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ABSTRACT: The billions of tons of mineral dust released into the atmosphere each year
provide an important surface for reaction with gas-phase pollutants. These reactions, which
are often enhanced in the presence of light, can change both the gas-phase composition of
the atmosphere and the composition and properties of the dust itself. Because dust
contains titanium-rich grains, studies of dust photochemistry have largely employed
commercial titanium dioxide as a proxy for its photochemically active fraction; to date,
however, the validity of this model system has not been empirically determined. Here, for
the first time, we directly investigate the photochemistry of the complement of natural
titanium-containing minerals most relevant to mineral dust, including anatase, rutile,
ilmenite, titanite, and several titanium-bearing species. Using ozone as a model gas-phase pollutant, we show that titanium-
containing minerals other than titanium dioxide can also photocatalyze trace gas uptake, that samples of the same mineral phase can
display very different reactivity, and that prediction of dust photoreactivity based on elemental/mineralogical analysis and/or light-
absorbing properties is challenging. Together, these results show that the photochemistry of atmospheric dust is both richer and
more complex than previously considered, and imply that a full understanding of the scope and impact of dust-mediated processes
will require the community to engage with this complexity via the study of ambient mineral dust samples from diverse source
regions.

■ INTRODUCTION

Although each cubic meter of air contains only microgram
quantities of particulate matter,1 these particles have an outsize
influence on climate2 and human health.3 Mineral dust is one
of the most abundant types of atmospheric particulate matter,
with over a billion tons emitted into the atmosphere each year
from remote arid regions in North Africa, East Asia, and
Australia.4 Once aloft, dust can be transported to urban areas,
where it can interact with locally emitted pollutants5 and
thereby influence the composition of the urban atmosphere:
for example, observed reductions in mixing ratios of ozone, an
important component of urban smog,6 during periods of
elevated dust loadings have been attributed to the scavenging
of ozone and its precursor gases (e.g., HNO3).

7 These
interactions can also influence the properties of the dust itself:
for example, the reaction of dust with pollutants can change its
toxicity,8 optical properties,9 cloud condensation nuclei
(CCN)10 and ice nuclei (IN)11 activity, and its ability to act
as a depositional source of soluble iron to marine ecosystems.12

Motivated by these diverse impacts, many laboratory studies
have examined the kinetics and products of the reaction of
mineral dust and mineral dust proxies with both inorganic13

and organic14,15 pollutant gases; in many cases, researchers
have found these reactions to be enhanced by light.16 Because
mineral dust contains Ti, which is a well-known semiconductor

photocatalyst in its oxide form,17 the atmospheric chemistry
community has extensively studied the TiO2-catalyzed photo-
chemistry of many urban pollutants.18

Although the use of TiO2 enables detailed mechanistic
analysis that is challenging for natural dust, the composition of
which is complex and variable, it is not without its weaknesses:
for example, although the Ti content of mineral dust
determined using elemental analysis is typically reported as
TiO2, Ti is also a component of many other minerals detected
in atmospheric dust.19,20 In addition, even in cases where
mineralogical analysis has specifically identified TiO2 in dust
samples,21 there is no guarantee that the reactivity of this TiO2

is identical across all natural samples or comparable to that of
commercially sourced samples, since the surface and band
structures of TiO2 are influenced by many sample-specific
properties, including crystal structure,22 degree of hydration,23

presence of dopants,24 and particle size.25
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To improve our understanding of natural mineral photo-
chemistry, we investigated the uptake of ozone by 10 natural
Ti-containing minerals, which we chose based on both their Ti
content and their environmental abundance. We find that all of
these minerals display photoenhanced uptake of ozone, that
ozone uptake varies both between and within mineral phases,
that ozone uptake does not increase linearly with elemental Ti
content, and that commercial TiO2 is significantly more
reactive toward ozone than all of the natural samples studied
here. Further, we discuss these observations in the context of
comprehensive characterization data, including particle size,
morphology, crystallographic structure, band structure, and
elemental impurity identification. This approach, which brings
together both atmospheric and materials chemistry perspec-
tives, will ultimately enable us to better predict the influence of
dust−pollutant interactions on atmospheric composition.

■ MATERIALS AND METHODS
Experiments were conducted using a set of 10 natural Ti-
containing minerals, which we sourced from www.minfind.com
and purchased through contact with individual vendors. Details
regarding sample purification, preparation, grinding, and
characterization via X-ray diffraction (XRD; phase identifica-
tion), electron microprobe analysis (EMPA; Ti content of the
dominant mineral phase present in each sample), nitrogen
adsorption analysis (specific surface area determination),
ultraviolet−visible (UV−vis) diffuse reflectance spectroscopy
(optical properties and, where possible, band gap determi-
nation), and scanning electron microscopy (SEM; particle size
and morphology) are presented in the Supporting Information.
Mineral-coated Pyrex insert tubes were exposed to ozone in

a coated-wall atmospheric pressure flow tube reactor, which
was mounted in the center of a black plastic box and
surrounded by four UV-A lamps (4.13−3.02 eV, eVmax: 3.48;
300−410 nm, λmax: 356 nm). With four lamps turned on, the
NO2 photolysis frequency (JNO2

)26 inside the reactor was
0.0045 ± 0.0001 s−1, which is in the range of noontime
photolysis frequencies measured at a northern midlatitude
site.27 We note, however, that this comparison does not take
into account the spectral mismatch between our lamp emission
profiles and the solar radiation spectrum at this location.
Further details regarding the flow tube reactor, NO2
actinometry, insert tube preparation, and experimental
protocols are presented in the Supporting Information.
Ozone was introduced to the flow tube by a movable

injector; the ozone−surface interaction time was calculated
using the volumetric gas flow and the flow tube dimensions,
and the pseudo-first-order rate constant for the reaction, kobs,
was determined using the following equation28

O O e k t
3 3 0

obs[ ] = [ ] × −
(1)

Here, [O3] is the average steady-state ozone concentration at
the exit of the flow tube upon exposure to the mineral
substrate under either light or dark conditions, [O3]0 is the
average ozone concentration with the movable injector entirely
pushed in (i.e., with no exposure to the mineral substrate), and
t is the residence time of ozone inside the mineral-coated
section of the flow tube. The obtained kobs values were then
used to calculate effective uptake coefficients, γeff, as follows

28

D k
eff

tube obs

O3

γ
ω

=
×

(2)

Here, Dtube is the flow tube diameter and ωO3
is the mean

thermal velocity of ozone under our experimental conditions.
Finally, γeff was corrected for gas-phase diffusion limitations29

and sample-specific surface area scaling (Brunauer−Emmett−
Teller; BET) was applied to yield γBET, which is the value
reported in this work30

1
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γ γ= ×

× (4)

Here, NShw
eff is the effective Sherwood number, Kn is the

Knudsen number, Sgeo is the geometric surface area of the
mineral-coated section of the coated-wall flow tube (m2), m is
the sample mass (g), and SBET is the specific BET surface area
(m2 g−1) of the sample; these values, which are specific for our
experimental conditions and the geometry of the coated-wall
flow tube, are presented in the Supporting Information.
For both the commercial and natural TiO2 samples, almost

complete depletion of ozone was observed upon illumination;
therefore, to minimize diffusion limitations for these samples,
we performed experiments using TiO2/SiO2 mixtures. This
approach required additional considerations for the γBET
calculations, which we present in the Supporting Information.
To verify that uptake of ozone was insignificant in the absence
of minerals, we conducted blank experiments using empty
Pyrex insert tubes (n = 3). In all cases except for one trial of
titanite 2 under dark conditions, the loss of ozone in these
blank tubes was significantly lower than the loss observed for
mineral-coated tubes. For this reason, the γBET values
presented here are not blank-corrected and γBET values for
titanite 2 under dark conditions are not reported.

■ RESULTS AND DISCUSSION
Selection and Characterization of Ti-Containing

Minerals Relevant to Mineral Dust. Our sample set
consists of anatase and rutile, two of the three naturally
occurring TiO2 polymorphs (the third, brookite, is uncom-
mon);31 ilmenite, an iron−titanium oxide commonly found in
igneous and metamorphic rocks;32 titanite, the most abundant
titanosilicate;33 and the titanium-bearing minerals phlogopite,
hastingsite, augite, and epidote, which are commonly found
members of the mica, amphibole, pyroxene, and epidote
supergroups, respectively.20,34 To assess the extent to which
photochemistry varies within a single mineral class, we studied
two samples of both anatase and titanite. The mineral names,
simplified chemical formulas, geographic origins, and elemental
Ti contents of our sample set are displayed in Table 1.

Photoenhanced Ozone Uptake by Ti-Containing
Minerals Varies by Several Orders of Magnitude. We
investigated the uptake of ozone by Ti-containing minerals
using a custom-built coated-wall photochemical flow tube
reactor (Figure S1), in which ozone passes through a Pyrex
tube coated with the mineral sample of interest and the loss of
ozone measured at the outlet of the tube reflects the degree of
surface reaction. All mineral samples were exposed to ozone
under both dark and illuminated conditions; a representative
ozone reaction profile is shown in Figure 1 for titanite 1, and
reaction profiles for all other minerals are shown in Figures S3
and S4. In all cases, ozone loss was higher upon illumination
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and higher than in the absence of mineral samples, which
implies the existence of a light-mediated pathway for ozone

loss at the surface of all samples. To our knowledge, these
results are the first demonstration of photoenhanced trace gas
uptake by natural Ti-containing minerals.
For each mineral sample, the γBET values under illumination

are higher than those under dark conditions; these values are
presented in Figures 2 (illuminated conditions) and S14 (dark
conditions). As illustrated in Figure 2, γBET values for
illuminated samples span four orders of magnitude, ranging
from (1.8 ± 0.3) × 10−4 for commercial TiO2 to (1.2 ± 0.5) ×
10−7 for epidote. It is not surprising that the TiO2 minerals
(anatase 1, anatase 2, and rutile) are the natural samples with
the highest γBET values, given that TiO2 is a well-known
semiconductor photocatalyst with band gaps in the near-UV
for both its anatase and rutile phases.35 In their study of ozone
decomposition at the surface of mixed TiO2−SiO2 films,
Nicolas et al. drew from studies of the behavior of ozone in
aqueous systems (see e.g., Staehelin and Hoigne  36) to propose
a mechanism for the TiO2-catalyzed uptake of ozone.37 In this
mechanism, which is described in detail in the Supporting
Information, absorption of light with energy equal to or greater
than the band gap of TiO2 leads to the release of molecular
oxygen.
Since the light-enhanced uptake of ozone has not been

previously explored for Ti-containing minerals other than
TiO2, no specific mechanisms currently exist to explain the
reactivity of the remaining minerals in our sample set. To
assess if these minerals have the potential to be semiconductor
photocatalysts, we obtained diffuse reflectance spectra for each
sample, which we then transformed using the Kubelka−Munk
function as described in the Supporting Information. As shown
in Figures 3 and S13, all of the mineral samples investigated in
this study absorb light in the emission range of the UV-A
lamps used in the photoreactor and many have band gaps that
lie within this emission range. Therefore, the non-TiO2
minerals in our sample set can, in principle, catalyze the
photoreduction of ozone via the mechanism proposed for
TiO2. However, as shown in Figure 2, these samples are
significantly less photoactive than the TiO2 minerals, which for
a given mineral sample may reflect considerations such as the
extent of its band gap overlap with the emission range of the
UV-A lamps; the absolute position of its conduction/valence

Table 1. Ti and Ti-Bearing Minerals Under Study

mineral
simplified chemical
formula origin

Ti content
(mass %)a

anatase
(commercial)

TiO2 Sigma-
Aldrich

99.8b

anatase 1 TiO2 Pakistan 99.5 ± 0.3
anatase 2 TiO2 Brazil 99.8 ± 0.2
rutile TiO2 Brazil 98.8 ± 0.1
ilmenite FeTiO3 United

States
51.0 ± 1.2

titanite 1 CaTiSiO5 Canada 34.7 ± 0.2
titanite 2 CaTiSiO5 Brazil 38.5 ± 0.2
phlogopite KMg3(AlSi3O10)(F,OH)2 Canada 1.02 ± 0.05
hastingsite NaCa2(Mg4Fe

3+)(Si6Al2)
O22(OH)2

United
States

0.79 ± 0.03

augite (Ca,Na)(Mg,Fe,Al,Ti)
(Si,Al)2O6

United
States

0.71 ± 0.08

epidote Ca2(Al,Fe)2Si3O12(OH) Norway 0.21 ± 0.02
aReported as TiO2 by mass; in all cases except commercial anatase,
the dominant mineral phase was selected for spot analysis. bReported
as TiO2 by the supplier (Sigma-Aldrich).

Figure 1. Reaction profile of ozone with titanite 1 at 25% RH. The
unshaded regions of the profile denote time periods in which ozone
was not exposed to titanite 1. The blue and yellow regions of the
profile denote the exposure of ozone to titanite 1 under dark and
illuminated conditions, respectively.

Figure 2. BET uptake coefficients (γBET) for ozone at RH 25% at the surface of illuminated (a) commercial and natural TiO2 and (b) other Ti
minerals, Ti-bearing minerals, and desert dust samples (Cape Verde depositional dust and Gobi dust). For all samples except ilmenite, each data
point represents the mean of three trials, with 1σ error bars; for ilmenite, which appeared to display bimodal reactivity (see the Supporting
Information), each trial (n = 6) is displayed individually.
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band edges in comparison to the redox potential of the relevant
adsorbed species (i.e., oxygen and/or ozone);38 and its
interfacial charge transfer efficiency, which in turn reflects
the competition between electron−hole recombination and
charge transfer to adsorbed species.17

As described in the Supporting Information, the catalytic
uptake of ozone by metal oxides under dark conditions is
thought to be mediated by reactive Lewis acid surface sites
(SS).39 In particular, the interaction of ozone with these sites
has been proposed to lead to the formation of gas-phase
molecular oxygen and adsorbed atomic oxygen (SS−O), the
latter of which can subsequently react with ozone or another
adsorbed oxygen atom to regenerate the surface sites.40,41 In
this context, we propose that the photocatalytic loss of ozone
in our experiments may also occur via photocleavage of the
SS−O bond, which would also regenerate reactive surface sites
and thus enable sustained ozone uptake. Since the photo-
cleavage potential of this bond would depend on the strength
of the SS−O interaction, and thus be sample-specific,39 this
mechanism would also explain the sample-to-sample variability
in ozone uptake coefficients apparent in Figure 2. Although we
expect the semiconductor photocatalysis mechanism described
in the Supporting Information to dominate for the TiO2
minerals, we note that if these minerals also possess strong
SS−O bonds, which would limit surface site regeneration, then
SS−O photocleavage would also lead to enhanced ozone
uptake upon illumination for these samples. We suggest that
further studies of the mechanism of ozone photochemistry at
mineral surfaces would benefit from surface spectroscopic
measurements of ozone binding frequencies,39,42 which have
previously been shown to provide insight into the influence of
molecular geometry and symmetry on the photochemistry of
adsorbed species.43

Samples of the Same Mineral Phase Exhibit Sig-
nificantly Different Photoreactivities. Interestingly, as
shown in Figure 2, we find significantly different photo-
reactivities for two titanite samples originating from different
locations. These observations may reflect differences in the
optical properties of the two samples: as shown in Figure 3, the
band gap of titanite 1 (3.49 eV; 355 nm) is smaller than that of
titanite 2 (3.66 eV; 339 nm), and in particular overlaps the
maximum emission wavelength of the UV lamps used in this
study (3.48 eV; 356 nm), which enables it to absorb a greater
fraction of emitted light in the flow tube reactor.
As shown in Tables S9 and S10, the primary compositional

difference between the two titanite samples is that the Fe
content of titanite 1 is considerably higher than that of titanite

2. Although no studies have investigated the influence of Fe
content on titanite photocatalysis, Fe doping of TiO2
nanoparticles has been shown to result in band gap energy
reductions.44 In this context, we tentatively attribute the red
shift in the band gap of titanite 1 to substitution of Ti by Fe in
its crystal structure. Fe doping has also been found to reduce
the charge-carrier recombination rate for TiO2 nanoparticles
and thereby increase the probability that photogenerated
electrons and holes will react with adsorbed species.45 If Fe
doping affects titanite similarly, then this mechanism would
also explain the elevated reactivity observed for titanite 1 with
respect to titanite 2.
We also observe significant differences in photoreactivity for

the two anatase samples employed in this study: as shown in
Figure 2, γBET for illuminated anatase 1 is more than 7× larger
than that of anatase 2. In this case, the explanations employed
for the titanite samples do not suffice: despite their different
photoreactivities, the two anatase samples have similar band
gaps (Figure 3), elemental compositions (Tables S5 and S6),
and X-ray diffractogram peak positions (Figure S9). Because
we identified only the dominant phase for each mineral using
EMPA and XRD, we cannot assess the extent to which
dopants24 (e.g., trace Nb and Fe, the quantities of which vary
for these two samples) and/or intergrown mineral phases46

present at trace levels may have influenced the photoreactivity
of these samples. In the following paragraphs, we consider
several additional factors that may have contributed to the
observed differences in reactivity.
The photocatalytic potential of TiO2 is influenced by

particle size, which controls the available surface area for
reactions to occur. In this context, as noted above, we scaled all
uptake coefficients to the BET surface area of each mineral.
Particle size can also influence the surface acidity47 and
inherent photoreactivity of semiconductors (e.g., by changing
the charge-carrier recombination rate25 and mechanism of
electron transport48); for these reasons, we used field emission
scanning electron microscopy (FESEM) to image a subset of
the samples (all TiO2 samples and both titanite samples). As
illustrated in Figure S12, although we found commercial TiO2
particles to be much smaller and more spherical than the
natural mineral samples, we did not see any obvious size
distribution differences for the natural samples, which implies
that the photoreactivity differences observed for our anatase
samples did not arise from sample preparation (i.e., hand
grinding) artifacts.
The photoreactivity of TiO2 can be influenced by many

additional factors, including crystal facet49; electron mobility50;

Figure 3. Diffuse reflectance UV−vis spectra (displayed in Kubelka−Munk units) for (a) titanite samples and (b) TiO2 minerals. The intersection
of the dashed red lines for each sample indicates the position of the band gap.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c05861
Environ. Sci. Technol. 2020, 54, 13509−13516

13512

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05861/suppl_file/es0c05861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05861/suppl_file/es0c05861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05861/suppl_file/es0c05861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05861/suppl_file/es0c05861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05861/suppl_file/es0c05861_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05861/suppl_file/es0c05861_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05861?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05861?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05861?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c05861?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05861?ref=pdf


interfacial charge-carrier dynamics24; amorphous/crystalline
content51; exposure of fresh, active surfaces upon grinding52;
and the amount of surface-sorbed water, which can alter the
symmetry of adsorbed species and thereby modify the relative
importance of subsequent surface photochemical pathways.43

As a result of this complexity, predicting and understanding
differences in photocatalytic activity is challenging even for
synthesized TiO2 samples.53 In the natural environment, where
a given mineral phase can exhibit a range of elemental
substitutions and crystal lattice parameters,32 the situation is
even more complex; nevertheless, we suggest that some/all of
these factors may have also been in operation for our samples.
Implications for the Study of Atmospheric Mineral

Dust Photochemistry. Studies of mineral dust photo-
chemistry performed to date have largely assumed that Ti
present in mineral dust exists solely as TiO2, and therefore that
the photoactive potential of a given dust sample can be
predicted using elemental analysis.18,37,54 To assess the validity
of this approach, we first plotted the ozone photoreactivity
(γBET) of our mineral samples as a function of the Ti content of
their dominant mineral phase. As illustrated in Figure 4,

although γBET generally increases with Ti content, this increase
is not linear; in addition, we observe substantial variability in
γBET values for all mineral types (i.e., TiO2 minerals, non-TiO2
Ti minerals with intermediate Ti content, and Ti-bearing
minerals with low Ti content). To explicitly test the validity of
elemental analysis-based predictions of dust photoreactivity,
we also investigated the uptake of ozone at the surface of two
natural mineral dust samples: Cape Verde depositional dust
(4.5% Ti)55 and Gobi dust (1.3% Ti).14 If the Ti in these
samples were present exclusively as TiO2, with an assumed
γBET range of 6.2 × 10−6−7.4 × 10−5 (the γBET values for all
replicates of the three natural TiO2 samples shown in Figure
2), then we would expect γeff values in the range of 1.8 ×
10−6−5.3 × 10−5 and 5.6 × 10−7−1.7 × 10−5 for Cape Verde
and Gobi dusts, respectively. Although the γeff values for Cape
Verde and Gobi dusts obtained in this work ((6.4 ± 0.7) ×
10−6 and (2.7 ± 0.4) × 10−6, respectively) fall within the lower
bound of these broad ranges, this approach also assumes that

the Ti in these samples is present in grains with specific surface
areas identical to those of the hand-ground TiO2 samples
studied here, which may not be the case. In addition, these γeff
values are much smaller than those predicted from the results
obtained for commercial anatase ((2.9−3.8) × 10−4 and (0.9−
1.2) × 10−4 for Cape Verde and Gobi dusts, respectively).
Together, these results highlight the limitations of both
elemental and mineralogical analyses in predicting mineral
dust photoreactivity and provide the first direct evidence that
the use of commercial TiO2 as a proxy for the photoactive
component of mineral dust can lead to overestimates in the
magnitude of light-mediated processes at the surface of
ambient dust.
Climate change is predicted to exacerbate mineral dust

emissions;56 in this context, it is increasingly important to
understand the influence of dust on climate, air quality, and
health. The atmospheric chemistry community has employed
elemental and/or mineralogical analysis to quantify dust
nutrient inputs to oceanic ecosystems,57 determine source
regions of ambient dust aerosol,58 and identify mineral phases
important for ice nucleation59 and trace gas chemistry at the
soil surface.60 Our results highlight for the first time that dust
photochemistry does not easily lend itself to these types of
bottom-up approaches: specifically, we show that Ti-contain-
ing minerals other than TiO2 photocatalyze trace gas uptake,
that dust photochemistry does not scale linearly with elemental
Ti content, and that samples of the same mineral phase can
exhibit significantly different photoreactivity. To address these
limitations, we propose instead a top-down approach, in which
the photoactive potential of dust is assessed using samples
collected from global source regions representing a diverse
range of mineralogical compositions.61 Because this expanded
approach does not make assumptions regarding the compo-
nents of dust that drive its reactivity, it has the added benefit of
considering contributions from both known (e.g., iron
oxides62,63) and as-yet unidentified photoactive species present
in mineral dust.
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