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OF BOTH NITROISOMERSIN THE ATMOSPHERE

Davide Vione®* Valter Maurino? Claudio Minero® Marius Duncianu,” Romeo-lulian
Olariu,” Cecilia Arsene,” Mohamed Sarakha,® and GillesMailhot ©

& Dipartimento di Chimica Analitica, Universita dofino, Via P. Giuria 5, 10125 Torino, Italy.
http://www.chimicadellambiente.unito.it

® Department of Chemistry, “Al. I. Cuza” Universit§ lasi, 11 Carol | Bd., 700506, lasi, Romania.

¢ Laboratoire de Photochimie Moléculaire et Macro#ealaire, Université Blaise Pascal, UMR
CNRS 6505, F-63177, Aubiere Cedex, France.

* Corresponding author. Phone +39-011-6707874  #39«011-6707615
E-mail: davide.vione@unito.it
URL: http://naturali.campusnet.unito.it/cgi.bin/doceptiShow?_id=vione

Abstract

Different transformation processes for nitrophenoisthe atmospheric aqueous phase were
considered to assess their relative importancetlaid ability to account for the higher occurrence
of 4-nitrophenol (4NP) compared to 2-nitrophendlR3 in the atmosphere. The importance of the
different processes was in the ort®H >"NOs > direct photolysis > nitration to 2,4-dinitroplun
2NP is more reactive than 4NP with the hydroxylicald but the difference is low. Accordingly,
such a process could account for the higher atnevgpbccurrence of 4NP only if the observed
atmospheric nitrophenols were what is left of anadt complete degradation BQH. This would
imply the unlikely scenario that the known nitropbk sources to the atmosphere were only a
limited fraction of the actual ones. A more likelgntative possibility would be connected with the
higher occurrence of 4NP on particles. If the nedgtorder of nitrophenols in the atmospheric
compartments was water droplets > gas phase xleartparticulate matter could act as a reservoir
of 4ANP. 2NP would undergo degradation in gas pluasgolution at a higher rate than 4NP on
particles, which could decrease the atmospheridensf 2NP below those of 4NP.

Keywords:. nitrated phenols, phytotoxic compounds, atmospheaters, photochemistry.



Introduction

Nitrophenols are widespread pollutants in the apheee, being present in the gas phase, in
atmospheric hydrometeors, and on particles (Hetteaind Herrmann, 1990; Levsen et al., 1990;
Cecinato et al., 2005; Morville et al., 2006; Biphand Mitra, 2007). They are one of the most
abundant groups of organic compounds in rainwaBogjean, 1991; Schussler and Nitschke,
2001; Asman et al., 2005; Hofmann et al., 2008} emuse concern because of their phytotoxic
properties as uncoupling agents for oxidative phosgation (Shea et al., 1983), combined with
their ability to penetrate into plant tissues (Sdigrr and Riederer, 1988; Hinkel et al., 1989;
Natangelo et al., 1999). Accordingly, nitrophenotsild give a substantial contribution to forest
decline in polluted areas (Blank, 1985; Rippen let #987). Nitrophenol deposition from the
atmosphere to surface waters would also pose afpdténreat to aquatic organisms (Howe et al.,
1994; Tenbrook et al., 2003; Martin-Skilton et 2D06). However, another important surface-water
source of nitrophenols would be the aqueous phov&tiain of the transformation intermediates of
phenolic pesticides (Chiron et al., 2007a). Othemsons for concern deal with the potential
mutagenicity of nitrophenols, which can induce atide damage to DNA (Chiron et al., 2007b).

A further issue is that the photolysis of gas-phas®phenols is a potentially important source
of nitrous acid to the atmosphere (Bejan et al062Kleffmann, 2007), which could contribute to
the early-morning photochemical generation of hygksadicals, and therefore have a role in the
chain of reactions of the photochemical smog (At&im 2000).

2-Nitrophenol (2NP) and 4-nitrophenol (4NP) are onagomponents of the family of
atmospheric nitrophenols (Harrison et al., 2005dey are formed as primary pollutants upon
emission by combustion processes (Nojima et al8319remp et al., 1993), and as secondary
pollutants via phenol nitration both in the gasggh@Atkinson et al., 1992; Bolzacchini et al., 2001
Olariu et al., 2002) and in solution (Harrison bt 2005b; Heal et al., 2007; Vione et al., 2002).
Field and laboratory data also show that the mdraphienols are possible sources of 2,4-
dinitrophenol (2,4DNP), the known most powerful fatgxic agent in atmospheric hydrometeors
(Luttke et al., 1997; Littke et al., 1999; Barledtaal., 2000; Vione et al., 2005).

An interesting issue about 2NP and 4NP in the gbime® is that the latter is most often the
prevailing isomer in whole atmospheric samples (gagjuid phase + particles), while all the
known primary and secondary sources Yyield eitheoraparable amount of the two isomers, or a
prevalence of 2NP (Harrison et al., 2005a). Thetragliction could be solved by considering the
atmospheric sinks of nitrophenols, but at the mdnmesufficient data are available to support the
hypothesis of a faster atmospheric transformatid2Ng® compared to 4NP (Harrison et al., 2005a).
Additionally, it is thought that the reactions letaqueous phase could be very important sinks for
atmospheric nitrophenols (Muller and Heal, 200¥¢&rein the case of 2NP that is mainly present in
the gas phase (Luttke and Levsen, 1997).

The purpose of the present paper is to quantilstiassess the kinetics of the known
transformation pathways of 2NP and 4NP in the aphesc aqueous phase (direct photolysis,



reaction with"OH and/or'NQOs;, photonitration to 2,4DNP). The double goal isagsess both the
importance of each process, and the relative toamsition rate of the two isomers. Furthermore,
because 2NP and 4NP undergo different partitioiatyveen gas phase, aqueous solution and
particles (Luttke and Levsen, 1997; Luttke et H997), a comparison of the kinetics of the known
transformation processes of nitrophenols in theedsht phases was also carried out.

Experimental section

Reagents and materials. 2-Nitrophenol (2NP, purity grade 98%), 4-nitropbe(MNP, >99%),
NaOH (>97%), HPO, (85%) and HCIQ® (70%) were purchased from Aldrich, 2-propanol dggat
grade) and NaN©(>99%) from VWR Int., acetonitrile (supergradi¢fPLC grade) from Scharlau.
All reagents were used as received, without furgugification.

Irradiation experiments. Aqueous samples for irradiati@xperiments (5 mL, containing 50 to
100uM 2NP or 4NP and, where relevant, HG|®laOH or NaNG@) were put into Pyrex glass cells
(4.0 cm diameter, 2.3 cm height, 0.4 cm opticahplangth), and magnetically stirred during
irradiation. The direct photolysis of nitrophenelss studied upon irradiation under a Solarbox
(CO.FO.ME.GRA., Milan, ltaly), equipped with a 1508 Philips xenon lamp and a filter to
simulate sunlight under summertime conditions. irhediance reaching the cells in the 290-400
nm interval was 22 W i, measured with a CO.FO.ME.GRA. (Milan, Italy) paowaeter. The
excitation of nitrate was achieved under a UV-Viglips TLO1 lamp, with emission maximum at
313 nm and 5.2 W A UV irradiance. Figure 1 reports the emission gpeof the two lamps,
measured with an Ocean Optics SD 2000 CCD spedtopieter. The spectra (pj] are
expressed in units of einstein’Ls® nm™* (V = 5x107° L) to facilitate calculations of absorbed
photon fluxes and photolysis quantum yields, aretetore to enable the comparison with the
experimentally determined rates of the photochelmézctions.

Adopted instrumentation. After irradiation the solutions were analysed hbighHPerformance
Liquid Chromatography coupled to Diode Array Deimct(HPLC-DAD). The adopted instrument
was a VWR-Hitachi HPLC equipped with L-2200 autopéan L-2130 quaternary pump for low-
pressure gradients, L-2300 column oven, and L-2B3® detector. The column used was a
LiChroCART RP18 (VWR Int., 1254 mm), packed with LiChrospher 100 RP 18 matebglrq
diameter). The isocratic eluent was a 30:70 mixairacetonitrile and aqueousPO, (pH 3), with
1.0 mL min® flow rate, and the retention time and quantifisativavelength were: 7.05 min and
210 nm for 2NP; 3.95 min and 315 nm for 4NP. Timeetievolution curves of nitrophenols were
fitted with pseudo-first order kinetic equations tbke form G = G, expfk t), where ¢is the
concentration of either 2NP or 4NP at the timeytisChe initial concentration, and k is the pseudo-
first order degradation rate constant. The usesetigo-first order kinetics in direct photolysis and
photooxidation experiments is justified by the fécat the additional reactants (photoi®H)
would be approximately constant in the systems wursfledy. The initial degradation rate of



nitrophenols would be k £ and the associated error boupdd) represents the goodness of the fit
of the kinetic curve to the experimental data érderies variability).

Transient absorption experiments in the 20 ns t0 g8 time scale were carried out on a
nanosecond laser flash photolysis spectrometer Applied Photophysics (LKS 60). Excitation (
= 355 nm) was from the third harmonic of a Quanag BCR 130-01 Nd:YAG laser (pulse width
5 ns), and was added into right angle geometry veipect to the monitoring light beam. A 3 mL
volume of solution was used in a quartz cuvettewaasl stirred after each set of pulse. The transient
absorbances at pre-selected wavelength were meditoy a detection system consisting of a
pulsed xenon lamp (150 W), monochromator, and & #Pdtomultiplier. The kinetic studies were
performed by analysing at the maximum of the tremisabsorbance. A spectrometer control unit
was used for synchronising the pulsed light soara programmable shutters with the laser output.
This also housed the high-voltage power supply tf@ photomultiplier. The signal from the
photomultiplier was digitised by a programmableitdigoscilloscope (HP54522A). A 32 bits
RISC-processor kinetic spectrometer workstation ugesl to analyse the digitised signal.

Results and Discussion

Direct photolysis under ssimulated sunlight. The direct photolysis of 2NP and 4NP under
monochromatic irradiation (254 and/or 365 nm) hagrbstudied by Alif et al. (1987, 1991).
However, the goal of the present paper is the sssa® of the transformation kinetics of
nitrophenols under environmentally significant cibiedds (polychromatic irradiation by sunlight,
pH representative of the atmospheric aqueous phake) single-wavelength data might not be
directly applicable to the environment becausejrstance, the quantum yield of the photolysis of
2NP is strongly dependent on wavelength (Alif et 2991).

Figure 2 reports the absorption spectra of 2NP &2al) 4ANP (2b) at different pH values. It is
apparent that the phenolates show higher absorfftaomthe undissociated phenols above 350-380
nm, and the opposite takes place at shorter wagttlenGenerally speaking the phenolates are able
to absorb a considerably higher fraction of surjidiut the undissociated phenols show higher
absorption of more energetic radiation at shori@velengths. The latter radiation could be capable,
at least theoretically, to induce the direct phygts to a higher extent.

Figure 3 reports the initial degradation rates itfophenols because of direct photolysis under
simulated sunlight. As a general trend, the ocauweeof the nitrophenolate under basic conditions
(pKa = 7; Martell and Smith, 1974) favours the photolyisigshe case of 2NP and inhibits it for
ANP. In the latter case the wavelength-averagedoptsis quantum yield would show a much
higher decrease with pH than the rate of photglymsause the phenolate absorbs sunlight at a far
higher extent. This datum is in agreement withfthdings of Alif et al. (1987) for the photolysis
guantum vyield of 4NP at 365 nm, which decreasedhibge times between pH 2 and pH 8.3.
Additionally, with the exception of very basic catmahs of no atmospheric significance, the rate of



the direct photolysis is considerably higher forPibompared to 2NP. At pH 6 that is significant
for atmospheric hydrometeors, one gets that thi@limates of photolysis of £&= 50 uM 2NP and
ANP are (1.020.35%10'° and (4.330.39x10*° M s, respectively (Rate = kdL The respective
pseudo-first order rate constants k are (20040x10° and (8.620.78x10° s™.

The absorption peak of 4NP at around 320 nm is taBdumes higher than that of 2NP at 350
nm, but the radiation absorption of 2NP is extendedonger wavelengths. The absorption of
simulated sunlight by each nitrophenol (NP) in owadiation experiments (C= 50 uM, optical
path length b = 0.4 cm) can be calculatedPAS8 = j p°(A) @-107°N"%)dA (Braslavsky, 2007),

A

where B()) is the lamp spectrum reported in Figure 1, &\ is the molar absorption coefficient
at pH 6. The two nitrophenols would absorb radiatib a similar extent: £ = 1.2x10°° einstein
L™ s?, and B*™" = 1.310°° einstein [* s*. The average photolysis quantum yietbg,. in the
relevant wavelength intervals (300-500 nm for 2[dRgd 300-430 nm for 4NP) can be calculated
from photolysis rates (Ra® and absorption intensities{F). One gets thab,..= Raté" (P,\1)™*
= 8.4x10° for 2NP, and 3.810"* for 4NP.

The half-life time of 2NP and 4NP under the adopteatliation conditions would big, = 0.693
k™, where k is the pseudo-first order degradatior mmnstant (already reported). One gets t
(3.40£1.17%10° s for 2NP, and.t = (8.04:0.73%10" s for 4NP. In the described experiments
(simulated sunlight) we adopted constant irradiatigensity (22 W i UV irradiance), which is
not the case for actual sunlight. In previous &sdi has been shown that the sunlight UV energy
reaching the ground in a whole summer sunny dayd(l$ at 45°N latitude is equivalent to that
emitted during 10 h irradiation under 22 W?nirradiance as adopted in the present work (Minero
et al., 2007a). It is therefore possible to tramafthe half-life time 4 under the lamp into outdoor
sunny summer day (SSD) equivalents, by dividiadpy 10 h = 3.810" s. One obtains Jssp =
9.44+£3.24 days for 2NP, and 223.20 days for 4NP. However, the calculatgd/alues would be
higher than the real ones: in fact, the spherigainsetry of atmospheric water droplets induces
several reflection/refraction phenomena at thewai#r interface. These phenomena would
considerably increase the effective path lengthhef radiation. Accordingly, the probability for
dissolved species to absorb radiation could beafggntly higher in a droplet than in a planar slab
of comparable dimension (Mayer and Madronich, 200i4senson et al., 2006). This effect would
be equivalent to an enhancement of the radiatitengity compared to the surrounding gas phase,
which for droplets of lower diameter than uth would be of around 1.7-1.8 times (Mayer and
Madronich, 2004). The resulting half-life times NP and 4NP would therefore be reduced to
about 5.4 and 1.3 days, respectively. Especialthéncase of 4NP, the direct photolysis could be a
significant removal pathway under summertime im#idn conditions. However, it could not
account for the higher atmospheric occurrence d® 4dmpared to 2NP, because 4NP undergoes
photolysis at a higher rate.

Reaction with the hydroxyl radical. To our knowledge the reaction rate constants V@ of
both undissociated nitrophenols, which could allavassessment of their relative reactivity, are
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not available (Barzaghi and Herrmann, 2004; Buxdbal., 1988). To allow a proper comparison,
in this paper the two cited rate constants weresorea under the same conditions by competition
kinetics with 2-propanol, a compound of known reactrate constant with the hydroxyl radical
(1.9x10° M s Buxton et al., 1988). Nitrate photolysis was ussdsource ofOH (Mack and
Bolton, 1999), which would induce the following o#ians in a system containing also 2-propanol
(CH3-CHOH-CH;) and 2NP or 4NP (§E14(OH)NGy):

NO;” + v + H - "OH + 'NO; [R.oH] (1)
CHs-CHOH-CH; + "OH — CHg-CHO -CH3z + H,0  [ko = 1.X10°M*sY]  (2)
CsH4(OH)NO, + "OH - "CgHi(OH),NO, [KanpsoH OF KanpsoH] (3)
*CeHa(OH)NO, + O, — CeH3(OH),NO, + HO' (4)

The application of the steady-state approximatiofi@H] yields the following equation to describe
the initial degradation rate of a nitrophenol (Ndther 2NP or 4NP), as a function of its initial
concentration and of that of 2-propanol, [2Pr]:

_d[NP] _ R-OH Kp.on [NP]
Gt Kypron INPI+K, [2PT]

(5)

Figure 4 reports the initial degradation rates P2and 4NP (initial concentration 0.1 mM) upon
UV-Vis irradiation of 0.10 M N@ (NaNGO; + HNG;), at pH 3, as a function of the initial
concentration of 2-propanol. The pH value was chésemsure the presence of the nitrophenols in
the associated form, which prevails under the giptonditions of the atmospheric aqueous phase.
Note that an almost complete inhibition of the delgtion of nitrophenols was observed at the
highest adopted concentration of 2-propanol, suggeshat the transformation of nitrophenols is
accounted for almost exclusively by reaction WifiH. This finding is consistent with the results of
control runs, which showed that the direct photslys nitrophenols was negligible compared to
the degradation rate observed in the presencdrateni The possible reaction between nitrophenols
and’NO,, which is not affected by 2-propanol, would alsontegligible compared {@©H.

The fitting of the experimental data of Figure 4héguation (5) yielded,kp,on = 5.8<10° M™*
st and lpson = 5.010° Mt s The value of Ry derived from the fit was 1:40° M s™, equal
in the two cases as expected under the adoptedimental set-up.

In the first-order approximation one derives ttneg nhitrophenol (NP) lifetime upon reaction with
"OH is t, = 0.693 (Kp.on [[OH])™, where NP can be 2NP or 4NP. For typical contialeciouds
the steady-staté QH] would be %10™* M under noon, fair-weather equinox conditions &tNi
(Warneck, 1999), which would correspond to aboutB0n 2 sunlight UV irradiance (Frank and
Klopffer, 1988). As far as constant irradiationeinsity is considered, the half-life time would be
2.4x10° s for 2NP and 2:8.0° s for 4NP. Considering that the standard SSD edgsit adopted in
the present paper (15 July, 45°N) would correspond.3 h = 2.810" s at 30 W ri¥, one obtains



(t)ssp = 0.09 days (2.2 hours) for 2NP and 0.1 days li@i&rs) for 4NP. In the midday hours the
half-life times could be significantly lower (1 hr tess). The calculated lifetimes witlbH are
considerably lower than those of the direct phaiglywhich suggests that the reaction with the
hydroxyl radical could be a more important transfation pathway for nitrophenols. From the
literature rate constants of the reaction of tieophenolates withOH (9.210° M™* s for 2NP
and 7.610° M™* s for 4NP; Buxton et al., 1988) one derives that tegradation rate of
nitrophenols would be increased, albeit not sulbstily) at the higher edge of the pH interval oéth
atmospheric aqueous phase.

Interestingly, 2NP is expected to be slightly mogactive than 4NP towar®DH. To have an
idea of what this means, let us initially considP and 4NP at equal concentration in the
atmospheric aqueous phase, at the sunrise of ay slmyn (SSD as defined above). Under the
simplified hypothesis that no external sourcespaesent, the concentration of the two compounds
would only be determined by their degradation kasetThe kinetics could be assumed to follow a
pseudo-first order law of the form [NP [NP], exp Eknp t), where NP = 2NP or 4NP, [NR$ the
concentration at the time t, [NPlhe initial concentration, andyk the pseudo-first order
degradation rate constant. For one SSD and fotioeawith “OH one has t = 2:6.0* s (remember
the equivalence reported above) arg & kup,or [ OH], with [[OH] = 5x10** M (Warneck, 1999;
Frank and Klopffer, 1988). It would therefore b&IPJ/[2NP] = exp [t [OH] (konpsor — KanpsoH)]-
Based on these premises, at the sunset 4NP wolwldBldenes more concentrated than 2NP. This
effect could account for the higher occurrence WP4compared to 2NP in atmospheric waters.
However, after irradiation for a whole SSD, 2NP Vdobe reduced to just 0.05% of its initial
concentration, and 4NP to 0.14%. Accordingly, alimgsantitative nitrophenol disappearance
should be hypothesised for the reaction W@l to adjust the concentration ratio in favour 4

It is interesting to make a comparison betweenr#aetion of nitrophenols withOH and that
with ‘NQOs, another very reactive transient in atmospheridevga The relevant reaction rate
constants for the undissociated compounds afe ko3 = 2.3x10" M™ s and knp.nos = 7.1x10
M~ st (Umschlag et al., 2002; Barzaghi and Herrmann4R0With [NO3] = 10 M in the
atmospheric agueous phase (Vione et al., 2006)wokd get 4, = 3.5 days for 2NP, and 1 day for
4NP. Although not negligible, the reaction would bensiderably slower than folOH and,
additionally, would foresee a faster degradationeics of 4NP compared to 2NP. It would
therefore not be able to account for the higheoapheric occurrence of 4NP.

Nitration to 2,4DNP. Vione et al. (2005) have found that the nitratmm2NP and 4NP to
2,4DNP is due to the reaction between radiationtesaitrophenols (NP*) antNO,. They have
also reported that the formation rate of 2,4DNB.210* M s* upon UVA irradiation of 1 mM
2NP and 0.10 M NaN© and 1.310™ M s upon UVA irradiation of 1 mM 4NP and 0.10 M
NaNGQ,, at pH 6. The following reactions would be invalva the nitration process (Mack and
Bolton, 1999; Vione et al., 2005):



NO,” + v + H - "OH + 'NO (6)

NO,” + "OH - °NO, + OH [k; = 1.x10"° Mt s} (7)
2°'NO, == N,O, [ke=4.5x1F M st kg=6.%10°s"] (8)
N,Os + HO - NO, + NO3 + 2 H' [kg= 1.0x10° 5] 9)
NP +h - NP* (10)
NP* -, NP + heat (11)
NP* + ‘NO, - 2,4DNP [k] (12)

Where NP = 2NP or 4NP. From reaction (12) one tietsthe formation rate of 2,4ADNP would be
r2.4one = kiz [NP*] ['NO]. The value of #4pnp has been experimentally measured (Vione et al.,
2005), and the determination ofkrequires the assessment of botN@,] and [NP*]. The
calculation of the two concentration values, in gresence of 1 mM 2NP or 4NP and 0.10 M
NaNQ, under UVA irradiation (2.810 einstein [* s™), required the combination of laser flash
photolysis experiments and multi-wavelength caltoihes of radiation absorption in the mixture.
The adopted procedures and the calculations acetegpin the Supplementary Material.

In the case of 1 mM 2NP and 0.10 M NaN©is [[NO,] = 3.9<10° M and [2NP*] = 1.&10 ™
M; for 1 mM 4NP and 0.10 M NaNgGt is [NO,] = 3.7x10° M and [4NP*] = 6.&%10** M. From
reaction (12) one gets= > 4one ((NP*] ['NO,]) %, From the experimental values efsnp (Vione
et al., 2005) it is possible to obtaifplney = 7.910° M~ s, and koune)= 5.9%10° Mt s,

The value of k is the basis for the assessment of the atmospsigndicance of the reported
reactions, also considering that in the atmosplaieous phase it ilNO,] 01 nM (Minero et al.,
2007b). The details of the calculations are rejpoiriehe Supplementary Material. The result is that
the reaction between NP* aidO; is too slow to be a significant pathway for nitnepol removal
from the atmosphere. Dinitrophenol formation hasrbeeported to increase by over two orders of
magnitude in the presence of hematite F&03) (Vione et al., 2005), but even such an
enhancement would not be sufficient to make thegs® competitive with the reaction witBH or
with the direct photolysis.

Comparison between gas-phase and condensed-phase reactivity. In this paper it is shown that
the mononitrophenol lifetime in the atmospheric emps phase could be as low as a few hours
because of the reaction witlDH. The actual reaction kinetics could be furthecederated by
accumulation phenomena at the droplet surface @/a&ral., 2007). As far as the reactivity of 2NP
with "OH and°NO; in the gas phase is concerned, the reported mistants are Xkp.on =
9.0x10 ™ cm® moleculé® s* (Atkinson et al., 1992), anthie.nos < 2x10** cm® moleculé! s
(Atkinson, 1994). With 24-h averaged concentratiatues in the gas phase of°I@olecule criv®
for *OH and 2.510° molecule crii® for *“NO; (Arey, 1998), the life-time of 2NP in the gas phas
would be around 13 days for the reaction i, and > 2 days for the reaction withiOs.

Nitrophenols strongly absorb in the atmosphericadlgvant UV range 300—400 nm (Harrison et
al., 2005a), corresponding to thg-S5; transition as reported for the liquid phase (Islaagl



Moseley, 1977). Recently published data (Bejan.eR06) indicate that the gas-phase photolysis
of ortho-nitrophenols could be an important source of HON®e reported photolysis frequency
J(2NP- HONO) under simulated atmospheric conditions i94@.6 )x10° s *. This could imply a
half-life time of around 7 h for 2NP in the gas pbasuggesting that the direct photolysis could be
a more important removal pathway for gas-phase #idiA the reaction withOH or "NOs. The
lifetime of gas-phase 2NP would be a bit longer parad to 4NP in solution, under typical
atmospheric conditions.

To account for the higher occurrence of 4ANP conpane2NP in the atmosphere, it could be
considered that the phase partitioning of nitropler{and especially of the less volatile 4NP)
would also involve particles. Indeed, the fractadNP that is present on particles is much higher
than for 2NP (Luttke and Levsen, 1997). The re@gtof organic compounds on particulate matter
might be relatively low, because the organic logdih particles can protect adsorbed substrates
against the reaction with transient speci&3H, "NO3). The direct photolysis would be a more
significant removal pathway on particulate mathemt the radical reactions, but black carbonaceous
particles are able to screen sunlight and thergiootect the adsorbed compounds from direct
photodegradation. Direct photolysis would therefbeeslower on fine particles than in solution
(Dunstan et al., 1989).

It is possible to roughly compare the reactivitydfP on particles with that of 2NP in the gas
phase. Take the,tof 4NP due to the direct photolysis in solutionthaut considering the multiple
refraction phenomena in spherical water droplessadower limit for the corresponding, bn
particles (""" = 2.23:0.20 SSD days, with SSD = 15 July, 45°N). The apoading 4 of 2NP in
the gas phase would be 7 hours. After a whole S&idliation, 4NP on particles would be
decreased by 30% or less, 2NP in the gas phaserdwnch 90%. In this case the faster
transformation of 2NP could explain the higher atpieeric occurrence of 4ANP compared to 2NP.

Conclusions

This paper considered a series of nitrophenol diedgian processes in the aqueous phase, to see if
they can account for the higher occurrence of 4biRpared to 2NP in the atmosphere, despite the
higher atmospheric input of 2NP by the known priyramd secondary sources.

Reaction with’OH would be the fastest removal process for nitemolfis in the aqueous
solution. 2NP would be more reactive than 4NP,thatdifference is small. For the reaction with
'OH to account for the higher atmospheric occurrenfcdNP, the detected nitrophenols in the
atmosphere should be only a very minor fractiontted input burden, the remainder having
undergone degradation. Given the reasonable maktwebn the observed atmospheric
concentrations and the known sources (Harrison.,e2@05a), this would imply the very unlikely
scenario that the nitrophenol inputs to the atmesphave been largely underestimated.

Other possible transformation processes in theamuphase are the reaction wiOs; and the
direct photolysis. Under average atmospheric canditthey would be considerably slower than
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the reaction witHOH, and would lead to a faster transformation ofitéNP compared to 2NP. The
reaction between NP* andNO; is also unlikely to be a significant nitrophenaiksunder typical
atmospheric conditions. However, this paper elueddor the first time the detailed kinetics of the
photonitration process that yields 2,4ADNP.

The transformation of 2NP in the gas phase is datathby the direct photolysis (Bejan et al.,
2006), which is sufficiently fast to ensure an@ént removal of 2NP from the sunlit atmosphere.
Furthermore, the transformation of gas-phase 2Néxpected to be much faster than for 4NP on
particles. Considering that 4NP undergoes extenpasitioning to airborne particulate matter
(Luttke and Levsen, 1997), particles could be seeian atmospheric reservoir of 4NP that could
account for its higher occurrence compared to 2NP.

Overall the aqueous phase would be the most eificmospheric reactor for nitrophenol
transformation, antiOH would quickly consume the dissolved compoundgnificant degradation
could also involve the nitrophenols reaching thiitean from other atmospheric compartments.
The mass transfer of gas-phase 2NP to water dsofiléttke and Levsen, 1997) should be faster
than that of particle-adsorbed 4NP, which would stibute an additional protective effect of
particles toward 4NP. However, further researchld/dne required into the degradation kinetics of
4ANP on particles, to prove or disprove the propasetario.
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Figure 1. Emission spectragp((1)) of the adopted solar simulator and of the Philijh®1 lamp.
The solar simulator was used to study the direotgissis of nitrophenols, and the TLO1
lamp was used to induce the photolysis of nitrate.
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Figure 2. Absorption spectra of 2NP (2a) and 4NP (2b) dedeht pH values. The values of pK
are 7.21 and 7.15 for 2NP and 4NP, respectivelyt@iand Smith, 1974).
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Figure 3. Direct photolysis rates of 5iM 2NP and 5QuM 4NP under the adopted solar simulator.
The error boundspio) represent the intra-series variability (goodnekghe fit of the
pseudo-first order kinetic curves to the experirakbdata of the time evolution).
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time evolution).
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