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ABSTRAKT

Zakladnim tématem této prace je studium vlivu elektrolyzy na rozklad organickych barviv
ve vodnych roztocich. Elektrolyza je fyzikalné-chemicky d¢j, pfi kterém dochazi vlivem
prochéazejiciho stejnosmérného proudu k chemickym reakcim uvnitt systému. Vhodnym
zvolenim vstupnich podminek Ize docilit zasadnich zmén ve struktuie molekul organickych
latek a tim naptiklad jejich postupného odbourani. Tohoto jevu lze vyuzit v procesu Cisténi
odpadnich vod. Hlavnim ukolem prace je podrobné studium vlivua rtizné zvolenych
chemickych a fyzikdlnich podminek na miru rozkladu azobarviv, jakozto nejpocetnéjsi
skupiny organickych barviv pouzivanych v primyslu, a ztohoto divodu ve velké miie
obsazenych v primyslovém i komunélnim odpadu.

Azobarviva byla pro tento pokus zvolena pro jejich velmi dobrou rozpustnost ve vodé.
Dalsi vyhodou je, Ze jejich rozklad je doprovéazeny viditelnym odbarvenim roztoku a jejich
koncentrace v roztoku je lehce stanovitelnd pomoci metody UV-VIS spektrometrie.
Konkrétné byla pouzita dvé pfima azobarviva — Saturnova modi LB (C.I. Direct Blue 106) a
Saturnova ¢erven L4B (C.I. Direct Red 79).

Experiment byl provadén v jednoduchém reaktoru sloZzeném z vanicky s michadlem, do
které byly vlozeny dvé elektrody napojené na zdroj stejnosmérné¢ho napéti. Kazda série
méteni probihala pfi konstantnim proudu, jehoz hodnoty byly voleny v rozsahu od 100 mA do
1 000 mA. Elektrické napéti se pohybovalo vrozmezi 7 V az 22 V. Béhem pokusu byly
odebirany dil¢i vzorky roztoku a u kazdé série byl vyhodnocen pokles koncentrace barviva.
Timto vyhodnocenim byla potvrzena hypotéza, ze se barviva obsazend v roztoku skutecné
odbouravaji, coz bylo doprovazeno i ofekdvanym odbarvovanim roztoku. K odbarvovéni
vodného roztoku barviva dochazi proto, ze je narusovana struktura molekuly barviva, ktera
tak ztraci své charakteristické prvky zpisobujici barevnost (konjugovany systém dvojnych
vazeb a pritomnost prislusnych substituenti).

Dohromady bylo naméteno 15 sérii s riznymi vstupnimi podminkami (Fe a Pt elektrody,
elektrolyty NaCl, Na,SO4, a NaNOs a jejich riznd koncentrace, rizné hodnoty proudu), které
vice ¢i mén¢ ovlivilovaly miru rozkladu zkoumanych latek. Bylo zjiSténo, Ze 1épe se
elektrolyticky odbourdva modré barvivo. Pfi¢inou mtize byt chemicka struktura jeho molekul,
které jsou mens$i a méné rozvétvené nez molekuly pouzitého cerveného barviva. K nejvétSimu
odbourani modrého barviva pak doslo pfi nejvyssich hodnotach voleného konstantniho
proudu 800 mA a 1 000 mA. Lze tedy predpokladat, Ze ¢im vétsi proud prochazi systémem,
tim vétsi je pokles koncentrace barviva. Za pouziti elektrod znerezové oceli probihala
degradace modrého barviva rychleji, nez v pfipadé platinovych elektrod. Jako nejvhodné;jsi
elektrolyt se jevil chlorid sodny, pficemz platilo, ze ¢im vétSi koncentrace (resp. vodivost)
elektrolytu byla zvolena, tim efektivnéji probihal rozklad.

KLICOVA SLOVA

¢isténi odpadnich vod, elektrolyza, barevnost organickych latek, rozklad organickych barviv,
azobarviva, UV-VIS spektrometrie



ABSTRACT

The basic subject of this thesis is to investigate the influence of electrolysis on degradation
of organic dyes in aqueous solutions. Electrolysis is a physically-chemical process, during
which — under the influence of direct current — chemical reactions proceed inside the system.
By choosing efficient conditions it is possible to achieve fundamental changes in the structure
of organic compound’s molecules and on the basis of that for example their gradual
degradation. This effect can be used in the process of wastewater treatment. The main task of
the thesis is to analyse the influence of variously chosen chemical and physical conditions on
the rate of degradation of azo dyes, which is the largest group of organic dyes used in industry
and from this reason in great amounts contained both in mill residues and sewage water.

Azo dyes have been selected for this experiment for their good solubility in water. Other
advantage is that their degradation is accompanied by visible decoloration of the solution and
their concentration in solution can be easily determined by UV-VIS spectrometry. Concretely
two direct azo dyes — C.I. Direct Blue 106 and C.I. Direct Red 79 — have been chosen.

The experiment was carried out in a simple reactor consisted of a bath with a stirrer into
which two electrodes were installed and attached to the source of direct voltage. Every series
of measurement proceeded at constant current which values were varied in range from
100 mA to 1 000 mA. The electric voltage ranged from 7 V to 22 V. Several samples were
taken away from the solution during the experiment and the decrease of dye concentration
was evaluated in every series. This evaluation validated the hypothesis that the dyes contained
in the solution really degraded. This process was also connected to the expected bleaching of
the solution. Decoloration of aqueous solution of dye is caused by disruptions in the structure
of the dye molecule which is loosing its characteristic sections that cause colourfulness
(a conjugate system of double bonds and presence of appropriate substitutes).

A total amount of measured series was 15 with various input conditions (Fe and Pt
electrodes, electrolytes NaCl, Na,SO4, and NaNOs and their different concentrations, different
current values) which more or less influenced the rate of degradation of investigated
substances. It was found out that the blue dye is more likely to be electrolytically degraded.
Chemical structure of its molecules, which is smaller and less branched than molecules of the
used red dye, could be the source of that. The greatest degradation of the blue one proceeded
at two chosen maximum values of constant current 800 mA and 1 000 mA. It could be
assumed that current enhancement through the system induces higher dye concentration
decrease. Degradation of the blue dye proceeded faster by using electrodes made of stainless
steel than the platinum electrodes. The most suitable electrolyte was shown to be sodium
chloride. When higher concentration (or conductivity) of electrolyte was used higher
efficiency of degradation process was observed.

KEYWORDS
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1 UVOD

Dnesni moderni spolec¢nost s rozvinutou industridlni sférou klade na tpravu vody vysoké
naroky. At uz se jedna o Cisténi odpadnich vod nebo o Gpravu pitné vody, v obou piipadech
se setkdvame se Ctyfmi, kontinualné na sebe navazujicimi, metodami. Prvnim stupném je
mechanické ¢isténi, kterym se odstranuji hrubé necistoty a dalsi nerozpusténé latky [1].

Na n¢j navazuje €i$téni chemické, které se tykéd zejména Uprav pitné vody. Je zaloZeno na
neutralizaci, srazeni a hlavné oxidaci (chlorem a jeho slou¢eninami, ozonem, manganistanem
draselnym, peroxidem vodiku aj.). Timto se eliminuje pfitomnost huminovych latek, barviv,
fenolt, vira a bakterii, zeleza, manganu, chlorofylu, amoniaku, fas a dalSich mikroorganismi,
bilkovin, sacharidii, tukli, ropnych produktd, tenzidii, pesticidii, aromatickych sloucenin a
rady dalSich [1].

Nasleduji fyzikalné-chemické procesy, které maji za kol odstranit koloidni latky a fosfor
(koagulaci), rozpusténé plyny (desorpci vzduchem), barviva a zapach (adsorpci aktivnim
uhlim), nezadouci ionty a minerdly (pouzitim iontoménicl a ultrafiltrace), bakterie a viry
(vlivem UV zafeni), mikroorganismy (anodickou oxidaci a ionizujicim zafenim) aj. [1].
Aplikaci silnych oxida¢nich cinidel, ultrafialového a ionizujiciho zafeni a rovnéz vyuzivani
elektrickych vyboji v kapalinach Ize souborné nazvat pokrocilymi oxida¢nimi procesy (AOP
— Advanced Oxidation Processes) [2].

Biologické zptisoby se uplatiiuji pii odstrafiovani zeleza, manganu, sloucenin siry, dusiku a
fosforu, koloidii, organickych latek apod., pfiCemz hlavni Cinitele ptedstavuji heterotrofni
bakterie a mikroorganismy, které se uméle ptidavaji do odpadni vody. Je to ekologicky
nejvice Setrna metoda, pii niz nevznikaji nezadouci latky [1].

Chemické oxidaéni procesy doprovazi tvorba znecistujicich latek. Sekundarni kontaminaci
zpisobuje zejména pouziti ozénu, chloru a jeho sloucenin, kdy muize dojit ke vzniku
kancerogennich a mutagennich sloucenin. Pti fyzikalné-chemickych procesech tyto latky
nevznikaji, ovSem v pfipadé naptiklad UV a ionizujiciho zafeni se jedna o metody finan¢né i
energeticky naro¢né. Energeticky nevyhodné je i jiz zminéné uziti ozonu, ktery se pfipravuje
v misté pouziti v ozonizatoru ptisobenim tichého elektrického vyboje (10 — 20 kV) [1].

Cilem této prace je prostudovani, jak rizné zvolené wvnéjsi podminky ovliviiuji
elektrolyticky rozklad azobarviv ve vodném roztoku. Elektrolyza je elektrochemicky d¢j,
ktery vznika za ptitomnosti vhodného elektrolytu a reagujicich latek pisobenim elektrického
proudu generovaného pomoci dvou ponoifenych rozdiln€ nabitych elektrod napojenych na
zdroj stejnosmérného napéti. Konstantniho stejnosmérného napéti vyuzivd 1 metoda
elektrického vyboje v kapalinach a elektrolyza tedy pfedstavuje paralelni jev, ke kterému pii
elektrickém vyboji dochazi [3].

Pro vyzkum rozkladu modelovych sloucenin pouze ucinkem elektrolyzy byla pouzita dvé
piima azobarviva s dostatecné odliSnou strukturou a velikosti molekul (Saturnovéd modf LB a
Saturnova Cerveil L4B) a byl hodnocen vliv typu elektrolytu, velikosti prochazejiciho proudu,
koncentrace elektrolytu a druhu pouzitych elektrod na jejich odbourdvani.

Dal$im pfedmétem zkoumadani v této praci je vyuziti elektrolyzy (tedy rozsifeni oblasti
pusobeni anodické oxidace) pro odbarvovani vody zdivodu jednoduchého uspotradani,
vysoké ucinnosti a nizkych nékladl na energii. U vySe uvedenych metod (UV a ionizujici
zatfeni) je problémem pravé vysoka spotfeba energie a nizka zivotnost zafizeni, ovSem na



druhou stranu jejich pouziti nepfedstavuje zdravotni rizika, coz je pfi elektrolyze diskutabilni.
Struktura rozkladnych meziprodukti totiz nebyla prozatim blize prozkoumana. Pokrok
v tomto ohledu by mohla pfestavovat NMR spektroskopie (nukledrni magnetickd resonance)
[4] ¢i vyuziti HPLC (High Performance Liquid Chromatography) — vysoce u¢inné kapalinové
chromatografie za vysokého tlaku [5].



2 TEORETICKA CAST

2.1 Elektrolyza

Elektrolyza je elektrochemicky dé&j probihajici v soustavé slozené z elektrolytu a dvou do
n¢j ponofenych elektrod spojenych vodi¢i prvni tfidy se zdrojem elektrického proudu
(zékladni uspotadani je znazornéno na obr. 1). Vodici prvni tiidy rozumime takové latky,
v nichZ je ptenos naboje zprostiedkovan elektrony. Typickym ptikladem téchto vodicl jsou
kovy. Elektrolyt, jak ve formé taveniny, tak ve form¢ roztoku, predstavuje vodi¢ druhé tidy,
kdy je ptfenos ndboje zprostiedkovan ionty piislusné chemické latky, pfi¢emz kladn€ nabity
ion se nazyva kation, zaporn¢ nabity ion je anion. Rozklad elektroneutralnich molekul na
ionty se oznacuje jako elektrolytickd disociace. K disociaci elektrolytu v roztoku dochazi
zCasti v dusledku snizeni elektrostatickych interakci mezi ionty v prostfedi rozpoustédla
(tvofené¢ho vodou ¢i jinou polarni slouceninou), z&asti pak v disledku solvatace iontd, jez
zahrnuje rizné interakce mezi ionty a molekulami rozpoustédla [6, 7].

Silnym elektrolytem je latka, kterd je v taveniné ¢i v daném rozpoustédle pfitomna pouze
ve formé iontl nebo je disociovana z vice nez 90 %. Jsou to zpravidla vodné roztoky soli,
silnych anorganickych kyselin nebo hydroxida alkalickych kovl a alkalickych zemin. Slaby
elektrolyt je charakterizovan ustavenou rovnovahou mezi ionty pfislusné latky a
nedisociovanymi molekulami této latky (k uplné disociaci dochdzi pouze pifi nekonecné
velkém zfedéni). Slabé elektrolyty tvofi voda, vodné roztoky slabych anorganickych kyselin
¢i organickych kyselin a roztoky slabych zasad. O sile elektrolytu ov§em nerozhoduje pouze
charakter rozpusténé latky, ale také druh rozpoustédla (zatimco ve vod¢ se mize dana latka
chovat jako silny elektrolyt, v organickém rozpoustédle mize byt elektrolytem slabym) [6].

Po caste¢né nebo uplné disociaci nabyva systém zdanlivé elektroneutrality. Pisobenim
elektrického proudu zacind dochéazet k elektrochemickym reakcim iontd na elektrodach,
pricemz na zaporné elektrod¢ (katod€) probihd redukce (reakce, kdy se spotfebovavaji
elektrony), na kladné elektrodé (anod€) oxidace (reakce, pii které elektrony vznikaji).
K anod¢ tedy putuji aniony, ke katod¢ naopak kationy [6].

Povaha téchto reakci je zavisla pfedevsim na typu elektrolytu, teploté, proudové hustoté a
na materidlu elektrod. Z hlediska materialu 1ze elektrody délit na inertni a aktivni. Inertni
elektrody se elektrochemickych reakci netcastni, dochazi na nich pouze k vyluovéani
produktii reakce nebo k dal§im reakcim produktd, zpravidla srozpoustédlem. Typickym
materidlem inertnich elektrod je platina. Aktivni elektrody se naopak elektrochemickych déja
ucastni, dochazi k jejich rozpousténi ¢i pfimo reaguji s pfitomnymi ionty [6].

V praxi se setkdvame s elektrolyzou vcelé fedé primyslovych odvétvi, zejména
v elektrometalurgii, jez se zabyva vyrobou a ¢isténim (rafinaci) kovi. Nezastupitelnou roli
hraje elektrolyza pii galvanickém pokovovani, galvanoplastice a elektrickém lesténi. Lze ji
rovnéz vyuzit pti pripravé nékterych nekovovych materialii [8], syntéze fady organickych
latek, ale také jejich rozkladu, coz je hlavnim pfedmétem zkoumani v této praci.
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Obr. 1: Zdkladni schéma elektrolyzy

2.1.1 Elektrodovy potencial a Faradayovy zakony

Z kvalitativniho hlediska se elektrolyza tidi velikosti elektrodovych potenciald.
Predstavime-li si krystal kovu, jez ve své krystalové miizce obsahuje pevné vazané kationy a
v meziprostorech relativné volné pohyblivé valenéni elektrony, lze takovou strukturu
prirovnat ke struktufe iontové slouceniny. Po ponoteni do vody (roztoku) vykazuje i podobné
chovani. Vlivem polérnich molekul vody (roztoku) dochdzi k odstépeni ur¢itého mnozstvi
kationd z krystalové miizky kovu, které pfechazi do vody (roztoku). Elektrony zistavaji
nadéle ve struktuie kovu a ten se nabiji zdpornym ndbojem, zatimco se voda (roztok) nabiji
kladn¢. Mezi kovem a vodou (roztokem) vznika elektrodovy potencial. Zaporné¢ nabity kov
vSak okamzit¢ zaCne pfitahovat kladné ionty zroztoku. Toto se d¢je az do ustaveni
rovnovahy. Na povrchu kovu se tak vytvoii elektrickd dvojvrstva slozena z kladnych a
zapornych nabojii. Uspofadani s jednou elektrodou a vhodnym elektrolytem se nazyva
elektrochemicky poloc¢lanek [8, 9].

Elektrodovy potencial 1ze tedy definovat jako praci, kterou je nutno vynalozit pfi pfeneseni
jednotkového naboje z mista o nulovém potencidlu do daného mista. Vysledna prace se sklada
ze dvou dil¢ich kroki, a to z prace vynaloZené na pieneseni jednotkového naboje z nekonecna
do tésné blizkosti kovové faze, ktera je dana predevSim nabojem ionti elektrické dvojvrstvy,
a z prace nutné pro prenos naboje pres fazové rozhrani z elektrolytu do kovové faze, kterd je
uréena zejména vlastnostmi povrchu daného kovu [10].

Velikost elektrodového potencidlu E zavisi na charakteru kovu, koncentraci roztoku a na
teploté, a lze ho urcit na zaklad¢ Nernstovy rovnice:

0,059

n

E=E"+

loge, (1)

kde n je oxidaéni ¢&islo kovu v roztoku, ¢ je latkova koncentrace soli v roztoku a E° je
standardni elektrodovy potencidl kovu, ktery vyjadiuje miru schopnosti kovu ptrechazet ve
formé iontd do roztoku a je pro pribéh reakei v roztocich rozhodujicim faktorem [9].

V dasledku prispévku elektrodového potencidlu tedy vyplyva, Zze pokud mizou na
elektrodach probihat rizné reakce, probéhne vzdy ta, kterd vyZaduje minimalni potencidlovy
rozdil mezi elektrodami. Jak jiz bylo feceno, reakci na elektrodach predstavuje zpravidla

10



oxidace, resp. redukce rozpusSténé latky. Pokud ovSem rozpousStédlo oxiduje (redukuje)
snadnéji, je tento d¢j potlacen [8].

Po kvantitativni strdnce popisuji pribch elektrolyzy Faradayovy zdkony, které vyjadiuji
vztah mezi hmotnosti vyloucenych latek a nabojem (proudem) pifenesenym elektrolytem.
Prvni Faradaylv zdkon tik4, ze ,,hmotnost latek pfeménénych priichodem proudu je timérna
celkovému naboji, ktery prosel elektrolytem®. Jestlize Q je celkovy naboj prosly elektrolytem,
potom pocet iontl pfeménénych na elektrodach bude Q/ze, kde z je ¢islo ndboje iontli a e je
jednotkovy naboj (tj. 1,602.10™"). Pom&r molarni hmotnosti a Avogadrovy konstanty M/Na
udava hmotnost jedné ¢astice a pro celkovou hmotnost potom plati vztah:

M O M-It M-It
N, z-e ez-N, z-F

m

)

kde ¢ zna¢i dobu prochazeni proudu / systétmem a F = e.Na je Faradayova konstanta
(. 96 485 C/mol) [9, 10].

Druhy Faradaylv zakon fikd, Ze ,,podil hmotnosti dvou latek vyloucenych z elektrolytu
stejnym nabojem je v poméru jejich chemickych ekvivalenti. To znamena, ze pokud métime
dva rtizné elektrolyty, bude hmotnost vyloucené latky o molarnim mnoZstvi M; v prvnim
elektrolytu m; a hmotnost vyloucené latky o molarnim mnozstvi M, ve druhém elektrolytu m,.
Ptredpokladame-li, Ze obé latky byly vylouceny stejnym mnoZstvim naboje, lze druhy
Faradaytiv zakon zapsat takto:

M,-IT-t M, -T-t I/ 7
= a m2:— - —_—
z,-F z, - F m, M.,

(3,4,5)

m,

kde Mg = M/zF je chemicky ekvivalent vyjadiujici mnozstvi latky pfeménéné prichodem
naboje o velikosti 1 coulomb [9, 10].
2.1.2 Autoprotolyza vody a hydrolyza soli

Voda patii mezi amfiprotni rozpoustédla, coz jsou rozpoustédla se schopnosti odstépovat i
pfijimat proton, plni tedy funkci jak kyseliny tak zasady (ma amfoterni charakter).
Charakteristickou vlastnosti amfiprotnich rozpoustédel je autoprotolyza. Cista voda je do jisté
miry disociovana podle nasledujiciho schématu [10]:

e Molekula vody disociuje na vodikovy proton H'" a hydroxylovy anion OH™:
H,0 < H" + OH" (6)

v , , . v - “r

e Jelikoz H' neni schopen samostatné existence, slucuje se s dalsi molekulou vody za
. . , . +
vzniku oxoniového kationu H;O":

H"+H,0 < H,0" (7)
e Souhrnné lze autoprotolyzu vody zapsat takto:
2H,0 <> H,0" +OH" (8)

Vodivost vody, jakozto velmi slabého elektrolytu, 1ze znaéné zvysit ptidavkem ve vodé
rozpustné soli (silny elektrolyt). Pojem hydrolyza vystihuje reakcei soli s vodou, kdy dochazi
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k uplné elektrolytické disociaci této latky na pfislusné ionty. Produkty hydrolyzy (ionty) dale
reaguji s vodou az do ustaveni hydrolytické rovnovahy nebo nereaguji viibec.

V piipadé soli silné kyseliny a silného hydroxidu, napt. NaCl, nastavaji pfi rozpusténi ve
vode¢ tyto reakce [9]:

NaCl+H,0 - Na" +CIl” 9)
Na“ + H,O — neprobiha (10)
ClI" + H,0O — neprobiha (11)
Pokud se jednd o stl silné zasady a slabé kyseliny, probihaji nasledujici reakce:
NaA —» Na" + A~ (12)
A +H,0 HA+OH" (13)

Naopak pii vytvofeni vodného roztoku soli slabé zisady a silné kyseliny dochdzi
k nasledujicimu:

BCl—> B* +CI° (14)
B"+H,0 < BOH+H" (15)

Pokud méme vodny roztok soli slabé kyseliny a slabé zasady, probihaji vedle disociace
vody (viz vyse) nasledujici déje:

BA —>B"+A"~ (16)
B"+H,0 <> BOH+H" (17)
A +H,0«< HA+OH™ (18)

Jak autoprotolyza vody, tak hydrolyza soli je vzdy doprovazena dé¢ji na elektrodach —
katodickou redukci a anodickou oxidaci — které 1ze popsat nasledovné:

Katoda: H +e < %Hz (19)

Anoda: OH" <—>%H20 +%O2 +e (20)

Na katod¢ tedy dochazi ke tvorbé vodiku, na anodé naopak ke tvorbé kysliku [6].
Z hlediska rozkladu nezadoucich latek a mikroorganismii pfitomnych ve vodé ma vyznam
praveé anodické oxidace [1].

2.2 Barviva a barevnost

2.2.1 Barevnost latek a definice barviv

Barva pfedmétu, kterou vnimé lidské oko, je dana propusténim ¢i odraZenim urcitého
podilu svétla z celkového spektra bilého svétla, které zahrnuje ultrafialovou, viditelnou a
infracervenou oblast. Lidské oko vnima pouze viditelnou cast spektra, které se sklada
z fialové, modré, zelené, zluté, oranzové a Cervené barvy, pricemz kazdé nalezi jiny rozsah
vinovych délek svételnych paprskt (viz tabulka 1). Pfi dopadu bilého svétla na predmét mize
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dojit k jeho uplnému odrazeni, uplnému pohlceni, ¢i k absorpci jeho ur€ité ¢asti. V prvnim
pripad¢é se predmét jevi jako bily, ve druhém jako Cerny, ve tfetim ptipadé jako barevny,
pficemz jeho vlastni barva zavisi na absorbované ¢asti svétla, zatimco lidské oko vnima jeho
odrazenou cast, a to jako komplementarni (doplitkovou) barvu. Dochazi-li k posunu barvy
pfedmétu smérem k vét§im vinovym délkam (od zluté k fialové), barva se prohlubuje a dany
posun je nazyvan jako batochromni. Posunuje-li se barva predmétu smérem k mens$im
vlnovym délkam, barva se tzv. zvySuje a nastavd hypsochromni posun [11].

Tabulka 1: Oblast absorbovaného svétla a doplitkova barva pro dany rozsah vlnovych délek

Vinova délka [nm] Oblast absorbovaného svétla | Komplementarni barva
do 380 ultrafialova -

380 az 450 viditelna fialova Zlutozelena

450 az 485 modra zluta

485 az 565 zelend purpurova

565 az 585 zluta modra

585az 610 oranzova modrozelena

610 az 780 cervena azurova

nad 780 infraCervena -

Vedle hloubky mé kazdé barvivo také urcitou intenzitu absorpéniho pasu, kterd je dana
strukturnimi faktory. ZvétSovani intenzity nazyvame hyperchromnim efektem, snizovani
naopak hypochromnim efektem. Barviva jsou téZ schopnd vlivem raznych vnéjSich vlivi
(rozpoustédlo, teplota, svételné zareni) ménit svlij odstin. Tyto zmény zavisi na konkrétni
struktute toho kterého barviva [11, 12].

Aby mohla byt organicka sloucenina barvivem, musi mit jeji molekula takovou strukturu,
ktera umoznuje absorpci svétla ve viditelné Casti spektra a zaroven také umoziuje
mechanickou ¢i chemickou vazbu na vybarvovany substrat. Organickou latku ¢ini barevnou
pritomnost tzv. chromoforti - skupin obsahujicich dvojnou vazbu jako jsou napt. azoskupiny
—N=N-, nitroskupiny —NO,, nitrososkupiny —-N=0, karbonylové skupiny —C=0O aj. Vlastni
sloucenina se pak nazyva chromogen. Chromogen vsak jesté nemusi byt barvivem, protoze
nema dostatecnou intenzitu a afinitu k substratu. Toto zajisti az pfitomnost tzv. auxochromt,
coz jsou skupiny jako napft. hydroxyskupiny —OH, aminoskupiny —N<, alkylaminoskupiny,
acetylaminoskupiny, sulfoskupiny —SOs;H a dal$i. Chromogeny tedy maji vliv na barevnost
latek, auxochromy ovliviiuji jejich rozpustnost a intenzitu barvy [11, 13].

DalSim charakteristickym znakem barviv je pfitomnost tzv. koordinacné nenasycenych
atomu. To znamend, ze atom je v molekule vazan s mensim poctem sousednich atomi, nez
odpovida jeho maximalnimu koordinacnimu ¢islu (napf. trojvazny uhlik). Barevnost latek
urcuje rovnéz pritomnost chinoidniho jadra, které vznika ptechodem jadra benzenového a
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v neposledni fad¢ pfitomnost dostate¢né dlouhého fetézce konjugovanych dvojnych vazeb a
na ném piipojenych elektrondonorovych a elektronakceptorovych substituenti. Vyznamnou
roli mezi organickymi barvivy hraji substituované aromatické a heterocyklické slouceniny
[14].

Z chemického hlediska mizeme organickd barviva délit na nitrobarviva, nitrosobarviva,
azobarviva, barviva antrachinonova, indigoidni, ftalocyaninova, sirna, difenyl- a
trifenylmetanova, chinoniminové, oxazinova, thiaminova a azinova [11].

Organicka barviva maji Siroké spektrum uziti. Azobarviva se pouzivaji k barveni textilnich
ale 1 netextilnich material. Fluorescen¢ni barviva jsou soucasti barevnych lasert a slouzi téz
jako opticky zjasnujici prosttedky. Dichroickymi barvivy se barvi kapalné krystaly (soucast
displeji). Fotosenzibilizujici barviva nachédzeji uplatnéni pii fotopolymeraci. Specialni
skupinu tvofi barviva pro chemoterapeutické ucely, barviva pro barevnou fotografii, barviva
vhodna pro biologické aplikace, barviva pro televizni obrazovky a mnoha dalsi [15].

Pravé azobarviva tvoii zfejmé nejpocetnéjsi a nejdulezitéjsi skupinu organickych barviv
disponujicich Sirokou barevnou $kdlou od zluté aZz po cernou a nad ostatnimi typy barviv
vynikajich zejména v jednoduchosti aplikace a riiznorodosti vlastnosti [14]. Pro tuto praci
byla vybrana dvé barviva ze skupiny pfimych (substantivnich) azobarviv — Saturnova modf
LB (C.I. Direct Blue 106) a Saturnova ¢ervenn L4B (C.I. Direct Red 79).

2.2.2 Barviva a zZivotni prostiedi

Prestoze problémy vyvolané aplikaci barviv a jejich vyrobou jsou podstatné mensi nez
v pfipad€ jinych chemickych vyrobnich odvétvi, rozhodné nejsou zanedbatelné. JelikoZ se
organickd barviva objevuji témét ve vSech oblastech lidské existence, potravinami a
kosmetikou pocinaje a textilnimi, papirenskymi a dal$imi vyrobky konce, je na misté studium
jejich u¢inného odbouravani. Toto se tykd nejen barviv samotnych, ale i meziproduktd
vznikajicich pfi jejich vyrobg, u nichz byly v mnoha ptipadech prokdzany toxické ucinky
(zejména teratogenni a kancerogenni). Pokud se jedna o barviva, nejsledovanéjsi je jejich
obsah v odpadnich vodach, jak ptimo z vyroby, tak produkovanych béznou lidskou Cinnosti.
Cilem je dosazeni takovych koncentraci toxickych slozek ve vodé, které jiz nepiedstavuji pro
lidsky organismus a zivotni prostfedi Zadné riziko [11]. Dal$im problémem je obrovska
barvivost organickych barviv, kdy jsou i velmi malé koncentrace v odpadnich vodach
viditelné [12].

Vodu Ize upravovat zplsoby mechanickymi, chemickymi, fyzikalné-chemickymi a
biologickymi. Pii odbarvovani vody jsou nejucinngj$i metody fyzikalné-chemické, kam patii
mimo jiné oxidace vzdusnych kyslikem (cilem je oxidace iontl zeleza, zlepSeni chuti vody,
redukce poc¢tu mikroorganismil a prevence koroze) a rtizné typy dezinfekce (UV zafenim,
anodickou oxidaci, ionizujicim zatenim), kterou se likviduji zejména patogenni organismy

[1].
2.3 UV-VIS spektrometrie

2.3.1 Princip UV-VIS spektrometrie

Podstatou molekulové absorpcni spektrometrie v ultrafialové a viditelné oblasti je métfeni a
interpretace elektronovych spekter molekul latek, které absorbuji elektromagnetické zatreni
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v rozsahu vlnovych délek 200 nm az 800 nm. Jelikoz zptsob interakce zafeni se zkoumanou
latkou pfimo zavisi na struktufe hmoty, lze na zdkladé hodnot frekvence v (nebo vinové délky
L) studovat strukturu latek (kvalitativni analyza) nebo dle velikosti absorbance stanovit jejich
koncentraci (kvantitativni analyza) [16].

Kazdému stavu Castice (atomu, molekuly), ktery je popsan vlnovou funkci, odpovida urcita
hodnota energie. Za normalnich podminek se molekula latky nachazi v zakladnim
elektronovém stavu Ej a jeji energie je rovna souctu zdkladni elektronové E., vibracni E, a
rotacni E; energie:

E,=E +E,+E, 1)

Pohlcenim fotont zafeni z UV-VIS oblasti elektromagnetického spektra prechdzi molekula
do energeticky bohatsiho excitovaného stavu, ve kterém setrvava fadové 10” s a ihned se
vracil |deexcitaénimi pfechody za soufasného vyzatfeni energie zpét do stavu zdkladniho.
Absorbovana energie AFE, ktera je rovna rozdilu energie stavu excitovaného E; a energie stavu
zakladniho E\, musi byt rovna pfijatému kvantu zateni v souladu s rovnici

AE=E, —E,=hv=h<=AE, +AE, +AE, (22)
A

kde 4 je Planckova konstanta, v je frekvence elektromagnetickych vin ve vakuu, 4 je vinova
délka zafeni a c je rychlost svétla ve vakuu [16].

Velikost absorpce Ize v absorpéni spektrometrii vyjadfit pomoci transmitance 7
(propustnost), kterd je definovana jako pomér toku monochromatického zéateni latkou
propusténého @ k toku zaieni do latky vstupujiciho @:

¢
T =" 23
’ (23)

Absorbance A4 je pro uvedené toky monochromatického zéareni definovéna nasledovne:

A= log% =—logT (24)

Pro posouzeni absorpce zafeni vzorkem je sestavovano tzv. absorp¢ni spektrum, které l1ze
ziskat vynesenim zavislosti nékteré z uvedenych veli¢in (nejcastéji 4) na vlnovych délkach 4
(nebo frekvenci f €1 vino¢tu 1/4). Absorpéni spektrum je tak tvofeno souborem past, které
odpovidaji jednotlivym energetickym prechodiim. Lezi tedy v takové oblasti vinovych délek,
které jsou pro danou latku typické a jejich poloha se vyuziva pro kvalitativni (strukturni)
analyzu [16].

2.3.2 Kvantitativni analyza

Jak jiz bylo uvedeno, kvantitativni analyza se zabyva stanovenim koncentrace latek, coz
Ize pomé&mé jednoduse uskute¢nit dvéma zpiisoby. Casto je doporuéovan pfimy vypodet
koncentrace analytu z namétené absorbance za pouziti Bouguer — Lambert — Beerova zakona,
ktery lze interpretovat napiiklad takto:

A=g-c-l (25)
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kde A je absorbance, ¢ je koncentrace studované latky nejdastéji udavand v mol.dm>, / je
tloustka vrstvy méfeného roztoku (resp. kyvety) a & je molarni extinkéni (absorpcni)
koeficient, ktery vyjadfuje miru intenzity absorpce latky pii dané vinové délce a jeho rozmér
v jednotkach SI je m’mol”. Hodnoty ¢ jsou podminéné konstanty charakteristické pro
analyzovanou latku, které =zaviseji na experimentdlnich (pfedevSim pfistrojovych)
podminkach, proto je nutné je predem urcit za stejnych experimentdlnich podminek a na
stejném pfistroji, jaky byl pouzit pro méteni vzorku. Dal§i podminkou je Cirost a nizka
koncentrace zkoumanych roztokti (méné nez 102 M) z divodu eliminace fluorescence a
rozptylu zafeni na koloidnich ¢asticich a zachovani konstantniho index lomu [16, 4].

Nejvhodnéjsim zptisobem urceni koncentrace analytu je metoda kalibraéniho grafu
(kalibra¢ni ktivky), kterd zahrnuje méfeni dostatecného poctu standardil o rizné koncentraci a
vysoké Cistot¢ za definovanych optimalnich podminek a nasledné zpracovani namétenych dat.
Vysledky méteni signalii standardii jsou zpracovany bud’ graficky jako zavislost 4 = f (c) pii
[ = konst. a zvolené konstantni vinové délce (zpravidla An.y, kterou Ize zjistit vyhodnocenim
proméfeného spektra latky), nebo linedrni regresi s pouzitim metody nejmenSich ctverci,
ktera umoznuje urceni parametra rovnice:

y=a-c+b (26)

kde y vyjadiuje absorbanci, a je (molarni) absorp¢ni koeficient, ¢ je koncentrace zkoumané
latky a konstanta b predstavuje signal slepého pokusu (blanku) [16].

Pouziti metody kalibra¢niho grafu je omezovano odchylkami, kdy jiz zavislost 4 = f (c)

prestava byt linearni. Tzv. pravé odchylky jsou dusledkem uplatiujici se nové chemické
rovnovahy nebo interakce v roztoku (disociace, asociace, polymerace, hydrolyza aj.), kdy se
soucasné meéni i hodnoty e. Zdanlivé odchylky jsou fyzikalniho charakteru a plynou
pfedevsim z nedostate¢né monochromaticnosti pouzitého zareni (zejména pii pouziti filtri).
Mirou odchylek je regresni koeficient R, jehoz idedlni hodnota se rovna 1. Namétena hodnota
absorbance tedy vzdy lezi v oblasti linearity, ¢ehoz 1ze docilit méfenim za vzdy stejnych
experimentalnich podminek [16].

2.3.3 Instrumentace

Me¢fteni absorpce v ultrafialové a viditelné oblasti spektra se provadi pomoci riiznych typt
pfistroju. Jejich zakladnimi ¢astmi jsou zdroje zafeni, zafizeni pro umisténi vzorku, disperzni
soustava, pomocna optika a detektory zafeni.

Zdrojem zafeni rozumime ¢ast piistrojového zafizeni, kterd emituje primarni zafeni, které
je vzorkem absorbovano. Podminkou je, aby zafeni bylo ¢asové stalé, spojité a dostatecné
intenzivni. Toto zajist'uji v pfipad¢ ultrafialové oblasti vodikové ¢i deuteriové vybojky,
v ptipadé viditelné a blizké infracervené oblasti wolframové ¢i halogenové zarovky.

Absorbujici prostfedi je tvofeno dvéma kyvetami. Do jedné kyvety je umistén méfeny
roztok sledované latky, ve druhé je pak roztok srovndvaci (blank). Kyvety maji konstantni
znamou vnitini tlouStku absorbujici vrstvy od 0,1 cm do 10 cm, pfi¢emZ nejcastéji se uziva 1
cm kyvet. Podminkou je, aby material, ze kterého jsou kyvety zhotoveny, neabsorboval zareni
ve sledovaném vlnovém rozsahu. Pro ultrafialovou oblast se proto pouzivaji kyvety
kfemenné, pro viditelnou oblast kyvety sklenéné ¢i plastoveé.
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Disperzni soustava je zafizeni pro rozdéleni polychromatického zatfeni vysilaného zdrojem
na jednotlivé vinové délky. Sklada se z monochromatori a filtri. Monochromator je tvofen
vstupni $térbinou, disperznim prvkem (hranolem ¢i odrazovou miiZkou), zaostfovacim
systémem a vystupni Stérbinou. Vzniklé spektralni pasmo Ize povazovat za monochromatické.

Pro vedeni ¢i pfipadné zaostfovani svazku paprsku pfistrojem slouzi pomocnd optika,
kterou tvofi rizné typy cocek, zrcadel, odrazové hranoly aj.

Detektor zafeni piedstavuje zatfizeni pro méfeni intenzity absorbovaného zateni pievodem
energie zafeni na jinou formu energie (nejcastéji elektrickou), kterou lze jednoduse zméfit.
Detekci zajiStuji fotoclanky, namétfené hodnoty pak zobrazuji rtizné druhy vystupnich
zatizeni (displej, monitor, tiskarna) [16].

Popsané¢ zakladni casti mohou byt ve spektrometrickych pfistrojich fazeny bud’
v usporadani jednopaprskovém (schéma viz obr. 2) ¢i dvoupaprskovém.

U jednopaprskovych spektrofotometri prochézi zateni ze zdroje po nastaveni vinové délky
v monochromatoru nejprve kyvetou obsahujici srovnavaci vzorek, kde je zeslabeno (odrazem
nebo absorpci) a dopadd na detektor. Vznikly fotoelektricky proud je zméfen a je mu
prifazena nulova hodnota absorbance. Po nahrazeni kyvety se srovnavacim roztokem kyvetou
se vzorkem je pak zméfena jeho absorbance. Pro ziskani absorp¢niho spektra je nutno postup
opakovat pro jednotlivé vinové délky, proto je pouziti téchto ptistrojii vhodné zejména pro
urovani koncentrace vzorki pii konstantni vinové délce.

U dvoupaprskovych spektrofotometrti je paprsek po vystupu z monochromatoru rozdélen
na paprsek prochdzejici mérnou a paprsek prochéazejici srovnavaci kyvetou. Nov¢jsi variantu
predstavuji tzv. ,ratio-recording® spektrofotometry, kdy je paprsek po vystupu
z monochromatoru smérovan rotujicim polokruhovym zrcadlem stfidavé do mérné a do
srovnavaci kyvety. Po vystupu z kyvet jsou oba paprsky pomoci zrcadel spojeny do paprsku
spolecného, ktery dopada na detektor. Vznika stiidavy proud, odpovidajici poméru tok ®/®y
[16].

77\
(N

| |

zdroj zareni odka monochromator vzorek detektor

Obr. 2: Zjednodusené schéma jednopaprskového UV-VIS spektrofotometru
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3 EXPERIMENTALNI CAST
3.1 Instrumentace

3.1.1 Reaktor a zdroj napéti

V experimentu tvofila jednokomorovy elektrolyzér mensi sklenéna vana tvaru kvadru o
rozmérech 16 cm x 10 cm x 10 cm (Sitka x vyska x hloubka), vhodna pro objem 1 litru
elektrolytu. Do vany byly rovnobézné s jejimi svislymi sténami paralelné¢ umistény pomoci
dvou polykarbonatovych stojankti dvé elektrody o rozmérech 5 x 12 cm, jejichz vzdalenost od
sebe byla 1,4 cm. Pro vétSinu méfeni byly pouZity elektrody z nerezové oceli, pro srovnani
pak elektrody platinové.

Pro ziskani konstantniho proudu v ramci kazdé série métfeni byly elektrody napojeny na
zdroj stejnosmérného napéti (DIAMETRAL S124R50E). Hodnoty proudu byly voleny
v rozsahu od 100 mA do 1 000 mA a napé&ti se pohybovalo v rozmezi 7 V az 22 V.

Aby doslo k rovnomérnému rozptyleni ¢astic do celého objemu roztoku, bylo vyuzito
elektromagnetického michadla.

Fotografie kompletni aparatury je zndzornéna na obr. 3.

Obr. 3: Fotografie aparatury se zdrojem napéti, elektromagnetickym michadlem a
platinovymi elektrodami

3.1.2 Ostatni prisluSenstvi

Veskeré chemikalie byly vdzeny na digitalnich analytickych vahach s ptesnosti 0,001 g.
K méteni casu byly pouzity stopky. Hodnoty vodivosti byly v pribéhu meéteni
zaznamenavany pomoci konduktometru (GRYF 107L). Jednotlivé vzorky byly odebirany
malou injekéni stitkackou o objemu 5 ml a umistovany do zkumavek. Absorbance dil¢ich
vzorkl byla stanovena za pouziti plastovych kyvet o standardnich rozmérech 1 cm x 1 cm x
4,5 cm pomoci dvoupaprskového spektrofotometru Helios Alfa.

18



3.2 Pouzité chemikalie

3.2.1 Barviva

Pro elektrolyticky rozklad byla vybrana dvé pfima azobarviva odli$né velikosti a struktury
molekul - Saturnovd modi LB (C.I. Direct Blue 106) a Saturnova cerven L4B (C.I. Direct
Red 79). Obé¢ barviva jsou dobfe rozpustna ve vod¢ a pro vSechny série méfeni byla zvolena
jednotna navazka 0,015 g na 1 litr destilované vody, coz odpovida hmotnostni koncentraci
0,015 g.dm™. Chemické struktura pouzitych barviv je vyobrazena na obr. 4 a jejich chemické
vlastnosti jsou uvedeny v tabulce 2 [17, 18]. Absorp¢ni spektra obou barviv jsou zndzornéna
na obr. 5, a jsou prevzata z bakalaiské prace zaméetfené na rozklad stejnych organickych barviv

[3].

Veskeré absorbance jednotlivych vzorkl roztokl barviv byly méteny pii fixni vinové délce
(Amax jednotlivych barviv). Latkové koncentrace dil¢ich vzorkli pak byly vypocitany z
naméfené absorbance na zakladé¢ metody kalibrac¢ni kiivky podle rovnice (26). Kalibra¢ni
rovnice pro konkrétni barviva jsou uvedeny v tabulce 2.

Direct Red 79
Obr. 4: Struktura molekul barviv Direct Blue 106 a Direct Red 79
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Obr. 5: Absorpcni spektra pouzitych Saturnovych barviv

Tabulka 2: Chemické vlastnosti barviv Direct Blue 106 a Direct Red 79

Nazev barviva Molekulovy Molekulova | Charakteristicka Rovnice
vzorec hmotnost vinova délka kalibra¢ni
[g.mol ] [nm] krivky
Direct Blue 106 | C3;oH;3C12N4O5S» 697,52 608 y=22,00x
Direct Red 79 C37H28N6 Na4017S4 1 048,87 506 y= 25,55x

3.2.2 Elektrolyty

Jako elektrolyty byly pro méfeni zvoleny tfi rizné sodné soli — chlorid sodny, dusi¢nan
sodny a siran sodny. VétSina sérii byla naméfena za pouziti NaCl, zbylé dvé soli slouzily
jakou srovnavaci. Koncentrace elektrolytl byla volena na zdkladé pozadované vodivosti
elektrolytu (rtzna koncentrace elektrolytu ma za nasledek rtiznou vodivost roztoku).
V piipadé NaCl byla po&ateéni vodivost nastavovana riizné, vrozmezi 200 uS-cm’ az
1 000 uS-cm'l. V ptipad¢ Na,SOs a NaNO; byla zvolena jedna hodnota vodivosti, a to
500 pS-em™. Jejich tginnost pak byla porovnana sNaCl. Vlastnosti vsech pouZitych
elektrolytd jsou uvedeny v tabulce 3.
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Tabulka 3: Vlastnosti pouzitych elektrolyth

Elektrolvt Molekulova hmotnost | Vodivost | Hmotnostni koncentrace
y [g.mol'l] [pS.cm'l] [g.dm'3]

200 0,088

300 0,100

NaCl 58,44 500 0,234
700 0,351

1 000 0,500

NaNO; 84,99 500 0,324
Na,SOq4 142,04 500 0,285

3.3 Metodika experimentu

Pro kazdou sérii méfeni byl pfipraven 1 litr vodného roztoku piislusného barviva o
koncentraci 0,015 g.dm™, ve kterém byl nasledné rozpustén piisluiny elektrolyt. Jeho navazka
byla stanovovana na zéklad¢ pozadované pocateni vodivosti, jejiz hodnoty jsou uvedeny
v tabulce 3.

Ve vaniCce s roztokem byly do stojankt paralelné umistény ptislusné elektrody, které byly
poté za pomoci vodi¢li napojeny na zdroj stejnosmérného napéti. Méfeni probihala vzdy pii
konstantnim proudu, ktery byl nastavovan v rozmezi 100 mA az 1 000 mA a elektrické napéti
v systému se pohybovalo v rozmezi od 7 V do 22 V. Hodnoty napéti byly pribézné odecitany,
a to kazdou 1 minutu. Roztok byl po celou dobu méteni diikkladné promichdvan pomoci
elektromagnetického michadla.

Cas méfeni byl nastaven na 20 minut, pfi¢emz kazdé dvé minuty (véetné nulté) byl malou
injekéni stiikaCkou odebran vzorek do pfipravené zkumavky. MnoZstvi vzorku bylo vzdy
takové, aby naplnilo kyvetu, tzn. cca 4 ml. Kazdé 4 minuty byla navic konduktometrem
zméfena hodnota vodivosti. Méfeni bylo provadéno pii konstantni laboratorni teploté 24,5 °C.

Kazda série tedy dohromady citala vzdy jedenact odebranych vzorkt, které byly na konci
méfeni umistény do piipravenych kyvet a pomoci dvoupaprskového UV-VIS spektrometru
byla zméfena jejich absorbance pfti fixni vinové délce. Hodnoty Anax pro pouzita barviva jsou
uvedeny v tabulce 2. Koncentrace barviv obsazenych v dil¢ich vzorcich pak byly vypocitany
z ptislusnych kalibra¢nich rovnic.
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4 VYSLEDKY A DISKUZE

Béhem elektrolyzy dochédzi v systému k riznym fyzikadlnim a chemickym dé&jim, které
mohou vyustit v nevratné zmény ve struktufe molekul. Pfedmétem této prace je studium
elektrolytického rozkladu vodnych roztokl organickych barviv. Na tuto degradaci maji vliv
ruzné faktory — chemickd struktura barviv, typ a mnozstvi elektrolytu a stim spojena
vodivost, druh elektrod, hodnota prochazejiciho proudu aj. Cilem experimentu bylo
prostudovani, do jaké miry tyto rizné nastavené vnéj$i podminky ovliviiuji rozklad, véetné
jejich vzdjemného srovnani.

Jako rozklddana organicka barviva byla zvolena dvé azobarviva — Direct Blue 106 a Direct
Red 79 — u kterych byla porovnana rychlost rozkladu. Déle byly z hlediska Ui¢innosti mezi
sebou porovnany ocelové a platinové elektrody. Stejné tak byly spolu srovnany rtzné
elektrolyty (chlorid, dusi¢nan a siran sodny) a v piipadé¢ NaCl téZ vyhodnocen vliv jeho
koncentrace a z toho plynouci vodivosti na miru rozkladu. Rovnéz byla vyhodnocena rychlost
rozkladu na zakladé¢ rizné zvoleného proudu.

4.1 Vliv chemické struktury molekul na rozklad barviv

Pro rozklad byly pouzity roztoky barviv o koncentraci 0,015 g.dm>, s vodivosti
500 uS.cm™ nastavenou za pomoci NaCl. Hodnota proudu byla nastavena na 200 mA a
elektrické napéti bylo v obou ptipadech ptiblizn¢ 11 V. Elektrody byly zvoleny z nerezové
oceli. Vyhodnocovala se zavislost relativni koncentrace obou barviv na case, kterou
znazoriuje obrazek 6.

Béhem experimentu se viditelné 1épe odbarvoval roztok modrého barviva, u ¢erveného
zména barvy nebyla okem téméf zaznamenana. Z grafu je ziejmé, Ze k podstatné vEétSimu
odbourani doslo v pfipadé¢ modrého barviva, a to o t€émét 26 %. U ¢erveného barviva doslo po
¢trnacté minuté k nariistu hodnot absorbance, coz 1ze vysvétlit vznikem meziprodukti, které
negativné ovlivnily spektrometrickda méfeni. Mizeme pouze odhadovat, ze k odbourani
cerveného barviva doSlo minimélng z 11 %.

Rozdilnd mira rozkladu porovnavanych barviv je zplisobena zejména jejich rozdilnou
strukturou. Molekula ¢erveného barviva obsahuje mnohem vice charakteristickych skupin
zpusobujicich barevnost organickych latek, nez je tomu v pfipadé modrého barviva. Molekula
modrého barviva je také mensi a méné rozvétvena. Ztoho vyplyva, Ze ¢im vice
charakteristickych funkénich skupin molekula barviva obsahuje, tim delsi doba, vétsi energie
nebo mnoZstvi ¢astic, je nutna k destrukci piislusnych vazeb.
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Srovnani prabéhu rozkladu barviv
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Obr. 6: Srovnani prubehii rozkladu barviv Direct Blue 106 a Direct Red 79, elektrolyt NaCl,
G =500 ,uS.cm'], 1=200mA, U= 11V, nerezové elektrody

4.2 Vliv materialu elektrod na rozklad barviva

Vétsina experimentalnich méfeni probihala za pouziti elektrod z nerezové oceli. Pro
srovnani pak byly zvoleny elektrody platinové, pficemz oba druhy elektrod mély stejné
rozméry. Vstupni podminky byly nastaveny pro obé méfeni stejné, vodivost byla nastavena za
pomoci elektrolytu NaCl na 500 uS.cm™, proud na 200 mA, napéti bylo v obou piipadech
ptiblizné 11 V, jako rozkladané barvivo bylo zvoleno Direct Blue 106 o koncentraci
0,015 g.dm™. Graficky byl vyhodnocen ubytek koncentrace v ¢ase za pritomnosti riiznych
druhii elektrod (viz obr. 7).

Z obrazku je patrné, ze za pouziti elektrod znerezové oceli doSlo k efektivnéjSimu
odbourani barviva (téméf o 26 %), nez v ptipadé elektrod platinovych (o 10 %). Divodem
muze byt inertnost platinovych elektrod, jejichZ ionty se do roztoku neuvoliiuji a neucastni se
tak chemickych reakci uvniti systému. Z aktivnich nerezovych elektrod se naopak uvoliuji
ionty zeleza a chromu, které v roztoku dale reaguji.

U platinovych elektrod byla rovnéz zjisténa znac¢na nelinearita prubéhu degradace barviva,
misté odbéru (v blizkosti elektrod byva slozeni roztoku zpravidla odlisné od zbytku objemu).
Navic, jak jiz bylo uvedeno v teoretické¢ ¢asti, na rozkladu barviv ze podili zejména
elektrochemické déje v okoli anody. Mezi vzorky odebranymi z okoli anody a z okoli katody
tedy mize byt rozdil, ackoliv je roztok promichavan. Toto vysvétluje vétSinu odchylek od
linearity grafickych zavislosti, které pfi vyhodnoceni dat vznikly.
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Vliv elektrod na rozklad barviva
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Obr. 7: Srovnani pribéhi rozkladu barviva Direct Blue 106 za pouziti Pt a Fe elektrod,

elektrolyt NaCl, G = 500 ,uS.cm’I, [1=200mA, U=11V

4.3 Vliv druhu elektrolytu na rozklad barviva

Jako hlavni elektrolyt pro rozklad barviv byl zvolen chlorid sodny. Abychom mohli
posoudit jeho U¢innost, byly jako srovnavaci pouzity dalsi dvé sodné soli — dusi¢nan a siran
sodny. Byla sledovan vliv riznych elektrolytti na rozklad barviva Direct Blue 106, pfi¢emz
po&atetni vodivost byla ve viech piipadech nastavena na 500 uS.cm™, proud na 200 mA,
napéti se pohybovalo mezi 11 V a 12 V, koncentrace barviva byla opét 0,015 g.dm™. Pokles

koncentrace pii pouziti riznych elektrolytid je zndzornén na obrdzku 8.

Vliv elektrolytu na rozklad barviva
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Obr. 8: Porovnani vilivu NaCl, NaNO; a Na,SO, na rozklad barviva Direct Blue 106,

G = 500 uS.cm™, I =200 mA, U =11 — 12 V, nerezové elektrody
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Z grafického zpracovani je zfejmé, ze jako nejvhodnéjsi elektrolyt pro rozklad piislusného
barviva se jevi chlorid sodny, pii jehoz pouziti doslo k poklesu koncentrace barviva o témét
26 %. Relativné dobrym elektrolytem byl pro rozklad také siran sodny, jehoz G¢inkem klesla
koncentrace barviva o téméef 19 %. Nejméné ucinny byl elektrolyt dusi¢nan sodny, kdy
koncentrace barviva sniZila svou hodnotu o necelych 11 %.

Jelikoz u vSech elektrolytti byla volena takova koncentrace, aby bylo dosazeno vzdy stejné
vodivosti (500 pS.cm™), déivodem rozdilného stupné degradace barviva mohla byt rtizna mira
disociace iontld pouzitého elektrolytu, eventuelné jejich dalsi chovani v systému (reakce
s ostatnimi ionty).

4.4 Vliv pocatecni vodivosti na rozklad barviva

Vliv pocatecni vodivosti na miru degradace byl sledovan u barviva Direct Blue 106 za
pouziti NaCl jako elektrolytu. Bylo zvoleny Ctyfi rizné hodnoty vodivosti, pfiCemz jejich
hodnoty byly dany riznymi koncentracemi chloridu sodného, které jsou uvedeny v tabulce 3.
Nastavovana vodivost se pohybovala v rozmezi 300 — 1 000 uS-cm™, koncentrace barviva
byla 0,015 g.dm™, elektrody byly pouZity ocelové, hodnota proudu byla nastavena na 200 mA
nejvy$$i hodnoté pocateéni vodivosti a naopak. Na obrazku 9 je vypracovana zavislost
relativni koncentrace modrého barviva na ¢ase pro rtizné zvolené hodnoty vodivosti.

Je zieymé, Ze C¢im véEtsi pocatecni vodivost byla zvolena, k tim vét§imu rozkladu barviva
doglo. V piipadd vodivosti 300 pS-cm™ doslo k poklesu koncentrace barviva o 17 %, pii
500 pS-cm™ skoro o 26 %, pii 700 pS-cm™ o necelych 42 % a pii 1000 uS-cm™ dokonce o
témet 64 %. Z toho lze usoudit, Ze rozklad azobarviv ve vodném roztoku je znacn¢€ zavisly na
hodnoté pocatecni vodivosti, resp. na koncentraci pouzitého elektrolytu.

Vliv poc€atecni vodivosti na rozklad barviva
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Obr. 9: Porovnani vilivu pocatecni vodivosti na rozklad barviva Direct Blue 106, elektrolyt
NaCl, I=200mA, U= 7-20V, G =300 — 1 000 uS-cm™, nerezové elektrody
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4.5 Vliv prochazejiciho proudu na rozklad barviva

Béhem experimentu byl rovnéz sledovan vliv zvolené hodnoty konstantniho proudu na
rozklad barviva Direct Blue 106. Postupné bylo nastaveno pét riiznych hodnot proudu
v rozmezi 200 mA az 1 000 mA a napéti se pohybovalo mezi 7 V a 22 V, pficemz jeho
viech pripadech 1000 uS-cm™, elektrolyt tvofil chlorid sodny o koncentraci 0,5 g.dm>,
koncentrace barviva byla 0,015 g.dm™, elektrody byly zvoleny ocelové. Zavislosti relativni
koncentrace barviva na ¢ase pfi riznych hodnotach proudu jsou znazornény na obrazku 10.

Z grafu vyplyva, Ze mira degradace barviva je piimoimérna hodnoté zvoleného proudu,
tzn., ¢im vétsi proud prochazi soustavou, k tim vétSimu rozkladu barviva dochéazi. Béhem
pokusu doslo k vyraznému poklesu koncentrace barviva, ve dvou piipadech o vice nez 90 %.
Pti elektrolytickém rozkladu tedy za pouziti velmi nizkych hodnot proudu (nebo napéti)
dochdzi k velmi efektivnimu odbouravani barviv. K nejvétSimu poklesu koncentrace barviva
doslo za pouziti konstantniho proudu 1 000 mA (o vice nez 96 %) a k podobnému poklesu
doSlo 1 v pfipadé konstantniho proudu 800 mA (o témét 95 %). Srovnatelny ubytek
koncentrace barviva byl zaznamenan i v pfipadé konstantnich proudii 600 mA a 400 mA
(o vice nez 82 % a 84 %), pti konstantnim proudu 200 mA byl tbytek témét o 64 % plvodni
koncentrace. Zna¢ny vliv na degradaci barviva méla téz vyssi koncentrace elektrolytu.

Vliv proudu na rozklad barviva
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Obr. 10: Srovnani priibéhii rozkladu barviva Direct Blue 106 pri ruznych hodnotach proudu,
elektrolyt NaCl, G = 1 000 uS-cm™, U=7— 22V, I =200 — 1 000 mA, nerezové elektrody

Zavislost kone¢nych hodnot koncentrace barviva Direct Blue 106 na zvolenych hodnotach
konstantniho proudu znazoriiuje obrazek 11. Zde je opét patrné, ze pii zvySujici se hodnoté
konstantniho proudu se snizuje relativni koncentrace barviva v roztoku, tzn. ¢im vétsi proud
prochazi soustavou, k tim vétSimu rozkladu barviva dochazi. Prolozime-li datovou fadu
znazoriujici relativni koncentrace vhodnou kiivkou, zjistime, Ze pokles relativni koncentrace
barviva je exponencidlni. Lze tedy ptedpokladat, ze pii dalSim zvySovani prochdzejiciho
proudu jiz nebude dochazet k tak velkému Ubytku koncentrace barviva, jak tomu bylo pfi
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niz8ich hodnotdch proudu. Elektrolyticky rozklad daného barviva je vtomto ptipadé
nejefektivnéjsi pii hodnoté proudu 800 mA a z toho vyplyva, ze pti zvySeni proudu jiz nebude

efektivita rozkladu imérna vynaloZené energii.

Vliv proudu na koneéné hodnoty c,,.
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Obr. 11: Zavislost konecné relativni koncentrace barviva Direct Blue 106 na hodnotach

prochazejiciho proudu
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5 ZAVER

Hlavnim cilem této bakalarské prace bylo studium vnéj$ich vlivii na elektrolyticky rozklad
dvou rtiznych azobarviv (Direct Blue 106 a Direct Red 79) ve vodném roztoku. Pribé¢h
elektrolyzy probihajici v soustavé barvivo - rozpoustédlo (voda) - elektrolyt ovliviuji rizné
faktory, jako naptiklad hodnota prochazejiciho proudu (resp. napéti), druh a koncentrace
elektrolytu a s tim spojend hodnota poc¢atecni vodivosti, material elektrod, struktura molekuly
rozkladaného organického barviva ¢i kvalita promichévani roztoku. VSechny tyto vnéjsi
podminky byly v experimentélni ¢asti rizn€ nastavovany a byl sledovéan a nasledné graficky
vyhodnocen jejich vétsi ¢i mensi vliv na odbourani vySe uvedenych azobarviv. Mimo
vySetfovani vlivu struktury molekul na miru rozkladu byly vSechny faktory sledovany u
barviva Direct Blue 106.

K vyrazné efektivnéjSimu odbourani doSlo v ptfipadé modrého barviva, coz lze vysvétlit
jeho odlisnou strukturou od molekuly ¢erveného barviva. Chemicka struktura Direct Blue 106
obsahuje znatelné mensSi pocet pro barevnost charakteristickych skupin a rovnéz jeho
molekula je mensi nez molekula barviva Direct Red 79. To znamenda, ze pro destrukci
konjugovaného systému dvojnych vazeb a vazeb ndleZejicich charakteristickym
substituentim je zapotiebi mensi energie, protoze je jich v souhrnu méné, nez ve struktuie
cerveného barviva. Roli zde hraje 1 stérické usporadani molekul barviv, kdy substituenty
¢erveného barviva jsou mnohem nachylnéjsi k atakiim reaktivnich ¢astic.

Dale byl sledovan tvar kiivky znazornujici pokles koncentrace barviva v roztoku, ktera
méla v ptipadé¢ modrého barviva linedrni prabéh, kdezto u ¢erveného barviva doslo ke konci
experimentu k teoretickému nariistu koncentrace, coz ovSem prakticky mozné neni. Tento
narist muizeme vysvétlit vznikem meziproduktd s charakteristickymi ,barevnymi‘
substituenty nebo konjugovanymi dvojnymi vazbami, jejichZ spektrum absorbovanych
vlnovych délek negativné ovlivnilo spektrometrické meéteni, kterym byla urcovana
koncentrace barviv v dil¢ich vzorcich pfi fixnich charakteristickych vinovych délkach.

Nejvétsi vliv na elektrolyticky rozklad modrého barviva vykazovala rizné volend hodnota
prochazejiciho stejnosmérného proudu, kdy i1 pfi nejmensi zvolené hodnoté 200 mA doslo
k degradaci barviva o vice nez polovinu. Za prichodu proudu 1000 mA jiz byl pokles
koncentrace téméf stoprocentni. Z toho vyplyva, Ze pro degradaci modrého barviva staci
minimum energie (kolem 20 V). U ¢erveného barviva by bylo vhodnéjsi pouzit jiné metody
odbouravani, které pracuji s vysoce reaktivnimi ¢asticemi generovanymi vysokym napé&tim,
napft. pokrocilé oxidacni procesy zahrnujici elektrické vyboje v kapalinach.

Znacnou roli pfi degradaci modrého barviva hréla téZ hodnota poc¢atecni vodivosti, ktera
byla nastavovana riiznymi koncentracemi elektrolytu. Pro tento experiment byl jako elektrolyt
zvolen chlorid sodny. Pii hodnot& vodivosti 1 000 pS-cm™ bylo dosazeno jiz velkého bytku
koncentrace barviva, a to o vice nez polovinu. K takovym vysledkiim stacila koncentrace
0,5 g.dm™ elektrolytu, tudiz Ize predpokladat, Ze pii jeho vyssi koncentraci by bylo dosaZeno
uplného rozkladu barviva.

Co se elektrolytu tyce, bylo téz provedeno srovnani piispévku riznych elektrolyth
v probihajici elektrolyze, a to jiz zminéného NaCl, dile NaNO; a Na,SO,. Takto byla
potvrzena vhodnad volba chloridu sodného jako elektrolytu pro rozklad azobarviv. Po
porovnani kone¢nych hodnot relativnich koncentraci modrého barviva lze tvrdit, Ze siran
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sodny je z hlediska efektivity primérnym elektrolytem a dusi¢nan sodny elektrolytem zcela
nevhodnym.

Nezanedbatelny vliv na prib&éh degradace modrého barviva mél také zvoleny material
elektrod, kdy byly mezi sebou posuzovany elektrody znerezové oceli a z platiny. Jako
vhodnéjsi material se jevila nerezova ocel, kdy byl dosaZeny pokles koncentrace barviva o
16 % vyssi nez pti pouziti platinovych elektrod. Ziejmée zde hraly roli ionty Zeleza, aktivné se
ucastnici reakéniho mechanismu. Je tedy pravdépodobné, Ze uplna inertnost Pt elektrod je pfi
degradaci barviv nezadouci.

Vysledky experimentu jsou zatizeny mensi chybou méteni, kterd byla zplisobena mistem
odbéru dil¢ich vzorki, jez nebylo pfedem uréeno. Vzorky tedy byly odebirany ndhodné a
vzhledem k tomu, Ze k vyrazn€ vétsi degradaci barviv dochédzelo v okoli anody, mély tyto
vzorky jiné slozeni, nez vzorky odebrané z okoli katody. Chyba méfeni spojend s odbérem
vzorku a presnosti stanoveni absorbance (resp. koncentrace) byla odhadnuta na 5 %.

Na zdkladé vysledkd provedeného experimentu byly vytvofeny tii pfispévky na
mezinarodni konference. Jedna se o konferenci ,,7th Frontiers in Low Temperature Plasma
Diagnostics® ktera se konala vroce 2007 v Beverly (Velkd Britanie), ,,18th International
Symposium on Plasma Chemistry*, kterd se konala v roce 2007 v Kyotu (Japonsko) a ,,4th
International Congress on Cold Atmospheric Pressure Plasmas: Sources and Applications®,
ktera probéhne v cervnu 2009 v Gentu (Belgie). Piispévky pro jednotlivé konference jsou
ptilozeny v piiloze.
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Decomposition of dye Direct Blue 106 in diaphragm discharge:
influence of electrolysis

Z. Stara, F. Krcma, B. Olexova

Faculty of Chemistry, Brno University of Technology, Purkynova 118, 612 00 Brno, Czech Republic
E-mail: stara@fch.vutbr.cz

Influence of electrolytic decomposition of organic dye Direct Blue 106 during the DC diaphragm
discharge was confirmed by the study in water solutions of various electrolytes. Influence of electrolyte
kind, its concentration (providing different solution conductivity) as well as influence of input current
magnitude on the dye removal was investigated. Dye concentration was determined by the absorption
spectroscopy. Dye removal dependence on input current was directly proportional with an almost linear
tendency. Also increasing solution conductivity enhanced dye decoloration. On the other hand,
electrolyte kind did not show any significant effect on the dye decomposition.

1. Introduction

As requires on the purification of all kinds of
environment have significantly increased during the
last years, use of electrical discharge in the field of
water treatment have been an object of many
researchers, for example [1-3]. Also our previous
work was focused on this region of research, namely
on the DC diaphragm discharge in water solutions
[4, 5]. During our studies, degradation of selected
organic compounds had been confirmed, as well as
the might mechanism of the diaphragm discharge
creation and propagation. When DC high voltage is
used for the discharge generation, two kinds of
plasma streamers propagate towards the oppositely
charged electrodes on each side of the dielectric
diaphragm. Degradation mechanism of organic
molecule in such discharge is caused by highly
reactive species (H and OH radicals, H,O,, etc.)
produced by the discharge and by the UV radiation.
Also electrochemical reactions due to the
electrolysis take place in the system by the
application of DC voltage, too.

This contribution compares results obtained from
the investigation of the dye Direct Blue 106
degradation by DC diaphragm discharge and by pure
electrolysis carried out at the similar conditions as
the discharge experiments. Influence of solution
conductivity as well as the magnitude of input
current on the dye decomposition was studied in
selected electrolyte solutions. Subsequently, the
contribution of electrolytic reactions appearing also
during the discharge degradation of the dye was
estimated.

2. Experimental

Batch discharge reactor with total volume of
approximately 3 liters of electrolyte solution was
used for the degradation of organic dye Direct Blue

106 by the discharge [4]. DC high voltage source
giving the non-pulsed voltage of about 2 kV was
used to create the discharge in a pin-hole of the
dielectric diaphragm installed between two stainless
steel electrodes. Electric current flowing through the
solution reached values between 90 and 200 mA.
A glass vessel (volume of 1 liter) containing two
planar electrodes made of stainless steel was used as
a simple reactor in experiments modeling pure
electrolysis effect. Electrical source giving the DC
voltage up to 24V was connected to circuit,
appropriate electric current could have been adjusted
up to 1 A, according to the electrolyte concentration.
Maximal current flow was limited by the solution
conductivity.

Water solutions containing organic dye Direct Blue
106 (DB 106, concentration of about 15 mg-1") and
selected electrolytes of various concentrations were
treated either by the diaphragm discharge or by pure
electrolysis. Samples were taken continuously and
analyzed by the absorption spectrophotometer
Helios a. Dye concentration was determined from
the maximal absorption intensity at the appropriate
wavelength (608 nm), however, the overall
absorption spectra were recorded, too. Selected
inorganic electrolytes (NaCl, NaNOs, Na,SO,) were
dissolved in deionised water at different
concentration to adjust the solution conductivity in
the range of 100-1000 pS.

3. Results

3.1. Comparison of discharge and electrolytic
effect on the dye decomposition

Simultaneous contribution of electrolysis during
the discharge generated using DC non-pulsed
voltage had been already determined [5]. Presented



results should quantify the effect of electrolytic
contribution in the discharge.

Fig. 1 demonstrates the comparison of the dye
decomposition by the discharge and by the
electrolysis at the same current (200 mA). It is
obvious that the relative decrease of the dye
concentration was more intense in the discharge.
However, dye decomposition determined after
15 minutes of pure electrolysis represented more
than a half part of total dye removal in the discharge
at the same conditions. This fact confirmed an
inconsiderable influence of electrolytic effects
during the diaphragm discharge created using DC
non-pulsed voltage.

Another interesting result coming from the
comparison of the dye degradation was the profile of
the process kinetics. While in the discharge dye
decomposition ran more or less exponentially, in the
electrolysis it went almost linearly. This fact
probably originated in reaction mechanisms of these
degradation processes.
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Fig. 1: Comparison of DB 106 concentration decrease in

1 liter of the NaCl solution caused by the diaphragm
discharge and by the electrolysis (200 mA).

3.2. Influence of electric current

The main parameter influencing electrolytic
effects on the dye decomposition was the magnitude
of current supplied into the system. Results obtained
from the attempts with the dye decoloration at
various current magnitudes are presented in Fig. 2.
Relative concentration decrease of the dye Direct
Blue 106 was determined after 20 minutes of the
electrolysis. It is obvious that the dye decomposition
was enhanced by the increasing current. However,
this dependence was not strictly linear. The increase
of the dye decomposition became lower with the
further current increase.

0.8
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relative dye concentration decrease

200 460 660 S(I)O | 0l00

current [mA]
Fig. 2: Dependence of the dye DB 106 decomposition by
electrolysis on the input current in the NaCl solution
(conductivity of 200 uS).

3.3. Influence of solution conductivity

Further investigation showed a significant
influence of electrolyte concentration in the solution
on the dye destruction by electrolysis — increasing
electrolyte concentration (solution conductivity)
remarkably enhanced the dye destruction. The
appropriate results are given in Fig. 3. This figure
shows time evaluations of the dye Direct Blue 106
concentration during the electrolysis as a function of
solution conductivity. The dye concentration
decreased almost linearly in time in all studied
conditions and the degradation was positively
stimulated by the enhanced amount of electrolyte in
the solution. Which means that the dye decoloration
strongly increased with the increasing solution
conductivity.

The positive effect of solution conductivity on
the dye decomposition by electrolysis came from the
enhanced amount of charged particles (ions) in the
solution. Therefore the oxidation reactions taking
place on the anode together with the charge transfer
were more intensive and the reactions were
accelerated.
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Fig. 3: Time evaluations of the dye DB 106 relative
concentration during electrolysis (200 mA) in the NaCl
solution as a function of conductivity.



3.4. Influence of electrolyte

As the amount of charged particles (ions) in the
solution played an important role in the dye
decomposition by the electrolysis we also studied
the possible influence of kind of these particles on
this process. Thus several electrolytes containing
various anion groups were used in our experiments.
Obtained results for three selected electrolytes NaCl,
NaNO; and Na,SO, are presented in Fig. 4. Time
evaluations of the dye Direct Blue 106 concentration
did not show any significant difference during the
electrolysis at the same solution conductivity. Final
dye concentration after 20 minutes of the process
varied until approximately 10 % which was within
the experimental uncertainty. Therefore we have
assumed that different inorganic anions did not
remarkably influence the electrolytic decomposition
of organic molecule. However, this topic will be a
subject of our further study as well as the
investigation of the influence of various dye
structure on the dye decomposition.
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Fig. 4: Time evaluations of the dye DB 106 relative
concentration during electrolysis (200 mA) in selected
electrolyte solutions of the same conductivity (200 puS).

4. Conclusions

Decomposition of organic dye Direct Blue 106
by the DC diaphragm discharge was compared to the
electrolytic destruction and the contribution of
electrolysis during the discharge had been estimated.
Mechanisms of dye degradation in discharge that
were confirmed by our work were both the attack of
reactive species (radicals) produced by the discharge
in water and the electrochemical oxidation on the
positive electrode due to the electrolysis (with the
almost half effect like the discharge). Positive
influence of input current magnitude as well as
solution conductivity on the dye electrolytic
decomposition was determined. On the other hand,
dependence of the electrolysis on the electrolyte
kind (chemical structure) had only a slight effect and
it would be an object of our further investigation.
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Comparison of organic dyes decomposition by DC diaphragm discharge,
electrolysis and UV radiation effects
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Abstract: Influence of electrolytic effects on the degradation of organic dyes Direct Red 79 and Direct Blue 106 in
the DC diaphragm discharge was studied in water solutions containing various electrolytes. Dye decoloration was
enhanced by the increasing current magnitude as well as by the initial solution conductivity (concentration of
electrolyte. On the other hand, electrolyte kind did not show any significant effect on the dye decomposition. De-
crease of dye concentration was determined by the absorption spectroscopy.

Keywords: diaphragm discharge, discharges in liquids, electrolysis, decomposition of organic dyes.

1. Introduction

Electrical discharges generated in liquids have been
widely used for the removal of organic compounds espe-
cially from water during last years. Many experiments
have been carried out in water solutions of organic dyes
using various energy supplies and electrode configurations
[1, 2]. Reactive species such as radicals (hydroxyl, hy-
drogen, oxygen), ions and some molecules produced by the
discharge are responsible for degradation processes in
these systems, as well as UV radiation [3]. In the case of
DC non-pulsed high voltage used for the discharge crea-
tion, a significant contribution of electrolysis must be also
taken into account [4].

Our previous work was focused on this region of research,
namely on the DC diaphragm discharge in water solutions
[4, 5]. During our studies, degradation of selected organic
compounds had been confirmed, as well as the might
mechanism of the diaphragm discharge creation and
propagation.

This contribution compares results obtained from the in-
vestigation of selected organic dyes degradation by DC
diaphragm discharge and by pure electrolysis carried out at
the similar conditions as the discharge experiments. In-
fluence of solution conductivity as well as the magnitude
of input current on the dye decomposition was studied in
selected electrolyte solutions. Subsequently, the contribu-
tion of electrolytic reactions appearing also during the
discharge degradation of the dye was estimated.

2. Experimental

Batch discharge reactor with volume of approximately
3 liters was used for the degradation of selected organic
dyes (Fig. 1 left) [4]. DC high voltage source giving the
non-pulsed voltage of about 2 kV was used to create the
discharge in a pin-hole of the dielectric diaphragm in-
stalled between two stainless steel electrodes. When DC
high voltage is used for the discharge generation, two kinds
of plasma streamers propagate towards the oppositely
charged electrodes on each side of the dielectric diaphragm

(Fig. 2). Electric current flowing through the solution
reached values between 90 and 200 mA. A glass vessel
(volume of 1 liter) containing two planar electrodes made
of stainless steel was used as a simple reactor in experi-
ments modeling pure electrolysis effect (Fig. 1 right).
Electrical source giving the DC voltage up to 24 V was
connected to circuit, appropriate electric current could
have been adjusted up to 1 A, according to the electrolyte
concentration. Maximal current flow was limited by the
solution conductivity.

Fig. 1: Photographs of experimental devices — discharge
reactor (left) and electrolytic cell with DC voltage source

(right).

negaiive discharge positive discharge

Fig. 2: Simplified scheme of plasma streamers created in
the diaphragm discharge (1 — anode, 2 — cathode).

Properties of plasma formed in the reactor were observed
by the optical emission spectroscopy and fast digital



camera, determination of the dye concentration in the
solution was carried out by UV-VIS spectroscopy.

Water solutions containing organic dyes Direct Red 79 and
Direct Blue 106 (DR 79, DB 106, concentration of about
15 mg-1") and selected electrolytes of various concentra-
tions were treated either by the diaphragm discharge or by
pure electrolysis. Samples were taken continuously and
analyzed by the absorption spectrophotometer Helios a.
Dye concentration was determined from the maximal ab-
sorption intensity at the appropriate wavelength (506 nm,
respectively 608 nm). Selected inorganic electrolytes
(NaCl, NaNOs, Na,S0,) were dissolved in deionised water
at different concentration to adjust the solution conductiv-
ity in the range of 100-1000 pS-cm™.

3. Results

3.1 Comparison of discharge and electrolytic effect on
the dye decomposition
Simultaneous contribution of electrolysis during the dis-
charge generated using DC non-pulsed voltage had been
already determined [4]. Presented results should quantify
the effect of electrolytic contribution in the discharge.
Experiments showed that the dye was decomposed by the
discharge almost exponentially and its concentration de-
crease was more intensive on the side of the diaphragm

where negative discharge was created (part with the anode).

The final dye concentration reached approximately 30 %
of the initial value in the negative discharge (after
15 minutes), while in the opposite polarity the concentra-
tion drop was more or less half-sized after the same time
(not less than 60 % of the initial concentration). When only
electrolysis was maintained in the reactor, the dye de-
composition went almost linearly and the final dye con-
centration after 15 minutes of the experiment became
similar as in the case of the positive discharge (see Fig. 3).
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Fig. 3: Comparison of DB 106 concentration decrease
caused by both polarities of the diaphragm discharge and
by the electrolysis (current of 200 mA, solution conduc-

tivity of 200 pS-cm™).

3.2 Influence of decomposed dye

Effects of pure electrolysis were observed in water solu-
tions of both selected organic dyes, DR 79 and DB 106.
However, the results obtained in the red dye solution (DR
79) did not reach the same values as in the case of the blue
dye DB 106. The comparison of electrolytic decomposi-
tion by pure electrolysis in the NaCl solution is given in
Fig. 4. When the decoloration of DB 106 went almost
linearly, the decrease of DR 79 concentration stopped very
soon. The slightly increasing tendency showed probably
on some problem with the determination of the dye con-
centration and it will be on focus of our further research.
Thus next presented results are focused on the decompo-
sition of the dye Direct Blue 106 as a function of various
experimental conditions.

0.9+
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+ Direct Blue 106
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Fig. 4: Comparison of time evaluations of relative con-
centration during electrolysis (200 mA) of two dyes, DR
79 and DB 106, in NaCl electrolyte solution (conductivity
0f 200 uS-cm™).

3.3 Influence of electric current

The main parameter influencing electrolytic effects on the
dye decomposition was the magnitude of current supplied
into the system. Results obtained from the attempts with
the dye decoloration at various current magnitudes are
presented in Fig. 5. Relative concentration decrease of the
dye Direct Blue 106 was determined after 20 minutes of
the electrolysis. It is obvious that the dye decomposition
was enhanced by the increasing current. However, this
dependence was not strictly linear. The increase of the dye
decomposition became lower with the further current in-
crease. Based on these experiments we have assumed that
there was some limited current value for the dye decom-
position by the electrolysis and further enhancement of
current did not have any significant effect on the process.
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Fig. 5: Dependence of the dye DB 106 decomposition by
electrolysis on the input current in the NaCl solution
(conductivity of 200 pS-cm™).

3.4 Influence of solution conductivity

Further investigation showed a significant influence of
electrolyte concentration in the solution on the dye de-
struction by electrolysis — increasing electrolyte concen-
tration (providing particular solution conductivity) re-
markably enhanced the dye destruction. The appropriate
results are given in Fig. 6. This figure shows the relative
concentration decrease of the dye Direct Blue 106 after
20 minutes of the electrolysis kept at 200 mA in the NaCl
solution of conductivity varied from 200 to 1000 pS-cm™.
It is obvious that the degradation was positively stimulated
by the enhanced amount of electrolyte in the solution, it
means the dye concentration decrease was enhanced by the
increasing conductivity.
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Fig. 6: Dependence of the dye DB 106 concentration de-
crease after 20 minutes of electrolysis (200 mA) on con-
ductivity of the NaCl solution.

The positive effect of solution conductivity on the dye
decomposition by electrolysis came from the enhanced
amount of charged particles (ions) in the solution. There-
fore the oxidation reactions taking place on the anode
together with the charge transfer were more intensive and

the reactions were accelerated.

An interesting effect resulted from the comparison of the
conductivity influence on the dye decoloration caused by
electrolysis and by the diaphragm discharge. The conduc-
tivity effect in the discharge generated in the NaCl solution
of the dye Direct Red 79 is given in Fig. 7 for both dis-
charge polarities. These results showed that the relative
decrease of the dye concentration was enhanced by the
increasing conductivity (in the region of 100-500 pS-cm™)
in the negative discharge, however, when the conductivity
value increased above approximately 600 puS-cm™, the
effect of further conductivity enhancement became reverse
and the relative dye concentration decrease decreased. In
the case of the positive discharge, the dye decoloration
went generally much slower than in the negative polarity
and the effect of solution conductivity had more or less
directly proportional tendency in the whole region of
studied conductivities (100-800 pS-cm™). Based on these
results we assumed that there was an optimal solution
conductivity suitable for the dye decomposition in the
negative diaphragm discharge [6].
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Fig. 7: Dye concentration decrease after 30 minutes of the
discharge treatment for various initial conductivities of the
NaCl + DR 79 solution (input power of 160 W).

3.5 Influence of electrolyte

As the amount of charged particles (ions) in the solution
played an important role in the dye decomposition by the
electrolysis we also studied the possible influence of kind
of these particles on this process. Thus several electrolytes
containing various anion groups were used in our experi-
ments. Obtained results for three selected electrolytes
NaCl, NaNOs; and Na,SO, are presented in Fig. 8. Time
evaluations of the dye Direct Blue 106 concentration did
not show any significant difference during the electrolysis
at the same solution conductivity. All experiments revealed
the linear concentration decrease in time. In the case of the
NaNOj; electrolyte, the concentration drop was slightly
lower than in other two electrolytes. However, final dye
concentration after 20 minutes of the process varied until



approximately 10 % which was within the experimental
uncertainty. Therefore we have assumed that different
inorganic anions did not remarkably influence the elec-
trolytic decomposition of organic molecule. However, this
topic will be a subject of our further study as well as the
proper investigation of the influence of various dye struc-
ture on the dye decomposition.
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Fig. 8: Time evaluations of the dye DB 106 relative con-
centration during electrolysis (200 mA) in selected elec-
trolyte solutions of the same conductivity (200 pS-cm™).

When we compared the results of electrolyte influence on

the dye decomposition caused by electrolysis and by the
diaphragm discharge, there was a difference between these
effects in both processes. In the diaphragm discharge, the
influence of the electrolyte kind was already confirmed in
the process of the dye decomposition [7] as well as in the
discharge ignition itself [8]. In these processes, their op-
eration was strongly influenced by mainly ion size and thus
by the mobility of the charged particles providing the
discharge current. Generally, smaller ions (anions such as
chlorides, etc.) were much mobile and thus faster to ensure
proper ion flow (current) in the system. Subsequently they
stimulated the processes which were strongly dependent
on the discharge current, for example also the dye decol-
oration.

4. Conclusions

Decomposition of organic dyes Direct Red 79 and Direct
Blue 106 by the DC diaphragm discharge was compared to
the electrolytic destruction and the contribution of elec-
trolysis during the discharge had been estimated. Mecha-
nisms of dye degradation in discharge that were confirmed
by our work were both the attack of reactive species
(radicals) produced by the discharge in water and the
electrochemical oxidation on the positive electrode due to
the electrolysis (with the almost half effect like the dis-
charge). The final dye concentration decreased by
20 minutes of the pure electrolysis reached approximately
60 % of the initial dye concentration. Positive influence of
input current magnitude as well as solution conductivity on
the dye -electrolytic decomposition was determined.

Compared to the results obtained from the dye decompo-
sition in the DC diaphragm discharge, we had obtained
little bit different tendency. In the negative discharge, the
process of the dye decoloration required an optimal con-
ductivity value (500-600 uS-cm™) of the NaCl electrolyte
solution for the highest degradation efficiency. On the
other hand, dependence of the electrolysis on the electro-
lyte kind (chemical structure) had only a slight effect and it
would be an object of our further investigation.
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Diaphragm discharge studied in this work was generated in a batch reactor using constant high
voltage from the DC source that gave the input power up to 250 W. Two planar electrodes made of
stainless steel were separated by the dielectric barrier with a small pin-hole (initial diameter of
0.25 mm) in this diaphragm. Discharge breakdown appeared just in this orifice and plasma channels
propagated from this spot towards electrodes. Organic dyes Direct Blue 106 and Direct Red 79
dissolved in water solution were treated by the DC diaphragm discharge and electrolysis. The changes
of quality were observed by the absorption spectroscopy.

Key words: Diaphragm discharge, organic dye, humic acid, reactive species, discharge in liquid

1 Introduction

Important research of electrical discharges leads to their applications in chemical
branches. Especially an interest in the application of electrical discharges for the
degradation of organic pollutants (e.g. phenol [1] or organic dyes [2]) in aqueous solution
has grown enormously.

Electrical processes in liquids have an influence on chemical structure of molecules
dissolved in treated solutions. After connection to DC power supply it proceeds either
electrolysis (electrical output at low tens watts) or a discharge in solution (electrical output
at hundreds watts). Solution exposed to electrolysis gives dissociation of dissolved
molecules and migration of their ions towards appropriate electrode. In contrast to
electrolysis, during the discharge various reactive species such as radicals (hydroxyl,
atomic hydrogen and oxygen, etc.), ions and reactive molecules (hydrogen peroxide, ozone,
etc.) rise by dissociation and ionization. These species have a high oxidation potential and
thus they can rapidly attack other molecules.

Our experiments in liquids have been carried out with diaphragm discharge [3].
Presented work investigates the degree of influence of electrolysis and discharge on
decomposition of organic dyes (Direct blue 106 and Direct Red 79).

2 Experimental

The experimental apparatus consisted of a DC high-voltage power supply that gave the
output power up to 250 W and a batch reactor (Fig. 1. left) [4]. It depends on input power if
the initiated reaction will be proceed by electrolysis or discharge. Lower values of input
power up to 30 W support electrolysis, whereas higher values of input power above 100 W
initiate discharge. Two planar electrodes made of stainless steel were separated by the
dielectric barrier. Both electrode spaces were connected by only a small pin-hole (initial
diameter of 0.25 mm) in this diaphragm. Discharge breakdown appeared just in this orifice
and plasma channels propagated from this spot towards electrodes. Due to the application
of DC voltage, two different kinds of plasma streamers appeared on the opposite sides of
the diaphragm (Fig. 1. right) [5]. On the side with the positive electrode, shorter plasma



1. Halamova et al.

channels fill a spherical volume around the orifice. In the other reactor part containing the
cathode, longer plasma channels propagated from the pin-hole towards the negative
electrode.

Fig. 1. Photo of discharge reactor (on the left) and simplified model of plasma streamer propagation
on both sides of the diaphragm when the DC discharge is generated (on the right; 1,2 — electrodes, 3 —
streamers of negative discharge, 4 — streamers of positive discharge, 5 — conductive liquid).

Each part of the reactor contained 2 litres of treated solution. Water solutions contained
organic dye, Direct Blue 106 or Direct Red 79, concentration of 20 mg-1™" and a definite
amount of supported electrolyte NaCl providing particular solution conductivity (initially of
500 pS-cm™'). Solution pH was primary adjusted by the electrolyte kind. As pH
significantly changed during all experiments, its value was either modified by acid/base
adding or it was let without any correction. Analyses of quality changes in dye solutions
were carried out by UV-VIS spectroscopic method.

3 Results

Electrolysis and discharge are distinguished by applied electric energy. For electrolysis
values of input power 3 and 30 watts has been used. These values make it possible to
proceed electrolysis through diaphragm pinhole but don’t induce ignition of the discharge.
For dyes decomposition in discharge values of input power 100 and 170 watts has been
used. Comparison of the influence of input electric energy alias influence of electrolysis or
discharge on degradation of dye Direct Blue 106 is shown in Fig. 2. Decomposition of dye
by discharge provided the biggest dye concentration decrease after 40 minutes. Indeed, if
we converted obtained values of concentration decrease to values of energy efficiency 7 by
the next equation, we detect that the most effective decomposition by electrolysis at the
lowest input energy (Fig. 2. and 3.).

RDR-V a
n 0. P 3600000 [mg-kWh™]
(RDR is rate of dye removal [mg-dm™-min"], Vis solution volume [dm’] and P is input
power [W])
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Fig. 2. Comparison of dye decomposition by diaphragm discharge and pure electrolysis in the 4 mM
NaCl solution. Dependence of concentration decrease on the left and energy efficiency on the right
(organic dye Direct Blue 106, initial concentration of 20 mgI"', conductivity of 500 uS-cm™)
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Fig. 3. Efficiency of decomposition of organic dye Direct Blue 106 after 20 min of discharge
treatment for four used values of DC power (initial concentration of 20 mg-1",
conductivity of 500 pS-cm™)

The degradation effect of electrolysis or discharge depends on chemical structure dyes
Direct Blue 106 and Direct Red 79 (Fig. 4.). An interesting fact is that better decomposition
of dye Direct Blue 106 is obtained during electrolysis whereas better decomposition of dye
Direct Red 79 during discharge.

Electrolysis and discharge are running by different mechanisms. There isn’t generation
of reactive species in process of electrolysis which would react with the molecule of
organic dye. Therefore dissociation of molecules of dye to ions and removal of functional
groups is responsible for dye decoloration. During the discharge various reactive species
are generated which react with double bonds in molecule of dye and fragment it. Organic
dye Direct Red 79 is azo-dye that contains azo groups (N=N). Decomposition of double
bonds between nitrogen atoms indicates faster decoloration.

Reactions in discharge are influenced by decrease of pH value in the anode space.
Therefore our next investigation was focused on the pH influence on organic dye treatment.

Results obtained during the discharge treatment of Direct Blue 106 and Direct Red 79
solutions with NaCl as a supported electrolyte are presented in Fig. 7. Both pH-corrected
and pH-uncorrected data determined in anode space of the reactor are compared in this
figure. As we had expected, observed degradation efficiency of organic dyes was worse at
the pH-corrected conditions. Based on these results, it could be assumed that the
maintenance of neutral pH value during discharge treatment was inconvenient because it
generally led to lower degradation. On the other hand, it was possible to assume that the
low pH value stimulated the degradation process.
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Fig. 4. Comparison of dyes decomposition by diaphragm discharge and pure electrolysis in the 4 mM
NaCl solution. (organic dyes Direct Blue 106 and Direct Red 79, initial concentration of 20 mg-1™,
input power: electrolysis 30 W and discharge 130 W, conductivity of 500 pS-cm™)
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Fig. 5. Comparison of dyes decomposition by diaphragm discharge without and with correlation value
of pH during the treatment in 4 mM NacCl solution. (organic dyes Direct Blue 106 and Direct Red 79,
initial concentration of 20 mg-1", conductivity of 500 uS-cm™)

4 Conclusion

Organic dyes Direct Blue 106 and Direct Red 79 dissolved in water solution were
treated by the DC diaphragm discharge and electrolysis. The changes of quality were
observed by the absorption spectroscopy. Decomposition of dye by discharge provided the
highest dye concentration decrease after 40 minutes, but the most effective was
decomposition by electrolysis on the lowest input energy, because its energy efficiency
reached higher value. The highest decoloration of Direct Blue 106 dye was observed by
electrolysis whereas for Direct Red 79 dye it was by the discharge. It is caused by different
chemical molecule structure of these organic dyes. It was observed that pH value of
treatment solution is important for degradation processes in the discharge. It was possible to
assume that the low pH value stimulated the degradation process. Detail analyses of this
proposition will be an object of our further study.
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