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A kinetic model for the biacetyl-sensitised photo-oxidation of Cl Acid Orange 7 in aqueous solution
during continuous irradiation at 365 nm is presented. Biacetyl was taken as a model for naturally
occurring carbonyl species in polymers such as oxidised cellulose and lignin involved in
photosensitised degradation of azo dyes. Quenching of triplet biacetyl by the dye and by oxidation
products as well as quenching of singlet oxygen by water and by oxidation products was accounted
for. The equations derived from the model describe the relationship between the measured quantum
yield ot dye fading and dye concentration, as well as that between measured quantum yield of axygen
demand and dye concentration. Reaction rate parameters were calculated by a nonlinear least
squares method, and were in accordance with literature values and values measured by flash
photolysis. The relative amount of dye faded by singlet oxygen was estimated as 1.4~14%, indicating
that singlet oxygen was of minor importance as an oxidative species.

INTRODUCTION

The biacetyl-sensitised photo-oxidation of aqueous
aerobic solutions of a series of o-arylazonaphthol dyes has
been investigated in our laboratory as a model system for
oxidative dye fading on practical substrates. Quantum
yields of dye fading and oxygen demand have already
been ascertained to be in the range of 0.10-0.44 for the dye
fading and 0.37-0.60 for the oxygen demand® [1].
Extrapolating to a theoretical quantum yield value of 1 for
dye fading, a stoichiometry of one molecule of oxygen
consumed per molecule of dye faded could be
demonstrated. Phenol and phenolic compounds, as well
as aromatic amines, were shown to inhibit fading [3]. The
inhibition could be explained in terms of quenching of the
triplet state of biacetyl. The azo dyes themselves were
shown to quench triplet biacetyl too. Biacetyl itself was
taken as a model for naturally occurring carbonyl species
in polymers, such as oxidised cellulose and lignin, which
would be involved in photosensitised degradation of azo
dyes. |

Flash photolysis experiments were carried out on the
system, rates were measured and reaction rate constants
were calculated using the kinetic model presented in
Scheme 1 [4]. This model takes account of three oxidative
species: singlet oxygen (10,), the oxygen adduct (BO,) of
triplet biacetyl (*B) and ground-state oxygen (30,), and
the acylperoxy radical (AcO;).

Singlet oxygen is quenched by water (reaction 11 in

* To whom correspondence should be addressed.

t Values for the quantum yield of the oxygen demand given previously
[1] were corrected by using a more accurate literature value for the
oxygen concentration in air-saturated water (0.26 mmol/ instead of:
0.24 mmoal/t) [2].
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Scheme 1) in a very efficient reaction, its lifetime in
aqueous systermns being short (4.2 £ 0.5 us [5]). Most of the
fading was observed after the flash (its duration being
about 20 ps). The process could well be described by
second-order reaction kinetics and the different azo dyes
had different rate constants; therefore reaction 6 could be
excluded as being rate determining [3]. We concluded that
singlet oxygen played only a minor part in dye fading in
aqueous systems. On hydrophobic substrates, however,
oxidative fading of azo dyes could take place by a singlet
oxygen mechanism, as recent findings of Kuramoto have
indicated [6-9].

The oxygen adduct was assumed to cause the main part
of the oxidation. The measured second-order rate
constants (1.44.7 x 10® 1 mol's™)) then represented the
rates of hydrogen abstraction by the oxygen adduct from
the hydrazone tautomers of the dyes. After splitting-off
ground-state biacetyl ('B), the remaining perhydroxy
radical will react in a radical cage with the dye radical to
form dye products (reaction 8 in Scheme 1). This reaction
could well take place in a concerted fashion. With some
dyes a third oxidative species, presumed to be the
acylperoxy radical, was taken into account to describe the
transient signals measured after flash photolysis. This
radical can be formed by scission of the C2-C3 bond in the
oxygen adduct. The acetyl radical simultaneously pro-
duced will react rapidly with oxygen to form a second
acylperoxy radical (reaction 7), as described by Sawaki
[10]. There are two acylperoxy radicals needed to oxidise
the dye (reaction 14). Therefore this mechanism affords
two oxygen molecules per molecule of dye faded, which is
contrary to the stoichiometry observed with continuous
irradiation [1]. The acylperoxy radical thus can also play
only a minor part in oxidation.

KINETIC MODEL

The kinetic model given in Scheme 1 has been used to
derive equations describing the quantum yields of dye
fading and oxygen demand during continuous irradiation
absorbed by biacetyl. Contrary to conditions during the
flash experiments, excited states and products were
produced continuously and dye concentrations used were
about ten times higher. These conditions facilitated fading
by singlet oxygen (reaction 10 in Scheme 1). Also
quenching by dye products, such as the substituted
phenols mentioned previously [3] (denoted by P in reac-
tions 5, 9, 13 and 16) was more important, because of
accumulation of these products during the fading process.

Applying steady-state approximations to triplet
biacetyl, singlet oxygen, oxygen adduct and acylperoxy
radical leads to Eqns 1-4:

°B] = 4 M
k2[202]1+ k3 + ka[D-H] + ks [P)

k2 [*BI[*O:]
ke + k7 + ks[D~H]+ ko [P]

[BO2] = )

ke [BO2]

['02]=
k1o {D-H] + k11 [H20]+ k12['B] + k13 [P]

3

2k7[BO:]
2k14 [D—H] + k1s [AC-] + k1s [P]

[AcOz] =

(4)

In Egn 1 I'is the intensity absorbed by biacetyl per unit
volume and ¢, is the quantum yield for the singlet-triplet
intersystem crossing of biacetyl, approximately 1 {11].
Since the oxygen concentration was higher than the
concentration of the acylperoxy radical, it could be
assumed that the subsequent reaction of the acyl radical
with oxygen to form a second acylperoxy radical (reaction
7) was rapid compared with recombination of the
acylperoxy and the acyl radical (reaction 15). Therefore
there were two acylperoxy radicals formed for each
oxygen adduct dissociated, explaining the term 2k in Eqn
4. By similar considerations the term 2k,, in Eqn 4 can be
explained, because there were two acylperoxy radicals
needed to oxidise each dye molecule (reaction 14). The
quantum yields of dye fading (¢,,.) and oxygen demand
(¢,) are defined as the amounts of dye and oxygen
consumed per absorbed light quantum. Eqns 5 and 6 were
derived using the assumption given above:

Pdye = %(kg[BOz][D—H]+ k10['0:][D-H]

+ k12[AcOz }[D-H]) (5)

dox = %(kz[3B][3Oz]+k7[302]—k11[H201[102]

~k12['B]['02]) ©)

By applying the steady-state Eqns 1-4 with ¢, = 1,
replacing the term k;[Ac] by a constant k’y;, and
introducing the relative reaction rate constants (x,—x;,
x5-x;;) and the fraction of oxygen adduct forming singlet
oxygen (x,), Eqns 7 and 8 defining dye fading and oxygen
demand quantum yields were derived:

bdye = [302}
T BO2)+ 11 + x2[D=H] + x3[P]
x4[D-H]
[D-H]+ x5 +x6[P]+x11
+ (1-x4)[D-H]
[D-H]+ x7 + x5[P]
2[D-H]+ x9 + x10[P]

JSDC Vorume 109 Marca 1993 117




_ [O:]
[*02]+ x1 + x2[D-H] + x3[P]

xs((D-H]+ x6[P])
[D—H]+XS + x6[P]+ x11

X7
[D-H]+ x7 +x3[P]

+(1-x4)[1+

i

where x; = kyk, x, = kjk, x; = kik, x,
ke[BOLY(k,PBIFO,), x5 = (kyy/kig)[H 0, xg = kyfyg, %
kolky x5 = Kolhky X9 = Kistkyy %19 = kyo/ky, and xy
(k1 /K1o)['BJ-

EXPERIMENTAL

C1 Acid Orange 7 was synthesised and purified as
described previously, using established methods to
determine the quantum yields of dye fading and oxygen
demand [1]. Measured quantum yields were fitted with
the Eqns 7 and 8 using a nonlinear least squares (NLLS)
calculation method to calculate the adjustable reaction
parameters x,—x,; defined above [12]. The concentration of
the phenolic product P was assumed to be equal to the
difference between the initial and the actual dye
concentration (Eqn 9):

[P] = [D-HJi -[D-H] &)

RESULTS AND DISCUSSION

Application of the NLLS method with Eqns 7 and 8 on the
quantum yields of dye fading and oxygen demand,
measured during seven fading experiments with CI Acid
Orange 7 in different initial concentrations (17.9-80.9
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Figure 1 Comparison between measured and calculated quantum
yields of dye fading and oxygen demand during fading of Cl Acid
Orange 7 (points were measured, drawn lines were calculated}

umol/1), resulted in good fits for each experiment over the
whole range of concentrations. An example is given in
Figure 1. This does suggest systematic deviations between
measured and calculated values, although the overall
view of the fitted curves did not give this impression.

In Table 1 the optimised model parameters x,—x,, are
summarised. The value calculated for x., is virtually zero.
This indicates that the formation of acylperoxy radicals
can be neglected and the kinetic model can be simplified
by omitting all reactions where acylperoxy radicals take
part, ie. the final terms in Eqns 7 and 8 can be omitted.
This conclusion could also be drawn for the flash
photolysis of CI Acid Orange 7 in aqueous solutions of
biacetyl described previously [4]. The simplified model
was used to calculate a new set of parameter values, given
in the third column of Table 1. The better fit is reflected by
the smaller standard deviations of these values.

The changes in the calculated quantum yields were not
noticeable in the graphs. Using literature values for the
lifetime of singlet oxygen in aqueous systems (r{10,) =

Table 1 Calculated model parameters (x,) and reaction parameters for the biacetyl-sensitised

photo-oxidation of Cl Acid Orange 7

Value of Value of Reaction  Calc. value Lit. value
X, firstfit secondfit  Unit parameter (x 108 Imol's™")  (x 108 mol's™)
xy 7.5%2.0 3+1 pumol/l Ky 19+1 5ta
X 21+0.1 2.0+0.1 7{3B) 0.2+41b 0.229a°
X3 3.4zx02 3.3+0.2 K5 6416
x, 0522004 0.53+0.03 fy 0.53+0.03¢ 0.71¢d
x5 02720068 0.27+0.03 mmoll Kig 9+2
Xs  30x1 2118 Kis 180+80
x;  0.0+0.1 pmoel/l
Xg  0.11£0.01 0.10£0.01 kg 0.30+0.04
X3 0.5%£70 umol/l
X9 0.9£70
x;;  0.20£0.05 0.22:0.03 mmol/ Kys 0.17+0.04
a Fromref. 13, k, measured in benzene
b Inms
¢ Dimensionless fraction
d Fromref. 10
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1/(k,,[H,0]) = 42+ 0.5 us [5]), the constant for quenching
of triplet biacetyl by the dye (k, = 3.9+ 0.2 x 10° 1 mol's™!
[3]), the rate constant for reaction of the dye with the
oxciplex (kg = 2.9£0.2 x 108 1 mol-is! [4]) and the
concentration of unhydrated biacetyl (23% of 50 mmol/t
[14]), some of the other rate constants of Scheme 1 could
be calculated. Their values are summarised in the sixth
column of Table 1. In the seventh column some literature
values are summarised for comparison. The calculated
fraction of singlet oxygen formed from the oxciplex (f,)
had a lower value than that given by Sawaki, but in this
case a different solvent (benzene) was used [10]. Sawaki
assumed singlet oxygen to be formed by an energy
transfer from triplet biacetyl to oxygen, without formation
of an adduct. The kinetics of such a mechanism, however,
would be similar to those of our proposed mechanism.

The relative amount of dye fading caused by singlet
oxygen { fdye("OZ)) could then be calculated as a function
of the dye concentration by Eqn 10:

1 =1+ 1-x4 X
fdye(loz) X4
(1 -xe)[D-Hj+ x5 + x6[D-H]; + x11

(1-x3)[D-H] + xs[D-H,

(10

By integrating Eqn 10 over the whole concentration range,
the total relative amount of dye faded by singlet oxygen
could be calculated. In Figure 2 this amount is plotted
against dye concentration for six fading experiments
described previously [1]. Thus the relative amount of dye
fading by singlet oxygen was estimated to be between 1.4
and 14% for the concentrations investigated (17.9-80.9
umol/). These values are in the same range as those
estimated previously from flash photolysis experiments
[4].

Initial quantum yields of fading by singlet oxygen were
between 0.017 and 0.042 mol/einstein, the vield increasing
with increasing dye concentration. In comparison the total
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Figure 2 Calculated fraction of dye faded by singlet oxygen during the
biacetyl-sensitised photo-oxidation of Ci Acid Orange 7 in aqueous
solution

quantum yields of dye fading varied from 0.21 to 0.44
mol/einstein [1]. From these values it is obvious that fading
by singlet oxygen played only a minor role in the aqueous
system investigated. Fading took place mainly by reaction
with the oxygen adduct. This reaction must have been
very efficient, considering the low value of x; given in
Table 1, which indicates that dye products consumed only
about 10% of the oxygen adduct formed.

In hydrophilic substrates such as cellulose moisture is
present and this will cause severe quenching of singlet
oxygen, a fact that other authors investigating dye fading
did not take fully into account [15-19]. Instead of singlet
oxygen, the carbonyl groups present in oxidised cellulose
[20] and lignin (in wood-based paper [21,22]) could
produce oxygen adducts similar to that of biacetyl, and
cause fading of dyes attached to the surface.

From Figure 2 it also can be seen that fading products
inhibited fading by singlet oxygen more than fading by
the oxygen adduct (x, > x;). In Eqn 8 the parameter x,
represents extra oxygen consumption due to oxidation of
dye products by singlet oxygen. Quenching of singlet
oxygen by ground-state biacetyl was less important, as
shown by the relatively small value of k,, (Table 1).

The value of the rate constant for quenching of triplet
biacetyl by dye products (ks = 64 x 108 1 mol'!s™!, Table 1)
was rather high compared with the range measured for
substituted phenals (0.092-6.2 x 10* I mol's™! [23] and 0.52
x 108 1 mol-!s™! for phenol [3]). The value given for the
quenching constant of sodium 1-naphthol-4-sulphonate
was closer (21 x 10° 1 mols? [3]). Perhaps quenching did
not take place with phenol, rather with phenolate ions by
a reversible electron transfer to triplet biacetyl as described
by Das and Bhattacharyya [24]. They measured rate
constants for the quenching of the benzophenone triplet
by p-substituted phenolate ions in water-acetonitrile as up
to seventy times as large as that measured for the
corresponding phenols in the same solvent. The neutral
pH adopted for the experiments, however, would restrict
the formation of phenolate ions. Therefore quenching
would presumably be caused by other dye products, with
the p-sulphobenzenediazonium ion being a suitable
candidate [25]. Evidence for this is provided by the values
of quenching constants measured with some substituted
benzenediazonium ions by Scaiano and Kim-Thuan for
quenching of the benzophenone triplet (16-84 x 10°
1 mol-'s™) [26).

CONCLUSIONS

The biacetyl-sensitised photo-oxidation of CI Acid Orange
7 is caused by two oxidising species, likely to be singlet
oxygen and the adduct of ground-state molecular oxygen
and triplet biacetyl. Because of efficient quenching by
water and reaction with fading products, singlet oxygen
oxidises only 1.4~14% of the dye; the rest is oxidised by the
oxygen adduct. Initial quantum yields for dye fading
caused by singlet oxygen are in the range 0.017-0.042 mol/
einstein. About 10% of the oxciplex is consumed by fading
products. Fading is inhibited via quenching of the biacetyl
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triplet by dye products, presumably the p-sulphobenzene-
diazonium ion or p-sulphophenol.
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