F 61972 OTKA palyazat zarojelentés

Palyazatunk alapvetd célja az volt, hogy anyagtudomanyi ismereteinket bovitve, hosszabb
tavon megalapozzuk az ipari szennyvizek tisztitasara alkalmas fotokatalizatorok kifejlesztését.
Ennek érdekében tanulmanyoztuk a nanoszerkezeti titin-dioxid ill. titano-szilikat alapu
katalizatorok eldallitdsi lehetdségeit és megteremtettilk a sziikséges infrastruktarat egy
fotokatalitikus modellreakci6 vizsgalatahoz.

Harom anyagcsoport fotokatalitikus tulajdonsagait vizsgaltunk a triklor-fenolok lebontasaban.
Az els6 csoportba a mezoporusos MCM-41 vagy SBA-15 titannal izomorfan szubsztitualt,
vagy TiO,-al impregnalt, illetve ezek vassal modositott valtozatai tartoznak.

A 90-es évek oOta az MCM-41 ¢és SBA-15 tipusu porusos szilicium-dioxidok a
meéhsejt szeri, szabalyos porusszerkezetli, MCM-41 és SBA-15 igen nagy fajlagos feliileti és
porustérfogati anyagok (700-1000 m%/g, 0,7-1 cm*/g), melyek idealis katalizatorok nagyobb
méretl molekuldk atalakitdsara vagy hordozoként nanoméretli fém/fém-oxid részecskék
stabilizalasara. A katalizatorok eldallitdsdra valtozatos modszerek allnak rendelkezésiinkre
(hidrotermalis, szol-gél, direkt vagy szintézis utdni modositds) ami lehetévé teszi a
katalizatorok tulajdonsagainak széleskort valtoztatasat.

Fotokatalitikus vizsgalataink céljara titannal izomorfan szubsztitualt Ti-MCM-41 anyagokat
allitottunk el6 hidrotermalis és szol-gél eljarassal. A Si/Ti aranyt 10 és 25 kozott valtoztattuk,
ami 5-11 tomegszazalék TiO, beépitésének felel meg. Utdlagos modositassal, tiszta Si02-bol
allo, valamint vassal izomorfan szubsztitudlt MCM-41-re és SBA-15-re vittink fel titan-i-
propoxid prekurzorbol impregnalassal TiO,-t, ezaltal kb. 20 tomegszazalék titan-dioxid
tartalmat tudtunk elérni. A mintdk fizikai-kémiai jellemzésével vizsgaltuk az eldallitasi
modszerek hatasat a titdn beépiilésére, illetve az impregnalaskor kialakuld anataz
nanorészecskék méretére. Megallapitottuk, hogy hidrotermalis modszer esetén mar kisebb
mennyiségl titan beépiilése a szilikat vazba kedvezbtlen hatassal van az MCM-41 szerkezeti
rendezettségére. Ez a jelenség kisebb intenzitasu, kiszélesedett (001) rontgen-pordiffrakcios
reflexioban és viszonylag kisebb fajlagos feliiletben nyilvanul meg (830 nm?%/g). Szol-gél
eljarassal nagyobb mennyiségli (>10 m/m %) titdn volt beépithetdé az MCM-41 vazba,
anélkiil, hogy a hexagondlis szimmetria sériilt volna. Diffuz reflektancia ultraibolya-lathato
(DR UV-Vis) spektroszkopiai méréseinkkel megallapitottuk, hogy a hidrotermalis szintézis
sordn nagyobb mennyiségli izolalt penta- vagy oktaéderesen koordinalt Ti-ion taldlhat6 a

mintdban, mig a nagyobb mennyiségli titdn-dioxidot tartalmazd szol-gél katalizatorban



Ti-O-Ti- kotések kialakulasaval is szamolni kell. Az impregnalassal késziilt mintak esetében a
hordozé mindségétdl fiiggden kiilonbdzd méretli, anatdz nanorészecskék kialakuldsa varhato a
hordozo kiils6 feliiletén vagy a mezoporusokban (csatornakban), de a titan-i-propoxid
prekurzor képes reagalni a mezoporusok falat boritd, nagyszama Si-OH csoportokkal is -Si-
O-Ti- kotéseket kialakitva. A szilikatvazba beépiil6 titan-ionok Lewis és Bronsted savas
centrumokat hoznak létre, melyek jol detektdlhatok és megkiilonboztetheték FT-IR
spektroszkopia segitségével bazikus molekula (pl. piridin) adszorbedltatdsat kovetden.
Vizsgalataink igazoltak, hogy az impregnalasi eljaras soran is keletkeznek -Si-O-Ti- kotések,
melyek Lewis savként kotik meg a piridint. Bronsted savas helyek kialakulasahoz titanhoz
koordinal6do vizmolekulak jelenléte is sziikséges.

Mintaink texturajat vizsgalva megallapitottuk, hogy a hidrotermalis és a szol-gél modszerrel
eldallitott preparatumok morfolégidja igen eltérd. Az eldbbi 50-100 nm atmérd;jd,
szabalytalan alakt részecskék agglomerdtuma, mig az utdbbi 200-500 nm atmérdjii gomb
alakl részecskékbdl all, parhuzamos csatornarendszerrel. Az impregnalassal késziilt MCM-41
mintakban elkiiloniilt anataz fazis figyelheté meg a hordozd szilikat gomb kiilsé feliiletéhez
tapadva (<10 nm) vagy finoman diszpergalt kiilon fazisként (35 nm). Az SBA-15 hordozén
rontgen-pordiffrakciés méréseink alapjan, az anatdz szemcsék mérete 5 nm-nél kisebbnek
adodott.

Az eléallitott katalizatorokat 2,4,6 triklor-fenol (TCP) fotokatalitikus bontasaban vizsgaltuk.
Ehhez a modellreakciohoz TCP vizes oldatat hasznaltuk, melyben 100 ppm volt a szennyezd
TCP koncentracioja. A TCP megfelelé anyag modellkisérleteinkhez, mivel olyan toxikus
komponens, amely gyakran megtaldlhat6 a szennyvizekben, ellendll a biologiai lebontasnak,
azonban vizben viszonylag jol oldodik, és levegd/oxigén atbuborékoltatas hatasara sem
parolog el a rendszerbdl. Teljes lebontasat gyakran mineralizdcionak is nevezik, mely a
kovetkez6é sémaval jellemezhet6: TCP+ O, — CO,+H,0 + HCI.

A katalitikus mérések kivitelezéséhez egyrészt vizsgdldo berendezést kellett épiteniink,
masrészt ki kellett munkdlnunk a TCP és bomlastermékei kvantitativ meghatarozasanak
analitikai eljarasat. Tipusat tekintve kétféle reaktort alakitottunk ki (1. abra). Egy, a
Kutatokozpontban taldlhatdé  Rayonet-tipust, [éghtitéses fotokémiai laboreszkdzhoz
készitettiink szuszpenzids reaktort kvarciivegbdl, ahol megfeleld csonkok segitségével
megoldottuk az oxigén atbuborékoltatast és a mintavételt (1. A abra). A berendezés 16 db
egyenként 6W-0S 350 nm-en sugarzo kisnyomasu higanygoz lampat tartalmaz egy korpalast
mentén felsorakoztatva. A TCP oldatot és a katalizator szuszpenzidt tartalmazé reaktor a

lampaktol koriilvéve kdzepén talalhato.



1. abra Fotokatalitikus reaktor rendszerek TCP lebontasanak tanulmanyozasahoz

Az UV lampdk bekapcsolasakor keletkezé ho elvezetését a reaktor aljaban elhelyezett
ventillatorokkal oldottdak meg. A masik reaktor Heraeus gyartmany (1. B abra), ahol egy
kozepes nyomdsu higanygdz lampa vizhiitésii kdpenyben a reaktor kozepén talalhato. Ezt
veszi korill az erételjesen kevert Kkatalizator/reaktans oldat szuszpenzidé. Ennél a
reaktortipusnal a reakciokozeg homérséklete pontosabban (termosztattal) szabalyozhat6, mint
a masiknal, ezért elénydsebbnek talaltuk ezt az elrendezés. A reaktorhoz tobbféle, kdzepes
nyomasu, 150W teljesitményli higanygéz lampa is rendelkezésiinkre all, kiilonbozo
hulldamhosszsaghh (UV-A-C/lathatd) fény kibocsatassal. A lampédhoz tartozé hiitékopeny
anyaganak (kvarc, iiveg) illetve az aramlo hiit6kozegnek (viz, vagy pl. Na-nitrit oldat) a
megvalasztasaval is lehet szabalyozni a besugarzé fény hullamhosszisagat, energidjat.

A TCP koncentracigjanak meghatdrozasdhoz el6szor gazkromatografidas modszert
alkalmaztunk. Problémat jelentett azonban a kismennyiségli szennyez6 meghatarozasa a vizes
kozegben, mivel a kapillaris kolonnak 4ll6fazisa igen érzékeny a vizet és asvanyi savakat
tartalmazo kozegekre. Ezért, késobbi vizsgalataink soran, attértiink a folyadékkromatografias
meghatarozasra. A TCP meghatarozasara Merck-Hitachi tipusi HPLC késziiléken
fejlesztettiink ki modszert. Hypersil C18-as, forditott fazist SiO, hordozoés HPLC oszlopon,
acetonitril-viz 60-40 % elegyében, izokratikus eljarassal, 0.5 ml/p aramlasi sebesség mellett a
TCP mennyiségileg meghatarozhato, az eluens dsszetételének programozott valtoztatasaval a
képz6do atmeneti termékek azonositasa is lehetséges.

A TiO-al impregnalt (TiOz/MCM-41, TiO,/SBA-15) és izomorfan szubsztitualt MCM-41
(Ti-MCM-41(HT) ¢és TiMCM-41(SG)) ¢és SBA-15 mintak triklor-fenol lebontasi
hatékonysaga az 1d6 fiiggvényében, UV-C besugarzas mellett a 2. dbran lathato.
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2. abra 2,4,6-Triklor-fenol lebontasa a besugarzasi 1d6 fiiggvényében titannal modositott

MCM-41 és SBA-15 mintakon

Megallapitottuk, hogy katalizatoraink alkalmazasaval gyorsabb TCP lebontas érhet6 el (kb.
60 perc), mint csak besugarzassal (fotolizis, 120 perc). A leghatékonyabb atalakulast a
hidrotermalis eljarassal és az impregnalassal késziilt MCM-41 katalizatorokon tapasztaltuk. A
reakcio lefutasat vizsgalva gy talaltuk, hogy az els6 5 perc kivételével a reakcié Langmuir-
Hinshelwood kinetikdval leirhatd, elsérendu reakcio. A kezdeti, atmeneti idészakban a
reagens fogydsa gyorsabb, mint a kinetikai modell szerint varhat6 lenne, ami a nagyfeliileti
katalizator magas TCP adszorpcids kapacitasaval magyarazhato.

hogy a keletkez6 hidroxilezett atmeneti vegyiiletek (dihidroxi-trikloro-benzol (DHTCB),
trihidroxi-dikloro-benzol (THDCB), 3,5-dikloro-katechol (3,5-DCC), 2,6-dikloro-benzokinon
(2,6-DCBQ)) a 3. abra szerinti lebomlasi mechanizmusra engednek kovetkeztetni. Az elsd
Iépés az aromas gylrii hidroxilezodése, a masodik a klor atomok helyettesitése OH
csoportokkal ezt kovetden pedig a klérozott hidrokinon oxidacidja kinonnd. A kinon
lebomlasa CO,-dd és vizzé szerves savak képzddésén (malein-sav, oxalsav, ecetsav,
formaldehid) keresztiil folytatodik. Vizsgalataink valoszintisitik, hogy a bomlasi
mechanizmus lancinditdé 1épése az aktivalt OH gyok képzodése, melyet a titantartalmu
katalizatorainkban talalhato okta- vagy pentaéderesen koordinalt, izolalt titan aktiv helyek
szama és elérhetésége (anyagtranszport tulajdonsagok) is befolyasol (A kozlésre benyujtott

publikacié a mellékletben talalhato.).
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3. abra 2,4,6-triklor-fenol valoszintsitett bomlasi folyamata az atmeneti termékek vizsgalata

alapjan, titannal modositott MCM-41 és SBA-15 katalizatorokon

Titannal és vassal modositott mezoporusos szilikat készitményeink aktiv katalizatorok voltak
illékony szerves vegyiiletek gazfazisu teljes oxidacigjaban is. Modellvegyliletként toluol
lebontasat vizsgaltuk. Korabbi kutatdsaink azt mutattdk, hogy vassal izomorfan szubsztitualt
MCM-41-ben zomében Fe** alakulatokat talalunk, melyek stabilizdlodnak a szilikat
matrixban és 700C-ig csak Fe®* allapotig redukalhatok Hy-ben. Ennél magasabb
homérsékleten indul meg a fémes vas képzddése, illetve vizgdz jelenlétében a vas kiléphet a
szilikatvazbol és finom eloszlast, szeparalt hematit fazis alakulhat ki. Titan beépiilésekor
oktaéderesen koordinalt Ti*" képzédményekkel szamolhatunk, azonban az amorf szilikatvaz
elviseli kismértékii redukciojukat (~8%) a vazban. A kialakulé Ti**-O-Ti** ionparok redox
centrumokként képesek viselkedni. Tapasztalataink szerint a csak titannal izomorfan
szubsztitualt MCM-41 mintak is aktiv katalizatorok voltak a toluol oxidaciojaban, azonban a
vassal és titannal egyiittesen modositott katalizatorokkal magasabb konverziét lehetett elérni
400°C-on. Legaktivabbnak a TiO,-vel impregnalt Fe-MCM-41 Kkatalizatort talaltuk.
Mossbauer spektroszkopiai vizsgalataink szerint a magas aktivitds a titdn dioxid
nanorészecskék (~10 nm) feliletén kialakult hematit rétegeken aktivalodd oxigénnek
kdszonhetd. A vassal és titannal egyiittesen szubsztitudlt katalizatorok kozepes aktivitastiak

voltak a reakcidoban, ami azt mutatja, hogy Fe-O-Ti tipusu kotések alakulnak ki a szilikat



matrixban (pl. Fe*-O-Ti** vagy Fe*'-O-Ti**), melyekben a fém nehezebben redukalodik,
ezért Kevésbé képes aktivalni az oxigént.

Altaldnosan megfigyelhettiik, hogy a titin beépiilése kedvezé hatassal van az MCM-41
szilikat vazanak termalis ¢és hidrotermalis stabilitasara, azonban ugy véljikk, hogy ezek a
katalizatorok a gyakorlatban fotokatalitikus aktivitasuk ellenére sem lesznek alkalmazhatok,
mivel vizes szuszpenzidkban szerkezeti stabilitasuk nem megfeleld.

Olyan hordozoét kerestiink, amely kereskedelemben kaphato, nagyobb stabilitdst mutat vizes
kozegben ¢és alkalmas titdn-dioxid részecskék immobilizalasara. Valasztasunk a Laponit XLG
markanevii, mesterségesen eldallitott és az iparban széles korben alkalmazott hektorit tipusu
agyagasvanyra esett. Ez az anyag az agyagasvanyok kozott kiilonleges helyet foglal el, mivel
az Al,O3 és MgO/OH-bol felépiild rétegek nem periodikusak a kristalytani ¢ tengely
iranyaban, hanem natrium kationokon keresztiil, lap-él kapcsolodasokkal kartyavar-szert,
makroporusos szerkezetet hoznak létre. A MgO/OH rétegekben a Mg egy része littummal
helyettesitett, ezért a rétegtoltések kompenzalasara natrium ionok helyezkednek el a rétegkozi
térben, amelyek egyéb kationokra cserélhetok. A titannal pillérezett valtozatok 1étrehozasahoz
egy titan-oxid/hidroxid kolloid részecskéket tartalmazo pillérez6 oldatot allitottunk eld. TiCls-
ot sosav-viz elegyében oldottunk, majd duzzasztott laponit vizes szuszpenzidjahoz
adagoltunk. 1 napos Oregités utan a terméket klorid-mentesre mostuk, majd szaritottuk és az
anataz fazis kialakitdsdhoz 350 és 500°C-on hokezeltiik. A pillérezési eljarasban kétféle
koncentracioban juttatunk titdnt a Laponit szerkeztébe: 10 és 20 mmol Ti/g agyag
mennyiségben. Az eldallitott katalizatorok fizikai-kémiai jellemzésekor ugy talaltuk, hogy a
laponit rétegek kozé 5-6 nm atmérdji anataz nanorészecskéket tudtunk beépiteni, melyek ugy
stabilizalédtak az agyagdsvanyban, hogy magasabb hdmérsékletii hokezelés hatdsara sem
tudnak agglomeralodni. A pillérezési eljarassal 35 és 41 tomeg % TiOp-ot tudtunk a
Laponitba beépiteni, ami azt mutatja, hogy a pillérezé oldat titdn tartalmanak kétszeresre
novelésével csak kismértékii valtozast lehet elérni a Laponit titan-dioxid tartamaban. Kémiai
elemzési eredményeink azt mutattdk tovabba, hogy a savas pillérezé kozeg hatasara a Laponit
littum és magnézium tartalmanak jelentds része kioldodik az agyagasvany rétegekbdl, ami a
szerkezet részleges 0sszeomlasat okozza. Ez a jelenség nem feltétleniil hatranyos, mivel uj
mezoporusos struktura kialakulasat eredményezi, ami jobb anyagtranszportot tesz lehetdvé a
szerkezetben stabilizalt, fotokatalikusan aktiv titan-dioxid nanoszemcsékhez. N, adszorpcids
vizsgélataink azt mutattdk, hogy a titannal moddositott Laponitok is a résszeri pdérusokra
jellemzd IV. tipusu izotermaval és H2 tipusu hiszterézis hurokkal rendelkeznek, tehat a titan

beépiilése nem okozta a porusok eltomddését.
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4. abra Titannal modositott Laponit mintak fotokatalitikus aktivitasa TCP lebontasaban UV-A

besugarzas mellett

Erdekes jelenséget figyelhettiink meg a Ti-Laponit mintdk UV-Vis spektrumaiban. Habar a
titdn-dioxid szemcséink 5-6 nm nagysdguak, nem tapasztaltuk a titdn-dioxidra jellemzd 330
nm-es sav eltolodasat rovidebb hullamhosszak felé, ami altalanos jelenség a nanoméretii
részecskék eldallitasakor és a kristalyszerkezet energiasavjainak felbomldsaval, a tiltott sav
kiszélesedésével magyarazhat6. UV-Vis méréseink alapjan tehat feltételeztiik, hogy
katalizatoraink hatasosak lesznek 350 nm hullamhosszsagi UV-A fény besugarzas mellett a

mennyiségll katalizator alkalmazéasaval vizsgalva a titdnnal modositott Laponit mintak

fotokatalitikus aktivitasat, eredményeinket a 4. abran foglaljuk 6ssze. Megallapitottuk, hogy
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oldat lebontdsakor a nagyobb mennyiségli titant tartalmazd és a magasabb hdmérsékleten
kezelt katalizatorok voltak aktivabbak. Vizsgalataink bizonyitottak, hogy a titan-dioxiddal
modositott Laponit katalizadtorok igéretes anyagok toxikus szennyezOk lebontasaban
gyakorlati szempontbdl is, mivel eldallitasuk nem tal koltséges és nanoméretii titan-dioxid
szemcséket olyan formaban képesek immobilizalni, hogy elvalasztasuk a szennyvizekbdl

konnyen kivitelezhetd. Kutatdsainkat a tovabbiakban szeretnénk kiterjeszteni mas

rétegszilikat hordozok felé, pl. készitettiink mar titdnnal pillérezett magadiit katalizatorokat,

de egy 1j szintézis eljarassal hexadecil-trimetil-ammonium-bromiddal  duzzasztott

rétegszilikatokba (Laponit és magadiit) is szeretnénk titdn-dioxidot beépiteni. Ettdl az uj




eljarastol azt varjuk, hogy olyan mezoporusos kompozitokat tudunk eldallitani, ahol a
kialakul6 titan-dioxid szemcsék mennyiségét €s méretét jobban tudjuk szabalyozni, ezéltal
hatékonyabb katalizatorokat tudunk eldallitani.

A heterogén fotokatalitikus folyamatok tanulmanyozasanak fontos célkitiizése a lathatd
fénnyel gerjeszthetd katalizatorok kifejlesztése. Titan-dioxid alapti anyagok esetén ez azt
jelenti, hogy az anataz 3,22 eV tiltott savszélességét csokkenteni kell, valamint a gyors
elektron-lyuk rekombinaciét megakadalyozni. Erre a célra tobbféle moddszert probaltak
kifejleszteni, pl. dopolas atmeneti fémekkel a titdn helyettesitésére az anatdz racsban,
impregnalas nemesfémekkel, fotoérzékenyités festék molekulakkal és az oxigén helyettesitése
az anataz racsban N,S,F vagy C anionokkal. TiO; katalizatorokon N dopoléssal szamottevd
fotoaktivitds novekedés volt elérhetd lathatdé fénnyel. Azonban a nitrogén beépiiléséhez
altalaban ammonia gaz atmoszféraban kell a titan-dioxidot magas hdmérsékleten hosszl ideig
hékezelni. A nitrogénnel dopolt, specidlis szerkezetli anatdz eldéllitdsa titdn nanocsdvek
szintézise segitségével is elérhetd, egyszeribb eljarassal. Titdn nanocsOveket, tomény
natrium-hidroxid oldatban szuszpendalt TiO, hidrotermalis kezelésével lehet késziteni. A
szintézis utan keletkez6 natrium-titanat nanocsévek nagy fajlagos feliiletii anyagok,
melyekben a natrium-ionok mas kationokra cserélhet6k. A titan nanocsdvek fotokatalikusan
nem aktiv anyagok, azonban a natrium-mentesitésiik utdn keletkez6 hidrotitanatok 350-
400°C-os hokezeléssel kristdlyos anatazza alakithatok anélkiil, hogy elveszitenék az eredeti
nanocsoves szerkezetiiket. Szakirodalmi adatok alapjan a csdves szerkezet azért is eldny0s,
mert Kisebb benne a toltések rekombinacidja. Tapasztalataink szerint a nitrogénnel dopolt
titan nanocsovek egyszerll eljarassal eldallithatok ugy, hogy a hidrotermaélis szintézis utan
semlegesre mosott natrium-titanat nanocsoveket vizes oldatban ammoénium-kloriddal
ioncseréljitk, majd semlegesre mossuk. A szerkezetbe beépiilt ammonium-ionok 350-400°C
hémeérsékleten eltavolithatok a szerkezetbdl tigy, hogy kristalyos anatdz fazis alakuljon ki, de
a csoves morfologia ne sériiljon szamottevéen. Ha a dezammonizalast Njp-ben végezziik a
szerkezetben talalhatdo ammonia mennyisége elég, hogy a szerkezeti hibahelyekre nitrogén
éplilhessen be. Magasabb homérsékletii (>500°C) hokezelés hatasara a csOves szerkezet
Osszeomlik és kb. 20 nm nagysagl, egységes szemcseméretli anatdz nanorészecskék
keletkeznek.

A megfelel6 hdmérsékleten dezammonizalt katalizatorok megtartjak cséves morfologiajukat,
kristalyos anatazbol épiilnek fel és jellegzetes 400-500 nm kozotti fényelnyelést mutatnak DR

UV-Vis spektroszkdpiaval, enyhén sargas szintiek. (5. abra)
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5. abra
350°C-on dezammonizalt Ti-nanocs® TEM felvétele valamint a titan nanocs6 szintézishez
felhasznalt TiO, és az ammoniaval ioncserélt majd 350/400°C-on dezammonizalt, nitrogénnel

dopolt Ti-nanocsdvek UV-Vis spektrumai

Az eldallitott katalizatorokat teszteltik triklor-fenol lebontasdban is, elséként UV-A
besugarzassal, de a tovabbiakban lathato fény alkalmazasat is tervezziik. Eredményeinket a 6.
abran mutatjuk be. Megallapitottuk, hogy a kiinduldsi natrium-titanat nanocsévekkel
ellentétben a nitrogénnel dopolt, anatdz szerkezetli titdn nanocsdvek aktiv fotokatalizatorok. A
hokezelés homérsekletének fliggvényében a képzddd anatdz kristalyok szemcsemérete eltérd,
ezért fotokatalitikus aktivitasuk is kiilonb6zd. A 350°C-on hdkezelt mintaban a krisztallitok
mérete nem haladja meg a 10 nm-t ezért a kezdeti aktivitasa nagyobb, mint a 400°C-on kezelt
mintanak. A vizsgalt titan nanocsé katalizatorok valamelyest hatasosabbak UV-A sugarzas
mellett is, mint a szintézisiikh6z alkalmazott kiindulasi TiO, alapanyag (TiO, Nanopowder,
Aldrich). Reményeink szerint ez az aktivitds kiilonbség a lathaté fénnyel besugarzott
katalizatorokon néni fog.

Osszefoglalva elmondhatjuk, hogy az OTKA tdmogatas révén sikeriilt laboratériumunkban a
fotokatalitikus kutatasokat megalapozni. A nanoszerkezetii katalizatorok eléallitasaval, a
katalitikus kisérletek infrastruktirajanak megteremtésével lehetové tettiik, hogy gyakorlati
célokra alkalmas katalizatorokat is fejleszthessiink. Kutatdsainkat a jovOben a laponit és
egyéb rétegszilikat alapi katalizatorok tovabbfejlesztésével, illetve a lathatd tartomanyt

fénnyel gerjeszthetd anyagok kutatasaval kivanjuk folytatni.
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Abstract

Titanium-modified MCM-41 type mesoporous silica materials were prepared by hydrothermal
[Ti-MCM-41(HT)], sol-gel [Ti-MCM-41(SG)] and post-synthesis impregnation [TiO,/MCM-
41] methods. The materials were characterized and tested as photocatalysts in the oxidative
degradation reaction of 2,4,6-trichlorophenol (2,4,6-TCP) in water applying a batch-type
reactor, which was aerated, and irradiated by UV light at 254 nm wavelength. The catalysts
showed high initial activity. Dissolved organic acids were detected as reaction intermediates,
and CO,, H,O and dissolved HCI as end products. The degradation of the intermediates was
slower than their formation, therefore, the concentration of the organic acids increased in the
initial period of the reaction. The generated organic acids and chloride ions were found to
inhibit the reaction. The Ti-MCM-41(HT) showed higher activity than the Ti-MCM-41(SG)
catalyst. One of the probable reasons for this is the difference in the concentration and
distribution of the active sites that determines the rates of electron (¢) — hole (h")
recombination within the photoactive species. The HT preparation was found to contain
silica-bound titania in higher dispersion, while the SG preparation contained also polymerized
species with Ti-O-Ti bonds. It was also found that the differences in the morphology of the
catalysts had significant effect on the catalytic activity.

Keywords: Ti-MCM-41, 2,4,6-TCP, photocatalysis
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1. Introduction

The mesoporous MCM-41 type materials have found great interest in the recent years as a
new generation of heterogeneous catalysts [1-5]. The cylindrical, hexagonally ordered pores,
the narrow pore size distribution, the large surface area and the large adsorption capacity
make them promising candidates as catalysts. The pure silica MCM-41 has limited catalytic
activity, however, incorporation of transition metals into its framework allows the preparation
of active catalysts for many reactions, such as, oxidation of organic compounds [6-8].

The chlorinated phenols are widespread toxic pollutants, which are resistant to biodegradation
and may transform to even more toxic compounds under environmental conditions [9-15]. It
has been proved that a number of toxic organic water polluting compounds can be neutralized
through complete destruction, often referred to as mineralization, in heterogeneous

photocatalytic process [13]. The overall process can be given as

Organic pollutants + O,—CO, + H,0 + mineral acids [1]

The reaction is initiated by semiconductor type catalyst activated by light. The light excites
electrons from the valance band to the conduction band of the semiconductor, generating
electron holes (h*), which are able to act as oxidizing sites, and photoexcited electrons (¢).
According to the generally accepted mechanism of the oxidative photocatalytic destruction of
organic water pollutants [16-19], as a first step, the e combines with the oxygen, dissolved in
the polluted water. This reaction hinders the recombination of the light-generated e / h* pairs.
The water, adsorbed molecularly or dissociatively on the semiconductor catalyst, reacts with
the photogenerated h* holes to form highly active oxidizing agent hydroxyl radicals [16-17].

In the present work, Ti-MCM-41 materials, containing different amounts of titanium were
prepared via hydrothermal, sol-gel and impregnation methods. The properties of the materials
were compared in the adsorption and catalytic oxidative photodegradation of 2,4,6-
trichlorophenol (2,4,6-TCP or TCP). The formation of reaction intermediates and chloride ion

product was followed to learn more about the mechanistic details of the reaction.



2. Experimental
2.1. Catalysts

Ti-MCM-41(HT), having Si to Ti ratio of 25, was synthesized by the hydrothermal method of
Trong et al. [20]. The synthesis procedure involved the preparation of two solutions, which
were mixed and reacted under hydrothermal conditions. The synthesis mixture had the molar
composition of SiO,: 0.04 TiO,: 0.13 (C16TMA),0: 0.13 (TMA),0: 0.13 (NH,4),0: 55 H,0.
To get the first solution 25 cm® aqueous 10 wt % tetramethylammoniumhydroxide solution in
25 cm® water was reacted with 22 cm? tetraethyl orthosilicate (TEOS) under stirring, until
homogeneous sol was obtained. Then 1.2 cm?® tetraisopropyl titanate [Ti(OiPr)4], dissolved in
10 cm® 2-propanol was slowly injected to the stirred sol. The second solution was prepared by
mixing 4.2 cm® 25 wt % NH,OH with 9.75 g hexadecyltrimethylammonium bromide
(C1sTMABY), dissolved in 15 cm?® abs. ethanol. The two solutions were mixed under stirring.
The pH was adjusted by diluted sulfuric acid to 11.5, and the homogeneous mixture was
maintained at 373 K for 72 h in an autoclave. The obtained solid was washed with distilled
water and dried at 333 K. The C;TMABTr template was removed from the solid by heating it
up to 813 K in air at a rate of 1 K/min and keeping this temperature for 5 hours.

The Ti-MCM-41(SG) material was prepared with Ti to Si ratio of 10. The room-temperature
sol-gel method of Galacho and Carrot [21] was applied. Tetraethylorthotitanate (Ti(OEt),)
was used as titanium source. The molar composition of the synthesis mixture was 1 TEOS:
0.1 Ti(OEt): 0.16 CisTMABr: 3 NH3: 160 H,O: 3.9 EtOH. The suspension of the mixed
components was stirred for 2 h and aged overnight at room temperature. The formed
precipitate was separated, washed with distilled water until the pH of the washing water
remained unchanged, and dried at 313 K. The template was removed from the solid as
described above.

The third type of titania-containing MCM-41 sample was obtained by impregnating pure
silica MCM-41, prepared by the sol-gel method, with Ti(OiPr)s. 1.5 g of MCM-41 material
was suspended in 100 ml 2-popanol and 1.3 g of Ti(OiPr), was added to the suspension. The
solvent was allowed to evaporate at ambient temperature. The solid residue was dried in air at
383 K for 1 h, heated up to 725 K at a rate of 2 K/min, and kept at this temperature for 3 h.
The obtained material, containing 20 wt % TiO,, was denoted to TiO,/MCM-41.



2.2. Catalyst characterization

The X-ray powder diffraction (XRD) patterns of the catalysts were recorded by a Philips PW
1810/1870 diffractometer, applying monochromated CuK,, radiation (40 kV, 35 mA).
Isotherms of nitrogen physisorption were determined at 77 K using Quantachrom NovaWin2
Automated Gas Adsorption Instrument. The pore size distribution (PSD) of the solid
preparations was calculated from the adsorption isotherms according to the BJH
approximation [22].

A MORGAGNI 268D microscope (100 kV; W filament; point-resolution = 0.5 nm) was used
to record the transmission electron microscopic (TEM) image of the catalysts.

Diffuse reflectance spectra in the ultra violet-visible region (DR UV-Vis spectra) were used to
get information about the electronic state and coordination of titanium in the titanosilicates
[23]. The spectra were recorded under ambient conditions using a Jasco V570
spectrophotometer equipped with an integrating sphere. Barium sulfate was used as reference
material.

FT-IR measurements were carried out by a Nicolet Compact 400 spectrometer, applying the
self-supported wafer technique, to obtain spectra from adsorption of pyridine (Py) at 0.07 kPa
Py pressure at room temperature. Before Py adsorption, the catalyst wafer was dehydrated in
high vacuum at 300°C. The spectra were normalized to 5 mg/cm? wafer “thickness”.

A BioRad (Digilab) spectrometer was used to record the FT-Raman spectra of the catalysts. It
was equipped with Nd:YAG laser, emitting an excitation radiation of 1064 nm wavelength,
and with a germanium detector, cooled by liquid nitrogen. Spectra were obtained by the co-
addition of 512 individual spectra, each collected at 500 mW laser power and 4 cm™
resolution.

The titanium oxide content of the samples was determined by Shimadzu EDX 720 energy
dispersive X-ray spectrometer. Mechanical mixtures of anatase and silica MCM-41 were used
to record a calibration curve for the quantitative X-ray analysis.

2.3. Photocatalytic measurements

A batch type cylindrical photochemical quartz reactor was used, having a UV tube, cooled by
circulating water, along the axis of the reactor cylinder. The diameter of the reactor cylinder
was about 6 cm and it received about 500 cm? reaction mixture. The oxidative degradation of

2,4,6-TCP in water was studied while the water-catalyst suspension was stirred with a
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magnetic stirrer, irradiated by a 6-Watt UV lamp at 254 nm wavelength, and aerated using a
bubble distributor and an air input of 100 cm*/min. The initial concentration of 2,4,6-TCP was
100 ppm. The catalyst concentration was 0.2 g/l.

At certain time intervals 5 cm? aliquote was taken from the reactor, filtered and the filtrate
was analyzed for chloride and acetate ions by ion chromatography. The TCP and other
intermediate contents were determined by Varian Diode Array HPLC apparatus, using
Hypersil C18 inverse phase column and 60-40 % acetonitrile-water mobile phase.

3. Results and discussion

3.1. Textural characterization

The XRD patterns and nitrogen adsorption isotherms of the catalysts, shown in Fig. 1 and Fig.
2, respectively, is similar to those, usually reported for ordered, hexagonal MCM-41
materials. The compositions and textural characteristics of the catalysts are summarized in
Table 1.

The full width at half maximum (FWHM) of the (100) XRD reflection reflects the long-range
order of the titanium-containing MCM-41 catalysts. Transition metal substituted catalysts are
generally more disordered than pure silica MCM-41, due to the less flexible O-Me-O angle
than the O-Si-O angle. It can be also observed that the higher the transition metal
incorporation, the higher the structure disorder. However, in our case the structure ordering
seems to depend rather on the applied preparation method than on the total Ti-content of the
sample (Table 1). In spite of its lower titanium content Ti-MCM-41(HT) exhibits a broader
(100) reflection than the Ti-MCM-41(SG) sample. The relatively narrow (100) reflection of
letter sample indicate a well-ordered hexagonal structure (Fig. 1A). The structural regularity
of the TiO,/MCM-41 sample is intermediate between the ordered SG and the less-ordered HT
preparations. Reflections of anatase were only observed in the XRD pattern of this sample
(Fig. 1B). The average particle size of the anatase phase, determined by the Debye-Scherer
method, was 35 nm.

The N, adsorption/desorption isotherms are reversible and exhibit a pore-filling step between
0.25-0.35 relative pressure (Fig. 2). Among the studied samples the Ti-MCM-41(SG) sample
has the highest pore volume and surface area. The isotherm of this SG prepared sample shows
the steepest step of capillary condensation that corresponds to the narrowest PSD. The PSD

curves determined by the BJH method (not shown) are in harmony with the properties,
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revealed by the XRD data, i.e., the pore sizes of Ti-MCM-41(SG) sample are more uniform
than that of Ti-MCM-41(HT) sample.

The TEM micrographs show that the morphology of the Ti-MCM-41(HT) and Ti-MCM-
41(SG) samples are very much different (Fig. 3). The HT material consists of agglomerated
50-100 nm size particles, having irregular shapes (Fig. 3A). In contrast, the SG preparation
comprises of uniform spherical particles, having 200-500 nm diameter. Within the spherical
particles a well-ordered parallel channel system can be discerned (Fig. 3B). The sample,
prepared by impregnation contains two separate phases: Silica MCM-41 with spherical
morphology and finely dispersed anatase. The small anatase particles are either bound to the
outer surface of the spheres (Fig. 3C), or form separate larger agglomerates (Fig. 3D). The
anatase crystallites, observed, were smaller than about 10 nm size, i.e., much smaller than the

size deduced from the XRD measurements.

3.2. Spectroscopic results

The DR UV-Vis spectra of the catalyst preparations and anatase were compared (Fig. 4). The
characteristic absorption band of anatase is at 330 nm (Fig. 4d). When the anatase phase is
finely dispersed, as in the TiO,/MCM-41 sample, the absorption band appears at shorter
wavelength. This can be due to quantum size effect of nanoscaled particles or interface
interactions, or the combination thereof [24]. The pronounced absorption band of the Ti-
MCM-41(HT) catalyst at about 270 nm suggests the presence of higher amount of isolated Ti
atoms in penta- or hexacoordinated environment. These coordination states are common when
titanium is surrounded by oxygen atoms and water molecules [23]. The absorption edge of the
Ti-MCM-41(SG) sample appears slightly shifted to higher wavelength, substantiating that the
absorbing species have -Ti-O-Ti- bonds [21]. Hydrolysis of the Ti(OEt), during the SG
synthesis and partial polymerization of the hydrolysis product can give such species. The
relatively high titanium content of the SG synthesis mixture and the ambient temperature of
the synthesis facilitate the formation of the mentioned polymeric species and hinder titanium

incorporation into the silica framework.

The incorporation of Ti in the silica framework generated Lewis and Brensted acid surface
sites. The species, obtained from adsorption of Py, were studied by infrared spectroscopy to
get information about the amount and nature of these sites in the Ti-containing MCM-41

catalysts. The 8a, 8b, 19a, and 19b ring vibrations (vcen) of Py, which can be physisorbed or



H-bonded (HPy), coordinated to Lewis acid sites (LPy) or protonated on Brensted acid sites
(BPy), give absorption bands in the 1700-1400 cm™ frequency region (Fig. 5A). The bands at
about 1607 (vgs), and 1448 cm™ (vigp) are assigned to LPy. The protonated Py coordinated to
the conjugated base of the solid Brensted acid (BPy), gives band 1545 cm™ (vigp). The weak
band at 1446 cm™ appearing as a shoulder of the 1448-cm™ band stems from the v1gp vibration
of physisorbed Py. The surface silanol groups of the MCM-41 are possible sites of this weak
physisorption. The vig, Vibration of any surface bound Py species can give absorption band at
1490-cm™. The assignment of the 1598-cm™ band to a specific adsorbed Py species is also
dubious. The vg,, vgn, and the vigp Vvibration of LPy, as well as, the vig, vibration of HPy can
give absorption band at about this frequency. If both kinds of acid sites are present in the
sample, due to possible overlapping of the vcen bands, the vig, vibrations at about 1450 and
1545 cm™ are diagnostic for the presence of Lewis and Brensted acid adsorption sites,
respectively. Parallel to the weak 1545-cm™ the band of the vg,, vsb, and the vigp Vibration of
BPy can be discerned in the 1650-1630 cm™ region. Above band assignment is based on ref.
[25], and the references therein.

According to Kataoka and Dumesic [26] Ti-O-Si bridges may generate Bronsted acid sites, if
the Ti atoms are in pentahedral/octahedral coordination and hydroxyl groups or water
molecules are in their coordination sphere. The dehydrated Ti-containing MCM-41 samples
did not show significant Brensted acidity, only Ti-MCM-41(HT) has weak Bronsted acidic
character (Fig. 5A). In absence of coordinated water or hydroxyl groups the Ti-O-Si species
behave as Lewis acid sites. The intensity of the LPy bands is related to the concentration of
the Ti-O-Si bonds. In the TiO,//MCM-41 sample such bonds can be formed in the reaction
between the hydrolysis product of the Ti precursor, Ti(OiPr),, and the silanol groups of the
MCM-41 surface. The relatively low LPy concentration suggests that only a small fraction
of the Ti could participate in this reaction. The results of FT-Raman spectroscopic
measurements show that most of the titanium is present in the form of microcrystalline
anatase (Fig. 5 B).

In contrast, the Ti-MCM-41(HT) sample, having the lowest Ti content among the studied
catalysts, shows the highest Lewis site concentration. The extensive incorporation of the
Ti into the silica surface is either the consequence or the reason of the found disordered

MCM-41 structure of this preparation.



In every aspect, such as the Ti content, the extent of Ti incorporation into the silica
framework, and the regularity of the MCM-41 structure, the SG preparation has
intermediate characteristics between the two other samples.

3.3. Adsorption and photocatalytic decomposition of 2,4,6-TCP

The photocatalytic and non-catalytic photolytic degradation of 2,4,6-TCP in an aqueous
solution was determined as function of the irradiation time (Fig. 6).

The photolytic conversion attained 80 % in about 120 min. It was much faster in the presence
of catalyst, i.e., total photocatalytic TCP elimination was achieved over the Ti-MCM-41(HT)
and the TiO,/MCM-41 catalysts in about 60 min. In the presence of Ti-MCM-41(SG) catalyst
the TCP concentration of the solution rapidly dropped by about 70 % but, further on, it
showed only a very slow linear decrease (Fig. 6). When the experiment was finished after 120
min irradiation time there remained a residual TCP concentration of about 25 ppm.

The heterogeneous catalytic conversion of the water pollutant was preceded by its adsorption
on the catalyst surface. Thus, the found activity differences may come, at least in part, from
the different adsorption behaviors of the catalyst preparations. The TCP adsorption could be
measured under the conditions of the photocatalytic reaction in absence of irradiation. The
catalyst and the TCP polluted water were contacted and the TCP concentration of the water
was followed. The concentration decrease was plotted as a function of time (Fig. 7). The Ti-
MCM-41(HT) and TiO,/MCM-41 samples showed much higher adsorption capacity than Ti-
MCM-41(SG), however, comparing the initial rates of adsorption, the SG preparation proved
to be the fastest adsorbent.

3.3. Kinetic studies

It was shown above that the chemical environment of the Ti in the MCM-41 material and the
photocatalytic activity of the material depends on the preparation method of the material. The
relation between the structural and kinetic parameters can give information about the reasons
of the found activity differences.

The heterogeneous catalytic photooxidation kinetics is generally described by the Langmuir-
Hinshelwood (L-H) kinetic model [27-36]. In this model, the reaction rate (r) is assumed to be
proportional with the coverage of the active surface sites by the organic reactant. The

proportionality factor is the reaction rate constant (k). It is generally assumed that the
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adsorption is fast relative to the photocatalytic transformation and, therefore, the surface
coverage can be taken as equal with the equilibrium adsorption coverage (6). The relationship
between the 6 and the reactant concentration (C) is expressed by the Langmuir equation of the
adsorption isotherm. The rate of reaction is given as
KC
dC _ K

r=-—=

dt 1+ KC

()

were K is the equilibrium adsorption coefficient. When C is very small the Langmuir rate
equation approaches the Henry equation and eq. (2) simplifies to the first order rate equation:
r=kC 3)
It is often found that the photocatalytic kinetics can be fitted by L-H rate form, however, it
was pointed out by Ollis [34, 35] that the very same rate form applies for different
mechanisms. Depending on the mechanistic picture k, and K are obtained as apparent
coefficients (kapp and Kgpp) that may include the rate constants of the assumed elementary
sequential adsorption reaction and desorption process as well as the irradiation intensity.
If the reaction proceeds according to first order kinetics the plot of In(Cy/C) vs. t must start
from the origin, because at t = 0 C = C,. If KC<<1 the plot is linear and the apparent rate
constant (Kapp) can be determined from the slope of the line.
The time dependent photocatalytic conversion of 2,4,6-TCP over the Ti-containing MCM-41
catalysts of this study was presented as In(Co/C) vs. t plots in Fig. 8. After about a 5-min
transient period the process corresponds to the first order kinetics. The kapp Values calculated
from the slopes of the In(Co/C) vs. t plots are given in Table 2. The plot was given also for the
Ti-MCM-41(SG) catalyst. However, this plot is not conclusive about the reaction order
because this catalyst was virtually inactive after the initial transient period. The Co-C vs. t
representation of the data was also linear.
Most probably the transient period is caused by the parallel disappearance of the reactant from
the solution due to adsorption and photocatalytic conversion. Interestingly, this transient
period is only about 5 min (Fig. 8) while the adsorption equilibrium was found to establish in
more than 80 min (Fig. 7). These results are in accordance with the suggestion [34, 35] that
the active sites, formed during irradiation, are not the same as the sites of adsorption in
absence of irradiation.
The rapid photocatalytic reaction may cause that no adsorption equilibrium can be established
between the solution and the active sites. This can happen due to either non-chemical or to
chemical reasons [34, 35]. Because the adsorption process have to balance desorption and

reaction processes, both eliminating adsorbed reactant molecules, the coverage can be lower
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than the equilibrium coverage during the reaction. This is a kinetic reason, which removes the
system from being in adsorption equilibrium. Instead of the slow step approximation the
pseudo steady state approach was used to treat this kinetic case. Nevertheless, the deduced
rate equation has the form of that of eq. 2 [34, 35].

The rate-governing mass transport is a well known non chemical reason that can prevent the
adsorption equilibrium to be established in a reacting system. In the well-mixed batch reactor
of the present study the transport in the solution to the catalyst particles is facilitated by
vigorous stirring and O, bubbling. However, the diffusion within the MCM-41 mesopores can
appear as the rate-limiting step, reducing the catalyst efficiency. The catalyst efficiency,
na = the/e, is function of the Thiele modulus, ¢. If the diffusion resistance is high (¢>3)

Nna= 1/, and the effective rate constant of a first order reaction can be given as

1 D
Keit = kng ~ — - |—
== ke

(4)

where |y is the characteristic size of the catalyst particle, D is the diffusion coefficient and k is
the reaction rate constant. If the reaction is rate limited by the diffusion mass transport, eqg. 3
must be written as r= keC. Considering that the same reaction conditions were applied with
all the three catalysts the reaction rate depends on D and Iy, i. €., on the pore and the particle
radius, respectively. The MCM-41 materials are characterized by regular and uniform
mesopore structure. It is a matter of fact that the different catalyst preparations contain
mesopores of about the same pore radius (Table 1). However, the particle size of the HT and
the SG preparations are significantly different (Fig 3). The Ti-MCM-41 (HT) and the
TiO,/MCM-41 catalysts contain 300 to 500 nm size aggregates of 10 to 20 nm size MCM-41
particles. In contrast, the Ti-MCM-41(SG) catalyst comprises of MCM-41 material, having
500-1000 nm size compact spherical particles. The particle size limits the reactant supply into
the inner volume of the particles. Therefore, large particles of the Ti-MCM-41(SG) are the
less effective. The photon supply poses another limitation to the activity of the internal
volumes of the particles and particle aggregates. The rate constant includes the concentration
of active sites. The active sites are generated by photon absorption. The light intensity
decreases exponentially with the penetration depth within the catalyst particle according to the
Lambert-Beer law. Again, the internal volume of the largest compact spherical Ti-MCM-

41(SG) particles and their agglomerates receive the lowest photon flux.
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3.4. Reaction intermediates in the photodecomposition of 2,4,6-TCP

Fig. 9. A-C shows the formation and decay of intermediate products as a function of UV
irradiation time in the presence of the catalysts. The four intermediates that could be detected
by HPLC analysis were hydroxylated products of TCP degradation, namely
dihydroxytrichlorobenzene  (DHTCB), trihydroxydichlorobenzene (THDCB), 3,5-
dichlorocatechol (3,5-DCC) and 2,6-dichlorobenzoquinone (2,6-DCBQ). In the case of Ti-
MCM-41(HT) sample (Fig. 9 A), dihydroxytrichlorobenzene (DHTCB) appears after 5 min.
irradiation and declines gradually until it completely disappears at 55 min. 3,5-DCC and 2,6-
DCBQ can be observed also from the beginning of the reaction, but in higher concentration
than the former one. According to the consecutive formation of the intermediates as a function
of irradiation time, trihydroxydichlorobenzene (THDCB) appears with a maximum of 2.2
ppm at 20 min. irradiation time then completely disappears at 25 min. The sequence and
concentration relations of intermediate product confirm that TCP decomposition on titania
modified MCM-41 catalysts proceeds with the mechanism given by Scheme 1 [10]. The
primary reactions steps are (i) the hydroxylation of the aromatic ring, (ii) the substitution of
chlorine by OH group and (iii) oxidation of chlorinated hydroquinone to quinone.

The same type of intermediates could be detected during photodegradation of TCP on
TiO2/MCM-41 sample (Fig. 9 B), however the concentration of intermediates are higher. This
observation is in accordance with the slightly lower degradation activity of this sample,
resulting in the slower decay of the intermediates.

On the other hand, it was found that the formation of cyclic intermediate products is restricted
on the less active Ti-MCM-41(SG) catalyst (Fig. 9. C). Only formation of 2,6-DCBQ and
benzoquinone (BQ) could be observed in very low concentration. This phenomena can be
explained either by the low conversion of TCP on this sample, presuming that the initial
decrease of TCP concentration is due only to adsorption. It seems more probable that the
reactant and the intermediates reside in the catalyst particle for long enough that virtually all
the consecutive oxidation steps should be accomplished before any product can appear in the
solution. The latter is confirmed by the formation of high amount of organic acids and
chloride ions over this catalyst (see Fig. 10).

Formation of organic acids could be observed in significant amounts over all the catalysts,
which implies that cyclic products formed in low amounts rapidly degraded to organic acids
(Fig. 10 A). These acids are maleic acid, oxalic acid, acetic acid and formic acid. Antonaraki et

al. [37] have found that these compounds are the easiest to be formed via irradiation of 0,001 mol/Il
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TCP with A <320 nm UV light. The amount of organic acids formed during the photocatalytic
degradation of TCP on Ti-MCM-41(SG) is higher than those formed on the other two
catalysts, indicating that the degradation of these acids can be considered as the rate determining
step of the oxidative mineralization (Fig. 10. A). In the initial period of the reaction the CI" ion
concentration of the TCP solution is somewhat higher above the Ti-MCM-41(SG) than above
Ti-MCM-41(HT) catalyst (Fig. 10. B). Assuming adsorption equilibrium this infers that the
Ti-MCM-41(SG) catalyst has higher ClI° coverage. The adsorbed CI" can inhibit the
photocatalytic conversion and thereby can also contribute to the inferior photocatalytic
properties of the Ti-MCM-41(SG) catalyst.

Fig. 11 shows the mineralization of TCP as a function of irradiation time. Using Ti-MCM-
41(HT) and TiO,/MCM-41 the CO; yield is continuously increasing with time, whereas on
Ti-MCM-41(SG) catalyst, the formation of CO, almost stops beyond 35 min. of irradiation.
While the CI" ion concentration of the solution above the Ti-MCM-41(HT) catalyst is virtually
constant in the period between 30 and 50 min, the conversion to CO, continuously increases,
the mineralization becomes complete in about 100 min. This suggests that the rate constant of
the reaction, wherein the chloride containing compounds are converted to organic acids is
much higher, than the rate constant of the acid destruction reaction.

In summary, analysis of the type and the appearance sequence of the detectable intermediates
in the photocatalytic decomposition of TCP over titanium containing mesoporous silicates are
in harmony with the mechanistic picture that proceeds via hydroxyl radicals. It was pointed
out that mass transport limitation in the mesopore system of the MCM-41 material can be

with significant influence on the photocatalytic selectivity and on the catalyst efficiency.

Conclusion

Irrespective of the more favorable textural properties of Ti-MCM-41(SG) catalyst compared
to that of Ti-MCM-41(HT) and TiO,/MCM-41 sample, it was found that the activity of
2,4,6-TCP photodegradation is higher on the former one. This indicates that probably
separated penta or octahedrally coordinated titanium species can be considered as catalytically
active sites in this reaction and the amount, the mode of titanium incorporation, the
accessibility of these active sites in the channel system of MCM-41 strongly influences the

catalytic activity.
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Nevertheless, faster CI" ion photo removal from chlorophenols can act as an inhibitor by
adsorption on the catalyst surface. Furthermore, organic acids accumulation as final
photodegradation products can also play the same role.
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Table 1. Chemical composition and textural characteristics of titanium modified MCM-41

samples
TiO,content  a® BETsurface  Pore volume  Pore diameter”
Sample 2,1 3.1
wit% nm area, m-g cmg nm
Ti-MCM-41(HT) 5.0 4.05 835 0.98 2.59
Ti-MCM-41(SG) 11.1 3.95 1000 1.1 2.46
TiO,/MCM-41 20.5 414 887 1.0 2.35

Unit cell parameter (calculated from ag= 2d100(3) %), ® The most frequent pore diameter, calculated by the BJH

method from the desorption branch of the N, adsorption isotherm.

Table 2. The calculated apparent rate constant (Kapp) values from the slope of the In (Co/C) vs,
t plots.

Sample Kapp, Min™
Ti-MCM-41(HT) 0.0543
Ti-MCM-41(SG) 0.0038
TiO,/MCM-41 0.0454
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Figure captions
Fig. 1. XRD patterns of titanium-modified MCM-41 materials.

Fig. 2. TEM images of titanium-modified MCM-41 materials: (A) Ti-MCM-41(HT), (B) Ti-
MCM-41(SG), (C, D) TiO,/MCM-41

Fig. 3. Nitrogen adsorption isotherms of titanium-modified MCM-41 materials
Fig. 4. UV-Vis spectra of titanium-modified MCM-41 compared to anatase
Fig. 5. FT-IR and Raman spectra of titanium-modified MCM-41 materials

Fig. 5. The (A) FT-IR spectra of Py, adsorbed on Ti-modified MCM-41 materials and (B) the
Raman spectra of anatase and the titania, bound to MCM-41 material.

Fig. 6. Photocatalytic degradation of 2,4,6-TCP on titanium modified MCM-41 catalysts. An
aqueous solution, containing 100 ppm 2,4,6-TCP was irradiated by a 6-Watt UV lamp at 254
nm wavelength at a catalyst concentration of 0.2 g /liter.

Fig 7. The drop of 2,4,6-TCP concentration as a function of time under the conditions of the
photocatalytic reaction (see the legend of Fig. 6), but in absence of any irradiation.

Fig. 8. In(Co/C) vs. irradiation time plots of Ti-MCM-41 materials

Fig. 9. Formation of dihydroxytrichlorobenzene (DHTCB), 3,5-dichlorocatehcol (3,5-DCC),
trihydroxydichlorobenzene (THDC), 2,6-dichlorobenzoquinone (2,6-DCBQ) and
benzoquinone (BQ) intermediates during the photocatalytic degradation of 2,4,6-TCP in the
presence Ti-MCM-41(HT) catalyst (A), TiO,/MCM-41 (B) and MCM-41(SG) catalyst (C).

Fig. 10. Formation of organic acids (A) and chloride ions (B) during the photocatalytic
degradation of 2,4,6-TCP in the presence of titanium modified MCM-41 catalysts.

Fig. 11. Formation of carbon-dioxide during the photocatalytic degradation of 2,4,6-TCP in
the presence of Ti-MCM-41 catalysts.

Scheme 1. Proposed schematic photocatalytic degradation mechanism of 2,4,6-TCP on Ti-
MCM-41 materials.
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Photocatalytic degradation of 2,4,6-trichlorophenol by
titania pillared layered silicates
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Summary : Different amounts of TiO, were introduced into a hectorite type laponite material by a conventional
pillaring process applying titanium polyoxocations. TiO, pillars were formed as finely dispersed anatase
nanoparticles between the laponite layers. XRD and TEM investigations supported that the layered structure
became partially disordered. UV-Vis spectra showed that titania-pillared clays had an absorption band, red
shifted relative to the characteristic 330 nm absorption band of anatase. The titania pillared laponite materials,
and also their iron doped varieties proved to be active catalysts in the heterogeneous photocatalytic
degradation of 2,4,6-TCP in water.

Keywords : TiO»-PILC; Laponite, Photodegradion of 2,4,6-trichlorophenol;

Introduction

Phenols and their chlorinated derivatives, such as the 2,4,6-tricholophenol (TCP) are among
the most abundant toxic environmental pollutants. Chlorophenols are highly resistant to
biodegradation and can be transformed to more toxic compounds under environmental
conditions [1]. TCP is commonly used as a wood preservative agent, pesticide, insecticide and
can come from effluents of the petrochemical industry or waste water treatment process. A
developing procedure for the mineralization of the phenolic compounds is their heterogeneous
photocatalytic degradation. The overall mineralization process can be summarized by the
following reaction:

Organic pollutant+O,—CO,+H,0+mineral acids

The most active heterogeneous photocatalysts proved to be semiconductors, such as TiO, and
ZnO, due to their high photosensitivity, non-toxic nature, large band gap and sufficient
chemical and mechanical stability. The effectiveness of titania photocatalysts can be
improved by controlling their surface boundary properties, e.g. by stabilizing titania
nanoclusters on high surface area supports.

Pillared interlayered clays (PILCs) are unique, two dimensional layered materials prepared by
exchanging the charge compensating cations between the clay layers with larger inorganic
hydroxyl metal cations followed by dehydration and dehydroxylation. The formed stable
metal oxide clusters acting as pillars keep the silicate layers separated and create interlayer
spacing of molecular dimensions. When a titania precursor is used as a pillaring agent, the
resulting TiO,-PILC materials have favorable catalytic properties.

They posses high thermal and hydrothermal stability, large pore sizes that allow further
incorporation of catalytically active species, (e.g. other transition metals). Moreover, the
intercalation of TiO, between silica layers is an effective way of increasing the surface area
and acidity of the TiO,.

This paper focuses on the preparation, characterization and investigation of the photocatalytic
behavior of titania pillared laponite (hectorite) materials in the degradation of 2,4,6-
trichlorophenol.

Experimental

* Corresponding author
E-mail : szegedi@chemres.hu
Phone/fax : +36 14384142

23



Ti0,-PILC materials were prepared by the established procedure of Yang and Sterte [2, 3].
The starting clay was a hectorite type laponite (Laponite XLG, Rockwood). The pillaring
agent, a solution of Ti-polycations, was made by adding 11/22 ml TiCl, to 37/74 ml of 2N
HCI and diluting with 74/148 ml of distilled water. These solutions were added dropwise to
10 g laponite samples dispersed in 2,5 L water to achieve 10/ 20 mmol Ti/g clay. The
resulting gel products were aged for 18 hours, separated by centrifugation and washed
chloride free with distilled water. Samples were dried at 120°C for 12 h and calcined at 350
and 500°C for 12 h in air.

Iron-exchanged varieties of the of TiO,-Laponites were prepared by using a conventional ion-
exchange procedure, applying fresh 0,1 N Fe(NO3)3 solution three times, than washing the
samples neutral. Heat treatment of the dried samples was carried out at 400°C for 6 h.

The chemical composition of the samples were measured by atomic absorption spectroscopy,
the prepared materials were characterized by XRD (Philips PW 1810/1870 diffractometer),
DR UV-Vis (Jasco V-570, equipped with an integrating sphere) and FT-IR spectroscopy by
the self supported wafer technique applying pyridine as a probe molecule (Nicolet Compact
400). Textural properties were investigated by TEM (MORGAGNI 268D) and by nitrogen
physisorption measurements at 77 K using Quantachrome NOVA Automated Gas Sorption
Instrument. Photocatalytic activity of the samples in degradation of 2,4,6-trichlorophenol was
measured in a conventional annular photochemical reactor (Heraeus, 400 cm®) applying 6W
UV lamp irradiating at 360 nm wavelength. 100 cm*/min air stream was pumped through the
intensively stirred reactor. The initial concentration of TCP was 150 ppm and 0,5 g/l catalyst
were used. At certain intervals 2 cm?® aliquots were taken from the reactor and analyzed by
Merck Hitachi HPLC apparatus, using Hypersil C18 inverse phase column and 80-20%
methanol-water mobile phase.

Results

Chemical composition of the parent and titania modified material (Table. 1) showed that
during the pillaring procedure the highly acidic pillaring solution removed all the
exchangeable sodium cations and also a part of the octahedral Mg layer was dissolved. The
pillaring procedure resulted also in the significant increase of ion-exchange capacity. The iron
content of the iron-exchanged materials amounted to 0,65 mmol/g.

Table 1

Chemical composition of the parent and titania pillared laponites

Sample Na Mg Ti IEC
(mmol/g) (mmol/g) (mmol/lg)  (mmol/g)

Laponite 1.7 6.2 - 0.22

TiO,-Laponite 0.02 1.9 4.3 0.79

The XRD investigations showed that upon pillaring the structure of individual hectorite layers
were preserved, however no intensive (001) reflection at lower two theta angles could be
observed. These type of pillared clays have been referred to as delaminated pillared clays in
the literature. This partial structure disorder was also supported by the TEM results. The
presence of finely dispersed anatase phase was verified by the very broad reflections on the
XRD patterns. Increasing the amount of pillaring titania and the heat treatment temperature
did not result in an intensity increase of the anatase phase. Iron-exchanged materials showed
similar XRD patterns as the titania-modified varieties and no indication of separate Fe,O3
phase was observed.

Nitrogen adsorption experiments confirmed that after the pillaring procedure the BET surface
area increased significantly from 290 m?/g to 445 m?/g. The pore size distribution showed
bimodal pore structure with 2.2 and 3.6 nm average pore diameters.
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DR UV-Vis spectra of the parent and TiO, and Fe modified samples compared to bulk anatase
(Degussa P25) are shown on Fig. 1. It can be seen that independently of the titania content, all
the titania and iron containing pillared clay materials show a red shift relative to the
characteristic 330 nm absorption band of anatase. On one side this absorption band is an
indication of titania pillars in the modified samples, on the other side it means that these
materials can be excited with slightly lower energy of irradiation than bulk anatase phase. The
iron containing TiO,-laponite sample can be excited even by visible light.

a/ Laponite

b/ P25 Anatase

¢/ TiO,-Laponite

d/ Fe/TiO,-Laponite

Absorbance
=
(o]

:
o

(=
~
L

0.0 T T
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Fig. 1. UV-Vis spectra of the titania and iron modified laponites

FT-IR spectroscopic examination of the adsorbed pyridine showed the presence of both
Bronsted and Lewis acid adsorption sites in the titania modified samples. Acidic sites can play
an important role in the adsorption of TCP on the catalyst surface during the photocatalytic
reaction.

The titania-pillared laponite materials proved to be active catalysts in photocatalytic TCP
degradation. Total mineralization of chlorophenol was achieved in 150 minutes. The
Langmuir-Hinshelwood model was applied to describe the oxidation Kinetics.

The higher amount of titania on the pillared materials favorably influenced the catalytic
activity, but the temperature of heat treatment did not have any effect on it. Iron containing
TiO,-Laponites showed higher catalytic activity due to their lower band gap energy.

Conclusions

Titania pillaring of laponite type silicates is an effective way of preparing porous materials,
having high surface area and finely dispersed titania nanoparticles, active in heterogeneous
photocatalytic degradation of polychlorinated phenols. Post-synthesis modifications with
other type of transition metals, such as iron, can lead to enhanced photocatalytic activity.
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