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Optical properties of iodine-containing aerosols that were produced by ultraviolet photoirradiation of a mixture gas
of CH,I, and O; with dry air diluent have been measured using a nephelometer, a particle soot absorption photometer and
a cavity ring-down spectrometer. Single scattering albedo of iodine aerosols was determined to be 0.96 4 0.01 at around
530 nm. Chemical compositions of the aerosols associated with particle size in the range of 0.2—1 um was measured using
a laser-ionization single-particle aerosol mass spectrometer. Positive and negative ion signals of iodine and iodine oxides,
10, (n = 04), ,O, (n = 0-6), and 130, (n = 0-1), carbon-containing compounds and HOI were detected.

The first detection of aerosol nucleation bursts at Mace
Head, Ireland, was reported by O’Dowd et al.»? and Grenfell
et al.’> Following the first detection, several studies of iodine-
containing particle formation mechanisms have been per-
formed.*!! Chemical compositions of iodine particle were
measured by aerosol mass spectroscopy.® Hoffmann et al.*
found the newly formed particles are purely composed of
iodine oxides using CH,I, as a precursor species. CH,I, has
been known to be a major photochemical source of iodine
atoms in the marine boundary layer. They suggested that the
multiple addition of OIO is a major step leading to particle
formation. Burkholder et al.” reported a modeling study that
very high concentrations of OIO have to be present to produce
the particles.
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Iodine oxides are believed to form clusters based on studies of
chemical compositions of iodine aerosols.”!! Formation of
iodine oxides (IO and OIO) in the gas-phase has previously
been confirmed in the photoreactions of CH,l, with O;.!?
Saunders and Plane,!! who reported that fractal morphologies
of iodine oxide nanoparticles generated photochemically
from I, in the presence of O; are composed of 1,05 using
transmission electron microscopy. They also performed quan-
tum calculations showing that gas-phase 1,05 could be formed
by a series of exothermic reactions.
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Aerosol contributes to radiative forcing by scattering and
absorption of incoming solar radiation and outgoing thermal
radiation from the Earth’s surface.!® Since iodine and iodine
oxides (e.g., I, 10, and OIO) have an absorption in the visible
region, iodine aerosols may also have an absorption in the
visible region.

In this study, chemical composition of iodine-containing
particles has been measured by a laser-ionization single-particle
aerosol mass spectrometer (LISPA-MS), and extinction, scat-
tering and absorption coefficients by a nephelometer, a particle
soot absorption photometer (PSAP) and a cavity ring-down
spectrometer (CRDS).

Experimental

Preparation of Iodine-Containing Aerosols in a Teflon Bag.
A mixture of CHyl, and O; with synthetic air diluent was
introduced into a Teflon bag (Tedler, 100 L) under atmospheric
pressure. The bag was then continuously irradiated using a black
lamp (Toshiba, peak wavelength at 352nm, 20 W). Ozone was
produced by irradiating an oxygen gas flow (760 Torr) with a low-
pressure mercury pen-ray lamp (Hamamatsu Photonics, L937-02,
184.9nm). The gas flow rates were controlled by mass flow
controllers (STEC, SEC-E40) when gases were mixed into the bag.
Ozone concentrations were measured upstream of the Teflon bag
by monitoring the absorption at 253.7nm (0 =1.15 x 107"
cm’molecule™! %) using a separate pen-ray lamp (Hamamatsu
Photonics, L937-03) as a light source. All reagents were obtained
from commercial sources. CH,l, (Sigma-Aldrich, 99%), N,
(>99.999%), synthetic air, and O, (>99.995%) were used without
further purification. All experiments were conducted at room
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temperature. The number size distribution of aerosol particles was
monitored by optical particle counter (OPC, RION, KR-12A,
diameter regions: 0.3-0.5, 0.5-0.7, 0.7-1.0, 1.0-2.0, 2.0-5.0, and
>5.0 um).

Analysis of Chemical Compositions of Iodine-Containing
Aerosols. Chemical compositions of the iodine-containing
aerosols were analyzed using LISPA-MS. The details of laboratory
built LISPA-MS have been previously described.'® Briefly, aerosol
particles were focused into a particle beam by an aerodynamic
lens.'® After exiting the lens, the particle beam was transmitted into
an ionization region. For detecting the particles introduced into the
ionization region, a continuous-wave laser beam, delivered by a
frequency-doubled Nd:YAG laser at 532 nm, crossed the particle
beam. The scattered light from the individual particles at 532 nm
was detected by a photomultiplier tube (Hamamatsu Photonics,
1P28A). The scattered signal intensity was measured by the
photomultiplier, which was utilized as a measure of the relative
particle size.!” The scattered signals above a selectable threshold
level triggered a pulsed KrF excimer laser at 248 nm, which was
used as a light source for desorption/ionization of chemical
species of particles. This LISPA-MS instrument can detect aerosols
at a lower detectable limit of 0.2 um diameter and an upper limit of
1 um due to the transmission limit of the aerodynamic lens.!>!¢
The resultant positive and negative ions were measured with a
time-of-flight mass spectrometer attached with a microchannel
plate detector. The ion signals from the detector were amplified,
digitized, and recorded as mass spectra. Either positive- or
negative-ion mass spectra were obtained by changing the voltage
polarity of the instrument.

Optical Properties of Iodine-Containing Aerosols. We
measured optical properties of the aerosols extinction coefficient
((ey) at 532nm by CRDS, absorption coefficient (¢,,) at 565 nm
by PSAP (Radiance Research), and scattering coefficient (ovg.) at
530nm by Nephelometer (Radiance Research, M903). The CRD
spectrometer employed a probe laser (Nd**:YAG laser, Spectra
Physics, LAB-130, A = 532nm). The CRDS reaction cell (Pyrex
glass tube, 21 mm i.d.) was attached with two highly reflective
plano-concave mirrors (Research Electro-Optics, 7.8 mm diameter
and 1m curvature, specified reflectivity >0.999) as described
previously.'>!8-23 These mirrors were mounted 1.04 m apart. Light
leaking from the end mirror was detected by a photomultiplier
tube (Hamamatsu Photonics, R212UH) through band-pass filters.
Synthetic air was introduced upstream of the cell, typically
3.5 slm, to keep the pressure of the cell at 1 atm. Nitrogen gas was
also introduced at a flow rate of 50sccm into the ends of the
ring-down cavity, close to the mirrors, in order to minimize
deterioration caused by exposure to the reactants and the products
in the cell.

For CRDS, temporal decays of the signal intensity were
recorded using a digital oscilloscope (PICO, ADC-212, 12-bit
resolution, 50ns/channel). In the presence of particles, the light
intensity within the cavity is described by:

I(t) = lpexp(—t/T) = o exp{—(1/To + exrcd/ L)t}  (10)

where [y and /(f) are the light intensities at time 0 and ¢. T is the
cavity ring-down time with aerosol samples. T is the cavity ring-
down time with clean air gas and typically 75 Us. Oex (=Qsc + Xap)
is the extinction coefficient of the particles inside the cavity, d the
actual distance in the cavity filled with aerosols (0.9m), L the
cavity length, ¢ the velocity of light. o and o, stands for
scattering and absorption coefficients, respectively. The CRDS
spectrometer and nephelometer were calibrated using polystyrene
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Figure 1. Temporal profiles of concentration of different

particle size measured by optical particle counter. The
horizontal axis shows UV-lamp irradiation time. [CHy1,] =
6.4 x 1012, [03] = 1.3 x 10"*moleculecm™ in 760 Torr
air diluent. @: 0.3-0.5 um dia., l: >0.5 um dia. The solid
curve is for visual clarity. Particles of >0.5um dia. were
under 100 molecule L.

latex particles (Duke Science Corp., 0.3 and 0.5 um diameters).
The PSAP data was corrected to 532 nm with an assumption that
angstrom exponent is 1 after the correction for flow rate, spot area,
and scattering coefficient based on Bond et al.>*

Results

Figure 1 shows the temporal profile of OPC data as a
function of photoirradiation time. The initial reagent concen-
trations of CH,l,, O,, and O3 were 1.3 x 10'3, 6.2 x 108, and
2.1 x 10'3 molecule cm™>, respectively. Particle density in the
diameter range of 0.3-0.5um increased up to 4 x 10> mole-
cule L~! after 40-50 min UV-irradiation, while that for particles
with diameter over 0.5um was under 100moleculeL~!.
This result shows that particles below 0.5 um diameter were
dominant. With the initial concentrations of CH,I,, O,, and O3,
6.0 x 10", 6.2 x 10'%, and 1.1 x 10"*molecule cm2, respec-
tively, similar temporal change was obtained.

Chemical Compositions of the Aerosols. Figure 2 shows
typical positive and negative ion mass spectra of the iodine
aerosols measured using LISPA-MS. The initial concentra-
tions of CH,l,, O,, and O3 were 3.7 x 10'3, 6.2 x 10'8, and
2.1 x 103 molecule cm—3, respectively. The detected peaks in
the mass spectra can be assigned to the positive and negative
ions of 10, (n = 0-4) and 1,0, (n = 0-6) for the gas mixtures
of CH,I,/0,/0; in air diluent. The inset shows the detailed
positive ion spectrum for I0* and HOI™, which was measured
under separate experiments from those for the main figure and
the data were processed by the fast Fourier transform method to
reduce noise levels. Positive and negative ions of I3 and 150
were also observed.

Figure 3 shows negative ion signals of the lower masses to
charge ratios (m/z = 20-60), which would be derived from
carbon compounds. These carbon compound signals appeared
quite seldom in the observed mass spectra while those of iodine
oxides appeared in almost every mass spectrum. No positive
ions containing carbon species were observed. The spectra are
essentially the same for both small and large particles as
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Figure 2. Positive and negative ion mass spectra of iodine-
containing aerosols (m/z = 100-400). Experimental con-
ditions are the same as for Figure 1. The insert shows a
positive ion spectrum for m/z = 135-150.
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Figure 3. An example of negative ion mass spectra of
iodine-containing aerosols. Experimental conditions are
the same as for Figure 1.

positive and negative ions of I, I, and 10, (n = 1-4) show no
tendencies in all scattering signal intensity ranges, while the
weak positive and negative ions of 1,0, (n = 1-6) and 150,
(n = 0-1) appeared at larger scattering signal intensity or larger
aerosol size.

Optical Properties of the Aerosols. The extinction
coefficient of the iodine-containing particles was measured
with CRDS while the scattering coefficient with nephelometer
and the absorption coefficient with PSAP. These results are
compared to each other as shown in Figure 4 with the initial
concentrations of CH,lp, O,, and O; were 6.0 x 10, 6.2 x
10'®, and 1.1 x 10" moleculecm™, respectively. Using the
slopes in Figure 4, single scattering albedo (SSA), which is
defined as o/ /tey, is calculated to be os(Neph)/aex(CRDS) =
0.960 £ 0.003, and 1 — {h(PSAP)/otx(CRDS)} = 0.959 &+

Optical Properties of lodine Aerosol
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Figure 4. Comparison of extinction coefficients with scat-
tering and absorption coefficients under dry conditions.
CHyl; + O3 in air with UV photoirradiation. [CH1,] =
6.0 x 10" [03] = 1.1 x 10" moleculecm™ in 760 Torr
air diluent.

0.007. The SSA values obtained using two different combina-
tions of data agree with each other within the estimated errors.
We choose the SSA value of 0.96 £ 0.01 for iodine aerosols
formed under our experimental conditions. Thus, the iodine
aerosol has weak absorption in the visible region at least
around 530 nm.

Discussion

Jimenez et al® investigated aerosols from the direct
photolysis of CHyl, in the presence of O; in the Caltech
indoor chamber, and reported the chemical composition of
iodine particles with growth time or particle size. Their experi-
ment was performed with the concentration ranges, CHl,
0.0040-1.2 x 10" moleculecm™ and O3 0.30-1.2 x 103
molecule cm™3, lower concentration conditions than ours. With
use of an Aerodyne aerosol mass spectrometer, they reported
temporal and size behaviors for I, T, 10T, I0,*, 105, 1,0,
and 1,O;*. Based on their results they concluded that the
aerosol chemical compositions did not vary with reaction time
or particle size. Our results are in accord with their results,
using LISPA-MS which can detect only larger particles
>0.2 um. In our experiment, we detected ion species such as
1,0, and 150,. The chemical composition of particles are
believed to contain OIO, 1,0,, 1,03, 1,04, and 1,05 species as
reported previously.”!! Carbon-containing compound ions as
shown in Figure 3 indicate the contribution of carbon-contain-
ing radicals such as CHIO, and CH,O,; to aerosol formation.
However, the results that a) the appearance probability of the
carbon-containing ion signals is much lower than those of
iodine-containing compound ion signals, and b) Jimenez et al.®
did not observe the carbon-containing ion signals indicate that
iodine oxides (OIO, 1,0,, 1,03, 1,04, and 1,05) mainly form
aerosols® ! and the contribution of carbon-containing radicals
such as CHIO, and CH,0, is small. Jimenez et al.® reported
that the iodine particles may also include hydrogen-containing
iodine species. Our experimental results for HOIT in the inset
of Figure 3 are in accord with their report. Particle size
distributions were measured previously by Jimenez et al.® using
a scanning electrical mobility spectrometer. The reported size
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distributions of iodine particles had a peak around 0.1-0.2 pm
and particle growth finished within 50 min. Our results from
OPC show particles of <0.5um diameter are dominant and
particle growth almost finished within 50 min and the chemical
compositions are in accord with those reported by Jimenez
et al.® as discussed above. Thus, in our experiment, the particle
size distribution is estimated to be similar to that reported by
Jimenez et al.® Our optical measurements show that the iodine
particles, with the chemical composition and size distribution
as discussed above, have weak absorption in the visible region
at least around 530 nm.

Conclusion

Typical marine-boundary aerosols that are produced from
photochemical reactions of CHjl, consist of iodine oxide
species such as I,0,, as reported by Pirjola et al.,’ Saiz-Lopez
et al,'” and Saunders and Plane.!' In the present laboratory
experiments with a mixture gas of CH,I, and Oj; in synthetic air
and UV irradiation, we found that 1) the chemical compositions
and particle growth are similar to those previously reported
by Jimenez et al.’ and 2) the aerosols have weak visible
absorption.
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