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Abstract

It has long been known that the photolysis of nitrite and nitrate solutions results in the formatioil ofdicals. The mechanism of
NO3~ photolysis has been the subject of considerable controversy in the literature, however. This review summarizes the experiment
work on NGO~ and NG~ photolysis in the context of recent advances in the understanding of the chemistry of the peroxynitrite anion
(ONOQ") in biological experiments. ONOOhas been found to play a far more significant role in the overall reaction mechanism of
NO3~ photolysis than had previously been suspected. Research gn & NG~ photolysis, as a pathway to the destruction of organic
contaminants in natural waters, is summarized. The possible impactof Bi@ NG~ on Advanced Oxidation Technologies (AOTS), in
which *OH radicals are used to initiate the destruction of hazardous organic pollutants in drinking water and industrial waste streams, |
explored. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction and 200nm £=9900 M 1cm™1), respectively (Fig. 1).
The presence of these anions could therefore result in a
The destruction of hazardous organic pollutants in waste significant ‘inner filter’ effect that could reduce the fraction
streams can be achieved through the use of Advanced Oxida©of the incident UV-flux absorbed by #®,. On the other
tion Technologies (AOTs) [1]. AOTs usually involve highly hand, the photolysis of N© or NO3~ is also known to
reactive free radical species, such as @ radical [2], result in the formation ofOH [6]. It has therefore been
which initiate rapid reactions with organic compounds, ei- proposed that nitrite/nitrate photolysis [4,7-22] could be
ther by addition to a double bond or through abstraction of used to generattOH for use in AOTs [12,23].
a hydrogen atom from aliphatic compounds or side groups. Gonzalez and Braun [24,25] recently reported the effect
The resulting organic radicals then react with oxygen to ini- of H2O photolysis on aqueous NO and NG~ solutions
tiate a series of degradative oxidation reactions ultimately during irradiation in the vacuum-UV at 172 nm. In contrast,

resulting in complete mineralization to G@nd HO. Cur- we focus on the impact of UV-irradiation in the output range
rently, many commercial AOT installations utilize the UV (1 >200 nm) of the medium pressure mercury lamps used in
photolysis of HO, to produce®*OH radicals: most commercial AOT operations. Since® does not ab-
sorb significantly af >200 nm, nitrite/nitrate photolysis is
Hzozﬂ; 2°0OH 1) the primary source ofOH in the research covered by this

review. The absorption spectra of NOand NG~ contain
The use of reaction (1) as a source*@H is limited weak n— «* bands at 360 nme(=22.5M1cm™1) and
by the comparatively low molar absorption coefficients 310nm ¢=7.4 M-1cm™1), respectively, which can absorb
(e <200M~1cm™1) of H,O, in the 200-300 nm region;  solar radiation { > 295 nm). As a result, many studies have
however, this can usually be overcome by an adequate con-been conducted on the significance of nitrite/nitrate photol-
centration of HO, and/or a longer pathlength [1]. The ab- ysis as a degradation pathway for organic pollutants in nat-
sorption spectra of N© [3] and NG; ™ [4,5] are dominated ~ ural waters [18,21,26—38]. The mechanism of nitrite/nitrate
by intenser — =* bands at 205 nme(= 5500 M~ cm1) photolysis has also been the subject of detailed investigation
[4,6,12—-17,39-45] and the reactions of many of the daughter
"+ Corresponding author. Tel.: +1-519-661-2170; fax: +1-519-661-3022 radicals have been explored [11,12,34-36,46-61]. The aims
E-mail addressjbolton@julian.uwo.ca (J.R. Bolton) of this review are to provide a critical summary of current
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Fig. 1. The UV-visible absorption spectra of NQ NO3;~ and HO,.
The solid lines refer to the lefg-axis and the broken lines refer to the
right y-axis.
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Scheme 1. Primary photoprocesses and subsequent reactions dugng NO
photolysis. The reactions of the NO generated are not included but can
be found in Scheme 2.

knowledge concerning N&J and NG~ photolysis and to
assess their impact on photochemically based AOTSs.

2. Photolysis of Nitrite

The photolysis of N@~ in the 200-400 nm region re-
sults in the formation of N©® and O~ (see Scheme 1)
[6-10,12,39]:

NO,~ % [NO, T 3
[NO2"]* — NO®* + O°~ ©)

At pH<12, O~ protonates to form theOH radical
(PKa=11.9 [14,62]).

kg =17x10°M1s 1
(4)

The experimentakboy values are listed in Table 1. The
recombination reaction of tHtd&NO and®*OH radicals and the
reaction of*OH with NO,™ are both essentially diffusion
controlled reactions [24,25,62]:

0O +Hy0 = *OH+ OH™
keg=12x100m1s1

NO® + *OH — HNO, k5= 1.0 x 10'°°M~1s71 (5)

*OH+ NO2™ — NO2* + OH™

ke = 1.0 x 101°M~1s71 (6)

These reactions therefore greatly limit the steady-state
concentration offOH available to take part in oxidation
reactions with organic pollutants. The mechanism of nitrite
photolysis has been investigated by flash photolysis [6,7].
The NG* formed in reaction (6) can react with NQo
form N,O3 [24,25]:

NO® + NO»* — NoO3  k7=11x10°Mts? (7)

N2Os3 hydrolyses to regenerate NO.
N2O3 4+ H0 — 2HY +2NO,~ kg =53 x 10°s™! (8)

The NQ* radical can also dimerize during flash photolysis
experiments to form pO4 [24,25]:

2NO,®* — N2O4 kg=45x 1BM~1st (9)

which hydrolyses to form N and NG&~ [24,25]:

N204 + H20 — NO;~ +NO3z~ 4+ 2H*
kio=1x10%s? (10)

In solutions containing dissolved,ONO® is competitively
oxidized to form NQ~ via N2O4 [12].

NO® + NO® — N0 + 02 — N2Og4 (11)

The transient absorption spectra of NON,O4 and NO3
have all been identified [39]. Fischer and Warneck [22]
added NO to a NG~ solution to assess whether hydrated
electrons are also formed as a primary product of the pho-
tolysis of NG~ in the 280—-390 nm region. The results were
inconclusive.

3. Photolysis of nitrate

The overall reaction resulting from NO photolysis is
(see Scheme 2) [13-17,40-42,63]:
NOz~ 2 NO,™ + 30, (12)

In the absence dfOH scavengers, this stoichiometry is said
to be maintained over the entire pH range during irradiation
with A >200nm [13,15]. Isotope enrichment studies have
indicated that N@~ is the origin of both O atoms in the
Oz generated [17]. Irradiation at>280nm is believed to
result in two primary photolytic pathways [11,13,19,21]:

[NO3~ Y NO5 ]+ (13)
[INO3]* = NO»~ + OCP) (14)

[NOg~]* — NOs* + 0°~ "2°NO,* + *OH+ OH~  (15)

Warneck and Wurzinger [19] reported thap(3P) is 0.1%
and®oy is 0.9% during irradiation at 305 nm (Tables 3 and
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Table 1
Hydroxyl radical quantum yield data for nitrite photolysis
[NO2~] (mM) *OH Scavenger (technique) A (nm) T (K) pH D oH) (%) Reference
3 SCN- 351 278 8 2.#0.3 [10]
(UV-VIS) 288 3.8£04
298 4.6+0.3
308 5.8£0.2
318 7.8:0.3
328 9.1+1.0
338 9.6+£0.3
348 11.8+0.8
358 15.3£0.9
308 278 6-9 3.205
298 6.9+:0.9
318 8.1+1.1
353 14.0£0.7
20 GHsOH, HCOO™ 253.7 n.a. 14 461.0 [11]
(HPLC) 365 45:1.0
1.3 SCN- 298.5 296+ 2 7 5.3 [8]
(UV-VIS) 296+2 6 6.0
310 7.9 7.4
322 7.9 8.5
SCN- 337.1 296+ 2 6 6.4
SCN- 354.6 296t 2 6.7 2.8
2.0
2.3
SCN- 3711 296+ 2 6.7 1.8
7.9 1.3
8.7 1.4
0.5 8 mM benzene 280 295 6.1 6.8 [22]
(HPLC) 300 6.7
320 5.4
340 3.8
355 25
370 21
390 25
280 274 2.0 347
300 36.2
320 34.6
3375 37.1
346.5 355
357.5 31.7
371 32.7
385.5 36.6
4). A third primary reaction pathway is believed to result HOONO— NO3~ +H* (18)

in the formation of the peroxynitrite anion (ONOQ via

isomerization of [N@™]* during irradiation at. <280 nm Between pH 7 and 12, howevéig drops by over five orders
(see below) [13-16,43-45,64,65]: of magnitude, since ONOOis relatively stable in solution
[NO3~]* = ONOO™ = HOONO [Ka= 65 (16) [65]. The mechanism of react_io_n (18) i_s the subject of majqr
controversy (see below), but it is possible that the homolysis
There is a second pathway to ONOQsince the radicals  of HOONO results in a 32% yield 8fOH [67]. No evidence
formed in reaction (15) can recombine within the solvent for the formation of solvated electrons or NOof major
cage to form peroxynitrous acid (HOONO) [13,25,42,62]:  controversy (see below), but it is possible that the homolysis
. . “1.-1 of HOONO results in a 32% yield 8fOH [67]. No evidence
OH+NO2" — HOONO k17 =13x 10°M™"s (17) for the formation of solvatgd electron[s gr NOradicals
The reaction (17) will also occur in the bulk solution in was found during studies involving irradiationat 200 nm
deionized water, but this is unlikely to be a significant factor [16], but these species are formediat 190 nm when HO
in natural waters or in the presence*@H scavengers. At s photolyzed [24,25]. b0, has not been detected as a sig-
pH < 7, HOONO isomerizes rapidly to N [13], andkg nificant product during steady-state irradiation of NCGand
is relatively independent of pH (a value of approximately NO3z~ solutions at. >200 nm [14,15,42]. The combination
1.4s1 [66] was recently reported): reaction between twOOH radicals is highly unlikely due
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Overall Stoichiometry :- Table 2
Photolysis of nitrate: quantum yield of nitrite formation

NO3= ——> NO,~+ %2 O [NOs~] Technique A (nm) T (K) pH &(NO,~) Reference
M %
NO_;—DJJ—»[NOa']*(mTF*)—————’ [NOZ-O(3P)] ( ) ( 0)
x4

. UV-VIS 207 115 25 [17]
A <280 nm \ / NO,- + O(3P
NO— NO: (sP) 254 17

[NOB-]*(wm;) / - 1.0 UV-VIS 222% 293 17 554 [20]
- . -H+ O,NOO- : -
[O*-...NO, 1\ H A 254 17
. NO;=___:OH + NO," - 313 2.1
H* NO}7 T,, \\Ni * 0 0.01 UV-VIS 305 2952 56 0.59 [19]
' -OH.. NO.- NO® 0.1-0.2 UV-VIS 2537 298 8£0.8  [11]
/?'[ OH ?NOZ ] N0, 310 0.65+£0.04
HOONO g H,0 313 0.63+0.04
o \< },N o+ HY Nor 1o 001 IC 254 298 5 06 [42]
HOONO* NO,- + NO;- + 2 H+ 13 10
pKa # 6.5 ONOO- A 0, + NO*
NO,*
-OH %‘ 2 NOs~ + 2 H+ o reaction mechanism, which reacts more readily to form

/'?O('w)NOZ"'O2 NO,-<Za=32 et N NO,~ when it is deprotonated at high pH [13,17,42]. The
N,O3

most obvious candidate is HOONO, since the ris@j, -
—22 > NO,~ +2 NOy . ' 2
ONOO \ ’ 7 NOy: NOs closely matches the drop in the efficiency of reaction (18)
\ O + NO_/HZOl [40,41,65]. This would require a reaction pathway that leads
2

2 NO,~ + 2 Ht to the formation of NG~ and @ from ONOGO™; however,

0=+ NO,* ya o

=3
c

(0 NO NO*® until recently, it had generally been assumed that reaction
s NO,- N.O, (18) was the only significant decomposition reaction for
[ONOO-T* \H\zo ONOO™ during NO;~ photolysis [40,41,63].
” ? NO,- + NO,- + 2 H+ From the late 1960's until the early 1990’s it was gener-
[NOi...O(P)|—» NO;=— 6P 5 5o ally believed that the flash photolys!s data reported by Barat
\or R et al. [15,64] had proven conclusively that ONO@nd

NO,~ are formed via independent pathways, since ONOO
NO,- ¥ O(3P) 0, + NO;~—"—NO,J* was observed to form gradually over 6. The data in this
study are probably not reliable, however, since no filters
Scheme 2. Primary photoprocesses and subsequent reactions dugng NO were used in these experiments The ONGi@rmation was
photolysis. The reactions of the NO generated are not included but bablv initi h I. . h
can be found in Scheme 1. Caged radical pairs are indicated by squarepro ab y initiated by HO homolysis ai < 200nm, as has
brackets. The reactions of the MO generated are not included but can ~ recently been reported by Gonzalez and Braun [24]. A num-
be found in Scheme 1. ber of different species were proposed to account for the pH
dependence obyo,- [14,17]. Daniels et al. [14] suggested
that HOONQ was formed as an intermediate in the reaction

: e . of OGP) and NQ~. This is unlikely as thebyo,- values
Wagner etal. [13] have claimed thap®; formation is a vi- during irradiation with. > 280 nm at alkaline pH are clearly

able reaction path\_/vay i_n flash photo_lysis _experiments. Sincesignificantly higher than those faro(3P) (see Tables 2 and
the Iamp used to irradiate the solutions in that study had a4). Shuali et al. [15] suggested that a metastable isomer of
very wide spectral outpuf(>180nm), the HOz was prob- N, \which reacts with either N& or NOs~ depending
ably formed via HO photolysis. on its state of dissociation, is responsible for the pH depen-
dence ofdyp,-. Bayliss and Bucat [17] suggested that it
3.1. The role of OONO in NO,~ formation was due to the protonation of [NO]* at low pH. Wagner
et al. [13] postulated that the two steps observed by Daniels
The mechanism of N& photolysis has been the subject et al. [14] in the pH dependence dfyo,- are due to the
of considerable controversy in the literature, since many reactions of ® with H,O and H" in the solvent cage, but
of the experimental observations are difficult to explain this explanation seems highly unlikely.
[13,42]. Daniels et al. [14] found thabye,- rises rapidly The hypothesis of Barat et al. [15,64] was called into
toward high pH in two steps for pH 8-10 and then for pH question after Plumb et al. [68] carried out a series of exper-
11-13 during irradiation at 300nm. Mark et al. [42] and iments on the UV-irradiation of alkali nitrate salts found on
Shuali et al. [15] observed similar results during irradia- the surface of Mars. The aim of the authors was to develop
tion at A <280 nm. Thedyp,- data for NG~ photolysis a model that could account for the positive indications for
reported in the literature are summarized in Table 2. The life, which occurred in biology tests conducted during the
most likely explanation is that an acid is involved in the Viking mission to Mars. The authors demonstrated that the

to the very low concentration and short lifetime tDH.
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Table 3
Photolysis of nitrate: quantum yield of hydroxyl radical formation
[NO3~] (mM) *OH Scavenger (technique) A (nm) T (K) pH D ony (%) Reference
3 SCN- 308 278 4.0-9.0 0£0.1 [10]
(laser photolysis) 298 1F#0.3

318 2.8+0.3

353 3.6£0.4
10 IPA (HPLC) 305 295 5.6 0.920.04 [19]
0.2-4.0 GHoCl (GC), Hg(CH) (AAS), CsHsNO2, CsHs50CH3 (HPLC) 313 293 6.2-8.2 1380.2 [18]

303 1.7£0.3
2-200 methanol, IPA, cyclopentane (IC,GC,HPLC) 254 298 4-12 9 [42]
Table 4
NO3~ photolysis: atomic oxygen data
[NO3~] (mM) O(®P) scavenger A (nm) T (K) pH Do) (%) Reference
5-50 cyclopentene (GC) 305 29 5.6 0.11+0.3 [19]
2-200 cyclopentene (GC) 254 298 4-12 >0.1 [42]

calorimetric analysis, traditionally used to determingo,-
data for NQ~ photolysis during the irradiation of solid and

formed in reaction (15). Mark et al. [42] recently proposed
that the mechanism of NO formation during irradiation at

solution samples, was suspect. It was found that additional254 nm is reactions (7), (8), (15)—(17), (19), and (20). The

NO,~ was generated during the decay of ONO®hen the

authors discounted the hypothesis of Edwards and Plumb

solutions were diluted to neutral pH [40]. It was therefore [40] that photolysis of ONOO could lead to N@~ for-

concluded that many of théyo,- results reported during
earlier studies of Ng@~ photolysis were flawed. Edwards
and Plumb [40,41,63] proposed that OON@as indeed re-

sponsible for the pH dependence®fo,- and that NQ~

formation was the result either of thermal decay and/or pho-

tochemical decomposition of OONO

mation. Mark et al[42] claimed that ONOO is not pho-
tolyzed significantly at pH 13, since they obtained a ONOO
yield vs. UV-dose plot that was curved downwards only very
slightly.

Mark et al. [42] pointed out that oxidation of OONCy
NOy* is also thermodynamically feasible. Recent research

ONOO™ has subsequently been the focus of intense re- by Goldstein et al. [94] appears to rule this pathway out,
search by biochemists [66,69—103]. Beckman et al. [69] however, since this reaction was not observed during a pulse

reported that ONOO can be formed in vivo through the
reaction of NO and Q°*~. These biochemical experiments

radiolysis study. Mark et al. [42] claimed that their ability
to identify NO® in electron paramagnetic resonance (EPR)

[66,69—103] have provided considerable insight into the spin trapping experiments was direct evidence for reactions

mechanism of N@ and @ formation from ONOO.
Radi et al. [79] proposed that a reaction between ONOO
and*OH can lead to a brief period of ZJormation during
ONOO™ decomposition [75]:

ONOG™ + *OH — ONOC + OH™

kig=5x 10°M~1s1 (19)

Decomposition of ONO®was reported to lead to{yen-
eration with both the O atoms coming from NQ

ONOC® — NO* + O, (20)

Since ONOO is reasonably stable in solution at pH>7,
while HOONO isomerizes rapidly to N6 via reaction (18)
[65], reaction (19) is more likely to occur at alkaline pH

(19) and (20). This is not the case, since there could also
be significant NO formation due to the photolysis of the
NO>~ which is formed over the extended course of ;NO
photolysis. Recent ONOOlaser flash photolysis and pulse
radiolysis studies of Kissner et al. [87] have since provided
direct experimental evidence that reactions (7), (8), (19) and
(20) do indeed lead to the formation ob@nd NGQ~. A
subsequent radiolysis study by Goldstein et al. [94,105] sug-
gests that a reaction between®§ and ONOO™ could also
compete with reaction (8) between pH 6 and 12:
N2O3 + ONOO™ — NO;~ + 2NO,* (21)
At lower pH, HOONO does not react with @3 while at
higher pH the hydrolysis of pD3 is base-catalyzed. Mark

and could therefore cause the observed pH dependence ot al. [42] found thatbyo,- decreases as the photon flux

®no,-- During NG~ photolysis, the!OH that escapes the
solvent cage in reaction (15) would initially react primarily
with ONOO™ in reaction (19), since N¢r is not an ef-
ficient *OH scavengerk< 1.0x 10° M~1s1 [104]). The
NO* formed in reaction (20) could then react with the NO

increases which suggests that a second-order radical-radical
recombination is also taking place. The authors proposed
that the following reaction is important at high photon fluxes:

NO,* + ONOC® + H,0 — 2NOz™ + 2 H" (22)
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The NO formed in reaction (20) could also react whH 3.3. The effect 0fOH scavengers oy, -

in reaction (5) to form HONO, since a combination of re-

actions (5), (9), (10), (15)-(17), (19) and (20), would sat-  The addition of a variety o?OH scavengers has been
isfy the overall stoichiometry. This is much less likely to found to cause a substantial increas®jjp,- during NOs~
occur under most experimental conditions, however, since photolysis experiments carried out at g9 in deionized
reactions (6) and (19) will greatly reduce the steady state water [13]. No increase was observed at more alkaline pH

concentration ofOH relative to that of N@". [14,42]. The most straightforward explanation for this would
be that the*OH scavengers eliminate the bulk recombina-
3.2. UV-dose dependence dfo,- tion reaction betweetOH and NG* in reaction (17), since

the HOONO formed would otherwise isomerize to NO

The mechanism responsible for WOformation during via reaction (18). The excess MOwould react to form ad-
NOs~ photolysis is further complicated by the fact that ditional NO;~ via reactions (9) and (10). The presence of
®no,- is not independent of the UV-dose at neutral and the relatively stable ONOO at alkaline pH greatly slows
acidic pH. Daniels et al. [14] found that the rate of NO the rate of reaction (18), so the impact of the scavengers
generation decreases sharply to an apparently constant resids less marked®OH scavengers also protect the NOand
ual rate during irradiation at pH 6 arid> 300 nm. Addition ONOO™ generated during N& photolysis from attack by
of NO,~ to the solution prior to photolysis slows the ini- *OH via reactions (6) and (19) [42].
tial rate to the level observed if that concentration had been Mark et al. [42] proposed detailed reaction mechanisms
generated during the course of the photolysis [14,42]. The to account for the effect of methanol and cyclopentane on
initial rate is dependent on the NO concentration, while ~ ®yp,- during irradiation at. =254 nm between pH 4 and
the residual rate is independent of both thes2N@nd NGy~ 12. *OH abstracts a hydrogen from cyclopentane to form
concentrations [14]. This indicates that two separate path-the cyclopentyl radical, which was reported to react in the
ways result in the formation of N© and that the major  absence of @with NO,* at pH 5 to form nitrocyclopentane
pathway is self-inhibiting as N& reacts with one of its  and with ONOO and NGQ* at pH 9 to form cyclopentylni-
precursors. In alkaline solutions, the NO concentration trate. When cyclopentane was replaced by methdngj, -
vs. UV-dose plot becomes almost linear [14,42]. Mark et al. increased at alkaline pH as hydrogen abstractiohQuy re-
[42] and Shuali et al. [15] observed similar results during sults in the formation of the hydroxymethylperoxyl radical,
irradiation at 254 and 229 nm, respectively. NQs a very which reacts with OH to form HCHO and @*~. reaction
efficient *OH scavenger, so NO formation via reactions between @*~ and NGQ* was reported to result in the forma-
(7), (8), (15)—(17), (19) and (20) becomes less likely as the tion O, and NG~ possibly via peroxynitrate (§NOO™):
concentration of N@~ increases. The initial rate is depen-
dent on the concentration of NO, since that will determine ~ NO2* +02*" — Oz + NO2™

the steady-state concentration of HOONO. The residual re- ko5 =1 x 10°M 151 (25)
action observed by Daniels et al. [16] at elevatedbN©on- ] )
centrations was probably due to the reaction GtR)@with Below pH 5, the hydroxymethylperoxyl radical reacts with
NOz~ possibly via peroxynitrate (NOO™) [24]: NO2* to form HCHO and @GNOO™ which then decomposes

to form NG~ and G [107].
OCP) + NO3~ = O,NOO™ — NO»,~ + O,

ko =3 x 1EM~1s? (23) 3.4. HOONO as a potential source tOH
It should be noted that &) can also react with N to A variety of different mechanisms have been proposed
form NOz™ [24]: for reaction (18) (Scheme 3) to account for the presence

3 - - _ —1-1 of a strong oxidant which is formed as an intermediate. In
OCP) +NOz”™ > NO3™ k24 =3x10°M™'s (24) 1970, Mahoney [67] claimed, on the basis of a kinetic study
Daniels et al. [16] proposed that competition between reac- of reaction (18) in the presence ofk8,, that the homo-
tions (23) and (24) is responsible for the self-inhibition of lysis of HOONO results in a 32% yield ¢fOH. Reactiv-
NO,~ formation during extended photolysis. Since the yield ity similar to that of*OH has also been observed in recent
of NO>~ was typically <100.M in 1M NO3~ solutions, biochemical experiments during the decay of HOONO in
reaction (24) could not have been a significant factor in their reaction (18) [69,72-78,81,83,84,108-110]. Koppenol et al.
experiments. Recent experiments on the wavelength depen{80] subsequently claimed, however, that the available ther-
dence ofdy,- during irradiation with a broad band source mochemical and kinetic data was not consistent with either
[106] during UV/H,O2 AOT treatments of tetrahydrofuran  homolysis or heterolysis of HOONO. They proposed instead
have provided strong evidence that NOformation from that an activated form of thdérans isomer of HOONO is
O(P) is a significant reaction pathway during irradiation at the oxidant (HOONO* in Scheme 3) [82ln many of the
A>280nm. A combination of reactions (14) and (23) satis- initial biochemical studies it was argued that the reactiv-
fies the overall stoichiometry of N§J photolysis. ity of ONOO™ could best be understood in terms of planar
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Possible Mechanisms for OONO™ isomerization The authors mentioned the controversy over whether ho-

OONO- + H+ molysis occurs during reaction (18) but offered no alterna-
oKa = 6.5 tive explanation for the selectivity of the reactions witbH
) scavengers observed in ONOOiochemical experiments
HOONG—> ["OH--NO.’] [83-86,88,89,103]. Pfeiffer et al. [90] have reported that no

NO,~ is formed during the decay of HOONO at ptb in
biochemical experiments, while a 30% yield can be obtained
HOONO* “OH'+ NO,* at pH 7. The presence of OONQherefore appears to be re-
quired for NG~ to be formed, possibly due to the formation
of an adduct between the two species [87]. DuringsNO
NO,- + H+ photolysis at pH< 5, however, th&@OH that escapes the sol-
vent cage in reaction (15) is thought to react with HOONO
Scheﬁmg 3. Proposed mechanisms for the .isomeri;ati.on of HOONO to in reaction (19). It is difficult to see why this would not also
Drgike:g.a reaction (18). Caged radical pairs are indicated by square happen during reaction (18) if, as Mark et al. suggested [42],
a significant portion ofOH does escape the solvent cage.
The @y, experimental data reported for NO pho-
‘cis and ‘trans isomers [80-82] based on the results of tolysis in the presence 8OH scavengers have not always
MOPAC computer modeling studies [80]. It was suggested been consistent with the knov®H rate constants. Bayliss
that the tis’ form of ONOO™ is energetically favored and and Bucat [17] found that the addition of 1M NaBr dou-
is relatively stable in solution [82] and that reaction (18) oc- bled the rate of N@~ formation at pH 2.8 during irradi-
curs only via the trans isomer [81]. Protonation to form  ation atA =254 nm, while the addition of 0.05M NaAsO
HOONO was believed to reduce the barrier between the resulted in an increase of over 30 fold. The rate constants of
‘cis and ‘trans isomers, so that both isomers could existin the reactions of Br and AsG~ with *OH are 1.1x 1010
solution [80-82]. and 9.0x 10° M~1s1, respectively [62]. Daniels et al. [14]
Merényi and Lind [71,111], Bartberger et al. [73] and obtained similar results and suggested that scavenging of
Lymar and Hurst [75] have recently reported calculations the caged radical pair produced in reaction (15) was taking
which indicate that the approach used by Koppenol et al. place. More research is clearly needed before any assump-
[80] was incorrect and that the available thermochemical tions can be made concerning the exact nature of the oxidant
data are in fact consistent with homolysis. Lymar and Hurst formed as an intermediate during reaction (18).
[75] have reported ab initio calculations, which suggest that
the ‘cis’ and ‘trans isomers are almost isoenergetic. If this
is correct, there should be no major difference in the reac- 3-5- The pH dependence ®}o,-
tivity of these isomers. Merényi et al. [74] recently outlined
several examples of experimental data that are consistent Daniels et al. [14] found tha®yo,- rises rapidly to-
with homolysis. However, there is still very strong experi- ward high pH in two steps for pH 8-10 and then for pH
mental evidence that suggests th@H formation does not ~ 11-13 during irradiation at 300 nm. Mark et al. [42] and
occur [83-86,88,89,103,112]. Sor@H scavengers do not  Shuali et al. [15] observed similar results during irradiation
reduce the reactivity of HOONO in vivo to the extent that at <280nm. It now seems clear that the first step is re-
would be anticipated on the basis of the knd\@H rate con- lated to the stability of OONO in solution. The second
stants. For example, mannitol and benzoate do not protectwas almost certainly related to reaction (4). Mark et al. [42]
a-1-proteinase or thiols from attack by HOONO at physio- proposed that the major pathway for NOformation at al-
logical pH [84,85]. Goldstein and Czapski [103] also found kaline pH is reactions (7), (8), (15)—(17), (19) and (20) and
that the rate of oxidation of ferrocyanide in the presence of assumed that there is no significant photolysis of ONOID
ONOO™ was unaffected by the addition of formate ions and is difficult to reconcile these assumptions with the results of
methanol at concentrations which would normally be suffi- Shuali etal[15], Legager and Sehested [65] and Plumb et al.
cient to scaveng®OH. These authors subsequently decided [63], who explored the impact of using non-monochromatic
that despite this the weight of the evidence suppt@s light sources rather than a fixéd= 254 nm source.
formation. Squadrito and Pryor [77] recently postulated that ~ Shuali et al. [15] reported significant photobleach-
an unusually stable long-livettOH and NQ* caged radi- ing of ONOO™ generated in their N& photolysis
cal pair (see Scheme 3), which does not dissociate signif-experiments and proposed that the low-energy lines
icantly, could account for the experimental data obtained (229 nm< A <360 nm) of their Cd lamp were responsible.
during *OH scavenger experiments. When a Pyre@ filter was used to exclude <290 nm,
Mark et al. [42] claimed, based on an experiment in which ONOO~ was completely eliminated from solution. Lagager
an alkaline ONOO solution was added to a solution con- and Sehested [65] also reported that the influence of
taining methanol at pH 4, that 10% of the HOONO formed ONOO™ photolysis was severe at pH > 9 and that the rate of
during NG~ photolysis, homolyses to form N®and®*OH. ONOO™~ decomposition varied significantly when 230, 280

? ? ?
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and 305 nm cut-off filters were used. Plumb et al. [63] ob-
served net ONOO formation during the UV-irradiation of

The reaction (29) would account for the fact that NGs
reported to reverse the inhibition 80H scavengers on O

alkali nitrate salts at 254 nm, the irradiating wavelength used formation during the decay of ONOOat pH>9 [75]. A

by Mark et al [42]. Irradiation at 300 nm was found to result
in photobleaching of ONOO via a first-order process that
results in isomerization to N§'. Plumb et al. [63] devel-

combination of reactions (7), (9), (10), (21), (25), (27) and
(29) would result in @ formation without requiring the in-
volvement of*OH. If the rate of reaction (29) is photoen-

oped a model to account for the steady state concentrationshanced during irradiation with >290 nm, it could account

of NO2~ and ONOO formed during irradiation of alkali

for the data obtained by Shuali et al. [15] and Lggager and

nitrate salts at 254 nm. It was proposed that irradiation of Sehested [65]. During N§> photolysis, reaction (29) would

ONOO™ results either in the formation of NO and OP):

ONOO™ 2 NO,~ + 0¢3P) (26)

or in photobleaching via isomerization to NO The au-
thors [40] postulated that£formation occurs via reactions
(16), (26) and (23). It seems unlikely that3®) can play
a major role in N@~ formation at alkaline pH in aqueous
solution. Shuali et a[15] were unable to detect €R) dur-
ing NO3~ photolysis withA =229 nm and Mark et al. [42]
reported that it could only play a very minor role, at best,
in NO>~ formation at 254 nm.

Recent laser photolysis data reported by Kissner et al
[87] indicate that @*~ and NO are the major photolysis
products of ONOO during irradiation at 266 and 355 nm:

ONOO™ % NO* + 0,°~ 27)
NO® + O,*~ — ONOO™ (28)

The analogous formation of H®and NO was observed by
Koch and Sodeau [113] during HOONO photolysis at 185

also clearly help to initiate formation of NO via reactions
(7), (8), (19) and (20). The extent to which NOand Q

are formed at alkaline pH via ONOOphotolysis and/or
dark reactions via (26), (27) and (29) is a topic that requires
further detailed investigation.

Recent biochemical research suggests that the reaction
of OONO~ with CO, can also be a significant degra-
dation pathway for ONOO [66,91-102,114,115]. An
ONOOCQ™ adduct is formed, which may decompose to
form a caged Ce@~ and *NO; radical pair [73,75-77].
The controversy concerning this largely parallels that con-
cerning reaction (18). Theoretical calculations appear to
support homolysis [73,75] while some of the experimental
data suggests that it is unlikely [76]. In the absence of an
oxidizable substrate, N§J and CQ are the major prod-
ucts. Goldstein and Czapski [93] recently reported reactions
in the presence of formate that result in the generation of
O2NOO™. These reactions are similar to those proposed by
Mark et al. [42] for NQ~ formation during N@Q~ pho-
tolysis in the presence of methanol. ONOOLCadduct
formation would clearly be favored by the high HgO

and 254nm in low temperature matrices. It has been sug-concentrations in biological fluids. The possible impact of
gested that reaction (27) can even occur to a limited extentthjs reaction pathway during N© photolysis at alkaline

(ko7=0.02s1) as a dark reaction at alkaline pH [71,74]. A
combination of reactions (7), (8), (25) and (27) would result
in the formation of NQ~ and Q during NO;~ photoly-
sis. Since ONOO absorbs stronglysgo2=1670 M~ cm1
[42]), this reaction pathway is likely to be a significant fac-
tor at alkaline pH during N@~ photolysis.

Reaction (28) was found to result in almost quantitative re-

generation of ONOO in solution [87], so it seems unlikely

that reactions (27) and (28) could result in a net change in

the ONOO™ concentration during the UV-irradiation of ni-

trate salts. Plumb et al. [63] did not investigate the question
of whether the mechanism of the photobleaching reaction

of ONOO™ to form NQOs~ is a direct unimolecular process
via isomerization of an ONOO excited state or a two step
process involving:

ONOO™ 2 NO,* 4+ O°- (29)
NO,® + O*~ — NO3~ (30)

Merényi et al. [74] have proposed that reaction (29) occurs
to a limited extent at alkaline pH even in the absence of inci-

pH still has to be assessed.

3.6. Wavelength dependenced®fo,-

The proportion of light absorbed by the weak-# =*
band and the allowedr — =* band appears to be the
major factor determining the magnitude dfyo,- dur-
ing irradiation with a broad band light source (see Table
5). During irradiation into the forbidden r> =* band,
the ®yp,- is only 2.0% or less at pH 11.7. At shorter
wavelengths ®yo,- rises to values as high as 25% (see
Table 2) due to reactions (7), (8), (16), (19) and (20). A
sharp increase inbyo,- was observed by Villars [116]
at A <280nm during irradiation of 0.33M KN solu-
tions at alkaline pH. Papée and Petriconi [43,44] observed
ONOO~ formation in alkaline N@~ solutions when a
Vycor® lamp sleeve was used with a 450 W Hg immersion

lamp but not when it was replaced with a cdfesleeve

Table 5

dent light. The authors suggested that this reaction is respon-NOs™ photolysis: peroxynitrite data

sible for the additional N@~ formation observed by Plumb
et al. [41] during their colorimetric analysis of ONOO

[ONOO™] (mM) techniquex (nm) T (K) pH ®onoo ™) (%) Reference
2-200 UV-VIS 254 298 13 10 [42]
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which filtered outh <280 nm. This lead to the suggestion
that the wavelength dependence ®fjo,- was caused by
ONOO™~ formation via reaction (16) at <280nm. Fur-
ther evidence for this reaction was obtained by Mark et
al. [42], who found thatdyg,- did not decrease signifi-
cantly when 10 M isopropanol was present during 3NO
photolysis at pH =13 during irradiation at 254 nm. There-

Pon(T) = Bon(298 IOGXp[(1800i 480 (2_;8 _ %)}

(NO3™ photolysig (32)

The apparent activation energies aretl3 and 15+ 4
kJ mot1, respectively. A significantly lower apparent ac-
tivation energy of 6.2%0.33kJmot?! was calculated by

fore, since reaction (17) cannot be responsible for the bulk Fischer and Warneck [22] for #D, from the literature val-

of the ONOO™ formation atiA <280nm, there must be
two pathways to ONOO during NG;~ photolysis. The
fact that ®onoo~ is much higher thanbo(®P) rules out
a process initiated by @p) formation via reaction (14)
(see Tables 4 and 5) for reaction (16).1D) formation
has been observed at<240nm during gas phase pho-
tolysis of HNG; [14,15,42,117]. If OtD) were formed in
solution, it might react with N@~ in the solvent cage to
form ONOO™. This appears to be unlikely, however, since
H>O2 would be expected to be formed via the reaction of
O('D) and HO. H,0> has not been observed as a signif-
icant product during N@~ photolysis during irradiation at
A>300nm [13]. It has therefore been proposed [13,17,41]
that isomerization of théw=* excited state is the most
likely explanation for the ONOO formation observed at
A <280nm.

The Plumb et al. [63] model abyp,- data obtained dur-

ues reported for reaction (1). The higher energy barrier
associated witttOH formation during N@~ and NG~
photolysis is thought to be related to the fact that @ather
than*OH is formed in the initial photolysis step, since this
would account for the significantly high& oy value seen
during HONO photolysis [11,22]. Alif and Boule [11] and
Fischer and Warneck [22] reportdeby values of 45% and
35% for HONO photodecomposition (see Table 1). Fischer
and Warneck [22] pointed out th@oy for the photodis-
sociation of HONO should be similar to that o8, as
the primary quantum yield value for photodecompaosition in
the gas phase is 100% for both molecules. Although a re-
cent report claimed thaboy rises from 100% at 300 nm
to 180% at 250 nm in aqueous droplets in the atmosphere
[118], o is usually assumed to be close to 100% through-
out this wavelength range [1,10].

In an analysis of the available experimental data (see

ing irradiation of nitrate salts suggests that reaction (16) does Table 1) [8], Fischer and Warneck [22] have demonstrated

not occur at all at. >280nm. Daniels et a[14] claimed
that ONOO™ could not play a major role in the formation
of NO»>~ during irradiation at. > 300 nm, since they were
unable to detect ONOO (e302=1670 M 1cm~1 [42]) by

that ®oy for NO2~ photolysis rises from about 2% at
360 nm to a plateau of about 7% at 280 nm. These authors
suggested that the wavelength dependence is due to the
kinetic energy of the fragments produced on photodissocia-

UV-visible spectroscopy. Subsequent research by Shuali ettion. As the kinetic energy is higher at shorter wavelengths,

al. [15], Lagager and Sehested [65] and Plumb e{&8]

has indicated, however, that ONOGs photobleached from
solution during irradiation at those wavelengths. As detec-
tion would therefore have been difficult under these circum-
stances, the presence of ONO®@annot be discounted at
A>280nm on this basis. A combination of reactions (7),
(8), (15), (17), (19) and (20) is therefore the most likely ex-
planation for the initial UV-dose dependencedigo,- that
was observed by Daniel's et al. [14] during irradiation at
A>300nm.

3.7. Temperature, wavelength and pH dependenckqpf

The ®oy data for nitrite/nitrate photolysis reported in

the literature are summarized in Tables 1 and 3. Zellner et

al. [10] derived the following equations for the temperature
dependence obon based on the results reported for NO
and NG~

Son(T) = Pon(298 roexp[a%Oi 480 (2_;8 _ %)]

(NO2™ photolysig (31)

the dissociation products should leave the solvent cage more
easily. There appears to be a similar wavelength depen-
dence during N@ photolysis, sinc@.OH/O.- rises from
1.3+ 0.4% atA>300nm at pH 4-9 [10] to 9% fotDO.-

at 254 nm and pH 13 [42]. The accuracy of the latter value
is questionable, as it may include contributions frortirO
formed from ONOO and NG~ during the extended course
of NO3~ photolysis.cbo.f values are also not necessarily
directly comparable taboy. Zellner et al. [10] found that
®op for NO>~ and NG~ photolysis at 308 nm is constant
between pH 4 and 9 during irradiation at 308 nm (see Tables
1 and 3). An apparent drop oy values at higher pH was
thought to be due to a change in the effectiveness of SCN
as an*OH scavenger for th#OH formed in reaction (15).

4. The impact of nitrite/nitrate photolysis in natural
waters

Hamilton [119], Zafiriou [26] and Zepp and coworkers
[27,120] were the first to recognize nitrite/nitrate photoly-
sis as a potential source 80OH in natural waters. In the
early 1980’s, Korte and coworkers [28,121] pointed out that
nitrite/nitrate photolysis could have a depolluting influence
through the oxidation of organic compounds. The authors
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calculated that the steady-state concentratiofn@fl was
5x 1071 M in natural waters containing 5-50 ppm NO
and that the half-lives of typical organic chemicals were
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tion by organic substrates, that photooxidation initiated by
NO,~ photolysis could potentially lead to the destruction
of organic pollutants. The reactions of organic pollutants

in the 80—400 h range. Haag et al. [30] concluded that the initiated by nitrite/nitrate photolysis can involve photonitra-

steady-state concentration WH in noon summer sunlight
at the surface of a lake in Switzerland was 20-16M.
Zepp et al. [18] later calculated thdton was 1.3+ 0.2%
at 293K at 313 nm using a variety 8OH scavengers. The
authors concluded, based on the concentrations of NO

tion or photonitrosation [34—36,46-56,127,128]. A potential
problem associated with nitrite/nitrate photolysis is that the
nitration and nitrosation reactions of polycyclic aromatic
compounds, such as biphenyls, can result in the forma-
tion of highly mutagenic and carcinogenic compounds

(0.1 mM) and dissolved organic compounds (4 ppm), that [34-36,46-52,129]. Japanese researchers [34-36,46—-48]

most of the? OH production observed was due to BiOpho-

have studied the nitration, nitrosation, hydroxylation and

tolysis. It was calculated that under these conditions most oxidation reactions of polycyclic aromatic hydrocarbons

organic chemicals would have half-lives in the 500—-4000 h
range in noon summer sunlight. In a study of the environ-
mental fate of industrial silicone fluids, Buch et al. [29]
demonstrated th&iOH radicals, generated in rivers and es-
tuaries via nitrite/nitrate photolysis in sunlight, react with
water soluble dimethylsiloxanols to form silicic acid and
carbon dioxide. Kolpin and Kalkhoff [122] have studied the
impact of nitrate-mediatetlOH radical reactions on the en-
vironmental fate of atrazine, a widely used pesticide, in an
lowa stream.

Mopper and Zhou [31] used the approach of Zepp
et al. [18] to study the impact of nitrite/nitrate photo-

(PAHS) in the environment. Studies by Suzuki et al. [36]
have suggested that reactions initiated by nitrite/nitrate
photolysis in natural waters could be a viable pathway for
generating nitro-PAHs which are known to be particularly
strong mutagens [52].

Research by Bunce [128] and Boule [11,53-56] has
focused on the mechanism of the hydroxynitration of aro-
matic organic compounds during nitrite/nitrate photolysis
in aqueous solution. Niessen et al. [53] obtained a com-
bined quantum yield of 0. 0.15% for the products gen-
erated through the indirect phototransformation of phenol
during prolonged photolysis of a 10mM KNGsolution

lysis in seawater. They concluded that the steady-stateat pH=5.2 in the 290-350 nm range. Nitration and nitro-

concentration of *OH is significantly lower than in
comparable freshwater samples due to
tween *OH and Br. The °*OH concentration ranged
from around 1. 10-18M in open-ocean surface water
(INO3~]=0.05uM, [NO2"]=0uM) to 2.6x 10°1'M in
upwelled coastal waters ([NO]=15uM, [NO2~]=1 uM).
NO,~ and NG~ photolysis was calculated to be responsi-
ble for 7 and 35% ofOH production in the coastal water

reaction be-

sation reactions result in the formation of 2-nitrophenol,
4-nitrophenol, 4-nitropyrocatechol and 4-nitrosophenol.
Boule and coworkers [11,53-56] have found that, in the
case of monochlorophenols and nitrophenols, arlyand
p-hydroxylation products (with respect to -OH) are formed.
The electron withdrawing character of the -Cl and -NO
appears to hinder the nitration and nitrosation reactions.
The hydroxylation and nitrosation reactions observed dur-

but less than 1% combined in the open ocean surface wateing NO,~ photolysis are clearly the result 8OH and

in the Sargasso Sea. The remainder of*t®&l production

NO* formed in reaction (3). Boule and coworkers [11] have

was reported to be due to the photolysis of dissolved organicproposed that reactions involviltOH, *NO, and NOs

matter. Torrents et al. [38] have studied NOphotolysis

are responsible for the hydroxylation, nitration and nitro-

mediated degradation of atrazine in Chesapeake Bay. Ressation reactions observed during NO photolysis. This

search has also focused on the role of*Gidd NQ° in the

hypothesis will have to be re-evaluated in light of the recent

atmosphere [10,21,32,33,37,123-125]. HONO is formed biochemical research on the oxidation reactions of OONO

at night in the gas phase primarily through the reaction of

and the ONOOC@ adduct [66,91-102,115]. Lemercier

NO,* and HO and is photolyzed by sunlight to form the et al. [66] and Uppu et al. [100,115] recently reported de-
*OH radical [21,32,37,126]. Recent research has focused ontailed studies of the reactions of phenol during the dark
the formation of OH radicals from nitrite/nitrate photolysis decay of OONO. They concluded that the oxidant formed
within aqueous droplets in the troposphere [21,33,108,125]. as an intermediate during reaction (18) is responsible for
hydroxylation and the ONOOGCO adduct is responsible
for nitration and nitrosation reactions. It should be noted
these nitration reactions do not occur with all aromatic com-
pounds, however. Zhang et al [130] have recently reported
that nitration products were not observed during the dark

Bilski et al. [9] have used EPR spin trapping with DMPO reaction between HOONO and melatonin in the presence
and nitromethane to characterize the secondary radicalsand absence of CO A one electron oxidation involving
generated from organic and inorganic substrates duringHOONO results in the formation of a melatoninyl radical
NO>~ photolysis at 360 nm in aqueous solution. The au- cation which then reacts withOH and HOONO to form
thors identified a variety of organic and inorganic radicals hydroxylated products or with N and HOONO to form
and concluded, based on the high rate of oxygen consump-a pyrroloindole compound.

5. Reaction of nitrite/nitrate photolysis intermediates
with organic pollutants
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6. Impact of NO3~ on the use of AOTSs in drinking
water and wastewater applications

Significant concentrations of NO and NG~ are often
present in both waste and natural waters. To&l formed
via NO;~ and NG~ photolysis initiates degradative oxida-
tion reactions of organic pollutants. NO and NG~ are
therefore potential alternative sources *@H for use in
AOTSs during irradiation ak >280 nm where KO, absorbs
weakly. Bilski et al. [12] have claimed based on an EPR
study of radical intermediates that NO photolysis during
irradiation at 360 nm could have a significant impact on the
degradation of industrial contaminants. Our experimental
work indicates that this is unlikely, however. Irradiation of
50 mM isopropanol solutiorky=1.9x 10°s71 [62]) in a
UV-reactor fitted with a Pyre@ lamp sleeve in the presence
of 10mM NGO~ and NG, resulted in<1% IPA degra-
dation after 1 h [106]. Mark et al. [42] reported that a pho-
toisomerization process results in the formation of OONO
with ® =10% and®on =9%, during NQ~ photolysis at
A=254nm [42]. The HOONO andOH generated might
be expected to initiate significant degradation of organic
pollutants during irradiation from a broad bahd 200 nm
source. When 1 mM isopropanol solutions were irradiated
in a UV-reactor withA >200 nm in the presence of 10 mM
NO,~ and NG, however, the rate of degradation increased
only slightly when compared to direct UV-irradiation exper-
iments [106]. The N@ generated in reaction (15) results
in the formation of NQ~ via reaction (25). HOONO also
reacts with*OH to form additional N@~ via reactions (7),
(8), (19) and (20). The rate of IPA degradation was there-
fore minimal, since N@~ and HOONO are both efficient
*OH scavengers.

One of the most serious drawbacks associated witg NO
photolysis during photochemically based AOTs is that the
formation of NG~ can result in concentrations that exceed
the legislated levels allowed in drinking water [131,132].

11

NO,~ and NG~ photolysis are relatively low, the reduction
in the rate of the oxidation reactions initiated by® pho-
tolysis should be greater than any increase resulting from ni-
trite/nitrate photolysis. Sérensen and Frimmel [133] did not
consider the fact th&tOH formed during HO> photolysis
can react with several of the intermediates formed during
NO3~, such as HOONO and NO. Scavenging ofOH by
NO-,~ via reaction (6) will also reduce the rate of degrada-
tion from that expected on the basis of an ‘inner filter’ effect
alone [106]. Scavenging ¢fOH by NO,™ is an important
factor during the extended course of U\Bh treatments

in NO3z~ rich waters, particularly in instances where organic
contaminants are po8OH scavengers and/or are present at
very low concentrations. Alvarez et.4ll07] reported that

a reaction between #0, and OONO™ can result in signif-
icant formation of @ and NG~ due to the formation of a
transient complex between,®, and OONCO . Clearly, the
influence of NQ~ is more complex than a simple ‘inner
filter’ effect during UV/H,O, treatments.

7. Conclusions

Neither NQ ™~ nor NO3~ photolysis represents a promis-
ing pathway for®*OH generation in AOTs. The reported
doy values for NQ~ photolysis are relatively low, rising
from 1.3+ 0.4% at around 300 nm to 9.0% at 254 nm (see
Table 3). Values for N@~ photolysis increase from 1.5 to
8.0% between 350 and 250 nm. In contradpy during
H»0O, photolysis is thought to be at least 100% throughout
this wavelength range [1,10,21]. NO is a very efficient
*OH scavengerk=1.0x 109s~1) and is therefore not ex-
pected to be a viable source WDH. Since NQ™ is a very
poor *OH scavengerk< 1.0x 10°s~1 [62]), it would ap-
pear at first glance to be a more promising sourceQifl
for AOTs. HOONO generated via reactions (16) and (17)
reacts with®*OH to form & and NGQ—, however. The ox-

von Sonntag and Schuchmann [132] have demonstrated thatdant which is generated from HOONO as an intermediate

during irradiation of 50 ppm N&" solutions (the maximum
level allowed under E.U. legislation) with=254 nm and a
UV-dose of 40 mJcm?, the NG~ concentration does not
exceed the maximum allowed level of 0.1 ppm. However,
during the commercial UV/BD, treatment of waters con-

during reaction (18), could potentially initiate the degrada-
tion of organic contaminant, but the viability of this reaction
pathway is limited by the rapid isomerization of HOONO
to NO3™.

During UV/H0O, treatments, N@~ and NG~ can in-

taining organic pollutants, UV-doses are much higher and hibit the degradation of organic contaminants via an ‘inner

yields of NQ~ can easily exceed 0.1 ppm [106]. Absorp-
tion by NO;~ is very slight at 254nmg=3M-1cm™)
when compared to the majer — =* absorption band at
200 NM €max=9900 M-1cm1). The formation of NQ~
should therefore be monitored carefully in U\AB,L appli-
cations where there is a significant BfOconcentration.

filter’ effect on absorption by b, which has a signifi-
cantly higherdoy. Since the photolysis of N and NG~

also results in the formation of a number of species that
can react with HHO, and*OH, the presence of N and
NO3~ can significantly reduce the efficiency of photochem-
ically based AOTs [106]. The formation of NO via NOz~

Sorensen and Frimmel [133] have studied the irradiation photolysis must be carefully monitored in UV48-, drink-

of EDTA at 254 and 222 nm in 50 ppm NO solutions in
the presence and absence af04. NOs~ was reported to
cause a significant ‘inner filter’ effect by reducing absorption
of UV by H>O, which results in a significant reduction in
the efficiency of UV/HO, systems. As th&oy values for

ing water treatment applications. An understanding of the
mechanism of N@~ photolysis has been used successfully
to alleviate this problem by adjusting the wavelength pro-
file of the incident light. Thebyo,- is lowered substantially
without a major drop in the overall efficiency of UV,
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treatment [106]. The potential formation of highly carcino-

genic and mutagenic polycyclic aromatic intermediates via
the nitration, nitrosation, and hydroxylation of these com-
pounds during the prolonged course of NOphotolysis,

is a topic which may have to be studied carefully in future
UV/H,0, wastewater treatment applications.
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