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H3yuena y¢ppekmugnocmo decmpykyuu Kpacumens KUCIOMHOZ0 OPAHIHCe8020 52 6 800-
HBIX pacmeopax npu coemMeu|eHuu I1eKMpoKamaliumuieckozo u homoxkamanumuyeckKozo npo-
yeccos. IneKmpoKkamaiumuiueckKuil u homoxkamanumuyueckuit Memoovl Ha NPAKmMuUKe OMHOCAM
K 8blicoOKoIhexmusnvim okucaumenvuvim npoyeccam (BOII). Ilpu nposedenuu pomoxamanu-
muuecKozo npoyecca uzy4anu eiusanue 003vl Kamanuzamopa B u epemenu oonyuenun na cme-
nens decmpyxkyuu Kpacumensa. Hamu 6vi10 noxkazano, umo npu o6padomke ¢ onmumanbHbvix
YC08uAX INEKMPOKAMATUIMUYECKUM MEMOOOM C KAMANUIAMOPOM A MOOETbHBIX CHLOUHBIX 600,
cooepirrcamux Kpacumenb KUCTOMHBLL opandiceswvli 52, ypghekmusnocmep obecyeevuganus co-
cmasuna 95% 6 eudumoit oonacmu cnekmpa (464 um) u 38,6% ¢ ynompaguonemosoit oonacmu
(270 um), coomeemcmeenno. Ilpu ucnonv3oeanuu KOMOUHAUUU I1EKMPOKAMATUMUYECKO20 U
omoxamanumuueckozo npoyeccos ¢ kamanuzamopamu A u B, r¢phexmusnocms yoanenusn
okpacku moxicem oocmuzams 99,3% (464 um) u 91,5% (270 um), coomeemcmeenno. B xooe peax-
Yuu OKUCeHUuA oopaszyemcsa 0071buioe KOJIUYECHE0 NPOOYKHIO8 C HU3ZKOU MOIAPHON MAcCCOIl.
Kpome mozo, nonyuennvie 3Hauenusn eenuyun Xumuuecko2o nompeodnenusn xuciopooa (XIIK) u
obuezo opzanuueckozo y2nepooa (00Y) ceudemenvcmeyrom o mom, Ymo couemanue IneKmpo-
Kamanumuueckozo u (omoKamaiumuieckozo Memooos 00padomKu moxcem 3Ha4umenvHo no-
6bICUMb CHOCOOHOCIb K OUON0ZUYUECKOMY PA3IONHCEHUI0 Kpacumens 6 yeaom. bouno nokazano,
umo cmenensd chudxcenusn eeauuun XIK u O0Y cocmasuna, coomeemcmeenno, 54,3% u 72,8%.
Ilpomesricymounvie npoOdykmul peakyuu Onpeoeninu Memooom INeKmpocnpei-uoHu3ayuoOHHO
macc-cnekmpomempuu (ESI-MS), umo nozeonuno 6 pesyivmame RpPeONOHCUMb MEXAHUIM
(nymas) npouecca oecmpykyuu kpacumens. Pezynomamul pabomot mozym ovims noie3Hvimu 6 Ka-
yecmee meopemuUecKol 0CHOBbL 011 NPOEKMUPOGAHUA Ihhekmusnoii pecypcocoepezarouieil,
mexHuyecku IPheKkmuenoil u IKOHOMUYECKU 0OOCHOBAHHON cCUCMEMbl 00PAOOMKU CHIOUHBIX

800, coodeprcauux mpyonoduopasiazaemvle a3oKpacume’iu.
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The degradation efficiency of Acid Orange 52 dye in an aqueous solutions using the com-
bination of electrocatalytic and photocatalytic processes has been studied. Electrocatalytic and pho-
tocatalytic methods in practice reckon among advanced oxidation processes (AOPs). The effect of
catalyst B dosage and irradiarion time on the rate of mentioned dye degradation was studied in the
photocatalytic process. It was shown, that when Acid Orange 52 simulated dye wastewater was
treated by electrocatalytic technique under optimal conditions with catalyst A, the decolorization
treatment effect was 95 % in visible part of light spectrum (464 nm) and 38.6 % in ultraviolet part
(270 nm), respectively. When the combined electrocatalytic-photocatalytic technique was processed
with catalysts A and B, the color removal rate of dye could reach 99.3% (464 nm) and 91.5%
(270 nm), respectively. The large amount of products of small mole weight was formed in the course
of oxidation reaction. Moreover, the obtained values of chemical oxygen demand (COD) and total
organic carbon (TOC) witnessed, that the combination of electrocatalytic and photocatalytic pro-
cesses could significantly improve the biodegradability of dye as a whole. It was shown, that the
removal rate of COD and TOC, respectively, were 54.3% and 72.8%. The reaction intermediates
were determined by electrospray ionization-mass spectrometry (ESI-MS) analysis, and as a result,
the probable degradation mechanism (pathway) has been proposed. The results of the work may be
useful as theoretical bases for designing effective resource-saving, technically efficient and eco-
nomically sound wastewater treatment systems, containing hardly biodegradable azo dyes.
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INTRODUCTION Azo dyes wastewater has high chroma, complex compo-
sition and poor biodegradability, and direct discharge has
great harm to environment and organism [2-4].
Advanced oxidation processes (AOPs) are one
of the most effective methods to degrade organic con-
taminants. Electrochemical oxidation [5-6], photocata-
lytic oxidation [7], wet air oxidation [8-9], supercritical
water oxidation [10], ozonation [11], and other inte-
grated techniques [12] have been proposed as substi-
tutes for the conventional treatment techniques.

The dye wastewater accounts for about 10% of
the total amount of industrial waste water. The organic
pollutants which it emits is one of the main sources of
organic pollution in the environment [1]. Azo dyes are
the most variety and the largest number of synthetic or-
ganic dyes. The vast majority of azo dyes are coupled
from aromatic amines after diazotization and phenols, ar-
omatic amines which have active methylene compounds.
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Among these AOPs, photocatalytic technology has
shown good application prospects. It has demonstrated
its efficiency in degrading a wide range of ambiguous
refractory organics into readily biodegradable com-
pounds, and eventually mineralized them to innocuous
carbon dioxide and water.

Acid Orange 52 is a representative compound
of Azo dyes and one of the often used acid dyes in the
textile industry, and was selected for this study. The
study was specifically focused at: the effect of photo-
chemical catalyst B dosage, the illumination time pe-
riod in photocatalytic process and intermediate prod-
ucts detection.

EXPERIMENTAL

Materials

Acid Orange 52 (Ci1sH14sN3SOsNa) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd.

Fig. 1 shows the chemical structure of Acid
Orange 52. As it shown in Fig. 2 there are two charac-
teristic absorption wavelengths, 270 nm and 464 nm,
respectively. The 270 nm is the absorption peak of ben-
zene ring, and the 464 nm is the absorption peak of the
conjugated system of the two benzene rings and
—N=N-.

HSC\N N// N@S%Na
e :::

Fig. 1. Chemical structure of Acid Orange 52 dye molecule
Puc. 1. Xumuueckast CTpyKTypa MOJICKYJIbl KPACHTENS KHCIOT-
HOTO OpPaHXeBoro 52
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Fig. 2. Characteristic absorption wavelengths
Puc. 2. XapaxrepHble ATMHBI BOJIH NOTJIOMICHUS

All chemicals were of analytical grade if not
noticed otherwise and were obtained from Sinopharm
Chemical Reagent Co., Ltd. All chemicals were used
as received without further purification. The sample
solutions were prepared using deionized water (Aqua-
pro, USA) throughout the experiments.

Equipment

The appliance for electrocatalytic degradation
study and methodical peculiarities were described in
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our work [13]. The experimental facility for photocata-
lytic degradation study, as shown in Fig. 3, consists of
mercury lamp (1) placed at distance from source to
treated sample in a few centimeters, reactor itself (2)
and magnetic stirrer (3), which was operated at con-
stant stirring speed.

Photocatalytic degradation procedures

The batch photocatalytic experiment was car-
ried out with volume of 50 ml of simulated dye
wastewater which has been treated before under opti-
mal conditions of electrolysis with catalyst A. The
magnetic stirrer was used to achieve the effective dis-
persion of photochemical catalyst B in photocatalytic
degradation process. Before the beginning of photo-
catalytic reaction, the catalyst B was stirred first during
about 30 min in order to fully adsorb the dye.

In photocatalytic experiment the effects of pho-
tochemical catalyst B dosage and the illumination time
on the dye degradation efficiency were investigated.

T=_.
I

Fig. 3. The experimental setup for photocatalytic degradation
study (1 - mercury lamp; 2 - reactor; 3 - magnetic stirrer)
Puc. 3. DxcnepuMeHTalbHask YCTAHOBKA JUIs UCCleOBaHUS (HOTO-
KaTaluTH4eckoi aectpykuuu (1 - pryTHas namma, 2 - peakTop,
3 - MarHuTHas MellaaKa)

Analysis

UV-VIS absorption spectra

To monitor the degradation process of Acid
Orange 52, solution samples were taken out at prede-
termined time intervals and measured immediately on
a UV-1201 spectrophotometer (Beijing Rayleigh Ana-
lytical Instrument Co., Ltd.) under the Characteristic
absorption wavelength (270 nm,464 nm) to record the
temporal UV-VIS spectral variations of the dye. The
related reaction progress was monitored using the UV-
VIS absorption spectra of Acid Orange 52, which was
calculated from the following equation (percentage of
decolorization):

A% = (Co — C)/CoI00% @)

Where C; is the absorbance at 270 nm and 464
nm nm for Acid Orange 52 at reaction time t and Co is
the related initial absorbance.

Chemical oxygen demand (COD) and total or-
ganic carbon (TOC) determination

To monitor the properties of Acid Orange 52
biodegradation, solution samples were taken out at pre-
determined time intervals and COD and TOC values
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were measured immediately by using the relevant
standard test procedures of People's Republic of China
(COD:HJ/T399-2007; TOC:HJ/T104-2003) — the COD
digestion instrument (Lovibond ET125SC, Qingdao
Xu-Yu Environmental Technology Co. Ltd.) and the
TOC analyzer (Multi N/C 2100, Germany Jena Ana-
Iytical Instrument Co., Ltd.). The related removal effi-
ciency was calculated from the following equations:
COD% = (CODy — CODy)/CODoI00%  (2)
TOC% = (TOCyp — TOC,)/TOCo00% 3)
Where CODt and TOCt are the monitoring
data under different reaction conditions for Acid Or-
ange 52, CODy and TOC, are the related initial data.
Mass spectrometry method
The intermediate products in the course of
Acid Orange 52 degradation process were analyzed by
mass spectrometry method. The experiment was per-
formed at an Esquire LC—ion trap mass spectrometer
(Bruker Daltonics, Bremen, Germany) equipped with
an orthogonal geometry ESI source. Nitrogen was used
as the drying (3 I/min) and nebulizing (6 psi) gas at
300 °C. The spray shield was set to 4.0 kV and the ca-
pillary cap was set to 4.5 kV. Scanning was performed
from 100 to 500 m/z in the standard resolution mode at
a scan rate of 13 kDa/s.

RESULTS AND DISCUSSION

As it was shown by us earlier [13], that when
Acid Orange 52 simulated dye wastewater was treated
by electrocatalytic technique under optimal conditions
(Caye = 100 mg/L, U =20 V, pH = 6, t = 50 min) with
catalyst A, the decolorization treatment effect was 95%
in visible part of light spectrum (464 nm) and 38.6% in
ultraviolet part (270 nm), respectively. And then this
dye wastewater has been treated further by the photo-
catalytic method.

The effect of different reaction conditions on
photocatalytic process

To evaluate the activities of different systems,
the dye wastewater, which has been treated before by
the electrocatalytic treatment system with catalyst A,
was treated: 1) by photochemical catalyst B alone pro-
cess, 2) by ultraviolet lamp irradiation alone process
and 3) by photochemical catalyst B plus ultraviolet lamp
irradiation combined processes. The reaction time pe-
riod for wastewater sample treatment under stirring was
about 30 min for fully dye adsorption on the catalyst B
and for a more complete photocatalytic process.

As shown in Fig. 4, in the cases of catalyst B
adsorption alone process, ultraviolet lamp irradiation
alone process, and catalyst B plus ultraviolet lamp ir-
radiation process, the effect of the treatment was
greatly improved. Particularly, the treatment effect of
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the characteristic absorption wavelength in the ultravi-
olet spectra part was improved significantly. The char-
acteristic absorption wavelength of ultraviolet spectra
part almost disappeared. The characteristic absorption
peak degradation speed is in order 464 nm>270 nm. As
it was discussed earlier [13], the electrocatalytic reac-
tion first destroys the conjugated system of two ben-
zene rings and —N=N-, resulting in obvious decolora-
tion of the solution. Then the benzene ring structure is
destroyed in the course of photocatalytic process. The
structure of benzene ring in the molecule is more stable
and more difficult to degrade, but can be completely
degraded after the photocatalytic reaction.

3 A
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2
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T T T T 1
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Fig. 4. Dye degradation process under different conditions: 1 - un-
treated simulated wastewater containing the dye; 2 - electrocatalyti-
cally treated wastewater with catalyst A; 3 - ultraviolet irradiation
alone; 4 - catalyst B alone; 5 - catalyst B plus ultraviolet irradiation
Puc. 4. [Ipouecc aecTpyKIMHU KpacUTeNsl IPH Pa3IndHBIX YCIIO-
BusX: | - HeoOpaboTaHHast MOJIEIbHAS CTOYHAS BOJA, COZIEpIKaIIast
KpacHTelb; 2 - 3JIEKTPOKATAIUTHIECKH 00paboTaHHasi CTOUHAs
BOZIa B IPUCYTCTBHH Karanu3aropa A; 3 - ToJbKo yiabrpaduonero-
Boe 0o0JIydeHue; 4 - TOJIBKO IIPUCYTCTBHE Katanmsaropa B; 5 - npu-
CyTCTBHE KaTanu3aropa B mmoc ymsrpaduoneroBoe obayueHne
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Fig. 5. Color removal rate of the dye's wastewater under different
conditions: 1 - electrocatalytically treated wastewater with cata-
lyst A; 2 - ultraviolet irradiation alone; 3 - catalyst B alone;

4 - catalyst B plus ultraviolet irradiation; I — 464 nm, I — 270 nm
Puc. 5. D¢pdexruBHOCT 0OECIIBEUNBAHUS CTOYHBIX BOJ, COAEP-
XKaIUX KPacuTelb, IPU PAa3IMYHBIX YCIOBUAX: | - aeKTpokara-
JIMTHYECKH 00paboTaHHAas CTOYHAS BOJA B IPUCYTCTBHH KaTallH-
3aTopa A; 2 - TOJIBKO yJIbTpagHoIeTOBOE 00TyUeHHUE; 3 - TOJIBKO
MPUCYTCTBUE KaTanu3aTopa B; 4 - npucyrcTBue katanusaropa B
Ioc ynasrpaduonerosoe obiayuenue; I — 464 am, I1 — 270 am
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Fig. 5 illustrates the color removal rate of the
dye's wastewater under different conditions. The dye
degradation under ultraviolet irradiation alone is the
best. There may be two reasons of this phenomenon.
Firstly, it maybe because of small catalyst B activity
for the degradation of Acid Orange 52 in this photo-
degradation system. Secondly, the amount of cata-
lyst B maybe insufficient and does not reflect the
catalytic effect.

The degree of mineralization of the Acid Or-
ange 52 solution can be characterized by the removal
rate of COD and TOC values of the dye wastewater.
The data, regarding COD and TOC removal rate of the
dye's wastewater under different conditions are shown
in Fig. 6. The removal rates, caused by ultraviolet irra-
diation alone are the best, especially the degradation in
the UV spectra part. As combined with the UV-Vis
data, it can be concluded that the electrocatalytic reac-
tion is the main decolorization stage of the dye, and the
ultraviolet irradiation initiate the reaction of deep deg-
radation. Catalyst B provide the increase in TOC re-
moval rate of the dye's wastewater. Decolorization
stage means, that the conjugated structure, which is
chargeable for chromophore group of macromolecules,
is destroyed to produce intermediates. This process has
significant discoloring effect, but COD and TOC re-
moval rates are relatively low. With the help of subse-
quent photo-degradation stage, the other structures and
intermediates of the dye are further degraded to pro-
duce small molecular substances, which leads to the in-
crease of COD and TOC removal rate.

o] o s
£ 60 33.3 55.3
S 94 M ]
E 40 1
=30 {235 23 | 245
£ 20
o4 [r|E[ |rjm |HE I
0 ; : : .

Fig. 6. COD (I) and TOC (II) removal rate of the dye's wastewater
under different conditions: 1 - electrocatalytically treated wastewa-
ter with catalyst A; 2 - ultraviolet irradiation alone; 3 - catalyst B
alone; 4 - catalyst B plus ultraviolet irradiation
Puc. 6. Dpdexrunocts cumkenns BenuunH XIIK (I) u OOY (1I)
B CTOYHBIX BOJIAX, COAEPIKALINX KPACUTENb, IIPU PA3JIMYHBIX YCIIO-
BUSX: | - BJIEKTpOKATAIMTHYECKH 0OpaboTaHHas CTOYHAs BOJA B
NPUCYTCTBUH KaTanu3aropa A; 2 - TOJIBKO yIbTpadHoIeTOBOE 00-
JIydeHune; 3 - TONbKO NPUCYTCTBUE Katanu3aropa B; 4 - nmpucyr-
CTBHUe Karanu3aropa B mioc ynsrpaduoneroBoe obmydenue.
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The reason why the organic matter is easily de-
graded in the presence of UV irradiation is as follows.
The ultraviolet irradiation resulted in a large amount of
highly active *OH particles and the oxidation of treated
sample is improved.

The effect of catalyst B dosage in the illumina-
tion system

In order to verify the effect of the catalyst B in
the illumination system, the effect of the amount of cat-
alyst on the treatment effect was investigated. The re-
sults are shown in Fig. 7. Experimental conditions
were as: Isanm = 37.900° pw/cm?, t = 30 min.

99.3 99.9 3 99

100, 9,3 9. 913 _,2
%9/ 90 - 86,1 878 87 87.6
2 80
= 4
3 - I Il I|II I|II
g 60
24

50 v v 1

02 04 08 12

Dosage of catalystB (gL)

Fig. 7. Effect of catalyst B dosage on the dye degradation
efficiency; I — 464 nm, II — 270 nm
Puc. 7. Brusiane no3s! katanuzaTopa B Ha addexTuBHOCTD
nectpykuuu kpacutens; | — 464 um, II — 270 am

The analysis of characteristic absorption wave-
lengths of the dye and the removal rates values witness,
that the amount of catalyst B has small effect on the
process. The increase of catalyst B amount did not im-
prove the removal rate under ultraviolet irradiation.
This indicates that the role of catalyst B in photo-deg-
radation system in this case of dye's nature is small.

Effect of illumination time

The effect of illumination time on the dye deg-
radation process without catalyst B was investigated by
us. Fig. 8 illustrates these results.
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Fig. 8. Effect of irradiation time on the dye degradation effi-
ciency; I — 464 nm, I — 270 nm

Puc. 8. Binsinue Bpemenu o0nydeHns Ha 3PEeKTHBHOCT Jie-
cTpykuuu kpacurens; I — 464 am, I — 270 am
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Within period of time 30 min, the removal rate
increased with the increase of light exposure time. Af-
ter 30 min, the effect of irradiation time on the removal
effect was minimal.

Mass spectrometric analysis of the degrada-
tion intermediates

The direct-infusion electrospray ionization
mass spectrometry (ESI-MS), which is the advanced
technology for detection and identification of reac-
tants, products, and intermediates in solution [14, 15],
was applied by us to screen for intermediate products
in the course of Acid Orange 52 degradation with elec-
trocatalytic-photochemical system. With the help of
such mass spectra analysis, it was possible to deduce
the proposed mechanism (pathway) of electrocatalytic-
photochemical degradation of Acid Orange 52 dye.
There are some papers in literature [16-23], devoted to
the determination of reaction products in conditions,
analogous to those, considered in our work. But the au-
thors proposed various degradation pathway mecha-
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nisms and, sometimes, it's difficult to find out any reg-
ularity in experimental results interpretation.

Fig. 9 displays the representative spectra in the
negative ion model in the course of electrocatalytic-
photochemical process. The molecular weight of Acid
Orange 52 dye was 327 with the structure shown in
Fig. 1, and in aqueous solution the Ci4H14N3SOsNa
groups in the dye will dissociate into Ci4HoBrN,Os,
and then dissociate into C1sHsBrN>O4 and H" ions. At
the beginning of the reaction (Fig. 9, a), an intense ion
of m/z 304 corresponding to Acid Orange 52 [M-H]~
were observed as expected. After 50 min when the
Acid Orange 52 dye solution was treated only by elec-
trocatalytic process, the intensity of Acid Orange 52 at
m/z 304 decreased significantly, indicating that it was
degraded into some intermediate products. The signal
peaks at m/z 276 and 290 showed up (Fig. 9, b). And
after 30 min when the Acid Orange 52 dye solution was
further treated by photochemical process, the intensity
of Acid Orange 52 dye at m/z 304 disappeared. The
signal peaks at m/z 135, 172, and 173 showed up.
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Fig. 9. ESI (-) mass spectra of Acid Orange 52 dye solution (the
optimal conditions of electrocatalytic treatment with catalyst A:
Caye = 100 mg/l, U =20 V, pH =4, t = 50 min; the optimal condi-
tions of photocatalytic treatment with catalyst B: t = 30 min,

I (254nm) = 37.9-103uw/cm?) a - at the beginning of the reaction;
b - electrocatalytically treated wastewater with catalyst A; c - elec-
trocatalytically treated wastewater with catalyst A and then photo-
catalytically treated with catalyst B under ultraviolet irradiation.
Puc. 9. ESI (-) macc-crieKTpsI ¢ OTpHLAaTeIbHOM HOHU3aKEi pac-
TBOpa KPAaCHUTENS KUCIOTHOTO OPAHXEBOT0 52 (ONTUMaNIbHEIE
YCIIOBUS 3JIEKTPOKATATUTHIECKOH 00pabOTKH B IIPUCYTCTBHUH KaTa-
mmzatopa A: Caye = 100 mr/n, U =20 V, pH =4, t = 50 muHn; ontu-
MaJIbHBIE YCIOBHUS (POTOKATATUTHIECKOH 00pabOTKHU B IIPUCYT-
ctBum Karamazaropa B: t = 30 mun, I (254 nm) = 37,900%°uw/cm?)
a) - B Ha4aJle PEeaKIny; b) - 3JIeKTPOKATATUTHIECKH OUUIICHHBIC
CTOUHBIE BOJBI C KATATU3aTOPOM A; C) - JNEKTPOKATATUTHUECKU
OUHIIEHHbIE CTOYHBIE BOJIBI C KaTAIM3aTOPOM A, ¢ Toceayomei
(dorokaranuTnueckoit 06paboTKoil ¢ KaTaauzaTopoM B npu yib-
TpaduoneToBoM 00IydeHHN
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HGC\ \ \

/ NH, SO;H N NH,
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N OH
o o = GOOH + chcoon Cco, + H,0

COOH

Fig. 10. The scheme of proposed degradation mechanism (pathway) of Acid Orange 52 dye by combination of electrocatalytic and pho-
tocatalytic processes
Puc. 10. Cxema npearaeMoro Mexanusma (IIyTH) Ipolecca AeCTPYKIUH KPACUTeNsl KUCIOTHOTO OPAHXKeBOro 52 KoMOMHanuen 3ek-
TPOKATAJIMTHIECKOTO M (POTOKATATUTHIECKOTO IIPOLIECCOB

With the reaction proceeding Acid Orange 52
dye was further degraded into simple carboxylic acids
and COs. As a result, the probable degradation mecha-
nism (pathway) has been proposed by us as the reac-
tions sequence for degradation of Acid Orange 52 dye
by electrocatalytic-photochemical treatment. It is shown
in Fig. 10.

CONCLUSION

It was shown an effective degradation rate of
Acid Orange 52 dye under optimal processes condi-

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2018. V. 61. N 4-5

tions when the combined electrocatalytic-photocata-
lytic technique was used. The dye removal efficiency
reaches 99.3% (in visible light spectrum) and 91.5%
(in UV-light spectrum), respectively.

The ESI-MS analysis of reaction intermediates
has shown that the chromophore group of the dye can
be oxidized and degraded. And the resulting aromatic
products can be destructed further and degraded into
small molecular weight products, eventually into sim-
ple carboxylic acids, carbon dioxide and water. The
Acid Orange 52 dye degradation mechanism (path-
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way) by combination of electrocatalytic and photocata-
lytic processes was proposed.

We believe, that the results of this study may

be useful as theoretical grounds for designing an effec-
tive resource-saving, technically efficient and econom-
ically sound water management systems [24], which

use

in their technology the hardly biodegradable sub-

stances, such as azo dyes.

10.

11.

12.
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