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ABSTRACT

Aguecus salutions of HONO (ranging from 0.010 M to 0.057 M) and
NOz— ¢(ranging from 0.025 M to 0.035 M) were each photolyzed with 365
nm ultraviolet (UV) light. In the presence of benzene scavenger, 0OH
radical intermediate was indicated by formation of p-nitrosophenol
(PNF). Ultravioclet/visible (UV/vis) absorption spectra of photolyzed
aqueous HONO/benzene soclutions showed the presence of PNF by its
characteristic absorption at 298 nm. UV/vis absorption spectra of
photolyzed agquecus NOz—/benzene sclutions showed no evidence of PNP
farmation.

Other compounds used as scavengers were toluene, benzoic acid,
and terephthalic acid. UV/vis spectra of photolyzed aqueous
HONO/scavenger solutions showed an intense broad peak in the 2595-310
nm range, indicating that the scavenger was hydroxylated by OH,
formed from HONO photolytic dissociation, and subsequently nitrosated
by reaction with excess HONO.

Hydrogen peraxide, a known OH producer, was photolyzed in the
presence of benzene to verify the proposed OH-scavenging sequence
under varying pH conditions. UV/vis spectra showed evidence of
hydroxybenzene formation upon photolysis.

The thermal decompesition of HONO was studied and a kinetic
order (with respect to HONDO) of 0.5 + 0.5 was determined.
Quantitative data concerning the photochemical decomposition of HONO
was too inconsistent to make reasonable comparisons to thermal

decomposition data.



INTRODUCTION

The chemistry of nitrous acid (HONO) has been of interest in
recent years because it is a potentially important source of
atmospheric hydroxyl radical (OH) [1,2]1. Influencing the pathway of
oxidation of atomspheric species such as S0z and hydrocarbons, 0OH
formation in the atmosphere is known tio contribute to photochemical
smog formation and czone depletion [2,3]. While the gas phase
reactions and kinetics of HONO and OH have been studied extensively,
very little concerning decomposition of aqueous HONO, e.g. HONO in
aerasols or oceans, has been reported. This work considers both the
quantitative and qualitative aspects aof thermal and photochemical
decompasition of HONO, including the use of scavengers to trap OH and

the validity of the proposed OH-scavenging mechanism.

Thermal Decomposition of HONO

In aguecus solution, HONO is known to undergo two wel:d
understood equilibria, acid dissociation (eq. 1) and dehydration (eq.

)

bt

HONDC(agqy + Hz0 = HaO*Caqg) + NOz—(ag? 6 L

2 HONOCag)

i

Nzng CBQ) + qu 2)

While these two equilibria are quickly established in agueous
solution, a third equilibrium (eq. 3) has a half-life of about 14

hours at O <C [4]:



3 HONOtag?

2 NOCag) + HxO*(ag) + NOs—(ag) €32

Montemartini was the first to establish the stoichiometry and
the kinetic arder of HONO thermal decomposition (with respect to
HONOY L[S1. At low concentrations, first order kinetics were
observed, while Z.5-order kinetics were found at higher HONO
concentrations.

Later reports of low HOND concentration kinetic order agreed
with those of Montemartini [(4,8]: Reported orders at higher HONO
concentrations ranged from 2.5 to 3.5 [7]1 and 4 [B1. Studies of HOND
thermal decomposition by Rettich [3] showed first order kinetics at
HONO concentrations less than ©.10 M and 2.5 order at higher
concentrations. In the most recent study of HONO thermal
decomposition by Fark and Lee [10], the reaction shown in eq. (2Z) was
investigated, and a kinetic order of 2, with respect to HONO, was
assumed.

Abel and coworkers were the first to propose two separate
mechanisms for the higher order thermal decamposition, as shown in

eqs. (4-5) and (6-9), respectively [Bl:

4 HONDCaq) = 2 NOCag) + 2 H=z0 + N=204Caqg) (4)

Nz04(ag) + Hz0 = HONO(ag) + Ha0"(ag) + NOx—Caq) (S)

and



2 HONDCag) = NzOmtag) + H=20 (49

Nz=0Os Caqg) = NOCagq) + NOzCaq) (7

2 NO=z(aq) = N=Da (aq) (8)

Nz0s (ag? + Hz0 = HONO(aq)? + H=a0*(ag) + NOax—(ag) (92

Twenty years later, Thie proposed another mechanism, which is

aiven in eqgs. (10-12) [111:

Z HONDCaq) = NOCag) + NOz(ag) + H=0 €10)
2 NO=tCaq? - N=z0a4 (agq? (113
Nz20Da(aq) + Ha0 = HOND(aq) + Ha0"(agq) + NDz—(aq) (12)

Studies by Usubillaga [7]1, Rettich (9], and Park and Lee [101 do not
differentiate among the three mechanisms given in equations (4-5),
(6-3), and (10-12), respectively.

The study of the thermal decomposition of HOMO is important
because the photochemical destruction of HONO is accompanied by a
thermolysis, which must be accounted for in photochemical kinetic
calculations. Because HONO efficiently absorbs ultraviolet UV)
radiation with characteristic absorptions between 300~-400 nm [121],
ultraviolet/visible (UV/vis) spectroscopy may be used to monitor HONO
concentration levels during a photochemical or thermal reaction.
Although the only other species in equations (4-12) that can be
detected by UV/vis spectroscopy is NOz—, it should be feasible to
determine the rate of decrease of HONO concentration during a thermal

reaction and calculate the kinetic order with respect tao HONO.



The Photochemical Reaction of HONO

While the first studies of HONO thermal decomposition began over
100 years ago, the first report of gaseous HONO photolysis was made
by Cox and Atkins in 1973 [13]. In the gas phase, HONO rapidly
establishes an equilibrium with nitric oxide and nitrogen dioxide, as

illustrated in equation (13):

NOtg)» + ND=zCg) + H=z0 = 2 HONOCg? (13>

The following mechanism, equations (14-17), was proposed for

photochemical decomposition of HONO irradiated with light at 330-380

nm [141:

HONOCg) + hv = NOCg) + OH(g) (14)
OH(g) + NOCg) + M = HONOCg) + M (15)
OH(g) + NO=z(g) + M = HNOm(g) + M (ig>
OH¢g) + HONO(g)? = H=20 + NOx(g) (17)

An alternative primary process (analogous to eq. 14) was also

proposed:

HONOC(g) + hv = H(g) + NO=z(g) (18>

It was discovered that the primary quantum yield for eq.(14) was
nearly twice that for eq.(18). Also, formation of NO and OH are
favored on the basis of bond dissociation energies [153]. Nash

considered only eqg. (14) as the primary process and reparted that HONO



decomposes photochemically in the following manner [161:

HONOCg) + hv = OH¢g?» + NOCg? €192

DHt{g> + HONOC(g? = H=0 + NOz(g? (200

Cox has reported that eq. (1B) contributes no more than 10%4 of
the total HONO photolysis, and he reported a primary quantum yield,
with respect to HONO, for eq.(139) of 0.92 + 0.16 [1]1. Current
photolysis studies of gasecus HONO photochemical decomposition have
been concerned with reactions in the presence of atmospheric
constituents, such as ozone and Ar [2]1, and excitation energies of
the OH fragment [17,181. No additional mechanisms have been proposed
for HONO photochemical decomposition,

Murty and Dhar reported the first study of aguecous HOND
photochemistry [13]. Quantum yields up to 15 were reported for
wavelengths above 445 nm, & region in which HONO does not
significantly absorb light. Rettich suggested that the ocbserved
disappearance of HONO was due to thermal decomposition, which was
accelerated because of heating of the reaction solution by the light
source [9].

Rettich extensively studied the photochemistry of aqueocus HONO,
and determined guantum yields of HOND disappearance as functions of
the following parameters: ionic strength, pH, nitrite concentration,
water source, light source, reaction vessel geometry, and HONO
concentration [91. The limiting quantum yield, which was reported to
be 0,035, was suggested to correspond to the probability of escape

from the solvent cage in the primary disscciaticon shown in equation



(21) [9]:

HONOCaq) + hv --=»* {HONO#%*J} —-3> {0OH + NO} --2> OHCaq) + NOCaq) (21:

€
- |
i
.
o
Yo |
ot
i

salvent cage

*
H

indicates excited state

The overall quantum yield of MONDO disappearance increased linearly
from O to 0.14 as HONO concentration increased from O to O.14 M. At
HONO concentrations higher than 0.14 M, the guantum yield remained
canstant at 0.14. There have been no reports of agueous

phatochemistry since the studies by Rettich.

The Photochemical Reaction of Nitrite

The photochemistry of nitrite (NOz2—) is a topic of much
confusion and debate. An early finding by Holmes [20]1 was that NO=—
underwent no net photachemical reaction. In a study of the inorganic
nitrogen cycle of the sea by Hamilton, NOz— was found to be
unreactive to UV radiation in both seawater and distilled water [Z11].

Treinin and Hayon irvadiated a sample of 0.27 mM NO=— with 228.8
nm light, using a Cd source, for 100 minutes, and reported a gquantum
yield of NO=z~ depletion of less than 0.001 [22], yet they reported
that NDz— did undergo phatolytic dissociation. The mechanism of this

dissociation is given in eqgs.(2Z2-23) [22,231:

D= + Hz0 = OH + OH~ (232



Bromide (Br—) and carbonate (COx2®") react with OH to form transient

radical anions of Brz— and COs—, respectively, which can be detected

by their transient absorption spectra [221:

Br—= + OH —— Br + 0OH- (24)
Br + Br- = Bra— (23)
CO0x*— + OH == COx— + OH— (26)

OH was also found to react with nitrite itself, yielding 0Oz~, which
was detected by its transient absorption spectrum [22]:
OH + NO=z— - NOz + OH— (27)
O- 4+ NOz— + Hz0 --> NI= + 2 0OH— (28>
(29)

The nitragen oxides produced (see eqs. 22-29) undergo hydrolysis

in agueous solution to completely regenerate nitrite. The overall
hydrolysis stoichiometry proposed by Treinin and Hayon [221 is given

in equation (30), and the hydrolysis of NO at high concentrations

proposed by Zafiriou [24] is given in equation (31):

NO= + NO <+ Hz0 = 2 NOz— + 2 H* (302

4 NO + 0z + 2 Hz0 = 2 H* + 4 NOz" (31)

Despite previous reports of the unreactivity of nitrite in

seawater, Zafiriou and True reported net disappearance of nitrite in

seawater uwupon photolysis. They reported that the primary



disscociation step ococcurred according to equation (323 [25]:

NOz— + Hz0 + hv = NO + OH + 0OH™ (32

Nitrite losses were reported to range from 2 to 27 percent per day.
Zafiriou proposed that these nitrite losses might be due to: 1)
sensitized photolysis, with varying types and amountse of sensitizers;
2) direct photolysis with a guantum yield sensitive to pH, Oz
concentration, salinity, temperature, and wavelength; and 3) a
variable extent of regeneration of nitrite by secondary reactions of
NO (see eq. 310 [26].

In a recent flash-photolysis study of aqueocus nitrite [263],
Zafiriou reported guantum yields of OH-production ranging from 0,013
(pH=7.9, 371.1 nm, 43 <C) to 0.0835 (pH=7.9, 298.5 nm, 23 =C). His
proposed nitrite decomposition mechanism is given in equations

(33-40) [261]:

NOz— + hv -—=x NO=z—* (33)

NO=—#* == NO=— <+ heat (34)

NOz—* == {NO, O0—, n H=20% (35)

{NO, O—, n Hz0% =g NO + 00— + Hz0 (36)

{NO, O0—; n Ha03 o R NO=— (372

{NO, O, H=0ZX =0 {NO, OH, OH—, (n-1) HzO2 (38)
{NO, OH, OH—, ¢(n-1) Hz20} --> HONOD + (n—-1)H=0 + OH— €39)

{NO, OH, OH—-, (n—-1) H20> --> NO + OH + OH™ + (n—=1)H=20 €400



OH Reaction With Scavenger Compounds

While the presence and concentration of HOND in solution may be

monitored by UVY/vis spectroscopy, OH concentrations cannot because 1)
OH is a transient species and not stable in aquecus solution, and 2)
OH absorbs UV radiation only in the vacuum—-UY region (below 200 nm).
However, OH reacts with many aromatic and ather unsaturated organic
compounds, and these may be used to scavenge OH when it is formed
Wwpon HONO photolysis. In fact, OH has been considered the "wvacuum
cleaner" of the troposphere, as many organic pollutants scavenge OH
and are subsequently removed from the troposphere [271.

As with HONO photochemistry, gas—phase OH chemistry has received
much more attention than condensed-phase phenomena. Davis and
coworkers first reported on the kinetics of the reaction between 0OH
and benzene and toluene in the gas phase at 300 K [28]1. While the
disappearance of benzene or toluene was noted, no attempt at product

separation and analysis were made.

A product study of the OH reaction with benzene, toluene, and
1,3,8~trimethylbenzene by Slocane [29] was conducted, and his summary

of the scavenging reactions are shown in equations (41-44) [23]:

OH + CaHa—n(CHa)pm ==—=3
CaHa—n (CHa) ~OH n=0,1,3 (41)
CaHm—n(CH2)nOH + H n = 0,1,3 (42)
CaHs—n (CH@) n—10H + CHa n=14,3 (43)
CeHe—m (CHa) n—s1CHz + Hz0 n=1,3 (44)

Tully and cowoarkers studied the reactions between OH and benzene



and toluene [30]1. Pseudo-first order decays of OH were ocbserved in
the temperature ranges of 296-325 K and 380-425 K, while rapid

decrease in reactivity and nonexponential 0OH decay were cbserved in
the temperature range of 325-380 K. This led to the proposal of a

reversible scavenging mechanism [30,311]:

OH + ©CgHg =-—-» CgHm + Hz0 (45)
CeHs + Ha0 —--> {CeHeOHI* (46)
{CaHaOH* ~—% (CeHa + OH (47
CoHe + OH + M —=> {(CaHaOH} (48)
{CaHaOH > --> CeHe + OH (49)

Studies by Shepson and coworkers [32] of irradiation of toluene
and o-xylene in a MeONO/NO/air system led to proposals of numerous
OH-substitution and ring-fragmentation mechanisms. OH radicals were

proposed to be generated by the photolytic cleavage of methyl nitrite

(MeOND) [321:

MeOND + hv —=— MeO + NO (S0)
MeQ + Oz i B H=CO + HO=z (81)
HO= + NO - OH + NOz (32

All mechanisms proposed for the reaction of toluene or xylene with OH

begin with OH attack on the aromatic ring instead of attack at the
methyl groupis). In each scheme, OH attack is followed by the
addition of Oz, a step unlikely to occcur in the condensed phase

because of solvent cage effects on the starting aromatic compound and
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the dissociated nitrite compound (see ref. 32).

A study by Atkinson and coworkers [33] of OH radical reactions
with biphenyl and naphthalene demonstrated that 0= oxidized the
hydroxycyclohexadienyl radical to a simple hydroxysubstituted

aromatic compound, while NO=z caused nitration of the same radical:

o
Lo @+ e (s3)

S e )

A number of unsaturated crganic compounds have been known to
scavenge OH in agquecus solution. Ethylene (CaHa) and benzene were
used by Rettich [391 in his study of HONO photochemistry. Equations
(S6-60) show the seguence of reactions leading to the formation of

glycolaldehyde (HOCHzCHO) from scavenging of the OH radical by CzHa

[9,34-371:
HONDCag) + hv = OHCag) + NOCag) (56)
OH(aq) + CzHe(aq) = HOCHaCH=2(aq) (57)
HOCHzCHz(ag) + NOCagq) = HOCH=CH=NOC(aq) (58)
HOCH=CH=NO(ag) = HOCH2CHNOH(aq) (59)

HOCH=CHNOHCag) + H=0 = HOCH2CHOCaqg) + NHzOHC(ag) (E02



A mechanism for the reacticon between 0OH and aguesous benzene was

first proposed by Jacob and cowarkers [33] (egs. &1-64). Froducts

formed in this reactiocn are phencl t(egs. &X-63), hydrogen peroxide

(eg. &3, and alpha—- and beta-hydraxymu-ondialdehyde (eqg. 643 [3]:

(©)+Ho ~ % W:: (et
0
ZO — @ ¥ (02
-
HO_H Q |
SdCILC ()

OH OH OH
Z~CHO (\ (o4)
_ _
E:CHO i %H%ﬁo

A similiar echanism for arcmatic hydrazxylabtion was proposed by
Y

Eberhiardt [38]1 (egs. 63-63). Under acidis conditions, it was

suggested that 1ntermediate was a benzene radical cation:



12

ondation
/-

()

)
QH Of' /
H suaahon @/ j N by\)

-...'.x.,.j_'; )

v

II

b

i .

‘“@ -
:H+H’ﬁ__:?~£ (bY)

The cnly other aromatic hydrocarbon whose

aguecus solution has been studied 15 colusns L

h.

generated by radiclysis (irradiation by gamma rays) of watsr,

izomeric ratics of the ortho-, meta—-, and para-cr
hydraosytoluene) products were fournd to £z ZELDW, 43%, and 2Z1.8%,

respectively. In toluene, there are 2 ortho- and & meta-sites,

whereas there is only 1| para-site, thus 1t 1s statistically expected

that the p-cresol yield would o2 noticeasly laowsr than the o- and

-crezal yields. Aromatic ring supstituents do not affect radical
rizactivity. Hecause the mechanism in equatlions (63-5£3) 1= a radl

instead of an electrophilic supstitubtion mechanism, =l=ctron

Wwithdrawing/releasing effects play a minor rzle in gdetermining

il



one would expect the major product in equations (65-&8) to be the
para—-cresol because hydrocarbon substituents slightly activate the
ring and direct substitution toward the artho- and para-sites. The
reaction intermediate suggested was an aromatic ring radical because

no phenylmethanol was reported to have formed.

Hydrogen Peroxide as a Source of OH
It is well known that hydrogen peroxide (Hz0=) yields OH in both
autoc— and radiation—-induced decomposition. Equation (63) shows the

thermal decomposition reaction of HzOz [401]:

2 Hz0=z¢(aqg) 2 H=20 + 0Oz(g’ (63)

Equations (70-72) show a mechanism for equation (892 which was

proposed by Abel [4113:

H=0x = HOz— + H+ (70)
HOz—~ + Hz0z --» HOz + OH— + O0OH €71)
HOz + 0OH —-——3> Hz0 + 0Oz K72)

In the photochemical dissociation of HzOz, two primary
disscciation steps are hypothesized, and both include production of

OH. These mechanisms for Hz0z decomposition were first proposed by

Hunt and Taube [42]:



Scheme I

Hz0= + hv —» 2 0OH (73}
OH + Hz0z = HOz= + H=z0 (74)
2 HO= = H=z0= - Oz €75

Scheme I1I

Hz20= + hv —-—»* Hz0 + O (762
0 + Hz20= = O0OH + HO= €77
OH + Hz0= = HOz= + H=0 (783

2 HOz = Hz0= + 0= AR

While numerous studies of OH reaction with aramatic compounds in
gaseous and agquecus solution have been conducted, there is only one
report of Hz0z as the source of OH [431. Ohta and Ohyama determined
room temperature rate constants for reactions of aromatic
hydrocarbons (in the gas phase) with OH (from photolysis of 90%
Hz0=z). They reparted that OH reacted with toluene four times faster

than with benzene [431].

Nitrosation of encl

Challis and coworkers extensively studied the kinetics and
mechanism of nitrosation of phencl and anisocle by HONO [47,481. In
acidic solution HONDO is in equilibrium with nitrosonium ion (NO*), as
illustrated in equation (80) [431:

H* + HONO = H=0NO* NO* + H=0 (80D



A

Either the nitrosonium ion or the hydrated nitrosonium ion (HzONO*)
may attack the activated aromatic ring, with electrophilic
substitution occcuring [481. This proposed mechanism is shown in

equation (81) [49]:

O
@+mx’:—"©;‘ ©+Hxi@ (81
~N

H NE N-vH o



EXPERIMENTAL

Commercial vail e Chemicals

Except where indicated, all chemicals were kept at room
temperature and were used without further purification.

NaNOz (reagent grade), benzoic acid (reagent grade), salicylic
acid (unknown) and benzene (spectral grade) were obtained from J.T.
Baker. Hydrogen peroxide (30%4) was obtained from Fisher Chemical
Company and was stored at approximately § =C. Toluene (technical
grade) was obtained from Fisher Chemical Company and was distilled
prior to use. Hydrogquinone (unknown grade) was obtained fraom
Mallinckrodt Chemicals.

The following chemicals were cbtained from Aldrich Chemical
Company: p-nitrosophenol, phenol, terephthalic acid, o-cresaol,
m—-cresol, p-cresol, m—hydroxybenzoic acid, p-hydroxybenzoic acid,
catechol, and resorcinol. All of these chemicals were 98% reagent

agrade and were not further purified pricr to use.

A ratus str ati

Ultraviolet/visible absorbance spectra were measured on a
Ferkin—-Elmer 559 UV-visible spectrophotometer with a slit width of
0.25 nm. Fisher 1.00 cm quartz cells were used for both reference
and sample solutions. The sample chamber of the spectrophotometer
was purged with dry nitrogen to prevent "fogging" of the gquartz cells
during measurements at 1 =C.

Reaction solutions were photolyzed with light from a G.W. Gates

and Co. Hg arc broad spectrum lamp or a Blak—Ray BE-100A low pressure



Hg lamp (Ultraviolet Froducts) with the Hg broad emission filtered at

approximately 365 nm.

Thermal Reactions

General Reactions. In order to maintain reaction salutions at

1.0 + 0.2 =C, the water bath was thermostated at 0.4 + 0.1 =C and
allowed to equilibrate for approximately ! hour. A 100-mL pyrex
beaker caontaining water or aquecus NaNOx was placed in the bath, and
the temperature of the solution was measured periodically for several
hours. This procedure was repeated during irradiation with the
Blak—-Ray lamp.

All reactant sclutions, aquecus NaNOz, HCl, and water, were
initially at 1 =C. Amounts of each reactant used for each

thermolysis are given in Table 1:

Table 17

Reactant Amounts Used in Thermolyses

[NDz=J, M mL NOz~ soln. [HClJl, M @b HCl soln. oL water
1.0143 3.000 0.1102 50. 00 0.00
i.0143 1.000 0.1102 50,00 0.00
0.05097 10.00 0.1102 25. 00 10.00

The nitrite solution was poured into the HCl and water solution.
This soclution was swirled and placed in the thermostated water bath.
A 2-3 mL aliquot was removed periodically and its UV absorption

spectrum between Z200-440 nm was recorded.

REeaction of HONO and Phencl. Each reactant solution was cooled
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to 1 =2C befare mixing. Into a 100 mL beaker were pipetted 10.00 mL
of 0.05037 M NaNOz, 25.00 mL of 0.1102 M HC1l, S5.00 mL of 0.00673 M
phenal, and 10.00 mL of water. The mixture was swirled briefly and
placed in the thermostated water bath at 1 =C., A 2-3 mL aliquot was
removed pericdically, and its UV absorption spectrum between Z200-440
nm was recorded.

Reaction of HONO and m—-Cresocl., Each reactant sclution was

copled to 1 =C before mixing. Into a 100-mL beaker were pipetted
10.00 mL of 0.05097 M NaNO=z, 25.00 mL of 0.1102 M HCl, 5.00 mL of
0.0104 M m—cresol, and 10.00 mL water. The mixture was swirled
briefly and placed in the thermostated water bath at 1 =C. A 2-3 mL
aliquot was removed periodically, and its UV absarption spectrum
between Z00-440 nm was recarded.

Eeaction of HONO and Mixed Cresols, Each reactant sclution was

cooled to 1 <C before mixing. Into a 100-mL beaker were pipetted
10.00 mL of 0.05037 M NaNOz, 25.00 mL of 0.1102 M HCl, 2.000 mL of
0.0104 M m—cresol, 2Z.000 mL of 0.0174 M o—cresocl, 1.000 mL of 0.010&
M p—crescl, and 10,00 mL of water. The mixture was swirled briefly
and placed in the thermostated water bath at 1 =C. A 2-3 mL aliquot
was removed periodically, and its WY absorption spectrum between

200-440 nm was recorded.

lysis of H d NOZ—

Fhotolysis of HONO in Presence of Scavenger. Each reactant

solution was cooled to 1 =C before mixing. Into a 100-mL beaker were
pipetted specified volumes of 0,05097 M NaNOz, 0.1102 M HCl, aqueous

scavenger (benzene, toluene, benzoic acid, ar terephthalic acid), and



water (used to bring the total reaction solution volume to 50.00 mbL
if necessary). This solution was swirled briefly and placed in the
thermostated water bath at 1 =C. Amounts of reactants used in each

photolysis are presented in Table Z2:

Table Z

FReactant Amounts In HONO Fhotolyses

ml. NOz— soln. mb HCl soln. [scavengerl, M mL scavenger
10.00 25.00 0.09031 M benzene 2.000
15.00 35.00 0.0120 M benzene 2.000
10.00 25.00 0.00516 M toluene 15.00
10.00 25.00 0,009589 M b. acid 10.00
15. 00 35.00 terephthalic acid (solid)

The mixture was irradiated with light at 365 nm. A Z-3 mL aliguot
was periodically removed and its UV absorption spectrum between

Z200-440 nm was recorded.

Photolysis of NOgz— in Presence of Scavenger. Each reactant
solution was cooled to 1 2C before mixing. Into a 100-mL beaker were
pipetted specified volumes of 0,030397 M NaNlz, agueous scavenger
(benzene or toluene), and water. The mixture was swirled briefly and
placed in the thermostated water bath at 1 =C. Amounts of reactants

used are given in Table 3:
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Table 2

Reactant Amounts in Nitrite Fhotolyses

ml. NOz=— soln. [scavengerl, M mL_scavenger mL water
10.00 0.090321 M benzene S5.00 35.00
10.00 0.00516 M toluene 15.00 0.00

The mixture was irradiated with light at 365 nm. A 2-3 mL aliquoct
was periocdically removed and its UV absorption spectrum between

200-440 nm was recorded.

Photolysis of Hydrogen Peroxide and Benzene

Samples of benzene (0.110 g, 0.114 g, and 0.116 g, for solutions
1, 2, and 3, respectively) were weighed into 100-mL beakers and into
gach beaker, 20.00 mL of 30%Z Hz0z was pipetted. Solution 1 was
acidified with aqueocus HCl, and aquecus NalOH was added to solution 2
so that the pH values for soclutions 1, 2, and 3 were 0.1, 8.9, and
3.0, respectively. Each saolution was photolyzed at room temperature
with radiation from a Hg arc broad spectrum lamp for approximately 10
minutes. Approximately 30 mL of concentrated HCl was added. After

allowing the solutions to stand for an additional 48 hours, the UV

spectrum of sach was recorded at 200 to 300 nm.

uv/vi a of Reactants, Product and Related Compound

HONO. Into a 100-ml beaker was pipetted 1.000 mL of 1.0143 M
NaNDz and S0,00 mk of 0.1102 M HCl. This mixture was swirled
briefly, and a 2-3 aliquot was immediately removed. The UV

absorption spectrum of this aliguot was recoarded between 260-440 nm.



NOz—. A 1.7584 g sample of NaNOz was dissolved in approximately
400 mL of water and diluted to S500.0 mk of solution in a volumetric
flask. A 2-3 mk aliquot of this solution was remaved, and its UV
absorption spectrum was recorded between 250-500 nm.

Benzene. A 0.39 g sample of benzene was weighed into a 500.0 mbL
volumetric flask and diluted to volume with water. Approximately a
week later, a 2-3 mL aliquot of this sclution was removed and its UV
absorption spectrum between was recorded between 2Z0-300 nm.

Toluene. A 7.5 mg sample of toluene was transferred via syringe
to a 10.00 mL volumetric flask. This sample was diluted to volume
with water. A 2-3 mL aliguct was removed and its UV absarption
spectrum was recorded between ZZ0-300 nm.

p—Crescl. A 11.5 mg sample of p-cresol was transferred via
syringe to a 10.00 mL volumetric flask. This sample was diluted to
volume with water. A 2-C mL aliqueot was removed and its WV
absorption spectrum was recorded between Z20-340 nm.

m—Cresal. A 11.2 mg sample of m—crescl was transferred via
syringe to a 10.00 mL volumetric flask. This sample was diluted to
volume with water. A 2-3 mL aliquot was removed and its UV
absorption spectrum was recorded between Z20-340 nm.

c-Cresol. A 18.E8 mg sample of o-cresol was transferred via
syringe to a 10.00 mL volumetric flask. This sample was diluted to
valume with water. A Z2-3 mL aliquot was removed and its UV
absorption spectrum was recorded between 220-340 nm.

Benzoic Acid. A 0.1171 g sample of benzoic acid was weighed out

into a 150-mL beaker, dissolved in approximately 290 mL of water and

diluted to 100.00 mL in a volumetric flask. A 1.000 mL aliquot was



pipetted intoc a 10.00 mL volumetric flask and diluted to volume with
water. A 2-3 mL aliguot of this sclution was removed and its UV
absorption spectrum was recorded between 250-400 nm.

Salicylic Acid. A 0.1300 g sample of salicylic acid was weighed
out into a 150-mL beaker, dissclved in approximately 90 mL of water
and diluted to 100.00 mL in a volumetric flask. A 1.000 mL aligquct
was pipetted into a 10,00 mL volumetric flask and diluted to volume’
with water. A 1.000 mL aliquot of this solution was pipetted into a
10.00 mL volumetric flask and diluted to volume with water. A 2-3 mL
aliquot of this solution was removed, and its UV absorption spectrum
between was recorded between 240-400 nm.

Fhenol . A 0.5729 g sample of phenol was weighed out into a
150-mL beaker, disscolved in approximately 90 mL of water, and diluted
to 100.00 mbL in a volumetric flask. This solution was diluted by
one—hundredth (by one—-tenth twice successively), pipetting 1.000 mL
aliquots and diluting to 10.00 ml using volumetric flasks. A 2-3 oL
aliquot of the final dilution was removed, and its UV absarption
spectrum was recorded between 200-300 nm.

p-Hydroxybenzoic Acid. A 0.1292 g sample of p-hydroxybenzoic
acid was weighed out intao a 150-mL beaker, dissclved in approximately
90 mL of water, and diluted to 100.00 mL in a volumetric flask. This
solution was diluted by ocne-tenth twice successively, pipetting 1.000
mL aliqueots and diluting to 10.00 mL using volumetric flasks. A 2-3
mL aliquot of the final dilution was removed, and its UV absorption
spectrum was recorded between 240-360 nm.

m-—Hydroxybenzoic Acid. The proacedure for p-hyroxybenzoic acid

was followed exactly, replacing 0.1232 g of p-hydroxybenzeoic acid
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with 0.1291 g m—-hydroxybenzoic acid.

Catechol . A 0.0109 g sample of catechol was weighed out inteo a
150-mL beaker, dissclved in approximately 30 mL water, and diluted to
100.00 mL in a volumetric flask. A 2-3 mL aliquot of this solution
was removed and its UV abscarption spectrum was recorded between
240-360 nm.

Kesaorcinol . The procedure for catechol was followed exactly,
replacing the catechol sample with 0.0116 g of resorcinol.

Hydroguinone. The procedure for catechol was followed exactly,

replacing the catechol sample with 0.0112 g of hydroguinone.



RESULTS

UV/Vis Spectra of Reactants, Products, and Felated Compounds

Ultraviolet/visible spectra of the following compounds in
aqueous solution are shown in Figures (1-12), respectively: 0.0151 M
HOND, ©0.05037 M NO=—, 4.26 mM benzene, 0.6087 mM phencl, 0.025 mM PNF
(at acidic pH), B.1 mM toluene, 1.06 mM p-cresocl, 1.04 mM m-cresol,
1.74 mM o-cresaol, 0.39587 mM benzoic acid, 0.09412 mM salicylic acid,
0.09347 mM m—hydroxybenzoic acid, 0.09354 mM p—-hydroxybenzcic acid,
saturated terephthalic acid, 1.05 mM rescorcinol, 0.930 mM catechal,
and 1.02 mM hydroquincne. Molar absorptivities were determined for

gach of these compounds and are given in Table 4:

Table 4

Molar Absorptivities of Reactants, Products, and Related Compounds

Fig. Compound Conc. A (mex) Abs. &

1 HONO D.O0151 M 371 0.818 54,2
2 NOz=— 0.035097 M as2 1.158 '22.7
3 benzene 4. 26 254 0.612 144

4 phenal 0., 6087 269 0.848 13390

S p-nitrosophenol 0,025 236—-300 0.261 10400
Ea toluene 8.14 261 1.485 182
&b o-cresal 1.74 270 2493 1450
Ta p-cresol 1.06 277 1.63 1540
7b m—cresol 1.04 271 1.36 1310
8a benzoic acid 0,939 T 0,780 813
8b salicylic acid 0.0341 296 0.322 3420
a p-hydroxybenzoic 0.0935 248 15 7 12500
Sb m—~hydroxybenzaic 0.0935 288 0.203 2170
10 catechol 0.930 279 220 2220
11 resorcinaol 1.08 273 1.92 1830
1z hydroquinone 1.02 289 2.62 2570

(NOTE: &all wavelengths are in nm; all concentrations are in mM
except where indicated; all molar absorptivities are in
M=% em=*
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HONO Thermolysis Results

The data for the HOND thermolysis reaction are presented in

Tables (5-7) with corresponding Figures (13-15), respectively:

Table S

HONO Concentrations in Thermolysis of 00,0566 M HONO

time (min.) absorbance (371 nm) [HOND], ™
(4] 0. 0566
7.30 Z2.82 + 0,04 0.0562
58.83 2. 73 *+ 0,09 0.0544
121.00 2.68 + 0,03 0.0524
167.58 2,559 + 0,04 0.0508
234.67 2,38 £ 008 0,0474
284.350 2.31 ‘# 0,02 O, 0460
355.50 2.15 + 0,02 0.0428
404,00 2.04 + 0,02 0. 03086
495.33 183 + 0,01 0.0365
Table &

HONO Concentrations During Thermolysis of 0.0137 M HONO

time (min.) absorbance (371 nm? CHONO], M
0 0.01957

Z .90 1.112 + 0,005 0.0195
5500 1022 + 0,005 0.0180
123.67 0.950 + 0,003 0.0167
188.00 0,900 + 0,002 0.0158
293.00 0.817 + 0,003 0,0144
352.00 0.778 + 0.003 0.0137
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Table

HONO Concentrations During Thermolysis of 0.0101 M HONO

time (min.) absorbance (371 nm2 CHONO1, M
0 0.0101
18.0 0,544 + 0.004 0.0100
44.5 0.523 + 0,004 0. 00360
735 0.485 + 0,004 0. 00830
98.0 0.478 + 0,003 0.00877
166.5 0.438 + 0.003 0.00804
201.5 Q.404 + 0,003 0.00741
243.5 0.381 + 0,003 0.00699
272:5 0.370 + 0.003 0.00679

In Table 8 are given the calculated kinetic orders (with respect
to HONOY far HONO thermal decomposition using the fractional-life

methad:

Table B

HONO Thermolysis Kinetic Orders (Fractional-Life Method)

initial [HONDI, ™ calc. order rounded order
0.0566 ~0:08 + 0,1 0
0.0137 4.3 + 2.5 4 + 2.5
0.0101 -0.2 + 0.1 o}

Using the Method of Initial Rates, the kinetic order with respect to

to HONDO was calculated to be 0.5 + 0.5,
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Results of HONO Photolysis in Absence of Scavenger
In Tables (9-11) and corresponding Figures (16-18),

respectively, are given HONO concentrations as a function of time

during photolyses:

Table 9

HOND Concentrations During Fhotolysis of 0.0145 M HONO in Absence
of Scavenger

time (min.) absarbance (371 nmJ [HOND], M
(] 0.806 + 0.002 0.0145 + 0.001
=28.91 0.770 + 0,002 0.0138 + 0,001
144,79 0.690 + 0.002 0.0124 + 0.001
235.42 0.8590 + G.002 0.0106 + 0.001
308.72 0,582 + 0,002 0.0104 + 0,001
365.53 0.541 *+ 0.002 0.0037 + 0.001
Table 10

HONO Concentrations During Photolysis of 0.0494 M HONO in Absence of
Scavenger

time (min.?) absorbance (371 nm) [HONDI, M

0 2.70 0.0494¢ + 0.0103
40.60 2. 64 0.0483 + 0.0101
B84.28 2.58 0.0472 + 0.0099

120.09 2.51 0.04539 + 0.00396&
=38.30 2.02 0.0369 + 0.0077
401,32 1.82 0.0332 + 0.006%
465.00 1. 72 0.0214 + 0.00&6

(all absaorbances are + 0.01)
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Table i1

HONO Concentrations During Fhotolysis of 0.0200 M HONO in Absence of

Scavenger
time (min.) absorbance (371 nm) CHONOT, ™M

0 1.096 Q.0200
48.74 1.056 0.0193
112.73 0.974 0.0178
154,00 0,942 0.0172
240.00 0.826 00,0151
320.00 0.748 0.0136
370.00 0.693 0.0126
420,00 0.648 0.0118
461.18 0.604 0.0110

(absorbances are + 0.002; [HONO]1 is + 0.002Z)
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Photolysis of HONO in Presence of Benzene
Figure (19) shows a UV spectrum of a mixture of 0.0148 M HONO

and 0.462 mM benzene after 155 minutes photolysis. Wavelength mawxima
corresponding to HONO are seen at 335, 346, 358, 271, and 38B& nm.

The broad peak with a maximum absorbance between 2Z96-300 nm
corresponds  to p-nitrosophenol (PNF, see Fig.(3S)). Tables (12-14)
and corresponding Figures (2Z0-25) show change in HONO and FNP

concentrations during photolyses:

Table 12
HOND and PNP Concentration Changes During 0.0103 M HONO Photolysis

time(min.) A (238 nm) A (371 nm) CHONOT, ™ CPNF1, ™M

0 0.030 0.570 0.0103 0

18.39 0.1328 0.952 0.00365 1.09 % 10—
34.71 0.362 0.541 0.00855 2.14 x 10™=
105.09 0.330 0.520 0, 00748 4.69 x 10—®

(A = absorbance, *+ 0.002; [HONO]l is + 10%; L[PNP] is + 30%)

Table 13

HONO and PNF Concentration Changes During ©0.00398 M HONO Fhotolysis

timelmin.) A (298 nm) A (371 nm) [LHONDO], M CPNFI, M

0 0.001 0.535 0.003398 6]

46.0 1.08 0,378 0.00654 9.7 % 107%®
90.0 1.76 0.578 0.00362 1:6. % 107%
130.0 2.16 0.587 0.002186 2.0 x 10—=
170.0 2.37 0.576 0.00109 219 x 107
230.0 Z2.45 0.560 0.00047 2,23 % 107

(abbreviations and uncertainties same as in Table 12)
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Table 14

HONO and PNF Concentration Changes During 0.0148 M HONO Fhotoysis

time(min, ) A (298 nm) A (371 nm) [HONOJ, M [PNPI, M
0 0. 040 0.825 0.0148 0
35.00 0,203 0.802 0.0140 1:.6. % 1072
60,00 0.310 0.789 0.0133 2.6 x 10—%
88.75 Q.410 0.780 0.0124 S.9 X 10==
185.0 0.582 0.&899 0.01086 S.1 x 10—=
187.0 0.610 0.681 0.0101 S.4 x 10—S
218.0 0.637 Q.643 0.0094 g6 x 10—

(abbreviations and uncertainties same as in Table 12)

Nitrite Photolysis in Presence of Benzene

In Figures (26-27) are given the UV absorption spectrum of a
mixture of 0.02533 M NOz— and 0.04515 M benzene before and after 3
houre photolysis with 365 nm radiation. The wavelength maxima
attributed to NDz~ remains at 352 nm in both spectra, and there is na

significant change in absorbance at 352 nm.
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FIGURE 20

" [HONO] vs. Time for Photolysis of 0.0103 M

4 ST I
| 2 }”
~-
i
S TR
X
ST
]
=, ey
= = A} = = R
TFME, X /O' MER
FIGURE 21
[PNP] vs. Time for Photolysis of 0.0103 M
HONO in Presence of Benzene
T
n 7 .v”'l
f )
2
X -
9 [ h-2=g
@
é, 1
= o
[

HONO in Presence of Benzene

K



350

FIGURE 22

[HONO] vs. Time for Photolysis of 0.00998 M
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HONO Photolysis in Presence of Toluene

Uv/vis spectra of a mixture of 0.0101 M HOND and 1.55 mM toluene
before and after 100 minutes photolysis are given in Figures (28-29).

The resulting spectra are summarized in Table 15:

Table 15

UV Spectra of HONO/Toluene Fhotolysis Mixture

Compound Maxima C(nm)
BEFORE PHOTOLYSIS HONO 335,346,357,371,384
toluene 261,268
AFTER PHOTOLYSIS HONOD 344,357,370, 384
toluene Ze8
unknown product 304 (broad)
hoto is of Nitri in Presence of To

UV/vis spectra of a mixture of 0.0255 M NOz— and Z.6 mM toluene
before and after 110 minutes photolysis are given in Figures (30-31).

The resulting spectra are summarized in Table 16:

Table 16

UV Spectra of NOz—/Taluene Fhotolysis Mixture

Compound Maxima C(nm) Absorbance
BEFORE PHOTOTLYSIS NOD=— 52 0.580
toluene 261, 2&8 0.628,0.578
AFTER PHOTOLYSIS NO=— 352 0.580

toluene 261,268 0.590, 0,546
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HONO Photolysis in Presence of Benzoic Acid

UV/vis spectra of a mixture of 00,0101 M HONO and 1.9 mM benzoic
acid before and after 30 minutes photolysis are given in Figures

(232-33)., The resulting spectra are summarized in Table 17:

Table 17

UV Spectra of HONO/Benzoic Acid Fhotolysis Mixture

Compound Maxima (nm)
BEFORE PHOTOLYSIS HONO 335, 346,357,371,385
benzoic acid 273
AFTER FHOTOLYSIS HOND 336,346,357,371,385
benzoic acid approx. 272
unknown product approx. 308
HONO Photolysis in Presence of Terephthalic Acid

UV/vis spectra of a mixture of 0.0151 M HOND and saturated
(approximately 0.1 mM) terephthalic acid before and after 8 hours
photolysis are given in Figures (34-33). The resulting spectra are

summarized in Table 18:

Table 18

UV Spectra of HONO/Terephthalic Acid Photolysis Mixture

Compound Maxima (nm)
BEFORE PHOTOLYSIS HONO 37,347,339, 372,387
terephthalic acid 289 (very small)
AFTER PHOTOLYSIS HONO 337,347,353,372, 386

{HIGHER ABSORBANCE FROM 270-310 nm3i
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Thermal Reaction of HONO with m—Cresol and Mixed Cresocls

UW/vis spectra of the following reaction mixtures are presented:

0.0101 M HONO with 0.0424 mM p-crescl, 0,041& mM m-cresol, 0.0348 mM
o—crescol (Figure 36, after 238 minutes thermolysis); ©0.0101 M HONO
with 0.0624 mM m—-cresol (Figure 37, after 220 minutes thermolysis);

and 0.0101_M HONG with 0.&£72 mM phencol (Figure 38, after 160 minutes

thermolysis)., The resulting spectra are summarized in Table 13:

Table 19

Uy Spectra of HONO/Cresols and HONO/Fhenol Mixtures

HONO Eeaction With Compound Maxima (nm)
Mixed Cresols HOND 346,358, 371,385

unknown product 304

m-cresal HONO 324,346, 357,371,386
unknown product 300

phenaol HONO 342,358,371, 385
unknown product 298-302

Photolysis of Hz0z in Presence of Benzene

Figure 28 shows the WY abscorption spectrum of a mixture of 5 M
Hz0= and 0,07 M benzene before photolysis. Figures 29-41 show the UV
absorption spectra of mixtures of 9 M Hz0z and 0.07 M benzene
initially at pH 0.1, 3.0, and 8.9, respectively, after 10 minutes

photolysis and acidification to remove excess Hz0=.
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DISCUSSION

Rualitatively, the results of this work provide evidence that
HOMO does undergo photoalytic dissociatian, yielding OH, and NOx™ does

Spectroscapic evidence indicates that p-nitrosophenal (FMNF) is
produced in HONO/benzene photolysis. The absorbance maximum at 238
nm in Figure (139) corvresponds tao that for kEnown FPNF (see Figure (530,
FHF ie kEnawn to form 1in the thermal reaction between ph@mml aricd HOMO
[38,331, and in Figqure ©38) the Z398 nm maximum absorbance by the
product formed in the HOMND/phencl thermal reacticon corresponds to
that found in Figure (137, the HOMO/benzene photolysis. The overall

reaction is given in equation (320 :

OH OH

HONO |
= +  H20 (3x)

NO
(Pr)

Froduct separatiocn and l1salation was not per formed becauwse of the
extremely small amounts of FNF produced in each reactian gnd becausea
of bhe potential explosiveness of dry FNF [S0]. It is expected that
product separation and isclaticon would reveal a mimture.mf e and
p-nitvaosophencl, since ~0H is an aromatic ving—activating, ortho/para
directing substituent in the thermal nitrosation of phenol [S517.

It may be deduced that FNF is formed from phenaol, which must
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have been formed from benzene and 0OH, which was formed upon HONO
photolytic disscciation. However, experimental data indicates a
difference in the HONO/phenol reaction kinetics between the thermal
reaction and the HONO/benzene photolysis. In Figure (139), there is
spectroscapic indication of HOND (334-384 nm) and PNF (280-320 nm)
presence, but there is no indication aof a phenol intermediate. In
Figure (28), presence of phenol is seen at Z70 nm after 155 minutes
thermolysis of phenol and HONO. PNP formation is dependent on
concentrations of bath phenol and HONO (47,4813 thus, it would be
expected that FNP formation in the HONO/benzene photolysis would be
extremely slow because of the small amounts of phenol produced
tappra%x. 1 mmol). Therefore, in the HONO/benzene photolysis, the
presence of phenol should be detected because the radical addition of
OH to benzene is very fast compared to the thermal nitrosation of
phenaol. Even though the abscrptivity of PNF is 7.5 times greater
than that of phenol, cne would expect some saort of "bulge" in.the UV
spectra at around 270 nm.

It might be suggested that benzene reacts first with NO formed
upon photolytic dissociation of HONO, yielding nitrosobenzene. Tao
form PNF, the nitroscbenzene must react with OH via a radical
mechanism because the NO substituent deactivates the benzene ring,
rendering it inert to electrophilic substitution. If this is the
case, then OH substitution would occur mostly on the meta and ortho
sites of the nitroscbenzene. However, this possibility cannct be
discounted because the UV spectra of o— and m-nitrosophenol were not
investigated.

In the photolysis of HOMO in the presence of taluene, benzoic
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azid, and terephthalic acid, the broad absorbance masima due to
products are between 295-310 nm, the same region in which the FNF
peak appears. Thus, it is suggested that these products are hydraoxy-—
and nitrosco-substituted parent malecules because the absorbance
maxima are shifted to slightly longer wavelengths than those for the
hiyidrowyl ated scavengey compounds.  The maxima for the three isomeric
cresols appear between 270-277 nm, but the HONO/toluene photolysis
prooduct absorbance maxkimum appears at 304 nm (see Figure Z93). The
maxima for the three isomeric hydroxybenzolic acids appear between
248-296 nm, but the HONO/benzoic acid photolysis praduct absorbance
maximam appears at Z08 nm (see Figure 33). @ These wavelength shifts
are similar to the absorbance maximum wavelength shift from 270 nm
(phenol) tao 298 nm FNF) that results after nitrosation of phencl.

According to the mechanism of OM scavenging proposed by
Eberhardt [328,331, a substituent on an aromatic ring does not affect
the mechanismn of OH scavenging. The proposed veactions for aromatic
scavenging in the HONMO/toluene, HONO/benzoic acid, and

HONO/tevephthalic acild are presented in equaticons (83-839):

radlation.
HONO — > NO + Ol
CH, CH, Cli, . cH,
OH ’ ' oH .
7 + + (‘Y 3 )
OoH

H

TOLUENE
m-CRESOL p-CRESOL o-CRESOL
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cooH cooll cooi COOH
Bt - OH
. ¥ + ( ?4)
ou
OH
BENZOIC ACID HYDROXYBENZOIC ACIDS
T
COOH COOH
: on
OH
R
(7)
0O0H ) ‘COOH
TEREPHTIIALIC ACID HYDROXYTEREPIHTHALIC ACID
Noo change 1n nitrite concentration was observed upon photolysis
in the presence of benzene or toluene. There is a decrease in
toluene absorbance (see Figs. @8-2%9), but since there is no
indication of another produwst formed, it 1s suggested that this is
due to evaporation of the toluene out of agueous solution to the

walles of the flask or the v

flashk. Even 1in

cbwerved to be valatile.

Experimental data

photolysis, which

[Ed-261.

dissociation o NO and O~ 1

where MOz" is

radiation—induced

s@awalter, 1t should in

ok

e

voadiation absorption

contrvradis

regenerated [Zael.
dissaciatian
distilled
undergo radiaticon—induced dissaciatiaon

in dietilled water,

ubber stopper and paraffin covering the

baoth benzene and toluene were

indicate that nitrite undergoes no net

ts reports of nitrite losses by Zafiriou

He stated that nitrite undergoes radiation—indu:ed

n seawater but not in distilled water,

e

If nitrite undergoes

due to direct radiation absorption in

water as well. Likewise, if nitrite

due to direct

it shouwld not in seawalber.
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It sesms more vreasonable that one or more ions in seawater become
promoted to an excited state upon abscrpticn of WY radiation, and
this excecs energy is transferved to the NOz™ upon collisicon with the
egxoited ion. This mechanism has been suaggested by Zafirviou but has
generally been ilgnored as an area of investigatiaon.

MeOe/benzene photol yees were per formed to confivrm the overall
OH-scavenging reaction of benzene at acidic and basic phl. The small
broad maxima in Figures 39-41 range from 270-300 nm, the same range
i which maxima for phenal, catechol, rvresorcinol, and hydrogquinone
are observed. A product analysis by High-Fer formance Liguid

Chromatagraphy (HFLC) oy Gas Chromatography (GD) may proave very

OH OH OH OH
. OH :
. OH -

CATECHOL

helpful.

RESORETAO " PHERDO

In ocrder to determine the amount of HDND.that decomposes due
slerictly to photochemical dissocciation, the amount of HOMO that
deconpuses thermally must be determined. Concentration of HOMO i1s
dopendent an o pHoand its acid dissocliation constant, FHa, which is
dependent on ionic strength.  According to Lumme, the dependence of

pla on itomic strength may be calculated from the following equation



pa = pKa = L[ZALIISBLLY + 1.622(1)°-8)] + 0.0261(1) (86)

where pkg pka of HOND at © =C and zero ionic strength = 3.423

I

Il

ionic strength

A = Debye—Huckel Limiting Law Constant = 0.509

Once the Ka is determined, the concentraticon of HONDO can be
calculated from initial H* and NOz~ concentrations and equation (13,
Unfortunately, because many mathematical steps are involved in
calculating [HONDO1, the relative uncertainty in [HONO]l propagates to
a very high level. For example, given 0.003357 + 0.83%4Z M H* and
0.00481 + 0.88% M NO=—, the resulting uncertainty in [HONDO] is 23%.
The HONO uncertainties presented in the results do not account for
this mathematical propagaticn but were simply standard deviations of
average [HONDO] values calculated through equaticn (86) and through
molar absorptivity from UV/vis spectral data. Thus, the
uncertainties presented in the results are very optimistic. Because
equation (8&) was also used to calculate the molar absorptivity of
HOND, there is no mathematical way to avoid this large uncertainty.

In determination of kinetic orders of thermolysis, the method of
initial rates is probably more accurate than the fractiopal-life
method because the fraction—-life used was only 0.1, and the
thermolyses were run anly to 0.3 to 0.5 times completion. Within
experimental uncertainty, the determined order (0.5 + 0.3) concurs
with previously reported first—-order results for low concentrations
of HONO.

To determine guantum yields of OH formation from HONO
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photolysis, it is necessary to determine the molar absorptivity of
FNP. This may calculated from the UV/vis spectrum of PNFP (see Fig.
5) or indirectly from the UV/vis spectra of the HONO/phencl thermal
reaction. The PNP obtained from Aldrich was packed in approximately
40% water and had a "peat maoss" texture. This substance was not
readily scluble in water and had a tendency to clump together.
Because the impurities in the FNFP sample were unknown, the thermal
reaction between HOND and phenol was used in an attempt to calculate
the molar absorptivity of PNP.

Assuming that the only chemical species in soclution which
absorbed UV radiation were phenaol, HONO, NO=—, and PNF, the Beer's

Law Equation for absorbance by this system is given in equation (87):

% = & (plerey + €™} + € i O B e (57 )
where A = absorbance

b = cell path length, cm = /l.OC em

€™ = molar absarptivity of phenol, M—* cm—?

€™ = molar absorptivity of PNP, M~ cm—3

€™ = molar absorptivity of HONO, M~* cm—?

€™ = molar abosrptivity of NOz=—, M~* cm—?

. | = concentration, M

The unknown variables in equation (87) were [phencll, €™

[PNF]1, [HONOl, and [NOz—]. Since phenol reacts only with the HOND in

aqueous salution, it may be assumed that one molecule of phenol is
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lost for every molecule of FPNP that is formed. C[FPNP] may then be
expressed as the difference of initial [phencll and [phenoll at a

given time during the reaction:

A o - T e
_L,_ _ e'i‘" {P‘w._]t " eM([PdsuoL]o—{fdém]t) ¢ e [Howe] 4+ €7 (ro.) (é"i‘)

l}

where [phenolls initial [phencoll

[Cphenol 1e [phenoll at time t

Anocther unknown variable may be eliminated by assuming that the
ratico of [NOz—1/CHONO] was constant at the initial ratio, which can
be easily calculated in initial [HONO] determination. It was
calculated that given 0.01 M HOND and 8 x 10~ M NOz— initially, the
CNO=2—1/CHONO] ratio remains canstant within 3.5% through 75% total
HONO decampositican. Thus, [NOz—1 may be expressed as
([NO=~1/CHONO1) - [HONO], reducing equation (88) to three unknown

variables:

o (57
_f_ = GM[P"‘“"'-}( 4 é”([ﬂlium.}p- [ﬁl&n_] EX ¥ f‘vo[oi%] + € m)b [,Iouo} /E‘i‘)

From this point, a three-equation system was solved using
absorbances at 2398 nm (max for PNPJI, 332 nm (max for NO=z—), and 371
nm (max for HONO). The resulting FNF values were plotted against
time of reaction and extrapclated to time = O, the point where the

constant [NO="1/CHONO] ratio assumption is most valid. The molar



absorptivity of PNFP at this point was calculated to be 11700 M—* cm—?*
(to 2 significant figures).

A sample of the PNF was determined to contain 36.58% carbon,
7.30% nitrogen, and 6.36% hydrogen. If no impurities other than
water were present, then the remaining 439.76% consisted of oxygen.
After normalization with respect to carbon and nitrogen, the
calculated PNFP percentage in the sample of PNP was (6Z.439 + 0.69)%.
Fram this, the 10400 M~™* cm~™* molar absorptivity reported in Table 4
was calculated.

In the HONO/benzene photolyses, it was assumed that only FPNF,
HONO, and NOz~ in the reaction mixture absorbed UV radiation. The

Beer's Law absorbance equation is shown in equation (S50):

B oy ¢ o] v € (o] (%)

The molar absorptivities in eguation (20) were known, but all
concentrations were unknown. By assuming a constant [NOz—1/CHONDIJ

ratio, equation €(30) is reduced toc two unknown variables:

[Hero]

_'2. = ™ ae] 4 € o] 4 €7 W—JB [Hosc) (2)

By using absorbances at 298 and 371 nm, [PNFJ] and [HONO] were
calculated for the HONO/benzene photolyses.
Quantitative data from HONO photolyses were too inconsistent

between trials to make reasonable comparisons to thermolyses. In



Tables 12 and 13, data from two 0,01 M HONO photolyses were
presented. While initial HOND concentrations were the same, one HONO
decomposition (see Table 13) proceeded approximately 2.5 times faster
despite identical lamp and yeaction vessel positions in each run.
Very few HONO decomposition mechanistic conclusions may be made
from this work; however, formation of FNF upon photolysis of HONO in
presence of benzene indicates that equation (32) is the primary

process for HONO photalytic dissociation:

HONOCag) + hv e OHCag) -+ NOCag? (392)

The rapid phenol to PNF reaction in HONO/benzene photolysis
raises some interesting mechanistic guestions. It is expected that
hydration shells or a solvent cage of water molecules exist around
species dissolved in aqueous solution., Because benzene and HONO are
not formally charged species, these solvent cages are not expected to
be as rigorously structured as those around ions. However, it may be
possible that these cages inhibit OH transport to benzene molecules
in the solution.

The mechanism of OH transport may be investigated using an
isotope-labeling experiment. Using a water sclvent containing *®=0,
it may be determined if there is hydroxyl exchange between water
molecules and OH formed upon HONO disscciation. If the HONO is
prepared using unlabeled water, then the 0OH formed upon HONO
dissociation will be unlabeled. If there is OH exchange with the
solvent molecules, then the PNF product formed will contain *®0. IV

the PNF product contains unlabeled oxygen, then it may be concluded



-]

that after formation from HMONO dissociation, the OH radical diffuses

through the water solution until a benzene molecule is encountered.

Other Suggestions for Further MWark

This work may lead to several avenues of research in the areas
of physical and analytical chemistry. One impartant analytical
aspect that was not undertaken was product separation and isclation.
This could become a particularly interesting area of study in the
cases of the toluene and benzoic acid scavenger reactions.
Chromatographic separation could provide very useful information
concerning isomeric distribution of the hydroxylated, nitrosated
scavenger molecules, of which very little is known, and there are no
reports of formation of these compounds in agueous solution.

Benzoic acid and terephthalic acid were chosen as scavengers for
patentially useful analytical reasons. Benzoic acid reacts with OH
ta yield a hydroxybenzoic acid. The ortho isomer, salicylic acid,
complexes with Fe®*, and this complex has a maximum absorbance at
approximately 520 nm [40]1. Even after nitrosation of salicylic acid,
the resulting UV/vis absorption would lie well inte the visible
region (above S00 nm), away from the HONO peaks. Quantitative
spectral analysis of the HONO photolysis system would be much easier
because the overlap between HONO and Fe®*—-complex absorbances would
be greatly reduced or eliminated. Unfortunately, the m— and
p—hydroxybenzoic acid isomers do not complex with Fe®*. Unless the
isomeric distribution of the hydroxybenzoic acid products was known,
quantum yields af OH producticon could not be calculated.

Terephthalic acid may be much more analytically useful as a



scavenger. The molecule contains two carbaxylate groups in para
positions. Thus, any site attacked by OH is an cortho site, and the
resulting compound should complex with Fe®* or other metal ions to
form colored complexes. Unfortunately, terephthalic acid is much
less water—scaluble than benzoic acid because of intermolecular
hydrogen bonding between terephthalic acid molecules. There are no
reports concerning properties of terephthalic acid in water solution,
and a study of such properties (e.g., solubility and acidities under
varying pH and ionic strength conditions) would be very applicable to
this research area.

Once the contribution of thermal decomposition with respect to
HONO disappearance in photolysis is determined, HONO photolysis at
varying temperatures may be studied to determine the activation
energy for photolytic dissociation. This energy should correspond to
the energy reguired to break the HO-NO bond. Determination of
guantum yields of HONO destruction as a function of wavelength could
be a closely related study, since HO-NO disscociation energy

corresponds to a wavelength of radiation.
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