light intensity of ~15 mW e¢m™ supplied
by a xenon lamp simultaneously.

The infrared spectra ranging from 4000 to 650 cm™ " were
collected automatically every 10 min until the total reaction
time reached 2 h. The infrared spectra were recorded at a res-
olution of 4 cm™ with 100 scans for each spectrum. Every ex-
periment was repeated at least two times.

2.4 Ton analysis

The generated surface products were analyzed using ion chro-
matography after the DRIFTS experiments. The reacted nano-
particles were extracted with 5 mL ultrapure water containing
5% formaldehyde to suppress sulfite/bisulfite oxidation.* Af-
ter ultrasonication for 5 min, the mixture was filtered
through a 0.22 um PTFE membrane, and the obtained solu-
tion was analyzed using a Metrohm 883 Basic IC. A weak base
eluent (1.0 mM NaHCO;/3.5 mM Na,CO;) was used for anion
detection at a flow rate of 1.5 mL min™". Quality assurance of
the species measurement was carried out by consulting stan-
dard reference materials produced by the National Research
Center for Certified Reference Materials, China.

3. Results and discussion
3.1 Characterizations of a-Fe,O;

The crystal structure of the as-prepared four samples were
performed using a X-ray diffractometer as shown in Fig. 1. It
was clear that all the diffraction peaks of the prepared sam-
ples matched well with the standard peaks of a-Fe,O; (JCPDS
33-0664), with lattice constants of a = 0.5013 nm and ¢ =
1.3751 nm.**** Moreover, the two main diffraction peaks at
about 33.1° and 35.6° corresponded to the (104) and (110)
planes, respectively. It could be observed that the (110) plane
was stronger than the (104) plane in the o-Fe,05-C sample,
while the (104) plane was stronger than the (110) plane in

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of the four prepared o-Fe,O3 samples.
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the other three samples. The different predominant crystal
plane in the o-Fe,03;-C sample resulted from its uniform
2-dimensional (2D) hexagonal structure, namely, the (110)
plane in the o-Fe,0;-C sample was the hexagonal face.*
Moreover, there were no other peaks observed, indicating the
prepared samples were a-Fe,O; crystals with high purity. In
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addition, the narrow and sharp peaks suggested that the
prepared a-Fe,O; samples had high-level crystallinity. There-
fore, the XRD results verified that the four synthesized sam-
ples were pure o-Fe,O; particles with high crystallinity.

A detailed investigation of the micromorphologies of the
as-prepared four a-Fe,O; samples was carried out, with Fig. 2
presenting the obtained FE-SEM images. It could be seen
that o-Fe,Os-A (Fig. 2a) was mainly composed of uniform
nanocapsule-like particles with an average particle size of
about 900 nm x 450 nm. The average size of a-Fe,03-A was
larger than 100 nm; therefore, theoretically, it does not be-
long to the nanoparticles class. However, its size was still very
small so we named it as possessing nanocapsule-like parti-
cles in this study. The SEM image of o-Fe,O;-B (Fig. 2b) im-
plied that it was composed of homogeneous hollow
nanoring-like structures, with an average size of about 150
nm (outer and inner diameters of about 120 nm and 70 nm,
respectively). The microstructure of o-Fe,0;-C (Fig. 2¢) was a
symmetrical hexagonal nanoplate-like, and the length of the
diagonal was around 150 nm and the thickness was about 10
nm. Besides, the microstructure of a-Fe,0s-D (Fig. 2d) was
composed of numerous nanoparticles with diameters of
about 75 nm. Moreover, the size distribution of the four
o-Fe,0; samples was analyzed based on the SEM images, as
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Fig. 2 SEM images and size distribution of the synthesized a-Fe,Oz samples: (a), a-Fe,O3-A. (b), a-Fe,0O3-B. (c), a-Fe,03-C, (d), a-Fe,O3z-D.
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shown in the inset in Fig. 2. It could be seen that the distri-
bution curves fit the Gaussian function well with R” values of
0.94, 0.98, 0.93, and 0.91 for o-Fe,0;-A, a-Fe,04-B, o-Fe,0,-C,
and o-Fe,0;-D, indicating that the size distribution of the
four samples was consistent with a normal distribution. It
was clear that the four prepared o-Fe,O; samples showed ob-
viously different morphologies. Therefore, it would clearly be
appropriate for us to investigate the effect of morphology on
the atmospheric heterogeneous oxidation of SO,.

Furthermore, the N, adsorption-desorption isotherms of
the four samples are shown in Fig. 3. In Fig. 3, all the iso-
therms of the four a-Fe,O; samples could be classified as type
IV in the IUPAC classification with hysteresis loops in the rela-
tive pressure range of 0.8 < p/p® < 1.0, suggesting the pres-
ence of large secondary mesoporous architectures (pore sizes
are in the range of 2 to 50 nm). In addition, it was clear that
the adsorption abilities were also different in the order of
o-Fe,03-D > a-Fe,03-C > a-Fe,05-B > a-Fe,05-A, which is con-
sistent with their specific surface areas (as shown in the inset
in Fig. 3). On the other hand, the obtained pore size and pore
volume of the four samples increased following the order:
o-Fe,03-B < a-Fe,05-A < a-Fe,05;-C < o-Fe,03-D. All the pore
sizes were in the range of 10-20 nm, indicating the secondary
mesoporous structures of the four a-Fe,O; samples. It could
be seen that the pore size of a-Fe,O3-B was smaller than that
of a-Fe,03-A, but a-Fe,0;-B showed a higher specific surface
area than o-Fe,0;-A. This might result from the hollow
nanoring-like microstructure, namely, there were outer and in-
ner surfaces in the a-Fe,03-B sample, which would increase its
specific surface area. The relations between the results
obtained from the N, adsorption-desorption isotherms and
the heterogeneous reactivities are discussed later.

3.2 Effect of morphology on heterogeneous reactions

3.2.1. Surface sulfur-containing species and hydroxyl
groups. In this section, in situ DRIFTS experiments were car-
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Fig. 3 N, adsorption-desorption isotherms and other parameters
(inset) of the four a.-Fe,Oz samples.
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ried out at 298 K without light illumination to study the ef-
fect of the morphology of nano a-Fe,O; on the heterogeneous
uptake of SO,.

DRIFTS spectra can provide valuable information of
adsorbed surface species by the vibrational modes. According
to previous studies,™**™*® the peaks between 3700 cm™* and
3500 cm ™" were ascribed to the vibrations of surface hydroxyl
groups. The peak at about 1250 cm™' was attributed to free
SO,>. The peak at around 1150 cm ™' was assigned to
adsorbed bidentate SO,>". Peaks at 1050 cm ' and 1010 cm ™!
were attributed to bridging SO,* /HSO,. In addition, vibra-
tional bands in the range of 1000-900 cm™* corresponded to
chemisorbed SO;>/HSO; . Fig. 4 shows the in situ DRIFTS
spectra (1400-900 cm ™) of the formed surface-bound species
on the four samples as a function of time. It is clear that new
vibrational bands could be observed after SO, exposure, and
the intensities of these peaks increased with the time increas-
ing. On the other hand, the DRIFTS spectra were distinct
between o-Fe,O; samples with different morphologies.
Fig. 4a displays the DRIFTS spectra of surface species on
nanocapsule-like o-Fe,O; (a-Fe,O3-A) as the reaction
proceeded. The main absorption peak at 1265 cm™* and weak
peaks ranging from 1000-900 cm ™' were observed, which
could be attributed to free sulfate and sulfite/bisulfite, re-
spectively. Besides, very weak bands between 1090-1000 cm™"
assigned to other SO,>/HSO, also existed. The in situ
DRIFTS spectra indicated that the prominent surface species
were free sulfate after SO, was exposed on o-Fe,03-A. The in
situ DRIFTS spectra collected on the hollow nanoring-like
o-Fe,0; (0-Fe,05-B) are shown in Fig. 4b. There are two peaks
visible at about 1080 and 978 cm™', which were assigned to
bridging sulfate/bisulfate and sulfite/bisulfite, respectively.
Noticeably, the dominant generated surface species were
bridging SO,>/HSO,”, which is different from the case of
o-Fe,0;-A. Fig. 4c presents the vibrational bands recorded on
the hexagonal nanoplate-like sample (a-Fe,O3-C). Two promi-
nent peaks at 1247 and 1156 cm ™" and a weak shoulder peak
at 1028 cm™* can be clearly observed in the spectra. These
peaks should be ascribed to free S0,%", bidentate SO,>” and
bridging S0, /HSO,  according to previous studies, respec-
tively. Fig. 4d shows the spectra collected on the agglomer-
ated nanoparticle-like sample (a-Fe,05-D) with SO, exposure.
There are two prominent peaks at 1244 cm™' and 1159 cm ™,
which were attributed to free SO,>~ and bidentate SO,>", re-
spectively. Moreover, two shoulder peaks at 1056 and 1012
em™ can be observed, which could be assigned to bridging
sulfate/bisulfate. Similar to the a-Fe,03-C sample, less S0,/
HSO;™ species were detected on the surface of a-Fe,O;-D. In
addition, compared to the strong peaks of the formed sul-
fates on a-Fe,03-C and o-Fe,0;-D, signals of the formed spe-
cies on o-Fe,0;-A and o-Fe,O;-B were very low, indicating
nanocapsule-like and hollow nanoring-like o-Fe,O; particles
were unfavorable for the heterogeneous oxidation of SO,.
According to the above analyses, we could find that the
formed surface species during heterogeneous reactions in-
cluded sulfate/bisulfate and sulfite/bisulfite. However, the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 In situ DRIFTS spectra collected on the four different samples
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four a-Fe,O; samples showed different dominant surface spe-
cies and the intensity of these vibrational bands was also sig-
nificantly different. In other words, the shape evolution of
mineral dusts influences their heterogeneous reactivities and
the generated species.

With the help of surface reactive hydroxyl groups and
other surface active sites, gaseous SO, could form
chemisorbed sulfite or be further oxidized to sulfate species
on the surfaces of nanoparticles. Therefore, we also discuss
the variation of surface hydroxyl groups on the surface of the
nanoparticles as the reaction proceeded. Fig. 5 displays the in
situ DRIFTS spectra (3720-3550 cm ') collected on the four
o-Fe,0; samples without light illumination. On the
nanocapsule-like and nanoring-like o-Fe,O; particles
(Fig. 5a and b), many negative peaks assigned to surface hy-
droxyl groups were observed, and their intensities increased
with the time increasing, implying their consumption as the
reaction proceeded. However, it should be noted that this
consumption was very low as compared to those seen in
Fig. 5¢ and d, which is consistent with the comparatively low
heterogeneous reactivities of the two samples. On the hexago-
nal nanoplate-like sample (Fig. 5c¢), one prominent negative
peak at 3622 cm ™" and two negative shoulder peaks at 3632
and 3612 cm " were observed. These peaks were also ascribed

This journal is © The Royal Society of Chemistry 2019
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to surface hydroxyl groups, and the fewer types of reactive hy-
droxyl groups on its surface may be attributed to its regular
hexagonal shape. On the agglomerated nanoparticle-like sam-
ple (Fig. 5d), four negative peaks at 3666, 3653, 3635, and
3621 cm ' were observed, which were attributed to surface
hydroxyl groups bonded to the surface iron species of octahe-
dral sites and tetrahedral sites."?*> The intensities of these
negative peaks increased with the time increasing, implying
that surface hydroxyl groups were consumed in the heteroge-
neous reactions.?>*° Therefore, the results reflected the dif-
ferent distributions and reactivities of the hydroxyl groups on
the surfaces of a-Fe,O; with different morphologies, which
might be responsible for the different uptake capacity to a
certain extent.

3.2.2. Quantitative analysis and uptake coefficient. It has
been reported that the concentration of generated surface
species has a positive linear relationship with the integrated
absorbance based on DRIFTS spectra.® Therefore, the ions
of the surface sulfates species, including free sulfate,
bidentate sulfate, bridging sulfate, and bisulfate, on the
different o-Fe,O; samples were analyzed according to their
integrated characteristic absorbance. A calibration curve of
sulfates ions versus the integrated absorbance was obtained
from IC analyses of a series of in situ DRIFTS experiments
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Fig. 5 In situ DRIFTS spectra collected on the four different o-Fe,Os samples (3720-3550 cm™) without light illumination: (a), a-Fe,Osz-A. (b),

a-Fe,03-B. (c), a-Fe,0O3-C, (d), a-Fe,O3z-D.

with different reaction times. The obtained value for the con-
version factor was f = 2.58 x 10'® ions per g ABU (ABU, absor-
bance unit). In the present study, the ions of the generated
sulfates species were calculated according to the formula
expressed below:"”

[S0,>7] = (integrated absorbance) x f (1)

Fig. 6 displays the calculated ions of the sulfates on differ-
ent samples as a function of time under dark conditions. The
slope of the curve could simply indicate the formation rates
of sulfates species, and thus Fig. 6 also implied that the for-
mation rates of sulfates first increased (initial stage) and then
kept stable or decreased (stable stage) as the reaction
proceeded. This was mainly because more surface reactive
sites existed in the initial stage of SO, adsorption and oxida-
tion. As the reaction proceeded, the number of active sites
then decreased as generated species were adsorbed on them,
which inhibited further SO, adsorption.***? Moreover, it was
evident that the ions of the sulfates species generated on the
different a-Fe,O; samples were obviously different. The total
ions of sulfates species decreased following the order:
a-Fe,03-D > o-Fe,03-C > o-Fe,03-B > o-Fe,03-A. Interest-

1844 | Environ. Sci.: Nano, 2019, 6, 1838-1851

ingly, this variation trend was opposite to the change in parti-
cle size and BET specific surface area as aforementioned. In
other words, the smaller particles showed a larger surface

14
oot} = a-Fe0-A]
oo [*wFe0 B
12 B E\ 0.014
~ L ;g 0012
g —2 0.010
c 10 'i 0008
© L o 0.006
a L oo
‘b Sk o /"/'_‘
M 00000 20 40 60 80 126
\)i/ Time/min
6
— —s—-Fe,0,-A
N
o 4 —e—o-Fe,0,-B
195} - -
2 —+*—a-Fe,0,-C
2 —v—0-Fe,0,-D
O P A - & -
0 20 40 60 80 100 120
Time/min

Fig. 6 Calculated ions of the sulfates on the different o-Fe,O3
samples without light illumination.
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area and more active sites. The ions of the sulfates on
o-Fe,0;-D were about 2500, 784, and 1.05 times greater as
compared to on o-Fe,0;-A, o-Fe,0;-B, and o-Fe,0;-C. The
o-Fe,0;-A sample presented the lowest heterogeneous reactiv-
ity, probably because its size (900 nm x 450 nm) was too large
to supply efficient active sites for SO, adsorption and conver-
sion. Therefore, the results of this study indicated that the
particle size is also a factor in the heterogeneous reactions.
Importantly, the BET specific surface area of a-Fe,05-C (16.35
+0.06 m*> g™') was closer to that of a-Fe,O3-B (15.40 + 0.04
m?* ¢g™') and much less than that of o-Fe,03-D (20.67 + 0.13
m?> g'), but the reactivity of o-Fe,03-C was closer to that of
o-Fe,0;-D and much higher than that of a-Fe,O3-B. This re-
sult implied that the particle shape is a more significant im-
pact factor for the heterogeneous conversion of SO,. There-
fore, the particles morphology would inevitably affect the
atmospheric heterogeneous reactions, which should thus be
paid more attention in further studies.

In order to further discuss the reasons for the different re-
activities impacted by morphology, we also calculated the up-
take coefficients of SO, on the different a-Fe,O3; samples. The
uptake coefficient y is defined as the number of reactive colli-
sions between reactant gas molecules and the particle surface
per unit time (~-d[SO,]/dt) divided by the total number of sur-
face collisions per unit time (Z). The heterogeneous reaction
on the surface of Fe,O; was most likely irreversible because
the products (SO,>/HSO, and SO,>/HSO;") were in the solid
phase and the reactants (SO, and O,) were gaseous. The con-
centration of O, could be considered to be kept constant be-
cause it was very abundant as compared with SO,. In addition,
the concentration of active sites on a-Fe,Oj; at the initial stage
was constant with respect to SO,. Moreover, previous studies
have found that the correlation coefficients of In[C/C,] versus
time (f) (where C, is the initial concentration of SO, and C is
the concentration of SO,) for metal oxides under different ini-
tial concentrations of SO, were greater than 0.95.*'”** There-
fore, the heterogeneous oxidation of SO, was consistent with
pseudo-first-order reaction Kkinetics, namely, -d[SO,J/d¢ =
d[SO42_]/dt = KCso,, where K is the rate constant and Cso, is
the concentration of SO, at certain reaction times. The equa-
tions used for the uptake coefficients calculation based on
pseudo-first-order kinetics are shown as the following;***”

d[S0,* |/dt
L L @
VA
1
Z= ZAgcocSOzvSOZ ()
8RT
Vso, = (4)
so M,
7BET = Ageo X VgeolABET (5)
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where, ygc, represents the geometric uptake coefficient, yggr
is the BET uptake coefficient, d[SO,>")/d¢ represents the for-
mation rate of sulfates (ion per s), vso, is the mean molecu-
lar velocity of SO, (m s™), Ag, is the particle geometric
surface area (m?), Cso, is the concentration of SO, (mole-
cule per m®), R is the gas constant (J mol™* K™), T is the
temperature (K), Mso, is the molecular weight of SO, (Kg
mol ™), and Aggy is the BET specific surface area (m* g*).
Detailed information of these parameters is given in Table
S1.f The upper and lower limits of the uptake coefficients
are yge.o and ygpr dependent on the reaction probability,
respectively.”

Table 1 presents the calculated uptake coefficients of SO,
on the nano o-Fe,0; samples at 298 K. Among the different
samples, o-Fe,O;-D showed the highest amount of sulfates
species, as shown in Fig. 6. Correspondingly, the aggregated
nanoparticles-like a-Fe,O; (0-Fe,03-D) presented the highest
Jgeo Of (1.32 £ 0.09) x 10°. However, the BET uptake coeffi-
cients (yggr) did not follow the same order as the geometric
uptake coefficients. The o-Fe,0;-C sample presented the
highest yggr of (2.05 + 0.12) x 1077, even though it did not
show the highest ions of the produced sulfates species. This
was probably because the hexagonal nanoplate-like o-Fe,0;3-C
had a smaller BET specific surface area than a-Fe,0;-D, while
the ions of the sulfates species detected on o-Fe,03-C (1.205
x 10*°) and o-Fe,05-D (1.268 x 10°°) were similar. However,
the ygeo and ygpr of a-Fe,03-A and o-Fe,O;-B were lower by 3
orders of magnitude compared to the other two samples.
Overall, it was clear that the uptake capacity of SO, was dif-
ferent among the four nanoscale a-Fe,O; samples with differ-
ent morphologies, probably because of the different BET sur-
face areas, various pore sizes, different number of surface
reactive sites, and so on.

3.2.3. Proposed mechanism. Even though the heteroge-
neous reactivities were obviously different between the
o-Fe,0; samples with different morphologies, the reaction
mechanisms of SO, on the four a-Fe,0; samples were almost
similar due to the use of the same reactants, same experi-
mental conditions, and similar products. The proposed
mechanism is discussed below.

First, besides the reaction between SO, and adsorbed wa-
ter to form S(v) species,™® SO, is adsorbed on Lewis acid
sites (coordinately unsaturated iron atoms) or Lewis basic
sites (exposed oxygen atoms) to form physically adsorbed SO,
or chemisorbed sulfite, respectively.'""*> The reactions are
shown as eqn (6) and (7) below, where O*” (lattice) means lat-
tice oxygen on the surface of the particles.

S0,(g) = SO,(ads) (6)

SO,(g) + O*(lattice) — SO5*" (7)

The adsorbed oxygen form active oxygen via combining
with an oxygen vacancy. Further, active oxygen oxidizes

chemisorbed sulfite to sulfate.'®”®>°* The reactions are as
follows:
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Table 1 Reactive surface areas and uptake coefficients of SO, on nano a-Fe,O

a-Fe,0; Light Ager (m* g™ Ageo (107> m?) YBET Ygeo
A Without 13.15 + 0.06 7.85 (1.31 +0.13) x 107" (6.60 = 0.43) x 1077
With 13.15 + 0.06 7.85 (7.60 £ 0.67) x 107° (3.82 £ 0.25) x 107°
B Without 15.40 + 0.04 7.85 (2.33 +0.11) x 107" (1.37 £+ 0.13) x 10°®
With 15.40 + 0.04 7.85 (1.63 + 0.13) x 107° (9.58 +0.32) x 107°
C Without 16.35 + 0.06 7.85 (2.05 £ 0.12) x 1077 (1.28 £ 0.11) x 107°
With 16.35 + 0.06 7.85 (2.12 + 0.14) x 10”7 (1.32 +0.21) x 107
D Without 20.67 +0.13 7.85 (1.65 £ 0.12) x 10”7 (1.32 £ 0.09) x 107°
With 20.67 + 0.13 7.85 (1.97 £ 0.11) x 107 (1.56 = 0.10) x 10
O (vacancy) + e + O, — O, (ads) (8) the reasons for the differences in heterogeneous reactivities
among particles with different morphologies.
0O, (ads) +e — 20~ 9)
3.3 Effect of simulated light illumination on heterogeneous
2- - 2— - .
SO;” + O — SO,™ +e (10)  reactions

On the other hand, surface adsorbed hydroxyl groups
would also be involved in the heterogeneous reactions. SO,
reacts with hydroxyl groups to form chemisorbed bisulfite or
sulfite, as shown in reactions (11) and (12). The consumption
of hydroxyl groups has been discussed before (Fig. 5). More-
over, the generated sulfite or bisulfite would be oxidized by
reactive oxygen, Fe(ur)-Fe(u) redox cycling, and a series of rad-
ical reactions, like with SO;"", HSO; ", and SO, ", to form sul-
fate or bisulfate.'>*>>*

o-Fe"(OH) + ©-H,0 + SO, — ©-Fe"(OH)-HSO;” + H" (11)

©-Fe"(OH)-HSO;™ — ©-Fe'"0S0,™ + H,0 (12)
20-OH + SO, — ©-HSO; + H,0 (13)
©-HSO; + O° — ¢-HSO, — ©-HSO,> + H' (14)
HSO, +OH — "W _,90 > 4 H,0 (15)

Fig. 7 shows the proposed mechanism for the heteroge-
neous reactions of SO, on hematite. Briefly, the surface
adsorbed hydroxyl groups and active oxygen participate in
the formation of sulfates species, and the existing Fe(u)-Fe(u)
redox cycle also make contributions to the heterogeneous oxi-
dation of SO,. In this study, the results indicated that the
heterogeneous reactivities were different between the four
Fe,O; samples with obviously different morphologies,
suggesting the particles’ morphology may be an important
impact factor for the heterogeneous conversion of SO,. The
differences in the heterogeneous reactivities might result
from differences in particle size, BET specific surface area,
SO, adsorption ability, and number of surface active sites. In
addition, different morphologies would provide different
crystal planes, and different crystal planes would provide dif-
ferent surface active sites and their different distributions.
The combined effect of these factors might lead to the differ-
ences in the heterogeneous reactivities of the various shapes.
Further exploration and clarification are needed to explain

1846 | Environ. Sci.. Nano, 2019, 6, 1838-1851

As there are complex physiochemical reactions in the atmo-
sphere, solar light will inevitably influence these reactions.
Nevertheless, simulation studies of heterogeneous reactions
have to date always been carried out under dark condi-
tions."*?>°> In this study, we also investigated the effect of
light illumination on the heterogeneous oxidation of SO, on
the four o-Fe,0; samples at 298 K with a light intensity of 15
mW cm 2. Because the annual averaged light intensity
reaching the mid-latitude region is about 100 mW c¢m2,>%*’
o-Fe,0;-D was first employed to study the effect of light illu-
mination under a light intensity of 100 mW c¢m >, The results
(data not shown) indicated that the heterogeneous conver-
sion of SO, was inhibited under this condition, which might
be due to the photoinduced reductive dissolution of a-Fe,O3
under stronger light intensity. Meanwhile, the light intensity
was sometimes comparatively low, especially during severe
haze episodes. Thus, in order to study whether there is a rela-
tion between a weak light intensity and severe haze events,
we turned down the light intensity to about 15 mW c¢cm™> to
study the effect of light illumination in this study.

The collected in situ DRIFTS spectra (1400-900 cm™') un-
der light illumination are shown in Fig. S1.f Brief analyses in-
dicated the generated surface species included free sulfate,
bidentate sulfate, bridging sulfate, and sulfite, which was
similar to that collected without light illumination. There
were negative bands in the DRIFTS spectra ranging from
3700 to 3550 cm ', which indicated the surface hydroxyl

Fe3+ SO,™
SO,

SO,
Fe2+

O (lattice)

Fig. 7 The proposed mechanism in the present study.

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9en00097f

Published on 11 April 2019. Downloaded by East China Normal University on 5/6/2021 8:43:02 AM.

Environmental Science: Nano

groups were also consumed as the reactions proceeded under
light illumination (as shown in Fig. S2+).

The DRIFTS spectra collected at 120 min with and without
light illumination showed that the spectra were obviously dif-
ferent under the two experimental conditions (see Fig. 8). Un-
der simulated light illumination, the dominant characteristic
absorption peaks were almost similar as compared with
those collected without light illumination except for o-Fe,Os-
B. As for o-Fe,03-B, the dominant characteristic absorption
peak was at about 1258 em ™" under light illumination, while
the main peak was at about 1080 cm™ under dark condi-
tions. These results implied that light illumination indeed
influenced the heterogeneous reactions and promoted the
formation of sulfates. Importantly, the intensities of the
DRIFTS spectra under light illumination were higher than
those without light illumination for the four nano a-Fe,O;
samples. This result indicated that simulated light illumina-
tion improved the heterogeneous reactivities of the nano
o-Fe,0; samples with SO,. Fig. S31 indicates that the forma-
tion rates of sulfates species could be classified into an initial
stage and stable stage, which is consistent with the results
obtained without light illumination and has been explained
before. Furthermore, we compared the ions of the sulfates
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measured under light illumination and without. As shown in
Fig. 9, the amounts of sulfates under light illumination were
higher than those without light illumination for all the
o-Fe,O; samples. The amounts of sulfates were about 7.23,
6.28, 1.03, and 1.07 times greater than those without illumi-
nation, respectively. Undoubtedly, ysc, and yggr under light il-
lumination were higher and the variation tendency of yg,
and yggr was the same as that obtained without light illumi-
nation (as shown in Table 1). Therefore, the illumination pro-
moted the heterogeneous oxidation of SO, on the four differ-
ent nano ao-Fe,0; samples in this study.

Some previous studies found that UV light illumination
inhibited the heterogeneous oxidation of SO, on hematite,
and this phenomenon has often ben explained by the photo-
reduction of Fe,0;.>® However, this study showed that light il-
lumination enhanced the heterogeneous conversion of SO,
on o-Fe,0; nanoparticles under light illumination. The
photoreduction of a-Fe,O; was probably not dominant in the
present study due to the lower light intensity and as there
was less UV light in the light source (as shown in Fig. S47).
On another hand, o-Fe,0;, with a band gap of ~2.2 eV, is a
promising semiconductor and is often used as a photo-
catalyst for water splitting and wastewater treatment. An
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Fig. 8 In situ DRIFTS spectra obtained at 120 min with light illumination and without (1400-900 cm™): (a), a-Fe,Os-A, (b), a-Fe,O3-B, (c),
a-Fe,03-C, (d), a-Fe,O3-D.
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o-Fe,0; semiconductor can generate electrons and holes un-
der light illumination (4 < 600 nm), which would react with
surface adsorbed H,O and oxygen to produce ‘OH, O,", and
HO," radicals (as shown in eqn (16) to (21)).>° These radicals
have strong oxidation ability, and they can participate in
heterogeneous oxidation of SO, and enhance sulfate
formation.

o-Fe,0; + v — e + h* (16)

e +0,—~ 0, (17)

h* + H,0 — 'OH + H' (18)

h*+ OH — "OH (19)

027 +H" — HO, (20)
"OH/h'/0, " /HO, + S0,/S0;>” — SO,* /HSO,~ (21)

Therefore, it was reasonable that the o-Fe,O; samples
exhibited semiconducting properties under light illumination
to support the enhanced heterogeneous oxidation of SO, in
the present study. In addition, a 300 W xenon lamp coupled
with an optical fiber was used to supply simulated illumina-
tion, and emitted visible light with a light intensity of 15 mW
ecm>, and this relatively low light intensity might suppress
the photoreduction of o-Fe,O; to some extent. The light
intensity and light source were different from those used in
other studies, which might be another reason why the photo-
reduction of o-Fe,O; was not observed in this study. More-
over, the results also simply indicated that a lower light
intensity in severe haze episodes might be a reason for the
severe haze events occurring. However, this study mainly fo-
cused on the effect of particle’s morphology, therefore, we
did not investigate the effect of light illumination under dif-
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ferent light intensities and did not present a clearer relation
between weak light intensity and haze events. In future, we
will further study the effect of light illumination on heteroge-
neous reactions under different light intensities in detail. In
addition, the proposed reaction mechanism in section 3.2.3
is also suitable under light illumination.

3.4 Effects of relative humidity on the heterogeneous
reactions of SO, on a-Fe,0;-C

In the atmosphere, the relative humidity (RH) is a variable
dependent on the temperature, altitude, and other factors.
The varied RH would have effects on the atmospheric
physiochemical processes. In order to clarify the effects of
RH in this study, we chose a-Fe,O3-C as a typical sample for
further investigations. The sample was kept in a desiccator at
68% RH for different times before the DRIFTS experiments,
as described in section 2.1. The sample was not immersed in
a solution after the equilibration, and hence heterogeneous
aqueous reactions would not occur in our experiment. It was
found that, on the samples treated by different saturation
times at 68% RH, the in situ DRIFTS spectra (see Fig. S57)
were similar to each other except for their intensity. Three
characteristic absorption peaks at about 1246, 1156, and
1027 cm™" were observed. The three peaks were attributed to
surface adsorbed free sulfate, bidentate sulfate, and bridging
sulfate/bisulfate species, respectively. The results implied that
the varied relative humidity did not influence the generated
surface species during the heterogeneous reactions. Apart
from the similar spectra, it was clearly observed that the
spectra intensities first increased and then decreased with in-
creasing saturation time at 68% RH. Fig. 10 presents the
obtained ions of the sulfates species on a-Fe,03-C under dif-
ferent saturation times. The ions of the sulfates increased
from 7.72 x 10" ions to 1.33 x 10* ions as the saturation
time increased from 0 h to 48 h, and then decreased to 1.02
x 10?° when the saturation time was extended to 96 h. The re-
sults showed that the variation trend of ions was consistent
with the intensities of the DRIFTS spectra. The experimental
results implied that the heterogeneous conversion of SO, on
o-Fe,0;-C was promoted by an appropriate amount of surface
adsorbed water, while excess surface adsorbed water was un-
favorable for the heterogeneous oxidation. The effect of the
relative humidity on the heterogeneous reactivities of
a-Fe,0;-C may also apply to other hematite samples.

In the present study, water was first adsorbed on the sur-
face of a-Fe,0;-C, and then the reactant gases were adsorbed.
Adsorbed water can react with Lewis acid sites on the sample
surface to produce hydroxyl groups or can react with SO, di-
rectly to produce S(1v) species. Both would favor the oxidation
of SO, as aforementioned. In addition, there existed compete
adsorption between SO, and water molecules.**** At low rela-
tive humidity, there were still many exposed active sites for
SO, adsorption and adsorbed water could re-produce hy-
droxyl groups to promote SO, oxidation. With the relative hu-
midity increasing, the adsorbed water would occupy a larger
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number of the active sites. When RH saturation time was very
long, the adsorbed water even would condense on the sample
surface to form a water layer on the surface, which makes
SO, need to pass through the water layer to reach the surface
of the hematite. Consequently, SO, gas molecules could not
be adsorbed on the hematite sample surface efficiently. This
means that too much water adsorbed on the surface of
o-Fe,03-C would inhibit SO, uptake. A similar result was
obtained in a previous study that focused on investigating
the roles of the relative humidity on the heterogeneous reac-
tion of SO, with soot.* Therefore, the compete adsorption
and liquid diffusion process totally suppressed the heteroge-
neous reactions.

4. Conclusion and atmospheric
implications

In the present study, the effects of the morphology, light illu-
mination, and relative humidity on the heterogeneous con-
version of SO, on nano o-Fe,O; were investigated in detail.
The results indicated that nano a-Fe,O; samples with various
morphologies showed different reactivities, which might be
due to the different specific surface areas and different sur-
face reactive sites. Hexagonal nanoplate-like and agglomer-
ated nanoparticle-like o-Fe,O; showed higher heterogeneous
reactivities, which might be due to their higher BET surface
area and more abundant surface reactive sites. Simulated
light illumination promoted the heterogeneous oxidation of
SO, on a-Fe,O3; samples, which might be a result of their
semiconducting properties and lower light intensity. In addi-
tion, appropriate moisture favored the heterogeneous conver-
sion of SO,, while excess relative humidity presented an in-
hibitory effect.

This study revealed the impacts of these three factors on
the heterogeneous conversion of SO, on hematite, which have
important atmospheric implications. The heterogeneous con-
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version of SO, in the atmosphere would be affected by the
shape evolution of mineral dusts. Therefore, care should be
taken to the shape evolution of mineral dusts in field measure-
ments and its influence on atmospheric chemistry. In addi-
tion, solar light will inevitably influence the atmospheric
chemical reactions. The results indicated that the heteroge-
neous conversion of polluted gases on some dust particles
might show different reactivities at daytime and nighttime.
Moreover, atmospheric relative humidity also has complex ef-
fects on the heterogeneous conversion of SO, on mineral dust
particles. All these factors should be studied deeply to help us
further understand heterogeneous reactions, and thus to pro-
mote atmospheric chemistry research and modeling.
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