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SUMMARY

The increasing level of global industrialization and urbanization has led to the transport
and introduction of various organic and inorganic contaminants in acratimnment. In
order to avoid deterioration of water resources, considerable efforts have been devoted to
develop suitable purification methods that can easily remove recalcitrant (persistent) and non
biodegradable contaminants from water and wastewlaténis context, Advanced Oxidation
Processes (AOPshased on in situ generation of highly reactive radical species, mairﬁy HO
by using solar, chemical or other forms of eneegg being studied as alternative to the
conventional water and wastewater treatment methods such as activated carbon adsorption,
biological treatment, chemical coagulation etc. Among AOPs, heterogeneous photocatalysis
using semiconductor solids appearaasemerging destructive technology, being the focus of
numerous investigations in recent years.

In the present thesis the photocatalytic removal of selected priority pollutants and
emerging contaminants belonging in different chemical categories hasrnivestigated in
detail. DEET, metribuzin, 2 isopropy8-methoxy pyrazine, pentatrophenol (PCP), benzoic
acid (BA), Cr(VIl) and phenolic compounds wer selected as target compound$e
commercial form of TiQ (Degussa P25) and Nfodoped TiQ, a materialwith improved
photo efficiency and visible light response were used as photocatalysts. The main objectives
of this thesis were: i) to evaluate the kinetics of selected pollutants disappearance and
mineralization, i) to investigate the effect aignificant parameters on the total process
efficiency as well as to optimize the photocatalytic procedure by meaokeafometric
optimization tools such as central composite design, response surface methodology and
artificial neural networks, iii) to identify théransformation products formed during the
photocatalytic treatment by using powerful analytical techniques such as high resolution
accurate mass L.™MS, GO MS and EPR spectroscopy, iv) to assess the role of the reactive
species in the reaction mechanisnmngsdifferent scavengers, v) to assess the macroscopic
effects of DOM (HA, FA) and water matrix on the photocatalytic degradation and vi) to
evaluate the toxicity along the photocatalytic process.

@#he effect of major operating factors, namtig mass of iD,, the initial concentration
of total phenols and the irradiation intensity process efficiencwas studiedising central
composite design and artificial neural networkée influence of each parameter on the
variable studied was assessed. All of taiables (initial concentration of the substrate,

concentration of Ti@and UV light intensity) were found to have signifitaffects on the



photocatalytic efficiency. Optimization results showed that maximum photocatalytic
efficiency was achieved at tHellowing conditions: Gpi=3 mg L*, Cri02=300 mg L* and

I=600 W m. Under optimized conditionthe degradation followed pseudicst order kinetic

model. Half lives @) of 26.7 min and 25.7 min were recorded for total phenols for
secondary and tertiary samples, respectively. For the assessment of water matrix effect, the
photocatalytic oxidation of total phenolic compounds was also studied inrQniNater.
Wastewater ratrix was found to play a detrimental effect on total phenols photocatalytic
degradationlikely due to the presence of dissolved organic and inorganic matter.

The simultaneous photocatalytic reduction of Cr(VI) and oxidation of benzoic acid (BA)
were invetigated in aqueous suspensions usingchifoped TiQ and simulated solar
irradiation. A considerable enhancement of the photocatalytic efficiency was observed for the
binary system indicating a synergistic effect. The effects of three operational pasasnete
as NFcodoped TiQ@mass, ratio Cr(VIBA and pH on the overall photocatalytic efficiency
were investigated using central composite design and response surface methodology (RSM).
It was found that the variables considered have important effect®bdin(VI) removal and
BA degradation efficiency. The optimum conditions for simultaneous removal of Cr(VI) and
BA were found as followsCyr1io2= 600 mg L, Cr(VI)/BA ratio= 5 and pH=. Under the
optimum conditions, the removal for both Cr(VI) and B&llowed a pseudofirst order
kinetic model.

Similarly to the system Cr(VI)/BA, thephotocatalytic degradation oPCP was
investigated in the presence of fd&doped TiQfocusing on the influence of parameters
such as catalyst concentration, OA/PCRorahd pH on the photocatalytic efficiency that was
optimized and modeled by response surface methodology (RSM). Optimization results
showed that maximum photocatalytic efficiency was achieved at the following conditions:
CneTioz = 600 mg L, OA/PCPratio= 2 and pH20. The contribution oHO"and éproduced
during the photocatalytic treatment was investigated with the addition of scavengers. It was
found that HO* was the major reactive species involved in PCP degradailibe.
phototransformation poucts formed during the photocatalytic process were investigated and
characterized by means dfigh resolution accurate mass IMS and GCMS. The
photocatalysed transformation of P@Rs found tgoroceed through the formation of seven
(7) and six (6) products at pH 10 and 4, accordinglye photocatalytic degradation was
essentially proceeded through an oxidative mechanism at both pH values occurring rapidly by

attack of the photocatalytically gelratecl-|OAradicaIs.



#he photocatalytic degradation of insect repellent DEET, in aqueoussUgpensions
was systematically optimized by both response surface methodology (RSM) and artificial
neural networks (ANNs) based on a multivariate central comgatasign (CCD). The
individual and interaction effects of three main operating factors (mass efimittal DEET
concentration and irradiation intensity) on process efficiency were estimated, proving their
important effect on % DEET removal. Complete @elgtion of DEET (Gee=10 mg LY,
Crioz=100 mg L* and 1=750 W rif) by heterogeneous photocatalysis took place in 45 min,
whereas carbon mineralization (85%) was achieved within 240 min irradiation. The
degradation for both DEET and TOC followed psefidst order kinetics according to the
LangmuirHinshelwood model. Rates constants gf& 1 0 . 2°@nin1add0 . 8 13mint 0
and half lives (t,) of 6.7 min and 85.6 min were recorded for DEET and TOC respectively.
The quantative recovery of nitrogenragate ions was achieved after long irradiation periods
since nitrogen mineralization (100%) was achieved within 240 min of irradiation. Under the
photocatalytic treatment numerous degradation products were identified with high resolution
accurate massiguid chromatography (HRC-MS) and gas chromatography mass
spectrometry (GOMS). Low temperature Electron Paramagnetic Resonance (EPR)
spectroscopy was also used to study the photoinduced radicals created during the initial events
of the photocatalytic agation of DEET by TiG. On the basis of identified products and
photoinduced radicals, a proposed pathway of photocatalytic degradation of DEET is
presented, involving mor@nd poly hydroxylation followed by the oxidation of the alcohol
groups, cleavagef the alkyl clains and ring opening. The robé reactive oxygen species,
HOA '0,, O, “and H was investigated by adding appropriate scavengers to the reaction
medium and the results suggest th@" and Q* play a major role in the degradation of
DEET. The measurement of acute toxicity, evaluated usinytiweo Fischeribacteria test,
showed that the transformation of DEET proceeds through the formation of low toxicity
intermediate compounds. Moreover, the photocatalysis of DEET was examined using aqueous
TiO, suspensions in the presence of various concentrations ot tagid (HA) and fulvic
acid (FA) in order to simulate the influence of natural organic matter (NOM) present during
water treatment. Photodegradation of DEET was hindered after the addition of a lignite HA,
whereas a slight increase of the photocatalytivig was observed using low concentrations
of the synthetic HA. The addition of FA was found more beneficial for the photocatalytic
degradation of DEET.

Photocatalytic degradation of metribuzin (MET) was investigated in aqueous suspensions
using TiQ Degussa P25 as photocatalyst. Complete degadaf MET (C, er=10 mg L™,



Crio2=100mg L™ andI=750W m™) was obtained after 4@in of irradiation with & andhalf
| i f e of ?niir0and 6.4 ninl &cordingly. On the other hand, the corresponding TOC
exhibited a slight decrease, indicating that TOC removal followed a much slower rate than
MET degradation. These observations indicated the formation of more stable intermediates,
which needed long irradiation time to achieve complete removal. Neaiplete TOC (80%)
removal was achieved after 300 min irradiation time. The evolution of inorganic ions released
into the solution after 300 min of irradiation, showed that nitrogen was relaade@ and
NH;" and reaches about 62.5% of the expected stoichiometric nitrogen amount at the end of
the photocatalytic process. In d¢mst, 97% of the stoichiometric concentration of sulphate
ions was formed within this irradiation time. Scavenging exrpents indicated thelO”as the
main species in the MET oxidation whilé bontributes also to thdegradation in a lesser
extent. The major degradation intermediates were identifiedHR/LC-MS and GCMS,
which allowed the proposal of a tentatipathway for the photocatalytic transformation of
MET. The photocatalysed transformation of MET proceeds through the formation of various
products, involving reactions of hydroxylation, detachment of amino anertéibyl group,
oxidation and dealkylatiorToxicity assayssingVibrio Fischeridemonstrated an increase in
% inhibition of the luminescent bacterium thefirst treatment stages. These observations
clearly demonstratéhe formation ofintermediate compounds dfigher toxicity than the
parentone, while synergistic effectamong them could also be consideréd.prolonged
irradiation times the toxicity is smoothly decreased until complete detoxification of the
irradiated solution is achieved.

As regards the photocatalytic abatement -6$dpropyl-3-methoxy pyrazine (IPMP), it
was shown to degrade within 20 min following psefidst order kinetic(Cipmp=10 mg L™,
Crioz=100 mg L™ and =600 W m™?). Although IPMP degradation is achieved in a few
minutes, TOC reduction follows much slower rate and complete mineralizaitiorganic
carbon was achieved only after 240 min of irradiation, showing a half life of 100.4 min. At
the same time, only 55% ofdloiganic nitrogen wamineralized and is mainly transformed
into ammonium ions and in a negligible extent into nitrate ions. Hydroxyl radical’é 13:02]
determined to be the predominant reactive species during photocatalysis by means of
scavenging expeartients. Based on kyroduct identification using HRC-MS and GEMS
techniques a possible mutiiep degradation scheme was proposed. The pathways mainly
include hydroxylation, oxidation and dealkylation of isopropyl chain. Finally, Microtox
bioassay was eptoyed in evaluating the ecotoxicity of solutions treated by the photocatalytic

process. The % inhibition of the luminescent bacteriibirio Fischerivaries below 25%



during the photocatalytic treatment, indicating the formation of intermediate compoftinds
low toxicity.

According to the results obtained for the photocatlytic oxidation of the studied organic
pollutantsmodels and photocatalytic reduction of Ci{Vheterogeneous photocatalyisas
shown to be a great potential as a sustainable treatment techritdogmerent destructive
nature, not involving mass transfer, the potential use of solar radiation as well as the
combination of heterogeneous photocatalysis with biological andy@igochemical methods
make this method particularly attractive for environmental decontamination and

detoxification.
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G0ds Uswpigedadd Urxs 6 0080 aldldzUdlpa Uiy U
(Oppentnder, 2003; Litter, 2005).z y ¥ Udd U  Aa Uddd gujyeaofhsag
ideseg)oalUd e6joUssal 3 ol 3, s 6 ealgs Us(
g UjeszUstsoeayd JaslUd (UsUauy; UGd 2. 3).

RH + HO —> H,0+ R (2.2)

R + 0, —— ROO (2.3)

0o AV daUosUjesoafioal UB Uesusyghigled b U0 U Uiy
daUsaUjessfhlisadd " jJeldeadd(Usdgampgid V2. 4) d3hi

HO + R,C=CR, — "CR,~—C(OH)R, (2.4)

o

BedeUsoslehde calllbairidl gy ccoyyedlUs eyly 000G
Gi eldrvr3U U 2&3¢ ¢3Ua cOopddgtafier @003):

M" + HO —> M""!' + (OH)aq (2.5)
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Uy oalUebyYaUs giuy eagolgade de glaly veylHas@s ; « Uy
slidoUa GUd UsY3dxset blU@Ag 83s Uigdecemesgg j oaU o6y Ul
U @ ¢ LLitter, 2005).
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- = e o e (2.6)
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2003)

U.B. z. ] Ti1oU UsUalty UG(q zeaesd oi
Us UJ o6 @
(nm)
UV/H,0, H,0, + hv —> 2 HO® o < 8mM O
1
UV/O, O3+ hv > 0, +0(D) o< 310 nm
o'(p) + H,O —— 2HO
UV/H202/O3 05 + H,0, t hy — > O, + HO' + HOy’ o < an 0
: — » TiO, (h"+¢)
UV/TIO, TiO, + hv 2 , a< 380 nm
TiO,h* + OH,y —» TiO, + HOy
UV/H202/T|02 T102 v 2 .
H,O0, + €¢cg —> HO'+ OH"
H,O,/F* Fe?" + H,0, — Fe* 4 OH + HO'
F62++ HO Fe3++ OH_+ HO- 6~< ﬁlﬁo
UV/H,0,/F&"* 22

2+

Fe3*+ H,0p — > Fe? + y+ 4+ HO,
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Co

H + CH,0oH —> H, + "CH,0H 2.7)
'H + H,C=CH, —> H, + CH,CH; (2.8)
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€4+ R—X — (R—X) —> R + X~ (2.9)

€+ M? —> M™! (2.10)
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Y. B . zKonstantinouand Albanis 2004; Wojn8rovits and Tak8cs 2008; Homem and
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(UV/Vis ¢ Ti0,, ZnO)
A UzU0po00aU U0 ¢ HO" ¥
o) Utishagtd HO" %%, €aq
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30 glidoeéddolEdéghYyomarBou vy Uoshs Bies Uiy v& q todkd 3
aUs UsUorvosat 3 Usitit3 §3gdgUywsy 3y 3g(uldmsbahidysds do
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214. K3 Gg3UcUaU UU bty UGUsaY¥Y UsUovyosay¥Y Uaud, ¢
Uy yedda Us”™(B Us Us2ip2rid) (Dppentnder 2003).

HyO + hv(<190nm) ——— H' + HO + H'+ €q  (2.14)

Cq + HY ———— (0;7),q (2.15)
(037)4q + H' HO, (2.16)
H + (0)yg —> HO, (2.17)
¢ UUcssacoallagle m9diBtetailifhoadid pUsryraUlGU

C
J Ui eU Uy U gydeed ~UysUaUsafhUqUUG ultidpugoy UG al
3Ujamloss U Uds W3laWyyesUGwly UaszUs Ui laees 30U 63
(" .6. 6ovgls Uddreosye ¥y 3 6 olittgrii2p0g)o e 3 Y3 dy Ua Ud (

2.5.3. UV/H,0,

ge g UjealatsepBled glledipsepl ¢ceai UsUuUla
Ggea3yY U U3zUiteUsad U Gglsa¥Y 3U} YvoahUsayl ( dilllesi O
"8o900ac6 &t 4dEp U301yl Uz Ua G Uslslsals aUllbeashll Gy U G U
tgoaUsUyt i Ubge V¢ @QuUUsoayY UBPHdxWLU0UiUeagal 0Ud
aUs jdiscegjandi aW@lsUzdloly)y YW Wede bxtaditblidd,is
aOieUa Gdgsoyd ,0 gisUkyst bsUyd Uy o2 G e fp Ubde ¢ Usfysi add dBg z3
Uds U UaU;oU0GaU i b UU(Dpeentreder2008)03 1t 3 U ebaelUxs (

¢ GyUeedelUaU Ueg g UyeaUstaeg Ueg gljeoh3a
U3« d U 'Lfpak®B &)gedlak(1992) Uas3e3UUd yedUad G6U0d ¢U0o
"6g " UjyegiasVe®d. UBseédcUssleh ©Bhdodr Uillay Wesig

o ;a06U0d glipdetfaoyalidy 0 ds UsUsB éhhatddi Blaec

y3U3 UaglslivyUhUsdetaddpiddeetl)j ce UoszdUsosae Us
O st} Y GUd uUusYO UUdg Ugdgy ago Algesg Ualiedig g e Udld:
cceagUooe WdME &age Udgs ~ UHOWevrwasyasdwygai oo
UoaYueldd Uego¥®uft@al &de UUs G Gppentndey2008). s Us 6392
O3 Uy 3d

H,0, + hv ——» 2HO’ (2.18)

o Yiuedld
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H,0, + HO° —> H,0 + HO, (2.19)

Basse UsUauy Udd:

2H,0, —> 2H,0 + 'O, (2.21)
gU)1 e0U0Usibehd

HO" + HO —> H,0, (2.22)
HO" + HO) —— 1,0 + ‘0, (2.23)

HO," + HO; —— H,0, + ‘0,7 (224

]

Hios Uy oWy 6 Us UG Uy €6 000G 3 UU  UsWehBeafictodl) o ¥ -8
.

GYGeUUsd 63 oUssoat 3 i ¥3 R vd GUyeUalUgUsal 3
8y oUs3s9013 UstaUxys, (GgUeclU}eYoars, alg” 5§ B Wamdlilsc
o Ui 0d odU gBbmmavieetal., 2010;Heetal., 2012;0lmezHancietal., 2011).

¢ eydeluaed Udds setUsa e digs esyyellid g Uy st legd
g U esllmgiagg) eohseg UasUs U K Usd 31 0U0Ud Y.
991 9hU0U0; 0 "58g30aegliBFcUlsUfggeyinprseddlUg WPU
glijeohsaeg UasUs ,d8)jepeady aWaddy hoecxsls Uy egl
eOU0UGey ¥ oaUs U) ehdera Uy oty shge,d Udd GsUagUhRUdUI
Gde Uz Usoe HOYoly Yomes (eBIg'U2 ¥, a g8J.gip W dasfiidioUde f g
Usg GgtaUds @Bed OUWd) ccouvv) UddscUtdphsggorybss Us
(Litter, 2005).

g 0deUsUsafhUU; e eUseayaldeU Udd UUecssosed

eg)yolUoaed U 8y h{diledy L’fgeUg;ge@Gf]l‘{ﬂ}chmTéﬁ‘J@lﬁ(]E§4 nm,

U sUyal08eU 30U ¢ epfacssysUocBiy soaipgddicaBaoy
"Uys UL GUsd "68g dges a6eg od3Bpagag3Vsi GAIB teded,c U
aUsU0Usg} o1 3U00d vd Uas080gPWplaalgbp tBdllogssy Bddds
U Uy Udrthgadeh2 0 04) . B 3 gdehd Udd GyUsagUsoaed 1Us
g UjyesUsitiaeg Ueg guy} s olhesmH UksgU ; ulsyUbey sedidloelhly Godis
3eUalUUs GU UegUdddyd U dPeitdEeoedigny dah U0y ¢ g 3
ee)oUsaed U @)} hiaddadd Uvsz'ﬁ@’m;nms\(ﬂlemgcmill)ﬁ U3 s f:
Lopez etal., 2003).
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2.5.4. B3/UV - B3/UV/H 0,

g6 foepBas(B e9U UsaslUjc soe cay We Ued baddah
63gohseg ®© Uy U UosBidawwrs. d&oaDpsf syl maraff§ o
9169} Y 63UstEdzparh V§pjdae d( H#UaUd) ssalUhse Uy YOd
Usg Uy salibivs®aarzx U0ds eUd3UsEomailiciBadildl qUa g
Uyaslls Uds U U303 oU0UGaU guyYUr¥s oaUs guUUsat 3

w

U UaUj;oU08aU "hHlGeseegg 38PesUsedlypPpUyalldtigs Us s
U gGUi oUOUUs 6 GedeUUstehd U o9baUBCHBL Go¥pgai
0edeUUaeeslUUs U Uds UsBgopebddgyUéeguUbBiypa¥g
shor Udd eyUj; sUdUasiUlead®s hUagllg yleg GU ) 639

de Uy 13 GedeUUage3UU0dg Ud seyuBddhbh BR P eegaljaile [
aU8gUL 3, gydets dUUgedpdggedsadfpd@l; ddnmU”  UU
(UV-BIUV-C) d usYO UGe Ueg g(Oppentnttes 2003 Uiter, 509 Uz Us a Y

g8 hees e 6)Ua 30 UsUsity) wiWadoye U ce s alad
o aBUide@h drd C=C, C=N, N=N oaUa.), GgooaUay ot
BCH;, CH;) aUs YUeeU @83gohsaeg, Uet Us g, GyxyaGhyaeg
Uz Uaty UGdd oymcyaBe UpUopgglipvyed usyYh Uod Ueg g
g 3 d elmdrget al|, 2013,Ayoub et al., 2010. HisYad Uadd Ueg heaes3Usd
s UaicelUk®lUrsUs 6143 U eyly GcdeUUsliesgi Jost 3 gl
gsadeald aUdid UU Uszsha3UU gujyeaUsitiaeg UaszUs
Us Us b j2e520Bk(8maretal., 2013)

Cc Co

Co

O3 U} aq

0; + o ——=HOy + 037 (2.25)

HO, + O3 — HO," + 0  (2.26)

e Yielld

0; © 0)- —— 0;7 4+ O, (2.27)
O; + HY ——» HOy (2.28)
HO; —> HO + O, (2.29)
O; + HO' —» HO, (2.30)
HO, _» HO, + O, (2.31)
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g0y e00s0ehd
Uy salUeby¥YsUs e coluz wEHOL i g3 ugUe h

¢ U sUU0aUGeUUsahUqUU oaUs d U fpuiuead Udd Gg
Uadlllds UGU) cecobtlogs t/gbmdiliibdysy ¢ 0 d eBowo KU Uag UL 3
"1 ei0deBealdgo Ua GUbh Ba@dele steg GGaidez Ddedd sWa ¥
Ucfge e 3allbag vd Ua UpUdHOhe Gdedrs U ¢ U 2.3diter,Us Ua Uy
2005)

0, + H,0, —> HO" * 0, + HO, (2.32)

yeasaosU, e @Wagloggllleehgd Uos Us 3 6 bl asalilydy UssU GlWe Uf
bUaUavydd oUs g eUllbeslbooelelkgdle ealU U K Usd
.B.z.)]. ¢ U auyUdd deUsaUjeeUoszdqUssed UaUss
300nm” U} saUeby¥3sUs Ud GyUsagUdale Ggsiaded WUadg §
} 9 gHOS (Litter, 2005).Ba oi 4 o Udg (2B32B§U Yl Bdg byzegas oty U
Gyegdd Ueg Aeas@idagandinsena@ild)ecs Used

O; + hv — 0, + 0'(D) (2.33)
0'D) + H,0 — H,0, (2.34)
O'(D) + H,0 —> 2HO’ (2.35)
H,0, + hv ——>  2HO" (2.36)

¢ UUgURheyead U UsUssHpoh@daiiy }Usy Wayhieldke ¢ Udlas
bUaUavyadd GUds U slieUsafhUqUU pPdd adigpe sameag il
Us Ua 0 Ulitr, 2DQ5)3 2

FU UsUad@tg) eddddlsgadlj sohseg, Us heaes ~Ujaegl
Gg3UUBO0&PPH (L4800 Ot dg) G UU nn®4s ¢ 83 Ua 3U 6} qd0
2990 Uds U UzUjoU8adlUs3 UgjeiilUsme Us fdocddpedy Uda |
g Ujsititid UsUs3sabaelbaaslls ¢s teayldosilecdy dligeltes 06 e £y &)
Uds U 030302000000 BHdsedlgUaU;s8U00absU sbhaelUxs
ey UaB, Uss U @66y reUlbdicehoW WhameU¥silihedid 6y
(Litter, 2005).
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2.5.5. s U} oFaniom 8 URhoto- Fenton

g8 UsUsufettanUe(ast” Ui c dfjatigUdqsadal" f Ba>®» H. J.
UsUGyy OUUs GU y3U eao0eU g UyeaUsltagithOfseg giy
eU s0c6g)yd 63Ucanatdl20y0®P )a it h BpWhdi v dFerod Ues U
e 63 Ua 30mU0a3txsoUszsegegdlb 00ds0003etdd 30U Uas!
6y} diosea 8sci collbade. ofElhost vé ge Fénson W 3esliiey Wb esy s &
UoaYoghdUg YaUUU O6&UefieldspiEdamandSantos 2011) . B
edeUsslehd UsUauy Udd FemtbheUdgsg UelbyBalbiyjsbieU al sl
U3 Us u p.378.MM¢DgngandEnglehardt2006;Umaretal., 2010):

Fe2t + H,0, —> Fe * L OH + HO* (2.37)
Fe’* + HO, — > Fe?" + H' + HO; (2.38)
HO® + H,O, — HO, + H,O (2.39)
HO* + Fe?* ——> Fe . OH (2.40)
Fe2t + HO; +H' 5 Fe?" | H,0, (2.42)
HO, + HO, ——> H,0, + O, (2.43)
2H,0, —> 2H,0 + O, (2.44)

¢ UsUatjyUGd UexgeFeqdld )aBd dweatHs}; e Gede UUs
caUostivUosl0’di gésed ¢U Uds¢ Udgadpddd MeaBaliyada
UsUsiliy YG23s &@).Ba7 3U 63 s U0UaB, &dd.BY ooV BaglgUUsa
Goleyeg ¥vd SU0YDGa @ allhade 32i. U5 Us  GapeUlbslhalfy 3 f &
G0d lUeYl HifhdoUmg ~ d(UrmabeYab; 3040Q)

2Fe**+ H,0, +2H" —> 2Fe’" + 2H,0 (2.45)

¢ U eUUaU0clWds g ieligqU0tlded GgooaUoayoseysdd UUe
GdeUsUsay¥Y oUUY Uds UesUsBemffadiod tthe e g Ules
(ts Uy phdicFentdn.z U UG UPdgdo®WoeUsszebsaadld) Wsdlieg ¢y sUl
ey ag G Udsss Ubylcraleses Religpglydieya ull U Felb)e & 3 Uagi j UG q
), Uy ¥YoesUUd yUls y3U GrvrUso Ulklbeg U@ h ) pa® ¢
Uaiollb U} YoaodoalU Ulidqtigegla iUy eaGalhagid Urs
e o6 oFe@L iR O 8 r ek, BOLD).

d
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FeHO> — ™ | Fe2t 4 HO (2.46)

¢ Uy UorvolO'spivaldd GrUsagUososed utoavYd Ulidd Us:
(Uyoe UsUauy UGqd) 20@xUdlde” dedipscddezsed U g
(HomemandSantos2011).

¢ U egueUsafhUqUU UgUiL s Uxys pHUGp&OmpHBWO; Oy UU
dUj ecgoldidallgooeys Uy vyidd Us, od)BUUGBGGEdId ) JBxys o i
oUds UL 300d U U3 UaUdUd Udep Opiba bolbs clbed GWa tegd
U¥ys bUsUjoUtst 3 UasUs »sitsUalU; U Ueag@lUdah
g3 UU0RUQUU 6j)dloce cadide dasg dHalUsgid wWelpd
atidyed UasUs U UU "968 Yidetd gld&pebldU4dE
U) gofpsleag Wag 9bUaoc slWismdrald (& eeay dd beUbay d Us ey (
deossgyoaU oYl dd oaUs dq UglesaalU U e6e¥Yoaygsld
U hbadUe U eUUaei 3 ‘Homemand3aftd$a0dBolletaly); Yo @ 3 |
2008).

(4

C Cc «@Q Co
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3. A ANBUAKRHYEBT) ¢ sIE(

aUs 8 6390efhd Udd GrvrUsaUUYaglidd U eUU
deesssae o98os3hUqUU, 8 hyed UGyUsaUUYagloc
UGaU aUUY Uds 6 caU y3U gaeaf;vl(JﬂygUeUUU
a2U0GeU Uds Uye 6 sadid Ueg Jgdeai sUd
6de UUaegUUUs. ¢ tsU;oU0GaU UgUe UsUuG;e'c
Uss Uy h e eat UsBj o ssU0dFllils ¢ UptlUUsbtitdqdidd
aUbbgldd, eUalldeidagdalUUs eyadry dU; ehU0dUUd Ust

UsUj o6 8adid ~j UoeUU8 8s5UalUUs eyiy U 6} HhG
(Kondarides 2010). ¢ ¥vd HaUd 6s oaUUUagUseayd UsUc
GoUosjasdidJUiie oUssayd oUUdoeyalUd, aUs YdagU
aUUUagheUsasg GgtUeeUUc(d, GUsd  wm@@OUWadbgoyd

UsUsitiy YGUsd eU Uds UUUyeoUsze GrUsaUUYaglidq 3!
U0aUgUUaUd ow 0alyUalgy Ceahid & eedagebddagpdlnlsayd
Us Uy oUsUsayd UGdUyecoyd o Udi Konbaridegegld). s Us G Ud 3
ja3YaeoU eU Ues g RAOGUpvyeU GUe 6 o aBUledidlisoes:
Gy Us o Ul'wadpl d 3 UUUss jtolludtalf od1):a UUd o

1) yUUs d Ujyeesoee (GyrUslUsyoUjytd “~JUoeUUs 685U0a
GyrUslioslUoUjeysed aUUUai Udd e U0UUGYy); Us y3U daUs
Usg €8j 080, d UerBWalaU b e U U Usslggad® e @ (datalyzetl ¢ Us Ua
photoreactioh.

2 yU0OUs d U
GgayecUsU Ue

UstsyoUyadd UedUszasUUUs &
Yy U0 Ud dUegUeasitid oaUUYD
Ug Us G d d Usensitizedd € ¥ 3 d

Ce
Ce
w
Ce
[
<t
Co
C§ —
Ce
(0]
Co
Ce
w

GoaUlsaUla
photoreactioh
FUdBUU); cgoUse Grds ol V@glUoav¥ UUd 6 dqloce’ a
deosUovyoea ahoy Udd daUsUjessUsed Usgd Uesced,
3U eUU0UGyyegs Gey Uas eU0UUUzi Uxs 030 BddeiUso1 3
6y As¥3s esryed Urs tUsUosUf GayBrmse adldldliid) YWliwsr 3d el od
aUs q GoyoUy 0d died@rasbigeds aivled U 16" d&) qijohasdlsee A U d |
Uds U e} 3htdqid GrvrUesszaxrs eU Usy);oU0sUd clasdai U
desUovoei. ¢ UsyoU)ad GrdddasUad) ddgszsgde aUd
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ycUs GU3 U eUyaUtceU Uds Ucshysalldg cdUBsoYd§ae
d ¢ o Uo (Kondarides 2010).¢ U (O¢ o03 U clfied gy ei 3 GU0d Ggasyc
U Us Widpadtls 30U U eb¥Yassegas Uds U eddalUgeysq
UsUsiliy YGegs eU ehyoaU0 "6g UasUs "~ jel0jceiideys!
Yiegs vd UhUUd e tyaUUd doaUsU) ¢ymdsdsUpaolyg
ieldyaU U UU GecUUsoa¥ UgsUesa¥Y “68g Uy UaUdy
f } Koddarfdes2010;Mills andLeg 2004).

¢ 0OGgsceasee (GyUsoaUUUagUsoee UsUauy Udd U0 [
U UisddB3 dd Usyy) oUs@d jayljcolelUssaditidid Uds Usyy oU
g Uysititiegd © Udd 63 UUed UsaUsszebesaalUd Ggc3Y
(Kondarides2010):

Co [anq
Y—

m

] ) desUo ¥ o )
OCzxUsuPUsto fi{ | 3)Uoxo-soah 1)+ O3Us U3 (Bdp h (]
hv> By

O UsUadOaGd €U0 Usd GgebUUsoayd dUyesayd
UGdUyeheeslUUs gydeyd GgasdealUd ~alGdd oaUs/ e dl
GgsdealUd “~alldd oaUs dUjesgoj UGaUd & Wa CUda30dst
desUse UsaUssebheaalU 8s UzUyoUslUsayd U UsUetUsd
Uy UaUdy stUsoafp Uxzs GyUsaUUUagUL 3 G0 Gioay sl
aUshUqUU Uegd 3U cildoeia UsUstuyvyafedugdUges
U Us3Ujo6 696i3 UsUstuyyYaUsd e UUUG oyddeathlalsy eda i
3y} oUs U UXKéhfaoides2016)d & dd (

] "h Uds Y eydq UgUe, e UsUecvyyolehd Uxs {7
UsUsiliy YGU¥x3 yooUsUUs OHd UpBhideg d debdsiig gl e
UsUatpBUliddg¢g UsUaujyUGd €U UjysdqUsoe eGBLbGae
(@A Dm)zs Us GyUssaUUUagUsse. qd Ues Usi Usg d Uz
Udd UsaUssebeaalUd 6jdisee @sUalUUs o250 30 g
UsUj o6 e6adqidd ) UddyisgiisogUlealdgu,; Udd ~eg "0y e
Udd UaUi Wy do VGibg( @ UGY) UasUs GyUsitgsdUUsa:
Uy Ut UaoeUUU UgdhyedqUys UsUsityyYaUxs U0 Ujys3d
Usyy) oUsGipsUaBW® d e3UalUrld ejoUssat 3 i ¥3 |
Uy yuUosoeU GUBOGGpOOHdoed g d eUUUbsae Udd
GibbsUa3 Us dUULafpdls Uyds die¥hlie o U Wisagy Un B ec iti o Y)ié d 0 4
glij 8ofh3e oKiomdarides2DDfppd)@dpo s Us 3)Yadd, 2011
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32. AKUUyeoUsed GyUsaUUYaglldq ¥d UUecseacgoalU UsU

¢ UUU;eoUsed ((AWGUWYagbégas Gy} dises @oai
BaUsurUsoee zUdRUued |J3U®3q00a08ddd s Y.UBRz. Yo
sUaaUosUsoayd UUcseasoald U ee¥Yojygatdd 6} oUs:¢

~

63 Wy jWryUcoaUU&rjpgdida® "~ jetilssystUUa ¥d d u
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U sUY¥egalidq Udd UsUauj; Udd U sUgoc¥Y3zUUUs fU
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g¢g obY¥Y,;}tUd "UysalebysUs alidx yaxBakwidydyx U]
GyUs Uy UoheU3Ud 6 yd oaUs d uUi U0y d Uds UsUod

sUageysegg 63gofR3aeagiUUdeULW hEelc U ladicdld s
Uy eadehegUé g Uy ezUsiioal)ds Ue iybemeraddl, 2012)9 61 3 (
a3U0U0Us @GU30yfh, HUs d UsUyoUGaU Udd GrUsa U
J Uy UdUsoa1t 3 Ustui 3 6)jdioseas 6ot 30Ud
iyURhd GU3 o UUUeai T@stinoetdl 803.U3 Uaty UG d (
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a & U shaterdgeneoushotocatalysis

¢ UUec3easoal UgUe (@GUa30U0Us 30 U @gUUaUa ¢c
Udd "~ Uy esbUeaesalUsaed U @)} i Ustddd "Uyeglis¥Yea:
"8g UsUlGy) ddeaUs UsUeagBE sy HAWIU U Ol dlidplezg U3
Udd sbW@Eei d (v (komstdrfinoandildadis 2003;Kabraetal., 2004;Wang
etal., 1999;Herrmann 1999;Malatoetal., 2009;AkpanandHamee¢ 2009)U a 3 U s
V ¢ geUOURUQUU UGUyeeoed Udd 0OUUyeoUsasi d Gl
Uds Uy} sel sidvetyds. U o

¥ U Uy s UtUsd UasUs UGU) eh:
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\Y} ¢ UgsUURUJUU UsUsi oarvildd Ueg oaUUUai Ud ol
U gUyaUGeU Ud eU0ax J
"Uysb¥YeaaesalUed e¢U0 U s aye3 }i 69gd.
V Os G6jdUiosecae goedf cl8mog ofJddWed Wls GU ~ Uy sgy ¢
oUdid € 6836i3 3U 6jduoses 6addeisa UaUU U
UsssadqUes eadid Uesgd aU us¥Yle; U Uty Use g el
Tijollses UaUee UUU Udd W)BJhHWiclgs 6 86 ¢ UUlbsslay) o
0rve UUsalign ydge slo vyo6i eUU¥aUd BHYBedecdExgdilke s Ua
UsyyeelUcd 6 AUU o3 a300Us UsUooaUaU oaUs d i "I
Us UsUcyryosleh Useegal o9 UQ0DiHPp o Uty id ehae U
desUBedszebheaqUdisogdUs OFad UsivyUsa UUUai Udd o Ud1
UsUj o6 8adid Ueg U UsUsi 3UUmen( #FeBh {Madtoe? ) e o (
al., 2009)

0d Ueg aUsUsgjoseaci ohaUs

33. GvUeaUUUai UUd GUds Auq

zU Ue3 Hy e GrvyrUsoaUUUai UUd GUds UUU;eoUse (n
e alU € 636i3 30U U ¥Yoegs UsUsltuyyYaUsd "~ Ujeght
UsUyaced Udd Ggsea@&ygdwmde s Ui ddddd UVUaszUs Gg:

& U U jdelldsadtal., 2005).
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U3z Uy oUsUs ¥ oaeldjUslbadiese ¥ B ) 6 6 slighest @ccupieB lyldeculér

Orbita) &=z cUedahUU3 U U303 0U0sUsay¥Y ed HWOUsadece
(Lowest Unoccupied Molecular Orbital). H s t 3ldddy3egd oaUs d et3d U
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aUUUs adede yleaddUs 1330 ¢ 6} 88 38calbtievYyddge ot 3.
Urs e83rvUiL 3 69 oaUUUsadeeysUd UsU;oUfHUegw UGU0Y
eUo¥aa U3Uj;oU0UsUsfh eyYleU, €U U egUyalOeU UU (=
U'h Ud set3d Gdysegd aUd et3d UorosehUdqUUd.
c13d Gdysegd oaUs d et3d UosrvosehUdqUUd Usadse
re UUasg UU dqeaUaU; A3sU € 638i3 30U e@as3ddeis 0
esUd UGUyeeesheUsdd Uvyadd. EUds "~ Uya Uxad Uvxs
G0 oUzseayd o3 Ueeyd €903 UV e U H 4 eVsd UasUs
Gdysedd es13d UovrosehUdUUYg UalUU eydr dUjeoa
(Kondarides 2010). ZYdU deaUaUj;hsosadq GdgsadpdologOl
UovyooeliegBlg aUd s13d Gdysegd esU 6 ®e. | ei
UovoosehUbdUdllsy @ yd (a2U3Y¥) "~e6g Udesasgy)oei3UUs
dqaUaUj see UorvosehUdqUU (BHU UosUvyoh 6geaced, 200
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(Kondarides 2010)
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ZUcWagni@s Uad dalaglboaryosslidy id Ux3s dalUsaUjeamys 0 Uc
stei UUbgazdlysa0@ vidd Urs 6 p.#FpglibdYel Jg Ulitheaae U
deosUovyo1% G GaAdsSiCa. BU dUjyecgoay UalU Usg U fag
Us lUaeolds Bdd gntrissic semiconductoys tw U3 Uy sycaegs (Gaey Ua
Gge Uy sy} 63 UKoadatdés2016).6 3 vy Uy d (

Bs desUovyoesa GUesgd 6 6aegd Ues o3 giUUaas0h
YyUseU) oUs 85 “jeleaszUsd Ueyoeegs Uds “~gos3
deosUorvoea "~ jeleaszUxrs ( BU)Uszey oUlbBEh dU 2000910 H)¥ Bay e«
2001) ¢ U GoeyesW e 63 6i 3 3U UsdreUUxdei s GUs ~ oy
Usg o) glld¥®ecgeyeia 3U Uslecryelegs GU aY a6
) sleys Ud( Talysidee slUlbd&dg ¥ o Bopelstfo (extrimsic semiconductoys
"3 80i Usgs UYHPyUd s UUkpelvrse ~J hleoasdd GUs oy
UstcegoUst 3 deoslWimWiliwas UswU cad)r 08e s ergdUdatirg & & ¢ g(0 d
(Kondarides 2010). jgUy UU ¥yUeeU, GU oUdey)slicys
e 686)J6i3 3U uUsUltyUeUUaleygs UdtosgdifgUOUUcUc g ho
(7Upie UaUd¢ 2c0ildeas. Usg bejogucdificds UtBeoeddl;
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G0 dUjyesoaj UGaU UvyeUUaesgqg. BaAs d eeollhb v Ba gfc Ubaste
yoalUsyd Ushd UUReesg UsUyoUa ¥vd "~y hlesszd. Bs
d ¢ o Uodeficissemicdonducto)s ( U " Uo Uvy) ofh egeaed, 2001) .

¢ Usalegld U0UUbBYaaUs Ud GeUUsese UGgooaysUy v
e eaally UYUUs U R Ue Uaued oaUs Ud Ggooays3Uy vic
UaUi dUj3ar3 as t daUsa Uy 8 3 aer 3 U 3eallilslgbeyesaelgU Ug e o5 Uo ¥ 2
dqaUsaUysaY eguyUU;ed. j3YagoU U Uss Ui "8 "} §
"6g g Usébaliveoi dmBdP vyoea UaUbjaEsals UBYegld " g
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GgooeaysUyvyad Ux3s doeUosaUjyesars n UasUs atd g0 I
GUem@i dGgo Uoosg il d ~ ol U eUdigpopyalig xid U
Uoallg U Ud Ggooays Uy v Kondafidps2010)y e sadd Usg Uy
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636eYed)ld U8y meosUoroesa. YUy UuUaoeUUed c¥Yyd,
V Uesg " Ujyseliseaci “~as3lUalU (. o6. As, P, Sb) Us
G0ds eeYuU bs¥cilcgadlWaBealUs yecUs UyaGU; U dealU
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eoUovo8i 638eY6s63UUs lyolbUdgetagcaseptdeam Ubmpsr
yd®Ussce VYB3 &8GPsdposUorosca. YU} UulliaoseegU Uasyds aciY ) e
" Uds UslGryeyYUrxidd UURewwssalidd aesclaill (1'1.16.0aeH,
9 gdUUaas0fh “~aoayoeU Uesg “"gjosUasg (Si), h 60
GedeUUalegs U Ujyoee Upsdefh tUGer 3 U UU ¥yvUgel
"3e0easzlUsd UgUyd 3U U clGyséegd dedvotyfaeildUsfg
Ud Gge oeyrvldd Ueg UGedeUUsleaqi BEB9GB B399l ¢
Gdeoseg)ot3alUUd yUlGs &ondagdest U0 1c01) 3. yaUdlyss, 6 gogs [
UyoaUdd UasUs y3U UjstddUsyd YUececd 6BPOaGe by 3
dyadd Ueg UUOU; UGdUseid Si oUs GecdeUUasgUs ~ ae
sUsUes3s0aY SivUdlgs WegUyUU; Usd e6eeoes 8asafhd uU
dqaUaUy h3se. B UUaUgUUasd uUUGehd Sge Udd) tyssll
G0Ge-§i SitidaUte U Ud et3d Gdysegd Uesg Si, U
Uds Uiasddd Udd dUj;eecoejy UlalUd s 6 yd U ealUs
Gdysegd h e6g oaUs UGgeb¥Yas gmsitiild sl dip g Wa lld
deosUo~¥yoaca "y eleaszUvxs e U iyeaUUd pdis Usg 2 31
(U UoUvyofh 8gasd, 2001).
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Fcee UKB8UBoUsWosguse Fermi o950 (U)-U03&goU03Walgs g
alUs -in)s @ UsvoUs Bondaridgsg2010)o vo6i d (

333. A  a(iUsUsUsayd stoashUqUUg

o

¢ e0UUbeae Udd "~ Uyseusesed tUseed Udd U s
GedeUUslefiystbaUclUo8iUaUBUBB¥GUar3galUd U d) U¥s
daUaUjessleayd stshUdUUJ] ceWndlsB s G Hsalss WidU dsU sU o

]

Udd U sG¥Y¥3UsUd Ueg deosUoroaKondarides POI0) Ba (idey 3
U o U3 BaOWakiiddya Vs d by ataldsdBUad)y WgeysgsUsirsd
"UjyegltdYmadglay osisUalUU;d GdeUGaU o280 Usd 6 (
(Kondarides 2010).A " s (U3 Us Usayd oaU00UGUYOGUsd € 63 8i3 3l
"Uyeglal UaUi dUyvy3s uUGe by Uz OB Us@lz Wb el
. 6. dq UeaUose Udd dylddd e/ aUs 6 GecdeUUslehd
(UU 8 6aU UaUcsUs 65c6i3 Uds U dnls We baey 3oy
) UdsysBibggdrs "~ jeleazUxyaUeUmpegi tqe)s Ud g B i
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GedeUUsleh uGtUGet 3 e0UUzi Uvs U sGUszUsUsait 3 U
d e Usa U} skendatideg2010).

¢ “UyeglalU U stGU3UsUst 3 a2U000GUYGUY¥3 "~ jeala
eYeUd Uesg deoUbwolss Udo Ubs gUdogo W " tbds U aUUgsd
Ggsy UsU, d "goe3shUdUU Gey Uaeg GUds "~ Ujssce
Uds " ge3fRUqUU Gey Uaeg GUds oaUUYGUUG o064 ) @
ey Uslieyadd ~ Uj sBag dd eiddBo vbleyi U U} tpbdbiesay U0 aassge & ¥
(spacechargeregion SCR) (Kondarides 2010).7 UUY Ue 0 ¢ disUBUpviicsdh) Waedgy
"o UUUs daUsa Uy 6 & UWhbes he "tegorad 49 joadioelyodd ai Ud 3 o &
cr¥313 963U0Y 00ds U slGyYs3UsU rdbig adge sdlkosyibosy o 6(i bd:
UU0daUaU)} 3ol " Buai@®d U1 3 "6g bjyateass3UUs o631l
eUU0U0Gy ) e3tllllstlbdyd oo UUUBF¥EBUY4I U 906 grnissxUd( Ec e
3.4U0 J3U0ad3pliv, cyUdegoaUo v =xh oma dat 3 Yk dy ddd)g a YU~
aUdid UU deaUaUj;h3asU eUU0UUGYyye3UUs U K Usd U’
(Kondarides2010).
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Fcee UFe3dedlUsore Us UdWg YORBUGedrsiadd 6 Uds U sidyYs Us
Ui "~ eg o Usp-9& 5 EgngdnaYates 2012)

334. A" Ule deaBdwedgicai Ud

yUOUs y3U0Ud desUbWoRd UfFg di& U yaUebgrosUp UsaYe
UoaU UsiiUssUose eUUUGe} ¥ RewnjUkmae g iysy di Yhulleygs WU @
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3U "jyelay¥Ybegs © 3U c¥3eg3s dalUaU; fssU U sUUas
UgUgi s g dliddgyy ity Uaeg Us @i lydesU: atpjha g blelh s Us
(flat band pot 8rljithdd U{¥ded dUBSMY {iidg dalddd o -
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Fcee U b3 »o50kB) UodUsbwegpliry Ugaddd ( ad,ciulnui vt on
Usoaysviadd ( de@aUethivaird |U&weaties20ile;ghang and Yates,
2012)

yUUs GUd tsU0 slGY3sUsU Uesg GgtiUeelUUsd g ¥YjcU
Urs doeaUsUjesaxvys 8aeaxlYllBa Wdl; s cselid YBdd al@ds b Y il
6 de UUticdbblvgitld « ) Q#eedg Uy BUSBHYy; 3qUsoay¥Y Gaey UalU 0
G0d usU syYysUsU Ueg GguaUeeUUsd, d GgoeaysUy ¥
UasUs e90) ROUje UUhGy ayddafro el g aUs Gledxyllas |
Uooys ¥ekd UY 3y®ds d Ueoeysxyld Ueg (GeyyU ~aUs
bUdsyY eyaU GUe3 desUovofh, Ue U a Uue Fermi I
st 3d UovyosehUdqUUd. ¥ UUsvi YisglboyU dU slle g d el (bos¥soes i (
UapUsd 6g Uzt Ue ogjard G abi " &g 8 g8 eiwg Uka clgg ¢
"e6g Udesacgy o Uhalblbsy ticls clkEYeECE I \BpB Wl Ue s c Ud uUsUea
Udd GUsbhbyulUgUOd) Boeptil0s cgUagled®Uovyoeid, hH eg @
ey Uaeg U &andhades2@lQ Zhang ahd (Yates, 20)L2
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Fcee UEBd & U Wollecfivyiiid ) Uy hdllbd Us hd GgtUeeUUsd
Ui g oaUs Ushd daUsUjasei Ud aWl)s birgg®@ie oBda dd .o 6
GUsbyYUU Us ol oUWl d)y@héngghd Yates, 2012).

AstuUsoaUsoayY 0GUe FKFoeeébs3ab UtgUledllbBde ddor
GedeUUBUOsmYillooaysvylidd oUUWMUUdeg UqdédowWosahid ¢
daUaUjesai Ud "6g ~ Uy syc Ua Wsss Uk tas Whlilky ¥oesronyi (ki
UaszUs U303 oUsUsa¥Y gydehUU; U U U (BEeUsltiasUsUod

FU UgUe Ud8Waolpd)Ge@dh Uss gydehUly degg Usy
desUovyofh “38d UU cUedahlUU;dd Usy;oUdglifoexUsu
ey Uw@asgdt 30Ud Uds UsUal Wy &t d0U" esyalloslli vee i 3 Wo
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sUeai eUUcd Ucg sdfo-Umlg hadtdg. ¢U eU0UUGU) e Us U
g3Uslilyyjegas GdeUsUsay¥ GUe doaUaUjscdesafl Ug:
aU0UY "@8ei Us U a Uiue Fermi UddglUliadopwdatr s |
UasUs d UelYdgldo Ullgrs UscwoaglUsldd UbBglUs haidddz v o a
daUsa Uy sai Ud, oblgy ¥yPegUdessUoroaei ~6g UsUs asl
(Kondarides2010)8j; s o Us ey 38 gUgdldUa dUj ecitigalUesose siay
UU O a  0uU Fermi oaUs GUadcbive Ubaoedygd ¥y 30 defr 3l
UovoosehUdqUUdrptdd fdydegth ¢ UUUDY o o(Koddamdesq dy 0 d
2010).
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FceelU A3U0U§oU0UsUsafh UsBbjd&gededBfhygoeni oUs Ushd
"UyoaycUs @30olclUB UBEBFS 2By U) 043 BPBDoUs (b) ¢C
(Kondarides 2010)

335.0vUslUoayds8Udd oL 3

yUOU3s y3U0d deosUosvo hadU Urelda »a,b dis ¢l Ot o ERW d G d
GyUessaeg U o0y Us U ysl daUslishs dledyzsdgg Ul
G0d se13d Uoro9efhUqUUdys ideliwadidaedeU; e @
GyrUsludeoblggocgilicy Uad ey Udldggro egtsg idd B3 Us o o
UsUsutuyYadUsd GUds U sG¥3UsU Uvxs wWewvadpefigzsy sz C
O Uz UGisuldgoasgtfdead osU Ud GyUclis¥e @, Gdq
G¥yUssaeg 3U g U;bUasUs Ug,3s UusaDEglaaoetaly e UUas
2009;Luetal. , 2011). &6 ¢y nmi Uce geoelbgeafaoWi 8 JUads3 QUL
Uds URBal®yliadg UssasgdUa:
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andAbdullah, 2008).
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E vs. NHE
A
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Fcee UKAByy7oUsUd oUs dyaUsd ex¥3t3 uUsUlGRhy ¥3 deo
pH=0 (GayaandAbdullah, 2008).
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titane stan
Hombikat U\-100 334 <10 j s0U0Yadd
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aUe b Y3 (&2 UdligeH# (Bessekhouadtal., 2005)
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Fecee U M3.y20:UsUay¥Y U a OUU "jeleaszUxs shaUxs
TiO, (Choietal., 1994)

jg3deysad GyUsaUUUagUsae Uy UGUsahUqUU ~ Uy 0OU
UsHO,e U GgooalUosyseysUd UsUasoald sh3Ux3 G ¥3so-
ce”, PP, G, Nd®, sm) . ) 2aeUs 30 Gdedlls ydille sfppes UDU o &1
U eUUeay e UUU afhor Udd o99U0U3hUJUUd Usegd 3U
UoU s(yY3sUs Uud4Ggi &blaiibemi 2009).

HGvyUsoaUUUagUsosae by UGUsahUJUU UazU; UYUUs YeU
Usg eUUUBesembicgdes ¢ g y)3 bUGd e©95Ud byaUsuU
shsUsd eudoUa U eUarldq Udd GyUesUs3Uj; ohUqUUJG
ay3UPB UG sai'Vadt g o U, Retmarata.,, 2011,Malatoetal.,2009) . YsdUs
Uy 96y} sltlyUmosehsgUUd Udd UaUUUUey3sdd cjpelidd UgU:t
G ¥ Ue U 5 YMajatoetal., 2G09).

zaU 3yU aUs "eoea¥Y g elchelUsd eydesliaead ~6g @
U ey} hididyUds g Tjideece Usg 6j UUsi UasUs U at
(Metal ion implantationfAnpo andTakeuchj 2003;Yamashiteetal. , 2003) . ¢ ey da
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"Uy Ue guase3U0Ud Uds U Us UG 3(iiBnélld 2001eBgharetU+ 2 6 g d
al., 2006;Zenget al., 2007;Wanget al., 2008;You etal., 2005). ¢ U3 U HdU0Gdq Ugo
eUU0yaar3 GUds U sGyYsUsU Ueg GyUesaUUUai Ud Uy
"1 6aU0a1300d jee deaUsaUjesaxs U ' f Ud saxwd Uo-
(Ecee U (NBetdal4 )2007). ¢ Uy eglalU UgBo143d)bBadyidUU
U Us UG+ 3 U htedlye Ug ewthxas@l)d cdiddaUGe UUsah uUsUecr¥y ol
gy defUU; Ole gitkaUesyodl BB aei U hildkss. Us e e ~ Uy Ye UUy ad |
GgooeaysUyvyad eUUYaa2sg, oUdid UGUshd UsU pAdOG
31803 AlGdad GrUea»wes UGURyPeg UU eUUUaasa¥Y sh
vydoy3U; U 0O UsUGisutvadd Uxs Méaoles a.02000). e U3 ¥ 3
UsU Ad0Gd €U UgoUsze eyihvsdaP 0aldd) UVasWes 84U U
Ue ~ 6 Usimpegnation(, dgd) s U  f dpbaiodepositon o Us Udd- Uz U f
s U d a ¢ depositirprecipitatior).
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Metal
‘ TiO, Particle
FceelU oB.0ltddgld doUsaUjeszaxrs U f eyUUaae “~8g b
U e 4O, (Malatoetal., 2009).7 etat ¢ y UlDgparticle ¢0 v e UGalisc ¢
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"8g y¥e6Us UsU UgedUa UU UUaU0UgUUaU &pieaU saU
Ue aegUslesh WsyUUTaa®dU oaUs ogjaimrdfo@Bd BUd Cg Udhr
Us Uy oUsUsgi GiGhiccI2lew)d¢g Welda s(h3 UU UgUY HUUs3 U:
9 gtdUUaas0e ,tbsetiegs Tiw® oay3Uy U U UsUGi suUd
ey Uaxys U U gUyalGeU 3U Uga¥Ysasegs UHialaiby Usga UU
etal, 2009).He OUUBbsae GUe "~ oayoecelU osUaide Vabde Wlogddd
eOU0Usi Udd et3dd Gdysegd oaUs Udd st 3dd Uoxo

yagas rvd U eUyaUGeU Ud eUaridd Ueg Hamaland Us Us s
Klabunde 2007). Yy Us hRexvxd Udd eUavrviddd Ueg Uz U,
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3¥YeUGU GUsO,BgsWygeglagUs 6} hse erved Uxs
8 } URelmemrtd(., 2012).

OUe aeglUstihgl GsjUUpas0Y GUsscUalU e¥Pals

gaUesoe vd eosU stisUsUyy vd U eaUUaUGe UUSs
vyUsUgUstdddqUe esadidd Usg desUovoegi GU=se sy UUF
Ussoae U sobtlovibglhard gl #G8elUvyS8rUd)e &pUa Ui o
GUddEa a g UUsa9pe alowe UBgg TVij®eesssg UUses
83gofhsae, Udd WwWéeped UBgyeolbs Udddacegy daed
"UyegloyYelUs. ¢c,dPcvYerlledeywdle Tiy@useas saddU
U stfhedlid ~ &&HK. g ulUipedrd clylliads 6 oot 3 oribthyleder 3 6§ ¥
blug methyleneoranges Urbodamineab ¢ U Ud 63 elidq e6j3 UUed UaUsszaehb
U eeYoygstdd UyyoesvaydiaspaUfs aygd ~WxUelUsgdg, 63U
(Pelaeztal., 2012).
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N(2p) ht h*
O(2p) VB O(ZD)T T vB
h* h* h* h* h'
TIO, N-TiO,

TiO, N,

FceelU M3 15305 Us YO, ¢ ad &g Us (Be y 3 Baghrireetlal, 2040y Us  (
Giannaka®tal., 2013).

GsU0U0(ds3 U g UUalzigWdvBed dUs tUbsgU TiO, Ua UU
G0ds oesg¥ealr JUc g eallglbas Y3 Graclb g¥cgsy dqisea 8oddU
eydefised Us U  fdUUG diakanbkt ab, 0% Mwialmom et al. ( 2004;Lee et
al., 2009; MartnezFerrero et al., 2007; Abadias et al, 2010), Ue Gii OUUgld 9f3l
(Premkumar 2004; Jinlong et al., 2010) (Kafizas et al., 2010; Dunnill et al.,, 2009;
Sarantopouloset al., 2009),UUc c @  f d &M ¥ t(ARdelet al., 2006),” Uae s o ®©
U3z U RdU0Gd (Zhadletady s 200 8Ps maydd U h Usd eUdhlUegd
OGU;ectdUU0a 029080 Uss Ue aesgUsie TR (Pelatetly (0 UU Uy 3
2012). ,qtdhUgsysesoUd 2dWeaUdoe i 3adU0Gd Ti®U3a60YE
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Uje 6 6xdkeyddwmiBdoy ds tic dfo Ua@d®. sokpele,d oUdi d @ ¢
6y diseas 89c6ielU3Ud "~ Usjy UeUUsoayd UsUUYzUsd Ua
sUsesutueeed, Udd e6j (6 aa9oalPdlacetdlg20?Pkg “6) L Usgd

] 3 oaUs 695 " UypstlhUU; Ud eUogPldiyYdasgs UG Us 3}

9JgtGUUsa90ai "eayoeUUesd Udd ¢ee6jled Uesg UsU
GgeUgoeysdd Hegilgd gUxydlvdd j UoeUUs 6addUa €U
"Up UeyUpvs aU00Y Ud Gigd@dlUb Ua EachddetdE, Fodoslii 6~ d o |
andShang 2008) . FEi Etdchesielal @UI0)Uegde 6sdeys3Ud Usey
jegUsaasg eU ¥YUseU Ugi Usg byyddaUs 30U UasU
UsUjoyd GU eead oiclmiad 8Uo8pblt) vldgsatbd -
a U U U ®eglisgdEvonik) P25.

A" s oaye3, U gulUsoaszi UUUs HUEO,9UUBEWEHUSs daga B Ut
3U U sfUgéedldaltd Uie usUlGey OUUsaits Ueet s, U
Usltae aUoelUUsayd UaUU G0 ° Upeldézer&) 020130z y d dy
andSeli, 2013 . EUds3 ~ O]sal eU vailhy € Udddglder gubdiitatiorg) (U e
YeyxyUsUsoaUdostUY y3U ¥YUesee B oaUs UslGy); cUOUUs @
YeyxyUs Us Yo UUUsinterstiigU oo dUYa®¥U (cryad 30U o
aY 8s6g UUReesg. |3 oaUs " aeded eUaUOUL3 ycaegs
"ye0uqaUgydahUU0;d GyUesaUUUagUssae U} UGUsaflhU(dL
UsyYeUGU GUas ®ehnillefall @a0%Aigpezaet(al., 2010;RomereGomezet al.,

2009; Braunetal., 2010).
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sfh3 Bi¥ahoy Udd U3zUstU¥YdeslddFaiBgi‘Ua gl e0@Whasi O
Uy 8@ U sUgoe¥sUOUUs 6 UsUcyystehd (Gay Uaasg
¥ Uas U " Uoalfpell] sovBioskeetal. ( 2008). OcUs ¢ 0&8qYo Ul
Us§de) gy g UUa a9 alfg §iOpey oceya 3U UgselUs U(q
eU0UGecdeUUsGeai Us g OUmaldnvairda bh @ n j @edgJdaoeems . Ug
GgsaydUGUsTiOWU »dligesg g pglisestie eot 3U0Udepdes s ead
Uidfecgeooafhe Usalidq eydastaUs dowddedsad. B Uyje 8 8sde
Gdh)yd4g eglgygdie® UU; d GrUsaUUUagUsse Uy UGUsahUd
s Ud yDégussaEvonik P25, Usi1 UUgUReye3U tsUUdyeiaU U
300Yaq G0 dUj ¢@(Pagdioahnablihgtal.e,y 63 0 P)0.0 A cdesoe
Ua ¢Ti0, ¢ U Yyady UsaU, GuLaGGeye oaUs dUae ycUs U’
"hoayositdd Ueg d &« 0ardetdli 20dB8;BakthieelprdKidgh, 2003).

zaU ¥Yaoad UsusUlGyjyegaU “~jeliyoosld "eg eilidoU

Co L«

Ce

g deoTmwdmi GUds Uz U;oe6 sadad Ueg GUds -~ Uy
Glhes” aegUosllsh g gadsivdhrEm , ( ¥suxisy ( aUs Yoy U
U d\eS) (Giannakasetal., 2013) . EFielGrv3U U eUayUUd “~6g UG«
sGUovoed (Gdejaeg aUs Ugt Ueg GUds o3 gaUUla
e aag Wssleeey 3tds UUd ) UVa Udd  Bdeddeilledg U0 yYerUs
"hHoy odi@, Glleg ) UUR GYGeU oaUditd oaUs Ue GdeUs

dejyaseg GUe UsUecyyosteh Uvys Geyy¥ys (G(e) Uaasg.

CCC & o @ G

e

5 o&ai Ue " omiglWmdiega dJ i Uypad Ggs3UjostlUsal z
"sU0UacddaU HUs d U

UsUGUyaaUs Ud 000U e Udd GyGdqd Ueg UsU
U eeYoygsidd Ust Usg U AUVWGUJd alyo¥jUs Ubsly dgys}ssolbsil
(Wuetal. , 2010). Y); OEPRUOUgU 8Dy 0gUs OUU sh3 00U
GdeUsUsayY Ud Udeosi@dgPodlg 3ol ydhhcdl Yexw Ua
giBbaidot 3UUd GU eaU cUedaplidydd UawpdysBdgaeygs.
Us Ue a6 gNI&Ed, (Giasnakast dll, 2013).
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UsutusUGyy 83 Udd U stUdesssosaed o653UJUUd yo
Ueetl 3,3TUsB o} gt UUaas01 3 geUszars) U Seabmetd U o U
al., 2011).

3 60U 1 el0UU aUUYoaadoaolUUaplh sUdat)llepy gddid o o
Uty Us®@, ycegs cUoYads3sUs@ah gloadYs e, sigde s
U eyjedasig Uysittid e ) BlUe B@aBsBogsd g da¥ (bglssd
Ggliedsasoat 3 UUGets U0 WeslU agPliEesi0Ed JarPagl 3l
A @aye3, d (GglGosoe dil Ue)pyliddids UYggdls Uss UUas
gojed/ GUUaWdd oY lded G UlUsUleh UsUsityUGUey vs3
UosUy oUGaUd ¢ (Shdnétaly, 20d0; Fardhmidmpuet(al, 2009; Pazo et al.,
1997).Fec U} U, iBgeo@dpadd ¢U; UGaUgUGUUa U UsU RdUG(
"e699920aU ghé&d), veoWUxsU; YyulUus5Ucghadde) cwad; U
cUaUgalU, “"eaglUsdgeysss, “~gjyalUse, UUGYas, oaU.
U Ua o Us Adgnis®tials 20iBGuifardetal. , 2003) o. U. 6j dlsc
"@o999aalU UUc3s9013 U3zl qdildagedtsd@disoliUed
ge) , dod®We Udd U fdUG ¢cemicaldaper aepasitiof) Je 16as UUc 3 o
O ad Uy vGdd edp codting ¥ s e U U} 6 G 6 etbtirephazeticUs U
deposition),d U3 Y Udiy@id de @of) beBmesgoration , d glkead@isgoe
(hydrothermamethody o Us ~ & anaggdtal. (R8I d (

AKoURd U UU "~ aUe3UsUeelUUU "68g " U;E®mGsYssg
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aUs ¥ Us3UUs Udd "~ jUsUseed UGUjesoed Udd U
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UsUsitiy UGUey U), GdeUsUsafh “~aUes3yaldeU Udd €U
OUGdU) geokga ¢ "hevitdd zWUesUgdfhys¥es Uy B @ VN
U gUUaUGcUUsoafhds udtbddelsWofhdg Uslhe (B6 Ly 3 a Uba |
daUsaUjesars) oaUsegUdlUagudddddd pd)bdabdasyYadd,

A3 Ugi Ussad, " Uy Usd UROGUOGPIGydge W3Ydgded .dq &Y
aUUUaadeahUU;d U h Y eayd edecUssoaed GUUdU;thC

o o

UssszdqUs esdeyssas oaUUUai UUd eudosisa GU eUsx

i oaypsadd €U UU UsUatUescU Ugtlge Wil. o¢lUdDBE O
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aU0UU=ai Ud, Us3UsUaUd GcdeUUstecBiUcgdgdssllUes ¥
Usg olld eWUlHmg e Ud& e»g’u@g aUUWrailUkd Gocdle UUs G e f

0e
g e Us(Bozmetal, 1997).¢ " UoatuUgldq GrveUUstars Uesg oaUUUa
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351.zdcUsslehd Udd UUU;eoUseid GyUesaUUYagldd
¢ UU0UjeoUsed GyUsaUUYagld € 63 Ua 30 :"j3 UoelU
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GUds UyysU GyYad, aUds goje e6joUssoae
aUs GUds oaaUlsee UUUjeoUse aUUYaghld,
"Uys9aUeby¥sUs UU Us e dHefrmyaan2as5):Us UsyY); UqUU GUYusU

1. zOUUGe} ¥ Uwdr®sWsuiOrys U Uds gojye GYC
aUUUai U(d.

2.8360) htGdad, UegayYeoalUss e9Ud U g Usgdg UsU
aUUUai U(q.

3.J30a0)3UG0d GUds “je0yeideysd GYad.

4, Koy hiddd Ueg “jJeyhsUesd e Uxs ~jeyhesgliys U
aUUUai U(.

5.) "eeYoaygsdd Uxs “jpeyhsUxys U Uds "~ Ujysece

¢ UsUjoe8 6adidd Ueg oaUUUeai Ud uwUs G6cU0UaesUOUU
"3 UoeUUB 895U0alUUs dGyUs jelyhiddadd © GryUsUay A
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3U tosUcyys8U0Ua 60U UOHerennn@Qos):U U seyjyegd GUYUSs

3.1. J 633 htGdad Uxs GyvUesavys U f Ues desUout :

3.2. 0vUesoys3UGd Urdoeoldgpgasddg@Upadgcsld &dd |

Usg desUovoei eU UsaUssebhesaal aUUYaadoadd Usz:

33 1 3Usly YGUsd deelUiiépsardis J h G d 0 dgonosarten) r 3
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80 de 9 URernTitesetdl., 2004).

TUUY Uds U eglGaU oaUUYsadors Uzt adUrs “~eg il
(daUaUy) h3s aUs 6 yd), d Usy;oUsU 'vydid WUsd(q
eUysoe¥Y 3U3z3cuUgUU;Aa0 UU (ns) UsUsUaUdg Udd
aUUyaadalUd Usit GUsd 95U 30U UsUsiijy¥YGegs, UaUU
O  UsU0Gisul0Gd U eUyy UUUs oaUs € @638i3 3U dOge
" UjuUsoe U, Us g Y360 y3Pd0deldgeamg ifhlddg, |
desUovyo6i, @5 GrUsldesasagjoeicelUsld 8 yd ¢ @
UgUfRs oaUs 30 "UjYoedz: WzxBodzUdsy gy rg 6 Upe yfpdlc
] GU0daysisdd Uesg Ue stllhoGoiddeoscgy) o08i eUsU daUs
UovosehUqUUd € 63 8ia3 30 UsUsityyYlegas yYeUOUOGU e

“3eyh3s UzUwboelgUe Uds "~ Uya Uxadd, d easese Us
U 3 eMifls gndLee 2004) :

o <

NUoy@yog ;
A+D = A + DY (310)
hv = Ebg

Bs UsUj;oUsUsayd UsUbUdeatUsd Uxs usUj;oUlGs:L 3
U Usecesases3UUs GUes EeeeU 3.18 "6g UessasgdUa.
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deosUotosegasg GyrUsoaUUYagUd oaUUY Uds UsUauy Udd
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Usa UdfF U00eg desUovyoagi e (b) g0ds3 U s(iYs
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B edeUsstefhd Udd GrvyrUsaUUUagUssed U @690al
UsUUsaeg UsU UjalGUUUUs o3 UlGessayY GUes FEKFeeeU 3. :
9

gt 4 U a0d GvUea UWyvsedy Gedd clisossgdd3XPHamrigetal ) 19%):

hv + -
Ti0O, —— v + ecp (3.12)
H,0 + hyg' —» HO 4+ H' (3.13)
OH(ads) + hyg'—> HO' (3.14)
0, + ecg’ —» 05 (3.15)
0; + H' HO; pK,~4.88 (3.16)
HO, + HO, — H,0, + O, (3.17)
0;” + HO, —» HO, + O, (3.18)
HO,” + H" —> H,0, (3.19)
H,0, + B —» "H,0, (3.20)

Hy0,+0," — HO + OH +0, (321

hV Q
H,0, — » 2HO (3.22)

¢ GyxyU8aUUUag Ussasey aeeallU allidy Glds y308(k) sfl dU dU eigd easlsUgl) aoi
csUi oegd 6 edidalzgibaxs aeBs (&6 8Jmd 30 aU00aaelp st U
U0y aUsUd ueeed GUs @ g} gdiclsUboowoochi , = a0 30
U UaUgdUj; 1 363U00d UsyjoUsU. KsUaaUaUsa¥Y, a5
U slGYsUsU Uesg desUovyocUostooyd JUa FasklWs Ba 2d:
OUU "y ety aelideysU Uatd 0O (Pdlaeetal,20M2y3 UsU Usg desU
Bs (GyvUslUdesasgy)o6icUsld 6 ¥yd e 838i3 3U UsUc
GjelideysUUGUdyg ©BUSDw330gL 3() U stkbalils Gefqsyfps U U
63goaaeg 3( W4 YPateytulilod 3 UUJUvIBUG " aliesid e WJBH G H oL :
s3gaasg. ¢U daUaUyphssU Udd es1t3dd Uorosceh
"3e03e8ldeysas 0U0Uds U slGY¥3sUsU Uesg adgespsto disc gUa
g Ujea(Badeds 59, d 6 ealU Us Ggs3UecUmyg UsUs
"Uy ¥Yoe3UUd g Uy} f33g6) Peacdtdal. ( U20dir) Udd 3 UG gstg!
g Uy hag 3 9s13 aglidoUa GUes 06 dxedds@dsUldmgligdqld;
e ®ae 6} Ua 3U uwypyvYaUs oUs vd uUyaUdd doaUaUj es
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ahoy Udd eecgoaglUsose uBYG HOQEs3 UdgatipUédi q8U:
Usa Us 3 8 b 68 & ar) Carpedal., 2008.0 0

:\%‘ /’ «OH

u 0, DoTo- avayoni

,Ic./' "'_\ W\
R \/"z
vy
- . —
CB €+H305 —p OH+sOH

S

Aiéyepon
Avacuvévacpd
| [

1i0,

Doro-oieidwon

H,0/OH; R
" @y "

*OH; R +

*OH +R —» gvdrapcoa —» CO, +H,0

FceeU 3.20: FKFoeodeUUsose U3 U UyyaUUGd Udd
TiO, (Ahmedetal., 2010).

Co
(@
Co

¢ e3Uatvidd Uxs @) otsegalds Ydoel¥zn  @BAX Ua Uc

bd GrUsilide ¢ grydo diU8Walig UGdUU Uy ehe Ul & § fbaos § d
jaseUd guy) eagadBag) ( Weekdr)jbUlieq U UseayY Uailid 63go
3253.26) “6g ~Ujp¥YoesUUs o UUwmelatktal 2010,GaydandUa g Us o
Abdullah, 2008).

hyg" + OFE ———> B3 Ustvey3 U (323

HO + OE > > > H,0 + CO, (3.24)

0, + OE——> — —> H,0 + CO, (3.25)

HOO + OF —» —» — H,0 + CO, (3.26)
FUds "~ Uja UrxlGd eUUUaas013 9hfhsUrys UU daUsaUy
UsYoegs Us eyUUsaoaas O & (Lites,2009):0 Uds Us Uauy UGd

M™ +€B — 3 M™! (3.27)
Kz UaaUosUsoa¥Y, Us esydliraddlae Us jhUaUsadU ¢ yd o Us
Gi edyvsU U U0UdslLittérz2008)) Uad 3.28 (

1\/InﬂL + hVB+/ HO. Mn+1 (3 28)
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h*+ >Ti"OH Y “ORi 10ns
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aUdt d UfdalGGUbWe Ulwpaiars Uesg o UBUaW Ugy } Belidaiita sl
GyrUssavdrsegg @dle UUaoeU oaUs yUGs UUssalBasUs
Udd "edhUJUUd AUegayeUUagyPdeyd GgoalUsU;t GUs
slidoedegas GU Ui adlid Uhagg GBI Ude alig dliesg YUv G d
eUsit38300d €U gUf Uess U;fh 6 Uds Wsbyatsldg
GgoaysUyvyad oaUUUai Ud UsUy UYUUs U Ud oUxe!
UsUstj UGUey3 U, U fh dWdg sUaelUfdUds Udpedae 0g:
(KonstantinouandAlbanis 2004;Raufand Ashraf 2009;Malatoetal., 2009).
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Fceed23: A alty Udd Udd Ujyeessed UGgoeaysaUjridd Us
GyUsaUUUagUsoaed U 69aslfhedlidd (Herrmann, 201
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363. A  atij UpdUdlg giisUai e UUBJ

A3UsUaUdg Ueg UscileUlDyooafpivrdgsUgWs Udyd UW@gs A
deosUovyo13 GU guUUsoayY UsyyeeUUU, y¥3U0Ud GdeUsUs
GUe Gey Uas Udd U slYs Uspbdly ey dEwelFEa t aqez U U
UyedaUalU UdqdpHOUda; OG@delidqgUdd GryUsaUUUagUsoace
tglaseaalU ahoy U¥s “"Gea1 3 906 )6 9513 69 £ 6,
(KonstantinouandAlbanis 2004).

y1Ued "~ UjyYoesUUlp ‘Gede Uslige try aadgiides UsU Ud)b
aUUYGUWNE eses3ldd U siysUsUd Uesg iOedigielis(dla UgU
DegussaP-25), fh e6g Ues sledealUaU) sofH68de UtUpHUps Y g
e90) AUUBYG U0 orpgdilieds ¥ o) UstiseGrasild) ted & MJy ¢ Ua
d “jetghdd adqUseayY Gy Uslagdbwhes EadlWemiv3U)j8e U f
U s90) UUesiztieplUdisgdegveeyYpUdgUeU¥XPoupygeysBssd
31803 AlGdadd dUUs aavw KongtantiheuwaedyAtbanis, 20043 Gaya and

Abdullah, 2008;Malatoetal., 2009).

TiO, + H* — TiOH," (3.49)
TiO, + OH—— TiO" +H,0 (3.50)

TUOUUY Ggsy UsU, Ue U sU3UsUsafh Gey Uase Usg o
“36860)htiGdadd Ueg g 60Uyt ¢ Wleydi,s s U 99U dled; silibes:
"6 ) Ua U U(d dKotktatiinotapdBifadis/ 2004).

TOOY Ui Olg epehtieg UsUesld Ulddgs dgpFadg Us
"3 89i " Usgs U H Uds UsUaluy UGd eUU0Ugu,) txgadadec
(¢'BEU cUedoeyd Useyd pH 63 6 yd U gUUeci 3 (U
e gydoayd Useyd pH U HOSgyi¥aUxys djegrfial j Bxza
vyUsoaUUUagUs pieadibd iBed dpdde g i yicyAbe U Uy olblbdy hdedd!
Uao odimUai e UUU olddgUeptct@y O&b &0 6Hithds(Wy U
GoUdylsaseU GUds ,00xUWidrsVededieagy Aricdd Upiy UG dd
GeUUas0OUUs €U0 Uds Owd3dU Ungsd Gore U0 ssiss U sUeligd  h
e U eUy8BGeVUaxvadad Udd U slG¥3UsUd Gde ddeya 3y Us sl
aUs oU0UUYUdgdgsy 880200 UU8add Ud3 opstarfiodadd] d
Albanis 2004;Ahmedetal., 2011).
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36.4.03000d “3e60 a UesglUd UsaUssebesaalUd aUs 6} f

yies Wild3 YyyasUUGd Udd "3 el a UsgaUd UsaUsszeb
Uy UgsdqUsoayd eUayUU0d yocUs U cgulb2edWaemhld aU
UUci UqJUU Udgd GyUeU @osscifhedlidd UgsayvaUs oy Ut
alUossgE&locldly sU y3UU0Gd NxdhdUe+ BH UthwUaeanUs

U0y Uo¥ysseseed jJasUd Udd ys3U0UGdd Ueg GxURd Us
3Usy; UdUq Uddg ysUUGdd Ueg GyURd (KEeceeU 3.2
vyUhd GUdsddguUGY WaiUsstbetifhedidd eldUaaUUUs @ Uc
cdelUOUBsemdad U UsUGi 3adi'VaEf. c & Ujeadls amsay U0J

sU0Gdoa) UUUVUa 6 O clelblhsetleafpyds i éidyallss, Ly &e33thgysey 3 U U U :
y30U0add Ueg GrUhddaUod)jet)setd ¢ifii B t 08 Uorv3o0Us
dqeUssleh {Ahmeétal o2k Konstantinouand Albanis 2 00 4) . K 9 @&
U gydeyd UszsGWiilledye Uaid) @s g labaada W 6y j aliddC
"R Ua GoUdyGoca GryU&8e 00Ul Udg,09 1300005 ¢ Udy o |
Gy Ue U’” 6 9 o Kandjantmhalesh@flbgnis 2004).
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FceelU B .2 UG0d Udd ysUUGdd UsUssebesaalUd GUc
U 99l fhedlidd (Herrmann, 2010).

365 KA atiy UGd e3UsitrvrUsoal 3

GUssa¥, d ) 6ddedaljedlbdmde®i shU vodi ¥ dU0Us s
GyUsU @89acgtifhedidd 6)oUszsat s Uz Kbnstantinduandd i) ¥ 3
Albanis 2004; Ahmed et al. , 2011) . bUjeglaU dGyUesaUUUagU
UsUstjeia UaUU U UBLUjHE®Wde ga6sgd) o0Bd ¢ (e e Wda
iy UtUsat 3 eazUs dallaos: s0aqllh iy e(g0 vd ~Uosauldg U
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dqaUsa Uy} 63 aWizs Uddlgr 2 Bic@ UUd Uds U'i@d3 @i swWgdad Ud ® U2
Usg oaUUUeai Ud Gielvy3U-3eb1 Usdg Utkistapginpiasie d 8. 4
Albanis 2004)

H0, + ©O» — HO +OH  + 0, (3.47)
H0, + hv —— 5p0 (3.48)
H,0, + €cg~ — HO + OH~ (3.49)
S,0¢> + ecgm — SO 4+ SO; (3.50)

SO, + H,0 — 502 + HO +H* (51

U eUoYvYagdoas gL G Usd, Uaes ogh 3lbyge atllhst sls” slieygy (g
bUaUaxad Ueg jgdeeiePU0aiigdd{dy os ddatagts ;bwa 3
6 13 OieldysaU U Bog4UsBsmPega@gPaliaidl2 " j el a6l
GreUUaT®bUbe U Uje 68 eoetils UUcPgotUseBEVY
eUavyad Udd Gy Usa UUUbae g.(korstardinottrsdlihanid) #064JiUg Ues g T

H,0, + 2hvyg — 5 O, + 2H (3.52)
H0, + HO —> H,0 + HO, (3.53)
HO, + HO — » H,0 + O, (3.54)

366. A  alij Udd UshypoUs¥ys oshsUxs, tGsUagUis alUs ¢

-

¢ “"UyegtalU UshyoUsy¥rs o9h3Uxs, e6j3oUssst 3 Usl
"8g O0ge3Y OGgsg Yyeegs U Uesgd 1i e8gd GUU gl
"dy U¥esUs GdeUsUssay¥Y Us jgdeh Udd GrUsaUUUag
g3 UpazdUs U BYPobgpeUs Usglista “~jealsecysag
s3Ujoyd dy G Uslgs gUldedu Ul as i0Ws Weale U0 UBB Ufpc et &oes
@ Jgdeh UsYG UGdd Uxs i ¥3. HYUs); UesUUsayY U’
“¥vd 6Uxlaase oUs UadlEdipadeow z®wpdgs G60d G
U eosoclifedld Usfhed aUs U cUedeyd GgoalUs Uyt
Us GyUsaUUUagUsah i adUdeU sliudoUa aUUY oaUsHf:
"8ae6s UsllUddssBlUshUdqUU Uys UdosWabByxz 38 bl
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1 9 gHO3( U3 U s B55360) @ahstantinorandAlbanis 2004) | " UU Usose3oaY
“68g ¥6ags3 HClNao)NaNG;HNOs(HsPO, @ UNBHCQ) , HEBI6 Uy e glGa UG U
Ud eUocUeai UUyd U3UGUgaeHsPOw 6 Be gided e W@ =0 eB'dh UG
s5e3Usol 3 e 3 €g. @leby¥aUs 613 U eyay Udgd UsC
e ' yd oUs HfoduGYameOgoUUci 3Us Ud G¥yUesaUUUagUs
U3 UohelU3ld ;0ebp; hUPedd srdedgia Uskod s Glb Us h Ud (
U Yooddedldi 6 geey) Gdqad Uxs UsshaUxs GU0ds U s
UsUGUUaUsafh “Uy¥YoesUU Ueg 1} gde ai(Kordtgngnouli ¥ Us a U
andAlbanis 2004)

i . , . -
CI” + hvwwg —» Cl / Cl-+ HO — 5 CIHO (3.55)

NO; + hvyg " ___ 5 NO; /NO3- + HO —> NO; + OH™ (3.56)

CO;> + HO —» OH™ + CO;~ (3.57)
HCO; + HO ——» H0 + CO;3” (3.58)
SO + ht — SO, (3.59)
SOs” + HO' —— SO, + OH™ (3.60)

H UjeglaU cegegxmllUsamegyad Jedl EFeEe dUBUR
GgGUeeUOUU, O st} ¥ Ggsedyd U;sdUsay¥, “~jeaUal 3
;) oUs39013 WEWs WgBwsUsose U auy Udd Ux¥ys cegesal 3
3803 AlGdad Uegd GUds U sG¥Y3UsU Uesg osaUUUai Uc
UsUpo1t3 oay3Ujrs Ueg oaUUUai Ud, U3 L1 30U0dg UsUUo
y3rfgddeg oUs UWiIiWMLyppytdk Usgd rvd 6 Usoefh (ac
UsUssebeaalUd, “~UyUe 6tase3lUd Uds U sUUaUGEs
(KonstantinowandAlbanis, 2004;Lin andLin, 2007).

K o oyc3, ugqUlhpgop Ud U U End Fe sk ¢ 6 Us
eUal0UddUa oaUs yecUs by UdUa €50 usUUe Uy} Yld
UsaU; UYUUs U Ueszs Ui 8 Udd e} oUssoaed ya3ridd
Ud Gv¥yUsaUUUagUsoadisll’ ¢ dg ctiiffpduiliddora®p; ydda 0 3 U
eUst3Us Uds LDEUpwePe Ugde BaliasesUUg UUgURGy «
Uy UaUdewans vd,", BBB HO* e U U eUyalGecU Uds U of
Gy Use 9 8 8 U f ¢KanStangnou and Albanis 200 4) . ] 30UsdyUxd,
GgooUs)bgyatdalUp0l0wds0L 3 b A vdUs ) Ye U0
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GyUsaUUUagUsoaed U’ 69 o a glypbodates ds dip et ibosselmsasiasU |
Uzt dUy3 yeUs by UdUa 30U U sUUciests ghs Ul etilbU)a0al
shs3 @y UgserodlUeae Udd hUelalisi 8gUdiddgssgy) oal
U Uf 3¥HP s U 9" (Bxmedet al., 2010; Ahmed et al., 2011; Shifu and.iu, 2007)

06oaUd G¥yUsaUUUagUsayd eUayUU0d 2f €dBUA's U yi
U dyU¥segs “eai aao6 Ud GyUesUsUailiyUtdq 000D
) oUssosed ys3 ¥l KohstanttheuwsndAtbahid @a4).0d (

HC=0

CiooH CiooH ) COCH ;H':-,"UH " ”

__L ,1 HO 3 | S ©“H
e %, B =} H HL =0 o 0 P

| EN | .} | L. COH
s AL olo ¢ W N o oo ? e T’f._ B T/
HO ] = e o CH-CH \|
b N e, Y 2 - T N -t
O O e _.rx r:}_ oy 1 £ b, - x] - - CooM
y— 3 v N= J,;}—L —L =

FceelU B.c26Us3he Usd Ueee o6 gltesestanlos8d) RyBidg ot i ¢ ( 1
Yoaogac -¢odeagdPeadMadezetal., 2005).

367. A aljy UBdgUda eg

¢ 83gof3e UasUs @eglsUtGUssesed GdeUGaUd osU
) oUs39013¢d3t6Uxrgeysas e68)9Uafh 83goh3e ¥vd y3l
yeUs Uds 4diddWlixzflddBU U00 daUsa Uy haosU ~UpUs 36lasa
daUsaUjesars oaUdid U addd 30U eU0UyecUs GU Uz Us
HOY .BA B mlato et al, 2009) pUieeysdd Udd GUgseBaeadU,
UsUatliy UGdd UslsfpdUsej sos@dgatyildedy” B, ddgtal U
63gofhs3eg Uagmlls Wi UdpWaUszUUosysstlUsay U0 UU g
380y hlGdaid Uegd aUds U sG¥YsUsU Uesg oaUUUai U
UoUlGey UUsoafh 0HdUdl®d' WG dlsdoFOmed a(Uheiess U 30U R0 Ud

GyrUsoaUUUagUsoedd eUsslhalij U3 UUUs ~ Uy sigllisa U ¢
GoUlGeye eoUalUs GdeUsUmrnsl mpUv bGBAUJE);s8id ey
(Poz=1ba) dlatoetal. , 2009). EdeUsUsoafh eUseayaldeU U

UoUagUhUdyU) Udld) Y8 e39sayd OGgadeald "~ aliadd ol
"Beoayd Geyyd 3U o3 a3U00Us Uz UooaUBA g 6péddygad
3U U eUy U Wa3ud0a i wies Uy UochEglmerssrdsaUa Uy 6 3 a ¥ 3
( érrmann 1995).
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37. EtUj es o FdU0cdUz3ci d arUsoaUUYagtldd 295U Uds |

¢ y1UgsU 09U Uddocyeilld (&g Usdla@mwaegel Uy ool Uy
UaUUUaf@d 1960 agUe " Ushlb’osell Ue ddo e UdqUWae gUG Uy €60
GyrUsdalUsaUjecdesoayd desUesyd ogyUeatulUd (phot
deUsUsoe 1ddqid Uhi ma72U0U5U0MH0onda WuGokgeclssd (
s Udd Ueg 3Ujebc¥iyladdellesl; Giavie dirdddd oUW
sguisUtUsay Ud UdessegjoaU Udd “j3u1U0dd GrUsdal
UgUe yj3 UgsU yurxaGU Ue y3UglGeU e5U0Ud s3yUd U 6ot
etal, 2007).¢ Ug3UURUQUU UGUyesoed Udd GydduaodUUagU:
¥d aUUUai Ud alle=sb Ubsgsesysl slbdedy djail (bssily g ;U " Usdu Uihas
Usgd Frank oaUs BéapgiUgU490Ud dsUesdsBUdBaglUsace
shsUx3s GU giUBdaezetall20fi2Y)@e WAIWU,( U3 UUUsse yy Ug:
GyUsaUUUagUsoae U)YOUd desUoiLose¥ys geoesat 3 o9U

(4

Co

(4

[}

Uzt aU0xy3, U UaUd)slieysars vd éthl) 2007 biscsBWaslb L 3
eU UU U gUUeay e UUUs dsdid aldmibttideso amid U0 g tidd
e 63 Ua 30U g uedeiediettsY od)@BajdeUoY¥Yasg Ujpsdeci 64 9
UshyoUsrs Usglolksllvws ,ase3UUdg U UgUR Ues U} h
ji " Ustdd aUs fheo Wkey 30U d3y (BeBULY g U WiplHeyes |
UsaUaUsahUdUUYd “"6g Ucstigsobdegayd coddgflidgdg U
(Herrmann 2005)

g y3Ussze Uy UgsdqUssah UsltusUlyyes “~eg Usldel
“a " Ute, egueodiU 8U0Uds UjoUtUdyallamoas Bayld v3
U UsUtL3UUs U go3 Y U fhbadUU oUs UszsesUiaes UL
)joUssay¥Y 63yU, UaUslGUUsayd Uzt tUsdg, GUsshaUc
cdesoat 3 aUUdoeyst 3, GUjeUalgUsoydulg, a&dpygiUs
sgtdald oaUs Uslasoy) 93 90oaci Honstastitbldng AbarlisU2p03;e U0 U 3 i
Konstantinouand Albanis, 2004;PeraTitus et al., 2004;Lambropoulouet al., 2008;Ahmed
etal, 2010;Herrmann  2005) . | 3 UsUy Wil plbgloeest 3 Us

U eguaeeai selybe el Udd UUUpegadEpedisivdeas U« aUse
3.5.
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a3z UoaUd A33u.Ba:aUsahd o ¥Bepisgrselgyrs U stcgeai 33U

UsejoUze 89a6i 30U0qyely elbdU stes Uy o@eitimeltm 8005 Sing G d d

et al., 2012 Lambropoulou et al., 2008; Martnez et al., 2011; Antonopoulou and

Konstantinoy 2013;Rafgahetal., 2006;Yangetal., 2010)

TUUdoey aU U, Ut Uaoe UUU

] aaY¥39U zUdyY¥sse, stebegUysse, U UY:

j s omspexU Ue zh36fs-BUs UUUg ¥bwargw, Uj ab)
1120) 9 (d,220Ug acarv) eUsdy¥Yssa

j aUsiUUseaydzUdUs3 foad, UsdUs fad, sliae’

UsecUj hed

j 2aUsiUUsaY 0ejyesoah, UsdUszssofhy s lBzagaal

TUy be3gasayYasi

Co

] aay3sU 7 g o &6 Upropenens ,

] #6063 Yoeoysskt pocavryeUsdyYssae, 1,1,2 Ujac:
]} ¥eUUsoayd dUsschase, 3UlGdUays3sa

] s ompxld jorvyebUschasae, blsveeosyh B3bslhsos:

Uy reUUsoayd

2aU0y®e oeeyssxUd34tacoar) e3slUjeblUsschasa

Uy vreUUsoayd

aUssfhald aUssfhoad, glj) eosmipag Ui pdddc
aUUUGc had

j s omexUd G 234 avyidlez fhadpls UUcoary) ailUs=s
Gde) eliUs-difpaidie) 3,493 hHad

] 1 xeUUsayY odUsscsuyvd)sse 4bUsscesyah, GdUa

g3y U "YWy hagbUseooaf a63i

"beage Uy} e UeagUsdgaysse, Yeagbhssgosa:
A aGU3sUsesliy) priUsagas dUsseafh 3YUj;se, @i
Usit aUsd Uy selU0di s, (GyalGeyseafh UUU, I

0dgUe Y4 e Ua U Atrazine, simazine, prometron, propetryne, bentazon, C
6 U3 960 UR 3 (butylate, eptam, molinate lindane, amuron, diuron,

Il soproturon, propachl or, p I
By oUs e (¥ 0 e Tetrachlorvinphos, fenitrothion, chlorpyrifos,  diazinon,
Ust aGUsd azinphos methyl, methidathion, diazinomalathion

i} vGUsayd U Methylene blue, rhodamine B, methyl orange, acid rang
acid yellow 17, acid red 27, congo red, basic yellow 15
0 Uy e Uoa Wil slial Bezafibrate, atenolotliclofenac, metoprolol, propranolol

"UyeyhsUU " DEET, TriclosanTriclocarban
gyjes3UauUd
Aslico)o9s3soes palGUsshad |, DEAPMasssca UG U0:

GsUUUy; YaUUd
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KoaURd U Ud uUgs3sU0URUQUU U ee¥Yoygsldd 6] :
U0 goteBaadUUYagldd yeUs UGUjectUUa 0 U sU
UsfhyoUzr¥s sosh3Ur¥s U f guUUsea¥ eyGU 63UslL 363
Usit aUsdg. GsU "~ UpyuUsoeU, UU 39U0U310d e63Usilt 3c¢
dUssoy¥Y gfya BB UUBUWW dUssoa¥Y sh3UU Ust UU oagUsc:
aUs 395U;9aY 95300 Usfhed oaUs aU ece6)39U08 YerUac
N,P,COe UUUU; ¥y 83U0UUs GUd eyostGUd e3UsturUsse Us

"Uyeg@®§Us 0 Uc #lerrdana2065)) 3. 6 (

(e

Yas Usa Uy Ba sUUUagUsoe U @6} 4+ UslGd guUUssatl 3 s
9 f 3 Hedmaan 2005;Mills andLee, 2004)

H,S + 20, —> SO, + 2H'

SH + 20, — SO,/ + 2H"

s> + 20, — SO~

SO;* + 120, —» SO,>

$,05%+ 20,+H,0—» SO,> + 2H"

NO;” + 1120 —— NOjy

NH," + 120, +H,0 — NO; + 2H,0 + 2H"
H,PO, + 1/20, —> H;PO,

CN" + 1220, —— OCN" [OCN" + H,0 —> CO;*'+ NH,"]
2BrO;” —  » 2Br + 30,

ONH; + 50, — N, + N0 + 9H,0

FdeUsUsoe UasUs U atqQg) ep Usigs §UHGQEBD U0Y &g
U eYoayjgsdd “eaiUseys Usoa¥Y oaUs Usszsasat 3 bUy y-
8 g} Us a.e(Mishraetal.(2007;Litter, 2009;:Amanetal., 2011). E Uds ~ Uy a  Ur 0 (
U0 eyUUaaU Us¥Yos3UUs eU elolheclilissls s d&ys U ms sW@U
GyUecldeosegyoeiclUsUd0te YgUmi Gidlesddddd UpglBdge U
e 63 Ua 30 & UUWhdgyiies gU @ Walkils Gt ceged Geyad 6~ 6 a U
U soavdealWlesl YeUWb3l Us d ¢ddyBddzdli cUsd U Uds |
aUUUai Ud 3U aUeb¥szUs 61} U aUs d U ee¥Yoay)gsl
U hbadUe UaUU DU a8 b G &8 pissipiinter, 2009).
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UoYad UjUgsdqUsse w3 U0aU0d) shUdUU UVaUsYeUUUS
¥yUsoaUUYoagldd 99U Uds U UzUjoUGaU "~ je06ea69T:
Us guyYUxs. As3itiUsoaUssa¥ "~ UjUuUaoelUUUeygwoeUU:
uyU~xs "86Qg ¥GG6QS3 U UsaU;o0000a U0 Ud eyds
Uy salUeb¥3ags3:

§ ] " hbadUU e63yYuUd b Astarepoutomimal, 2052ld Uy sleci (
§ ] " AbadUU UaUsegy) =@g2009) ( Chat zi symeon

§ |~ b oaadhl Us h (dl@gSaheogtal.p2012)

8 ] " hbadUU boseedeUszalUd ¢ Ujeldlgaoll) aUs cU) Us @ &
8§
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a
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Y f o Us UBahnertdir) 2004

UyeleecgoareysU g hoUs U i Uitwliusetd)., 2605 aogliey 3 U
vyUsoaUUUagUsBeUrpsl¥dld UUcgasat 3 WUUm beaedald 3 .03
Ty oed, geWraywdBlpielsoasi sags Uds U sUUaUGeUUsaf
vyUsoaUUYagldd ogTdxgs & U0dd Wyeealidc Ustidq Usg
aU0stivUsoe oo HOWWMY GG sWgadijedecdd Ud e€d U saUsl
Ud s aUUWUKGE) cévo) e igdsd A swde bUssey HPad Ud) an
"1 v Uh o tdw 3f | Dalrpmpléetal., 2010).
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LG ally p sa U0y ¥Y: Ei aUdqioy oged@dwssddlelsig ~ Uj Uba
G ¥ Ue Us Us Uialaipélal. ) 20D§)
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4. JAUBpPBSBULAE DASELEZEEgBUBLEFEERE @tAANTG) ELq?:
ABLO) ?AL ) B | BERADPEBRFA I Nq? L T Pt T ¢ 3

41. j deUsee0OUy aU

B hyed jdeUsceeUUyalU UsleocdWordesdbd Cyitelidy 30U jeY
poUdse OaViedroaUs AlU, gatérratosal dnion af £uden dhd
Applied Chemistry IUPAC) ¥d j deUseeUU;aU 63 asl0U0Us d U
eUUj et Usp UUpg GUasysU cdesoaf i GUdeU © e£9U 6o
Usg GgGUeeUUcsd eyiar Udd UGUyesoed eUddeUUsat
GeeU; U UGUpehelUUs UgigitBBEE daleld Uftiaapldd
s0c} 368 alUd)d UddUePgUfddeUsiUe sadid Urs Us
cdeUaUd, Udd 6} vyeUUsoj UllaUd aUs Udd GUGeUOU0aE
UgUit s Uxs UUcssat 3 f ¥d ménibem , Wy UdpsU o alsy3s W a
bosedeUssoal 3 fhiadagoddBd, 30Uddds UU, bulianeetal,Us ae U
2010).

¢ jdeUseeUUyalU yeUs UsUosyystUUa ¥d oaaYlUad
GU0saUUUaUd Usg 1970. @Us U gUUaUa U K ehad Ud
Ui yjad eUdhlivrs, eUears 89 bUGsoahUUy Ud 0 g
(http://ull.chemistry.uakron.edu/chemometrics/index.jtml
X dUbdsoae GUUUsGUsoae
x A UzUpoU00aU GeeUUsd
x dbUaUsUs 6adhiq
X "gUy Uo cBsUmescel d
x "Us ) Ue UUsoafhd GecUUsUGehd
x z83UUae8 8adlid €U U sG¥YsUsUd U foaysitdd
X bUdee3shedid

x ] 3ac3Ughtlq

X ] 3Uo0313490d eeUabag
x Ai 1 00d aU bobascedeald
x 2Ugy) ¥3sa¥Y uUaalUgU

ZUd 3 “"UyeiaU usUUjsbe, 69 6deUssecUU) s0yd
UaUstUs esadldq ®©dd tiavWPoedluUggUsbs Uds Usa Ua
U salUoeysys ~ Uy UeyUprys GUd GrUsaUUUagUsse U’

o O
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42, zUdeusasgoal K s i YRedpandslirfaceMatogomdgy,REM) (

421. KsaUosr¥voe

B hyed bUaUsGUs cadid 8jdubdeededddUde cUgiy
Ui j UGdd UoaUaszys Uxs Ggsddet s fH a8g UGU) ehea:

eyosaUd uUugsUUe U hoeyold. Uy UteloUsa Y, 3 C
"Uysaleby¥slUs Ud eUayUd Udd U auy3 U0dg UsdqUd
U’ h o} @né darialfléfactoratatime) . FTUdi d eU00UbYaaUUUs ch3a

YoalUd GsUUd)ei 3sUUs GUUdU;yd. Tij}sU egUse3UsaU
eUayUdd/ U Useafhastdd Udd Ggseseessed U aWpUGdd
aUeby3ze3UUs g hyd 6s Ueadal sty yYiUsd 00Uz
eUsrveysd U gUUaU0GeUUsahUqUU "y hbalydd Urxs |
eydelisd UgUe UasUs UGU3shd 63636bARy U oaUdL d
UGUUy josog 3 @85 9 9 Y UGi elay d (U Usdy e) aho

UsUsitij UGUdy arvrs oaUs U} Bekefrdédal, 2008; Antonopbaldliand (0 a € ¥ 3

Konstantinoy 2013).

zU dUfphee Uds Uz UseUUL sl0Gd Uxs "~ Uy U0 ¥v3xy eUs
3 " UyUkifedi s Uy h a6 d "1 elyoo90dd byaUstGU~x¥s VI
"8oag Uy Uoe3lUseayd GUUUsGUseayd UUecssayd. z U0

"8oag Uy Uose3Ussat 3 UUeczsat 3 95U Uds UijyOaGd b
A o2GY3UsUdBezerrépml s @908). FEU UsUadUad €U0 Ud
d 6 8alU GgooeaaslUs U GdeUaU s63Ussy¥ GUsd "}
A alGY3UsUd | HRoayostdd ¢ 6 Ua
2010).

H zUdcitcgasomWls U sjiYhoystddd e zUdelusascoalU
(ResponseSurface Methodology RSM) Us U” Ui 6ddaBox &UWilson 8§68 g d
U egUUaU0UaUUs U K y3U Giszeese eUddeUUsoalt 3 aUs
Uds UsyY Ugsd, bUaUavwildsa Bs ) sudsduiommuaitgedi U ttias(0
a. , 2013). AKGU;eheUUUs 029U Ud e63U0Uac 6adid
U hoaystd U dyUyelOUUs U Us¥Yiley Ud “~ Uy Uey Uy} eog
aYdU " Uy UeyUyeg " j1ceadUseyasiylds UUBH ey c d O as (
U hoy otydedydy ¢ UUUSs U g Ud s Uy sGusyYaUUUd o3 U
bUaUsGUes sadtdd Ushd GghGUeelUUecd fHH 8g uwsU; U
"Uy UohsUrs GUd e Hbhesaodie U hoaysddd (

o

3 U ~Sakkdsétalg } ad Us
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FceeUK451li¥ysUsU U fRoyosldd WHibbertpealt)dqdg ui e ~ Uy Ue

422 dbee UUU/ RBUYUsU 0UGU)ecoed Wdhfe jc@aMpdic >2coalUd
¢U o9i39U0 GUYUsU “"6g Uessasgdei3aUUs 295U Uds
U hoywdiddldhiuaeg bUea UmsaiclseU bsu Benétiast alliapogps y(

1) K" sa2coe Uxs U3sUs¥) d@DofHheyadwioiPersas Gde Us
g h eUayUd U hoyoald Usg GguaUeeUUsd eyl U
aUs d e63ysedyUdad Ueg Uijegd Uxs U 9’y
aUs Uds Ue UsjyaU Ueg Uy UgsdUe.

2) K" s9a6oe UsdlegBsyYeBsoasi GeUOlusUleagi a Us
"Usjy Uey¥Uxs, GielysU U Uds " Usj;UcUUsoae ce

3))3Y Ugad eUddeUUsosaci e683Uyasg “~6g ~Uj 92y A
Ussseafhodlid Uesg e£63Uyaag.

4)”Yyeitussystehd byaUstaUrs Ggsddal 3.

5z Uay Ud U 9bUmBlowWilUde, g dg UdsU OGU) ecoe Uxs

4.2.2.1. o Uasoe U+vr3 Scregnibigofwdigbless (

gaiUvyuse Udgd sUassowd s U¥aUaUUdey ypwUUy cooh I
Udd zUdesliusasoaUd U slGY¥3UsUd U foy steddulUelHUd!L
U dy UyeUOUUs U K w3U eUo¥Yas Ujysdefh ~ Uy UeyUy v:
esajed U atjyUddd Udd aUdUegalUd UasUs “~j UaUsay
"Uyp UeyUpvs "6g U siljeis3 GdeUsUseay¥Y HmHUdABg UG, o,
GosUaYoe3UUs U9 U} Ugcrendedesigny , G cfJtieed) 0 ddJg Ud " 6 9 a6 i
"3e0lUssyase3UUs 65 "~ UyYoesalUUd aUs 65 UasadqaU’
Uds g fh eUayUd U fRoaystd. zU UgUf Usaufpyage
Uds U fRoaystdd UszUsjyeia3UUs U K Ue eUUy UsUU

enlq

d
d
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eUaU0UL 30Us a0 UseUji1d. FEKgslug¥eeaUUd Uds U @
Ugyyrd 6jdioses eociceUszess GeUusUlecga &UU usl
saaUleUUsoasa ~ Uj UBexarbikeb 8008).0c UisUleaa (

zaU Ggseddd RU8GOs e fUdailisoas asalyile ybGysy aU-
dqd 000Uy 6e e tGdoaUue Uv¥rs ~jJUoeUUsoait 3 Useits L
arvrlUsoec gadlidd GpBPBWUIUG] d Uids WiygBiUs didd ~ Uy Uey U
Uset 3, e¥jad s "~ UpyYeUUyes €U Uds aGdeUsUsaf
Uds UsUaedtd Urs asohRUU0Uye GdeUsUsoaiz). G U U
oarvrlUsoec e6odEyemdBeelda UUs d UszalGyidd 4. 1:

a4

u u

Z 32U

[ P

h egUasUs d U RGUUG UsyeUOGU aUds ~ 3 UoeUUso
"3 UoelUUsose Usee GUe eyostUc e jOavdaslegs @ a
orvlUosoe 689deysd 6)osUse Usce dlbgsUpbtdseUUseb UXN
8 0Ue o Us Uj Beadiraetat, 2008).¢ (

€ Qi

Co

4.2.2.2. A" sa2coe “~Usj; UegUUsossi GcUUsU

¢ U sasoe Usg oaUUYaadesg ~Usy UsUUgd&FiiosdeUU
"3 93 Uds UGUjecgoe Udd eUdestusacoalUd U slYsUs
bUdefh Uds Usy Ugsd Udd U slGY3sUsUd U hRoysld
"1 hbalyd. Bs "oy 63 )} dioseas 68ociclUsz@adal Usy |
U o (i Y& Upalids O (Kithtacdetiak, DA B):

U) B Ujsit3 Uds  YptbaesBeofld GclUusUlehd

;jo13 U o yliys "~ Usj UeUUsoafhd GecUUsUGehd
Gegid Ux¥d)WegUp®dsxs Bwuxzss cUalOBUsgegd, G0
e o9UsUy9s90fh aUs gydehyrs B(WU) UsefasbUbsd
"86g ¥ UasUs 6 Ujosdelhgy Ugwrs o gUHs o
“"UpyvyalUuUad aUe euye Ushd “eey ¥d) Veplly az Us ¢
a 5063 as (Khbtaeeetal)201H.ceec U 4. 2
U s ylvyas “~Usyp UeUUsoafhd GecUUsUGehd
Uy st 3 UGdeUars GUes Uy Uo a3 Usealhe el l o Ui

Co

w

(g
o Q@
X Ce

Co ™
w0 Q@

Co

C«

[ s
O w W a C <

Ce

Co

&

Ce

w &
o

(]
(ex3

o,

s3UaUee UUU Usg aB8pUsY Uyldo Yocag Ug bdxBa

™
Co
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gydeed UYadd UsadoaU sslgyanitglegy Ugivdl; ddashdg Ueydd
GgastgUbet 3 2a300Us U Uoey UgUsay¥Y eUo¥Yaasd, 6 f
eUayUd eo950hU0U) v3 WKhatpedtal,2018H). " Uy Uey Uy v3 (

A A

(@) g ’ * P

P

> >
X1 X9 Xl

FceelU (04.0A:soesslli’dq0ssfh) UoessUsBpaet 30cUd o Uy aUsds
bUaUsGUes sadtd (@)aUwm) e (HY) UWeyyslyaxizx, @0y v Uy ¥ 3
(Bezerraetal., 2008)

¢ UGUjyecgoe Usg "~ UjyUoesUsosci “~UsjyUeUUsaoagi
dgeae aUs d ejedd Uesg ycUs U;Ueoyededidliitiad GwWg)
OsUdg Ug sefhd UjsiL s U s yuvrs "Usj; UeUUsoafhd

arvlUosoa dbedyedy sillgs OUUs G Ue3 YasUaU 4. 1.

a3z UaUdéd.iB: U 9 yilvrs " Us joBslUVadglge y B g g UG
arlUsoc a5 d(Berarthl, 1068 v d
j]1Jadefhd BUs BU} Yoesx®Ud BU} YoexsxdUd
1 -1 -1
2 -1 0
3 -1
4 0 -1
5 0 0
6 0
7 1 -1
8 1 0
9 1
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b )Ec Ut o Déebldrtg

Tol19 7 DpehlertUz y " UgaU y3U ~Us) UsUUsosh GecUlUsUGE

OU0U; o031 3 U o yurs, Ue 0 ontoinmeshedc i ¢e sdisffela;Udds
UasUs slisU0alUU0; U UpoelUsWdore aggUdss Uy YoeszUU(J
6o99636¢eg9908id "~ Upsasystesgid UVUaUU GU ~Ujyseyole
eUayUd €950 eU0U0UbadqUed GU eyos0Ues oUs UaYocs

U UsUcieUsasd Uysdehd GOBEBUEOR3epad008&s U3 he
T Csh 6g T UaszUs @ Uy s dseh gUUsydse i dU ) Uhesy Ug UrasU jost
O3U oaU3Uysafh GdeUae "~ UypsbUeahelss U f y3zs O
Uss Us ahoy “~Usy Ue UUsmds Uilsdlu stlsid AU jobdldg us BU U
oUxeUU); 290 leee Usg FKFeeeUUsd 4.3. YaleszUsale
eo9a)hd Uysdehd Uvs U UsUgieUzr¥s "~ Usjy UeUUsal 3
U guiaeUsahUdUU Uesg G6Ud UsKhildeatalU208n). by aUsaUxys

+

X3

X1

FceelU 0(04.Uisoe UGEBOHEDAaNEioos U Ud bUaUsGUs aa
" Uy Ue ¥xd xo® &kg) (Khataeeetal., 201%H).

9) Ec Ul s BeéhakenaBBB) x

g3 196 0BebnkenUBoyx’ Uga U3 Usy RB@eedesBaecL 3 &) 51 3 |
(1,0, +1) 299U aergdUsdi U ywosgdlU,B Uy sdehd ? Uvxs
g 6aecoas UUUN=2EKH) +&glh Gesgr G Uas Us Ug Ul pyeelitperfisdg Ux
8 Uysdefhd Uxs o83 0psp de &)U slathh@ipe-Bebnkeha &0 Uy Us d
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"Up¥oe3UUd U Usd ovlUso6 68odeyBUJd UdsdsydUsind
0cUuUsUtBehkenBOx &s 06 Uy atd UU0UUs ¥d eibed ecrjad
Usg GdeUaU U0 Usd eyostU0ge yalihsad 3U ady craidibbbg UU
"Usj3 UeUUsohd -BieshnlednechdgUBOg bHUSHPYE Yetl] ad g d g

orvlUosoa6 69odxgpxdibduosUakly g3 “~Usy UsUUsay¥Y GdeUalU U
73 Giooayostdd eU Upbods Udad) yiiccBds@Feh Usgdre OU
' j Ue UUsafd GBJuimileie Hd UBogidsYs UUUSs "9

UO0aUGeUUsoafhdg. |3 oUs -BehiWbkeWeUUpyphPosabpPa
byatece3UUs UsUfdley Updsacd)) §ysdes UBexy d
5 Ut GUsd GgstugUBet 3 UgUuis. HYUpeglsYesUUUSs
s Ut lUsd K e6g d ed UsUzUovyoe ~“~Usy Ue¥Ux
Ueylpsws U sdgedUe, ahovy & dUesseoddp cUdscp deldBkh
a)90dd 0 Khafaeetale29lg). Ug Uy d

Cc
(0] C C

(@)

C c
o N (o Y -~ B )

Ce

a3z UaUdue.;A0e UUs o ) d BoxBehdkes 3J8 8 f gUP DB g ydU} & ¢
arvlUosoa &5 dReyesraddtdl, 0GB v d (
] ) o9defheg BU) Yoesxl BU) Yoelx)( YU YogssxdU

"bUs) Ye Ul

1 -1 -1 0
2 1 -1 0
3 -1 1 0
4 1 1 0
5 -1 0 -1
6 1 0 -1
7 -1 0 1
8 1 0 1
9 0 -1 -1
10 0 1 -1
11 0 -1 1
12 0

13 0 0 0
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L 9
<
L ®
>
X1
X2
FceelU 04.Misoae UBdtBahifikens kb j Ue UUs o @ i GeUusUGE
" UWe y Uyxg g Wkg) (Khataeeetal., 201%).
4.2.2.3. TUsUysehd FKisdOUesd YUsgedteall Gampdsit FEc U

Design CCD)

OFTUsUyseahd EiasdUOUsd YUs) Us UUs oBpyo WedsOni s Ul ¢ f
Us 1 8d&land Wilson, 1951) oaUs 6jydqisee 89sU0alUs Ugy

GU0gUU;ebYdesrs CCO30UylbinsslUle PgUdU” s UUaUaUUs U
aaUleUUsoafh "~ UjyUoessUsoeaf GecUUsUlGeh Uaxia) Ue o ¥y i
UsaUs3z stéh 30 de Uavs ~eg W yWahg 30 yB U BU Wilds Ue g oY
aU3Uy 90U dewad; e Udd ~Usj UesUUsosed "CQDscced.
29U Ubdi bsUselh d 0 d Ui slvoslisgtadégta. 261B) Uy Ue y
r 3
A
(@ o ® 0
L
| 0
21 o 0 o s | © T o
g/
]
© o
> % >
X1 X1

FceelU (4 .Ufisoe U Usoeahasld oUmdpsodiliclUlibddedsg
bUaBs5a0dad U) Ukak(UW=ely&dPasb) Uy ayxse kgUy Ue y U
(U=68),. Vv 8g (06) UasUs UU GdeUaU Usg ~ Uy Uosse:
Gde Ual) ales (s Ues &Himddatah, 201B).0de Uas (
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B U UsUgielUsasd Ujysasdehd ~Us ey Kdlaz DBUs
8 Uyosdéfg Ubyatllawes Uy sdefhd Urs oaU3UjsateslideUa
eUalU0UL 300Us GW1,051+U0)a” WG 3 ( BasUaU 408 sgagPgl
oUsUy90afhd Gia3adUOUesd :0UPsyjivsUUdpMgyllgaodlahd)

(Bezerraetal. , 2008). ¢U "'acppWEUBYe ¢ 2 YKhdtddaeal, Uz e d |
20112):
1. Baoey¥vd (e a&U00gWhxmsy)osa? ~ Usy Ye Ulds, h~ e

Uy Ue wilbjewss orlUsoec elo,dqdo¥h. 0jUpdy UBE ygUsy Us UU>s
ehs3U "e6g GgsUslGilyyegs GUds UsUaedld Uxs hy ¥s
2. j 33 ax@lf € Uosdd3svU¥s( YeUUU "6g U yecegs U F
eU Gg3U0U0U0U9¢g y3(ldg NUN OJ@ , is(cmB,90,Y NiWe.OaU uwUs dag
UsaUaedadd Uxs hy¥y3s UesoadoalU aityUtdd. EUds 0y a”

Uds UsUaedqld Uxs

8deUaU UasUs U U; UalUqUU 29U
3 TU3 Uy 990 YC)U de0Ua0l O(p 36 bl 8deagas@URUqQUU UaUa
GGYaeUUsd oaUs GgsUsitilyjegas GUds UsaUaedid Urs

a3 Uoa Ugg 4a8hd oaU3Ujsahd Gi 3dll)e dui aUsyUlelklolhm
b) U)ot 3 ¢t WlrWeoywd) wao dBeyesrddidl., A068E y d

U) @i e ~ Uy Uey b) g1 913 ~ Uy Us
X1 X2 X1 X2 X3

”gUy; Uose -1 -1 Uy Uoss -1 -1 -1
FcOlus Ui 1 -1 EcUOls UG +1 -1 -1
-1 1 -1 +1 -1

1 1 +1 +1 -1

] 38399 -U 0 -1 -1 +1
GdeUaU U 0 +1 -1 +1
0 -U -1 +1 +1

0 U +1 +1 +1
TUsUp9:¢ 0 0 ] 36398y -U 0 0
GdeUaa ddeUaU + U 0 0
0 -U 0
0 + U 0

0 0 -U

0 0 + U
TUsUyse O 0 0

dde Ua
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B CCD UasUs @8 "~ aye3 6)jdisee 696ieceUszasd GcUI
U0Uc3eacgosl 3 U ee¥Yoajgaldd i ¥s3 h - vd UOVOU; @
31803 AlGdad, bosagaslhsasxeUdi dUsil) oiwmallgslilddid U
oalUe gahUqUUJ Urs dJUKegiaddetlag 12618 U hogeeds ~Usy Use
GeUusUbeca, eU €90 UV d UGU)eecoe UHeke Usgd
(Hokedesigny , @85 o6} U eBoxDraper(ddx-Drapertesigng a s Us 85 gby s
0 6 Uu s Unhybedaesigny (Khataeeetal., 201%).
4.2.2.4. "UyeiUjeaoe eUdde UUssagi ee3Uyasy auou
KoUaedqlid ee63Uyaag

GsU Uds "~ Upsoy) Ule U)dd il ¥l sV eyt Wer@BU U f o
"y e0lUse);aslUU0Us " Usy UesUUsoay¥ U Ud o6)@dUdd Uds
UsyY Ugad eUddeUUsoat 3 e63 Uy alrfsfe ) Blidsdedasdicim@d!
ee3lUyae "6g € 63 Ua BWs cjUdi®»clds mibidRezepalll@mg Ub
etal., 2008 Sakkasetal., 2010:

U r [D R 8

h elgUasUs @ Ujsdefhdr WaxnUse OPUBtdsgUY),3c,0 v Ui Us
Gg3UU0al00Uyd Urvs ~Upxlswpey yaawdqdi OUs arilmédie,0 WEH
g = h o UBezegrddtal( 2008 Sakkasetal., 2010.

FUds "~ Uja Uxad ~“&gegwdohbesgs aallsadggahUdqUU U
UGUyecoe Usheg c¢aeBjUaddgb Y3z Us Usd UsadaU sy} Y
(factorinteractionse Fl e 6 3 Ug B ) Uz alvidd 4.2 ¢ U0UddeqecdU4sd
(Bezerraetal., 2008 Sakkasetal., 2010:

U r [ @ [ 90 R &
h ¢gUasslBsgs U0aUGUyd Uyxs UasadoUomi; YGUys Uxs
yUOUs Ue o )Flesesbifjose a3 UUUs Us U Ujyeayd o9sU |
Uy3U) Ueyeldy vbdas UsaYaUesUU U fRoysld 3 eUalUYUUS
"eogy3gesoaasi e£63Uyacg UOBezérraat al, 2608 Sakkdsetall s a G v 0
2010)
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U r [ @ [ @ [ 9D R 18

h egUasUgsdld)aVGUyd Uxs @WUgUU;ebYdeosxys Hy rs

¢ ] 3Yag0d opadysisot\asatcdg 4NOYA) U e UUaUa y3U o
U gueUsaf UyoUalUase 295U Uds UsUaedtd Ueg ~Us
aUaedidd Ueg ¢a3Uyalegg Uded i de dR3fsgélssyUbaticdws ¢ d
g3U0U0aU0UedR%o G ey isbdge Udd y daskobfides) ,  jds 0 Uy
GobabosoapteUUU3i ¥Yooars. dyaagd, d aUUUaadaflhUqd
U Ud o3 Ulissae ~ UyeyilUlBaddoe Ubys U'gh s&Bseoy Yid:
"Usj UeUUsoat 3 oaUs “"jebal heUsys U K Ues €63 Uy
"3 80Ujesleysas GUU "~ Usjy UeUUsay¥Y uwUWeseysU, d

"UyegloaYeUs Gge Uysiic) ¥ oaUscsmpeg odlldssEkad
e 83613 3U UsUcdei 3 Usysbe Gge UyyYateUOUUU o250
(Bezerraetal., 2008;Sakkasetal., 2010).

Co

(4

4.2.2.5. "YUyelhuse)oslehd byaUstUrxs UGgaddarL 3

HagsYy Udld Desiravitgfenatiolfy Qa3 Us eaU Udeaslisaed
UUcssoee 295U Uss UUgUhRecyes3e "~ jelusasysasleh Uxs
ealUd © " Uys00hUHIG ey Wdeled aliUxxge aUd Us U Ui 6
Harringtona Us Uy} 6~ ¢ ~ @ sDedinjerd ULichiH e Wefs tsacoa U UgUe
GUds oaUUUGaUge eaUd UGgsyYyUdadd U sgpeald
e U000}y 830U0d Usd €U0Uy ai ¢ th3slbg UWU 90 se4 00 ealvidb y g )
eoslU UleVaBBWgy3ad ooadUslW UB¥adg saldigdfgaddY pdge a
ageUa3U0U0s (UakNca&EUs) 95U Useyd UsaURfRd GURGG
GgadealUd. ¢ eU0UUUUye e UgUe aUdstUY UlGesaUfR Us
UvyaUsd eUoydegd “~68g oaUebyvswlURkparas(all)20Bsd ¢ Ua
Sakkasetal., 2010).

GsU Us¥Yley Ud U eoajatUsd oaUs ~ Ujme y Usycagedd U Uo
v*d 6 oUxvxeUUyo90hd eylbad) , Uwisi eli'vesely jealy dUdB” aUbguels

$ A A A mB8a&A A ®
h ed®dasUs 6 Ujyosdehd Uv¥s “~jellUss)osesheUsyrs U 6:
(Sakkasetal. , 2010). OUGs, d UUgUReye3d UsUlsaUlal

Urs U s 'ylyyhe ydngy 30 st Usoasi 6 gs3o (g Bez@traspabe ¢y 2 9
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2008). ¢ UGUpeeoe Ux¥xs Ggs3UjUetUxs U sdgeaUd
U eojatdUys Ggslig¥elUs UU “~aUe3UalUeeUUU Udgd U
Ues g 6 Use d o Bezeradial,2008).d (

¢ oUUUi dgbdisdq 6 jesagd "~y Us 30U aU; U0UGU0a 6 ~ U
U aUOUgsd Urs byaUstUy¥s Ggsddeat s g siUseasi UU

"3 80i Uasgs U’f] Uvisaalizato) UsBad s dqid o HEBdxe dd U

o,

ee3Uyasg. U d Ujlejleddddsosaeg Uy sece uUU3 & @y
aY 65U aUUU*dgsuc{, UphU0 dU "3y Us 30 U saUscc
"6g ¢t UoBérermétds, (2008). FEUe FKFeceeU 4.6 U Usas
U fhoaystdd 295U Ud bUaUsGUes esadid uUie ~ Uy Uey!l
U stGyY3sUsU fH 8g Ue eyxgiillec dldsesVUaesls()@odd®dd@a
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7B 5,710 0,05 0,17 y=0,08x- 0,006 0,9989

? B 7,690 0,05 0,17 y=0,07x- 0,002 1,000

SB* 12,317 0,03 0,10 y=0,1x- 0,001 0,9998
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NH,; + HOClI —— NH,Cl + H,0 (5.1)

NH,Cl + @OH %f» Cl‘\'=<z>=0 (5.2)
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