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Overview on Photocatalytic and
Electrocatalytic Pretreatment
of Industrial Non-Biodegradable
Pollutants and Pesticides

Cesar Pulgarin® and John Kiwib)*

Abstract. Electrochemical and photochemical catalytic pretreatments were studied on
diverse non-biodegradable industrial or toxic pollutants using different catalysts. This
approach turned out also to be useful to degrade recalcitrant industrial waste waters
markedly enhancing the biodegradability and biocompatibility ofthe treated effluents.
In the case of p-toluenesulfonate, a completely non-biodegradable material from the
dye industry, the Ti0, photocatalytic material applied for two hours affected total
dearomatization allowing efficient subsequent biological degradation. A photochem-
ical-biological flow reactor has been built to attain full mineralization oflarge volumes
of diluted solutions of this xenobiotics as found in polluted water reservoirs. Fenton and
photo-Fenton systems have been extensively studied in the abatement of the highly
soluble Orange azo-dyes. They induce rapid destructive and low cost degradation of
these textile dyes comparable to flocculation/coagulation techniques.

Introduction biodegradation of common household ef-
fluents is an efficient process, a large and

Photocatalytic and electrocatalytical  increasing number of industrial pollutants

pretreatment of toxic, non-biodegradable
industrial pollutants has been the subject
of intensive research in our laboratory
during the last few years [1-3]. Although
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are resistant to bacterial degradation. Pho-
tocatal ytical and electrochemical pretreat-
ments [4] coupled with biological degra-
dation seems to be an effective and inno-
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Fig. I. Schematic offlow reactor used in the degradation of recalcitrant pollutants
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vative procedure to abate recalcitrant aro-
matic compounds. The optimization of the
initial pretreatment stage renders the solu-
tion biocompatible [5]. The ensuing bac-
terial process (no cost step) is capable of
degrading the aliphatics left in solution to
avery low carbon level « 10 ppm C TOC
(= total organic carbon) or < 17 ppm C
DOC (=dissolved organic carbon) accept-
able in treated waters). The work of our
group in 1995 was directed toward the use
of new and improved catalysts, photocat-
alysts, and integrated processes to attain
these objectives. Different aspects of the
problem under study were dealt with sep-
arately and are dicussed next.

i) a. Oxidation of hazardous pollutants
through an integrated flow reactor.

b. Photocatalytic flow reactor with in
situ electrochemical generation of
H202

i) Electrochemically and/or photocata-
lytically coupled degradation of indus-
trial pollutants or non-biodegradable
industrial effluents.

iii)Degradation/decoloration  of soluble
textile azo-dyes via Advanced Oxida-
tion Technologies (AQT'S).

iv) Degradation of non-biodegradable ef-
fluents from wine and oil processing.

v) Preparation and use of catalytic mate-
rials active in pollutant pretreatment:
Ti0,, Fe-metal, Fe203' Fe-zeolites,
CuO aerogel.

vi) Degradation of commercial brighten-
ers: The case of Tinopal CBS-X and
Tinopal DMS-X with relatively large
polycyclic structures and molecular
weights (Mw) 500-1000.

Catalytically-Biologically Integrated
Flow Reactors Useful in Pollutant
Abatement

A photocatalytical reactor has been
built using a medium pressure Hg-lamp to
dearomatize via Ti0,. p-Nitrotoluenesul-
fonate (P-NTS) in the presence of H,0,
was effectively degraded. The p-NTS isa
non-biodegradable intermediate found in
dye manufacture in Switzerland [3]. The
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initial dissolved organic carbon degraded
from 400 mg C/l to 100 mg C/l in a few
hours rendering a biocompatible solution
with low toxicity. Quicker degradation
was observed using the Fenton reagent
(Fe+3+ Hy0,) under light illumination in
an homogeneous type of pretreatment.
This photocatalytical pretreatment allows
acceptable degradation kinetics inthe first
stage recycling up to 20 I/h. The treated
solution was fed into the biological sec-
ond stage. The core of this reactor consists
of immobilized bacteria attached to Bio-
lite (Fig. 1).

The relatively short aliphatic chains
coming into this second stage are further
oxidized to CO2atarate that is compatible
with the volume dearomatized in the unit
time to allow meaningfull coupling ofthe
two stages. Preliminary results indicate
the advantage of process integration in
regards to the size of the reactor respect to
the volume of pollutants it can handle [6].
The high pH, temperature, and salinity
stability of the hybrid reactor when deal-
ing with toxic substances like halocar-
bons, pesticides, atrazine, phenols, and
diverse organic acids seem also promis-
ing. Work is under way to improve the
type and variety of catalyst used, catalyst
fixation and to decrease of light require-
ments for optimal energy use. This last
item makes up to 60% of the cost of the
integrated process.

Design and Construction of a Photo-
catalytic Reactor with an Electro-
chemical H,0, Generator

An ergonomic unit of this type has
been the subject of intensive research co-
operation betwen Russia and Switzerland
(INTAS contract 094-642,1994). The de-
struction and decontamination of toxic
man-made waste materials from the de-
fense industry and agriculturally toxic res-
idues has led to a cooperation between
Russia and Switzerland since itis problem
common to these two countries. A two-
stage reactor is being developed consist-
ing of a primary photocatalytic Ti02 head
and a second unit consisting mainly of an
electrolyzer (Fig. 2) generating the H202
needed in the process.

This electrolyzeris fed by state-of-the-
artsolar-cell panels which should decrease
considerably the cost of the energy neces-
sary for the detoxification under suitable
atmospheric conditions [7]. Common lev-
el of phenolic pollutants found in contam-
inated waters are of the order 0f20 ppm or
10-5mwith aMw of ca. 200. If6 ml/min or
20 I/h water are treated, thisare ca. 2mg ClI
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Cathode: granulated carbon subunit
O, + 2H++ 2e -7 H,0,

Anode: Ti foil

1.To abate 10-Sml Cis or 10-mol Clmin
we need to generate H,0, as shown.

N

This is the same as stating that 10-7m
pollutant/min need ca. 10-2mH,0,/min.
Since | ampere (A) =6:10-4 moles e-/min
then the equivalence is 10-9moles H,0,1
min = 2.10-5 moles e-/min and the charge
necessary during the degradation is 2.10-5
moles e-I min =0.03 A or 30 rnA a value
in the range of the solar-cell output under
AM | conditions used to feed the electro-
lyzer. The abatement of pollutants had
been found to be strongly depending on
the solution pH [8].

and Photo-
on Industrial

Effects of Electrochemical
catalytical Pretreatments
Waste Waters

Electrochemical pretreatment was tried
on industrial waste waters originating from
a swiss flavor-manufacturing facility. Fig.
3 presents the reduction for the TOC val-
ues for a solution containing 150 ml efflu-
ents using anodes either of Pt or Ti/Sn02
as a function of the charge passed at the
rate of 50 mNcm2 The two anodes were
used because good electrochemical degra-
dation was obtained for phenol [9][10]
and benzoquinone [11] as model for in-
dustrial pollutants. Pt is used as anode
material due to its stabiliy and long life-

Fig. 2. Electroly~er
unit used in the elec-
trochemical gener-
ationofH202tofeed

an ergonomic flow
reactor aimed at the
degradation of in-
dustrial pollutants

time and because its catalytic properties
are close tothe li/lr02 commercial anode.
Chlorine formation from chloride was
observed along TOC abatement in Fig. 3.

The generated chlorine is suggested to
accelerate the degradation of the pollut-
ants in the waste waters since it enhances
anodic oxidation. The electrolysis pro-
duces either -OH radicals adsorbed on the
electrode surface or chemisorbed active
oxygen MOx~+ 1 capable of acting as oxida-
tion agent on the anode. This is shown
below by Egns. 2 and 3, respectively [12]:

R+ 0,( H)=—-7 ,
c mplete o idali n @)
+
n (€

The energy needed to decrease about
58% the initial TOC found in industrial
effluents was estimated to be around 40
Wh/I. The energy cost was of the order of
5.2 US$ per m3, compatible with nonde-
structive techniques as the more tradition-
al methods of desorption and flocculation.

Photochemical degradation of these
waste waters was also carried out during
this study. Fenton reagent was added and
photolyzed with the effluent in homo-
geneous solution. After 10 h the TOC
reduction attained ca. 60%, but in the
absence of light this value only reached
ca. 20%. The -OH radicals are generated
photochemically due to the 250-400 nm
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light of the solar simulator (90 mW/cm?,
About 58% of the initial TOC of these
industrial effluents content isseen to abate
over a few hours [13]. In effect, prelimi-
nary results show that the cost of the
energy necessary for photochemical deg-
radation was several times higher than
waste treatment by electrochemical means.
This is due to low efficiency in the electri-
cal/light energy conversion of the order of
5 to 10% depending on the irradiation
device used. This makes solar irradiation
very suitable as a low-cost energy source.

In a separate study degradation via
photo-Fenton  reactions of nitrophenols
have been reported by our laboratory [14].
The nitrophenols as such dissapeared in
<30 min and the TOC was abated in <4 h.
The efficient reduction of the non-biode-
gradable aromatics under light irradiation
during Fenton reaction is due to the pho-
tocatalyticaly produced Fe+2 ions gener-
ating -OH radicals and hydroxylating the
ring(s) as long as H,0, is available in
solution.

Fc+2+". 2~  +3+O0H- +. H@4
Fe+3+PhH +. H~ e+
+Ph H+H

The optimal pH for such reactions was
observed to be between 2 and 4 for many
aromatic pollutants. The H,O, decompos-
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Fig. 3. TOC decrease vs. Ah/l when 150 ml of industrial effluents of the
flavor industry are electrolyzed with a) Pt electrodes,
The percentage decrease of initial chloride for the same solution are also

reported in the plot.

es into water and oxygen at pH values>

5.5 rather than generating -OH radicals
necessary in Egn. 4. Another point to
consider here is that Fe+3 begins to precip-
itate at pH > 4 decreasing its intervention

efficiency at higher pH values.

DegradationlDecoloration  of Soluble
Textile Azo-Dyes via Advanced
Oxidation Technologies

Azo-dyes comprise about one half of
the textile dyes used today and relatively
large amounts of these highly water-solu-
ble dyes leach out in the vicinity of man-
ufacturing sites. We have taken Orange Il
as a model compound to study the degra-
dation of this type of dyes. It is a commer-
cial product, widely used and not biolog-
ically degradable. Fig. 4 shows that the
total mineralization of Orange Il solutions
due to the classical Fenton reagent using
(Fe+® + H,0,) under light occurs within 8
h [15]. Orange Il as such dissapeared in
less than] O min rendering in the oxidative
environment used 4-hydroxybenzenesul-
fonic acid and naphthalene-] ,2-diol. These
latter two intermediates once generated
were observed to be biologically degrada-
ble.

Spectroscopic  evidence indicated that
photocatalytic  degradation of the azo-dye
proceeded in acid media (pH < 5) through

TOC (PY) . -

TOC (8n02) 600 .
cl- (PY) '
Cl - (8n02
(8n02) 500
400
8l
9 300
o)
f<
200
100
0
50 60 0 2

b) Sn02 electrodes.

Fig. 4. TOC decrease vs. time for light-induced
dark reactions (full points) for concentrated solutions of Orange Il (2.9
mw) and H;02 (10 mm) with & Cu+Z(0.92 mm) b) Fe+3(0.92 mw, andc)
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chelation between Fe+3 and Orange II.
When starting from solutions with pH> 6
the pH in the solution was observed to
shift by itself during the reaction to the
acid region. The release of H+ into the
system allows the Fe+3 ions to be in solu-
ble form and further chelate the Orange Il
promoting the photocatalysis.

Decoloration of the concentrated solu-
tions of Orange Il, an undesirable feature
of dye-polluted streams was observed to
abate in less than 2 h. The quantum yields
observed for Orange Il disappearance as a
function of wavelength follows the point
by point adddition of the absorbance of
Fe+3 and H,0, of the solution used during
the photolysis [16]. Cu+2 is seen in Fig. 4
to be less efficient in photodegradation of
Orange 1l while an equimolar mixture of
Cu+2 + Fe+3 improved the dark oxidation
efficiency of Fe+3.

This effect could be explained by Eqns.
6-8. The Cu+2 ions would react with the
organic radicals and subsequently reduce
the Fe+3 ions in solution making the deg-
radation of the azo-dye catalytical in iron-

and copper-containing  solutions.
‘OH+RH~R + Hz 6)
H= rang |
R+ u+tl~ R+ 4 u+ 7
u+ + e+3~ u:ctF +2 ()

Orange IT(29 mM)+ HPL (L0 mM) +eu'L (0.92 mM)
Ornngell (2.9mM)+ HP1 (10 mM) + Fell (0.92roM)

0) —+-1- Orange IT(9mM) +HP2(10 m) +Fet” eu'™(0320M, 5050%)

4 6 8 10 12 14

time (hours)

runs (open points) and

Cu+Zand Fe+3ions adding up to 0.92 inm.
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Different metal ions like Cr+2, Mn+2,
and Co+3 were assayed besides Fe+3 and
Cu+2 to affect Fenton-like photodegrada-
tion of Orange Il. The results obtained
suggested that the thermodynamic  poten-
tial of the redox couple was not the most
important factor control ling the efficiency
during the abatement of this dye.

Pretreatment  of Non-Biodegradable
Effluents in Wine and Oil Refining. p-
Coumaric Acid as a Model Com-
pound

p-Coumaric acid is one of the common
recalcitrant compounds found in olive and
wine processing. It inhibits the biological
degradation of waste waters of agricultur-
al origin in Switzerland and along the
Mediterranean  shore. The oxygen in solu-
tion was monitored via a Clark electrode
and in the gas phase via gas chromatogra-
phy. This information in addition to the
detection of the H,O, consumption during
the reaction (detection limit to 0.5 mg
peroxide/l) allowed the optimization of
H,0, addition indicating the exact timing
for the oxidant intervention after the pre-
vious aliquot of oxidant has been used up.

Fig. 5 shows the accelerated degrada-
tion of p-coumaric acid through aclassical
Fenton system. In the dark, slow degrada-
tion is observed of p-coumaric acid due to
the reaction,

et~+H, 2- H .+Fet2+H+ 9)
but also due to the formation of Fe/cou-
maric acid/H,0, complexes which decar-
boxy]ate slowly in the dark. These com-
plexes enter in the dark with much diffi-
culty into reactions involving Fe-interme-
diates in Fenton cycles [17]. Under light
these Fe-complexes formed in combina-
tion with H,O, may form complexes that
effectively participate in Fenton reactions
active in p-coumaric-acid  decomposition
in addition to the free -OH hydroxyl radi-
ca]s described by Eqns. 4-5. These com-
plexes showed significative tailing into
the visible region beyond that of p-cou-
maric acid at It = 380 nm and that of
Fe+3(ag) at It =390 nm and were sensitive

to visible-light irradiation.
Deco]oration  of p-coumaric acid in
concentrated  solutions which is an envi-

ronmenta] important aspect was observed
in <2 min. Photocatalytic degradation has
to be effective within a few minutes to be
worth of practical application (Fig. 5). If
not, the energy cost becomes to high com-
pared with more traditional treatment

methods. The cost involved in p-coumar-
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Fig. 5. TOe vs. time during reactioll in the dark and under irradiation when H;0, (10 mM) aliquot.I'
are added immediately after the consumption of the previous addition into a solulion ofp-coumaric

acid (3.95 mM) and Fe+3 (2.6 mM)

ie-acid mineralization was shown to de-
pend on the volume of the waste water, the
amount of oxidant, the time of illumina-

tion, and the dye concentration. The ener-
gy for the solar simulator (80 mw/cm?

operation during 1/3 h on areactor area of
48 cm? for 40 ml irradiated solution is ca.
0.08:48-1/3: 0.04 =31.7 Wi/h. At 0.13
US$ per kWh the treatment of 1 m3 solu-
tion would require an electricity input of
ca. 4.1 US$. Adding the cost of the H,0,
used (Il/m3 at 1.9 US$/l) atotal cost is ca.
6 US$/m3 is estimated when mineralizing

a concentrated coumaric-acid  solution of
450 mg C/I. This cost of in the range of
non-destructive  flocculation/filtration  pro-
cesses [6] to treat industrial pollutants

with the advantage that the pollutant is
mineralized during the degradation pro-
cess. In view of the latter result other acids
like: gallic, gentisic, and caffeic acids are
currently investigated since these substanc-
es also inhibit the biological treatment of
waste waters of agricultural origin.

Catalytic Materials Efficient in
Pollutants Pretreatment

Our laboratory is actively seeking new
and more advanced catalytic material to
effectively dearomatize recalcitrant indus-
trial waste at reasonable cost. The main
findings over the last two years to be
published in 1996 are described briefly
below:

TiOy: The most widely semiconductor
used due to its high surface activity and
chemical as well as corrosion stability in
heterogeneous photocatalysis [18] has been
used successfully in our studies involving
the degradation of anthraquinone-2-sul-
fonic acid [1],p-nitrotoluenesulfonic acid
[3], waste waters [4][5]. Since TiOTrelat-
eddegradation processes of pollutants have
been known for the last 15 years no further
details are given in this overview.

Feo: The abiotic oxidative degradation
of the herbicide atrazine by zero valent
iron was activated beneficially by visible
light and has been repOlted recently out of
our laboratory [19]. This study involved
nanosized iron powder under simulated
solar radiation. Atrazine was seen to de-
grade in acidic pH within 2 h but the total
elimination of CI- took up to 25 h indicat-
ing the existence of long-lived intermedi-
ates during the degradation. The most
important factors controlling the degrada-
tion rate were seen to be the nature, prep-
aration, and surface area of the iron used.

a-Fe20]: The results of the photocata-
Iytic degradation of 2-aminophenol  has
been published recently [20]. The catalyst
a-Fe203 reacted only with aminophenols
having  electron-donating character
through the formation of a smface com-
plex but not with phenol, 2-nitrophenol,
and 2-chlorophenol.

Fig. 6 shows the values for the oxida-
tion potentials for these phenols with the
exception  of 2-chlorophenol  having an
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oxidation potential> 1.2V vs. NHE. These
values were 0.295,0.669, and 0.949 V vs.
NHE, for 2-aminophenol, phenol, and 2-
nitrophenol, respectively.

These latter results show that the elec-
tron-donating capacity is an important
parameter controlling the degradation of
2-aminophenol on the iron oxide. The
electron-donor capacity of 2-aminophe-
nol may allow the formation of donor-
acceptor complexes due to the low oxida-
tion potential of aminophenol in addition
to the ortho effect of the NH, group in the
ring. Oxygen has beeen observed to play
an important role inthe degradation of this
substrate. This effectis understood interms

_Qfthe..[eaclion

R- H2 2) ~

(10)

Oxidation of the nitrophenol complex
formed via a ligand-to-metal charge trans-
fer and concomitant reduction seem to
proceed at the oxide surface. In the ensu-
ing reaction the surface is reoxidized in
the presence of air. The photocatalyzed
degradation of 2-aminophenol is more
related to a surface complex and not to a
semiconductor-assisted photodegradation.

Fe-ZSM-5 zeolite: The degradation of
4-nitrophenol was also possible and has
been reported using a 1.5% Fe-zeolite
catalyst [21]. The photo-oxidation pro-
ceeded well at pH :::3 where 3 moles of
H,0,/mol of 4-nitrophenol were required
under light to mineralize the substrate.
During the photodegradation Fe+2 corro-
sion is observed in acidic media. The
substrate abatement proceeds through hy-
droxylation of the ring as followed by 1H-

112

Fig. 6. Cyclic vo/tammetry showing the oxidation potentials Vvs. NHE (normal hydrogen electrode)
for the phenols described. For other details see text.

1st Degradation cycle

-#-, 44- Cu+1 LiQht and Dark
4-, =+ lotal Cu Lighl and Dark
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Time (hours)

3rd, Degradation cycle
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20
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Fig. 7. Thermal (dark points) and light reactions (open points) for the catalytic degradation of a

solution of 2-nitrophenol

(0.8:] 0-3m) with 1 gil CuO aerogel
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NMR spectroscopy during the time of the
reaction. The rate of 4-nitrophenol dissap-
pearance was observed to be a multistep
process depending on the amount of zeo-
lite used, the concentration of the substrate
and peroxide used, the reaction tempera-
ture, and pH. The rates obtained for the
degradation were a composite of process-
es taking place at the zeolite surface, the
dark or thermal reaction steps and the
Fenton light-induced efficient H,0, de-
composition.

CuO aerogel: The catalytic oxidation
and photooxidation of nitrophenols by a
strong oxidant generated in situ via CuO
aerogel has been recently reported out of
our laboratory [22][23]. Nitrophenols were
catalytically degraded with high efficien-
cy by a novel CuO-aerogel powder pre-
pared by sol-gel methods with a surface
area (20 m%g). By XPS the surface Cu-
species was seen to contain of 80% Cu(l),
15% Cu(ll), and 5% Cuo. Fig. 7 presents
copper dissolved during thermal and light
experiments for the first and third cycle in
solution. It is seen that copper in solution
decreases more steeply for irradiated solu-
tions than in the case of thermal reactions.
This effect is more pronounced for Cu+!
ions either in the dark or under light. The
copper in solution has been assessed via
the neo-cuproin reagent following the ab-
sorption of the Cu-neocuproin complex in
chloroform solution. The absorbance at A
= 457 nm was measured against appropi-
ate blanks. To identify specifically the
Cu+! ion present we added Fe+3 ions (I
mM)at pH 2.5. The Cu+! reacts with Fe+3
and the resulting Fr+2complexes with o-
phenanthroline. The Fe-phenanthroline
complex showed a peak at A = 510 nm (£
= 1.2.104 M-1em-).

Up to six consecutive degradations
showed no decrease in the catalyst effi-
ciency confirming the stability during the
reaction. After each 24 h cycle, fresh ni-
trophenol was added after washing the
catalyst several times with water before
reuse. Hydroxylic sites on the CuO were
suggested to be involved in the substrate
degradation process when Cu+! is reoxi-
dized by oxygen in the presence oflight in
acidic media:

{n

CU202 reacts with O generating perox-
ides. This has been known for the last two
decades [8].

By way of cyclic voltammetry a half-
wave oxidation potential for the Cu+!,
Cu+2couple was detected at 0.23 V vs.
NHE. This value is different to the value
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for the potentials of this couple in homo-
geneous solution (0.16 V). It was also
observed that Cu+1ions added homogene-

ously in solution did not induce 2-nitro-
phenol degradation either in the dark or
under irradiation. We suggest, therefore,

that Cu ions adsorbed on the CuO aerogel
are the precursors active during the degra-
dation which would be heterogeneous-

homogeneous in nature. The adsorbed Cu+
and Cu+2 jons react with oxygen adsorbed
on the CuO-aerogel surface where the
concentration  of Cu+1» Cu+? as seen by
XPS. Since the nitrophenol degradation

was favored respect to air and even more
to Ar-purged solutions, the evolution of
Cu+' shown in Fig. 7 could be stated

d[ u "oluinddt =
kI u2 o lemgel][0:d (12)
Degradation of Commercial
Brighteners

Two cases have been investigated as
listed below:

a) Photodegradation via Fenton systems

of Tinopal CBS-X.
b) Degradation via TiO, suspensions of
TinopalDMS-X.

a) The aim of this work was to find
ways to degrade Tinopal CBS-X from
household effluents. Currently we only
know that it is adsorbed up to 80% on the
membrane walls of sewage bacteria in
treatment plants [24]. The rest diffuses
into natural streams and reservoirs, and is
entrapped in sediments over longer time
periods. We have used the photo-Fenton
system to dearomatize this substrate in
less than | h with complete mineralization
over 5 h. Our approach is environmentally
friendly due to the extremely low concen-
tration ofFe+3 used. The H,0, acting as an
ecological oxidant generates -OH and oth-
er oxidative radicals besides O, and a
small amount of H, during the degrada-
tion. Intermolecular bond scission between
the aromatic rings was found to be a much
slower process than the intramolecular
bond scission in the aromatic rings during
the degradation. By means of the Zahn-
Wellens test it was found that for the
pretreated solutions the adsorption of Tin-
opal CBS-X proceeds much faster than
when umpretreated substrate is fed on the
activated sludge.

b) Degradation was carried out on Tin-
opal DMS-X a stilbene-type  whitening
agent (FW A) resistant to biological degra-
dation. To degrade Tinopal DMS-X Ti0,
revealed itself effective in aqueous sus-
p~nsions [25]. Tinopal DMS-X fluores-

cence decayed in less than 2 h showing the
photooxidation  of the substrate under illu-
mination. Total mineralization took ca. 20
h. The titania-catalyzed  Tinopal DMS-X
photodegradation was observed to be
cyclic in fashion. The catalyst was washed
after each run and reused up to six runs not
loosing any of his activity. The high photo-
sensitivity of this solution has to be kept in
mind when handling this compound dur-
ing the experimental work. Tinopal DMS-
X revealed itself also capable of sensitiz-
ing the fluorescence of humic acid. This
study allowed to assign the energy transfer
from Tinopal DMS-X to humic acid, as
proceeding via a singlet mechanism.

This work has been carried out under the
INT AS Grant 94-0642 (International Associa-
tion for the Promotion of Cooperation with Sci-
entistsfrom the Independent States of the Former
Soviet Union) and under Grant ECV-EV5V-
CT93-0249 from the Commision of European
Communities Environmental Programme CaFES
Contract No. 950031, Bern, Switzerland).
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