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A65tract 

Nan0metre-512ed p0wder5 0f 5f1~10~ were prepared at 70--100 °C 6y the wet-ehem1ca1 meth0d 0f 9c1 tt~ cry5ta111te (6-C) c0nver510n. 7he 
cry5ta111te 512e5 06ta1ned werc 1n the ran9e 5-13 nm, a5 e5t1mated 6y tran5m15510n e1ectr0n m1cr05c0py (7EM) 5tud1e5. 7he ph0t0eata1yt1c 
act1v1t1e5 0f the5e p0wder51n the m1nera112at10n 0f phen01 were eva1uated 1n c0mpar150n w1th De9u55a P25 (7102). 7he max1mum ph0t0- 
cata1yt1c act1v1ty wa5 065erved f0r p0wder5 annea1ed 1n the ran9e 1100-1300 °(2. 7he 0pt1ea1 5pectra 0f the pan1c1e 5u5pen510n5 1n water 
5h0wed 6r0adened a650rpt10n ar0und the 6and 9ap re910n, t09ether w1th the appearance 0f an a650rpt10n max1mum 1n the UV re910n. 7he 
effect 0f 1n0r9an1c 0x1d121n9 5pee1e5 a5 e1ectr0n 5caven9er5 0n the rate 0f the ph0t0cata1yt1c de9radat10n 0f phen01 wa5 5tud1ed. 7he 1nf1uence 
0f 6u1k and 5urface defeet5, wh1ch part1c1pate 1n the char9e tran5fer pr0ce55 dur1n9 ph0t0eata1y515, wa51nve5~19ated 5y5temat1ca11y. 
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1. 1ntr0duct10n 

Ph0t0a5515ted heter09ene0u5 cata1y515 15 the m05t w1de1y 
u5ed techn14ue f0r the m1nera112at10n 0f 0r9an1c p011utant51n 
water. U1traf1ne p0wder5 0f 5em1c0nduct0r 0x1de5 have 0ften 
6een u5ed a5 ph0t0cata1y5t5, e.9.7102 [ 1--61,2n0 [ 7 ], 7102- 
5102 [ 8,9] and, t0 a 1e55er extent, per0v5k1te t1tanate5 5uch 
a5 5r7103 [10-12]. 7he preparat1ve r0ute 0f the per0v5k1te 
t1tanate5, and hence the pre-h15t0ry 0f the f1ne p0wdered par- 
t1c1e5, p1ay5 an 1mp0rtant r01e 1n determ1n1n9 the1r ph0t0ca- 
ta1yt1c act1v1ty. 1n pract1ce, 1t 15 d1ff1cu1t t0 prepare u1traf1ne 
p0wder5 0f m1xed 0x1de5 6ecau5e 0f the h19h temperature 
1nv01ved 1n the1r f0rmat10n thr0u9h 5011d-5011d react10n5. 

A num6er 0f meth0d5 have 6een rep0rted f0r the prepara- 
t10n 0f 5r7103 pc ~der5 at 10wer temperature5 6y chem1ea1 
r0ute5, e.9. hydr0therma15ynthe515 [ 13,14], chem1ca1 e0pre- 
c1p1tat10n [ 15], precur50r meth0d [ 16] and 501-9e1 pr0ce55- 
1n9 [17,18]. Each meth0d ha5 1t5 mer1t5 a5 we11 a5 1t5 
d15advanta9e5. 7he wet- chem1ca1 5ynthe515 0f u1traf1ne 
5r7103 p0wder5 c0nt1nue5 t0 6e a 5u6ject 0f 1nten5e re5earch 
act1v1ty [ 19 ] a5 the pr0duct exh161t5 many fav0ura61e p0wder 
eharacter15t1c5 re1at1ve t0 th05e der1ved fr0m c0nvent10na1 
ceram1c r0ute5. 7he ma1n feature5 are the 1ncrea5ed h0m0- 
9ene1ty and h19h 5urface area 1ead1n9 t0 1mpr0ved react1v1ty. 

* C0rre5p0nd1n9 auth0r. 
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51nce the wet-chem1ca1 5ynthe515 0f m1xed 0x1de5 pr0v1de5 
p0wder5 w1th the de51red phy51c0chem1ca1 pr0pert1e5, 1nn0- 
vat1ve meth0d5 have 6een deve10ped and 5tandard12ed 6y 
many 9r0up5 [ 19,20]. 

1n th15 paper, we rep0rt the wet-chem1ca15ynthe515 0f nan0- 
metre-512ed p0wder5 0f 5r7103 and meta1-d0ped 5r7103 6y 
the 9e1 t0 cry5ta111te (6--C) c0nver510n. 7he 9enera1 react10n 
1nv01ved 1n th15 techn14ue 15 the 6reakd0wn 0fthe 9e1 netw0rk 
due t0 the chan9e 1n 10n1c pre55ure 6r0u9ht a60ut 6y the 
chem1ca11nf1ux 0f a110va1ent 10n5 [21 ]. 7he5e p0wder5 were 
u5ed a5 cata1y5t51n the ph0t0de9radat10n 0f phen01 1n water. 

2. Exper1menta1 pr0cedure5 

6e15 0f hydrated t1tan1a (7102.xH20 (80 < x < 130) ) were 
prepared 6y the add1t10n 0f amm0n1um hydr0x1de at appr0x- 
1mate1y 40 *(2 t0 a 501ut10n 0f t1tan1um 0xych10r1de up t0 pH 
8. 7he 9e15 were wa5hed free 0f ch10r1de and amm0n1um 
10n5. N0 5pec1a1 care wa5 taken t0 e0ntr01 th~ part1c1e 512e 0f 
the 9e1.7he 9e1 wa5 5u5pended 1n 0.5 M 5r(0H)2 501ut10n 
1n a f1a5k f1tted w1th a water-c001ed ref1ux c0nden5er. A1r 1n 
the ve55e1 wa5 d15p1aced 6y n1tr09en. Fre5h entry 0f atm05- 
pher1c C02 wa5 prevented 6y the u5e 0f an a1ka119uard-tu6e. 
7he 71/5r m01e rat10 wa5 var1ed fr0m 0.95 t0 1.05. 7he 
react10n wa5 carr1ed 0ut at 70-100 0C f0r 1-4 h w1th c0n5tant 
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5t1rr1n9. 7he 5011d pha5e rema1nm91n the react10n ve55e1 wa5 
f11tered, wa5hed free 0f 5r(0H)2 and a1r dr1ed. 7he rec0vered 
5011d5 were 0ven dr1ed. 7hey were further annea1ed at the 
de51red temperature 6etween 110 and 1500 °C. Un11ke the 
~1tan1a 9e1, the 5011d pha5e5 rec0vered fr0m the 6-C c0nver- 
510n were cry5ta111ne w1th X-ray pattern5 c0rre5p0nd1n9 t0 a 
cu61c per0v5k1te pha5e, name1y 5r7103. 

5r7103 p0wder5 d0ped w1th tran51t10n meta1 10n5 (e.9. 
Mn) were prepared acc0rd1n9 t0 the a60ve pr0cedure: the 
meta1 5a1t (m0re than 0.002 m01.%) wa5 added at the 5ta9e 
0f 7102 9e1 preparat10n. 

Pha5e 1dent1f1cat10n 0f the p0wder5 wa5 ca.••r1ed 0ut 6y X- 
ray p0wder d1ffract10n u51n9 a 5C1N7A6 XD5-2000 X-ray 
mffract0meter w1th a Cu Ka 50urce. 7he part1c1e 512e and 
5hape were eva1uated 6y tran5m15510n e1ectr0n m1cr05c0py 
(7EM) u51n9 a 3E0L 200 CX 1n5trument. 7he 512e 0f the 
part1c1e5 wa5 determ1ned 6y the 1ntercept meth0d fr0m the 
m1cr09raPh5, E1ectr0n parama9net1c re50nance (EPR) 5pec- 
tra 0f 5r710~ p0wder5 werc rec0rded 0n a Var1an E0109 X0 
6and 5pectr0meter at 9 0H2, w1th a 7E011 cav1ty, 1n the 
ran9e 78~300 K. 7he a650rpt10n 5~ctra were rec0rded 0n a 
5h1mad2u 1JV-2100 UV-v15161e 5pectr0ph0t0meter. 
M1cr0m01ar 5u5pen510n5 0f the part1c1e5 were prepared 6y 
d15per51n9 the p0wder 1n water and 5t1rr1n9 1n an u1tra50n1c 
tank f0r 10 m1n. 5urface area mea5urement5 were carr1ed 0ut 
0n a M1cr0mer1t1c5 2200A rap1d 5urface area ana1y5er. 7her- 
ma1 ana1y515 0f 5r7103 p0wder5 wa5 carr1ed 0ut 1n a P01ymer 
La60rat0ry 57A 1500 51mu1tane0u5 therm09rav1metry-d1f0 
fercnt1a1 therma1 ana1y515 (76-D7A) 1n5trument. 

Ph0t0de9radat10n exper1ment5 were carr1ed 0ut 1n a 5111ca~ 
91a55 react0r u51n9 a med1um pre55ure mercury vap0ur 1amp 
50urce; deta115 0f the 5y5tem have 6een 91ven e15ewhere [ 221. 
Phen01 wa5 ch05en a5 a m0de1 p011utan~, wh05e 1n1t1a1 c0n~ 
centrat10n wa5 2 mM. 7he e1ectr0n 5caven9e~ u5¢d were 
H:0: 0r NaC10~ wh05e c0ncentrat10n wa5 var1ed fr0m 20 t0 
250 mM. 7he cata1y5t 10ad1n9 wa5 0.1 wt.% 1n a11 the exper- 
1ment5, and un1e55 0therw15e 5tated a11 exper1ment5 were car- 
f1ed 0ut at pH 6.5, 5amp1e5 f0r ana1y515 were w1thdrawn at 
the de51red 1nterva15 0f t1me dur1n9 1rrad1at10n and centr1. 
fu9¢d. 7he c0ncentrat10n 0f phen01 1n the 5upernatant c1ear 
501ut10n wa5 determ1ned c010r1metr1ca11y u51n9 the 5tandard 
meth0d, w1th 4-am1n0 ant1pyr1ne a5 the rea9ent [ 23], 0n a 
H1tach1330 UV-v15161e 5pe¢tr0ph0t0meter. Ca116rat10n wa5 
carr1¢d 0ut w1th phen01 501ut10n5 0f kn0wn c0ncentrat10n5. 
C02 ev01v~ at 10w c0ncentrat10n5 wa5 mea5ured 6y 5weep- 
1n9 w1th ar90n 1nt0 a 5h1mad2u 9a5 chr0mat09raph f1tted w1th 
a P0rapak c01umn. At h19her c0nc~ntrat10n5, C0:wa5 5wept 
1nt0 8a(0H):  501ut10n and the prec1p1tated 8aC03 wa5 e5t1- 
mated. 

3. R¢5u1~ and d15cu5510n 

3.1. Character12at10n 0f the cata1y~t 

Dur1n9 the 1n1t1a1 5ta9e5 0f the 6 -C  c0nver510n react10n, a 
c0n51d¢ra61e decrca5e 1n 9e1 v01ume wa5 n0ted, a5 a re5u1t 0f 

the d151nte9rat10n 0f the c0ar5e 9e1 cau5ed 6y the 1nf1ux 0f 
5r 2 + 10n5. A5 the react10n pr09re55ed, the 9e1 105t 1t5 appear- 
ance and wa5 c0nvened 1nt0 a f10w1n9 p0wdery ma55. 7he 
f0rmat10n 0f 5r7103 wa5 c0mp1ete w1th1n 1 h at 100 °C, 
wherea5 the react10n t1me had t0 6e extended t0 4 h at 70 °C. 

7he wet-chem1ca1 meth0d 0f 6 -C c0nver510n 15 a 51mp1e 
pr0cedure f0r the preparat10n 0f M710~ t1tanate5 
(M ~ a1ka11ne earth meta1). 7he meth0d d1ffer5 fr0m the 501- 
9e1 pr0ce55 1n that n0 h19h temperature ca1c1nat10n 15 nece5- 
5ary f0r the f0rmat10n 0f cry5ta111ne m1xed 0x1de5. 7he 
mechan15m 0f f0rmat10n 0f M7103 fr0m c0ar5e t1tan1a 9e1 
and M(0H)2 ha5 6een rep0rted prev10u51y [ 21 ]. 7he 9enera1 
feature 0f 6~4:~ c0nver510n 1nv01ve5 the 1n5ta6111ty 0f 
710~.xH20 9e16r0u9ht a60ut 6y the chan9e 1n 1~n1c pre55ure 
a5 a re5u1t 0f the m19rat10n 0f M: ~ 10n5 thr0u9h the 501vent 
cav1t1e5 w1th1n the 9e1 framew0rk. 7he rap1d 1nf1ux 0f a110v- 
a1ent M: + 10n5 1nt0 the 9e1 cav1t1e5 c0nta1n1n9 entrapped 
501vent can up5et the char9e 6a1ance, and th0 1nteract1ve 5ta- 
6111ty 6etween th¢ 9e1 netw0rk and th~ 501vent 6reak5 d0wn. 
7hu5 the pH chan9e w1th1n the t1tan1a 9e1 1ead5 t0 de01at10n 
0f the 6r1d91n9 9r0up5, 5uch a5 71-0H-~71 and 71*~0-71, 
f0110wed 6y 0x01at10n, re5u1t1n9 1n the c0rner-5har1n9 710~ 
0ctahedra wh1ch ar¢ char9e c0mpen5ated 6y the d1va1ent cat- 
10n. 7h15 re5u1t51n the c011ap5e 0f the 9e1, 91v1n9 way t0 f1ne 
part1c1e5 0f cry5ta111te5 under the wet- chem1ca1 c0nd1t10n, 
wh1ch 15 a550c1ated w1th a 1ar9e decrea5e 1n the 9e1 v01ume, 
1n c0ntra5t w1th the 5tart1n9 5ta9e. 7he 5011d rec0vered fr0m 
th¢ react10n m0d1um 15 cry51aU1n¢ a5 065erved 6y X-ray d1f- 
fract10n (XRD). 

7he XRD pattern5 5h0w the f0rmat10n 0f 51n91e-pha5e 
p0wder5 w1th the cu61c per0v5k1te 5tructure (F19. 1 (a)) fr0m 
th¢ 6-C c0nver510n react10n5. N0 X-ray ref1ect10n5 ar151n9 
fr0m rut11e (710:) arc 065erved after annea11n9 the p0wder5 
at h19h temp¢raturc5, 1nd1cat1n9 the a65ence 0f unreacted 
710:. Heat trcatment 0f the p0wder 15 acc0mpan1ed 6y a 
mar91na1 decrea5e 1n the ce11 parameter, a5 we11 a5 a 9radua1 
decrea5e 1n the ha1f-6andw1dth 0f the X-ray ref1ect10n5 and a 
9a1n 1n the peak he19ht5. 7he un1t ce11 parameter decrea5e5 
fr0m a0 ~= 3.936 A f0r the 0ven-dr1ed 5amp1e t0 a0-~ 3.910 A 
f0r the 5amp1e5 annea1ed a60ve 1100 °C (F19. 1 (6)). 

"1EM 5tud1e5 (F19. 2) 1nd1cate that the p0wder part1c1e5 
arc nan0metrc 517ed, appr0x1mate1y 5pher1ca11n 5hape and 1n 
the 512e ran9e 5-13 nm. 7he c0rre5p0nd1n9 e1ectr0n d1ffrac- 
t10n pattern 15 5p0tty, 1nd1cat1ve 0f the m0n0cry5ta111te nature 
0f the part1c1e5. 

7he rc5u115 0f the 5urface area mea5urement5 arc 5h0wn 1n 
7a61e 1.7he 5urface area 0f the 0ven-dr1ed 5amp1e ( 110 0C) 
15 the h19he5t, 1.e. 46.7 m 2 9- n (5A. 1 ). A5 the 5amp1e 15 heat 
treated, the 5urface area decrea5e5 and reache5 a va1ue 0f 18.6 
m•* 9 ~ 1 (5A-6) f0r the 5amp1e annea1ed at 1450 °C. A m1n0r 
we19ht chan9e 0f 0.6% 15 n0ted 1n the re910n 200-1000 °C 
0n the therm09rav1metr1c ana1y515 (76A) curve when the 
5r7103 p0wder5 are 5u6jected t0 therma1 ana1y515. H0wever, 
n0 ex0therm1c peak c0rre5p0nd1n9 t0 the re.cry5ta1112at10n 0f 
the am0rph0u5 fract10n 15 065erved 1n the D7A curve. 7he 
ev01ved 9a5 ana1y515 5h0w5 0n1y water vap0ur a5 the pr0duct 
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F19. 1. (a) X R D  pattern5 0f 5r7103 5amp1e5: (1) a5-prepared; (11) annea1ed 
at 650 *C; (111) annea1ed at 1100 0C. (6) Var1at10n 0f un1t ce11 parameter 
(a0) v5. annea11n9 temperature. 

0f dec0mp051t10n. 7h15 c0rre5p0nd5 t0 the retent10n 0f 
hydr0xy1 9r0up5, wh1ch 15 c0nf1rmed 6y the 1R a650rpt10n 
5pectrum 0f weak 1nten51t1e5 at 3560 and 650 cm-~. 51nce 
the a5-prepared p0wder ha5 a 1ar9er un1t ce11 parameter wh1ch 
decrea5e5 0n heat treatment, th15 1nd1cate5 that hydr0xy1 
9r0up5 are reta1ned w1th1n the per0v5k1te 1att1ce. 7he a110- 
va1ent 0 H -  rep1ac1n9 0 2- mu5t 6e c0mpen5ated 6y an 
e4u1va1ent num6er 0f cat10n vacanc1e5 t0 ma1nta1n e1ectr0- 
neutra11ty. 7hu5 the pre5ence 0f framew0rk m0d1f1er5 
enhance5 the c0ncentrat10n 0f 1att1ce defect5. 

51n91e cry5ta111ne 5r7103 ha5 a 6and 9ap near 3.2 eV, 
c0rre5p0nd1n9 t0 an a650rpt10n ed9e at appr0x1mate1y 387 
nm. 7he 0pt1ca1 a650rpt10n 5pectra 0f 5r7103 part1c1e 5u5pen- 
510n5 d0 n0t 5h0w any a6rupt var1at10n5 ar0und 387 nm (F19. 
3(a) ). 7h15 15 1n c0ntra5t w1th the 5pectra 0f 5r7103 51n91e 
cry5ta15 and p01ycry5ta15 w1th a 9ra1n 512e a60ve 50/xm (F19. 
3 (6)). 7he 0pt1ca1 a650rpt10n c0nt1nue5 t0 1ncrea5e at 10wer 
wave1en9th5 and 5h0w5 an a650rpt10n max1mum at 299 nm. 
7he a650rpt10n max1mum 5h1ft5 t0 261 nm w1th decrea51n9 
part1c1e c0ncentrat10n. 7he 0pt1ca1 a650rpt10n 5pectra 0f the 
part1c1e 5u5pen510n5 can 6e d15eu55ed 1n c0mpar150n w1th the 
rep0rted a650rpt10n 5pectrum 0f 5r7103 51n91e cry5ta1 [ 24 ], 
where the Am peak 15 attr16uted t0 the ¢t5"~* •rt2 tran51t10n and 

(a) 

5,~nm, 
• w 

F19.2.7ran5m15510n e1ectr0n m1cr09raph 0f 5r710~ p0wder: (a) m0rph01- 
09y 0f the a5-prepared p0wder; (6) c0rre5p0nd1n9 e1ectr0n d1ffract10n 
pattern. 

7a61e 1 
Phy51ca1 character15t1c5 0f 5r710.~ p0wder5 prepared thr0u9h 6-C c0nver- 
510n 

5amp1e Annea11n9 5urface area Un1t ce11 
c0de temperature (m 2 9- ~ ) param¢ter 

(°C) (a0) (A) 

5A-1 110 47,6 3,936 
5A-2 650 46,1 3,916 
5A-3 900 40,2 3,911 
5A-4 1100 26.1 3,910 
5A-5 1300 21,5 3,910 
5A-6 1450 18.6 3,910 

A2 t0 the ~r25-~ ¢,2 tran51t10n (F19. 3(6)). 7he a650rpt10n 
max1mum 065erved 1n F19.3 (a) 15 attr16uted t0 the mer91n9 
0f the5e 1nter6and tran51t10n5.1n the ca5e 0f u1traf1ne part1c1e5, 
the 6and ed9e a650rpt10n 15 5tr0n91y affected even 1n the 5- 
20 nm 512e ran9e. 

3.2. Ph0t0de9radat10n 5tud1e5 

7he k1net1c data 0f the ph0t0de9radat10n 0f phen01 are 
5h0wn 1n F19. 4. 1n the a65ence 0f 0ther reactant5, a4ue0u5 
phen01 d0e5 n0t de9rade 0n UV 1rrad1at10n. When m1xed w1th 
814~103 part1c1e5 and exp05ed t0 UV 1rrad1at10n (A,,~,, ~ 365 
nm), C/C0 decrea5e5 t0 ar0und 0.85 and then rema1n5 
unchah9ed, 7he 5ame re5u1t5 are 06ta1ned wh¢n phen01 c0n- 
ta1n1n9 250 mM H202 0r NaC103 15 1rrad1ated 1n the a65ence 
0f 5r7103. Ph0t0m1nera112at10n 15 065erved 0n1y 1n the pre5- 
ence 0f 5r7103 and e1ther H202 0r NaC103.7he re5u1t5 5h0w 
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F19, ~. 0pt1ca1 a6t50rpt10n 5p¢¢tra 0f 5r710~ part1c1e5 at 25 °C: (a) ,,;u5pcn510f151n water (0.097 m9 m1 ~r ~ (fu1111ne );0.298 m9 m1 ~ ~ (6r0ken 11n¢) ); (6) 51n91e 
cry~ta1 (f01111n0) and p01ycpJ~ta111ne ceram1c 5amp1e 0f 50/~m 9ra1n 512¢ (6r0ken 11n¢) 
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perature; the max1mum ph0t~ata1yt1c act1v1ty 15 065erved 
f0r 5amp1e5 h¢at treated at 1100-1300 °C (5A.a and 5A-5), 
1.e. c0mp1ete m1nera112at10n 0f phen0115 ach1eved w1th1n 90 
m1n f0r 5A-5, F0r p0wder5 heat treated at 900 °(2 (5A-3), 
c0mp1ete phen01 de5truct10n 0ccur5 after 180 m1n. 7he h19h 
act1v1ty f0r 5A-5 may 6¢ attr16uted t0 the fact that, a5 the 
annea11n9 temp¢rature 15 1ncrea5ed, the nature 0f the char9e 
trap c¢ntre5 15 a1tered, a5 5h0wn 6y the 8PR data pre5ented 
1n the n¢xt 5ect10n. 7h15151n 5p1te 0f the fact that the 5urface 
ar¢a 0f the cata1y5t decrea5e5 fr0m 47.6 t0 21.5 m 2 9- ~ 0n 
annea11n9. Heat treatm¢nt at temp¢raturc5 0f 1350 °C 0r a60ve 

1.0 

0,2 

0,8 

-0 50 120 180 
1rmd1Qt10n t1me (M1nute5) 

P19, 4, K1~1¢5 0f phen01 de9¢~1at10n (a11 ¢urve$ 0n UV 1rr0x11~10n; C0- 2 
mM; pt1--•,$): 0,  phen01; Q, phen01 and H:0:; ~, phen01 and NaC10~; 
4, phen01 ~ 5r710~; 0, phen01, 5r710~ (5A-$) and 250 mM NaC10.~, 18, 
p1~..e01, 5r710~ (5A-$) and 2.50 mM H=0~; X, C0= ev01ut10n c0rre5p0nd1n9 
t0 0; +, C0~ ev01ut10n ~d1n9 t0 11, 

that H20= 15 m0re effect1ve than NaC10~ (F19, 4), 7he rate 
0f phen01 de9radat10n 1ncrea5e5 remarka61y and m0re than 
99% 0f t1~ phen01 d15appear5 w1th1n 90 m1n when Ha0a 15 
u5ed, 1n c0mpat150n, 60% 0f the phen01 d15appear5 after 90 
m1n when NaC10~ 15 u5ed. 

5r710~ 5amp1e5 were heat treated at tcmp¢rature5 1n the 
ran9¢ 110-1500 ~:: 1n 0rder t01nve5t19ate the effect 0fp0wder 
a9910m¢rat10n and part1c1e cry5ta111n1ty 0n the ph0t0react1v- 
1t},. F19. 5 111u5trate5 the effect 0f heat treatment 0n the ph0- 
t0cata1yt1c act1v1ty 0f 5r710a p0wder. 7he re5u1t5 5h0w that 
there 15 an 1ncrea5ed react1v1ty w1th 1ncrea51n9 annea11n9 tern- 
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0 60 120 180 
1rrad1at10n t1me (M1nute5) 

F19. 5. K1net1c5 0f phen01 de9radat10n: effect 0f annea11n9 temperature 
(C0=2 m1V1; pH ~ 6.5; [ H20-] =25 mM): 0, 5A-1; A, 5A-2; 0, 5A-3; A, 
5A-4; X, 5A-5; 8, 5A-6; 1"•1, De9u55a P25; 0, C02 ev01ut10n c0rre5p0nd1n9 
t0 X ; +, C02 ev01ut10n c0rre5p0nd1n9 t0 8. 
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F19. 6. Rate curve f0r phen01 de9radat10n: effect 0f annea11n9 temperature (C0 =~ 2 mM; pH ,-, 6,5; [ H202] ~ 25 mM): C), 5A-5; •, 5A-6; A, De9u55a P25; A, 
5A-4; r =1, 5A-2; 1,  5A-3. 
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F19, 7. a v5, annea11n9 temperature (C0,=2 mM; pH~6,5; [H20=] =25 
mM): (a) aat  60 m1n; (6) aat  30 m1n. 

1ncrea5e up t0 1300 °C. 7he rate decrea5e5 when the p0wder5 
are annea1ed at 1350 °(3 0r a60ve. 

7he ph0t0cata1yt1c act1v11y 0f the 900 °C annea1ed 5amp1e 
(5A-3) 15 enhanced when the H202 c0ncentrat10n 15 
1ncrea5ed fr0m 25 t0 250 mM (F19. 8). Under the5e c0nd1- 

1.0 

0.8 

0.6 

u 0 

(,3 

0.4 

1ead5 t0 a decrea5e 1n the ph0t0act1v1ty 0fthe cata1y5t, 6ecau5e 
0f 9ra1n 9r0wth thr0u9h 51nter1n9 and recry5ta1112at10n pr0c- 
e55e5. 1n c0mpar150n, a 5amp1e 0f c0mmerc1a11y ava11a61e 
7102 (De9u55a P25, a5-rece1ved p0wder fr0m the manufac- 
turer) 15 1e55 act1ve (F19. 5). 1t 15 ev1dent fr0m F19. 6 that 
5A-5 5h0w5 the max1mum rate w1th an R va1ue ( = d ~ / d t ,  

where a 15 the fract10n 0f the p011utant de9raded, 1.e. 
a = 1 - C / C 0 ,  and t 15 the t1me) 0f0.06 c0mpared w1th 0.022 
f0r De9u55a P25 and 0.04 f0r 5A-6. A p10t 0f 0~ v5. the 
annea11n9 temperature (F19. 7) 5h0w5 0n1y a mar91na1 
1ncrea5e 1n react1v1ty up t0 900 °(3, f0110wed 6y a c0n51dera61e 

0.2 

30 60 90 120 150 180 
1rrad1at10n t1m¢ (m1nute5) 

F19.8. K1net1c5 0f phen01 de9radat10n: effect 0f H202 c0ncentrat10n ( C0 ~ 2 
mM; cata1y5t 15 5A-3; pH ~6.5): 0,  25 mM H202; •, 82.5 mM H205; A, 
250 mM 1+1202; A, C05 ev01ut10n c0rre5p0rM1n8 10 A; 0, C05 ev01ut10n 
c0rre5p0nd1n9 t0 0. 
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1~19, 9, Rate curve f0r phen01 de9radat10n: effect 0f H20~ c0ncentrat10n (C0 ~ 2 mM; cata1y5t 15 5A03; pH ~ 6.5 )" 0 ,  250 mM H~0~; A, 82,5 mM H~02; [:], 25 

mM H~0~. 

t10n50 phen0115 c0mp1ete1y ph0t0m1nera112ed w1th1n 100 m1n. 
7he c0rre5p0nd1n9 rate curve (F19. 9) 5h0w5 an R,~  va1ue 
0f0.05 when the rat10 0f [H~02] / [p6en01] 15 125 c0mpared 
w1th an R,,~ va1ue 0f 0.013 when the rat10 0f [ H2C)~]/[phe- 
n01] 15 12.5. 

7he k1net1c data 5h0w that 5r710~ part1c1e5 a10ne are 1nef- 
f1c1ent 1n the ph0t0cata1yt1c de9radat10n 0f phen01, Ph0t0ca- 
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80 160 240 
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f19. 10. et v5. Ha0~ ~ . ~ t r a t 1 0 n  (C0 = 2 mM~ cata1y5t 15 5A-3; pH •-. 6.5): 
0,  eat ~0 a~0; 15, erat 30 mJn, 

ta1yt1c act1v1ty 15 exh161ted 0n1y 1n the pre5ence 0f 0x1d121n9 
a9ent5, 5uch a5 H202 0r NaC103, 0n 111um1nat10n. Further- 
m0re, phen01 d0e5 n0t de9rade 1n the pre5ence 0f the 0x1d12- 
1n9 a9ent 0n 111um1nat10n w1th0ut 5r7103. 7heref0re a 
h0m09ene0u5 ph0t01yt1c de9radat10n can 6e ru1ed 0ut. F19. 
10 5h0w5 that the extent 0f the react10n 1ncrea5e5 w1th an 
1ncrea5e 1n H~02 t0 a certa1n 1eve1, and th¢n a 1eve15 0ff 
w1th0ut an apparent decrea5e 1n the ph0t0de9radat10n rate 
w1th a further 1ncrea5e 1n He02 c0ncentrat10n. 7h15 re5u1t 
cann0t 6¢ exp1a1ncd 0n the 6a515 0fthe f0rmat10n 0f0H. fr0m 
H~.0~, the f0rmer 6e1n9 ad50r6ed 0nt0 the 5urface 0f the 
part1c1e. 1f 0H" pr0duced fr0m H202 were the react1ve 1nter- 
med1ate, the m1nera112at10n 0fphen015h0u1d pr0ceed t0 c0m- 
p1et10n under h0m09ene0u5 c0nd1t10n5. 0ther 0x1d121n9 
a9ent5, 5uch a5 NaC103, wh1ch d0 n0t 9enerate 0H•, are a150 
effect1ve, 1nd1cat1n9 that the ph0t0m1nera112at10n 15 1nde- 
pendent 0f hydr0xy1 rad1ca15 a5 1ntermed1ate. H0wever, the 
re5u1t5 are 1nd1cat1ve 0f the e1ectr0n 5caven91n9 capa6111ty 0f 
H20:~, there6y prevent1n9 the rec0m61nat10n 6etween ph0- 
t09enerated e1ectr0n5 and h01e5. 1n 9enera1, the 1nv01vement 
0f 0H" a5 a char9e tran5fer 1ntermed1ate 15 n0t 5u65tant1ated 
6y the pre5ent re5u1t5. 

3.3. EPR 5tud1e5 0f the char9e trap cemre5 

7he char9e tran5fer pr0ce55 1n 5r7103 dur1n9 the ph0t0- 
de9radat10n 0f p011utant515 9reat1y affectcd 6y the nature 0f 
the trap 5tate5 preva111n9 1n the 5011d. E1ectr0n5 and h01e5 are 
f0rmed when the 5em1c0nduct0r part1c1e5 are 1rrad1ated w1th 
UV 119ht. 7he5e char9e carr1er5 can 6e part1y trapped at the 
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R[9, 11, EPR 51~ctra 0f 5r710, p0wd0r~ rec0rded 6e1ween •/8 and 300 K: 
(a) a5=pmpared ca1tt1y5t, an1rrad1a1e,1~, (6) a50pmpared cata1y5t rec0vered 
after 1rrad1a110n; (c) a50pr0pared cata1y5t rec0vered after 1rrad1at10n 
(rec0rded at •/8 K ), 

p01nt defect5 6ef0re they are tran5ferred acr055 the 1nterface. 
F195. 11-13 5h0w the EPR 5pectra 0f 5r7103 p0wder5 rec0v- 
ered fr0m the ph0t0de9radat10n exper1ment5. 

7he a5-prepared p0wder5 0f 5r7103 fr0m the 6--C c0nver- 
510n r0ute 5h0w an EPR 519na1 0f 9 = 2.007; th1~ 519na1 15 
a5ymmetr1c, 6ut 1ack5 any f1ne 5tructure (F19. 11 ). C0n51d- 
er1n9 the fact that A 9 = 9 0 h 5 - 9 ~  (where 9==2.0023 15 the 
free e1ectr0n va1ue) 15 p051t1ve, the 519na1 can 6e a5519ned t0 
a h01e centre. 0n  annea11n9 1n an atm05phere 0f N2 + H2 at 
900 °C, th15 519na1 d15appear5, wh1ch 15 character15t1c 0f a 
h01e centre. When 71/5r > 1 1n the preparat10n med1um, the 
519na1 1nten51ty 1ncrea5e5, 1mp1y1n9 that the trapped h01e ha5 
a h19her 5ta6111ty 1n t1tan1um-r1ch 6ut 5tr0nt1um-def1c1ent 
c0mp051t10n5. When the prepared p0wder 15 d15per5ed 1n 
d11ute HN03 (0.05 M) and further wa5hed 1n d15t111ed water, 
the h01e centre 519na1 1ncrea5e5 1n 1nten51ty. 5r 2 + 10n5 are 
detected 1n the f11trate 6y at0m1c a650rpt10n 5pectr05c0py 
(AA5) 6ut n0 714 +. 7h15 exper1ment dem0n5trate5 that the 
5ta6111ty 0f the h01e centre can 6e c0rre1ated w1th the 5tr0nt1um 
vacancy (V5r) c0ncentrat10n at the 5urface re910n. 7he n0ta- 
t10n5 0f Kr~9er [ 25 ] f0r the defect 51te5, w1de1y u5ed 1n 5011d 
5tate chem15try, are emp10yed 1n th15 paper. 51m11ar treatment 
0f 5r7103 p0wder 1n d11ute acet1c ac1d 1ead5 t0 a decrea5e 1n 
the 1nten51ty 0f the 519na1, 6ecau5e 0f the h01e 5caven91n9 
capa6111ty 0f the acetate 10n. 7he5e exper1ment51nd1cate that 
h01e centre5 are 10cated 1n the 5urface re910n rather than 1n 
the 6u1k 0f the part1c1e5. Furtherm0re, 0n heat1n9 the ac1d- 
treated 5amp1e a60ve 900 °C, the 1nten51ty decrea5e5.7h15 15 
acc0mpan1ed 6y a decrea5e 1n 5urface area, 1nd1cat1n9 that 
the h01e centre5 are 10cated ma1n1y 1n the 5urface re910n [ 26 ]. 
7he 519na1 d0e5 n0t ar15e fr0m hydr0xy1 rad1ca15 f0r the f01- 
10w1n9 rea50n5. R1ederer et a1. [ 27 ] have rep0rted that 0H" 
1n a 5em1cry5ta111ne matr1x can have 9x = 9y = 2,008 and 9~ 
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F19. 12. EPR 5pectra 0f 5r7103 p0wder5 rec0rded at 78 K: (a) 5A-2, ~,n1r- 
rad1ated; (6) 5A-2, rec0vered after 1rrad1at10n•, ( c ) 5A03, un1rrad1a1ed; (d) 
5A-3, rec0vered after 1rrad1at10n, 

6A1N = 5 x 102 33006 

-j 
0 

10 

12.56 
;----.~, 

1,,~ 1 10 • 1  1 1 

1 
9av, = 1.994 

F19, 13. EPR 5pectrum 0f 5r710~ p0wder5 rec0rded at 78 K, ca1~dy5t 5A04, 
un1rrad1a1ed. (7h~ cata1y5t rec0vered after 1rrad1at10n 9ave a 51m11ar EPR 
5pectrum. ) 
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varY1n9 fr0m 2.05 t0 2.25. 51nce the f1ne 5tructure 15 a65ent, 
part1cu1ar1y the h19h 9 va1ue c0mp0nent f0r the pre5ent 519na1, 
1t cann0t 6e a5519ned t0 0H', wherea5 the 519na1 can 6e m0re 
fav0ura61y a5519ned t0 (714+--0 - ), cent~5. Hydr0xy1 rad1- 
ca15 have 6een rep0rted t0 6e undetecta61e 0n 7102 6y EPR 
meth0d5; rad1ca1 trapP1n9 6y 0r9an1c c0mp0und5 15 5a1d t0 
6e nece55ary f0r the1r detect10n [28]. H0wever, hydr0xy1 
rad1ca15 have h¢¢n detected 6y EPR 1n many 5011d5 ment10ned 
1n the reference5 c1ted 1n Ref. [27] and a1501n m1nera15 [ 29], 
where the nm1t1p11c1ty 0f the EPR f1ne 5tructure ha5 6een 
n0~ .d .  " 

7he 519na1 0f 8 ~2.007 d15app¢ar5 when the annea11n9 
t¢mp¢raturc 0f the p0wder51n a1r 15 9reater than 900 °C. F0r 
the~¢ p0wder5, add1t10na1519na15 ar¢ 065erved w1th 9 ~ 1.970 
ar151n9 fr0m th¢ 7P +-V0 defect c0mp1ex and 9 ~ 1.999 (F19. 
12) ar151n9 fr0m the 51n91y 10n12¢d 5tr0nt1um vacancy V~5¢ 
r¢p0~d prev10u51y [26]. 7he5e 519na15 d0 n0t ar15e fr0m 
Fe ~ + 1mpur1ty, wh1ch ha5 a 51m11ar 9 va1u¢, 51nce the 519na15 
ar~ n0t 065¢rved f0r the p0wder5 annea1ed at 10wer temper, 
aturc5. Funherm0rc, the 1nten51t1e5 0f the5e 519na15 1ncrea5e 
0n annea11n9 1n an N: + H: atm05phere, and a150 at h19her 
h¢at treatment temperature5. A4ue0u5 5u5pen510n5 0f 5r7103 
p0wder5 annea1ed 1n a1r at 900 °C 0n 1rrad1at10n 91ve r15e t0 
add1t10na1 519na15 w1th • va1ue5 0f 2.013, 2.026 and 2.038. 
7h¢5¢ 519na15 ar15e fr0m the 5ame centrc5 w1th 0rth0rh0m61c 
5ymmetry, 51nce the1r re1at1ve 1nten51t1e5 5h0w a para11e1 var- 
1at10n w1th chan91n9 m1cr0wave p0wer, chem1ca1 treatment 
and temperature. 7he5e 519na15 have prev10u51y ~ n  
a5519ned t0 V5,-0~-7P + defect centre5, where the h01e 
trapped at the 5tr0nt1um vacancy 15 de10ca112ed 0n the ne19h- 
60~n9 an10n, A5 the temp¢rature 0f annea11n9 15 1ncrea5ed 
t0 a60ve 1000 °C, the 519na15 decrca5e 1n 1nten51ty after 1n•a- 
d1at10n; th¢y ar¢ t0ta11y a65ent f0r p0wder5 heat treated a60ve 
1100 °C, ev¢n after 10n90t¢rm 1rrad1at10n, 7her¢f0re the h01e 
¢¢ntr¢5 ar¢ un5ta61e 1n p0wder5 annea1ed a60ve 1000 ~C after 
1rrad1at10n, Wh¢n man9ane5e 1mpur1ty 15 pre5ent a5 a d0pant 
1n $r7105, [he EPR 5p¢¢trum 5h0w51h¢ 51x-11n~ 519na1 (F19, 
13) ~51n9 fr0m the 5yp¢d1n¢ c0mp0nent5 0f the 55Mn 
nuc1¢1, 7h¢ av¢ra9¢ 9 va1ue 0f the5e 519na15 15 1,994, wh1ch 
~ p 0 n d 5  t0 that 0f Mn 4 + rcp0rt¢d 1n 5r710~ 6y M1111er 
and ~w0rk¢r5 [ 30,31 ], 7he 1nten51ty 0f the Mn 519na15 d0e5 
n0t chan9¢ after 1rrad1at10n, 1mp1y1n9 that Mnn d0e5 n0t 
part1c1pat¢ 1n the char9¢ tran5fer pr0ce55, 6e1n910cated 1n the 
9ra1n 1nter10r, F19, 14 5h0w5 th¢ var1at10n 1n 1nten51ty ar151n9 
fr0m th¢ e1¢¢tr0n c¢nU~5, name1y 7P+-V0 (0r, m0re 
de5¢d1~1v01y, 7P +-V0-7P +, 1,e, an e1ectr0n captured at the 
0xY9¢n vacancy 1n [he t1tanate p¢r0v5k1te 5tructure wh1ch 15 
d¢10¢a112ed 6etween the tw0 adjacent 7P + 10n5) and V~5,~ 
area• ann¢a11n9 a~ var10u5 temp¢rature5, A1th0u9h the 
9 -  1.9701nten51ty 5t¢ad11y 1n¢r¢a5e5 w1th 1ncrea51n9 ~am¢a1- 
1n9 1¢mp¢ratur¢, 9 ~ 1.999 ar151n9 fr0m V~ 90¢5 thr0u9h a 
max1mum. 7h15 d1ff¢renc¢ 1n the effect 0fthe ann¢a11n9 tem- 
p¢raUa¢ can 6¢ attr16uted t0 the 5u65urfacc c0ntr16ut10n 0f 
V•5, c0mpared w1th th¢ 6u1k 10cat10n 0f the 7P +-V0 c0m- 
1dex. 5urfac¢ pa551vat10n f0110wed 6y 5ec0ndary part1c1e 
a8910rma•at10n, 1ead1n9 t0 part1a1 51ntedn9, acc0unt5 f0r the 
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F19. 14. D0u61e ~nte9rat¢d 1nten51ty (D11) 0fth¢ 1~PR 519n:d5 v5, the 5atnp10 
aanea11n91¢mpera1ur0. 

decrea5ed 1nten51ty 0f the. ~, 5~ 519na1 after annea11n9 at h19h 
temperature5, 

7he effect 0f annea11n9 the p0wder5 at h19h temperature5 
0n the ph0t0cam1ydc act1v1ty 0f 5r7103 can 6e exp1a1ned 1n 
the f0110w1n9 way, 1n the a5-prepared p0wder, (7P+~<) - )~ 
h01¢ centr¢5 10ca112ed at the 5urface re910n part1c1pate 1n the 
h01e tran5fer pr0ce55 fr0m the 5011d5 t0 the 0r9an1c 5u65trate. 
1n add1t10n, the med1at10n 0f 7P 4-0--V5,1n the h01e tran5- 
p0rt pr0ce55 can 6e expected f0r p0wder5 ann¢a1ed at 1e55 
than 900 ~C, 1n 9enera1, the5e centre5 510w d0wn the tran5fer 
0f ph0t09enerated h01e5 v1a decrea51n9 d1ffu510n 1en9th a5 
we11 a5 the d1m1n15hed m06111ty 0f p051t1ve char9e carr1er5. 
7he5e centr¢5 are un5ta61e 0n annea11n9 a60ve 900 °C, 
wherea5 e1ectr0n centre5, 5uch a5 71 a +-V0 and V°5,, ar¢ 5ta- 
61112ed at h19her temp¢ramre5, 7he EPR re5u1t5 5h0w that the 
1nten51ty 0f V'5~ 90¢5 thr0u9h a max1mum a5 the annea11n9 
temp¢raturc 15 1ncrea5ed, 1n c0mpar150n, the 1nten51ty 0f 
7P +-V0 1ncrea5e5 c0nt1nu0u51y w1th the annea11n9 temper- 
ature, 1t ha5 6¢en rep0rted 1n the 11terature that d0n0r 5tate5, 
5uch a5 7P +-V0, w111 6e 10cated nearer t0 the c0nduct10n 
6and ed9e, 7he ener9y 1eve15 0fthe accept0r centre5, 5uch a5 
V°5~, w111 6¢ c105er t0 the va1enc0 6and [ 12,32]. 1n fact, the 
cat10n vacanc1e5 d15rupt the chem1ca1 60nd5 w1th 0 2-. 
there6y pertur61n9 the f111ed va1ence 6and5 0f t1tanate5 made 
up 0f 2p 6 0r61ta15 0f 0 2- and creat1n9 accept0r 5tate5.1f the5e 
accept0r 5tate5 ar¢ n0t 11fted 0ut 0f the va1ence 6and, they 
w111 rema1n neuua1. 1n the a5-prepared 5r7103 p0wder5, 11ft- 
1n9 0f the V5,-re1ated accept0r 5tate5 15 1nc0mp1ete. A5 the 
p0wder 15 annea1ed at temperature5 a60ve 900 °C, d15crete 
1eve15 ar¢ 9enerated a60ve the va1ence 6and5 wh1ch can cap- 
ture e1ectr0n5 t0 f0rm 10ca112ed 5tate5 w1th1n the 6and 9ap t0 
6ec0me V•5,, 51nce the c0nver510n 0f neutra1 cat10n vacanc1e5 
t0 51n91y 10n12ed vacanc1e5 15 1nc0mp1ete, they 0ver1ap w1th 
the va1ence 6and; theref0re the ph0t09enerated h01e5 wave1 
uph111, f1nffm9 the1r way thr0u9h neutra15tr0nt1um vacanc1e5 
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F19, 15, 5chemat1c d1a9ram 0f the ener9y 1eve1516r 1110 nat1ve p01nt de16c15 
1n cu61c 5r710a (after Ref5, [ 121 and 132] ). 

(F19. 15). 7he5e h01e5 are ava11a61e at the 1nterface t6r reac- 
t10n w1th the 0r9an1c m01ecu1e5, 1rre5pect1ve 0f the va1ue 0f 
the1r red0x p0tent1a15 re1at1ve t0 the va1ence 6and ed9e. A5 
the annea11n9 temperature 15 1ncrea5ed a60ve 1100 °C, m05t 
0f the neutra1 vacanc1e5 c0nvert t0 the 10n12ed f0rm, there6y 
decrea51n9 the rate 0f h01e tran5fer. 1n an ana1090u5 way, the 
e1ectr0n tran5fer fr0m 713 +-V0 centre5 t0 H202 0r 0ther 
0x1d121n9 5pec1e5 can a150 6e env15a9ed. 1n 60th way5, the 
5eparat10n 0f ph0t09enerated h01e5 fr0m e1ectr0n5 15 fac111- 
tated 6y the m1d-6and 9ap 5tate5 w1th1n the 5em1c0nduct0r 
part1c1e. 7he c0ncentrat10n 0f the cat10n vacanc1e5 1n the 
t1tanate 5em1c0nduct0r 15 d1rec~1y ~e1ated t0 the preparat10n 
r0ute, the 519n1f1cance 0f wh1ch ha5 6een pre5ented ear11er. 

4. C0nc1u510n5 

7he pre5ent re5u1t5 5h0w that 5r7103 and a1ka11ne earth 
t1tanate5, 1n 9enera1, can 6e u5ed a5 ph0t0cata1y5t5 f0r the 
de9radat10n 0f 0r9an1c p011utant5.7he ph0t0act1v1ty 15 re1ated 
t0 the preparat1ve r0ute 0f the p0wder5, 1n c0mpar150n w1th 
a11 the we11-kn0wn 10w temperature chem1ca1 r0ute5 f0r the 
preparat10n 0f 5r7103 p0wder5, the 9e1 t0 cry5ta111te c0nver- 
510n : ~p0rted here ean y1e1d nan0metre-512ed part1c1e5 w1th a 
h19h 5urface area. 7he pre5ent re5u1t5 5h0w that defect centre5 

part1c1pate 1n the char9e tran5fer pr0ce55 dur1n9 ph0~0cata1- 
yt1c react10n5, a5 5h0wn 6y the EPR ~e5u1t5 0f the 5r7103 
p0wder5 rec0verea fr0m de9radat10n exper1ment5. 
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