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Theoretical modeling and preparation of titanium(lV) oxide catalysts modified
by d-metal deposition for application in the photodegradation of ciprofloxacin

ABSTRACT

This dissertation encompasses theoretical modeling and the preparation; afafasts
modified by the deposition of selectéanetals, resulting in related materials with different electronic
properties, with the aim of their application in the photocatalytic degradation of ciprofloxacin. The
metals chosen for deposition (Cu, Pt, Pd, Fe, Zr) were selected after comparativesidigloe
adhesion energies. The prepared catalysts were characterized using advanced structural analysis
techniques, includingKkRPD, SEMEDS, and ICROES. Ciprofloxacin (CIP), due to its easy
detection, serves as a suitable model compound for studying the removal of antibiotics from water.
The degradation process was monitored using spectrophotometMSII@S, and TOC analysis.

The results showed that madit at i on of T i-Qetalsaffedtshthe daie farfd efficencyt d
of CIP degradatiorf-rom a mechanistic perspective, the significant role of OH radicals as oxidizing
species in the photodegradation process was demodstiEtteoretical characterization of the
investigated materials using DFT (calculations of OH radical binding energy on-muatdied
surfaces, as well as electronic structures) played a key role in the development of a predictive model
of reactivity of thestudied materials, based on their binding energy with OH raditails research
presents an innovative perspective on the studied aspects of photocatalytic degradation and provides
guidance for the further development of more efficient and sustainaki@asefor the purification

of water contaminated with pharmaceutical substances.

Key words: DFT calculations, photocatalysis, titanium(lV) oxide, ciprofloxacin, thin metal layer
Scientific field: Chemistry

Scientific subfieldEnvironmentalChemistry
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~nBets’ ftoddgjdd, ‘jt Mk o] dBilstH] L OMmdtse Odaj
IsdBdLs90Oded L O tHie] ' Jdaog MdMisj d3y , [ @@ ] ded Mz ko

RLOLEe °j f s5hdizdd Jintsiigde@@gdis dzlz § tod 34 d2’ d o sfyls
Bj scEDFMiz HisBtey LO fdh Shdss dsc HPME@ WBMO POO § to.
COlOdzdL Olststc® ftetsd3j desdz f soteh ddzgj §SHEZSE] Bsyj ©
d fsBts?hOlsd JWdCOmdBigly * ff daPdzts Mm@ d3j dzjzIle wGALz0 B to
2421 [ § " lsdd3, OSed MmdMmisj &3d Mk {§tej b GedMd dzd y § Is dy

SO OW O

BSH | dzso Ots dzg0 dBsdzj C 2 dzOtcdzgs d3 dgdda@sBD.F T) j-Bé& e Qe d ts
Density Fun)xt M n@fhdSdukpy @aOls] Lo pUalzd] diplzm  ofgdsi Qf§ j Qilz
ZsedmlsdySd LORIsjodzgj. mdBtodHddzd WHOANQ &M@ H O |
Mz daj ftedd3d “dod Ek §fjtedtsHd2dded &3 cteOded yded &3 ZzfMmdztso g

mjHOd BH ftdfiskiO Lk d&tHj dse PY ¢ dkd OBV Wil tB!
HiMStedf ssteO. vt Mk  jHdshisOsdy oj ddudds St
Cstedmisdlsd SO )60 f 5¢5H ditizf lish e lnjdatzdl OO izO L LOO Y Hs
FC dzO® OF | fstoctzO dizfixCddnm . e cfitfls @sclgy diny dzd ) dzlz J dzgj tecd jIsMmC C
ddzsj ez Hd " J 6O Htesyj MO dO §soteh dEqd]fistsH B8, 9 O
ftejHMsO? O' £ COtOCIjtedMisdej thmMdse dase MO’ O, (
dmfdisde 0¢j bk f§JijtedtsHdyddd ¢ tcOpaida{ds Jjkz Mz tddfoy
Fyjmddeo tj OSyd j d JWdCOoOMmdesmisd COOdzdIlsdys tsc
40OBOIsd” jsoadds fteddzydytsd3, dzd " § OS5 yJjmsts k& Wl
sjBR244pts ] tOLEzdB? dots M BLJetsd dzO d&3j n Odzed Misd y
4 Hike] MistcOdsj, HtwjHdSlsdodd ssHjdzd Sts°d Cted
COOdzdL Osstc® COts HjMCtdylsste OCIsdo datf iglspt 7k tsB
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1 slsj dzyd® Odzded EMY Jsd sd HigWddrdzd mMPHEtcdf sstcO® W slss¢
BOIjted OdzO L O HJjCtelRH Bydyzly fstexEAdPi ffr 2L &Ed@'sdi3 s
d ©joOfydsdedr EMmdzss O, fteJ HMsO8?” O B L dzOYO " dzts
sB dzOMmlis d .
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B Sy Jjtedd3gy dels Odzded H Jj ts

31.veotsH dzj dzOf tsd3j dzj

v BCodilk o] HESCISENS jd20 j d fditedslOydis fjls i
W slssC OkOddL Ostste®  d3Q@ fiydeHAR  d3EsadGHE(E B\ tldj tsd® dzO
s lsd gL 5o Odilto dfdzisijddis o OF ©  tod dij dath tsdzCiy) ¢ s ) B | &is
(DFT), €Ot d jW¥dCOfmdshls fedftj d® jddr $O0kOddL O
pSHjddn ©OfBo S®BOHj &k, dJMidlds Qdsj SPOY (ddlsil® ®

@O § o teh d dzlits Cldpfflsi@uiz( IVL) f sdks< DFT fsteOylzdz®. 1 C
SHOBLOd] Mz &0 fscetHdd d &jlsOddiasd)dmof L dqiyefd it
BsHY S S0 Odede COOddL OsB®O. » (M d FoO @d, ZrS Bd Phzd L Ols

M d dzls § Isiyid) Oxlzdtc OL dzd ud Is d d3 dfts df@stefadg) o5 J telaq dzts iPd YA IStSH § 6 te
(cOfsoste® LO ddWbkLd k) d MdEzddwOdse ( MlsOdH Ot

Y el &sC Moyddd b seddtlk &OSkOLO. uvOCHE' j, HEGB
JQﬁ]UJtGddsidzlSGddeﬁﬁfddZCB!is@fSlﬂt@ls'dZﬁJﬁdZJQQJQSEM).MEQ%WIG{OQHOI J
tedHdzd deM ¢ dr~ L 6OCO dzwﬂfﬂsﬁmdgdﬁﬁdmbtﬁ@fdmﬂﬂﬁbdadm

Mftcj cdzzlsj -OOLLVBIYJPILCPH BB OO0 EZoadHO E WEkdH Od3j C
B@BOIsjted " Oz JBL @A  sdzz f teso sSH dzd €, Jer]t]’J d gg4 dzls ©
HjlsO?>ded dd3 DFT ftesteOykzded 30 j dzj o jIsd ¢ OHfMBtelf Y
TiO2d J dzj ClstetsdzmC § Ofdztefizl€ Istiztely s H j KiafiSH B 4 ¢ lg;tslﬁwa@lsgsdyl
dinf e c dzzlstsd s ydzs O~ OO | 3E) € B ilzd BO 3] @Msslfnf)ﬂSQBth
s t5dzO y dzts, fMisd jdz Istsls Odzdzj B3d dzj L Odzd L Oyqd L ste
Codpy delstcOyd " J ECEf dse BteecOdmMtse Ekc¢? j dchco (TOC

32DFT {§tetsteOylkz dzq

10 DFT { tetste Oy lz dpyvscf {j simRfahed\fawlz Seifjonsistent Field € tsH
Quantum ESPRESSOf OC¢ j[B48]. v dmf dlsdeo O¢ d &30 Mk siedds ©Pdzd < (
fMmMj s slsj dzyd * OdEGA-RBD @ dzte ds © dzdf (RAEBAPH) Codfs tc ¢ tsd3 ¢ to O dzd 1
Cddzj sdu€j Jdajtecd gV, tcprisifs dOQEd@imG ddaj 52D jdilg C Istcd
500eVd 9eW0 [ fIsddzdL tso Otz Is d @dz O d3fi) bs & B/ §-ts Uz fipg 1 @z dals=1f) bz (
4,639A dc=2,968A.1 sotch JdBsAj @S9 Odz® ' j ¢Ots (110) d (00O
Cotedh < 42X L(1FO s dBME O) <jdzd O, HBS * j4x4Xx11BO0O1) t
Ol O) <jdzd ©O. v dsHy ZBOOKRRIS BOIELY M j CRE&EHEZ0]
(110) {fYsotehdd®. O Bd Mmj Wi Bd dzlszj tc @G ds'OMS J d Ljdk
sMisQo? jdes dzO° 3O j 25 | 90CEkZEk&GO.

sod ftsttOykzdzed Mk Bddzd Mfdd § sdBEBdWUss Ode .
stedh <jdz0 E f° jHddedptcion d dedasoncolio2Bic 24p]  ( W j SIsd o d
toj HUesmM&A B-d[250], 2.0 eV L O Zr. 40 tcklsfoag@Coo eV Lz
¢ tc tMonkhorst- Packh j dsfzts tc d fry I84kl<kdf O4[230)]. stedlilsj ted ' &z d3dB ck dzcfize j t
iz *RYL @ dzj € Is thesdieiiCCgls AByBohr O s dzm ¢ j Mddzj. wilstekzC izt
XcrysDenf tetsc tOIBEZ | OJ dzd S sted MO § OLsBO " j O@delkrd L dtcC
¢ s Hfi26R].

OHEjLd O BjiOkO ‘j dhMifdlsds Okz0 dz0 GBERSEHEO o
f 5o to® dgBE 2(001)d ifp(100)d L 6O UL ZOKO * j (Ptej BO * j H dzO@yd dzq

% ae % % %
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(42)

GHJ skl 20 Jjdzjtecd O f tsoteh dds JMOz CdzjtffdzQ@ dzdddy
ftso tohfigf@agmf( 001) ifefdQA 0 , jOZEEZY dO jdajtedd O dL tsdzts
(feddse 1 d 2)

33uddzs jL O VWislssSCOOddL Olste®

33.1uddzls j L @VIstEdsipd H O

gddzlsjL OV)ISgBEEEREEO oth jdo ',j f(de@ HwpjakkzdzGnzd daBtsH
ttj OCydtsded Ekfdtsed & yHOdas widpldd YO O Mdlsdzd * d

v ftoo sz (M) Q K dz s te ts f B(O@HIOH)2)E) (SigmaAldrich, St.
Louis, MO, USA97% L Of tcj dzandzg O G I8 o s tc jmilz 2-§ { ts fz © @é&ntoBem( Stara
Pazova, Serbia®@95%) d tMls©e? jdz HO M &ih O dzO BOG dzj Isdats
I slssdy "j] EZ2COfOdzO HJ ‘pHaztt sozBH@GO, o fiP)s- g &2B®, " § ts
dzO Is to ¢ d Im dg s (Lot meNeratovice, Czech RepubB®,6%) d40ts & O tc dzd Is ¢f s @atiz )
dLsf e BEHHHOsdZO d otH]jdsdshO&dsgzo5nN&] 10t’
B dZzIs©, d2O MtsBdes” Isj B J cOlskted, OB YicO °j
sOdizse, dMftcOdz " j Istcd fklIsO Hj  tsdedL tso Odesd3 o tSH 53
ZO0 Lo W] zfot] ttOmMlse OttOyYd Sstedh <jded k fddasj L ¢
HsBd | dzIs&SH@R@B®r  j <d C@C KM 5UMOIsd, O BdHO
dzs<d HO [M14] S5 &zOH J

L H te IZ ) & dzls(Ji02)f 40mL Is d Isdoudsds § te ts f BEO@H[EGHE)2)4)((SigmaAldrich,

St. Louis, MO, USA7%) CJ e OfMmimh Bifotg EHAfsO dnb®em( Stara Pazova, Serbia

99,5%) d tmlsOs? jdzs = § HO MmJ Bi"O dzO MmtsB dats Is §
Hy tdzdL 5o OdzpHotsjHHOdzs friyls] " 680, "I9S tsd3 3 MP @O & dzd d wzs gzt
SdlsPustf s SEHEH ORE®RO d otH] odgthy@Otsdk]jlstSeB, 1
sOizse Isted § kIsO ‘ReahemydvicSadizSejbla/@Hets dztsylj délstcd W 2 ¢ d tc © dz
ssCtd3 des<d bk gz sz@apgd deOyq 0 O ) EisEC o)’ (iptPBe0p to kb g 20 dz(
d BCITBEBRUS MO, O LOkdd " J G 587254kt o ¢ s

(a) (6)

~
S —

-
¥ e T

o dzd B.G s 5 ¢t Odgle§ 1O MMOdzd B W 5 Bi@E O)s ORE(). 0O s tc O
3324 ddzs jL O IstIsiPdia( @ Vs H Y d S KGUTiBEC B OC s d3
[EHdY¥dSOyd O BOCEKBAR othjdd NisSddHes O] g d

BsHdW JC OM0dBEIOtedd R Hj O BOSKO I SHAshEz &O I
0,5, 1 (5l.2% BOCKO
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vV ftco sd3 Mddk IO MATHR(L) | HBHGIK] zoddL s Odzj
d HdMf jtcetso Odzs Cjdz@3 Oz drscfeia 9@ ydiBS dP & 2 Olsd dzz . 1 s
(0, 4% d3tsdzOtec dzd B © UHHOUs &I C & @ ) O 13)@3H{OOMeCKN @armstadt,
Germany 995%), 12,5 mgy o tc s ts ¢ -RiaPHs sty € Liodipe) Nefatovice, Czech Republic,
996%) d LkCOf Gilzso 3 150 wmO@hls o s teidis WZOds HBHH @iEsnicals Ltd.,
Poole, UK 95%) d d&JhOdes bisCtsdg 90 Bddzkzlso. 1 0¢tsdz |
Yyj delsted¥ zedteOdz d MmizhQtdes ¢ t(mtafc@dy d dz0 100 U

dddzls j L QV)Is @@ BsHIW JdC tso Odeocte "0, dQ s OSC § 2 Botss
059l Is D € MdHHEH OlsteL iz 58dzdL s9 Odzj oBHJ d HdMY j G
CdzO EdzlstcOL o ZytesiBs Bz Plsd ek Olsts 7, 6 mg JI)-dddSs,6lOIs m¢
Istcd = d H tc OI3)P3H{OMerckN@armstadt, German995 %) L © 0, 5, 1 d 2% ¢
BOSCHPH.sdp OCtsdz stsc O ' jJ HtsH Olsasd Ht2 t5 @ motimg ONgfatmvigds 5 ¢ dz
Czech Republi®99,6%), z ¢ Of Odad (29 =5 0, L) tc®Ofmo Btc O-g i®IS tf o tclef g O
(BDH Chemicals Ltd., Poole, UK 95%) d ®&jh Odets bsCts 2 MOO.
Yd dested W zedwwOdzd Gz gt dafy dz0 (k@ PO azse de ) .

0@ BEEEOY d O Mddzs  Isd MieEdCU)TIH & BOS% Es)Ditzt & Ps & & B
(CU)TIO:( ) (CUTOK &) .
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333 uddegfjleCRzEd iyJHO EsHdW S S0 OdBITIOY S sdzd * & d

dddzlsj L QV)Is€ 5@ BsHIW IS s Odetse  (Q5],6 e J dg@ Is20% tsy
hists ° jolstftsQHEEMgE® OlstmLHz] 5®0dzd L so Odzgy otH] d HdMY J
ZO0 OO W dzlstcOL s zydetsds Sk Olsd dzlz. 1 SAsgy| & § s @ady-H D ts
dZd s@O%ts " d MOHtey d IM)E% MiHdE0:)Hald 48%6{rQ, Merck, Darmstadt,
Germany L O 0,5, 1 d 1 dotcWisda®jcai@ CAAHSdAzZAStSc O  j HTS
ua tc Is ts¢ Edz;pﬂstu;m’CLWyeoNe(ratowce Czech Repubk8,6%),z ¢ Of Odztk ( 5§ 5
= 0, LY dfsc)mlsogstﬁ@tstdﬂadfsmﬁl@j@gmcﬁalsud Poole, UR 5 %) Ists€ ts5c&
2 frlOls(D sed’ jdd kOdsLd Mz dhnfteObzd Mizy dzdzlyg & d W If ¢
dzts <figlzdf A

g4 dzd AN sSIstsetcOW d " O Mmddzlsj Isd i O dzdZhTiCk (B s, ZOPIED([AALRO,OIs stc © 0
ZnNTio2( 9) .

33.4. BdHO@EEDONJHO BsHIW IS SFOTERE coty ' j o3

sddzlsjL QV)Is€ E@sE@ W d € 59 Odzse 9 By [G]jodtelh jddg@® BOC s h Is
fgds Os@ets(c MdHO HELOESS8dbBo Odzy otH] d HMY J to
OTC O bkdzlstcOLozydesds Sk Olsddzz. 1 tslstsdg ' j HIsH Ot
Is tsfOjlsd@ls © » dFad#iels BH.O( The British Drug House, London, EnglariB%9 L © 0, 5
d 2% 3t dzOdcodsHis jOr.I8 2O s8dz SS6 O " J HBHOIt 12, !
H tc ts CLinatime® Nefatovice, Czech Repub®8,6%),z ¢ Of Odatk ( 5 j =50, BY) 1 cf
fMis o 5tc O-B dz®IS td cfi BEMficBI@mMI¢als Ltd., Poole, UK 95 %) IssCsd3 2 MOl
s ddiipddd, yjdstdWizecdCOddflzqdhizd | (@fefPps 1 s < q

TEllre © -

e UON Sls B LOY q ' O fddgsj lsd o dzFaTiCh (6 fs FOB® O 560 0
(FOTIO2( © ) .
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3.3.5. uddls j&OnNdkHd®G OdgH ¢/ d € &o(R)ESL § dzOls d dzts ds

dddzlsj L QV)Is€ 5Pde@ RBsHdW S tso Odetsd5], 0t j dg® IsdD C2As% h ffls
“d s dosI@es(C MdHO HELOESSRdbBo Odzy otHy d HdMY J to
NVCTdO kdazskteOLokzydtsds Sk Olsd dzk610 el) 1220 eff. ) ISjO daH OHS® Isidts
tc Ofls o tstc OIV frdaAEsafdtEr(c =(5,13mmol-L1, Standard solution, Spectrosol, London,
Englang L O 0,5, 1 d 2% dsideO=agz®l sdH JsdR@ Of dz@ s didzH OIS |
dzO Is to & d & dg ts CLIadred Neratovice, CzedRepublic,99,6%),z ¢ Of Odeth ( 5j =5 0, 5,
d 2LYH gkomls o st dZOd HBHH @I@8icals Ltd., Poole, UK 95 %) I[IstsCtsdy
{ﬂ;;gz;)fi ded bOdzsLd Mk dhftOdd, Clzdaldpdd tddeyditc O dfdts j

Hdd AN SscLOl d O Mddidsj sdMOdzd 7 ¥ (56B)s,¢ OlsYE dEPRIO)STsite®
(PHTIO( ) .

3.3. 6. uddls jt 0N dsHG Odits H ) @ & B0 ® RT3

sddzsj L QV)iIs§ )@@ BsHdW (S so Odese  [B], btgh jldz@f Is O Wots {f
hists ° jolstftsQHEEMeg E® OlstmLHz] 50dzd L 8o Odzgy otsH] d HdMY J
Z0 Q@O ULz dzstcOL 9 Zydets 3 € 2z f QABGEIdZR33 £L 11666 sLad) Is' QjdzH HOMoHH @hsst
tc O i ls of D HIt)-tzf Bxtc EHND), o = LT Py, LStandard solution, J.T.Baker,
Phillipsburg, NewJersgy L © 0, 5, 1 d f206zCktdfdzcackg O Casidg dz@ ¢ O
12,5 mg VYo tcffldtm dc tsdBydfmas) Ndfadpvice, Czech Repub®®,6%),z ¢ Off O dzts
S5mL( o = 0,15Y) ©Ofl2a et tdDds HBPH @&Egnicals Ltd., Poole, UI5%)
ssCtsds 2 MOLO. [ tBd jdod ©OdzsL d Mk doOY tei@E dzd W
e ¢ ts (frytaf @35

wdzd QN sSlstsE O O MddalsjlsdMOdzd HTI B S OB®@ (ZEPOIsSstO 0
(PA)TIO2( @) .
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4. sOtOCIsjtedLOYd O WslstsCOlsOdkzdL Olststc O
3 4.d%tc@OpdHiz] &ZMS d2 L KOOSO WO ft.OZk ( XRPD

stedMsOkzizO0 Mtk skztO TAOEL MG (CUK®E Glzdlj O H200
O&zO dzq L 5 d3 Hf{t¥ Ho@IE QREQ jzMB J& L L XRRD) O f BPS P Mk MY et
sfkh jddd §cOf s IFALBHd P QT I E3E] stcO o JRigEMU,] toj |
Japan) , Gf tiCd’ Kdibsesd LsOUA) Of Ge dz0f ivaps Gyastenz * 45l

i ts

30 mA. liedSEZf? 0] (HOBOCO LO Bi@®@RYyj2d.] utEs Qxd
HdWOCyd j toj dzHfgt] teiafel i j detdc O tOd * g to L -thidZd | jinckd] wizf{de@D ¢
CstcOC O Cttedh <j O ISt MEJjddO® © BJdddaANOdI- 0,
BOjted OdzO, COB d ojdzdyddzO CttdmlsOddlsO, HJ ¥ Btcd!
Mz Codh <j  -f &c dayPadzeHalderi Wagneyj d3j IStsH j EetcO' § dad z

HdWteOCyd k tjdHej dglmMS dnr L elPEXER ( dzQ tc f 2AB@Q) Rigakd dzls | 6 1
Corporation, Tokyo, Japgn

jtoj HPW 5O tgHdz] dzM S d 5 L . OS GRPIEQ O f @ e Cdf
¥ d&tke @HEAEO MY tcso j HY d20 Mk dzO0 toj dzPhlips®WLOEOd3 Hch
h < i “Wjddezls te d @A dedey § ¢ OJ dj dzlig@iBraggBrentang ¢ j s d3j Isted
MO’ O. Rdldsjde dlsjls HO¥ 8OTAd2d ™M mpdzddzddztg;
Ao jdzj dzs 3 B Bfsts OF HeoBTdzdels Ols d o dz0 d § sdzzC o Odzls d Is
L olcDifjaczOEvaits®W Idzo j 8 Otc O3 Isted ~ jHdded ydej < j dzd*
? JXRE 2 L 5t 0C O f s d3ts RowderiQel[B55]j t® O §esyj dz o |
sOdzdlsO ftod dj ¢ j dzO(§ dzpchelrep@ Y HFREED 2z j o] totso O

42, 4CjddO <O jdzj CltetsdzMC O  d3d Sty S el o o Qlzts
Ny jClsesdi lSEdEDBE ( SEM

6CjddtcO’ <0 ddzj Ctcs &M O MB] Cplzhesf §MOts ( HC
tcJ dzH ¢ j figafn k& Sslside s d{EDSKe d d sak3j H Rhéz®mProk dij& Istesdz ¢  d3 d3d € te
(Phenom, Thermo Fisher Scientific, Waltham, MA, USAGs e s d3 ktej ' O° & Mmdad d3? J ¢
TiO2( 1 )0,4% (CuYiO2.1 Of sdz ZBtcL OF O Ists¢ sk, MEzd DS OP B &2 0 | (

dCjddtcO <O | dzj € Istctsdzm$ O -HAgdfrfY tg ttcfn St tfdats d Q@ € jlsd
(SEM-EDSOdzOdzd L ©) dL o j Hj dEDL (TgkyoSImpary ISMGOLFj dzd M d ts dzts @
MCjddtcO <jc jdzj € stetsdzMC s¢ Orfrfinstmiménts (ABIngdol, UK)ts dzB
Xplore 15 JjdajtecjlsmSd HIMY jtoL d o dats ¢ tc tpdff dizn ctg e stz a de
0 OC kB0 ( f t*dROMzd ¥ datTi®dafy qdsts H d %  § ts 0 Qe ki L fistsjyles s H
sBdztsy jdzad Jjdzj SlstosftetsotsH? do dd3 LndzQusdagddg® ¢ tfj tc j ' d3O L 453
dzO fitsgzB toL OF CkV 6 H M B @jas dZH Q Y 4 dzfidByddAHnA, ©OH dzZO Bk HO? | dzts
mmd ko j<O® 0 BH RIBlSOWD OH tefz S JEDHHEDAE| L, z ¢ tsted M < j dzd
B tL@OH k¥,Onlstafgtsdzn j ° Oyd dzj nAf tc doeDdzdizPdztz H D8M) dzlz ) |f < OF |
sH F2EOtt] 3§ OCHH LIOyYaf * J

343. [flsduS O jBdmdsdd M jSktesns s dICOOS dH kS s

0,1 g Wl OlsOdzd L Oreltyyt©ds i)' jij(HNOPOE» 1t81cHNGEBS5%E 2
SlgmaAIdrlch St. Louis, Missouri, United Stat¢$Cl 37%,ChemLab, Zedelgem, Belgium, kL stcyd
Mz L Oct] 9 Odzd, O LOIdd tcOfMmlisdetstcds@afdztsimzy Hinfd Gidzdzd L S ¢
WddzstedteOdzd. | sHJ dzd tc O fiPks BdisQetfFe) W tidrts O@O@Ed 1d GlOse O ¢
Thermo Scientific iICAP 7400 duGP-OESd dziIstc Z (@gddgles@d 11 © fted Sk ? O° §
fsHOIOC O ¢ tstedn Fherdzo Scientifi) Stkedsas Igtadligent Scientific Data Solution
(ISDS). 10 COdzdBteOYd " j§ Mk Cotedh <jdd JSMisjteded MM

&Q@WQD,‘H

o .0
w =
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Ctsd3j teyd Odzdzd R1000H indgh dzM@tteake@ent (ICP Standard solution, Chiab,
Zedelgem, Belgiupl mgL? Pd Standard solution, J.T.Baker, Phillipsburg, New JerdeyngL !
Pt Standard solution, J.T.Baker, Phillipsburg, New Jeysey

ﬂ

}Q__i__;;_

wdzf CODICROES (dgmlstb &) dzls Csdh<jdz £ SCodik 6o,
3.5. ASBEFO(USO HjcEOHOY] O
35.1. 1tedfte] K lsts@ipdsoOstE@ b1 O

10 WishsCOOdzdLEz Stedh<jdzO Mk He O ELLCO. 1t
qdaztzrd & €ts°"d "4 HJGWOHdKOd MO Moadd Mddzlsi Isd M
MisOdzH OtcH dzd tcOMmlso ste yYydftosW dzcst Moyddzd ¢ d " § H
ygdkz Bt? j6 OLEAB] o900 ftosyj MO WltsCOBOddIsL j
YydftetsW dzts€ Oy d dzO.

35.1.1. ltwdftej &30 toj Odzdzse tOMlsastc® L O Wslstss

bz ydiesy &zss MOyddo, ¢ tdkj Maofen® Hedgstarm,ts O fls
Serbig , C&'d fn@H o Hhod Prd s Y eRGRO@ID, Ol stOagss d |
osHd b MSttdkOddtd Mkl k@ EsplEID mse d | s tOMiss G
250 £ Hibkesd dstdOddsd fkHk. stdoydkd ¢ ddydd
4,75-100mol-L?, HdsMmdts BOMj ddgCisdzyj dzglsteOyd © 20

3.5.1.2. lwedftejBO MdbBzddecOdse tOMlsostcd L O

5mgwtmilstsc yd{ tes@CdiasBiiBEnrergtoder, Augsburg, German99%9
tcOfMmlso stej deL H' jj tSazd2 5 Omdzj o tHj . stdzdyddzms O € tsdzy.
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o J dzd yd dzj AuilgnihEedhgolgies, Santa Clara, CA, USA Cttedh<jdz " J L O
“dJHdTjJc0O. RMftejH RtotsBOLBEtOW M| fisdzGngyid  sblsOs
ume j dzd yd dzj Agignfifedfinglegigé. [ 5B d dzdzO W OL O M) MOMIsts' Od
B lsOdetsdzO d 10% Mmus pl@izld dzOd fif jededsdz £ O( “npL-min'&H § h j d
LteOHd " jdas BtsB d dzdzj dJiALOdpts A Es b tel MOY B Y fad s MJ
B sOles &S 2 tsH 15 BJdzkzls O, ¢ tsdztizggel® O dris&B®EFs & d3 d3ff figafz d
fsyjlsded kmdzsed Mk f(odtseots kM tsMmMisOe? jded k2 ttsCk
i s 3L EQ@EXL (Thermo Fisher ScientifigsO M dztse M J S stetsdZi sStc©® MO dzd dz
sOts bjrdd¢0O ‘tddLOoyd  J Z dsLdlsdedesds tej 3 d sz
fOteOd3j Isted (L o tste @OH dsdia] dfiR\E tfipddjOhnp tdzts SIOY.O A A 3 tetsd
( OB dIs Ojcwlafl eq y J -1z0 Gs fHNj CRBPK D5 dssdz) d s BYf j 6O
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4. 1. DFT fttsteOylkdd

411.1 j L d oda@ijjls O dzO »(daDO L) [ tso teh d dzg

DFTC s s O Ols d o dzts | Is joffigim s Qtick Isoff 620 1) [ do( AT I 241 | O
fo] B BOEZO (f) d2O Itd 0k qddd dbjdisDb isds §da
(hollow), &3S My ls  d L dz@t 2[DiBge gL ZOH Ols s a3 ftsp(BRA{R@ K

' .-' 4"

CEOED.
Jhu»ﬁm¢u~.
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~N@J&
PP,

kam@ d.ﬂt\ml

,_:%yﬁfihﬁ
(B)

o dzd CTOu M6k C s lat)j o i (Bf)Oud E g dzdioliqw) (8) . (etidipds(e) . d£op)

. stsHOBGEI Oytehij B@®,] dfO.

RLcOybkgzizistgc d * J OHnrjLd" " § ftoj dzOL dzgd n d3j Is O dzO
f sotchudidfj001) HBjIzMHE E

uOB WP A teed j @HRJfdisdePdkds &ilsO®O &0 odMse
fsoteh ddejoOul) (dz. f). ©LAdOUO0 O Adzj fjls O8 d dzO dzfi )

: . [ i O« :
[ J IsO« Bridge Hollow : Bridge Hollow
Binl @) @ TPE ERE ey ey TOPEY
9jLdo
Ag -0,868 -0,690 -0,274 Nb -4,476 -4,416 -0,604
Au -0,680 -0,757 -0,523 Ni -3,376 -2,967 dz. M.
Cd -0,220 dz. . -0,050 Os -4,675 -3,902 -0,675
Co -3,581 -2,967 -0,422 Pd -1,398 -1,830 -0,806
Cr -0,870 dz. . -0,115 Pt -1,962 -2,698 -0,939
Cu -2,376 -1,206 -0,270 Re -2,700 -3,382 -0,259
Fe -2,492 -2,994 -0,431 Rh -2,429 -1,802 -0,799
Hf -6,817 -2,695 -1,106 Ru -2,805 -3,145 -0,860
Hg -0,076 -0,048 -0,041 Ta -4,805 -6,435 -0,769
Ir -2,887 -3,897 -0,979 \Y -4,006 -2,348 -0,342
Mn -2,385 -0,931 -0,268 Zn -0,314 -0,077 -0,053
Mo -2,628 -2,598 -0,141 Zr -6,014 -5,503 -1,170
1 6 &3O HISBq’ Jdzaddiz tjLEzdzlsOlsddiO DFT #ridgetc © Yl dzO
ftojWjtejdeyd Odzdets L O 9 j<ddzz ftoj d&zOL dadn 3j Is OdzO.
ddzited J, O~ POHETL ] O d I8 tod3ts wef dz® dfd UG O BHEDOS
Hitf tdzso Odzse fdzs® © IsOC s adhq’L@B:EfjnD[q’asdzJ s H dzisth@©d dJ o
Mots' Miso Ocol3d SOTBO (cfhhd BUISE 4 M HO BIOdz ¥ sted3d
sBtodzlzIsts, con® Qf © Bijls Oz " j] MC dzsdz 267k Ry dtdcE Hzdz G5 jdztsjd3iE it
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I d I ! | . I i | ! | i | d | ! 1
0 1 2 3 4 5 6 7 8 9
Econ (muTEparypHEe BpeagHOCTH, €V)
g dzd 48p stej ZOYyd " O dL 3 ' 2 jdejtead O € t5r jrkoff[257]d d3d Wz O ( C
OHmjLd | i B8O drd te® Yl dzOlsedy) [ff tesjoHsh)ls Al iZjHddO o J( -1y te dzd d3
dzd dzd ‘ad@ T o | HOLO LPopp Oy eyzd " §J vyYtco jdzdd3 steslze dziso
Mo d d3J lsa@<zdon( iN@zOB d ° © TOH(RQAQA L) Oz dfostej ' J 2 MO CsERf.Ld’ s

sOt hists fj digzd J&o dihgideidizjde@sty tsMGuiz " & dzd > § diL
[an 020 (o[l  §Gtei' j° MO jCmijteddj dzls O dzd
dzd s j 6Olaxtgdn) ( (1 BBE IO M Isj tod3tse@uizOd uifald -f tsdz
(sfhigis £ SBddCbk dOdsyjMmsdyo, O dzj WsttddwOs j d
fMlsOB d dzded 7 ke ¥ stedided s Miks' joO ftod odmMsSdd § tsd
fisled Y& sy d Md o dHJ & g, EDZndkin Cd, FeCdsN®,&2dfHf 6  H O |
fsCOLE £ BOSGIconc®kzdd Mz A6) A td dzAfifs, Ciidgh Pt, Mo,
Ru,Ir, Nb,ReandQst tsBL dtetsds HO dzd " j HOdz SH &JIsOZzO dzd * J
%O oo 52 Odz HO Bd Mj WYsethkdeoB KO0 Ny
dMstcOy do OF O GeteOdd yd &O dzj SBkdCt dBjlOLO C° o
Olsj ted 1@zdudglzso z HtsBd  jdzdm t6jL EZA&ZISOISO, ©HAEZzYJ d
tchd HjftsLdyd O BOC totsds, 0] f tslstsds, ZOC sdz b
fjteddsj dzsO, MmddzsjlkdmOdd Mk d SCOkOdk]L Okt
OHd ZRSBsBYdS 8OLEsBEz oL zdudlsdd @t dd &
4

1.2, lweddite (Cu)wvi [2. Istej' i OHRjLd j C

O Bd MmJj B dzdiylfjts fryftfiplsdiaCigisf de@i L d © ©OF © tsH OBife@dzd =
ek UOo OkO jd&j ChisdMC O Mot Mo ® Mdmlsj kO,
O dz0 (001) d (110Qls o@D’ tdjsdfd/od .z Jotjls<dsdszd |
sdo Odzdm sotehddzO MO d BjL Mg MPtcBtso Odzsc B O
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ddzd QD[ fIsdBIL 50 Odzj € § 5BJ Is FiP(0P1PY d2ts TP (1Y (385, HO)ls tSfiylEd
OHMtsteB 59 Odzd d3 B GtdBiaRIgdr. stEFinslE XG5 tc § JjCie®, tc O ts dz.

RLEOYEdZO] jdzjteed j OHSjLd j BOSGE@Bage d3j Ml
fo] desftsds dzgOj dzj Clsted MO OlOBAAMdz o j L o OF O HOIl] Mk

U OB j4RQA LOYdO] jdjteed j OHRjLd J BOS©KO d i dzsmO
ltojdesf j dzj § Ist

DNe 2N
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AtSlssC Ols Odzd | Eadn (€V) ZTiO
(Cu)TiO(001) 12,61 0,65
(Cu)TiOx(110) 16,71 1,05

[ sBd " J daj otcj HdesMIsd Jdzijteed © OHRJjLd |§ fslse

MisOB d zOdz dZUO e stlzPdzed © o jLdo O jJ “j fteO<jdes L dzO
MO BOTI®O O jTIQ( OLAWO | L dOyo T@g 00AY0 Iz IstOmdfts figt
Md ddzdyd Odzdzs syj $doOdzO Ocdkzsd3j tOyd O dzO0 wfdzso
[ (2) CdMidddOfz1I8) cHdpdejsHI HB °~ QGHSGcon) SAzME 5B O
ddzj Slstetsdz My G slsf zdzBO.f toj detsfpd MO BOSC WO dzO
LEtOIsS 5, HsBd jdd DFT tjLkdzlsOkd ESOLE E d
Csdzy] delstcOyd“ O30 B OC 60O, Isj ted3sH Jd2OBd yusd tsHmisd
HsMskYd desisd o3 Mls©O® BtseOIsdn dzj L OMd<jdedds S dMmj tsd
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MIsO®J HJItLdBLO dZ2O fsotehdded, Ctdstesdzdhlkz<d ¢t O
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05 —— 210 min ZIOm!n
\ 240 min B = ——— 240 min
00— T T v T v T T —— 1 0.0 -+— v T v T v T v T v \
200 250 300 350 400 450 200 250 300 350 400 450
Tanacua xy>xuna (nm) Tanacha xykuHa (nm)
(a) 6
207 20
0,4% (Cu)TiO, 20 mg 18
——— 0 min 3 ; ,
15 15 min 16 0,5 % (Cu.)T|OZ 20 mg
g ——— 30 min 14 0 mm.
T 60 min - IS m!n
3 ~——— 90 min = 12 30 i
£41.01 o . = 60 min
o 120 min S 1.0 :
2 Po— : [~ 90 min
= 150 min o) ;
< g S 08 —— 120 min
— 180 min = .
R : 150 min
210 min < 0.6 180 min
iy 240 min ‘ :
0.4 210 min
240 min

0.0

200 250 300 350 400 450 00 200 250 300 350 400 450
TaJ'laC(};a)l AymBa (i) Tanacha jgyxuna (nm)
(r)
2.0
2.0
1% (Cu)TiO2 20 mg 2% (Cu)TiO, 20 mg
—— 0 min ——— 0 min
1.5 15 min 18 —— 15 min
—— 30 min —— 30 min
< 60 min = 60 min
= ——— 90 min g ———90 min
L§- 1.0 —— 120 min L§_ 1.04 —— 120 min
8 ——— 150 min 8 —— 150 min
B —— 180 min =1 ——— 180 min
< ———210 min < ———210 min
95+ 240 min 0.5 240 min
0.0 T v T v T ¥ T ¥ T . 1 0.0 T ¥ T ¥ T v T ¥ T i 1
200 250 300 350 400 450 200 250 300 350 400 450
Tanaczia)nyxmﬂa (nm) Tanacha ay»uHa (nm)
P

o dzd SPUVAVisY j Ssted ©OMo 0O yYdi el dtsS i) OMtf dz@s &fCEsl 12040
B dzklsO Y slssC OlsOdzd Is gmgCTiD( & J Ti0 je P4YdCO)JiO-f) @0)5% Cu)TiO,
( &% (CUTIO2( H2%, (CUTI( " )
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2.0
o 1% (Fe)TiO, 20 mg
0,5% (Fe)TiO2 20 mg —— 0 min
——— 0 min 154 15 min
1.5 1 15 min —— 30 min
——— 30 min g 60 min
g 60 min z ——— 90 min
3 90 min S 1.0- —— 120 min
g 1.0 120 min & —— 150 min
3 150 min 2 —— 180 min
& — 180 min < 210 min
05K 210 min a5 240 min
240 min
0.0~ ' ' ' — - o0 200 250 300 350 (')o 450
200 250 300 350 400 450 Tanacka ayxusa (nm)
TanachHa ayxuHa (nm) 6
(a) (6)
2.0
2% (Fe)Ti0, 20 mg 204 0,5% (Zr)Ti0, 20 mg
—— 0 min —— 0 min
15 15 min 15 min
’ —— 30 min 1.5 4 ——— 30 min
< 60 min < 60 min
z 90 min z 90 min
g 1.0 —— 120 min S 104 ——— 120 min
8 —— 150 min S 150 min
= —— 180 min = 180 min
< 7 —— 210 min < i | . 210min
0.5 ‘ ; 240 min 0.5 = =\ 240 min
0.0 - v T T T T T ¥ 1 0.0 T v T T T v T T T T 1
200 250 300 350 400 450 200 250 300 350 400 450
Tanacha nyxuHa (nm) TanacHa ay»xuna (nm)
() (r)
20 1% (Zr)TiO, 20 mg 201 2% (Zr)Ti0, 20 mg
—— 0 min ~——— 0 min
—— 15 min 15 min
1.5+ ——— 30 min 1.54 ——— 30 min
< 60 min < 60 min
E —— 90 min g 90 min
Lg- 104 —— 120 min Lg- 104 ——— 120 min
3 ——— 150 min 8 150 min
= —— 180 min = 180 min
< ———210 min < ——— 210 min
0.5 240 min 0.5+ 240 min
00 T v T v T . T v T v 1 00 T T T T Ll 1
200 250 300 350 400 450 200 250 300 350 400 450
TanacHa mxyxuna (nm) Tanacha ayxuHa (nm)
(m) (h)

o dzd AOUV-Visif j Clsted ©OMsotsc® ydy ety dsS i) Ot dzds SSEsl <2d4j0
B dzzls O ¥ slkssC Ols Odzq Is gmgD,5% (Re) TeaD WARe)ITIQIB), BEAFITIM (o),
0,5% (ZNTiOx(Q), 1% (ZN)TiOz (H), 2% (Zr)TiOx (" ).
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20+ 0,5% (PA)TiO,20mg 27 1% (Pd)TiO, 20 mg
—— 0 min —— 0 min
15 min 15 min
1.5+ 30 min 1.5 4 —— 30 min
< 60 min < 60 min
E 90 min g 90 min
S 1o 120 min € 1o- —— 120 min
S ) 150 min S ——— 150 min
=] 180 min = —— 180 min
< 210 min < ——— 210 min
0.5 240 min 0.5 — 240 min
0'0 T T T T T 1 00 T T T T 1 1
200 250 300 350 400 450 200 250 300 350 400 450
TanachHa nyxuHa (nm) Tanacna nyxwuna (nm)
(a) (©)
2.0 1 2.0 4
2% (Pd)TiO, 20 mg
- — Omin . 0,5% (PYTiO, 20 mg
—— 15 min 0 min
il \ 30 min — 15 mi"
< 60 min < 30 min
g | — 90 min i 60 min
S 104 | ——— 120 min 8 40 90 min
o] ‘\ 150 min & — 120 min
2 —— 180 min 2 150 min
. ‘ —— 210 min < ——— 180 min
s 240 min 05 ~210 min
Se= 240 min
‘:‘:\
00 T T T T T 1 00 T T T T i T 1
200 250 300 350 400 450 200 250 300 350 400 450
Tanacha nyxuna (nm) Tanacha ny»xuHa (nm)
() (r)
2.0+ 2.0+
1% (POTIO, 20 mg 2% (PYTiO, 20 mg
0 min —— O min
—— 15 min —— 15 min
1.5 — . 1.5
- 30 min —— 30 min
= 60 min 7\ s
= 90 min < 7a\\l — 60 min
] g ~ 90 min
4 120 min = \ .
5104 ——— 150 min \Q 1.0+ A — 120 min
2 —— 180 min 8 W — 150 min
< ———210 min = i\ 180 min
f 240 min < By ——210min
0.5 0.5 1 NN N 240 min
0'0 1 T 1 1 1 1 00 T T T T T 1
200 250 300 350 400 450 200 250 300 350 400 450
TanacHa ay»uHa (nm) Tanacna nyxuna (nm)
(m) (H)
4 dzd @OUV-Vis j Clsted tOfMss 80O yYdi ol dzsS fi) OMg dzGs CEo 9dAj0
B dzsO U slsC Ols Odzd Is gmg0,5% (R TOHO, LB @df TiQ: (B)f) B% @ITIO: (o),

Y
]

d{
53

0,5% @1 TiO2 (d), 1% @) TiO2 (H), 2% (P TiO: ().

UV-Visi  § ¢ Iglifg<39-41)

felot' £° I

tc s W dzts, SHAPO y@Ekds®dn, i O° & ° j

J 8O
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200270 nm 2f <k k22 dzO WisttdkdO® | fcsHEZC OISO t©OL GOl
YydftetsW dzs ¢ MOy d dzlz .

ABIstsH jGtecOHOYd O dMfMistsaeng HeOlinis® Glc@dzd LABIS cHO H B
HtezeOuyd J tod L zdzls Olsfigiz Oyl vm ik sfstsdi § @uc@ded® yagt© d yd
MO NMY¥ slssC OlsOdzdL Ols st O, ZzOTiGEO © [(ZOHE e O dzts &zP tc dzd
EHjdsd tH 0, 5%. 1l MO0 SCdzyj dzZlstcOyd © Wislsts§ O
Hi GtOHOYd  tsd3 ydf tes¥ dzts € f) OVYy\fsdpd j B otisdyg ¢ B W dzt®c ddd O IS
ftcO<j g Hj GteOHOYd " § . st O MB3s HEEyddad HO
VisstsC OOdzd tcOlB®ic® § skzLHOdd § d ftejydrded 4 twiLkz

2.0+
2.0 /-\
TiO,30 mg ] ‘Jf‘ \ 0,5% (Cu)TiO,30 mg
2 IN e
0 min 15 \ 0 min
1.5+ 15 min ."}f A 15 min
30 min / —— 30 min
< R < .
g 60 min E’ 60 min
LS 10 90 min 8 1.0 4 90 min
8- ’ 120 min 8- 120 min
2 150 min 2 150 min
< = 180 min < ) 180 min
0.5 210 min 0.5/ N ——210 min
B 240 min f 240 min
00 T . T " T » T - 1 " 1 OU T J T T T v T -"_;Ih—_" 1
200 250 300 350 400 450 200 250 300 350 400 450
Tanacna nyxuna (nm) Tanacha myuna (nm)
(a) (©)
204 A 2.0+
“u/ “w,‘ 1% (Cu)TiO, 30 mg 2% (Cu)TiO,30 mg
" ‘\ 0 min 0 min
1.5 I\ \‘ 15 min 1.5 15 min
" ‘ﬂ“s“ \“\ —— 30 min 30 min
= | il 60 min g 60 min
= | 2 <] .
< | 90 min < 90 min
O " O 1.04 .
8- 120 min g. 120 min
2 150 min 2 150 min
< 180 min < 180 min
210 min 05410 210 min
240 min 240 min
\, —_—
0.0 = T T g T T T e — 0.0+ T T T T T T ™ T g \
200 250 300 350 400 450 200 250 300 350 400 450
Tanacua ay>uHa (nm) TanacHa nyxuHa (nm)
(B) (r)

4 d&zd UDUV-Visi j Slsted tOMotste® yd{§ sl dtsC fo1pd dz0ls tf S Is 224 0
B dzz s O W slstsC Ols Odzd Is dmpuH MiBIBA O BEAAUTIO( BiPRCYTIO, ( 0%,
(Cu)Tioz( ¢ )
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2.0 2.0

0.5% (Fe)TiO, 30 mg 1% (Fe)TiO, 30 mg
——— 0 min ~——— 0 min
16 15 min 1.5 15 min
30 min —— 30 min
60 min 60 min
s 90 min S 90 min
\g 1.0 — 120 min é 1.0 - ~——— 120 min
8' 150 min 8.. 150 min
2 —— 180 min o 180 min
< 210 min < ———210 min
0.5 240 min 0.5 240 min
00 T " T T T T 1 00 T T M L M ) | T — 71
200 250 300 350 400 450 200 250 300 350 400 450
Tanacha gyxuHa (nm) Tanacha ay»uHa (nm)
(a) (6)
2.0 4
2.0+
2% (Fe)TiO, 30 mg
— il 0,5% (Zr)TiO, 30 mg
154 15 min ——— (0 min
——— 30 min 1.5 ——— 15 min
- 60 min - ——— 30 min
g 90 min 'éf 60 min
lg 1.0 ‘ ——— 120 min 3 1.0 90 min
- \! ——— 150 min B —— 120 min
2 ——— 180 min 2 ——— 150 min
< /\\ 210 min < 180 min
0.5 N 240 min 05 ———210 min
~ 240 min
0.0 T T T T w— 1 0.0 T T T T T T T T T T \
200 250 300 350 400 450 200 250 300 350 400 450
Tanacha ay»xuna (nm) Tanacha jnyxuHa (nm)
() (r)
2.0 4 2.0
1% (Zr)TiO, 30 mg 2% (Zr)TiO, 30 mg
—— 0 min ——— 0 min
1.5+ —— 15 min 1.5 15 min
- ——— 30 min - ———30 min
= 60 min = 60 min
& 1o ——— 90 min g B
2 ] —— 120 min \% 1.0 ——— 120 min
2] ——— 150 min 2 — 150 min
< — 180 min < ——— 180 min
0.5 05 \ > 4 N ——210 min
—— 240 min
0.0 T v T v T v T pr—— v 1 0.0 T v T T v T = T ¥ 1
200 250 300 350 400 450 200 250 300 350 400 450
TanachHa gyxwuHa (nm) TanacHa qyxuHa (nm)
() (h)

4 d&zd YBUV-Visi j Clsted ©OMlsoste® ydi el dsS fo1pd[zols f Smds s 2z 0
B dzzls O U slssC Ols Odzd Is gmg0,5% (Re) TEED WARE)TIO.48), Z0QFeI (9), 0,5%
(ZNTiO2(Q), 1% (Zr)TiO2 (H), 2% (ZNTiOx(").
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2.0 2.0 1% (Pd)TiO, 30 mg
0,5% (Pd)TiO, 30 mg — Omin
o 15 min
fmmn ——— 30 min
1.59 - 15 min 1.54 ;
; 60 min
30 min :
< . < 90 min
= 60 min = :
g 90 mi g 120 min
S 104 T S 104 150 min
=¥ ——— 120 min [= B
8 150 min 8 ——— 180 min
5 180 = ———210 min
/ 0 < 240 min
0.5 210 min 0.54
240 min
00 T x T x T ¥ lr;: b T v 1 oo T . T % T ! T & T L 1
200 250 300 350 400 450 200 250 300 350 400 450
TanacHa my»xwuHa (nm) Tanacha nyxuna (nm)
(a)
2% (Pd)TiO, 30 mg 0,5% (PY)TiO, 30 mg
—— 0 min —— 0 min
—— 15 min 15 min
b —— 30 min & 30 mgn
= ——— 60 min i 60 min
¢:§ — 90 min < —— 90 min
O o .
8— —— 120 min 8- ——— 120 min
2 —— 150 min 2 150 min
< —— 180 min < —— 180 min
—— 210 min 210 min
240 min 240 min
0'0 T T T T - T 1 00 1 T T T - T 4 1
200 250 300 350 400 450 200 250 300 350 400 450
Tanacha nyxuHa (nm) Tanacha ny>xuHa (nm)
(B) ()
2.0
1% (PYTiO, 30 mg 2% (PYTiO, 30 mg
—— 0 min 0 min
—— 30 min —— 30 min
< : <
g 60 min = 60 min
< 90 min 3 90 min
O . O
[<% —— 120 min [=% —— 120 min
o s (=]
g 150 min g 150 min
< —— 180 min < 180 min
210 min 210 min
240 min 240 min

T T T T T g — T Y \ . T T T T T Y 1
200 250 300 350 400 450 200 250 300 350 400 450

Tanacna gyxunHa (nm) Tanacha ayxuHa (nm)
(m) (h)

4 dzd YOUV-Visi j Slsted tOMbose® ydi§ sl dsC fnoipddzols tf g s 224 0
B dzlsO ¥ slssE¢ Ols O dd 186 mgD % @ BQs @190 TiD: () @% Pd) TiO: (9),
0,5% P1) TiO2 (@), 1% (PY) TiO2 (H), 2% (PY) TiO2 (*).

I ste ' JJ MO MY jSClted gL thoa figd b 58 s afte 'dits™) 4
dS offdztsfigls MO L Odzj &30 BV Q@ Sztsfitdsoin Bfijls o € Ols Odzd L Ols t
o

W
w
dz o O ©OLGWOHS O Hjh OO d&O ftsotehddd S OLOddL Ol
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2.0 A

cnena npoda 60 min
cnena npoda 120 min

cnena npoda 180 min

/\_ J "\\/\ cnena npoba 240 min

0.5 1

T 1
200 250 300 350 400 450
TanachHa gyxuHa (nm)

bdzd 98u tf j CIsted tOMlsoatttc® ydftesW dzsS MOYqddzO dL dzsy § desé L
fcse O) .

AncopbaHia

43. 1. [%dCoOmdsils COlOkdL Ol d Sqddajlsds O Wi
UV-Visitf j S(sipafds4d) § slsots’' ' & HO fj CO®OCI] tdfmlsdn

YyqdqftesWw s mMoyddzod dodzOLd dod s 277 nm, O ¢ jceftss
WslstsHjGteOHOYd " j. 1t 000 " OfMmdets HjWddzedmMOdedr dL s
&ZzO tOodetslsj ydzd Htesydfm St d EC?kyk " J tOf jz@d O° |
~dIME- tEBdREE) ®B@OY 0 L wO<dd Ol Od® dgdd dask % qFR20 dg
277 nm ECoOL k" | az0 wistedzd s O J ftesHEZSC OISO cOL
ydftesW st mMoyddkz, Odd dBk0 k& fndzOslc[tstdzJ iy “tsgin) tshiy @iz tshls
fdzj § Jetsmfj dztsy judedohy [fflzf C45) § slsoteh @ J WS OMdesils Hicte
LOdz) 30Otc? do O UMy ezt mbsgza jL COOdzdL Oststc O, h s ts
Hi" OO &0 ftsetthddzd COOdzdL OltscO.

U_tsatsd3 c[fnl_ster c{a_oql_z Mmisd ¢ J dz oL GtGOHq__J ‘J.ISHtG‘
O j ¢ 0 € ts5daaq) dalste@ajds diu S(d d3  ciftsteig) tsia] d3falztffcifig it | H O

T 1 i Huee d (Jey Oy @0 ( 4

A A A (47)
1 1 fj beisizls d(§ t6 gz0 y §)Hz0 (4
A A EO (48)
IHjof pyujlssizRyj dzstcOyd O yd i tets W @mne)mn Gfpakdzdmitfts iz = 0
CodelsOdzlsj BtoL ddzji-f teg @ o efiizfighlsk @ fitcti fy §zlz H s
RLtcOYkdzOl] CtdemlsOdzlsy BtoL ddgj tjOSyd O d ¢t
B dziz s ©  HeDEsjAdipB dF j dzj S ddzj sduSj Stde | wBlSlSHJG'tQO
Yyqi el dzts§ MOy edz@ O @ 0d datiglz W ds Istists jOHs iplstef sipelistzds
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c/c0

]

4 dzd € Os Wcpa j

14~

—8—Ti0,41)

—Ti0,

A 14 % (Cu)TIO, (1)

TS % (w0,
i '.(('u)Tlf):
——2% ((‘an!D:
P05 % (FTiO,
1N RITIO,
—— '-(l'clho2
——05% ﬂ’dl‘l”rO:
T 1IN T,
T 2NAMITIO,
9 '/ul).l)llo.,
10 )'l'rO:
—— (ll)ﬁ()_,
05% (P m():
i '4«(PI|I|02

2% T,

0.3 4= T T r ; T
0 50 100 150 200 250
t (min)
| 1o,
ﬂ ® o,
L . A o450, 0)
] V ¥V os%Cwno,
0.9 4 ® uno,
1 4 2% uTio,
0.8 5 P uss o,
® 1%FaTio,
d * 2% (Fotio,
gy ®  os%pgTO,
@ %m0,
0.6 - 2% (PATIO,
C < 03%@T0,
0.5 - 1 % ZOTi0,
2'-.47:»!10:
1 05 % (POTiO,
Rt L% (PyTi0,
q 2% (PYTi0,
0.3 41— : ' |
0 50 100 150
t (min)

M ¢ O H@us j§ @y
tOfmso ste® yYdi tets
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—B—Ti0, (1)

®- 10,
A 0,4 % (CuiTiO, (1)
¥ 0.5 % (CuTiO,
& cutio,
& oo,
> 0.5 % (Fe)TO,,
@ | wFaTio,
* 2% (Fe)iQ),
o~
4 (=] ® 05 “ (PAITIO,
\J
S @ 1 % PATIO,
S’
: PP,
—_—
0.5 % (ZnT0,
1% @010,
PN,
5% P,
- 1 %4POTIO,
@ 2% T,
T Y T ' T : T Y ) : !

t (min)
uozd 90/ d dzj Oted ff 5 NGRS S S BRHOY] * Odzdets e twOMso SO yYd§f oW dz

s OB j8FOL 6Ok &zOIs j € tsdzls Odzls j -tf Hete Lsc dz - Al AR} Srardfisitsd) tH ¢Dig Q. ECH bs
Y e &ZsS Moyddd (CIP) d fotj' jSj MssfO ©OLEC©GOHS j
CIlP dzOCtdz 240 &JdzzlsO) .

ko( mia'l?

K(®i C % dC O

T 2 2

s Ols Odzd ka( ml)IjL@ R miWiL’L?) R W ( %)

Ti01) 2,310, 9 1,78 0,9¢( 1,02 41, 96

Ti20 227 09 9 17 4 09 8 8 100 43 4
04% (Cu)TiOz 3,560, 9 2, 38 0, 9¢ 1,57 56, 59
0, 5% (L 328 09 8 220 09 3 8 14 4 5@B80
1% (Cu 320 099 223 0971 141 546
2% (Cu 306 09 8 216 09 7€ 135 581
0, % e ) 191 09 8 109 095¢ 08 4 326
1% ( Fe 201 09 8 158 09714 08 9 321
2% ( Fe 24 5 099 18 6 0973 10 8 4% 3
0, 5% (2 201 099 158 09 9 3 08 9 326
1% ( Zx 196 099 156 09 9 3 08 6 38
2% ( Za 178 099 14 4 09914 0,7 8 3®9
0, 5% (=2 34 2 09 9 231 09 7¢ 151 SHm4
1% (Pd 3,6 3 09 9 24 1 09 9 2 160 SH7
2% (Pd 321 09 9 219 09 8 2 141 SDO
0, 5% (2 29 6 09 9 20 8 097C 130 STIr2
1% ( P2 387 099 24 4 093C 1,70 6 B6
2% ( Pa 340 099 231 0972 150 5B 3

150 j <OOFOd&dlsdusj OSIsdo dzts g ls AP Gk  HYj s figflsux
WS OMmdsfisd ©OLELOHS ] ydftsh s MOoyddkd MO 43 %
iOCyd ' j ©OLCLOHS Qo dff dptsh lddfdjssiOfdsiPEQ dkj s 5 ¢ 2.dz0 1 t
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ltejrdesimisd Swsj¥Wdyd  Pdzlsios lsig ts'j e dirf daOsPdl jC € R) &zOyd ¢
fleotse tjHO dgj 65 M dlsdsdsj leg HiOW L 1ON jifpHits BO s jcteid) Gk,
RRotej Hdzsflsd Mdzdydsi LO ©BO IsdfO € ddzj Sit€aitc Jsf HO
SHdSME dkdbdg e, & Mo jReMEz kOO MBI ik Ofdms yius -
OHMBL g HEzS 5o OdzjH j st GIES M H 5o Odsjizl W & tE WSO & *

C tsdzls o mdihdjdz o OBHG  j] SOSK' j] bk HBBGEG® MOC dzO M dat
DFT ftejHod O d®BO & C?bkydss’ bdsLd OH ©OHJS O&O

r o Bd fmd { tlsoredH[tst CHitPdfEEB RO § tetsyj Mk ©C MdHC
iSmMyfjteddzsjdals HJjcEcteOHOYd jJ Mm@ sd®GC OO RE sdds dz1 %
B sOdetsdzO. [ jlsOdets @HteQrlak$ Qdz@ ,Otsh IEts Ost®aysHd Hts M dBBOS
JWdComdsls d (fyzd ¥ OH OYd "™

1.0

0.9

_ —=—CIP +0M CH,OH
0.8 - ——CIP+1 M CHSOH
——CIP+2M CH3OH

0.7 4

c/c0

0.6

0.5

0.4

v | ¥ | > | Y | ¥ |
0 50 100 150 200 250
t (min)
ddzd @BWs ted o O HJjGewLOHOY] | ydy teEd disddipinfflcetz dfo tsLHA A fiPld o

10 shdssk UEdQOLO S (SHOLOSCO sy ZGYO L E
bdsck b WsksCOkOdkdlsdusts' ©OLEEOHSd ydf sl dsd
L ZOYO: dzs¢ M&KOS j O jWdCOmdeshmisd fesyjMO. v SHI
dLdesid 61,5% HSC b fedhifmsolk djsOdEEO 5§ OHO
6] B3j d&zO0 HBHOGE (slsote' 'k HO ‘j BitoL d dz@zOH p g 6 @H (
hists 2SOLE | dz® S jesolk Ctdllbtejdzsdzg dazlsj €0 yd: Iz
CsdilsOdzls j B teL d dgo’ men! @Oy A0SO 3, 87

43. 2. 0 dz0dL O fosdLOoBHO YslssC OkOddldy

o s8d Mmj MsjCOos BSRQL CEOGA | b if ol gois0O
WslsBSHj CEOHOYd: 0 ydhbksd-z00 k0 Oy BAR)RINE s % ¢z8 § WOy J
fsH dMmisdd kmdazse d 3O j b Wm%ﬁﬁméldmdm@fn%@“'ZG(sd
©j OCydsdO Mmdj " FOCQdzCRAQ dECMSHIRIKE |s & H S d3.
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(o]
| DY

1% (PYTIO,

0 min
—— 15 min
—— 30 min

60 min
—— 90 min
—— 120 min

150 min

180 min
—— 210 min
240 min
blank 60 min
blank 120 min
blank 180 min
blank 240 min

-
H
1 L

—_ _
o N
| | L

ArncopbaHua
o
0]
|

0.0

200 250 300 350 400 450
Tanacna ay»xunHa (nm)
4 dzd 9ON SISBH j GteOHOYd O ttOMlsotste® yYydi totsW dzts € f

gisd fjdz i3 dzj @ @R Je@BINdESC S dgy J HAs @i ¢ e BQC? | dzd ¢
OOLd (OB EBAO GO CO b fyjmMO HjEEBOHOYd  j. I sfd
POTi20 LjLUEE@sd &£ HO ‘j 24% BcOdNSse bk&? j da
g el &t Moy d d® ¢ Ofizh Sl fipdg0 “HidEd@Sas &3 te y d ) 6B jizeizlz
ydf el dzsC Moyd dzo.

v OB jOkG L Iz dOOGEO dzd L |

20 mg 1% l sy bdzO ITPOC st @ ¢ GngTO wlsjfjd
(t=0min) (t = 240 min) d3d dz4 te O qrd
(%)
ClRdjh O 121 102 16
Cl®0Mmis sts 87 5 6,6 3 2 4

t OfMlse ste Y tedz® Cisteido0y@flsBRdjddste/QjH Oy O dz0 dzd L d tc O dz
LC-MS/IMS. AdftesWdsStmMOyddz ded § HJlsjSClstso OdMSIMEB MY tc
OkOdzdL sz LO ELtté¢] §fomMdzi WBIssHjGettOHOYd J ©GH
WislstsH j GtcOHOYd  gditzd of 5Oz C g o O BSE IstseO® " j kL
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