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Photolysis of Nitric Acid Vapor

by
Harold S. Johnston and Shih-Ger Chang
| Department of Chemistry 
University of California, Berkeley
Inorganic Materiaingesearch Division

Lawrence Berkeley Laboratory
Berkeley, California 94720

Abstract

The primary reaction in the photolysis of nitric acid
vapor by ultraviolet radiation is

HNO; + hv + HO + NO,

and the primary quantum yield is one. This‘article gives strong
experimental evidence in févor of these tﬁo conclusions for

the wavelength region 255 to 315 nm, and somewhat less direct
experimental evidence for the wavelengths 260—255 nm. The
photolysis c¢f nitric acid vapor in laboratory apparétus is
subject tb several unwanted side reactions, and_conditions

must be carefully selected to eliminate the éffect of such

reactions.
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Introduction

Nitric acid has been observed in the stratosphere by

Murcray et g;.l It is presumably formed from hydroxyl radicals
and nitrogen dioxide | ' | |

§ HNO

2

HO + NO 3

and it may also be formed by Qaseoué dinitrogen pentoxide

abstracting water from = aqueous sulfuric acid droplets
on
NJOg + Hy0 o rticles 2HNO3

‘The maximuh.mole fraction of nitric acid vapor isfound between 20 and
24 km, The.decfeasing mole fraction above the maximum is probably
caused by the photolysis of nitric acid vapor.' Récently the
absorption spectrum ofvnitrié acid vapor has been obtained.2
However, quantitative modelling calculations:of the photolysis
of nitric acid in the stfatbéphere require'kndwledge of the
producté of the_primary photochemiéal reaction and the quahtum
yield as é‘fﬁﬁction of wave length. The primary p:odﬁcts_couid
be | .v _ _

HNO., + hv +.HO + NO

3 2

- H + NO3

> 0 + HNO2

Berces and'Forgeteg3 reported a quantum yield of about 0.1 at
265 nm, but their conclusions involved‘assumed values of other
rate constants that have since been shown by Morris and Niki4

. to. be in error by several orders of magnitude. The purpose of

this.study.was,to identify the primary products and obtain the



prirary quantum yield for the photolysis of nitric acid vapor

by ultraviolet radiation.
Experimental Conditions

Materials.--Anhydrous nifric acid was prepared by vacuum
distillation from a 50-50 slurry of concentrated sulfuric acid
and sodium nitrate. The high temperature should hot exceed
30°C in order to avoid the thermal decomposition of liquid nitric
acid to form nitrogen dioxide, and thg low temperature should
not bé below -40°C to avoid distillation of water from the
concentrated sulfuric acid. The pure nitric acid was completely
colorless, and it remained pure indefinitely when stored at

Dry Ice temperature and in the dark. The oxygen (Matheson,
research grade) was passed through traps at Dry Ice temperature.

Carbon monoxide (Matheson UHP grade) was passed through a
five-foot long column of activated charcoal on glass wool in order
to remove iron carbonyl.

Apparatus.--The glass vacuum apparatus was of coﬁventional
design. Stopcocks were lubricated with Kel-F stopcock grease,
which is inert to nitric acid, or were of the non-lubricated
variety with a Teflon plug and Viton'o-rings; Pressﬁres were
measured by a Pace Transducer, which we calibrated against an
» manometer. The reaction cells were
oi%ﬂéylindrical, 100 mm in length, and 35 mm in diameter. Two
grease-free stopcocks with Viton o-rings were sealed to the cell

with quartz-to-glass graded seals. The silica windows were

fused to the cell,



Several different iight sources were used- a 50 watt
deuterium ‘arc at 200 and 215 nm w1th a Bausch and Lomb hlgh N
: intens1ty grating monochromator, a 200 watt high pressure
mercury arc with the same monochromator; a 1600»watt Xxenon arc
with s 500 mm Bausch and Lomb monochromator. |
- Light intensities were measured by two methods:‘ (l)‘ potassium

5,6 and (2) a Hewlett-Packard 8330-A

ferrloxatate actinometry
Radiant Fluxmeter. The intensities obtained by these two methods
were in good agreement, but all quantitative data (except that

at 200 and 215 nm) are based on the chemical actinometry. The

optical band width (full width at half maximum) was 2.2 nm at 300

nm, 6.5 nm at 290 nm, 2.5 nm at 255 nm, and 6.5 nm below 225 nm,

Procedure.--Three types of runs were carried out: (1) with

pure nitric acid alone, (2) with nitric acid plus carbon monoxide,

and (3) with nitric acid plus carbon monoxide and oxygen.
Nitrogen ledee in the cell was measured by stopping the
photolysis, by transferring the reaction cell to a Beckman DU

or a Cary 14 spectrophotometer, and by measuring optical density

-19

at 405 nm (0 = 6.24Xl0 cm2 molecule 1, compare Figure 1).

The carbon dioxide produced was measured in a Consolidated

Electronics Corporation 21-110 high resolution mass spectrometer.
Appropriate blanks.were measured with no photoiysis; Most runs
were carried to only very‘small degrees of conversion (one or
two per cent), and thus it was not precticable to follow the
course of the reaotion.in terms of disappearance of HNO3 or of
CO. The course of the reaction was followed from time to time
by optical.analysis of N02 formed; or it was'followed by ending
the run, fteezing out the nitric acid, and analyzing the CO and

COz'with the mass spectrometer. All runs were méde at 25°C. -
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Results and Discussion

The photolysis‘of hitric acid vapor wa§ studied at 25°C
with initial nitric acid pressures between 5 and 40 torr. During
the coursevdf the photolysis at 40 torr HNO3, it was noticed
that liquid droplets (presﬁmably aqueous nitric acid) condensed
out on the wa1ls of the reaction éell, and all runé at 40 torr
have been rejected. At 5 torr HNO, the rate of formation of
products was exceedingly slow. ‘Most runs were made at 15 or
at 30 torr.

Photolyses were Carried'out at wavelengths between-200 and
315 nm. The absorption spectrum of NOZ’ HN03, and Nzo5 is given
as Figure 1. At all wave lengths the absorption cross sections
of NZOS is substantially greater than that of HNO3, and thus
secondary photolysis of NZOS is a complicatihg feature of certain
expériments. The absorption spectrum of NO2 occurs in ﬁwo bands,
above and below 250 nm. Between about 250 and 400 nm the product
of the photolysis df NO2 is NO and‘grouhd—staté oxygen atoms,
O(3P).' Below 250 nm the prodﬁcﬁ of the photolysis of NO, is NO-

7_‘The excited singlet

8

and an excited singlet oxygen atom, O(ID).

oxygen atom reacts very rapidly with HZO, H2, CH4, etc. and
'presumably iﬁ would react very fapidly with‘ﬁNoj; On the other
hand thé ground state oxygen atom, O(?P), reacts very slowly

(if at all) with nitric acid,vapor.4 Thus the reactions following
the secondary photolysis of the product NO, are quite different

above and below 250 nm. Most runs were made at 255 nm (where

the cross section for light absorption by HNO3 is greater than



that for NO,) or at 290 or 360 nm (where thé éross section of
NO2 greatly exceeds ﬁhat ovaNO3); Only.a»fe§ ruhs were ﬁade
below 250 nm, where O(lD) enters the mechanism.

s ories of photdlysés was carried ou£ at 290 nm radiatiqn;
30 torr pure HNO3, and the progress of the,feaction was followed
by lightvabsbrption by NOZ' The results afe given in Figure 2
where the.logarithm of concentration 6f Noé is plétted against'
the logarithnr of photons absorbed per cm3.'bThe initial nitric
écid concentration is iﬁdicated at the top‘of the fiéure. The
primary quanﬁum yield ¢ is defined as -

number of molecules of HNO, destroyed

_ 3
® = Iimber of photons absorbed by HNO 5 (1)

The quantum ¢(x) with respect to some product x is defined as

o(x) = number of molecules of x formed

number of photons absorbed by HNO3 (2)

If NO2 were produéed with a quantum yield of.one,-the experimental
points would lie on ﬁhev45 degree line givén on the figure; points
ébove the.liné would corfespoﬁd to a quantﬁm Yield greater thah
one; and péints below the line correspond to éuantum'yields léss

than one. The first four experimental points represent
gquantities of NO, which are less Ehan one per cent of
the initial HNO;3 and the quantum yield for formation

of NO, is about 0.1, in rather close agreement with

the results of Berces and Forgeteg.3 Our interpretation of the
results, howeQer, is quiﬁe different from that'of Berces and
Forgeteqg. |

These experimenfal resﬁlts were interpreted by a model of

41 reactions (Table 1) carried out by the complete Gear,routine,9




modified.forbthis photochemical study (Lawrence Livermdre
Laboratory_ahd Dr. Gary Whitten of this laboratory). This
discussion focuses on the dominant reactionsbto give the reader
a qualitative understanding of what is invoiﬁed; quantitative
conclusiohs are based on' the integrationjof the full set of
reactipns.. From the Gear integration of the 33 homogeneous
reaétions under the conditions of’Figure 2; it was seeﬁ that

for the first few experimental points, the predominant product

is not N02, but NZOS:
HNO'3 + hv - HO + NO, (3a)
'HO:+ HNO3 - H20 + NO3 (3b)

, M
'NO., + NO., » N.O _ - (3c)

2 3 275

205 in their reaction cells but

found none. . We have observed repeatedly that Nzos reacts fairly

Berces and Forgeteg3 looked for N

rapidly with water on the walls of reéction‘cells to produce

nitric acid

NZOS + HZO -+ ZHNO3 (3d)

where W signifies a reaction on the walls of the cell. The net
result of théée four reactiéns is to return éll photolysis products
back to the starting material; all quantum yiélds are zero.by |
this four—stép mechanism,

The observed quantum yield of NO2 is about 0.1, howe?er.'
' This formation of products occurs by way of:

(a) The photolysis of N O5

N,0; + hv » 2NO, + O (assumed products) ’ (4a)



~

(b) The photolysis of NO2 and by its‘reibtion with oxygen

atoms

2
NO, + O » NO + O, S © (4c)

(c) The fast reaction of NO with Nzo5 which occurs via
the mechanism

M

N0 » NO

\ ewoy o (44d)

2

> 280, o L (4e)
> 3NO

NO + NO
fet: NO + N

3
o

275 2

(d) The thermal decomposition of N,O

M

- : +
N205 < NO, + NO

2 3

NO + NO, - NO + O, + NO (4 )

3 2 2

NO + NO

| 3 *»2N02
net: §N20

-+ 4NO2 + 0

5 2

These numefous, reiatively slow, seconda;y teéctions (4) compete
with.the'reponversion of NZOS to HNO3 by regction (3d), giving
the small observed quantum yield of about 0.1. |

The detailed calculations of the homogeneous reactions show
that NZOS dééreases precipitously during the course of the |
photolysié in Figure 2. Because of the great'speed of the
reaction of NO with N205, these two species aré incompatible
with each other. The photolysis of NO, (compare figure 1) forms
NO which déstroys NZOS‘ At thevmidpoint of the observed points
in Figure 2, Nzo5 has been reduced to a very'low level, the

back reaction (3d) no longer occurs, and the slope of the line

'NO. + hv - NO + O ' ' (4b)
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(log NO, vs. leg.photons absorbed) is one,vﬁhich.means the
quantum yield for formation of NO2 is one.‘ However, late in
the reaction, the slope is much greatef than ene; Noz is being
prodnced much faster than nitric acid_is beingvphotolyzed.
According td the detailed mechanism and in'terms_of homogeneous

17

reactions, nitric oxide exceeds NO. after 10 photons have been

2

absorbed per'cm3. As noted by Smith,l0 NO reacts at a moderate
rate with.nitric acid as a heterogeneous reaction on,the walls
of the feeetion cell h

o _ W o

NO + 2HNO, + H,O0 + 3NO, - - (5)
The rapid increase in NO, during the last helf of the observed
| points in Figure 2 results from the photolysis-of NOZI(reactions
4b, c) te form NO ahd_the reaction of this NO with nitric acid.

. These cbnsiderations show thaf the direct photolysis of pure
nitiic”acideapor is an unsuitable method fbr‘thaining the |
pfimary quahtum yield. During the early s;aées.of the reaction
the reSulté are dominated by a heterogeneous reaetion (3d) that
gives a quantum yield of NO2 much less tha@ the primary quantum
yield, and auring late stages of the reaction the results are
dominated by another heterogeneous reaction (5) that gives a
(differential) quantum yield of NO2 formatioh that is much greatef
than uniﬁy.

| It is well known that carbon monoxide reacts rapidly with

11 Thus the formation

hydroxyl radicals to produce carbon dioxide.
of carbon dioxide gives a sensitive method to detect the rate

of production of HO, presumably the rate of the primary photochemical



.-10-_ - : o

process

HNO, + hv + HO +'NO, - o (3a)

For this discussion we assume this primary quantum yield to be

one. To'the extent that the hydroxYl radiéél'reacts with nitric

acid

+ H,0 + NO —— B (3b)

(a) HO + HNOj > Hp 3

the quantum yield for formation of carbon dioxide is zero

o

]

9 ,(COy)
The reaction of the hydroxyl radical with carbon monoxide

(b) HO + CO + CO, + H

2
contributes unit quantum yield to carbon dioxide formation
¢b(C02) = 1

What happéns to the hydrogen atom determines the total quantum

yield of CO,. If the hydrogen atom reacts with nitrogen dioxide -

() H + NO, + HO + NO
the quantumIYield is two

chb (COz) = 2

If the hydrogen atom reacts with nitric acid to form H,

(d) H + HNO, - H, + NO,

the total guantum yield:of 002 is one ,
@bd(COz) = 1

If the hydrogen atom reacts with nitric acid to form HO, there

is a chain reaction that produces carbon dioxide
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(b) HO + CO + co, + H | | (6)
(€) H + HNO, - HO + HNO, |

. net: HNO3 + CO -+ CO2 + HN02

In this case the quantum yield could be indefinitely large
@be(coz) >> 1

_Berces, Forgeteg, and Marta12

interpreted their data on
added CO in terms of a primary quantum yield of 0.1 and a chain
length of reactiohé be- up to 17. The rate constant that they

=12 3 molecule”l sec!. Morris

required for reaction e was 10
and Niki4 attempted to measure this rate constant, but they were
unable to detect it. From the sensitivity of their experiment,
they found that reactiom;g plus d must be at least 10 times and

probably 100 times slower than the value used by Berces,
Forgeteg, and Marta. 12 Thus, the predominant mechanism is

beb, and the quantum yield for formation of CO, at
small degrees of conversion of HNO3 is expected to approach two

for a great excess of carbon monoxide over nitric acid.
A series of experiments was carried out with either 15 or 30
and with various amounts of CO from 30 to 700 torr.

3
The wavelength was 290 nm, and (8.810.2)><1015 photons em™ 3 were

torr of HNO

absorbed in each case. From Figure 2 this can be seen to be
about one per cent of the nitric acid present at 30 torr and
about 2 per cent at 15 torr. Thus these experiments represent
iniﬁiel conditions, and the_effect of nitric oxide reacting with
nitric acid was mihimized. The ratio of C02/C0 was measured on

e mass spectrometer.. The concentration of CO2 produced as a

function of initial carbon monoxide is given as Figure 3. At
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large exces$ CO, thé quahtum yiéld apprdaghésvfwo; as expected
f:om\mechéhism ggg. The quantum yield ié 1e$§ than two for

small amoﬁnt of CO, éé expected from the cbhpétition:of_HN03
‘and €O for the available HO radical. These results strongly
indicate that the primgry quantum yield fofithe photolysis of
nitric‘écid:is one at 290‘hm, since the quahtum yield.fbr formatioﬂ
of CO, béqohes two with excess CO over HNOS.;T.

| The:most complicated condition is that bf about equal HNO ,

and CO. In,this,casé some N,O. is formed, some ﬂoz is formed,
and the quantum yiéld for forming co, is 0.4:0.1. This complicated
condition waé chosen for a study of the efféétiof wave length,
Table 2. 'in thé wavelength region where the‘photolysis of NO2
leads to O(3P), the.qﬁantum yield of formaﬁioh_of CO2 is around
0.3 to 0.4,' At short‘wavelengths where phptblysis of NO2 leads
to O(lD);_the quahtum yield for fbrmation of_c02 is between 0.98
and 2.2. This increase in.qﬁantum yield appéafs to érise from. |

o _ . _

3 + hv'> HO + NO, R (7)

' NO, + hv + NO + o(lp)

o(lp) + HNO. + HO + NO,, etc.

3

in view of the lack of rate constant for the O(lD) reactioﬁs with-
HNO 5, it is hot possiblevto do complete modeivqalculations on this
system. It was dedided to work primarily 6huthe relatively simple
system where photolysis of &02 produces 0(3P).‘ »

In tﬁg system with added CO, there is gbme ambiguity about
the fate of the hydrogen atom, NO, is stripped down to NO, and

the role of the heterogeneous reaction betweeh_NO and HNO3 is

¥
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uncertain. If excess oxygen is added to the system, the hydrogen
atom will be trapped to form HOO, the oxygen atom from the |

photolysis of NO, will add to molecular oxygen to form ozone,

2

and both HOO and O rapidly convert NO to NOz;-reducing the

3
impact of the NO-HNO, ieaction. From the values of the rate
constants for H + NO2 and H + O2 + M, it cah_be seen that several
hundred torr of oxygen are needed to suppress the reaction of H
with NOZ‘Y Thé optimum amount of carbon monoxide was found by
varying'cobfrom 23 to 400 torr at a constant 300 torr of 0,. The
quantum yield for the formation of nitrogen dioxide is given by
Eigure(4,:where-the degree of dissociatiqp;of HNO3 is one per cent.
On this figure the quantum yield for formétion of CO, from the
v situation_With no added oxygen (Figure 3) is plotted against CO,‘
and the quantum yieldvfor forming NO2 with 300 torr of oxygen is
plotted on the same scale.

At sﬁall concentrations of CO there is é striking parallel
between quantum yield to produce 002 and to produce NOZ‘ The
reason for this parallelism is given in tefms of the competition

between HNO., and CO for the hydroxyl radical. The fraction of

3

reaction of HO with HNO., is given as a

3

' ‘ | NO, H,0
(a) HO + HNO; - H,0 + NO; — N,0p — 2HNO, (8)

and the fractional reaction of HO with CO is

O2 4 1
(1-a) HO + CO ~» co, + H — 202 + 502' (9)

k]

The quantum yield to form carbon dioxide is

0(CO,) = (1-a) n (10)
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The quantum_Yield to form nitrogen dioxidevié'

S e(NOy) =1 - (a) = (l-a) = @(CO,) -~ (11)
Thus to»ﬁhe first approximation, the quantum yiélds to form CO2
and NO,, are:equal and in the limit of excééS'Colthe quantum

yield of NO approaches thg primary ¢ of HNO3; However, when

2

HO reactsuwith HNO 5, N,0q is-formed, and its‘reactions with NO,
0, H, and hv produce some additional N02. :Thes§ secondary
reactions{of N205_cause thg ihitial yield.ofviNO2 to»exceéd that
of Co, (Eigﬁre 4), and.they lead to a quanfum yield of NO, somewhat
greater than onerﬁhen CO is about 100 torr. ﬁowever; when both
COband O2 afe about 300 to_400 torr, this é#géedingly complicated
system becomes surprisingly simple. N

If the primary photoiysi§ of nitric acid yielded a hydrogen

atom

~ HNO, '+ hv > H + NO,

3

the addéd okygen would remove the hydrogenvatom and any NO2 present

 would be. converted to N,Og and then to nitric acid:

e n Mo 1 1
H + 0y » HOO ~ 3#,0; + 30,
S ‘M Hg0
NO, + NO, 3 N,0. 223 2mHNO,

Even with added CO, the quantum yield both'fdjproduce NO, and to
produce-coz‘would approach zero with excess 62Ygen. Thus -the
pfimary'photéchemical reaction is not to pfoducé H and NO3.

If thé“primary phétolysis of nitric acid yielded an oxygen
atom and nitrous acidv -

. HNOj + hv + O + HNO,
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there would not be a large production of coé. The primary
photochemical reaction thus appears to be

HNO3 + hv + HO + N02

" Detailed calculations with a model of 37 homogeneous reactions

showed thaﬁ with 400 torr 0, and 300 torr CO,'there was oqu a

very small contribution from N295' NO, or HNOz.both to the composition
of the products and td the reactioh'rates; The quantum yield of
NOZ should’pé very close to the primary quahtﬁm yield of HNO,.

The experimenfal data. for varioué pressures'of'nitric acid (5, 15,
and 30'torr).at 255 nm wavelength and with 460 torr 02 and 300 torr
CO are plotted on Figure 5. Also included is a comparisonvbetween
255 nm and 300 nm radiatioh for 15 and 30 torr HNO,. Results are
plotted as photons absorbed by-nitric.acid vs.‘molecules'of NO,
formed. The line corresponds to unit quantum yield. The region
above the.line corresponds to quantum yieldvgfeatéf than one, and
the regibnvbelow the line COrrespondS to quantum yieid less than
6ne, Regérdless of wavelength (255 or 300 ﬁm)‘and regardless

‘of initial pfessure”of nitric acid (5, 15, 30 torr), the experimental
results are identical for nitric acid conversions of less than one
per cent. _For the cases with 15 torr HNO3, the quantum yield of
NO, at 255 nﬁ was one up to 2 per cent conversion of HN03, and it
became slightly higher than one (about 1.2) fér 4 to 6 per cent
conversion of HNO,; but the quantum yield of NQz at 300 nm was one
up to aboutkl.S per cent conve:sion of HNO3 aﬁd rapidly rose to

two as the conversion of HNO3 exceeded 2 pervcent. From Figure 1
it can be seen that at 255 nm HNOj absorbs radiation about 1.5

times faster than NOZ' but at 300 nm, NO2 absorbs radiation 40 times
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faster than,HNO3. The rapid rise of NO2 quéntum yield above
- 2 per cent-HNO3 conversion at 300 nm comes frbm the photolysis

of'NO2 and'the subsequent reaction of nitric oxide with nitric

acid
NO, + hv » NO + O o | . (12)
No + 2mv0, ¥ H,0 + 3NO
: 2HNO5 > Hy 2

Since reéﬁlﬁs at 255 and 300 nm égree very well below 1 per cent
COnversioniqf HNO ,, it is reasonable to a#éume that this sqrfdce
reaction is negligible under these conditiohé. Thus with added
CO (which suppresses NZOS)’ added 0, ( which:?emoﬁes hydrogen

atoms), and at low conversions, it appears that the quahtum yield

2
In the discussion of mechanism above, we have looked at the

for formatién of NO, is 1.0 between 255 and 300 nm.

compute; priht—out for the complete 37—reac£ion model and have
discﬁSsed only the major factors involved iﬂieach case. In
addition to the major reactiohs discussed ;ﬁere are numerous
other reactions givihg an effect of a fewﬂper.cent in one sense
or anothéi; In Figﬁre 6 we plét an exténsiVe‘run with 15 torr
HNO4, 300 torr éo, 400 térr 0,, and at 255'ﬁm:radiati6n. The
curve is based on the complete model of 37 thogeneoﬁs reactions
and on the assumption that the primary qﬁanﬁum,yield_for the
photoiysis of nitric acid is one. The points §re observations

at various'sfages of the,reaction up to 7 per.cent conversion

of the ofiginal nitric acid. There is excellent agreement between
calculated and observed results at the init;al stage of conversion,

at intermediate stages of conversion the observed points are



=17~

somewhat belowithe calculated curve, and at high degrees of
cdnverSidn,the obsérved points are somgwhat'above the calcuiated
curve. Thése deviations are probably reai effects due to surface
.réactions. The added CO almost completely suppresses N205 and
the iow quéntum yvield around 2><104 seconds ié not due to the
back reaction of N,0; and H,0. However, in this system large
amounts of hydrbgen péroxide are formed from the hydropefdxyl
radiéals  | | | | |

- HOO + HOO ~ H0, + O, »‘; ; | (13)
Hyarogen péfoxide reacts with nitric o#ide on'sgrfaces to produce

nitrogen di_oxide13

W | | »
.NO + Hy0, » H)0 + NO, - (14)

‘Hydrogen peroxide decomposes directly on surfaces

~ 2H,0, W oH.0 + 0

2Hy 2 2 (15)

Also, hydrogén peroxide reacts on surfacesvwith nitrogen dioxide .

~ to form nitric acid13

2NO. + H 02-§ 2HNO (16)

2 2

) . 4  (Figure 6) .
The low quantum yield around 2x10 secondiﬂsquld be due to this
heterogeneoﬁs réaction, equation 16. - The somewhat larger quantum
yield after 6x10% seconds is probably duevtd the reactions
indicated by equation 12.

| With one héterogenéous reaction (16) giving a net guantum
yield of}zefo and another set (12) giving a‘ﬁet qguantum yield

of 2 with respect to radiation absorbed by NOZ’ one asks whether

the agreement between theory and experiment in Figure 6 could be



due to accidental balancing of these two_opppsing heterogeneous
processes. However, this is not possible because the cross

section for NO2 absorption is too low. At‘fhe last point on

the figure, NO, is about 7 per cent of the'HN03, and the absorption

rate by NO2 only 5 per cent of that of HNO3{ Thus the maximum
quantum yield of two (equation 12) for desﬁruction of hitric
acid from photOIYSis of‘Noz-leads to ‘an inc;ease of the quantum

yield by ' - 10 per:ceﬁt, which is about thét observed.
Conclusions

‘The primary reaction in the photolysis of nitric acid vapor
is

-~ HNO

+ hv » HO + NO2

3
and the primary quantum yield is one. Theselstatements are
reasonably Qéll established for radiation waQelengths between
255 and'315 nﬁ, and.there.is étrong (but incéhélusive) evidence
for these §£éteménts a£>Waveleﬁgths shbrte::pﬁan 255_nm.. The
difficultj'bélow 250 nm is that the seconda;§ photolysis‘of NO2
producesto(lD), and its reactivity towards Hi\iO3 is not known.

The production of O(3P) from the photolysis of NO, above 255 nm

2
is of no.consequence, but the production of:nitric oxide at the
same time leads to a serious heterogenebus rééction between NO

and HNO,. Quahtitative results are obtﬁined,énly under éonditibns
where this secondary reaction is effeétiveiy'éliminated. The

experimental condition with most nearly ﬁegiigible side reactions

was: 255 nm, the wavelength of minimum N02_absorption; degree of
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reaction less than one percent; and added excess CO and O2 to
quench unde31rab1e secondary reactions. A firm base line was
established under these most favorable conditiops,'and it was
then possible to extend the conclusions to dther wavelengths

and to other conditions.
Acknowledgement

.This‘work was supported by the Climatic Impact Assessment
Program'bydmeans of an interagency agreemént between the
pepartment-of Transportation and the Atomic:Energy Commission
through the Inorganic Materials Research Division, Lawrence
Berkeley-Labdratory. We are grateful to Lawrence Livermore
'Léboratory fdr providing us with their Gear-B computer program,
to Dr. Gary Whitten who adopted this prograﬁ td'the nitric acid
problem, to Mr. R. Graham for the NO2 and - N2 5 spectra, and to

Dr. Charles Koch for the mass spectra.-



-20-

Table I.H‘Reactions considered,‘k at 298°K‘

1. HNO, BY Ho +'No, u
2. HO + NO, + M + HNO; + M 4.0x10’;2:(a)
3. HO + HNO, » H,0 + NO, 1.5x10713 -
. , -12
4. NO, + NO3 + M 5 NZOS + M 3.0x10 1.:(a)
5. N,05 + M + NO, + NO, + M 0.10 (a)
, ~-16
6. NO, + NO3 > NO + O, + NO, 2.4x10"
7. NO, + NO » 2NO, 0.87x107 11
8. NOo, 2 no + 0 -
9. 0+ NO, » NO + O, 9.1x10'f12
10. 0 + NO + M » NO, + M _- 6.8x10" 32
11. 0+ 0, + M > 0, + M  3.ex10734
-14
12. NO + 05 ~ NO, + O, 1.73x107
13. HO + CO » H + CO, ~ 1.sex107t3
14. H + NO, -~ HO + NO | o s.8x10711
15. H+ 0y + M » HOO + M 5.6x10732
o ' -13
16. H + HNO3 ~ H, + NO, BEE U
+ HO + HNO, B < 10713 .
17. HOO + NO + NO, + HO 2x10”13
(18. HO + HO » H,0 + O 1.6x10712
19. HO + HOO ~ H,0 + O, ax10” 10
| - 13
20. HOO + HOO » H,0, + O, 3.3x10"
21. HO + HO + M - HyO, + M 8.6x10" 31"
22. HO + NO + M ~ HNO, + M 4.1x107 31
: -17
23. HNO, + HNO, + H,0 + NO + O, 1.24x107" "
24. H,0, + HO + H,O + HOO 7.9x107 13

272 2



_21_
Table 1. Continued.
25.’H202,EX.H0 + HO ,
26. Hy0, + O > HOO + HO . | 9.0x10" 16
' - 16
27. H,0, + 0 + Hy0 + 0, | 9.0x10
= - | -15
28. H202‘+ H » H2 + HOO - 4,.8x10 o
_15
29, H202 + H ~» H20 + HO 4.8x10
: . : -17 -
30. v03 + NO2 -+ NO3 + 02 6.1x10
31. N205 — Q + 2NO2
32. O + HNO, » HO + NO, < 2x10”14
33. HO + HNO, + H,0 + NO, 6.8x10”12
-13
34. 0 + N,O; > 0, + 2NO, 2x10
35. HO + O + H + O, | 4.2x107 11
36. HOO + H » Hy + 0, 1.3x10” 11
37. HOO + H + HO + HO 1.7x10" 11
38. NO + 2HNO, ~+ H,0 + 3NO, . surface reaction
39. N205 + Hzo - 2HNO3 | surface reaction
40, H202 + 2N02 -> ZHNO3 surfacevreact;on
41. H,0, + NO > H,0 + NO,, surface‘reaction

(a) A function of total gas concentration; this value

refers to one atmosphefe-total pressure of CO + 02.
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Table 2. Effect of wave length on the quantum yield of
' formation of carbon dioxide with approximately

equal nitric acid and carbon monoxide

A Bheorbed o, - 0 ?(co,) - No%

nm lo16-cm-l torr torr , PROD.
315 1.75 29 33 0.39 o(3p)
300 C.55 .26 26 0.43

290 0.92 30 40 0.43

290 2.33 30 28 1 0.25

290 3.08 30 29 0.30

280 0.83 27 24 0.26

225 1.16 29 3 131 oo
215 2,25 30 18 2.2

215 0.08 . 16 29 1.8

215 0.72 15 28 L.

200 0.54 ; 9 11 0.98
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‘Titles to Figures

The ultraviolet absorption spectra of HN03, NO,, and
N,Og- '2n‘I°/I = ONL, where cihas‘units émz;’L cm, and

N molecules cm >.

Photolysis of puré.nitfic acid vapof'with 290 nm
ﬁltraviolet radiation. The séraigﬁt line corfesponds
to unithuantum yield. The formatioﬁ ofv"NO2 from pure
HNO, occurs with a quéntum'yield mﬁch less than one.

Photolysis of nitric acid vapor in the presence of

15 3

photons cm ~ absorbed -

by HNO,, 290 nm wavelength. The lower dashed line

3’
corresponds to a quantum yield for COZ of one; the

‘upper dashed line corresponds to a quantum yield of two.
'Photolysis_of nitric acid vapor with'added C0 and with

added CO and Oy 290 nmvradiation. The quantum yield

of CO, is in a system with added CO but no added 0,.

' The quantum yield of NO, is in a system with added CO

and with 300 torr O,. Note the parallelism between
¢(C02) and Q(NOZ) below 100 torr of CO. With excess CO,
the quantum yield of CO2 approachesfz and the quantum

yiéld of No2 approaches one.

Photolysis of nitric acid vapor in the presence of

excess CO and excess 02, at different wave lengths,

and at different initial pressures of HNO;. The straight

line corresponds to unit quantum yield.
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Fig.»6.‘ The'bui1d-up 6f NO2 during one photolysis with e#cess
"coband excess O,. The calculated cﬁrve is based on a
1m¢¢hanisﬁ of 33 homogeneous'reacti§hs as solved by
;the;Geér pxogram and on fhe.assumpﬁion that Q(HNO3).

is one.
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PHOTOLYSIS OF NITRIC ACID VAPOR IN. THE PRESENCE OF
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any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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