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Photodecomposition and Photooxidation of Hydrogen Sulfite in Aqueous Solution
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A zinc arc lamp and a mercury lamp, respectively, were used to study the photodecomposition;ofai80
SG:?” in aqueous solutions saturated with either argon or nitrous oxide. The main products in both cases
were sulfate and dithionate, which are attributed to arise from the self-reactionzofr&cals. Quantum

yields for the formation of S@ in argon-saturated solution based on hydrazoic acid and/or ferric oxalate
actinometry were 0.19+ 0.03 for HSQ™ and 0.39+ 0.03 for S@?", essentially independent of S(IV)

concentration. In both systems, the rate of sulfate formation rose with time at the expense of that of dithionate.
This is explained by reactions of hydrogen atoms and hydrated electrons with dithionate (rate coégficient
~ 2 x 10 dm* mol~ts™). N,O as a scavenger for these radicals removed the effect and raised the quantum
yields to 0.25+ 0.03 and 0.75E 0.04, respectively. The product ratios under these conditions weDe?[§

[SOs?7] = 0.43+ 0.04 for HSQ™ and 0.61+ 0.

03 for S@?". In oxygen-saturated solutions, the photolysis

of HSO;™ led to a short chain reaction with sulfate and peroxodisulfate as products. The latter product was
assigned to arise from the recombination ofsS@adicals. Steady state analysis of the product evolution
with time gave rate coefficients for two of the reactions involvégy(SQ,~ + HSG;™) = (1.2+ 0.4) x 10*
dm?® mol~t s~ for the main propagation reaction akg{HO, + SG;-) = (1.8 & 1.0) x 1®° dm® mol~* s*
for the principal termination reaction. These values agree well with recent data from radiolysis experiments.

Introduction

The autoxidation of sulfur(IV), that is, sulfite (39) and
hydrogen sulfite (HS@) in aqueous solution, is now well
known to occur by a chain reaction propagated by oxysulfur
radicals! The species involved are the sulfite radical,3SO
the peroxomonosulfate radical, $Qas originally proposed by
Backstran,2 and the sulfate radical, SO as suggested by
Hayon et aB The reaction chain is initiated by the formation
of SG;7, which can be generated from sulfur(IV) by way of
photolysis®~® radiolysis’~° autocatalysid? or reaction with
certain transition metal ioris.In the presence of oxygen, 30
is rapidly converted to S£, which acts as the main chain
carrier. The oxidation of sulfur(lV) by transition metals may
also proceed via a nonradical mechanisbut at least for iron

it has been demonstrated that a chain reaction propagated by

oxysulfur radicals is dominadt. However, the interaction of
radicals with the metal ions complicates the system.

It has been shown that photolysis of $Owith light from
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Figure 1. Decadic logarithm of absorption coefficients (unit:2 m
mol) for HSG;~, SO?~, and HN; in aqueous solution to indicate the

a mercury lamp (253.7 nm wavelength) provides a convenient positions of maxima and onsets in the spectra; data from Shapira and

way of generating S© radicals in alkaline solutiorfsywhere
oxidation is rapid. In acidic solutions, however, sulfur(lV) exists
predominantly as HS® (pK ~ 7.2). Compared with S&-,

the absorption spectrum of HgO has its onset at shorter
wavelength (see Figure 1), so that it is less accessible. We hav
explored the photolysis of HSO using light from a zinc arc
lamp and found that photodecomposition yields;S@dicals

in a similar manner as photolysis of O. The present paper
reports results for (i) the photolyses of HSOand (for
comparison) S~ in solutions saturated with either argon or
N2O and (ii) the photooxidation of HS in the presence of
oxygen. The chain oxidation of HSOis less rapid than that

of SO2~, which allows us to derive from the data some
information about the magnitude of the rate coefficients for the
chain-propagating step and the principal termination reaction.

® Abstract published ifAdvance ACS Abstract#ugust 15, 1996.

Treinint® and Deister et &l
Experimental Section

Apparatus. Absorption coefficients were determined with
a two-beam spectrophotometer (wavelength resolution 2 nm).

®rhe coaxial photolysis setup consisted of either a Penray low-

pressure mercury lamp or a similarly rod-shaped zinc arc lamp,
surrounded by a cylindrical quartz vessel (filling capacity ca.
50 cn?). In the first case the photolysis cell was made of
Haereus M235 quartz to eliminate radiation below 220 nm; in
the second case Suprasil quartz was used. The radial distances
between the vessels’ concentric walls, which determined the
absorption path lengths, were 1.15 and 1.3 cm, respectively.
Whereas the mercury lamp radiated in all directions, the zinc
lamp had the emission restricted to a &3 cm aperture. To
achieve an even illumination of the solution, the quartz cell was
placed on a turntable rotating at 10 rpm. Heat and ozone
generated by the lamps were flushed out by means of com-

S0022-3654(95)03236-9 CCC: $12.00 © 1996 American Chemical Society
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pressed air. After ignition, the lamps were given sufficient time ' T I T T
to reach a stable output before they were placed inside the - A =253.7 nm .
photolysis cells to initiate the photolysis. 5

Actinometry. Standard ferric oxalate actinomeffyvas used
with the mercury lamp to determine the 253.7 nm photon flux
entering the M235 quartz cell. At the lower wavelengths " T
emitted by the zinc lamp the photolysis of hydrazoic acid gHN
in aqueous solution was used as actinom&tethe products
of HN3 photodecomposition are equivalent amounts of hydroxy-
lamine and nitrogen, which are formed with quantum yields of
unity. The products follow from the incipient formation of an
excited HN* molecule and its reaction with watét. As shown
in Figure 1, the absorption spectrum of klNxhibits a
moderately intense peak at 264 nm wavelength (decadic
absorption coefficientmax = 4.63 n? mol™1); the absorption
rises strongly at wavelengths below 235 nm toward a second = 4
peak in the vicinity of 197 nmef,ax~ 60 m? mol=1). At HN3
concentrations of about 1 mmol dfthe radiation at wave- 1 4
lengths below 220 nm is almost fully absorbed in the solution, )
whereas radiation at longer wavelengths is less effective. This 5
minimizes the absorption of a group of lines in the 24280
nm wavelength range, which the zinc arc lamp emits in addition 0 1 . ’ 1 I .
to the 213.9 nm line, albeit with much lower intensittesUnder 0 20 40 60
these conditions the hydrazoic acid actinometer registers Time / min
primarily the 213.9 nm line as well as two weaker lines at shorter rigyre 2. Hydrazoic acid actinometry, [Hijb = 10 mmol dm: rise
wavelengths (202.6 and 206.2 nm, approximately). Solutions with time of nitrogen (open points) and NEH (filled points) and
of hydrazoic acid were prepared by dissolving Naiddystals loss of HN; (diamonds); (a, upper frame) mercury lamp; (b, lower
and adding 70% perchloric acid until pid 2 was reached. frame) zinc lamp.

Reagents and Analyses.Analytical grade reagents and
deionized water were used to prepare solutions with known
concentrations for calibration, actinometry and photolysis
experiments. Millimolar solutions of sulfite were prepared from
crystalline NaS@ and millimolar solutions of hydrogen sulfite

Concentration / mmol dm-3
T
1

the production with time of hydroxylamine and nitrogen as well
as the loss of Hi The linear rise in concentration of
hydroxylamine matches that of the HNoss. The rate of
nitrogen production is initially somewhat lower but ultimately

from aqueous NaHSO(40%). Sulfur(lV) contents were approaches that of hydroxylamine. Nitrogen, however, is
determined with less precision than the other two quantities.

checked iodometrically by the method of Custer and Natel&on. !
Standard anion chromatography was used for routine analysisThe averages of the rates of HN’S_S and NHOH _produ;:ﬂon

of sulfate and SE/HSO,~. In the latter case formaldehyde were used _to calculate th_e effect_lve radiation intensity. The
was added prior to the analysis to enhance the stability of sulfur- @mount of light absorbed in solution was calculated from the
(IV) by conversion to hydroxymethanesulfonate. Dithionate, Measured decadlcl absorption coefficient ford-#i253.7 nm.
S,0¢, and peroxodisulfate, 9>, were determined by € = 443 {ﬁ mol™%. This resulted in (2.57 0.10) x 10!
reversed phase ion chromatography using tetrabutylammoniumpho_tonS S5 1n eX(_:eIIent agreement with the value obtained by
hydroxide as ion-pair-forming reagent. }&0D; was added as ferric oxalate actinometry.

modifier, and a standard suppressor column reduced the Figure 2b shows the temporal loss of kibind the rise of
background signal of the conductivity detector. Hydroxylamine NH2OH and nitrogen in the photolysis of 10 mmol dfn
was analyzed by cation chromatography. Hydrazoic acid was hydrazoic acid solutions with the zinc lamp. The behavior is
determined spectrophotometrically at 260 nm wavelength, similar to that observed with the mercury lamp. The measured
ferrous ion was converted to the Fe@iphenanthroline complex ~ decadic absorption coefficient at 213.9 nm is 27 8mol .

and determined by Spectrophotometry at 510 nm Wa\/e|ength_At the concentration USEd, 99.9% of 213.9 nm radiation is
A gas chromatograph equipped with a thermal conductivity absorbed in the solution, but if lines at longer wavelength near
detector was used to determine nitrogen. For this purpose the250 nm were present with similar intensity, they would markedly
gases that evolved during irradiation were subsequently ex-contribute to HN photolysis. Accordingly, another set of
panded from the photolysis cell into an evacuated auxiliary bulb measurements was made at lower concentrationg§N 1

of 100 cn? capacity, and samples were taken from there. The mmol dnm 3, which minimized the contribution of lines at longer
partitioning factor was measured with known amounts of wavelengths. The N4#OH concentration and loss of Hiwere
nitrogen injected into the (unirradiated) solution before expan- again observed to rise |inear|y with time. The effective radiation
sion. The recovery ratio was 0.44 0.06, on average, which  intensity calculated from the measured rates ofsHdés for

is slightly less than that expected from the volume ratio of the the two concentrations was (1.9430.06) x 10'° and (1.86+
expansion bulb and the photolysis cell. 0.10) x 106 photons si, respectively, whereas the NEGH

production rates gave (1.8% 0.09) x 106 and (1.67+ 0.07)

x 10 photons s!. The values are quite consistent with each

other, indicating that the influence of zinc emission lines at
Actinometry. Ferric oxalate actinometry, used with the longer wavelengths is essentially negligible. An average value

mercury lamp, gave (2.6 0.12) x 1017 photons 5! entering of (1.83=+ 0.13) x 10' photons s* was used in subsequent

the quartz cell. The value is based on the recommendedexperiments with S(IV) solutions.

guantum yield of 1.24 for ferrous ion formatid#. Figure 2a Photodecomposition of Sulfite. Our previous studyof this

shows for the photolysis of hydrazoic acid by the mercury lamp process with a mercury lamp inferred a rather high primary

Results
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T T T T T ] TABLE 2: Photodecomposition of Sulfite in AqQueous
Ar-saturated o Solution: Average Conversion Rates, Quantum Yields, and
200 | i Product Ratios
o [SOZ]
%o 2 [SO] ~ A[SO2 VAt [S:06> )/
| & [8:067] (mmol dn3) (nmol dnT3s7Y) @, ®(SO;s)  [SO2T]
Argon-Saturated
0.5 1.0£0.1  0.23+0.01 0.34+0.02 0.49+0.02
100 - 5 — 0.75 17401  0.25+0.01 0.38:0.02 0.46+0.04
o 6 1.0 25+0.1  0.28+:0.01 0.42+:0.02 0.48+0.05
£ B i 25 5.8+0.2  0.27+£0.02 0.40+0.02 0.47+0.01
5 5.0 9.9+ 0.7  0.25+0.01 0.37+0.03 0.48+0.06
£ average 0.2%0.02 0.39+0.04 0.48+ 0.04
=
= 0 Nitrous Oxide-Saturated
5 , | , | 0.5 21402  0.49+0.03 0.71+0.05 0.62+0.02
= 0.75 3.4+0.1 0.52+0.02 0.76+0.03 0.60+ 0.03
£ N2O-saturated o 1.0 45£01  052£0.02 0.77£0.02 0.59+ 0.02
8 300l _ 25 105+ 0.4  0.51+0.02 0.74+0.03 0.60+ 0.04
S 5.0 19.7+41.1  0.50+£0.03 0.72£0.05 0.62+0.02
o average 0.5% 0.03 0.75+0.04 0.61+ 0.03
200~ ~ . . . e
is attributed to reactions of hydrated electrons with dithionate,
a reaction 5a, assisted somewhat by reaction with hydrogen atoms,
100 _ reaction 5b. At pH 9, the equilibrium betweegyeand H is
perturbed, because reaction 6a is fairly slow, leading to an excess
concentration of g~ compared to |§ = 9.6, in steady state
% 20 25 a5 with hydrogen atoms. The solid lines shown in Figure 3a were

calculated on the basis of the mechanism in Table 1 with the
rate coefficients given there.
The calculation of quantum yields is based on the formula

Time / min

Figure 3. Rise of sulfate (open points) and dithionate (triangles) in
the 253.7 nm photolysis of millimolar S® solutions: (a, upper frame)
argon-saturated; (b, lower frame) nitrous oxide-saturated. The solid lines
in part a were calculated with the rate coefficients given in Table 1. A[SO327]/At

11— 10 “U/V,N,

E1l
TABLE 1: Reactions Following the Photodecomposition of ¢ ED

Sulfite Anion?

@) SQ 4w~ SO + e @y #b whereA[SOs2 ]/At is the rate of sulfite consumptiot, = 2.6
ggg o G o TN e x 107 photons s%, € = 1.76 n?# mol-%, ¢ = 10° [SO2"] with

3) OH+ SO — OH- + SOs ke = 4.5 % 108D the concentration in mol dind = 1.15 x 10~2 m is the optical
(4a) SQ + SO~ — S,062 2k, =6.2x 108¢ path lengthVy is the volume of the photolysis cell, afth =
(4b) Sdi;*S%I:liiHﬁ%)Q_: kadks = 0.37¢ 6.02 x 10?3 is Avogadro’s number. The quantum yield for
(5a) & + 08 — SO + SOr ke ~ 2 x 10° 4 SO; radicals is related to that of sulfite consumption by
(5b) H+ S,062~ — HSO;™ + SO~ ks~ 2 x 108 d

(Ga) Qq + H,O—H Kea= 19 b 2([8042*] 4 [820627])

60 HioH —ay 52100 PSO) = P o =
(7a) Qg + €aq — Ha + 20H- 2kra= 1.1x 10100 (SO~ 142507 D

(7h) @q + H (+H20)— Hz + OH~ kzo= 2.5 x 1010b

(7¢) H+H—H, 2kre=1.6x 10°P provided secondary losses of products can be neglected. Table
ggz; 3[1; Jg é@;;g&f’ 2 2 lists values of both quantum yields for different sulfite

concentrations. Because of the variation in the production rates,

aUnit of rate coefficients: dmmol-! s, b Reference 18 Refer-
ence 209 Present date Neglected; see text.

and to avoid an excessive consumption of sulfite, only the first
five data points at times up to 25 min were used in calculating
averages. The values are markedly lower than that reported
quantum yield of 0.85 with [Sg"] ~ 0.5 mmol dnr3. previously, but they are independent of concentration. This
However, the quantum yield decreased when the sulfite shows that the problem mentioned above has been removed.
concentration was increasétindicating a variable absorption  The average value in argon-saturated solutio®{§0;") =
possibly due to light at 185 nm wavelength, which is emitted 0.39+ 0.04. It agrees well with half of that obtained in nitrous
from the mercury lamp together with the 253.7 nm line. At oxide-saturated solution (0.75 0.04)/2= 0.38+ 0.02, which

that time no effort was made to eliminate 185 nm radiation. is expected if the hydrated electrons are largely converted to
This omission was corrected in the present study. Figure 3 OH radicals and these react further with sulfite. In addition,
shows the evolution of sulfate and dithionate in the photolysis this result indicates that the direct recombination ogS®ith

of millimolar SOs?~ solutions saturated with either argon or hydrated electrons or hydrogen atoms can be neglected. Ac-
nitrous oxide. Table 1 gives a mechanism to explain the cordingly, ®(SG;™) in argon-saturated solution is equivalent
formation of these products. They result mainly from the to the primary quantum yiel®,. Ratios of dithionate to sulfate,
recombination and disproportionation of $Cradicals. NO which are given in Table 2, are independent of sulfite
acts as a scavenger of hydrated electrons and converts them t@oncentration, but they are markedly higher in the presence of
OH radicals. Their reaction with sulfite produces another sulfite N,O compared to argon-saturated solutions. This behavior is
radical, so that the yield is doubled. Product evolution in again attributed to the influence of reaction 5a, which is
solutions saturated with JO is essentially linear with time. In  suppressed by the addition of,®. In this case the average
argon-saturated solutions sulfate rises more strongly at laterratio is [$Os? J/[SO427] = 0.614 0.03. This value gives the
times than initially, at the expense of dithionate. This behavior branching ratio of reaction 444k, = 0.37 + 0.02.
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Fi 4. Evoluti f ts in the phot iti f LN .
igure volution of products in the photodecomposition of HSO The solid line indicates a 11 ratio.

in argon-saturated aqueous solution; [HSJ@= 1 mmol dnv3. The

solid lines were calculated with the rate coefficients given in Table 1. TABLE 3: Photodecomposition of HSQy~ in Aqueous

Photodecomposition of Hydrogen Sulfite. Sulfate and E?(I)létsjcértw:RQt\i/ggage Conversion Rates, Quantum Yields, and

dithionate were observed as products when argon-saturated — —
HSOs~ solutions were irradiated with light from the zinc lamp.  [HSCs 1 AHSOs J/At

e ’ mmol (nmol [S20627)/
The dithionate/sulfate ratio was about the same as that observed dm-3) dm3s7) D D(SG) [SOs]
in the photolysis of sulfite. This is taken as evidence that kiSO Argon-Saturated
undergoes photodecomposition to generates"S@dicals. 0.5 8.5+0.9 0.11+0.02 0.17+0.02 (0.163 0.41+0.02
Figure 4 shows the rise of product concentrations with time. 0.75 12.7+16 0.12+0.02 0.19+0.02(0.18) 0.390.02
The reaction mechanism for the photodecomposition of £SO ;g éggi gg ggi 8'83 g-igi 8-82 Eg-gg 8-2% 8-8;
is taken to consist of the primary step 50 55.0+ 4.9 0.13+001 0.20+002(0.23) 0.4% 0.02
B B average 0.120.03 0.19+0.03 0.40+ 0.03
HSO, +hw—S0, +H 9) Nitrous Oxide-Saturated

0.5 10.8+1.3 0.14+0.02 0.22+0.03 0.45+ 0.05
followed by reactions 4, 5b, and 7c. In the pH rangeb4dhe 0.75 16.7+1.7 0.16+0.02 0.25+0.03 0.43+0.03
concentration of hydrated electrons is%orders of magnitude %-0 ill-gi }1-3 g-igi 8-8; 8-321 8-83 8-3& 8-8}
Iovx_/er than at_pH 9 so that the|r reactions can be neglected to 5 680487 0.16L002 0.24%0.03 0.42+ 0.01
a first approximation. The primary process 9, as pointed out ayerage 0.16 0.02 0.25+ 0.04 0.43+ 0.04

by a reviewer, may involve the reaction sequence ) . .
@Values in parentheses were calculated with the assumption that

SOs™ radicals are partly produced by H atoms reacting with BSO

HSO; +hv —HSO; + e, (9a) see text.
HSO,— H" +SO,~ (10) nitrous oxide-saturated solutions. Equations E1 and E2 were
again used to derive the quantum yields. The decadic absorption
“+H"—H 6 coefficient wase = 8.9 n? mol™%, measured at 213.9 nm
€ (6¢)

wavelength. The consumption of HgOwas negligible in both

which cannot be distinguished from the direct formation of a cases. Samples were taken every 10 min for irradiations lasting
hydrogen atom in reaction 9. The solid lines in Figure 4 were 1h, and the results were averaged. There is no great dependence
calculated on the basis of this mechanishy & 0.19) and with ~ ©on the concentration of HSO. The overall average is 0.19
the rate constants shown in Table 1. It was not possible, 0.03 for the primary quantum yield of sulfite radicals from
however, to fit the data wittks/k, = 0.37. Instead, it was HSOs™ in argon-saturated solutions. At an initial g5 the
necessary to reduce the value to about 0.30. true quantum yield may be somewhat lower, because the strong

Reaction 4b is a source of hydrogen ions. Whereas in the absorption of S€f~ at 213.9 nm wavelength (see Figure 1)
photo]ysis of sulfite at pH::g 9 reaction 4b does not fu”y contributes about 16% to the total absorption of SUlfUr(lV). With
compensate the consumption of hydrogen ions by reactions 6bincreasing time of irradiation the pH decreases, so that the
and 7 (or 2a and 3) so that the pH of the system rises, the concentration of Sg~ and its contribution to total absorption
photolysis of HS@™ does not involve reaction 6. The solution ~decrease as well. However, the experimental scatter at short
accordingly acidifies. The initial pH derived after preparing irradiation times prevented this effect from showing up in the
the solution was slightly below pH 5 for [HSG] = 1 mmol individual quantum yields determined at different irradiation
dm3. Figure 5 shows that the rate of hydrogen ion production times.
estimated from the change in pH agrees well with that of sulfate  In contrast to the results for SO the presence of D did
production, which is expected on the basis of the suggestednot double the quantum yield, although it did raise the values
mechanism. somewhat. While the rate constant for the reaction of H atoms

Table 3 presents quantum yields for the photodecomposition with N>O is over 3 orders of magnitude smaller than that for
of HSG;~ for a range of concentrations in both argon- and hydrated electrons (see Table 1), it is still fully competitive with
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| ] follows that of sulfate despite the greater scatter. The following

500 b
A {:g‘?ﬁ ]] x50 mechanism was used for a quantitative interpretation of the data:
o 4
F N AH] 7 HSO, +hw—S0O; +H 9)
©
T 400 - kg=29x 107°s™
3 _ -
% B i SO, +0,— S0 (13)
g k= 25x 10°
S 2001 -
g H+ O,—HO, (14)
Q
°c r /f 7 ky,=7.5x 10°
HO,—~H"+ 0, 15
% 30 80 % 2 2 (15)
Time / min pK,s = 4.8
Figure 6. Evolution of products in the photooxidation of HSOin - - - -
aerated aqueous solution; [H8Q = 1 mmol dnT3. The solid lines SG; + HSG, HSG, + SG; (16a)
were calculated with a simple steady state approximation (see text). Kk =85x 10°
16a~ ©*

H atom recombination, reaction 7c, so that all the H atoms

should be scavenged. If the $Qquantum yield in the presence SQ +HSG SO HH +30, (16b)

of N,O were twice the primary quantum yield, its value would Kigp = 0.04,,
be ®, ~ 0.12. The higher S© quantum yield in argon- _ _ o . _
saturated solution (0.19 versus 0.12) would then require another SO, +HSG — S0, +H + S0, 17
source of S@ at the expense of hydrogen atoms. This suggests k.=68x 16f
. 17 — O. X
the occurrence of the reaction
SO +SQ, — S0 +0, (18a)
H+ HSO,” —H, + SO, 11

& TH TS0, () Kyga= 9.3 x 107
which would cause the SO quantum vyield to depend on - - -
HSGO;~ concentration, in contrast to the near independence of SG +S0 250, + 6 (18b)
the data in Table 3. Sample calculations showed, however, that Kigb = TKi6a
a rate coefficienky; ~ 2 x 10* dm® mol~! s~ would suffice _ _
to generate the additional amount of sulfite radicals needed. SO +HO,—~HSG; +0, (19a)
SO;~ quantum yields calculated with this assumption for argon- k. =17x10°

19a— 1.7x 1

saturated solutions are included in Table 3 (in parentheses). The
values fall mostly within the range of the experimental

SO+ 0, (+H)—HSO +0 19b
uncertainties, so that reaction 11 is still compatible with the % 2 ( ) % 2 ( )

experimental data. The alternative explanation that less than kygp = 2.7 x 10°
one hydrogen atom is formed for each S@adical would be
in conflict with the assumed primary process. Steady state HO, +HO, —~ H,0, + O, (20a)
calculations based on reaction 9 wilh, = 0.12, followed by Kyoy = 8.3 x 100
reactions 11, 4, 5b, and 7c, also reproduced the solid lines in
Figure 4, but it was again necessary tolggts = 0.30 in order HO,+ O,  (+H") —H,0,+ O, (20Db)
to obtain a reasonable fit to the experimental data.

Table 3 also gives averages for the ratio of dithionate to Kaop = 9.7 x 10
sulfate. The values are slightly higher in the presence @ N - - " o
compared with argon-saturated solutions. Yet even in this cases HSGQ +HSQ, —2H" + 250, (21)
they are distinctly smaller than those obtained in the photode- k..~ 1x 10°

21

composition of sulfite, although in both sets of experiments the
rise of products was observed to be linear with time. The
observation that the ratios are essentially independent oEHSO
concentration indicates that the conceivable reaction

H,O, + HSO,” — H" + SO + H,0 (22)
ky,~ 1 x 10°

This mechanism is equivalent to one used previously in a
discussion of the photooxidation of sulfite in the alkaline pH
region® The rate coefficients are largely known, although not
does not need to be taken into account. all of them have so far been published in the open literature.

Photooxidation of Hydrogen Sulfite. The products observed The values quoted were taken from refs—IX®). The rate
to result from the photolysis of HSO in oxygen-saturated  coefficients for reactions 21 and 22 are pH dependent, and the
solutions were sulfate, hydrogen ion, and peroxodisulfate, the values listed refer to pi: 4. The value fok;g, Which serves
latter in small amounts. Compared to sulfite in alkaline medium, partly as a scaling factor in the data evaluation, is an average
hydrogen sulfite in acidic solution is quite stable against of four values: 0.5, 1.0, 0.93, and 1.3 (unit: 81dim® mol~?!
autoxidation in the dark. Only minor corrections for sulfate s™1) taken from refs 2424, respectively. Reactions 16a and
formation in the dark were required. Figure 6 shows the rise 16b are the chain-propagating steps, but for the experimental
of product concentrations with time of irradiation. The rise in conditions used, the chain is not well developed so that
hydrogen ion concentration estimated from pH measurementstermination reactions are important. This opens the possibility

SO, + HSO,” — S0 +H (12)
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to check on values for some of the rate coefficients, especially

kig andkigs If peroxodisulfate arises exclusively from reaction

18a and radicals are assumed to be in a steady state, the kinetic

treatment of the above mechanism leads to the following

equations for the production of peroxodisulfate and the con-

sumption of sulfite, respectively.
d[S,05" YVt = (k/A)X

dX/dt = 2kef 1 + ((KygKig) — 3/2)IAF X +
2Ky o(kolky g A)2X5? (E4)

whereX = [HSO57], ko = ®ploed(In 10)MNa = 2.9 x 10°°
st (for @, = 0.19).

(E3)

—d[HSQ, J/dt = —dX/dt = d[SO,* }/dt + 2d[S,04" |/dt

A= 2+ (Kyger/Kiga (Kigd kzoExﬂ)l/2

kigert andkapess are compound rate coefficients for reactions of
HO, defined by

Kigett = Kioa T Kign(K1d/ [H+]) ~ Kiga
Kaoett = Kooa T gl Koor(K/[H +])

This is to simplify the treatment of HOreactions, which
occur partly via the @ radical due to the equilibrium 15 and
thus are pH dependent. In the first cadge, < kigs and at
values below pH 5 reaction 19b is essentially negligible
compared with reaction 19a. In the second dasg> kyos SO
that the full expression must be used. Moreover, aJ {lries
with time, kageft decreases from aboutx4 18 at the beginning
to 2 x 107 toward the end of irradiation (unit: dhmol=1s71).

In the evaluation of eq E3, the variation kebet as well as that
of [HSO;7] was taken into account. From the data shown in
Figure 6 one obtains for the ratio the average value

KiodKiga= { koX/(d[S,05” 1dlt) — 2H/(KysdKaoer) > =
2354+ 8.4

which with kyga= 9.3 x 107 dm® mol~1 s1 leads tokjgq= (2.2
+ 0.8) x 10°dm* mol~1 s™1,
Equation E4 has the solution

(XJX) 2= —(bla)X,M2 + (1 + (bla)X,"?) expl,at)

wherea = 2kg(1 + ((kisw'kisd — 3/2)/A} andb = 2k;e(ke/
kisA)Y2 are the factors appearing on the right-hand side of eq
4. The ratiokigykiga ~ 7 has recently been determined by
Yermakov et al? the parameteA was determined in conjunc-
tion with kjofkiga @and was found to bé = 37.8 + 5.1, on
average; with these values the parametés calculated to be

a = 2.3%,. Figure 7 shows a plot of Xy/X)'2 versus
expl/at). The straight line shown results from a linear
regression analysis of the data leading/te —(0.91+ 0.10)

+ (1.894 0.10) expl.at). Slope and intercept with the ordinate
give (/a)Xo2 = 0.90 & 0.10, from which one obtainlks =

(1.1 &£ 0.3) x 10* dm® mol~t s™%. The error margin fokys
includes the uncertainties inherent in the valuesAddnd a,
which are larger than the scatter of the data points. A similar
result would have been obtained if the data AgH*] shown
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Figure 7. Plot of ((HSG]o/[HSOs7])2 versus exp{.at). The linear
regression line is represented ypy —(0.91+ 0.11)+ (1.89+ 0.10)-
X.

coefficients. The curves are in reasonable agreement with the
experimental data.

Because of the uncertainties inherent in the primary quantum
yield for [HSO;7] photodissociation, the procedure was repeated
with the assumption thab, = 0.12. This gavega= (1.4 %

0.6) x 1 andkie = (1.34 0.3) x 10* dm®* mol~t s, These
values agree in magnitude with those derived above. Both sets
of values may be combined to obtain a range of vakigs—
(1.84 1.0) x 1P andkis = (1.24 0.4) x 10*dm® mol-1 s,

Discussion

The present study confirms that sulfite radicals and hydrated
electrons are the principal products in the photodecomposition
of sulfite. This is made evident especially by the results with
N2O as a scavenger for hydrated electrons. The photodecom-
position of hydrogen sulfite likewise produces sulfite radicals.
In this case the effect of D is smaller. The quantum yields
determined in argon-saturated solutions for the photolysis of
SO~ at 253.7 nm and for HS9 at 213.9 nm wavelength are
0.39+ 0.04 and 0.1% 0.03, respectively. Both are essentially
independent of concentration in the range used. In the first case
the quantum yield is smaller than that reported previously, but
those data were probably influenced by the presence of radiation
at wavelengths shorter than 253.7 nm, which is now eliminated.
However, even the lower value 0.39 indicates a significant
guantum vyield. The primary SO quantum yield in the
photolysis of HS@™ is uncertain. If the yield measured in the
presence of BD represents twice the primary quantum vyield
as in the case of Sfr, the primary quantum yield would be
@, ~ 0.12. In this case, hydrogen atoms would have to react
with HSGO;~ to produce the additional SOradicals observed
in argon-saturated solutions. Our results also confirm that the
products resulting from the self-reaction of sulfite radicals are
dithionate and sulfate. The ratio given previostas 0.5. The
present results indicate that the ratio varies somewhat with
experimental conditions. The values obtained in the presence
of N2O in order to eliminate possible perturbing reactions of
hydrogen atoms and hydrated electrons are 6103 at pH
9 (SQ2~ photolysis) and 0.43+ 0.04 at pH 5 (HS@
photolysis). Since the rate coefficient for reaction 4 shows no
pH dependenc®, the branching raticks/k, likewise is not
expected to depend on pH. The mechanism in Table 1 assumes

in Figure 6 had been included in the evaluation, despite their that reaction 4 is the sole source of dithionate and sulfate.

larger scatter compared ®%SO,27]. The curves in Figure 6

Additional sources of dithionate in alkaline or sulfate in acidic

were derived by computer simulation based on the above ratesolution are not obvious. The reaction G- HSO; — H +
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S,06%~ would increase rather than reduce the concentration of = 1.8 x 108 dm® mol~! s™1 was used in evaluating the data, or
dithionate, and the independence of theQ&~]/[SO427] ratio 8.5 x 103 dm?® mol! s~ when Xjg,= 1.0 x 108 dm® mol!

with HSQ;~ concentration also argues against this reaction. s~ was employed®2! Within the margin of uncertainty the
Accordingly, it appears thdt ks has a value in the range 0:30 present result is consistent with both. Again it appears that a

0.37, but we are unable to determine it more precisely. consensus has been reached on an important rate constant in
Application of the zinc arc lamp allowed a study of the the sulfur(lV) chain oxidation system.
photooxidation of HS@ in aerated solution. Although this Finally it should be mentioned that attempts in the present

process is a chain reaction, the chain lenigtis rather short. study to use either ethanol or 2-propanol as scavengers for SO
This parameter is given by the second term on the right-hand radicals in the photooxidation of HSO failed, because both
side of eq 4, divided bylR[HSO;™] (two sulfate molecules are  alcohols undergo photolysis at the short wavelengths emitted
produced in each step), plus a term dealing with propagation by the zinc lamp. The photolysis products were the same as
by reaction 18b followed by reaction 17: those resulting from the scavenging reaction. Thus it was not
possible to check on the presence of sulfate radicals in the
L = k,o([HSO, 1/kokyg A2 + 2kigfkig A  (E6) system. The production of SOby reaction 16b appears to be
minor according to recent experimental daf& for the iron-
From the numerical data derived in the Results section one catalyzed oxidation of HS£, but it would have been of interest
calculates a chain length &f~ 1.5, with the second term in  to confirm the extent of S© production in reaction 18b, which
eq 6 contributing about 25% to the total. The rate of sulfate contributes to a continuation of the chain.
production is comparable to that associated with chain termina-
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