but on working with low levels of activity the reliability of the results falls., The second
method, although it makes the process more laborious, nevertheless provides the possibility
of counting samples with higher efficiency at any concentrations of quenchants and with any
levels of activity.
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PHOTOPHYSICAL AND PHOTOCHEMICAL PROPERTIES OF LIGNIN CHROMOPHORES
IN AQUEOUS SYSTEMS

£. I. Chupka and T. M. Rykova UDC 546.14:547.922.3:628.31

The results are given of an investigation of the changes in the physicochemical prop~
erties of the chromophores of lignin substances of effluents by photopotential, lu-
minescence, and ESR spectroscopy and the polarographic determination of oxygen asa
function of the number of quanta of incident energy in the interval from 300 to 600
nm., It has been established that under the action of light a change in the redox
properties, an increase in the rate of consumption of oxygen, the formation of rad-
ical intermediate products, and the appearance of excited triplet states of the lig-
nin chromophores take place in the lignin substances. Action spectra of the photo-
potential, of the yield of EPCs of free radicals, and of the consumption of oxygen
by the lignin substances in the interval from 300 to 600 nm have been obtained.

In nature few polymers are found in which there is such a diverse set of extremely dy-
namic and labile chromophoric systems as lignin preparations. Depending on the type of treat-
ment to which the lignin is subjected in industrial processes during the production of cellu-
lose, preparations of it differ considerably in their physicochemical properties.

An analysis of the products of the far-reaching breakdown of lignin under the action of
lights and atmospheric oxygen has been the subject of a number of investigations. In the
opinion of the authors concerned [1-5)], an important role in the photooxidation of lignin un-
der the action of light in the presence of oxygen is played by phenoxyl radicals, photosensi-
tizers, singlet oxygen, and carbonyl groups in an excited state.

There have been far fewer investigations on the analysis of the photophysical properties
of lignin chromophores and the chemical transformations preceding far-reaching oxidative break-
down. Results due to Sergeev and Chupka [6] show that the initial stages of the oxidation of
lignin are accompanied by chemiluminescence in the spectra of which there are maxima at wave-
lengths of 490, 560, and 640 nm which are due to the de-activation of the triplet states of
carbonyl groups and of various forms of singlet oxygen. It has been established that in lig-
nin macromolecules, which have a globular form, there is an intensive migration of the energy
of electronic excitation, as a result of which the lignin behaves, according to an expression
of Swedish workers [7], as a "single chromophore." The most active accepters of energy are
aldehydes, ketones, quinones, quinone methides, and stilbenes.

The fact that the lignin chromophores possess photoactivity and are labile under the ac~
tion of light and atmospheric oxygen acquires particular importance in connection with the
setting up of investigations to establish standards for the maximum acceptable concentrations

Siberian Scientific-Research Institute of Cellulose and Board Bratsk. Translated from
Khimiya Prirodnykh Soedinenii, No. 2, pp. 269-274, March~April, 1987. Original article sub-
mitted April 25, 1986; revision submitted December 10, 1986.
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Fig. 1. Absorption spectra of lignin substances: 1) indus-
trial effluents from final purification stage of BLIC,*
D),ss = 0.42, pH 7.2; 2) water-soluble fraction of sulfate
liquors after a cook, DX“ . = 0.12, pH 5.4; 3) chlorolignin,
C =0.2 g/liter, Di,ss = 5.25, pH 7.2; 4) lignosulfonic
acid, C = 0.2 g/liter, Dy,,, = 0.22, pH 7.2,

*Bratsk lumber industrial complex

Fig. 2. Fluorescence spectra of chlorolignin (1), of ligno-
sulfonic acid (2), of the water-soluble fraction of sulfate
liquors after a cook (3), and of industrial wastes from the
final purification stage of BLIC (4).

(MACs) for lignin in water bodies on the discharge of the effluents of pulp and paper fac~
tories when sunlight is taken into account. 1In view of this, it is necessary to determine how
deep are the changes under the action of light of the physicochemical properties (photopoten—
tial, rate of consumption of oxygen, amount of highly reactive radical products and triplet
states formed) of the chromophores of the lignin substances, which effect the toxicity of the
effluents.

We have investigated the change in the physicochemical properties of lignin preparations
under the action of light in aqueous solutions with pH 7.2-5.4 in the stages preceding far-
reaching decomposition.

The absorption spectra of the lignin preparations investigated in the interval from 340
to 580 nm at pH 7.2-5.4 are given in Fig. 1. We were justified in expecting a change in the
physicochemical properties of the lignin preparation over the whole range of absorbed light
[8], since on passing into an electronically excited state on the absorption of light (or as
the result of chemical generation), the chromophores sharply change their reactivities and
their amphotericity in redox reactions [9], which leads to the occurrence (or marked acceler-
ation) of processes that are slow or do not go at all in the ground state.

When lignin substances in solutions frozen in liquid nitrogen were excited with the light of
a LGI-21 laser, Agy. = 337.5 nm (region of absorption of carbonyl groups), phosphorescence
was observed., The maxima in the phosphorescence spectra of the lignin substances of efflu-
ents were located at 480-500 nm (Fig. 2).

Kinetic curves of the quenching of the phosphorescence and their anamorphoses are given
in Fig. 3. The lifetimes determined from the slopes of the anamorphoses were: for the water-
soluble fraction of sulfate pulps after a cook — 0.36 sec, for chlorolignin — 0.2, for ligno-
sulfates — 0.4 sec, and for the lignin substances of industrial effluents — 0.12 sec. The life-
times of the chromophores of the lignin preparations correspond to the time characteristics
of triplet states [10].

It may be expected that a change in the toxicity of the lignin substances in the illumin-
ation stage will be determined by its dependence of the redox properties on the intensity and
wavelengths of the incident light which may be determined from the action spectrum of the
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Fig. 3. Kinetic curve of the quenching of the phosphorescence
of the water-soluble fraction of sulfate liquors after a cook
(1) and its semilogarithmic anamorphoses (2).

Fig. 4. Action spectra of the photopotential (a), of the ab-
sorption of oxygen (b), and of the EPCs of the free radicals

(c) of the lignin substances of effluents: 1) chlorolignin;

2) lignosulfonic acids; 3) water-soluble fraction of sulfate

liquors after a cook; 4) industrial effluents from the final

purification stage of BLIC.

photopotential, the change in the rate and amount of oxygen absorbed, and the action spectrum
reflecting the yield of free radicals.

The results showed that when a solution of the lignin substances of effluents (pH 7.2-
5.4) was irradiated the photopotential @ increased. In the dark stage, there was a reversible
decrease in the photopotential to values close to the initial ones. Depending on the quantum
of energy supplied, the maximum acceptable value of Ag changed: with an increase in the size
of a quantum of excitation the photopotential rose. The rate of accumulation of electrode~-
active products was also determined by the energy of a quantum. Figure 4a shows action spec~
tra of the photopotential plotted as the dependence on the excitation wavelength of the ratio
of the maximum acceptable photopotential to the intensity of the irradiation of the source
for a given wavelength. The minimum energy of the appearance of potential-determining prod-
ucts was determined from the '"red edge'" [11] and was located in the 500-550 nm region, which
corresponds to an energy of 2.46-2.24 eV. Thus, under the action of light, the redox proper-
ties of the lignin chromophores change with an efficiency which depends on the excitation
wavelengths.

A proof of the fact that the photoinitiated oxidation of lignin takes place under the ac-
tion of light is provided by the results reflecting the dependence of the consumption of oxy-
gen on the wavelengths of the incident light (Fig. 4) and by the marked increase in the rate
of consumption of oxygen by various lignin preparations. Below, we give the rate constants
(K) of the consumption of oxygen by the lignin substances of the effluents on excitation with
an energy E = 2.95 eV (xsoz = 418 nm):

K, h™!
Industrial effluent from the 0.06
final purification stage of BLIC '
Water-soluble fraction of sulfate
0.16
liquors after a cook
Chlorolignin 0.082

The water-soluble fraction had the highest value of K. The amount and the rate of the
absorption of oxygen depended on the quantum of energy supplied.
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Fig. 5. Change in the rate of consump-
tion of oxygen by the water-soluble
fraction of sulfate liquors on irradia-
tion with light having different wave-
lengths: 1) Aggy = 418 nm; 2) Agpy =
365 nm; 3) Aspy = 308 nm.

Figure 5 shows the kinetic curves of the consumption of oxygen by the water-soluble frac-
tions of sulfate liquors after a cook on irradiation with quanta having different energies.
The results obtained unambiguously show that under the action of light in the visible region
of the spectrum the amount and rate of consumption of oxygen by the lignin preparations in wa-
ter bodies rise sharply, which, of course, impairs the oxygen balance of aquatic ecosystems.
The most dangerous feature is the presence of the water—soluble lignin fractions in the efflu-
ent, since they are characterized by the highest increase in the consumption of oxygen on pass-
ing from the dark to the light stage. The ''red edge' in the action spectra of the consumption
of oxygen was located at 460 nm,

In the photolysis of lignin preparations in effluents, highly reactive free radicals arise,
and it may be assumed that these are phenoxyl radicals [12]. The formation of radicals was
determined from the disappearance of a label — a stable nitroxyl radical, which does not react
with peroxide radicals [13]. The action spectrum of the formation of free radicals on the
photolysis of lignin preparations presented in Fig. 4c, show that the highest yield of radi-
cals was observed for the chlorolignins. The '"red edge' of the yield of free radicals was lo-
cated in the 440 nm region. The yield of free radicals rose with an increase in the magni-
tude of the quantum of supplied energy from 2.8 to 4.1 eV,

On the oxidation of lignin in solution, carbonyl groups in the triplet electron-excited
state are also formed, which, as is well known, possess well-marked dehydrogenating proper-
ties [14], together with various forms of '0, which is an extremely powerful oxidizing agent
[15], and, as results obtained recently have shown, the superoxide radical anion 0,”+ and OH’
[16], which are also toxicants for aquatic organisms [17].

EXPERIMENTAL

The following products were analyzed: chlorolignin obtained by treating sulfate lignin
with aqueous solutions of chlorine; lignosulfonic acid isolated from the liquors of the in-
dustrial effluents of the Amur pulp and paper combine (TsBK); the water-soluble fraction of
sulfolignin isolated from the black liquors of the Bratsk lumber industrial complex (BLIC);
and the effluents of the BLIC taken from the last sampling point of the final purification
stage before their discharge into water body.

Buffer mixtures were used to prepare solutions of the lignin substances with given pH
values [18]. pH values were monitored by means of a MV-88 precision pH-meter. Absorption
spectra were obtained on a Specord M-40 instrument. The source of the photoexcitation of the
lignin substances in the effluents was a DRSh-500 superhigh-pressure mercury lamp. Cut-off
glass filters were used to isolate individual lines of the emission spectrum of the lamp [19].
The photopotentials of the solutions of the lignin substances of the effluents were recorded
on a N-306 recorder. Platinum was used as the working electrode, and the comparison electrode
was silver chloride. The oxygen in the system was monitored by a polarographic method on a
LP-7 instrument with a sealed Clark electrode [20]. Solutions of the lignin substances from
the effluents were placed in a thermostated optical cell with a volume of 25 ml and were ir-
radiated. The temperature of the solutions investigated was 298 K.
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The formation of radicals in the lignin substances of the effluents on irradiation was
determined with the aid of the spin trap method [21]. The stable iminoxyl radical 2,2,6,6~
tetramethyl-4-oxopiperidine-oxyl was used as the trap, A mixture of a solution of a lignin
substance and the stable radical were placed in a quartz capillary and irradiated. On the ir-
radiation of the solution of the stable radical the concentration of the electron paramagnetic
centers (EPCs) did not change during the time interval investigated. The change in the con-
centration of EPCs was recorded by means of a EPA-2M radiospectrometer. The procedure for
calculating the concentration of radicals has been given in [22].

To investigate the phosphorescence of the lignin substances of effluents we used kinetic
spectroscopy apparatus designed for measuring the time of extinction and for obtaining time-
resolved luminescence spectra (instantaneous spectra). The source of excitation was a LGI-21
nitrogen laser (lexc = 337.5 nm) with 10-nsec pulses. The frequency of the sequence of pulses
was set by a GV-26 pair pulse generator. The radiation fell via a Specol monochromator onto
a FEU-79 photoelectron multiplier. The amplified signal was recorded in the memory of a AI-
1024 pulse time analyzer. Samples of the solutions of lignin substances to be investigated
were taken in a quartz capillary with a diameter of 3 mm, were frczen in a cell containing lic-
uid nitrogen (T = 77°K), and were placed in an optical Dewar for investigation.

SUMMARY

The results obtained unambiguously show that, depending on the light conditions and the
types of manufacture which lead to the passage into water bodies of lignin preparations with
different initial compositions, a sharp change takes place in their physicochemical proper-
ties and reactivity in redox reactions, which is shown in a change in the photopotential, an
increase in the amount of oxygen absorbed, and an accumulation of highly reactive free radi-
cals, which, as a result, has an adverse action on hydrobionts.

LITERATURE CITED

Gellersted and E.-L. Petterson, Acta Chem. Scand., 29, No. 10, 1005 (1975).

J. Leary, TAPPI, 51, 257 (1969). )

Luner, TAPPI, 43, 819 (1969).

. Kringstad, TAPPI, 52, 1070 (1969).

K.-P. Kringstad and S. J. Lin, TAPPI, 53, 2296 (1970).

A. D. Sergeev and £. I. Chupka, Khim. Drev., No. 1, 90 (1983).

K. Lundquist, E. Josefsson, and G. Nyquist, Holzforschung, 32, No. 1, 27 (1978).

. M. I. Chudakov, Khim. Drev., No. 2, 3 (1978).

Modern Problems of Photosynthesis [in Russian], Moscow (1974), p. 212.

10. C. A. Parker, The Photoluminescence of Solutions, Elsevier, New York (1968).

11. V. A. Kargin, Organic Semiconductors [in Russian], Moscow (1968), p. 546.

12. §8. J. Lin and K. Kringstad, Norsk Skogindustry, 25, No. 9, 252 (1971).

13. E. G. Rozantsev, Free Iminoxyl Radicals [in Russian], Moscow (1970), p. 217.

1l4. J. A, Barltrop and J. D. Coyle, Excited States in Organic Chemistry, Wiley-Interscience,
New York (1977).

15. B. Ranby and J. F. Rabek, Photodegradation, Photo-oxidation, and Photostabilization of
Polymers, Wiley, New York (1975).

16. 0. V. Shadynskaya, in: Theoretical Problems of New Methods of Delignifying Wood: Ab-~
stracts of Lectures at an All-Union Conference [in Russian], Bratsk (1985), p. 7.

17. W. A, Pryor, Free Radicals in Biology, Academic Press, New York, Vol. 1, (1976).

18. Yu. Yu. Lur'e, Handbook on Analytical Chemistry [in Russian], Moscow (1971), p. 454.

19. A. N. Zaidel', G. B. Ostrovskaya, and Yu, I. Ostroviskii, The Technique and Practice of
Spectroscopy {in Russian], Moscow (1976), p. 237.

20. G. M. Franko, Handbook on the Study of Biological Oxidation by the Polarographic Method
[in Russian], Moscow (1973), p. 224,

21. A. Hammes, Methods of Investigating Fast Reactions [Russian translation], Moscow (1977),
p. 717.

22. A, D, Sergeev, T. M. Rykova, and E. H. Chupka, Khim. Drev., No. 5, 20 (1984).

RO OO

WO~V W

230



