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Abstract. In this work we have quantitatively measured the 1  Introduction

degradation of 4-phenoxyphenol adsorbed on silica particles

following oxidative processing by gas-phase ozone. This wasl he emissions of various types of biomass combustion, such
performed under dark conditions and in the presence of 4as natural fires, prescribed burns and residential wood burn-
carboxybenzophenone under simulated sunlight irradiatioring, contribute significant amounts of aerosol particles to the
of the particles surface. troposphere (Anastasio et al., 1997).

At the mixing ratio of 60ppb which corresponds to  Atmospheric organic aerosols emerging from biomass
strongly polluted ozone areas, the first order of decayburning processes comprise of alarge fraction of phenols and
of 4-phenoxyphenol isk1=9.95x106s71. At a very substituted phenols such as 4-phenoxyphenol (4-PP) and aro-
high ozone mixing ratio of 6ppm the first order rate matic carbonyl compounds (e.g., 4-carboxybenzophenone —
constants for 4-phenoxyphenol degradation were the fol4-CB) (Simoneit et al., 1993; Jang and McDow, 1995, 1997;
lowing: k1=2.86x10"°s™! under dark conditions and Anastasio et al., 1997; Vione et al., 2006). In particular,
k1=5.58x10°s71 in the presence of photosensitizer (4- Very high concentrations of aromatic carbonyl compounds
carboxybenzophenone) under light illumination of the par-and phenolic substances have been detected in aerosols and
ticles surface. In both cases, the experimental data followfogs in regions affected by winter residential wood burning.
the modified Langmuir-Hinshelwood equation for surface re-  In addition, phenolic substances and aromatic carbonyls
actions. The Langmuir-Hinshelwood and Langmuir-Rideal can emerge as photolysis products of polycyclic aromatic hy-
mechanisms for bimolecular surface reactions are also disdrocarbons (PAH) which are also formed during the biomass
cussed along with the experimental results. combustion processes (Kamens et al., 1989; Vione et al.,

Most importantly, the quantities of the oligomers such 2006). The impact of biomass burning on global tropospheric
as 2-(4-Phenoxyphenoxy)-4-phenoxyphenol and 4-[4-(4-0zone concentrations was investigated due to the particular
Phenoxyphenoxy)phenoxy]phenol formed during the het-role of ozone for atmospheric chemistry and climate (e.g.,
erogeneous Ozon0|ysi5 of adsorbed 4-phen0xypheno| Werbelieveld and Dentener, 2000; Marufu et al., 2000; Galanter
much higher under solar light irradiation of the surface in et al., 2000; Granier et al., 2000). All studies estimate the
comparison to the dark conditions. contribution of biomass burning to the global tropospheric
ozone concentration in the order of 10%. Nevertheless, on
a regional scale close to the source region, biomass burning
contributes, to a much larger extent, to the ozone concentra-
tion (Marufu et al., 2000).

From a health point of view, it is important to note that or-
ganic coated patrticles play an important role in the toxicity
and safety assessment of hanoparticles which means there is

Correspondence td5. Gligorovski an increased risk that people exposed to them are endanger-
= (saso.gligorovski@univ-provence.fr) ing their health (Warheit, 2004).
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In the last decade, a lot of interest has been drawn to2 Experimental
wards heterogeneous ozone and OH reactions on the atmo-
spheric aerosol surfaces leading to the conclusion that he2.1 Experimental set-up
erogeneous chemistry plays an important role in atmospheric
organic particles (Donahue et al., 2009). On the other handMineral dust, of which silica is commonly a major con-
only a few studies were devoted to the light-induced hetero-stituent (Usher et al., 2003) adsorbs organic compounds
geneous reactions (e.g., George et al., 2005; Gomez et alhich are (photo)oxidized during their transport (Falkovich
2006, Jammoul et al., 2008). et al., 2004). To study the kinetic reactions of ozone with
The near-UV/vis light-absorbing organic species presen#-PP and to evaluate the role of 4-CB at the particle sur-
on/in the condensed aerosol particles interacting with tracdace, the organic compounds (4-PP and/or 4-CB) were coated
gases such as ozone can initiate a new and potentially impoen the silica particles (AEROSIL R812) via liquid-solid ad-
tant photoinduced heterogeneous chemistry. sorption. Silica particles are characterised by a high surface-
For example, recent results from the group of Georgeto-volume ratio that makes them ideal for investigation of
(Jammoul et al., 2008; Nieto-Gligorovski et al., 2008; surface-specific reactions. The experimental set-up has been
Stemmler et al., 2006, 2007) and our group (Net et al.,explained in our previous paper (Net et al., 2009) so here
2009; Nieto-Gligorovski et al., 2009) have shown that pho-only a brief description is given.
tosensitized and photoenhanced heterogeneous reactions carnrhe solution of 4-PP and/or 4-CB-@0 mg in 100 ml of
take place on the aerosol surfaces. These kind of reactiondichloromethane) was mixed with 2 g of Si@owder, in a
can modify the particle properties by the formation of large pyrex bulb with a volume of 500 cfn This bulb was wrapped
molecular mass compounds and can induce the developmenmtith aluminium foil and then ultrasonicated about 30 min to
of small volatile organics which are emitted in the atmo- obtain homogeneous particles. After that, this bulb was at-
sphere. tached to a rotary evaporator where the particles were dried
Net et al. (2009) have shown that photo-induced heterofor 60 min at 40C and 85@85mbar. The prepared parti-
geneous reactions of ozone with 4-PP in the presence of 4ecles were then additionally dried about 15 min by nitrogen
CB yield large organic molecules with molecular mass upgas prior to proceeding with the kinetic experiments. As-
to 300 Da. However, the exact role of 4-CB as photosensi-suming a uniform particle surface coverage, the amount of
tizer during the heterogeneous ozonolysis remained an ope#-PP adsorbed on silica particles were below a monolayer.
issue. In the Net et al. (2009) paper, it was suggested tha2 g of used silicon oxide corresponds to a total specific sur-
the presence of 4-CB does not impact on the formation offace of 520 M (260307 g1 from supplier). Assuming
the reaction products (surface bound and gas-phase producta)spherical geometry, 40 mg of 4-PP and of 4-CB possess a
but it can rather influence the kinetics. Therefore, in this surface of 225 rhand 268 i, respectively. The percentage
study, we focused on the kinetic measurements of heteroef aerosol surface coated with 4-PP wa43% and with 4-
geneous reactions between gas-phase ozone and silica par@B was~50% of monolayer and the average 4-PP or 4-CB
cles coated with either 4-PP or with the mixture of 4-PP/4-loading on the silica particle was2% by weight.
CB. The kinetic data set was obtained by treating the reac- All experiments were performed at an ambient tempera-
tion samples with Gas Chromatography Mass Spectrometryure (297 K). About 300 mg~6 mg of 4-PP or 4-CB) of ob-
(GC-MS) coupled with the derivatization technique. Two ki- tained particles were transferred into other pyrex bulbs with
netic datasets were obtained: (i) heterogeneous reactions ef volume of 500 crh The coated silica particles were then
ozone with silica particles coated with 4-PP, (ii) light induced exposed to a broad range of ozone mixing ratios between
heterogeneous reactions of ozone with silica particles coate@0 ppb and 6 ppm. In another independent experiment, dried
with the mixture of 4-PP/4-CB. The obtained first order rate coated silica particles were simultaneously exposed to ozone
constants were plotted as a function of the ozone concentraand transversally irradiated with simulated sunlight emitted
tions. The comparison of the two datasets demonstrates aflom a broadband continuous light source such as a xenon
enhancement of the first order rate constants by a factor ofamp (700 W nT2 for 315-400 nm and 160 Wnf for 400—
two in the presence of light and photosensitizer (4-CB) and700 nm) at a distance of 10 cm from the bulb. The rotation of
by this we revealed the importance of a photosensitizer suclhe bulb ensured a homogeneous irradiation of the particles
as 4-CB in the heterogeneous ozone reactions which occuuring the whole experiment.
on the aerosol surfaces. A previously modified and adopted

Langmuir-Hinshelwood mechanism (see e.gséhl et al., 2.2 Chemicals and reagents
2001; Ammann et al., 2003; Mmereki et al., 2004) was ap-
plied to fit the experimental observations. The standards for the identification of the following com-

The evolving of the organics emerged from the heterogepounds: 4-carboxybenzophenone, 4-phenoxyphenol, phe-
neous ozonolysis of 4-PP in presence and in absence of phaol, hydroquinone, catechol, 4-hydroxybenzoic acid, ben-
tosensitizer was observed, as well. zoic acid, fumaric acid, terephtalic acid, maleic acid, 1,2,4-

trinydroxybenzene and 4;dlihydroxydiphenyl ether were

Atmos. Chem. Phys., 10, 1548554 2010 www.atmos-chem-phys.net/10/1545/2010/
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provided from Sigma Aldrich, CHIMICA, TCI Europe Lab- Internal standard used in this study was O-toluic acid and
oratory Chemicals with purity-98%. its stability in the sample was tested. The RSD% value

The SiQ powder AEROSI® R812 with purity>99.8%, of 15 injections of O-toluic acid within 1 h interval was 4.5%.
average size of 7nm and specific surface of280 n? g—*
were supplied by Evonik (France). (c) Linearity of calibration curves and limit of
quantification
2.3 Gas Chromatography-Mass Spectrometry
(GC-MS) analysis Peak area ratios of the analytes to the internal standard
were used to draw the calibration curves. Regression
Following the reaction times of 1, 2, 4, 6 and 8h the analysis was used to assess the linearity of the analytical
adsorbed organic material of the silica particles was ex-method. Six point calibration curves were obtained with
tracted in dichloromethane (DCM) by ultrasonication (Bran- correlation coefficientst2>0.99. Daily calibration curves
son 3510, USA) for a time period of about 30 min. The ob- were constructed during sample analysis. Limit of detection
tained suspension of coated particles was further centrifugedLOD) (defined as a peak giving a response equal to a blank
6000 r/min (Sorvall LEGEND MICRO17, Electron Corp., signal plus three times the standard deviation of the noise) of
TermoFisher). The obtained clear solutions were then analreagents and reaction products were calculated with a deriva-
ysed by GC-MS using electron impact ionisation (70 eV) ac-tization technique (for details see Net et al., 2009). Limits of
cording to the following parameters: column THERMO TR- quantification (LOQ) were calculated for a full scan or SIM
5MS (internal diameter 0.25 mm, length 30 m, film thicknessof the signal of the MS and are as follows: 0.01 mg/L for
0.25um), injection volume: 1pl, inlet temperature: 280 4-PP, 0.005 mg/L for 4-CB, 0.3 mg/L for phenol, 0.08 mg/L
interface temperature: 33C, with the following tempera- for benzoic acid, 0.5mg/L for maleic acid, 0.01mg/L
ture program: hold 1 min at 8@; increase temperature to for catechol, 0.007 mg/L for fumaric acid, 0.05mg/L for
220 at a rate of 15C/min; increase temperature to 300 at hydroquinone, 0.06 mg/L for 1,2,3-trihydroxybenzoic acid,
25°C/min; hold 15min at 300C. A Combi PAL autosam- 0.08 mg/L for 4-hydroxybenzoic acid, 0.8 mg/L for tereph-
pler was used to allow automated analysis. For reagent anatalic acid and 0.08 mg/L for 4,4dihydroxydipheny! ether.
ysis, the samples were injected in the split (1/100) injectionThese LOQ were confirmed by experimental analysis.
mode. For products analysis, the samples were injected in
the splitless injection mode. The injector was switched to
split mode 1 min after an injection was made.
Mass chromatograms were taken before and after the si3 Results
mgltaneogs ozone and light exposure of _the orgfinic coate%l)_1 Kinetics of heterogeneous reactions
silica particles. These spectra were obtained using GC-MS

coupled to a derivatization analytical technique as reported-g|lowing the heterogeneous reactions between gas-phase

in a previous paper (Net et al., 2009). ozone and 4-PP adsorbed on the surface of silica particles,
o o the disappearance of 4-PP was followed by monitoring the
2.4 Calibration and method validation intensity of GC-MS signals. The latter was done (1) in ab-

sence of light and (2) in the presence of photosensitizer (4-
CB) under solar light irradiation. In both cases, an irre-

L ) versible loss of 4-PP was observed.
The selectivity was assessed by comparing the Cchro- pe 4.pp |oss is illustrated in Fig. 1 by typical profiles of

matograms of 5 blanks of pure silica particles and 5 blankiss reactive normalized concentrations versus exposure time

samples (silica particles coated with 4-PP and 4-CB beforgq, the gz0ne concentrations ranging between 60 ppb and
the exposure) with the corresponding sample after the simulg ppm. Experimental data points were fitted using simple

taneous ozone and light exposure. Each blank sample Wagt order exponential function. The error bars represent the
tested using the proposed coating preparation, experimentdl ; \ncertainty levels based on the average of at least three
procedure and GCMS conditions to ensure no interferencqepeated experiments.

peak of organic compounds in the sample. The growth of the organics formed during the heteroge-
neous reactions was quantitatively determined. The pres-
ence of photosensitizer (4-CB) under solar light irradiation
) ) . can significantly influence the evolution of the products for-
Ten points of coated particles extracted from different o4 Figure 2 shows the difference in phenols evolving
sides of the bulb were analysed. Peak area ratios of the aNQYuring ozonolysis of 4-PP under dark conditions (Fig. 2a)

lyte to the internal standard were uied to caliulate the percoergnd under solar light illumination of the silica surface in the
relative standard deviations (RSD%). RSD% values of ‘M’presence of 4-CB (Fig. 2b).

and 4.5% were estimated for 4-PP and 4-CB, respectively.

(a) Selectivity

(b) Homogenization of the adsorption test

www.atmos-chem-phys.net/10/1545/2010/ Atmos. Chem. Phys., 10, 15842010



1548 S. Net et al.: Heterogeneous ozonation kinetics of 4-phenoxyphenol in the presence of photosensitizer

BT T T T T
S 100 [ % 250ppb A
c 1 t < 500 ppb )
o 20r & 1ppm E
T =) [ ©O 3ppm
= 80 E | e 6pm ©
© o 15f g ]
(8] Q [ o
5 E I
o 60+ S [
a S 10} © 1
< g .
- 40+ S0 o
2 asf o
S £ | ¢
E 20 ° o o
S & *
pd 0OF [ @ * * 4
0 1 1 1 1 1 1 1 1 [ ) ) ) ) ) ) ) )
0 1 2 ' 3 4' 5 6 7 8 0 1 5 3 4 5 6 7 8
Time of reaction (hours) reaction time ()
18 T T T T T T T T
% 60 ppb
= 16F 250 ppb B o
R < 500 ppb )
:;100_ , s1F ¢ lppm ]
o £ O 3ppm
‘§ ;12, ® 6ppm ° ]
€ 80 g ° o
8 S10F o ]
5 35 o o
. 60 S st ° ]
& 5 ° *
[=%
< g 6f ® $ 3
D 40+ e £ 2
Q2 o 4 4
g v g * ¥ * ¥
S 20} ° 2t $ * i
O 6ppm 0 L L L L L L L L
0 ) ) ) ) ) ) ) ) 0 1 2 3 4 5 6 7 8

reaction time (h)
0 1 2 3 4 5 6 7 8
Time of reaction (hours)

Fig. 2. Representative phenol formed during ozonolysis of 4-PP.
Fig. 1. Normalized concentrations of 4-PP degradation in function (A) under dark condition in function of time at six ozone concen-
of time. (A) under dark conditioné8) under solar lightillumination ~ tration and(B): under solar light illumination of the silica surface in
Of the Silica surface in presence of 4-CB. The error bars represenpresence Of 4-CBin funCtlon Of time at six ozone concentrations.
tative 1o uncertainty levels based on the average of at least three
repeated experiments. ) . .
acp-10-1545-2010-supplement.pdfso increase linearly in
function of time and in function of ozone concentration.
Ag is more important that both oligomers exhibited higher
masses in the experiment under solar light illumination of
the silica surface in presence of 4-CB in comparison to

e experiment under dark conditions. The quantities of

As can be seen, the mass of phenol expressed in mg w
slightly higher in the experiment under dark condition than
under solar light illumination of the surface. Typically for
the first order of processes (Fig. 2a and b), there is a shar ! . . . .
increase in the first few hours, then a slow rise of the mas oth _ollgomers mcrease_d rapidly n the_ first 4.h of the
of phenol with the reaction time and with ozone concentra-e)qofa”ment b_Ut then their masses diminished shght_ly, es-
tions. The latter clearly indicates that phenol undergoes fur_pemally at high ozone concentrations. _The_ gvoluuon 9f
ther reaction and contributes to the formation of oligomers.masses of the _other products (already identified and W.'th
This is in good agreement with the proposed reaction mech—SI"’md"’lrdS co'nflrmed, see Net et al, 200.9.) formed 'durlng
anism from our previous article (Net et al., 2009) which fo- the ozonolysis of 4-PP under daf" conditions and in the
cused on the same reaction system. The quantities of thRresence Of.4'_CB z.ire presented in the supplemental elec-
oligomers such as 2-(4-Phenoxyphenoxy)-4-phenoxyphenoron'c material: http://www.atmos-chem-phys.net/10/1545/
and 4-[4-(4-Phenoxyphenoxy)phenoxy]phenol (Figs. 8s 010/acp-10-1545-2010-supplement.pdf
and 9s, respectively in the supplemental electronic
material: http://www.atmos-chem-phys.net/10/1545/2010/
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Scheme 1.

To check the possibility of 4-CB as a mediator in the re- 120 , , , , : : : ;
actions between ozone and 4-PP we performed the reactior
between ozone and 4-PP in absence and in presence of 4,:1005. ]
CB without light irradiation. No changes were observed g { {
in the degradation of 4-PP in both cases. The obtained re-£ g,

sults are presented in the supplemental electronic mater|a§ {
(Fig. 10S: http://lwww.atmos-chem-phys.net/10/1545/2010/ 8
acp-10-1545-2010-supplement.pdf

In addition, it is noteworthy that the electron transfer 8 40 b ]
mechanism between the excited triplet states of many or--c_@s
ganic compounds and molecular oxygen induces formation £ oq [ ]
of electronically excited singlet state of molecular oxygen, 2

60 | 1

4-CB

0>(1% g) (Styler et al., 2009). Presumably,®% g) may 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
react with 4-PP and increase its rate of degradation undet 0 1 2 3 4 5 6 7 8
light irradiation in the absence of ozone. Such a possibility Time of reaction (hour

was already examined by Anastasio et al. (1997) who showed

that organics such as 4-CB may act as photosensitizers arflg. 3. Normalized concentrations of 4-CB degradation in function
that phenols and substituted phenols such as 4-PP serve atime. The applied ozone mixing ratio is 6 ppm. The error bars
the donor of electrons for reduction ob®@ hydrogen per-  represent the b uncertainty levels based on the average of five
oxide. Based on these findings, the mechanistic propositiofiePeated experiments.

is given below for the reaction between ozone and 4-PP in

presence of 4-CB as a photosensitizer. o ] ] .
0 and 8 h, the initial concentration of 4-CB remained practi-

cally unchanged (Fig. 3).

The latter implies that the reaction pathway (note that
the term reaction pathway is different from Langmuir-
Independently of 4-PP degradation experiments, we checketinshelwood mechanism and Langmuir-Rideal mechanism
the GC-MS intensity signals of the photosensitizer (4-CB)described in the next section) is such that it is able to re-
during the simultaneous ozonolysis and light illumination of store the original sensitizer molecule (4-CB), in which case
the coated particles. At different ozone concentrations rangthe process is photocatalytic. Typically, a photosensitized
ing from 60 ppb to 6 ppm and for the reaction time betweenprocess requires absorption of light by the photosensitizer,

3.2 Reaction pathway

www.atmos-chem-phys.net/10/1545/2010/ Atmos. Chem. Phys., 10, 15842010
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followed by energy transfer or charge transfer between theherefore, an apparent L-H trend. For the above discussed
excited triplet of the photosensitizer and its neighbouringreasons, it was concluded (Minero, 1999; Minero and Vione,
molecules (in this case 4-PP). In Net et al. (2009) it was2006) that in photocatalysis processes rather a combination
shown by ab-initio calculations that energy transfer is notof processes occur that have nothing to do with L-H mech-
possible between the excited triplet of 4-CB and 4-PP but itisanism and they simulate L-H kinetics. This is also the rea-
rather the electron transfer or hydrogen abstraction (Canonson why Langmuir adsorption constants, derived from pho-
ica etal., 1995, 2000). tocatalysis, are very different from those derived from dark
Recently, George et al. (2005) have reported that the exexperiments: the former are not real adsorption constants but
cited triplet of 4-CB may initiate further photochemistry. a combination of lumped kinetic parameters (Minero, 1999).
Type |l photoinitiators represent compounds which triplet Equation (1) was modified and adopted for treating the bi-
excited states such a@4-CB* readily react with hydrogen molecular surface reactions of atmospheric relevance (see the
donors, thereby producing an initiating radical (Davidson, next section). Having in mind all the mentioned uncertain-
1983). Hence, in our systerd4-CB* can react with 4-PP, ties about L-H mechanism in the heterogeneous catalysis re-
thus, producing an initiating radical that can further induce actions, certain precautions must be taken while implement-
the formation of small volatile organics and oligomers in the ing the modified L-H mechanism into atmospheric heteroge-
presence of atmospheric oxidants (OH) (Net et al., 2009).  neous chemistry.
It is noteworthy that the formed radical, in presence of elec-
tron acceptors e.g.,{)can lead to the formation of hydrogen 4.1 Modified Langmuir-Hinshelwood mechanism

peroxide and then falls to its initial state (ground state of 4- _ . ! _
CB) (Scheme 1). Equation (1) has been modified to deal with the bimolecu-

lar surface reactions of atmospheric relevance under assump-
tions that the organic compound was previously adsorbed on
4 Single-component heterogeneous reactions the surface and that the concentration of the gas-phase ox-
idant is in excess compared to the concentration of the ad-
In photocatalysis processes, the rate of degradation increasesrbed organic (see for instance Mmereki et al., 2004; Kahan
with the concentration of the organic compound adsorbed oret al., 2006; Kwamena et al., 2007).
the surface leading to the plateaux as if the rate would be de- Consequently, the observed rate constagn of the 4-
termined by the adsorption properties of the adsorbed organPP degradation can be expressed as:
ics. Historically, (Hoffmann et al., 1995; Minero, 1999) such
behaviour of tr):e(degradation rate was interpreted in t)erms 0\.16 2:d[S9K 05l Osgl = k1iobs 2)
two parameter saturation kinetic expression: 1+ Kos[Osgl
MK wherekongis the second order rate constant, [SS] is the num-
1Kx[X] N X .
r=——— (1) ber of adsorption sites available for ozo&y3 is the ozone
1+ KxX] gas-surface equilibrium constant ancsfDis the gas-phase
WhereKy is the dynamic Langmuir adsorption constant of 0zone concentration. The second order rate conkagntan
the X species and [X] is the concentration of X dnds the ~ be obtained by plotting;onsversus [Qql. k2ng multiplied by
observed first order rate constant. [SS] gives the maximum rate constamfax which is experi-
Equation (1), known as the Langmuir-Hinshelwood mentally obtained at very high ozone concentrations (Kahan
model, is exclusively valid for single-component heteroge-€t al., 2006; Kwamena et al., 2007).
neous photocatalytic reactions and can be applied under as- Equation (2) can be rewritten as:
sumption_s that; (i) the re_action is surface_ me(_jiate_:d, and (ii)klmaxKO3[O3g]
the reaction system is driven by the reaction kinetics and no 1+ Kos[Osg] =
adsorption kinetics (Peill and Hoffmann, 1998). 03139
However, there is a huge controversy concerning the apit can be seen that Eq. (3) is very similar to Eq. (1) with one
plication of L-H mechanism to heterogeneous photocataly-difference that is; is replaced withkymax In Eq. (3) it is
sis processes. Masel (1996) has demonstrated that althougtssumed that the organic compound has a very long residence
the experimental data of heterogeneous catalysis reactiortime on the surface which means that it represents a part of
were well fitted to L-H equation, this does not imply that the surface.
L-H mechanism is operational. Actually, the apparent L- According to Eq. (3),Kp3 can be obtained by fitting the
H trend in photocatalysis was not attributed to the surface reexperimental results, obtained from the plotkefps versus
actions but to the presence of so called “back reactions” thafOzg], to a nonlinear least-square.
regenerate the reactant, either by reducing the oxidized inter- In the past studies (e.g., Kwamena et al., 2006; Clifford et
mediates or by oxidizing reduced intermediates. These proal., 2008; Pflieger et al., 2009a), the experimental results of
cesses occur to a higher extent at elevated reactant conceheterogeneous bimolecular reactions on the surface (liquid
trations, where there is a decrease of the reaction rates anend solid) were fitted with Eq. (3). But as mentioned above,

k1obs (3)

Atmos. Chem. Phys., 10, 1548554 2010 www.atmos-chem-phys.net/10/1545/2010/
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this equation does not reflect the Langmuir-Hinshelwood  7es . . . . . . .
mechanism for bimolecular surface reactions but rather uni-
molecular processes (see e.g., Adamson and Gast, 1997 65
Finlayson-Pitts and Pitts, 1983; Masel, 1996). Therefore,

Eq. (3) would be better described by the use of the term
modified Langmuir-Hinshelwood mechanism. As we men- _ 45
tioned above, L-H equation is highly controversial in hetero- '35
geneous photocatalysis processes and, therefore, certain pre™ 3es
cautions must be taken while implementing this model into

atmospheric heterogeneous chemistry. 2e

4.2 Treatment of the kinetic data with the modified
Langmuir-Hinshelwood mechanism 0

0 2e+13 4e+13 6e+l3 8e+l3 le+ld le+ld le+lZe+l

In this study, the organic compounds were previously ad- [0,] / molecule crif

sorbed on the silica surface and exposed to gaseous ozone

which implies that modified Langmuir-Hinshelwood mecha- Fig. 4. First order rate constants of 4-PP degradation (derived from
nism can be applied in this case. the slopes of the plots in Fig. 1 as a function of gas-phase ozone

Bv fittina the observed kinetic data for the 0zonolv- goncentrationA under dark conditions under solar Iight irradia- .
sis Béf 4—PI% to Eq. (3), the obtained values Kb are Y tion of the surface in presence of 4-CB. The dashed line and solid

. line represent the fit of the experimental observations to the modi-
14 14
(5+1)x10 cm® and (9£3)x 10 cm® on a 4-PP/4-CB fied Langmuir-Hinshelwood mechanism (Eq. 3). Using the RSD on

and on a 4-PP silica surface, respectively. These two Valy,e scattering of the experimental data, the error on the giopss

ues are very similar which implies that low concentrations of cajculated using the algorithm available in the Sigma Plot software.
adsorbed organics do not significantly affect the ozone’s sur-

face partitioning coefficient. Moreover, these values fall in
the range of the observed literature data for various solid sub- Hence, in the Langmuir-Hinshelwood mechanism (L-H
strates (Kwamena et al., 2004, 2006; Poeschl et al., 2001). mechanism) the two gas-phase species of interest are first
Figure 4 illustrates nonlinear dependence of the first-ordemmdsorbed on the surface and then they react which means L-
rate constants on ozone concentrations. This result is obH describes a bimolecular surface reaction between two ad-
tained under simulated sunlight irradiation (full line) and sorbed reactant species (see e.g., Adamson and Gast, 1997;
in absence of light and photosensitizer (4-CB) (dash line)Finlayson-Pitts and Pitts, 1983). In case of the surface re-
(Fig. 4). action between adsorbed ozone and adsorbed organic com-
A clear change is observed in the kinetics of the hetero-pound the pseudo-first-order rate coefficient can be inter-
geneous reaction between gas phase ozone and 4-PP at theeted as follows (Finlayson-Pitts and Pitts, 1983):
particle surface when the surface is illuminated in the pres-
ence of 4- CB. This observation extends the number and typ@, — k2K03KoclO3|[OC]
of systems in which a photoenhancement in heterogeneous (1 + Ko03[O3] + KoclOC])?

chemical reactions has been reported (Brigante et al., 2003/'\/here1(03 is the adsorption equilibrium constant of ozone,

Styler etal., 2009; Reeser etal., 2009; Net et al., 2010). Notg | . is the adsorption equilibrium constant of the organic

that such photosensitized processes were reported in the a&bmpound, [Q] is the gas-phase concentration of ozone and

mospheric multiphase reactions, as well (Grgic et al., 2010).[OC] is the gas-phase concentration of the organic com-
The Langmuir-Hinshelwood and Langmuir-Rideal mech- ) \n4.

anism are depicted in the next two sections, for the bimolec- Equation (4) shows that if [OC] is held constant and][i®

ular surface reactions which are valid for the more volatile varied, the reaction raté{) firstincreases with [¢] and then

organic compounds that partition between the gas-phase ang high ozone concentratiorig, decreases. A fall of; arises

the surface. because very high ozone concentrations yield large amounts
of adsorbed ozone on the surface and correspondingly there
is less quantity of organic compound.

From Eq. (4), it can be seen that for bimolecular reactions
hboth Langmuir constants, i.&yc and K3, are required in
grder to correctly describe the bimolecular surface reactions
[(Hoffmann et al., 1995). The Langmuir constaris. and
K o3 for sorption of each reactant are assumed to be read-
ily determined from a classical Langmuir sorption isotherm.
In this case, the surface concentrations of the reactants are

4

4.3 Langmuir-Hinshelwood mechanism for
bimolecular surface reactions

It is known that, in the case of bimolecular reactions, bot
reactant species diffuse around until a reaction occurs. For
bimolecular process, the reaction rate is taken to be propo
tional to the product of the two surface concentrations.
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related to their corresponding gas phase concentrations. Thender solar light illumination of the silica surface in presence
application of Eq. (4) will then be useful to study the hetero- of 4-CB.
geneous reactions of organic compounds that partition at the The first order rate constants of heterogeneous reactions

gas-surface interface. between gas-phase ozone and adsorbed 4-PP on the sil-
ica surface do follow the behaviour of modified Langmuir-
4.4 Langmuir-Rideal mechanism for bimolecular Hinshelwood mechanism (Eq. 3) which is originally valid for
surface reactions unimolecular surface reactions.

, , ) However, in a very recent paper by Finlayson-Pitts (2009),
In the past studies (e.g., Miet et al., 2009; Pflieger et al.,it a5 highlighted that one of the current problems in atmo-
2009_a, b; Cabe and Ab_batt, 2009), the blm_olecular S_urfacpspheric chemistry is the Langmuir-Hinshelwood kinetics ap-
reactions O_f at_mospherlc re!evance were discussed n terrBly to different kind of solid and liquid substrates whose in-
of Langmuir-Rideal mechanism known also as Eley-Ridealio 4 ctions with gas-phase ozone is not expected to be much
mechanism. _ _alike. Arguably, one of the reasons for such a behaviour
, Langmuw-R_ldeaI mephamsm_was presente'd'as a simple g pe that the modified Langmuir-Hinshelwood mecha-
linear regression describing a bimolecular coII|_5|on betweenniSm described by Eq. (3) is not properly applied for the bi-
the gas ph_as_e molecule and adsorbed organics. HOWeveL olecular surface reactions (liquid or solid surface) as we
such description does not reflect the Langmuir-Rideal mechpignjighted in this article. Therefore, to avoid confusion,
anism and its accurate description is given bellow. we suggest in future studies that apply the previously ad-
‘Langmuir-Rideal (L-R) mechanism also known as Eley- sqheq organics on the surface to avoid the use of the term
Rideal (E-R) mechanism describes the heterogeneous r§-pnqmyir-Hinshelwood mechanism for bimolecular surface
action between the gas-phase ozone _and adsorbed Or9afifadiated reactions and to rather use the expression modified
compound on the surface and can be interpreted as fonowﬁangmuir—Hinshelwood mechanism.
(Finlayson-Pitts and Pitts, 1983): In this work, we have shown that 4-CB can play an impor-
ko Koc[O3][OC] tant role in enhancing the degradation of particle-adsorbed
~ 1+ K03l03] + KoclOC] ®)  aromatic compounds such as phenols and substituted phenols

. . . in presence of ozone. It would, therefore, be very important
In this mechanism, only one of the molecules (organic com-

pound) adsorbs on the surface and the other one (in this castg determine if the described process of enhanced heteroge-

o . neous reactivity upon sunlight irradiation is associated only
ozone) reacts with it directly from the gas phase, without ad'to benzophenone and its derivatives (4-CB) as photosensitis-
sorbing. According to (Eq. 5) the reaction rakg)(is pro- b P

. . ; ers, or if it represents a more general phenomenon.
portional to the ozone concentrations at long]@nd it goes Lo . : .
: Keeping in mind that atmospheric aerosols contain an im-
to a plateau at high [g).

. . . ortant fraction of photosensitizers, such as quinones and
As in the case of L-H mechanism, the Langmuir adsorp—p P 9

. . . ? romatic carbonyls, and knowing the potential of the pho-
tion constants are required in order to determine the secona y 9 P P

. osensitizers (Anastasio et al., 1997; George et al., 2005;
order rate constant for the heterogeneous bimolecular surfa : .
. X . ione et al., 2006) to induce phototransformation and to en-
reactions between gas-phase oxidants and organics that par . .
g ance the loss of organic molecules, further studies are rec-
tition between the gas-surface. S . .
ommended which include photosensitizers during the hetero-
geneous reactions. Although it is out of the scope of this
5 Conclusions and outlook paper, it is noteworthy that photosensitized degradation of
organic compounds represents an important source of hydro-
At an atmospherically relevant ozone mixing ratio of about gen peroxide and thus OH radical.
60 ppb, the first order rate constant of 4-PP degradation at
the silica surface is 9.9610-%s~1. At extremely high ozone
concentrations (see the plateau in Fig. 4) the degradation drReferences
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