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Heterogeneous reactions of gaseous methanesulfonic acid (MSA) with calcium carbonate (CaCO;) and kaolinite particles at
room temperature were investigated using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and ion
chromatography (IC). Methanesulfonate (MS™) was identified as the product in the condensed phase, in accordance with the
product of the reaction of gaseous MSA with NaCl and sea salt particles. When the concentration of gaseous MSA was 1.34 x
10" molecules cm™, the uptake coefficient was (1.21 +0.06) x 107 (1 o) for the reaction of gaseous MSA with CaCOj; and
(4.10+0.65)x 107 (1 o) for the reaction with kaolinite. Both uptake coefficients were significantly smaller than those of the

reactions of gaseous MSA with NaCl and sea salt particles.

gaseous MSA, heterogeneous reaction, calcium carbonate, kaolinite

1 Introduction

CLAW hypothesis suggests that dimethyl sulfide (DMS)
plays an important role in climate change via radiative
forcing of sulfate aerosols, which are formed through the
oxidation of DMS after its emission into the atmosphere
from the surface of oceans [1]. Once emitted into the atmos-
phere, DMS can be oxidized by a variety of oxidants, in-
cluding OH, NO;, O3, Cl, and BrO, to form a number of
products, such as sulfur dioxide (SO,), dimethylsulfoxide
(DMSO0), dimethylsulfone (DMSO,), methanesulfonic acid/
methanesulfonate (MSA/MS"), and sulfate [2]. Advances in
the investigation of gas-phase reactions of DMS and its
products with oxidants such as OH and NO; have helped to
elucidate DMS oxidation mechanisms; however, increasing
numbers of field and modeling studies suggest that gas-
phase reactions alone cannot fully explain atmospheric DMS
oxidation and the distribution of its oxidation products [2].
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Gaseous MSA and MS™ are among the most important
intermediate products of DMS oxidation in the marine and
coastal boundary layer [3-5]. However, the gas-to-particle
conversion of gaseous MSA alone cannot explain the ob-
served levels of MS™ in aerosols [4, 5]. It was found that
terrestrial ecosystems such as tropical rain forests and pad-
dies may also emit DMS [6, 7]; more importantly, MS™ in
aerosols was frequently detected in Beijing, China, where
there is no obvious marine influence [8, 9].

Mineral dust aerosols, presently with an estimated emis-
sion rate of approximately 2000 Tg per year [10-12], is the
second most abundant natural source of aerosols in the at-
mosphere [13]. After emitted into the atmosphere, they can
be transported by several thousand kilometers [13, 14].
Their emission, long-range transportation, and deposition
have a variety of impacts on biogeochemical cycles. For
example, they can deposit various nutrients into the ocean
and thus change marine primary production rates [15, 16].
In addition, they can influence the levels of many trace
gases including OH, O3, NO,, and NO, by heterogeneous
reactions [17, 18]. Considering the important impact of
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mineral dust on many tropospheric chemical processes, it
might also influence the scavenging of gaseous MSA and
formation of MS™ in aerosols.

Several studies have investigated the mass accommoda-
tion of gaseous MSA on liquid surfaces. De Bruyn et al. [19]
studied the mass accommodation of gaseous MSA on NaCl
surface via a low-pressure reactor coupled with mass spec-
trometry, and found that the mass accommodation coeffi-
cient was independent of pH (1-14) and NaCl concentration
(0-3.5 M), and negatively correlated with temperature
(260-280 K). Schweitzer et al. [20] used the droplet train
technique combined with mass spectrometry and Fourier
transform infrared spectroscopy (FTIR) to study the mass
accommodation of gaseous MSA on NaCl surface, and re-
ported that the mass accommodation coefficient of gaseous
MSA was independent of NaCl concentration (0-2 M), and
it decreased from 0.16 to 0.1 when the temperature in-
creased from 261 to 283 K. These two studies agree well.
However, Hanson [21] reported a significantly larger mass
accommodation coefficient, close to unity at 295-297.5 K,
using a laminar flow reactor combined with chemical ioni-
zation mass spectrometry. More recently, Zhu et al. [22] in-
vestigated the heterogeneous reactions of gaseous MSA
with NaCl and sea salt particles via diffuse reflectance in-
frared Fourier transform spectrometry (DRIFTS) and X-ray
photoelectron spectroscopy (XPS), and reported a steady-
state uptake coefficient of (5.94 +2.32) x 107 (1 o) for the
reaction with NaCl and (2.23 +1.25)x 10~ (1 o) for the
reaction with sea salt. To the best of our knowledge, it is the
only study to investigate the heterogeneous reaction of
gaseous MSA with solid particles, and up to now there is no
study on the heterogeneous reaction of gaseous MSA with
mineral dust.

2 Experimental
2.1 Experimental apparatus

The experimental apparatus is described in detail in our
previous study [22], here only key features are presented. It
consisted of the gaseous MSA generation system and the
reactor coupled with DRIFTS. Gaseous MSA was intro-
duced into the DRIFTS system by passing N, (purity >
99.99%; Dept. of Mechanics and Engineering, Peking Uni-
versity) through a bubbler containing liquid MSA. It was
confirmed in our previous study that gaseous MSA pro-
duced by this method was saturated [22]. The total flow rate
of N, was regulated by the first mass flow controller (MFC1;
200 sccm) and the concentration of gaseous MSA in the
reactor was regulated by adjusting the flow (via the second
mass flow controller, MFC2) which passed through the lig-
uid MSA bubbler. Due to the potentially strong adsorption
of gaseous MSA on the surface, the inner walls of the reac-
tor and the tubes were all coated with teflon and the tubing
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length was made as short as possible. In addition, the entire
system was pre-equilibrated with gaseous MSA of the same
concentration for 1 h before each experiment to saturate the
surfaces of the reaction system.

The continuous flow apparatus consisted of a Nicolet
Nexus FTIR spectrometer (Thermo Nicolet, Madison, WI,
USA) equipped with a mercury cadmium telluride detector,
a Harrick diffuse reflectance accessory (model DRA-2CS;
Harrick Scientific, Hillsboro, OR, USA), and a stainless
steel reactor with teflon-coated inner walls. Spectra were
taken every 5 min with 128 scans in 2 min at 4 cm™' resolu-
tion.

CaCQOs;, with a stated purity of >99.995%, CH;SO;3Na,
with a stated purity of >98%, and liquid MSA, with a stated
purity of > 99.5%, were supplied by Sigma-Aldrich (St.
Louis, MO, USA). Kaolinite, with a stated purity of >97%,
was supplied by Shantou Xilong Chemicals (Shantou,
China). CaCO; powders consisted of particles of several
micrometers in size and were used without pretreatment,
while larger kaolinite particles were ground in a mill for 30
min. Weighed samples of CaCO; (40+5 mg) or pre-ground
kaolinite (30+3 mg) were packed into stainless steel sam-
pling cups (9 mm x 0.5 mm), pressed evenly with a clean
glass slide, and then placed into the reactor to react with
gaseous MSA.

2.2 Characterization of particles

The volumetric Brunauer, Emmett, and Teller model (BET)
surface area of CaCO; and kaolinite particles was measured
with a BET apparatus (ASAP2010; Micromeritics Corpora-
tion, Norcross, GA, USA). The BET surface area of CaCO;
particles was 0.8772 m?/g, equivalent to the surface area of
nonporous cubic particles with the size of 2.52 um, and the
BET surface area of kaolinite particles was 24.1059 m*/g.

Scanning electron microscopy (SEM; Amray-1910FE;
Amray Inc., San Jose, CA, USA) was used to observe the
size and surface morphology of CaCO; and kaolinite parti-
cles. The diameters of most CaCO; and kaolinite particles
(after ground in the mill) were in the range of several mi-
crometers. The diameter of CaCO; observed by SEM was
reasonably consistent with the diameter calculated from the
BET surface area, indicating that CaCO; particles were non-
porous, while the diameter of kaolinite observed by SEM
was much larger than the diameter calculated from the BET
surface area, suggesting that kaolinite particles are porous.

In addition, the elemental composition of kaolinite was
analyzed by XPS (AXIS Ultra spectrometer; Kratos, Man-
chester, UK) with a focused monochromatized X-ray source
(Al Ko operated at 225 W with a corresponding voltage of
15 kV. The major elements in the particles were O, Si, and
Al, in agreement with the available data [23]. The adsorbed
organics on the kaolinite surface was below the detection
limit of XPS.
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2.3 Ion chromatography analysis

Ion chromatography (IC, Dionex DX-500) was used to
measure MS™ concentration in the solution used to absorb
gaseous MSA and MS™ concentration produced in con-
densed phase after the heterogeneous reactions. The IC in-
strument consisted of a Dionex Ionpac ASI11 separation
column, a Dionex Ionpac AS-14HC-4 mm guard column, a
Dionex Ionpac ED50 self-regenerating suppressed conduc-
tivity detector, a Dionex Ionpac GP50 gradient pump, and a
Dionex PeakNet 6.2 chromatographic workstation. To
measure the gaseous MSA concentration, 10.00 mL deion-
ized water was used to absorb gaseous MSA in N, carrier
gas which passed through liquid MSA under 23 °C. Stan-
dard solutions with different concentrations of MS™ were
prepared by dissolving weighted solid CH;SO;Na, and then
were analyzed by IC to calibrate the measured MS™ concen-
tration. The calibration curves are shown in Figure 1.

After the reaction with gaseous MSA for a controlled pe-
riod of time, particles (CaCO; or kaolinite) along with the
sampling cup were transferred to 10.00 mL deionized water,
extracted for 15 min in an ultrasonic bath, filtered using a
0.45 pm micro-porous membrane (the diameter was 25 mm,
Beijing Chemical Factory, China), and then analyzed by IC.

Empty sampling cups were kept in the reactor for the
same time and exposed to gaseous MSA of the same con-
centration; after that, they were treated in the same way as
the sampling cups with reacted particles, and then analyzed
by IC. The MS™ concentration of these blanks was typically
below the detection limit. Nevertheless, the concentrations
of MS™ in the reacted samples were reported after the con-
centrations of corresponding blanks were subtracted.

Some MS™ might be strongly adsorbed by the particles
(especially for kaolinite due to its large BET surface area)
and could not be completely extracted into the solution via
the method adopted here. Therefore, the amount of MS™
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Figure 1 Calibration curves for MS™. (a) MS™ standard solution; (b)
CaCO;-added MS™ standard solution; (c¢) kaolinite-added MS™ standard
solution.
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which was adsorbed by dust particles was measured using
the followed method: particles with the same mass as the
samples used in the reaction were added to the standard
solutions with different concentrations of MS™, and then
they were extracted and analyzed in the same way. As
shown in Figure 1, IC peak area of MS™ was 4% lower for
CaCOs-added solution and 8% lower for kaolinite-added
solution than that of non-dust-added standard solution, in-
dicating that MS™ produced on the CaCO; and kaolinite
particles were only underestimated by 4% and 8% by this
measurement, respectively.

All of the solutions were analyzed by IC with the same
method. The eluent, consisting of 10 mmol/L. NaOH solu-
tion, was maintained at a flow rate of 1 mL/min for a total
analysis time of 15 min. Under this condition, the retention
time of MS™ was about 4.5 min for all the solutions.

3 Results and discussion

3.1 Reaction products

The IR spectra taken during the reaction of CaCOj particles
with gaseous MSA showed three major absorption bands:
~790 cm™, out-of-plane bend of S=O bond; ~1090 cm,
symmetric stretch of S=O bond; and ~ 1220 cm™, anti-
symmetric stretch of S=O bond. The IR spectra of CaCO;
particles after the reaction with gaseous MSA were in good
agreement with the spectrum of the mixture of CH;SO;Na
in NaCl, as shown in Figure 2.

In addition, a peak at about 1160 cm™' appeared in the
spectrum of reacted particles, perhaps due to the split of the
major peak at 1220 cm™'. The peak at 1090 cm™" was slightly
shifted compared to the spectrum of the CH;SO;Na/NaCl
mixture, and it shifted towards higher wavenumbers as the
reaction processed. These phenomena indicated the change
in the microenvironments of the MS™ ions formed on CaCO;
particles: during the reaction of CaCO; with gaseous MSA,
crystalline MS™ ions, small amounts of isolated MS™, and
adsorbed MSA were formed; however, only CH3;SO;Na
crystals existed in the CH;SO3;Na/NaCl mixture. Similar
splits and shifts of peaks in the spectra were also reported in
our previous study on heterogeneous reactions of gaseous
MSA with NaCl and sea salt particles [22]. Using DRIFTS
to study the reaction of NO, with NaCl, Vogt and Finlayson-
Pitts [24] found that the spectra of the product (NO3)
changed slightly during the reaction due to a gradual change
of the formed NOj5 from isolated ions to crystals.

After the reaction, CaCO; and kaolinite particles were
analyzed by IC as described before. Except for a peak with
a retention time of about 4.5 min, which corresponded to
MS™, no other obvious peaks appeared in the chroma-
tograms. They were in agreement with the results of
CaCOs-added and kaolinite-added MS™ standard solution,
suggesting that MS™ or surface-adsorbed MSA were formed
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Figure 2 (a) IR spectra of the CaCO; particles as the function of the
reaction time with gaseous MSA. The concentration of gaseous MSA was
1.34x 10" molecules/cm?; (b) IR spectrum of the mixture of CH3;SO;Na/NaCl.

in the reaction of CaCO; and kaolinite particles with gase-
ous MSA.

3.2 Methanesulfonate production rates

Figure 3 shows the integrated absorbance of two IR peaks
of CaCOs; particles as the function of reaction time with
gaseous MSA. Both increased linearly with reaction time,
which confirms further that the peaks at 1220 and 1090 cm™'
were attributable to the formation of MS™ on the particles.
In addition, the concentration of MS™~ formed in the bulk
particles also increased linearly with reaction time, as
shown in Figure 4. In the study of heterogeneous reactions,
DRIFTS is widely used to measure the surface concentra-
tion of the products while IC is used to analyze the bulk
concentration. Li et al. [25] found that the bulk concentra-
tion of nitrate formed in the heterogeneous reaction of NaCl
with NO, increased linearly, while the production rate of the
nitrate on the surface decreased with reaction time.

The reaction of gaseous species with bulk particles first
occurred mainly on the particles of the top layer(s), then on
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Figure 3 Integrated absorbance of two IR peaks of the products of the
reaction of CaCO; with gaseous MSA, as the function of reaction time.
(a) Integrated absorbance at 1220 cm™; (b) integrated absorbance at
1090 cm™.
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Figure 4 Bulk concentration of MS™ (measured by IC) formed in the
condensed phase for the reaction of CaCO; particles with gaseous MSA, as
a function of reaction time.

these of underlying layers. The sampling cups used by Li et
al. [25] and also in this study were all 0.5 mm in depth.
DRIFTS can only detect concentrations of compounds to
depths of several micrometers, while IC measures the bulk
concentration. This difference, according to Li er al. [25],
led to the different increasing trends of the nitrate concen-
tration measured by DRIFT and IC. However, in the present
study, the MS™ concentrations detected by DRIFTS and IC
both increased linearly with reaction time; this may indicate
that the reaction rates of gaseous MSA with CaCO; were
the same in the top layers and in the underlying layers, or
that the reaction was limited to the top layers within the
detection depth of DRIFTS. We are inclined to the latter
explanation, though more studies should be conducted to
clarify this issue.

3.3 Possible mechanisms

It is widely believed that due to the hydrolysis of adsorbed
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water on the surface:

CaCO,, +H,0,,, — Ca(OH)(CO;H) (1)

(ad)
OH groups exist on the surface of CaCO; and they cannot
be eliminated even under vacuum conditions [26]. Al-Hosney
and Grassian [26] suggested that in the reaction of gaseous
acid with CaCQOj; particles, adsorbed H,CO; was first
formed on the surface and then decomposed to CO, and
H,0. According to this hypothesis, we suggest that the het-
erogeneous reaction of gaseous MSA with CaCO; consists
of several elementary steps (reaction (2)—(4)), which include
reaction (1) as the first step:

Ca(OH)(CO3H)(ad) +CH,SOHy = 2)
Ca(OH)(CO,H)-CH,SO,H,,,
Ca(OH)(CO3H)'CH3SO3H(ad) - 3)
Ca(OH)(CH,SO, >(ad) +H,CO5,
H,CO;4y = H,0p) +CO, )

To verify the proposed mechanism, the dependence of
reaction rates/uptake coefficients on gaseous MSA concen-
tration, relative humidity, and temperature should be further
investigated.

3.4 Uptake coefficients

The uptake coefficient of heterogeneous reactions, 7, is de-
fined as the ratio of the number of gas molecules which
reacted with the surface to the number of gas molecules
which collided with the surface [27]. The uptake coefficient
of the reaction of gaseous MSA with CaCO; and kaolinite
particles was calculated as follows:

_dMsyar _ d[MS /ar
CCA[MSAL v

where d[MS™]/dt is the production rate of MS™, C is the col-
lision frequency of gaseous MSA molecules with the sur-
face of the particles, A is the surface area available for the
reaction (here the BET surface area of particles was used),
[MSA )] is the concentration of gaseous MSA, and v is the
mean molecule speed of gaseous MSA.

The uptake coefficients (240 min averaged) of the reac-
tions of gaseous MSA with CaCO; and kaolinite particles at
two different gaseous MSA concentrations are shown in
Figure 5, where the steady-state uptake coefficients of the
reaction of gaseous MSA with NaCl and sea salt particles
measured in our previous study [22] are also included for
comparison. When the concentration of gaseous MSA was
1.34x 10" molecules/cm®, the uptake coefficient of gaseous
MSA was (1.21+0.06) x 10°® for the reaction with CaCO; and
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Figure 5 Uptake coefficients of heterogeneous reactions of gaseous MSA
with different particles, as a function of gaseous MSA concentration.

was (4.10 £ 0.65) x 107'° for the reaction with kaolinite;
when the gaseous MSA concentration was 6.72 x 10" mol/cm3,
the uptake coefficient was (2.48 +£0.41) x 107 for CaCOs
and (6.74 £ 1.09) x 107" for kaolinite. The uptake coeffi-
cients of both reactions decreased with increasing gaseous
MSA concentrations, while our previous study suggested
that the heterogeneous reactions of gaseous MSA with NaCl
and sea salt particles was of first order with respect to MSA.
To confirm the reaction orders for gaseous MSA in the re-
actions with CaCO; and kaolinite, uptake coefficients
should be measured at more gaseous MSA concentrations.
As shown in Figure 5, at similar/same gaseous MSA
concentrations, the uptake coefficients for the heterogene-
ous reaction with NaCl and sea salt were significantly larger
than that for CaCOj3, which was again much larger than that
for kaolinite. The differences in measured uptake coeffi-
cients could be at least partially attributable to the different
surface characteristics of NaCl, sea salt, CaCOs;, and kaolin-
ite. Furthermore, the smaller uptake coefficients for CaCO;
and kaolinite might also be partially due to the larger BET
surface area of CaCQ; (0.8772 mZ/g) and kaolinite (24.1059
m?/g) than that of NaCl and sea salt. Only some parts of the
particles’ surface could participate in heterogeneous reac-
tions with gaseous MSA, leading to overestimation of the
surface area available for the reaction and then underesti-
mation of the uptake coefficients; the deviation might be
much more significant for kaolinite because of its much
larger BET surface area. If the geometric area, i.e. the cross
section of the sample cup, was used to calculate the gas-
surface collision frequency, the uptake coefficient of CaCOj;
is close to that of kaolinite, though still about one order of
magnitude smaller than these of NaCl and sea salt particles.
The uptake coefficients of the reactions of CaCO; and
kaolinite with gaseous MSA were significantly smaller than
the corresponding values for the reactions of NaCl and sea
salt, and our previous study suggested that the uptake coef-
ficients of the heterogeneous reactions of NaCl and sea salt
with gaseous MSA were too low to explain the observed
MS™ in the aerosols of the marine boundary layer [22];
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therefore, the heterogeneous uptake of gaseous MSA on
mineral dust probably does not play an important role in the
formation of MS™ in aerosols, although no observation of
gaseous MSA in inland boundary layers has been reported.
Uptake coefficients at different relative humidity should be
determined to further understand the role of the reaction of
gaseous MSA with mineral dust in the atmosphere.

4 Conclusions

Heterogeneous reactions of gaseous MSA with CaCO; and
kaolinite particles at room temperature were investigated
via DRIFTS and IC, and MS™ was found to be formed on
the particles in both reactions. A mechanism for the reaction
of gaseous MSA with CaCO; was proposed, and for the first
time the uptake coefficients of the two reactions were de-
termined, which are significantly smaller than those of the
corresponding reactions with NaCl and sea salt. To further
elucidate the reaction mechanism and to evaluate the role of
these reactions in the formation of MS™ in the aerosol, more
study is required to study the influence of temperature, rela-
tive humidity, and gaseous MSA concentration on the reac-
tion rate, and to solve the problem of underestimation of
uptake coefficients by using the BET surface.
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