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Abstract. In the present study, the formation procedure
of iodine oxide particle (IOP) has been investigated in the
presence of surfactants (nonanoic and stearic acids NA-
SA) and humic acid (HA). It was established that iodine
oxide which was mixed with the organic compounds (HA,
NA and SA), and then irradiated with a xenon lamp leads
to the formation of 1OP. The evolution of formed particles
number was followed by a scanning mobility particle
sizer. Results obtained show that the number of particles
decreases strongly in the presence of HA, NA and SA,
this behavior is explained by the formation of
organoiodine compounds.

Keywords: photochemistry, surfactants, iodine, particle,
organoiodine.

1. Introduction

Photochemistry at the air/sea interface of halogens
affects the chemical composition of the troposphere.
Atmospheric chemistry of halogens is dominated by
reactions between gas and aqueous phases species on
ocean surfaces and marine aerosols [1]. It influences the
oxidation capacity of the atmosphere by removing the
great variety of organic and inorganic species, which are
emitted by natural and anthropogenic sources, this occurs
by the catalytic destruction of ozone and reactions with
the important radical species (in particular the hydroxyl
OH) which control the oxidation chemistry [2, 3]. The
reactivity of iodine in the atmosphere and at sea leve
leads to the production of nanoparticles of iodine oxide
(IOP). The production process of IOP involves the
recombination reactions of the radicals 10 and OIO to
form oxides which then spontaneously condense forming
particles [4, 5]. In the presence of moisture, these particles
develop into clouds condensation nuclel (CCN), which
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would have an impact on the radiative balance of the
atmaosphere and therefore on the climate [6-11].

Some gudies [12, 13] indicate the presence of a
significant fraction of iodine soluble in marine aerosal in an
organic form. The reaction mechanism between the
dissolved organic matter (DOM) and the species aqueous
HIO (hypaidic acid), which would recycle I” in aerasols and
also increase the release of 1, in the gaseous phase and at
the air/sea interface has aready been studied [14]. This
mechanism is highly dependent on pH. Humic acid (HA) is
a diverse group of multifunctional organic compounds that
are soluble in water at pH vaues above 4. It contains
chromophores that participate in photosensitized chemical
reactions in the presence of organic surfactants such as
nonanouique acid (NA). The adsorption of the soluble
reagents, such as O; and H,O,, of the gas phase on the
aerosol surfaces will potentially lead to the oxidation of I
directly to the aerosal of the seawater [15]. The release of
these species into the atmosphere allows the recycling of
iode to iodine I and iodine monoxide 10, which reacts
actively with ozone and leads to the formation of iodine
oxide particles (IOP) [16, 17]. Theiodine oxide species |03
is converted by a photochemical reaction with HA to the
agueous ionic form (IY); this reaction is also showing the
binding of the iodinated species to the humic acid, which
influences the formation of marine partides. The
spectroscopic analysis of iodate reactions with a number of
compounds substituted with functional groups identified
with structures of HA, were used to identify the chemica
pathways and mgjor species involved in the formation of
non-volatile organic species containing iodine [15]. The
reaction mechanism is likely to occur in the fixation of
iodate on the HA and was, firg of al, the absorption of
vighble light by the organic chromophores of HA, which
leads to the generation of the solvated dectrons, which are
then captured by the iodate ion 103", whichis considered as
the species of the most active iodine in the formation of
particles in the atmosphere. It is reduced to HOI which will
produce the molecular iodine I, which reduces the number
of IOP [15]. lodate is accumulated in the marine aerasol by
the adsorption of the species 1,05, 1,0, and 1,05 of the gas
phase[18]. Most of the active chemigiry of iodinein the gas
phase takes place in the first 30 meters of the boundary
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layer [19]. Natura compounds containing bromine and
iodine significantly reduce regional and globa tropospheric
ozone levels [20, 21]. These halogenated gases reduce the
effects of global warming of ozone and hydrocarbons such
as methane in the troposphere. Organic iodine compounds
have been considered as the main source of oceanic iodine
emissions. The reaction of ozone with iodide on the sea
surface could represent about 75 % of the rates of iodine
oxide observed inthetropical Atlantic Ocean[22].

According to several dudies, the reaction of
molecular iodine 1, with DOM and the hypoiodic acid
(HOI) with ClI" and Br- leads to the decrease of the particle
concentration in the atmosphere. Organic surfactants
cause a decrease in |, gas emissions and reduce gas-air
transfer rates which directly influence the number of
particles emitted [23, 24]. Dissolved organic matter such
as humic acid present on the surface of the sea [27], can
be highly concentrated in the marine microlayer [26-29].
The presence of these complex and potentially
photoactive compounds affects the mechanism of marine
aerosols formation. Some researches [29-32] have studied
organic enrichment in the marine microlayer in different
regions of the ocean (subtropical, temperate, polar). They
observed a much larger coverage than before and showed
that the part of the oceans can be assumed to be
completely covered by an organic layer of thickness
100 um [33], especially Co carboxylic acids like NA
during the autumn. The presence of these compounds
affects the production mechanism of IOP. For this we
decided to study the formation of 10P in the presence of
DOM in the form of HA which is also considered as a
photosensitizer, and in the presence of organic surfactants
(NA, SA) which are ubiquitous in the marine environ-
ment. A very recent study [34] shows that photochemical
halogenation of DOM may represent an important abiotic
source of natural organciodine compounds (OICs) in
surface waters. The OICs were mainly in the region rich
in alicyclic carboxylic molecules consisting of esterified
phenolic compounds. The OICs could potentially have
adverse hedlth effects due to their relatively high
cytotoxicity and genotoxicity [37]. Currently about 200 of
natural OICs have been identified [38], most of them are
produced in the marine environment.

The objective of this study isto highlight the effect
of photosensitized organic films photochemistry at the
air/sea interface on iodine oxide particles IOP, using fatty
acids ubiquitous in the marine environment (NA, SA) as
surfactants and HA as DOM and photosensitizer.

2. Experimental

Freshly prepared agueous solutions of Nal (Sigma-
Aldrich, purity >99.5 %) in ultrapure water (18 MQ-cm)
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were used. HA solutions were prepared using a
commercialy available untreated form (Fluka). A small
amount of solid was gtirred in ultrapure water for 2-3 h,
and then any undissolved materiad was filtered. The
surfactant monolayer was prepared by adding a known
concentration of either nonanoic acid or stearic acid to the
solution by a micropipette. The pH value of the solution
was raised to about 8 using sodium hydroxide solution.
Humic acid was fully soluble under the dlightly acidic
conditions used in this study (pH >4). We can assume
that HA was evenly distributed in the reactor. The
chemistry products used were: nonanoic acid (Alfa Aesar,
97 %) and humic acid (Fluka, technical grade, 97 %).
Oxygen used for the generation of ozone was purchased
from Linde (99.9991 %).

Solutions of iodate and HA were mixed and placed
in the reactors (volume of 132 cm®). The irradiation was
carried out by a 1000 W xenon arc lamp (Orid "Solar
Simulator” without ozone). The lamp beam was optically
filtered using a water filter to eliminate IR wavelengths
and prevent heating of the solution. A mass of solar air
filters the spectrum of the lamp in order to replicate the
solar spectrum in the near UV-visible and a cut-off filter
to diminate one of the small outputs of the lamp at
A <310 nm. The solution was continuously exposed to the
filtered lamp beam during all experiments at room
temperature (293 £ 1 K).

A flow of a carier gas of 100 ml/min at
atmospheric pressure was used during the experiments,
which gave a residence time equal to 100 s. The reactor
was washed twice with acetone and ethanol to remove all
traces of organic compounds, thus avoiding any possible
contamination.

Ozone was added directly to the reactor to facilitate
oxidation of | to 10 and formation of iodinated oxides.
The production of iodine oxide particles (IOP) was
initiated by the nucleation of these oxidesin the gas phase,
the size didribution of these nanoparticles was then
measured using a scanning mobility particle sizer (SMPS)
composed of a differential mobility anadyzer (DMA,
model 3081) coupled with a condensation particle counter
(CPC, model 3776). Fig. 1 shows the diagram of our
manipul ation.

3. Results and Discussion

The photochemistry of surfactants (as NA) in the
presence of a photosensitizer (HA) leads to the formation
of unsaturated volatile organic compounds (VOCs) [39,
40] and the chemical transformation of NA, which leads
to the formation of double bonds (i.e, removal of water). It
also shows that the reaction is produced at the level of the
surface microlayer (SML), which is defined as the tens to
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hundreds of microns of the surface of the ocean from the
surface of the Earth [41], it is enriched by DOM
substances including HA that absorbs UV. According to
several studies [40-42] photosensitized reactions initiated
by a substance capable of absorbing the light (HA) and of
transferring the energy towards the desired reagents (for
example NA) at the ar/sea interface, condtitute a
predominant process for the formation of VOC in the
marine environment, that can react with ozone in the
atmosphere and at the air/sea interface and produce
secondary organic aerosols (SOA). However in the marine
environment the presence of marine salts such as iodine,
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(Nal, 1 uM), which is considered as the key species that
leads to the production of marine aerosols, interactions
between iodine and fatty acids (HA, NA and SA) may
affect the formation of marine aerosols. For this we
studied the formation of 10Ps in the presence of the humic
acid (HA) asa photosensilizer and the nonanoic acid (NA)
and the stearic acid (SA) as surfactants, we have noticed
that the concentration of IOP iodine particles always
decreases in the presence of these organic acids, moreover
our experiments of these acids in the absence of iodine
showed that the number of SOA particles does not exceed
200 #/cc (particles'em®) (Fig. 2).
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Fig. 1. Scheme of the multiphase atmospheric simulation reactor used
for the investigation of photochemical processes at the air-sea interface
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Fig. 2. Variation of the particles secondary organic aerasol (SOA)
of HA, SA, NA and (HA+NA), in the presence of 20 ppb of ozone
and under the effect of irradiation

The concentrations of SOA after theirradiation period
were found in the range of 120-320#/cc, they remain stable

indicating that the presence of SOA as a background leve
will not affect our observations on the concentration of 1OP.
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Photolysis of NA in the presence of HA leads to
the formation of VOCs such as saturated adehydes
(C+Cy), unsaturated aldehydes (Cs-Co), akanes (C+-Co),
alkenes (Cs-Cg), and dienes (Cs-Co). The reaction of these
VOCs with ozone and OH radicals leads to the formation
of SOAs. The mechanisms leading to the gas phase
products observed in the presence of HA and NA have
been described in detail by several studies[33]. They lead
to the formation of saturated acids, unsaturated and
saturated aldehydes which are very soluble in water.
According to Henry's law, the solubility of non-
oxygenated compounds is very low compared to that of
oxygenates. A recent study was carried out in a simulation
chamber in the presence of high concentrations of ozone
(250-850 ppb), compared to those in the atmosphere
(2050 ppb) [33]. These fairly high ozone levels were
used to compensate the low light intensity of UV lamps
compared to solar radiation and the possible loss of
reactive VOC on the chamber wall. However, the use of a
high concentration of ozone can modify the reaction
mechanism and leads to the ozonolysis and decarbo-
xylation of organic acids by OHe radicals, producing a
high number of SOA which isnot our objective.

These problems make the work in the simulation
chamber difficult under atmospheric conditions, and for
this we used this reactor. The advantage of this reactor
compared to the smulation chamber is that it is widdy
used for studying the aging phenomenon at the air/sea
interface, has very short residence time (100s) and
background that does not exceed 20 #/cc.

The concentration of SOA found by photo-
chemistry of NA in the absence of HA was almost similar
to that found with the system NA-HA. The results
obtained show that the photochemical processes of the
NA-HA system are not a significant source of particles
under these experimental conditions. When comparing
these results with those obtained in the simulation
chamber which shows the production of a high number of
SOA particles (3060 #/cc) [33], we have checked whether
they are particles that come from the reaction of VOCs
produced by the system photochemistry (NA+HA) or by
reactions of these with ozone and OH radicals. For this
purpose we conducted a series of experiments with these
organic compounds (NA, SA and HA) under the same
conditions as those carried out in the simulation chamber
[33]. For al the experiments the formation of particles
started only after irradiation and addition of ozone
(Fig. 3). The results obtained using NA (1 mM) alone
with 800 ppb of ozone show that the number of IOP
increases strongly after the irradiation from 10°to
810°#/cc, however the photochemistry of NA
photosensitized by HA produces almost 10°#/cc. The
difference between these results and those obtained by the
surfactant alone is due to the reactions of VOCs produced
by the system (NA-HA) with OH radicals and ozone.
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Fig. 3. Evolution of SOA concentration
of in the presence of 800 ppb of ozone

It is well established that the OH radicals in an
aqueous phase are generated by the absorption of light
from humic substances but especialy by the ozone
photolysis [28-30]. Particle formation was only observed
after irradiation and addition of ozone (Fig. 3). Theresults
obtained using NA alone (1 mM) with 800 ppb of ozone
shows that the number of 10Ps after the irradiation
srongly increases from 10° to 810%#/cc; NA
photosensitized by HA produced nearly 10°#/cc. This
difference is due to the reactions of the VOCs produced
by the system (NA-HA) and OH radicals. NA is an
effective sensor of OH radicals, and acting as an inhibitor
of any secondary reaction of OH. These results show that
the photochemistry of these organic acids under
atmaospheric conditions does not lead to the production of
particles.

To study the effect of surfactants (NA, 1 mM) and
organic matter (HA, 10 mg/l) on the mechanism of 10P
formation we conducted a series of experiments with
iodine (Nal, 1 mM) in the absence and in the presence of
organic acids (NA, SA, HA) separated and mixed under
atmospheric conditions (20 ppb O;, 295K, 1atm), we
noticed that the concentration of 1OP decreased in the
presence of surfactants (NA, SA) and the photosensitizer
(HA). This shows that the concentration of the surface
film, as well as the concentration of DOM in the volume,
affect the formation of 10P (Fig. 4).

The concentration of 10OP (iodine alone) decreased
from 1.2:10° to 2:10°#/cc in the presence of organic
matter (HA). This decrease is explained by the formation
of organoiodines compounds (OICs) via halogenation
reactions of iodine with humic acid and involves the
important iodine gases such as CHgl, CHal,, CHCII, and
CHI3, which damage the atmospheric ozone layer. These
gases are produced by abiotic mechanisms in natural
environments [43,44] . Organoi odines compounds can also
come from bictic pathways, in particular by nonspecific
halogenation of dissolved organic matter, considering the
covalent binding capacity of iodine to DOM [45].
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The halogenation of DOM by photochemically
generated reactive halogen species (RHS) contribute
significantly to the formation of a much wider variety of
OIC. Their molar masses vary between 178.916
(CH41O4) and 713.1933 (CsoH=11203), their structures
depend on the type of reaction involved and the type of
irradiation, as well as the water used (artificial fresh water
or seawater) [34].

The mechanisms of the main reactions involved are
as follows: firstly, the absorption of sunlight by DOM
leads to the generation of reactive oxygen species (ROS)
comprising the hydroxyl radical (OH), hydrogen peroxide
(H2O,) and DOM triplet state (SDOM*) [46]. Then,
iodide or 10; were oxidized/reduced by DOM induced
ROS to form reactive halogen species (RHS) [47, 48].
After that, RHS would react with DOM to form OCls by
addition to the unsaturated C=C bond, and recombination
with carbon radicals and/or electrophilic substitution [49,
50]. The compounds formed are grouped into three
categories according to the type of reaction:
(i) substitution reaction (SR) between the reactive halogen
species (RHS) and the organic matter (DOM);
(ii) addition reaction (AR) between RHS and DOM;
(iii) SR or AR accompanied by other reactions such as
photooxidation (SAOR).
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Fig. 4. Evolution of the IOP concentration in the presence and
absence of surfactants (NA+SA) and the photososibilser HA

Effect of organic surfactants (NA, SA) on the
formation of 1 OPsin the absence of DOM.

In the presence of NA as a surfactant, the number
of IOP particles decreases from 1.2-10° to 8:10°#/cc even
if the latter always remains on the surface. Such behavior
is explained by the reaction of the VOCs produced by the
photochemistry of surfactant NA with the iodinated
species at the air/water interface and gas phase, whereas
SA showed no effect. To explain these results, we have
studied photochemistry of SA by TOF-PTR-MS. The
results obtained show that there is no formation of VOC:s,
therefore the presence of SA did not affect the formation
of IOP in contrast to NA which produces VOCs.
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Effect of NA and SA organic surfactants on the
formation of |OPsin the presence of DOM.

The addition of HA to the system gNA + Nal) led
to a particle increase from 8:10° to 810° #/cc, which is
explained by the reactions to the surfactant air/water
interface and the photosensitizer. The same behavior is
recorded in the presence of SA as the surfactant. These
results show that the presence of an organic surfactant in
the medium reduces the yield of organoiodine formation
OICs which increases the concentration of 10P.

4. Conclusions

In thiswork, the formation of iodine particlesin the
presence of ubiquitous surfactants at the air/sea interface
was studied for the firgt time. We found that the number
of 10P decreased in the presence of surfactants (NA, SA)
and dissolved organic matter. This behavior was
explained by the formations of OIC. A strong production
of 0P was observed during the irradiation of the reactor
in the absence of DOM and the surfactants, whereas the
release of IOPin the presence of these organic compounds
remained rather moderate. The PTR-ToF-MS data gas
phase SA shows that there is no formation of VOCs,
which explains the difference between the results obtained
using SA and NA. It should be noted that up to now, the
mechanisms of production of 1OP has been studied taking
into account only the processes directly related to the
photochemistry of marine salts as iodine. However, the
presence of organic compounds at bulk or at the interface
strongly affects the process, since iodine is captured by
the latter. On the other hand, the results obtained by the
photochemistry of surfactants (NA, SA) which lead to the
emission of VOCs in the atmosphere, shows that the
number of SOA is very low (200#/cc) under these
conditions. The increase in the concentration of ozone
(e.g. 800 ppb) leads to a strong increase of SOA, for that
we have to work with the atmospheric conditions, by
simulating the photochemical reactions that can take place
in the atmosphere.
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TOCJIKEHHS YACTUHOK OKCHJLY MOJY HA
MOBEPXHI PO3/ILTY ®A3 IOBITPSI/BOJA Y
MPUCYTHOCTI IOBEPXHEBO-AKTUBHHUX

PEYOBHH TA T'YMIHOBOI KUCJIOTH

Anomauia. Y npucymmocmi noeepxnego-akmugHux peuo-
eun (nonanosoi HK ma cmeapunosoi CK kuciom) ma 2ymiHO8OT
kuciomu (I'K) docniosiceno gpopmyeanns uacmunku okcuoy uooy
(OHY). Bemanosneno, wo oxcud iiody, sKuil 3Miuysans 3 oped-
niunumu cnonykavu (HK, CK, I'K), a nomim onpominiosanu kceno-
HOBOIO 1aMIOI0, RPUBOOUMb 00 ymeopenns OMY. Budirenns ymeo-
PEHUX YACMUHOK BUBHAYATIOCH 30 OONOMOZ0I0 CKAHYIOY020 K1aACU-
gixamopa pyxomocmi wacmunok. Iloxkazano, wo KiibKicmos yacmox
cymmeeo smenuyemvca 6 npucymuocmi HK, CK, I'K; maka
NO06€JIHKA NOACHIOEMbCA YMBOPEHHAM HO000P2AHTUHUX CHOMYK.

Knrouosi cnosa. ¢pomoximis, nosepxrneso-akmueHi pevo-
BUHLL, 100, YACMUHKA, U0O00P2AHIYHUII.



