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ABSTRACT

The aqueous~phase reaction kinetics of dissolved O3 with a number of
atmospheric components have been Investigatad, with special attention
focused on the formation of H50, or organic percxiJe as reaction products.
The reagent concentrations employed, rate laws, rate constants, and peroxide
vields (y) determined for the specified substrates are:

Hp0: -d[G3]/dt = k[03], k= 2.1 x 1074 s~1 (pK ~6), y < 0.5%;
HyGy (~5 x 1073 M):  -d[03]/dt = -d[H0,1/dt = k[03][H0,],
k= 2.6 x 103 571 5= (pH ~6);
HCO,H (~1 x 10°3 M): -dlo3]/dt = k[03][HCO,"],
ko= 4.3 x 103 -l =1, y < 0.57;
H,C0 (~1 x 1075 M):  -d[o43/dt = k[0411/2 [H,c011/2,
k= 1.2 x 1073 g~1 y < 27;
Coity (~15 ppm): dlperoxidel/dr = k[031[CoH,],
k = 3.0 x 103 y-1 s™)
PAN (~100 ppd): dlperoxide]/dt = k[rAN][03], k < 3 x 103 y-1 §-1,
B0, (40 ppb): dlperoxidel /et = k HNO3PNO3’
k ”NO3 £ 4 x 1073 M atm1 s'l;
RO, + €0y (1 x 107% M): dlperoxidel/dt = k Hyo,[H2C01pyo,,
k Hyo, < 6 atm™) 41,
With the use 2° these data, the rates of the aqueous-phase peroxide produc-
tion of these reactions under typical atmospheric conditiois are calculated
to be ~1 x 108 M hr~l or smaller. It is therefore concluded that the
reactions studied in this work contiibute insignificantly to the formation

of peroxides in atmospheric water.
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INTRODUCTION

The major acids found in the rain and precipitation, namely, sulfuric
acid and nitric acid, are believed to be derived from §0; and NO, emitted
malnly from the burning of fossil fuel by power plants, smelters, mobile
sources, and space heating. The production of final acids from their pre-
cursors In the atmosphere involves chemical transformation im conjunction
with transport and deposition. 1In order to formulate an efficient strategy
to contiol the amount of acid deposition and to minimize its enviroumental
impact, a thorough understanding of each of these atmospheric processes has
to be acquired.

It has been recogrized that the chemical reactlions which produce the
strong acids can take place either in the gas phase or in the liquid phase.
This notion was established because convincing evidence has been collacted
to indicate that the atmospheric oxidation of S0, is strongly affected by
aqueoug-phase reactions, particularly by ozone and hydrogen peroxide
(Penkett et al., 1979; Martin, 1983; Kelly et al., 1984). In order to
assess the Importance of these aqueous reactions, the atmospheric concentra-
tions of O3 and Hy0; have to be determined. Although the gas-phase concen-
tration of ozone can be accurately determined by varf{ous technlques such as
ethylene-chemiluminescence, no viable method is currently available for the
measurement of gas-phase concentrations of Hy07. As a result, the major
gas~-phase routes for peroxide ggneration, i.e., the recombination of hydro-
peroxy radicals and the photolysis of foraaldehyde, cannot be confidently
empicyed in a numerical model as the sole source for this specles.
Furthermore, recent attempts to determine the gas-phase concentrations of

peroxide using bubbler series have revealed the existence of in-situ



production of artifact peraxide (Heikes, 1984; ten Brink et al., 1984;
Heikes et al., 1982). This observation suggests that aqueous pathways for
peroxide formation might exist, in addition toc gas-phase counterparts.
Clearly, these pathways have to be identified and charactarizad lLefore it is
possible to accurately model the atrospheric budget of Hy 05 and the rate of
504 oxidatien.

Among the various potential precursors of aqueous peroxide, it has been
speculated that O3 might be a plausible candidste based on the following
considerations: (1) 03 produces percxides upon reaction with certain
organic compounds, e.g., olefins (Gllbert, 1976), (2) aqueous-phase O3 reac~
tions were found to Involve free radicals derived from O3 decomposition that
might serve as H,0; precursors (Hoigne and Bader, 1976; Blihler et al.,
1984), and (3) the bubbler series experiments (Heikes et al., 1982) demon-
strated that the levels of artifact Hy09 do not diminich rapidly along the
bubbler train, consistent with thes presumption that the precursor spacies
might be present in relatively high coucentration and has a low aqueous
solubility. O3 appears to fit the description.

Although the aqueous-phase rcactions of ozone have been the subject of
numerous studies for the past several decades, major geps exist in the
understanding of *the detafled features of these reactions. Additionally,
with the emphasis focused on drinking water treatment by O3, no major
efforts have been directed to the product anaiysis, particularly Hp05. 1In
this curzent laboratory research we have examined & series of aqueous-phase
reactions of 05 and the formation of [i309 and organic peroxides as their
reaction products in an attempt to identify the direct agueous sources of

peroxides. The aqueous-phase veaction systems exsmined include: (1} Oy



self-decomposition, (2) 04 reaction with formaldehyde (uita and without the
presence of NO3), formlc acid, ethylene, and peroxyacetyl gitrate (PAN).
Fxcept for the Oy-ethylene reaction, peroxide was not found as a reactfon
product, From this study it is concluded that the reactions studied here
are not significent with respect to atmoaspheric peroxide formation. As 2

result, knowledge of Gfrect squeous-phase sources of H;02 remalns highly

uncertain.



*EXPERIMENTAL

Material

N, (Ultra-High Purity, Linde) and ¢, (Ultra-Zerc, Matheson) which con-
tained less than 0.5 ppm hydrocarbons (as CH,;) were used as the diluent gas
and 03 source, respactively. NO; gas was prepared using a NO) permeation
device (Metronics, Inc., wafer type) enclosed in a constant temperature
oven. With a 15 cc/min flow of Ny carrier gas the concentration of N0y from
the permeation source was determined to be 6.0 ppm. Samples of gaseous PAN
(6-12 ppm) in Ny were preparcd from concentrated PAN stock solution in
n-tridecane prepared according to a modified method of Nielsen (Nielsen et
al., 1982; Gaffney et &l., 1984). Working stock of ethylene (0.140%) in N9
was prepared from pure ethylene (99.5%, Scott) and UHP Nj;. Hp0, (30%), H,CO
(37%) and HCO,H (88%), all of reagent grade from either Mallinckrodt or
Baker, were used without purification. EDTA, Trisma Base, and horseradish
peroxidase were of the highest purity available from Sigma Chemical
Company. Concentrated HCl and NaOH and inorganic salts such as KCl were all
of reagent grade and used without further purification. Fresh solutions of
standards and reagents were prepared for the same-day use. Distilled water
(resistance > 16 Mohm at 25°C), which had been further prrified by Millfpore
Mi11i-Q System, was used for all of the studies.

Ozone Generation

Two ozone generators were used. For higher 03 output {up to ~200 ppm
at 1 %/min flow rate) a 10-inch Pen-Ray UV lamp was employed. This source
was used mainly for the precparation of saturated O3 solutions for batch-type

reactions. For lower O3 output, an AID Ozone Generator (Model 565) equipped

-4 -



with a continuously adjustable shutter for 03 ocutput control was employed
(up to ~1 ppm at 1 %/min flow). This source was used for the continuous-
flow reaction system. For both generators, high purfty O, purchased from
Matheson was used in order to minimize possible interferences from NO, and

organic impurities.

Gas-Phase OQVConcentration

Gas-phase 04 concentrations were determined either by a Dasibi 04 moni-
tor (Model 1008-PC) operated based on UV absorption (LOD ~2 pph) or by a
Mounitor Labs Ozone Analyzer (Model B410) based on the Oj-ethylene chemilum-

inescence, with the former as the primary standard.

Preparation of 04 Solution

For batch-type experiments, 05 sclutions were prepared In a 2-liter
bubbler through which 03 was continuously bubbled at a total 0, flow of 70
cc min~l (Fig. 1). Each Pyrex O3 bubbler (volume ~2 &) was equipped with a
coarse-sized frit for the enhancement of mixing and with two ports for
liquid transfer. The plumbing was counstructed with parts made either of
stainless steel or Teflon for purity. Bubbler 1 was needed for the humidi-
fying of the gas-stream and the removal of any soluble substances; bubbler 2
supplied saturated 03 solutions to be used for the ba:ch studies. TFor the
study of some continuous-flow reactinns, valve M-1 was switched so that 05

would flow through the gas-1liquid reactiou cell to Initiate the reactions.

Aqueous-Phase O3 Concentration

The concentration of aqueous-phase 03 was measured by a UV-vis spectro-

photometer (Beckman Model DU-7) using either a 10 cm or a 5 cm cylindrical

-5
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Schematic diagram of the experimental setup.



optical cell. Spectra of the 03 solutions In the bubbler were tasken during
the saturatflon process (Fig. 2) and the concentrations of 03 were determined
from the absorption peak at 260.0 nm using an extinction coefficient €=
2930 H-1 em-l (Kosak-Channiqg and Helz, 1983). The time dependence of Cj
saturation In the 2-liter bubbler is shown In Figure 3. VUsing the 10-inch
Pen-ray UV ozonator &t Oy flow rate of 70-90 cc min'l, a typical
aqueous-phase 03 concentration of 1-2 x 10°5 M was obtained after 40 min of
bubbling., The limit of Jdetection for 04 with the use of the 10-cm cell is

1 x 1077 y.

Hy0, and Organic Peroxide Concentrations

Concentraticns of aqueous-phase Hyp0, and organic peroxides were deter-
mined by the horseradish peroxidase-fluorescence technique (HRPF) (Guilba;;:
et al., 1968) modified by NCAR (Lazrus et al., 1983)., In our arrangement, z
Perkin-Elmer fluorometer (Model 204S) was employed in conjunction with a
liquid flow reaction system equipped with a rotary injection valve {Altex,
sample loop size 0.5 ml). The limit of detection of the HRPF technique is 1
x 107 M. Since this technique deoes not distinguish organic peroxides from
inorganic Hy0,, the determination of the concentration of organic peroxides
was achieved by a difference method in which Hy0; is preferentially

destroyed (or fnactivated) by the enzyme catalase (Schonbaum and Chance,

1976).

Kinetic Measurerents
Two different types of kinetic methods were us~d. In the batch-type
study, reactions were initiated by mixing the reagents with O3 solution in

an optical cell and the decrecase of [03] accompanying the reactions were
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Figure 2. Aqueous—-phase 03 spectra, taken during the course of saturation
process.
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followed spectrophotometrically at X = 260 nm, In the continous-flow reac-
tion, a reagent gas mixture contalning constant concentrations of 03 and
other gaseous reactants was continuously bubbled through a solution con-
tained ir a bulk-type gas-iiquid reactor. The detailed construction of the
gas-liquid reactor is shown schematically in Figure 4. The kinetiecs of Hy0,
generation were followed by an aliquot method in which H,0, concentrations
were determined by the HRPF technique. Temperature of the reaction vessel
was maintained at 22.0 + 0.1°C for the latter method, but for the spectro-
photometric technique the uncertainty was somewhat'éreater (£2°C) due to th:
lack of temperature control of the sample compartment for a cylindrical

cell,
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RESULTS

04 Decomposition {n Optlcal Cell

In order to study the reaction kinetics of 03 with other substrates
using a spectrophotometric method, it is necessary to determine the stabil-
1ty of O3 solution in the optical cell employed. Figure 5 shows a typical
decay curve of O3 in a 5 cm cylindrical cell under neutral pH (no e:id or
base added). The first-order rate constant was found to be 2.1 x 10~% s-l,
When pH of tbe soluticn was adjusted to 2 by HCL the rate constant of 04
decomposition dropped to 1.4 x 10°% 51, These values were repeatable
within 15% and were found to be slow compared to other 05 reaction.

The final decomposition mixture of the O3 solutifons (containing initlal
[03] as high as 2.0 x 105 M) was analyzed for Hy0,. The concentration of

Hp0~ was found to be below the limit of detection of 1 x 10-7 M.

03 - Hzo;‘) Reactiocn

In order to examire possible Hy0, formation in 03 reactiors, the
reaction between 04 and the reactlon product, H;0y, should be quantified.
The kinetics of this reaction was studied under pseudo-first-order condi-
tion, i.e., [Hy07]g >> [03]g. A typlcal trace of O3 decomposition under
such a condition 1s shown in Figure 6. The 05 decay kinetics was found to
conform to a pseudo-first~order reaction for ~3 half-lives. The second-
order rate constant, obtained by dividing the pseudo-first-ovder rate con-
stants by [H;0;)g, which had been varied from 8 x 106 M to 6.4 x 1077 M,
was determined to be (2.6 £ 0.4) x 103 M™1 s-1 at neutral pH. The good
agreement obtained between the second-order rate constants determined at
widely different H;0, concentrations permits the conclusion that the reac-

tion kinetics are also first order with respect to [H707]. At lower pH the

- 12 -
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reaction zate decreesed rapidly. A second-crder rate constant of 38 + 8§ M”71

s~) was determined at pH = 4, where the solutionec contained [HCI]) = 1.00 x

1074 y,

03 = HCO,H Reaction

Formic acid has been identified as a major organic acid componeat in
ralnvater (Keene et al., 1983) and therefore the sources and sinks of this
specles may be of importance to the understanding of acid rain formation
mechanisms. We examined the aqueous-phase resction of 04 with HCO,H to
determine the reactifon rate and th: yield of peroxide as a product.

<

03 + HCO,H 5}-—> Products (1)
The kinetic study of reaction (1) was made by monitoring the chenge of [03]
followed spectrophotometrically at X = 260 nm. Since the rate of this reac-
tion under current conditions is tco fast to be studied under pseudo-first-
order condition, i.e., high conceatrations of HCOsH, initial concentrations
of 04 and HCO)H were made approximately equal at ca. 2 x 105 H, Treating

the reaction with an overall second-order kinetics, l.e.,

rate = 231231 ) " (041 HC0,H] (2)

de
the rate constant was determined by using a second-order plot

1 1

-t =K't (3)
[031, (03l '

Plots of [03]t‘1 vs. time were found to be linear for at least three
half-lives. A typical run {s shown In Fig. 7. The rate constants obtained

are listed in Teble 1 as a funstion of pH.

- 15 =~
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Table 1 .
Second-Order Rate Congtant of O3 - HCO,H Reaction at 25 % 2°C

pH k', nlogol
3.00 t 0.02 (2.5 £ 0.2) x 102
4.00 + 0.05 (1.8 + 0.2) x 103
4,60 £ 0.2 (3.3 +0.5) x:0

The pH dependence of k;', increasing with higher pH, can be fitted to 2 rate
law which assumes the rate determining step involves 03 and the disscciated

formate ion, i.e.,
Rate = k, [03][HCO,7]

=k, (—Xa ) (o5 lHcopH]y

[H"] + K,
= k}_‘[03][HCOZH]T (4)

where X, s the acid dissociation constant of formic actd and [HCO,H ) s
the total analytical concentration of formic acid. Fitting Eq. {4) to the
experimental data allowed the values of k, and K, to be determined; they
were found to be 4.3 x 103 ¥~1 5-! and 8.9 x 10=3 u-1, respectively.
Although the agreement between the data and the calculated curve
appears to be quite reasonable (Fig. 8), the pXy value of formic acid deter-
mined here, 4.1 + 0.1, 1is nearly 0.3 unit higher than the literature value
of 3.75 (Riddick and Bunger, 1970). While this discrepancy may be acgept-

able in view of the fact that the kinetic approach gererally would yleld a

larger uncertalnty for pK, determinatfon (Sfilen and Martell, 1964) than



Figure 8. Plot of the pH dependence of the second-order rate constants
for 03 - HCO2H reaction
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other methods (e.g., conductometric), we nonetheless co;sider this base-
catalyzed mechanism tentative.

Final reaction mixtures of the 03-HCO,H reaction were analyzed for per-
oxide by the HRPF method. The level of peroxide was found to be smalle: than
the LOD of the instrurent, namely, 1 x 107 M. Under the present reac :ion
conditions, e.g., [03]g = [HCOsH]g = 2 x 1073 M, a value of 0.5% is esci-

mated as the upper limit for the peroxide yleld of the 03-HCOyH reaction.

03 - HyCO Reaction

Since formaldehyde is a relatively abundant atmospheric organic consti-
tuent (Grosjean, 1982; Tanner and Meng, 1984) which is derived mainly from
combustion emission and the atmospheric oxidation of higher hydrocarbons,
{ts chemistry is of considerable interest to the understanding of atmo-
spheric oxidant formation mechanisms. The aqueous-phase reaction of 03 with
Hy)CO was studied in a simllar fashion to the 03-HCO3H reaction, namely,
the extent of the reaction in a 5-cm optical cell was monitored by UV
absorption for [03] decrease.

The kinetics, under conditioms where initial {H;CO} was in l.-ye excess
of [03], did not conform to a pseudo-first-order reection. 1In fact, the
effective second-order rate constant appeared to increase as [03] was
decreasing, indicating a reaction order of less than unity with respect to
03. This behavlior is {1lustrated by a typical run shown in Figure 9 where
[H,C0]g = 1.65 x 1074 M and [03]p = 1.75 x 1077 M.

Since it has been shown that formic acid is produced as a product in

the 03-HyCO reaction (Kuo and Wen, 1977), i.e.,

03 + HyCO =-> 0z + HCOyH (5)
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Figure 9. Time dependence of O3 disappearance due to the reaction with HaCO.
Initial concentrations of HpCO and 03 were 1.65 x 1074 M and
1.7 x 1072 M, respectively.
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the 03 decomposition may be enhanced by the subsequent 03-HCO,H reactien,
thereby manifesting a non-first-order kinetics. Comparing the initial rates
of the 04- H200 reaction with that for 04~ HCOZH reaction indicated that the
04 decomposition due to the secondary reaction with the intermediate
product, HCO,H, can be significant, if HCO,1l is indeed produced stoichio-
metrically. However, aince the product analysis reported by Kuo and Wen
'1977) did not appear to be quantitative and it 1s not clear to us whether
or not formic acid is produced from an elementary reaction step, we analyzed
our experimental data without invoking the reaction of HCO;H, but strictly
in terms of 03 and #H9CO, It shonld be noted that the general kimnetic
behavior so deduced may be applied only to reaction conditions similar to
that employed in this study.

To determine the reaction order with respect to each of the reagent

concentrations, we consider the equation

Rate = :E§931-= k[o3]™[Hyc0O]" {6)
t

Under conditious that [H,C0]g >> [03]4, Eq. (6) is rearranged to yield
(Rate/[HC01™) = % [03]T (7)

where [HyCO]™ is a constant throughout the reaction course. Taking

logarithm of Eq. (7), we obtain
log (Rate/[H,C0O]M) = log k + n log [03] (8)

Fitting Eq. (8) to the data obtained from Figure 9 (from which a set of Rate

vs. [03] can be determined fyr any specified time), the value of the slope,
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n, was found to be ~1/2 (Fig. 10)}. Using the same approach, an analogous

equation is obtained as
log (Rateo/[03]1/2) = log k + m log [HC0), (9)

To determine m, we measured the initial rate for three initial formaldehyde
conceuntrations: [HZCO]O = 1,65 x 10°4 y (Fig. 9), 8.2 x 105 M, and
4.1 x 1079 M, Fitting Eq. (9) to the rate data, m was found to have a value

also close to 1/2 (Fig. 10). Eq. (6) is now tentatively identified as
Rate = k [05]11/2 [H,c0)1/2 (10)

with k = (1.15 + 0.7) x 10-3 s-1, at t = 20429C, for the reaction conditions
employed.

Pioduct analysls of the final reaction mixtures showed that Hy0y was &
minor product. With [H,C0]5 = 8 x 10-5 M and [03] = 8 x 106 M the 1,0,

formed was found to be 1.5 x 10°7 M at the conclusion of the reaction.

O3'C2H:‘ Reacticon

Olefins represent an Important class of organlc constituents of the
atmosphere because of their reactivity towerds O3 and OH oxidation (Niki et
ai., 1983). Since the Criegee intermediates formed in O3-olefin reactlons
may transform {nto peroxides in protic solvents, we have examined the kin-
etica of the aqueous Oj-ethylene reaction In connection to its rate of
peroxide production. Due to the low solubility of CyH,, 1.e., HCZH4 = 5.0
x 1073 M atm~! at 259C (Wilhelm et al., 1977), the kinetics of this zeaction
was studied by the use of the continuocus-flow method. A constant flow of Ny

(typically 2.0 % min~1) was first allowed to flow through the gas-liquid



RATE, M min~!
RATE/[05]"/2 , M2 min~!

1076 10~9
[03], M

Figure 10. Reaction order determination for HpCO-03 reaction. Plots were made
according to eq. 8 and eq. 9. See text for definitions.
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reaction cell containing a known volume of liquid water to remove the dis-
solved CO,, When the conductivity of the liquid water had stabilized,
reagent CyH, was added to the gas stream; the concentraticn range of CyH,
employed was 7-28 ppm, After the reaction was initlated bty the addition of
04 (concentration range: 0.5-1.0 ppm), the reaction mixture was analyzed for
peroxide concentration at known time intervals using the HRPF technlque.

The concentration of peroxide of the reaction mixture wae found to Increase

linearly with time (Fig. 11) and the veactlon rate defined as

d[peroxidel (11)
dt

Rate =

was determined.
Assuming that the aqueous-phage reaction of 03 and C;H, 1s first order

with respect to each reagent, eq. (l1) s given as

d{ peroxide]

pre = kya [O3}]C2H4] (12)

Additionally, assuming that the liquid water is saturated with the reagent

gases according to Henry's Law, l.e.,
[X] = Hypy (13)
which allows eq. (12) to be rewritten as

d[peroxide]

e = kyaHosHe,H,PO4PC,H, (14)

the second-order aqueous-phase tate constant kyj can readlly be determined.

The values of kyj determined at various reagent concentrations and pHs are
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Figure 11. Time dependence of the concentration of peroxides as a reaction
product in the 03 - CoH4 reaction; pog = 0.5 ppm and PCoHy ™ 28 ppn.
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listed in Table 2. It should be noted that the everage values were obtained
from repeating runs as well as from runs with different reagent concentra-
tions. The fact that the rate constant determined from eq. (14) remained
essentially constant while the PO4 and Pc,H, Were varied by & factor of
2 and &, respectively, lends support to the assumed overall second-order
kinetics.

For a gas-liquid reaction taking place in bulk liquid, particular
attention has to be given to the mass transfer characteristics of the appar-

atus in order to identify the extent of mass transfer limitations on the

Table 2

Second-Order Rate Constant of Aqueous 03-CoH, Reaction*

pH 1073 x kyzs M-l -1
neutral , 2.60 + 0.26
(6 ~7)

5.0 3.0 t0.25

4.0 3.0 +0.23

3.0 ’ 3.3 1 0.41

*[#C1] = 1 x 10~3 M, except for rums at pH 3; T = 22.0 + 0.1°C.

overall reaction rates (Danckwerts, 1970). A simple approach to this ident-
ification is via the comparison of reaction time comstant {T.) to the mass
mass transfer time constant (T ): when 7. > 10 T, the reaction is purely
chemical reaction limited; when T, ¥ 10 T, mass transfer will become a rate
1imiting process, For our currently employed gas-liquid reactor, the
phase-mixing rate constant, k;, was determined to be 0.47 s”l (at liquid
volume = 15 ml, total gas flow rate = 2,0 % min'l, cf. Lre and Schwarvrtz,

1981). The time constants for the removal of aquecus 04 and CyH, by each
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sther are estimated as Toq = (3 x 107 [CyH,1) L = 24 s and T M, T 3 x
105 [03])'1 = 300 s. These reaction time constants are significantly
longer than Tn (= km"1 = 2,14 g); 1t 1s readily established that the chemi-
ca. rveaction is the rate limiting process and the reaction rate {s not sig-
nificantly affected by mass transfer processes. The assumpticn of the
establishment of gas-liquid equilibrium {s therefore validated.

From these results it is also seen that peroxide formaticn from the
aqueosus CyH,-03 reaction i{s Independent of the solutfon pH,; the average
rate coefficlent k;5 = (3.0 + 0.3) x 107 ¥~ 51 {5 applicable over the pH
tange 3 -~ 7, It should be noted that the fraction of organic peroxide
formed in the CyH,-04 reactiou was determined using the enzyme catalasc
technique in which the H;0; is preferentially destroyed (Kelly et al., 1984;
Schonbaum and Chance, 1976). The results of this test showed that >60%
(average of 3 runs made at pH 3) of the total peroxide was present as
organic peroxide which appeared to be reasonably stadble, The {dentity of
the organic peroxide was not determined, but from the mechanism advanced for
the formatfion of ozonide and Criegee radical, CH;05H is considered a

possible candidate.

Aqueous-phase Reactions of PAN

Peroxvacetyl nitrate (PAN), formed from the reactlon of CH3C(0)0; and
NO,, is an important atmogpheric species because of its capacity as a reser-
voir for NO, and free radical species in transport processes., PAN was syn-
thnsized according to the method described by Nielsen (1982) and was stored
in a heavy lipid, i.e., n-tridecane. Gas samples of PAN were prepared ly

mixing Ny with the distillate from PAN/n-tridecane solution. With PAN vapor

- 27 -



pressure (over n-tvidecane) in the order of 10 torr, 10 ppn gaseous PAN
stendards can bte readlly prepared. Because it was fonndxthat PAN Jecomposes
on standing with a half-life of approximately 110 krs (at 25°C, in the
absence of NO, Senum and Gaffney, 1984), PAN standards were alwaysz freshly
prepared for the same day use. |

The three reactions of PAN examined 1include

ks

PAN(a) ----> paroxide {15)
ke

PAN(a) + 0y  ----> peroxide (16)
kiy

PAN(a) + 04 ----> peroxide (17)

The typical concentrations used for PAN, Oy, and O3 were 100 ppd, 20%, and
1.0 ppm, respectively. Due to the low solubilities of 0, and 03, as well as
of PAN (Hpay = 3.6 M atm~l, cf. Lee, 1984), these reactions were again
studied by the use of the gas-liquid reaction cell described abouve. Final
teaction mixtures (with total reaction time up to L hr) of these reactions
were analyzed for peroxide and it was found that the levels of peroxide were
all below the deteation limit of our HRPF technique. Using a general rate

expression
d[peroxide]

= k [PAN] {0,] (18)
at

the upper limits for rate constants ks, Kjg, and k19 wers estimated to be 2

x 1074 g7l 3 « 102 71 =1 and 3 x 103 M~1 51, respectively.



0y - NO, Reaction

In view of che suggestion that NGO 1s potentlally important in cloud
water chemistry (Helkes and Thompson, 1983), we have conducted some prellml-
nary studies of W03 + HyG. Since the solubf{lity of NO; was not expected to
be large, the resction was carried out in the bubbler-type gas-liquid reac-
tor into which the reagent gases were contiruously replenished. Study of
the hackground reacticn involving Hy0 and 1.3 and 43 ppm of O3 skowed chat
no detectable Hy0, was sroduced after 42 min of reaction. This result is
consistent with that observed for the pure aqueous-phacse O3 decompcsition
study conducted in an optical cell (see above). To conduct the KO; experi-
ment a pre-reaction chamber of l-iiter size was placed upstream of the bub-

bler to allow the production of NOj from the 03- NOj pas-phase reaction.

Since the second-order gas-phase vate constant for
03 + WOy --> 03 + NOj (19)

18 3 x 10°17 ca3 sl (Baulch et al., 1982), the l/e time for H03 formation
is calculated to be 31 s at PO, = 43 ppm, the O3 concentration employed.
With 30 s resfidence time In the wmixing chamber {total gas flow rates = 2 ¢
min-ly, nearly 707 of the NO; should be converted to N0, (PNOZ employed

was 40 ppb). It should be noted that the experimnets were carrled out in
the dark in order to avoid the photolysis of NO3. At the end of 40 min the
reaction mixture in the gas-~liquid reactor was enalyzed for U0 content.
Concentration of Hy0, was found to be ~1 x 16~7 H. This low concentration
seema to indicate that NOj has a limited role in the direct aquecus produc-

tion of peroxide, at least in pure water and under neutral pH.
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93-N02-H2C0 Reactiun

Reactions of KO3 with atmospheric constituents have been found to be
toportant in nighttime chemistry (see, for example, Fitts et al., 1934),
Since W05 can react with aldehydes to initiate free rxadical chaln reactioas,
we have tested the posslbillty of the formation of peroxide by the aqueous
reaction of NO; and HyCO. 1In our epproach, KO, (40 £ 1 ppbd) and 03 (40 ¥ 1
ppm) in Ry (uith 2% 0y) were allowed to react in a pre-reaction chamber
{ca. 1 % size) for ~30 s before entering the gas-liquid bubbler that con-
tained 20 m% of a 1.0 x 1074 H HyCO solution. Accordi-g to our calculation
glven in the previous section, nearly 707 of the NO; should Ye converted to
NO3. The resction extent of the formaldebyde solution was followed by the
peroxide concentration determined by an aliquot method. Despite the long
reaction. time (up to 100 min) no discernible peroxide was detected as a

product.
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DISCUSSION

A number of selected aqueous-phase reactions of O3 have been studied in

i
this research project. The main purpose of this work {is éo fdentify and
characterize¢ those aquecus O3 reactions that would produce either hydrogen
peroxide or organic perioxides as reaction products. Sinc: the effort was
nainly directed at the identification of those reactlons, the catire project
was scoping In nature; rather than spending a great length of time to char-
acterize the detalled kinetica of a reacticn which does not produce
pevoxide, we tried to max{mize the number of reections to be examined for
peroxide production. As a2 consequence, the ikinetic information cbtained
here with lim{ted vartations in reaction condi:ions are necessarily not
comprehensive, For instance, reagent concentration varlations were zen-
erally !imited, the solution acidity was normally confined hetween neutral
and pH 3, and the temperature was fixed elther at 2.0 ¥ (¢,1°C or room
temperature, ileverthecless, we have attempted to make use of the data
obtained in this work to qualitatively assess the atmospherlc {importance of

these aqueous-phase 04 reactions to the formation of peroxide and to the

depletion of the reagent species.

0, Decomposition

Despite the fact that the kinetics of 03 deconposition in aqueous solu-
tions have been studied extensively, no agrecement was rveached with respect
to {ts reaction order. The reaction order reported in th=: Il{terature ranged
from L (for example, Sulliven and Roth, 1979) to 2 (for example, Gurol and
Singer, 1982), with some as 3/2 (for example, Ki'patrick et al., 1936).

This discrepancy was suggested to result from a number of possible sources
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such as mass transfer limitatiens, fonic strengths, impurities, as well as
effects of buffers with which the solution pH were adjusted. The main
features of O3 decomposition cobgserved in this current study are in agreement
with some of the recently published results: (1) 04 decomposition is
iusensitive to pH in the acidic region (Gurol and S{inger, 1982), (2) decay
of 03 is first order in Oj concentration (Sullivaa and Roth, 1979), and (3)
the first order rate constants determined in this work, i.e., 2.1 x 10-4 g-L
at neutral pH and 1.4 x 1074 51 at pH = 2, are within a factor of 2 of
those determined by Sullivan and Roth (1979), f.e., 4.1 x 10”4 s-! and 2.4 x
1074 -1 for pH = 4 and 2, respectively. It should be noted that the
aqueous-phase concentrations of 0 used in this study were smaller than
those used in previous studies by a factor of at least 10, and, therefore,
may wore closely resemble the actual atmospheric conditions. Using the
aguecus-phase decomposition rate expressed as the gas-phase reaction rate
(Lee and Schwartz, 1981), i.e.,

PO,

--EE— = k H03p03 LRT (20)

where L is the liguid water content of the atmosphere (volume fractiomn), we
estimated the reactlon time constant of O3 against aqueous-phase
decomposition to be 5 x 106 hr or longer for solution pH of neutral or lower
at L = 1076, If wall effects in the laboratory study are partially
responsible for the 03 decomposition, then these estimated time constants
would represent lower limits, rendering the atmospheric self-decomposition

of 04 1n aqueous droplets even less important.



o T RS

03-H202 Reactien

0, decomposition is known tc be inftiated by OH™ foz under basic condi-
tlons (Gurol and Singer, 1982; Sullivan and Roth, 1979; Staehelin and
Hoigne, 1982). According to Staehelin and Hoigne, the conjugate base of
H202, i.e., HO,™, also reacts with 0 to produce free radicals such as OH-
and 0,-". From studies made in alkaline solutions, the rate constant for

the 05 - HO,™ reaction, defined as

d [05] .
- kop (03] [HO;"] (21)

was given as (2.8 + .5) «x 106 -1 g-1, Replacing [HO7~] with the total
analytical concentration of H,0,, [Hy0,]p, we obtain

d[04]

K ’
e 3 e ke a2 [0 Ho0 2
T 21 K;;_Tﬁxﬁ [03] {H07])p (22)

= ka1’ [03] [H0;1p

where K, is the acld dissociation coumstant of H30y9. For pK; = 11.6 and pH =
6, k1’ is calculated to be 7.0 M-l s-l. This value is significantly
rmaller than that determined heré; it is therefore concluded that the
second-order rate constant determined in this study may reflect the direct
reaction of 03 and Hy0p. The lower rate constant detarmined at pH 4 maln-
tained with [HC1] = 1 x 10°% M is qualitatively consistent with a negative
(vt dependence, although the possibility that the lower rate constant
resulted from Cl~ ion inhibition (Taube and Bray, 1940) can not be

excluded.
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The fact that Ho0y can be destroyed by 03 requires the effect of this
03-H20; reaction on Hp02 concentrations be quantitatively assessed. To
evaluate the time constant for the removal of H;0p by the 03-H7C9 reaction,

we employ

TR0, = (k23 {0371 -
23
= (ka3 Hp,ppy)~!

With POy = 1 ppm, THZOZ is calculated to be 10 hr at neutral pH snd 660
hr at pH 4. These time constants are apparently too long to be important
for our current laboratory studies.

The time constant for remcval of atmospheric gas-phase 03 by the

aqueous 03-Hy09 reactlion is given as
Toy = (kg3 Ho,y [Hp03] LRT)™L (24)

For [H90p] = 3 x 103 M, a representative sum.er cloudwater Hy0y concentra-—
tion (cf. Kelly et al., 1984), and L = 10’6, T03 1s calculated to be 1.4 x
104 hr and 1.0 x 106 hr at neutral pH and pH 4, respectively. Since the
aqueous-phase 04 concentration in atmospheric water is eignificantly smaller

than that of Hp0;, the removal of the dissolved atmospheric Hy0p by the

aqueous-phase 03-H;09 reaction will be extremely slow.

Q3~HC02H Reaction

Kinetics of thils aqueous-phase reaction have been reported. KRuo and
Wen (1977) found that the rate of 03-HCO3H reaction is first order with res-
pect to [03], and is dependent on [HCOoH] to the 1.2 power. The rate con-

stant defined by

- 3 -



df{o4) ,
- _;t_i.- Kys 104] [HCO,m]E+2 (25)

was determined as 2.6 x 102 and 8.7 x 102 1~1 g~1 ¢ pH 2 and pY¥ 7, respec-
tively. These values, along with an additional measurement at pH 11, showed
a pil dependence in which the rate constant {g approximataly proportiecnal to
[OH’]llz. Although the rate constant at pH 7 {3 {n reascnable agreemert
with that determined in this work, i.e., 4.3 x 103 y-1 s'l, the pH depen-
dence of the reaction rate is quite different from that observed here,

The results reported by Hoigne and Bader (1983a), on the other hand,
exhibited a pH dependence similar to that observed in this work, f.e., the
rate law 1Is consfstent with a mechanism for which the reacting species con-
sists of the dissoclated formate ion rather than the undissociated formic
acid., The rate constant teported by them for the 03-HCO,~ reaction was 140
n-l s'l, which is a factor of 28 smaller than that determined in this work,
Their smaller value may very well have resulted from the doping of the reac-
tion mixture with propanol, a free radical scavenging material. According
to Hoigne and Bader, the presence of such a substance serves to inhibit the
04 decomposition via free radical pathways. However, it may be somewhat
uncertain whether the scavenger itself may enter the rvreaction pathways and
whether certain scavengers may be more efficient than others.

Using the expression given hy Eq. (4), the reaction time c.atants
referred to gas phase for 05 and HCOjH against reaction (1) are estimated
as

K&
[HF14K,

Tog ™ [kal ) Ho, Huco,i Pco,u LRTITE (26)

and
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- K -
"HCOpH = [k4 (——2—) Hoq Hyconn Poq LRT]™E @@n
[H]+K,
Using HHCOzﬂ = 230 ¥ atm™! (at pH 4, Gaffney and Senum, 1984) and the fol-
lowing conditions: pH = 4, L = 10‘6, Poy = 50 ppb, PHCO,H = 10 ppb, and
T = 259, 05 and  pco,n are calculated to be 2.4 x 10 hr aad 4.8 x 104
hr, respectively. These values are clearly too long tc make this reaction

significant.

G3-H,CO Reaction

Kuo and Wen (1977) studied this reaction and reported an 03 decomposi-
tion rate which is dependent on [HyCO] to the first power and on [03] to the
1/2 power. The rate constant defined by

- Eé%il = kyg[0311/2{1,C0) (28)

changed from 2.2 x 1072 M~1/2 g-1 o 0.53 M 1/2 g1 a4 pH increased from
2.7 to 7.2. O©On the other hand, Hoigne and Bader (1983b) suggested an over-
all second-order reaction, first order in each reagent, for which the rate
constant was determined to be 0.1 + 0.03 M1 sl at pH 2. 1In contrast to
both of these rate laws, we have suggested a tentative rate law, namely,
that given by Eq. (10) where the power dependences of the rate on [03] and
on [HoCH] are assigned as one-half. The discrepancies observed in these
studies may result from the different reaction conditions employed. For
example, Hoigne and Bader used a HyCO concentration in the range of 6-70 x
10-2 M, which is higher than the concentrations used in this study by 3 to &
orders of magnitude. Since it 13 known that some aliphatic alcohols can

serve as free radical scavengers, the hydrolyzed formaldehyde, i.e.,
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dihydroxymethane, might efficlently block the free radical pathwaye of this
reactlion and diminish the overall observed rate.

The fact that different kinetic behavior i{s obzerved for varied reac-
tion conditions suggests that thesc observed rate lawa may at best be
applied to those conditions used and should not be extrapolated to condi-
tions which are vastly different. Since the conditions employed in this
study involved the lowest concentrations for both 05 and H,CO among these
studies, the kinetic information obtained In this study may be used to estil-
mate the reaction time constants of atmospheric 03 and H,CO against the
aqueous 03-HCHO reactlion. Fer the following conditions, namely, pH =
neutral, H{ZCO ~ 10 ppd, Poj = 50 ppb, and L = 10"6, these reaction time
constants are found to be 6 x 10% hrs or longer. Agaln, 1t may be concluded
that the aqueous-phase reaction of O3 and HyCO affectes very little the atmo-

spheric llfe times of these specles,

03-C2H4 Reaction

Due to the low solubility of CyH,, this reaction was studled uszling a
continuous flow technique with the gas-phase reagent concentrations main-
tained constant throughout the reaction course. The second-ordar aqueoug-
phase rate constant determined from the peroxide formation rate, if.e., 3 x
105 m-1 5‘1, was found to be of similar magnitude to those determined for
some substituted ethylemes such as l-hexene-4-ol (2 x 105 M-1 s~1) and
ctyrene (3 x 105 M-Ll g-1) studied as homogeneous aqueous-phase reactions
(Hoigne and Bader, 1683b), It is interesting to note that the substituent
effect observed for the gas-phase Oz-olefin reactions seems to be absent in

the aqueous phase,
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The rate of depletlion of 03 and CyH, from the gas phase due to aqueous

03-CyH, reaction may be estimated from

T= (k Ho, Hc,n, LRT p)-l (29)

For PCyH, = 20 ppb, P05 = 50 ppb, and L = 10‘6, the valuea of Ts are
found to be in the order of 1 x 107 hr. Evidently, these long reaction time
constants would have minor consequences on the atmospheric residence times
of elther 24 or CyH,.

The aquecus-phase rate of peroxide production from this reaction is
estimated to be 6 x 10"1l ¥ hr-l for Po3 = 50 ppb and PCyH, = 20 ppb.
It should be noted that the Oj-olefin reaction will not constitute an
important source of aqueous-phase peroxide unless the conditlon (Hp)gyiefin
1 x 10°% M f3 met. The current knowledge, however, ind{cates that such a

species 1s not to be found (NSF, 1977).

Aqueous-Phase PAW Reactions

The contribntior of aqueous-phase PAN reactions to peroxide production
in the atmosphere can be estimated from the upper limits assigned to reac-
tions (15) to (17). For a typical amblent conditfon where Po; = 50 ppb
and ppay = 2 ppd, the upper limits of the rate of peroxide formation are
evaluated as 4 x 10'9, 1 x 10'6, and 4 x 10"l M hr-l for PAN hydrolysis,
0,-PAN, and 03-PAN reactions, respectively. The atmospheric residence times
of PAN against hydrolysis, 0p-PAN, and 0O3-PAN reactions under the same con-
ditions and L=10"% are found to be 2 x 104, 1 x 102, and 7 x 107 hr, respec-

tively. Since these time conatants are all significantly longer than the
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typlcal cloud 1ifetime of ~1 hr (Pruppacher and Klett, 1973) and also longer
than that for the gas-phase PAN-NO reactlon, it is concluded that the atmo-

spheric lifetime of PAN is not aff:cted by these reactions.

03TN02nHZCO Reactionsg

NO4 has been examined extenslvely as an Intermediate of the nighttime
chemical transformations of nitrogen oxides (Winer et al., 1984). This spe-
cles Is suggested to be not only the source of HNO3 but alsc a free radical
initiator (Calvert and Stockwell, 1983), even for cloudwater droplets during
the daytime (Thompson, 1983). According to the studies made in this work,
no peroxide was found to be produced 1n the NDp-~03-H)U reactlon system
regardless of whether H,CO was present., In the case of NOq reacting with
water the upper limlt for the reaction

k30
NO; + H,0 =-=-=> NO, + Hy0, (30)

can be estimated by equating the asssumed rate exp:essfon

Ha0
Rate = ﬂ-%—-a—]- = k30[NO3] (31)
t
to the maximum possible rate estimated from the limit of detection of the
HRPF method, i.e.,

kyo[NO3l < 4 x 10711y g1 (32)

It should be noted that the presence of high concentrations of 03 (43 ppm)
in these experiments might affect the aqueous-phase concentrations of Hy0j

‘ag {t has been shown that their reaction can be rapid. From the rate



constants determined for the aqueous-phase 03-Hy0, reaction the characteris-
tic reaction times of Hy0, for [03) = 4.7 x 10677 U are 13 min and 93¢ min at
pH = neutral and 2, respectively. Although the 03-H909 reaction {s wnimpor-
tant at pH 2, it may keep the [HZOZ] from building up at higher pH. 1If {t
is assumed that a steady-state concentration of H207 1s established from the
competing actions of 03-H307 reactlon and reaction (30}, we may observe the
following relaticnship, {.e.,
Eiﬂﬁlﬁgil <1x1e-7H (33)
kpp'los) ~
For the conditions applied in this work, the inequality, kj3g HNO3 PNOy £
1.2 x 10710 & 5! 15 obtained. Using the previously calculated value for
PNOy » the product kjp HN03 is estimated to be 4 x 103 M atn~! -1 or
smaller. slthough this value is approximately three times greater than that
calculated from Eq. (32), the contribution of reaction (30) to the peroxide
production in the cloudwater is sti{ll negligible, being only 5 x 1078 M hrl
at PuO; = 3 ppd.

In the examination of the aqueous-phase reactiom of NOj with HyCO, the
reaction between O3 and H3CO may consume the avaflable H{3C0. According to
Eq. (10), the rate of H,CO disappearance due to reaction (5) is calculated
to be 1.5 x 1077 & hr™l for py, = 43 ppm and [HpCO] = 1.0 x 104 M. This
rate i{s too small te {nfluence the aqueous-phase concentration of HyCO.

An upper-limit of the rate of the aqueous-phase reaction

k34
NO3 + 1CO ----> Peroxtide (34)

can therefore be estimated from
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dlPeroxidel

~ k1s [NOa) [H,CO 35
Py 34 [HO3) THpco} (35)

= k34 Hyo, Proq [H2C0]
1.7 x 107t i 5-1

[0S

using the limit of detection of HRPF, l.e., 1 x 107 M. The product, ki3y,
HN03' was calculated to be smaller than 6 atm~! g=1. For the conditfon
where pNOB = 3ppb and Pi,CO = 20 pph, the rate of peroxide formation in

the aqueous-phase {s estimated to be 8 x 10~% ¥ he-l, Again, this vate is
found to Le unimporvtant. It should be noted that the NOj concentration used
here was calculated from the known kinetic information and has not been
verified by an analytical method such as a gpectrophotometric technique.
Although our approach night suffer from interferences such as wall effects
or the formation of Ny0g, the experimental arrangement nonetheless mimics
the bubbler H,0, sampling methodology which manifested the artlfact prodac-

tion of peroxide.

Aqueous-Phase H,0, Formation

Although 1t has becn suggested that aqucous-phase reactions of 03 might
be responsiblz for the in situ production of Hy0,5 in the bubdler experl-
ments, the reactions examined in this work thus far did not provide evidence
to support thls contention. The maxlimum rate of peroxide formation of the
reactions studied in this work, under typlical atmospheric conditions, is
found to be smaller than 1 x 105 M hr'l. Naturally, the calculations were
made for pure water systems and the possible effects of, say, metal lons
have not been included. This conclusion may not be at varlance with the

observations reported by Heikes (1984), although the surface catalyzes 03
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decomposition leading to Ho0, preduction was not observed in OUTr pure 8Sys-
tems, where puve gases, instead of ambieat afir, were used.
One reaction which might produce Hy0y in the aqueoué phase {s the

recombination of the disszolved HG,7 and its conjugate base Gp27, t.e.,

k :
HOy + 0,° 238 B0y~ + 0 {36)

‘Ifast
s

>H20,
\

Using the Herry's law coefficient of HO; (2 x 103 1 atm~!) and rate constant
kyg (1 x 108 ¥=1 5-1) calculated from a thermochemical cycle (Schuartz,
1984) and pulse-radiolysis studles (Bielskl, 1978), respectively, the
aqueous-phagse rate of Hy0, formatlon can be calculated from

d[4,0, ]
dt

kqp K

= 30 78 [HO,] (37)
TR

= k35" Myo,? puo,?

where K, 1z the acld dissociatlion constant of Hi;, being 2.0 x 1073 M
(Bielski, 1978). Accordingly, the gas-phase veaction time constant of HOp

agalnst reaction (36) is obtained as
Tho, = (Zk3g’ Hpo,2 puo, LRT)™ (38)

This quantity, calculated as a function of Pit04 » i{s shown in Tigure 12.
Thesa values, calculated under the assumption that the aqueous soiutlon is
saturated with the solute HO, according to Henty's law, suggest that the
aqueous-phase recombinatfon of HO; 1s potentially {fmportant as a source for

the aqueous-phase Hy0y when PHO, is equal to or greater than 1 x 10-12
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atm. It should be noted that the calculations made here are limited to a
single pH, i.e. pH = pK,, for simplicity. Additionally, it should be
pointed out that a steady-state councentration of HOp has been assumed in
these calculations. If the consumption rate of HOy of reaction (36) fs sig-
nificantly faster than the rate of HOp production, then the steady-state
assnmption may not a#pply aad the rate of Hy0y producticn will be primarily
controlled by the source rate of HOj.

The aqueous-phase production rate of H;0, from the gas-phase recombina-
tion of HO, is also shown in Figure 12. Here we used a second-order rate
constant of 2.5 x 10‘12 cm3 molecule™! &~! and have assumed that the incor-
poration of the 1,07 into the liquid phase ls iInstantaneous. The liquid
water content 1s again assumed as 1076, It jc.interesting to note that the
acquiring of the aqueous-phase H;07 from the reactions of dissolved N0y is
nearly two orders of magnitude faster than that can be supplied by the con-
comitant gas-phase recombination reaction of W);. Clearly, lgboratory
studies have to be carried out to examine this potentially impoffeq; source

of aqueous Hy0;.

- 43 -



10~4 T I ok

1014 ! : 107!

10713 10-12 Tod 10710
pHoz, atm

Figure 12. Contribution of the aqueous-phase W02 reconbination reaction to the
generatfon of U207, calculated for pH = 4.7. Line A represents the
aqueous-phase rate of Hp0y production and line B the characteristic
reactfon time for gaseous HOp at L = 1076. Line C indicates the
contribution to aqueous Hp0p from the gas-phase recombinatfon of HO2:
d202 produced 1is asaumed to be rapidly incorporated into the liquid
water (L = 1076)
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SUMHARY
Aqueous-phase reactions of 03 with a number of inpo;tant atmospheric
conponents have been examined. Reactlon kinetlcs and product snalysis for
hydrogen peroxide and oryanic pevoxides were determined for the following
resction systems: (1) O3 - Hy0, (2) 05 - Hp0,, (3} 03 - HCO,H, (4) 03 -
H,C0, (5) 03 = CoHy, (6) 04 - PAN, (7) O3 - HOy, and (8) 03 - HO, = H,70.
The results obtalned are llsted in Table 3. Using these values calculaticns

were made to estimale the atmospheric importance of thease resuctions to the,

AN

\

removal of 05 and the reagent species, as well as the production cf per- \

A}
3

oxides in the liquid-phase. For typlcal atmospherlc conditions (PO3 = 50
PP, Py,Co T PCOH T PcyH, = 20 PPb. Ppan € 2 PPY. Poy € 2 PPD.

L = 10'6, and p = 2 ~ &) it ls concluded that none of these aqueous-phese
reactions i{s i{mportant ag a aource of aqueous-phase pernxides or a sink for

gaseous 0, and its corresponding reagents.
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Table 3

Swmary of the Reaction Kinetics and Product Analysis
of Some Aquecus-Phase Oy Reactions (22 + 29C)

Yesction Reaction _4[0y] R d{Peraxide] Rate
System Cordition —d%_ Yield or T dc Constant
-u 03] <2x10° M x[03) < 0.5% 2.1 x10% 571, i ~6
BT %12 - L4 x10% gL, pi=2
-H0, - {031 <2x100H k [03] [0 2.6 x 100 Mt &1, i ~6
03 2% [g%)zﬁl”a-{)‘lxlﬁﬁ 3 202 38}«{'15_1"ﬂ=l4
03 - HOOH (03] = [HOOAH] k [03) [100;7] <5t 4.3 x 103 1l g1
=1x107° M g3 - 4.6
-t (031 <2x105% Kk joyY 20y <z 1.2 x 103 &1
[HC0] = 4-17 x 107 M
03=CHy By = 0.5 1.0pm k {031 [CH,) 3.0 x 105 i1 g1
< 7-28 #l 36
Peiy pm
03 - PAN Ppyy = 100 ppb k [PAN] [03] <3x103 sl
p03 = 1.0 pm
' e 5 1073 -1 -1
) p03°63ppm kHN()ij,)g k & x 102 Mam ™t g
pﬁ)2 = 40 ppb
0y - N0y {800} =1 x L04 M k Hyyy [H0) poy & Hp, <6 atm 1 g7}
- Ho00
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