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Catalytic ozonation of ibuprofen in water and ketardation of
bromate formation by vy-Fe-Ti-Al, O,
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Abstract; Using glucose as-a template, iron-, and titanium-doped vy-Al,0, ( y-Fe-Ti-Al,O, )
mesoporous catalysts were synthesized by evaporation-induced self-assembly method and applied to
ozonation of. ibuprofen in Br~ containing water. X ray diffraction ( XRD ), nitrogen adsorption
desorption ( BET) , X¢ray photoelectron spectroscopy ( XPS) characterization results showed that
iron and titanium were successfully doped into the skeleton of y-Al,0;, with uniform distribution.
And the ordered mesoporous structure of y-Al,0; was maintained, with large specific surface area.
The valence of titanium coexists with Ti* and Ti’*, and the valence of iron was Fe’*.The addition of
iron and titanium significantly enhanced the removal rate of ibuprofen by ozonation in Br™ containing
water, and effectively blocked the formation of bromate. After 60 min reaction, the removal rate of

TOC was increased from 54% of y-Al,0,/0; to 86% with y-Fe-Ti-Al,0,/0,, while the ozonation

alone was only 13%. Electron spin resonance and Fe** ion capture experiments on the surface of the
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catalyst showed that hydroxyl and superoxide radicals were the reactive oxygen species, which were
beneficial to the mineralization of organic matter. The addition of organic compounds enhanced the
reduction of Fe’* to Fe* in the catalytic ozonation of y-Fe-Ti-Al,O,, which is beneficial to the
retardation of bromate generation.

Keywords :y-Fe-Ti-Al,O,, catalytic ozonation, ibuprofen, bromate.
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1 SZEG#B5) ( Experimental section)

1.1 MRS

AESF (AR EARRL Tl k=24, TCT) 55 DI BT FLEE B R ( Sigma-Aldrich A | #ZHE  JLK & RER
Bk BKIR U IE TR TR AR R ( [ 25 SR LA ORI U A B | I B A AR Sk o3 Hr al. B 4
K (HLBHZE R 18.2 M Q-cm) H Milli-Q #B&EZKfSLHilA%. 75 1) pH FH 2 mol - L™ $h W A & S AL AR R s .
1.2 AL

PREX 16.8 ¢ S NEEER , 14.4 ¢ A% 05, 0.4 mL EKFR DU IE T AN 1.3 ¢ JUK GRS Tk f HIE
BVWAE 35 CHEFE 6 h, SR JF TR ECR 10% W R 0K pH (B H] 5.5, 4k 2a i £ 24 b 5 ¥ HAE
100 °C 4t 24 h, SRS 1E 600 G FHBEE 6 h 153 y-Fe-Ti-Al, 0,.y-AL O, Fll y-Ti-Al, O, #4445 7 v
FLEIRZEAL, y-AL O ALV A 0 A JL/K GBS B2 2R AR IR U 1E T 1R, y-Ti-AL O, fEAL 5 A il 25 A
INATIK A GHIR k.
1.3 AL R AE

PEALTR Y BRI A FE Scintag-XDS-2000 B X BFLRATHHMY (XRD) AT, BE L R R 40 kv, #4E
HLTEN 100 mA, ] Cu Ka (A =1.54059 A) % 5F 4 3% % . 4 4k 700 19 Be 2% 1 BRRn L B SR FH 55
Micromeritics 2% 7] f) ASAP-2020 b 2 17 LS %2 . FL B B MR I 0 W BRF- ot B 45 1L £ A Barrett-Joyner-
Halenda ( BJH ) 77545 2 AL b 4@ o0 R M S MR & = 7E X FZOGH FREIE (JEH Kratos 2
H) AXIS Ultra XPS) FI5E , X $F205 K Al Ka(hv=1486.71eV) , B 225 W( TAEHLJE 15 kV, K STHLR
15 mA) , V5L (N5 )284.8 eV, fi/MIERE M PER 0.48 eV(Ag 3d,,).
1.4 SEERHEE S0k

AL RS R AR A S 0 e S 2 f (B B R AR Th R AT RO AR A 1.2 L LA gl 8 S R, 4
3S-AS BIRAE AR (AL RIMEHE A BR A B B ™ A4 0,3, T it it 5 A 3% 38 5 28 I,
LD O RN O, TR LU B8 /N SR i oK E IR RS O, v 3511 0 A ok B
RSB BEUNT AE 20 CEAT L4 1 L& 10 mg- L' A% 251 100 wg- L™ BRAL BRI K I A 2 520 %
W OTERE IR A E RN 1.5 ¢ AR, A F R R A S AL B RS pH (EE] 7.0, 285 3l A S R4
W R 30 mg- L' 0,/0, 1R A RA SR FE 6 2 200 mL - min™" . W5 AT A AU KL%
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VR VAL . A [ B — i B TRD JBORE | BCHS A AR s 7. 20 00 A L 0.1 mol « L™ AR AT R 4 228 1 V25 8 v 8 4 1) R
AL FRRERE BT 0.45 wm i ERZF 2 D8 AR 8 5 R

TR AT 9 51 P R FH S 0ROFH €63 ( HPLC, 1200 series ; Agilent, Santa Clara, CA) %€ , {4, ji%
H: K Eclipse XDB-C18 column(5 wm,4.6x150 mm; Agilent) , i E1AH K 60:40 (V/V) 21 « Wik 5 2% vh ik
(20 mmol-L™" | pH=2.5) A1 , #1140 °C , FFFER 20 pL, Fi -~ 1 mL-min™", ZAMG I K 220 nm. &
A B (TOC) K 5y gt TOC-VCPH RS AR AT O E A S A I 8 BT 28 0.45 wm B AR 2F 2 3R %
JEEEAT 3t 6 RE b BrOS AT Br AN E SR FH Dionex 1CS-2000 B 55§ (4 REAY | (A3 4y AG19 BT ES T4
HE(4x50 mm) Fl AS19 BHES T 43 B AE (4 %250 mm ), 0 25 & EDG %Y BH B 7 10 i 2%, k0B M
30 mmol - L™" KOH ¥, KPR H A 1 mL-min™' AL A 8K (Fe™ ) W FE TR H U-3900 #U%E
AT ARG EE T (Hitachi CO. , Japan ) 52, 5 7 3k 2 AR AE MR A0 6 06 B 17 A~ A I 918 437
H AL R ( BMPO) [ JiE il £ 1 B 482 00 5 S5 1 9 Y HP %) 3 MR AR A (SR R 7 A B N
ESP300E 7 o, I i SR 3 A, AX#S H0 3758 3480 G, AR 4 9.79 GHz, U1K 79:5.05 mW.

2 R 51118 (Results and discussion)
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4X100 3000
3X104F 7-Fe-Ti-ALO;
= 2 2000
& &
- -
7 2% 10* , Z
i_c) 7-Fe-Ti-Al,O3 g 1000 7-Ti-Al,04
1X10* 7-Ti-Al, 04
7-Al,O4
0 1 1 1 1 1 1 1 1 J 0 1 1 1 1 1 1 1 ]
2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 80 90
20/(°) 20/(°)

B 1 ARG/ (a) F 1 () XRD
Fig.1 Low angle (a) and wide angle (b) XRD pattern of different catalysts
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Fig.2 N, adsorption-desorption isotherms (a) and pore size distribution curves (b) of different catalysts
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TAN AR L RTLVE 5 y-AL O, ML, BRFIERIBZRIEA y-AL O, B3, EREIRR fLA2 FLEIEKR,
B PR Y SRR AR LS M S Tl R ke
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Table 1 Surface area, pore diameter and pore volume of different catalysts

frEALF) e AR LAz L%
Catalyst Sppr/ (m*g™) Pore diameter/nm Pore volume/ (cm*g™")
y-AL 0, 248.8 6.13 0.50
y-Ti-Al, 0, 253.1 7.04 0.52
y-Fe-Ti-Al, 0, 278.6 7.75 0.53

Bl 3 JEARMEALFIY Ti 2p Fe 2p A1 Al 2p XPS REIEELAEALFI Ti 2p EIH Ti 2p 3/2 F1 Ti 2p 1/2
PHANEELL AL Ti 2p 3/2 BB A 458.9 eV 10FE Ti** 1" N 3 A LLF H, y-Ti-AL O, HEALF KA 1 25 4
Ti*" ;y-Fe-Ti-ALO, 11 BB 25 Ti** I Ti™ JEAF. y-Fe-Ti-AL O, ALY Fe2p XPS figt i1 3 A~
W Fe2p 3/2 W ( ~T711 V), DRI ( ~718.2 eV) Fl Fe2p 1/2 1§ ( ~724 eV).H T Fe2p 3/2 Fil Fe2p 1/2
ZIEBIBERTIFG R T 13 eV, LRI M 2502 Fe™™ 1) y-AL O, B Al 2p EI7E 743 eV HA 1 i fR 5%
Al—O—Al 8 ;y-Ti-AL O, #EALF], Al 2p FIRYSERELE 74.3 eV F175.3 eV LB 1550 5% 7 Al—O0—Al
Fl Al—O—Ti % ; y-Fe-Ti-Al,0, #4LF], Al 2p EIAUEERETE 73.3.74.3 eV H175.3 eV B 3 N053 5% 17
Al—0—Al, Al—O0—Ti Fl Al—0—Fe X ANZERULIA , BRANELBE4EA y-ALO, 4

1200 = Ti2p (a) 3000 [~ Fe2p (b)
L 711.4
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- TN\ TYT .
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g
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B3 AEMAFIAY XPS BEREE.Ti 2p (a), Fe2p (b) and Al 2p (c)
Fig.3 Ti2p (a), Fe2p (b) and Al 2p (¢) XPS spectra of different catalysts

2.2 MEAEFIMEILIEPEIEM

Bl 4 2R T XA 25 TOC 19 2% 55 5 RS TR 18 A i 1 205 A Ak 700 7 I A BB AT R0UARE 1 A
&S5 TOC 1Y 2B, y-Fe-Ti-AlL O, HAT e &f WAL IS M, 7 NV 60 min B, TOC 2% %K 86%, Ifii
y-Ti-Al, 0, ,y-AL O, A LA A A AR IH SL AU AT I8 25 1Y TOC BR324 R 84% 54% Fl 13%. IR
FiREh i A B R, A B AR S Al aod R V6 IR R 1) A i R A 22 110, AR TR 4 i A B o 5 R R A A
A, y-Ti-AlL O, Fl y-Al, O, fiEfb & A A b1t FRHARAT A [ R BE VR R &R 2E AR, 1T y-Fe-Ti-Al, 0, b 5 4 5
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Fig.4 Influence of different process on ibuprofen((a), TOC removal (b) and the formation of bromate (c)

2.3 fEfL R A AL

v-Fe-Ti-AL O, {4 ik 32 2245 28 0E AL B 20 b | (A0 700 2 T A0 2k ( Fe™ ) MR Z0 TSR FH AR
FERG RS SRAE RS IRT LAAT R0 285 e 1 70 32 T80 10 0 4k, 26 A A S I 35 8 v R AN 38 —
Bk, UL B Ao B 3R B R AR A I R T, T ROV VR pH (B 7, R YE AR D AL R
AT ) F - R o AN 2 Bl 4 b 0 ) 2 52 el . O T 1 — 25 R S AL A A VR TR & ) 3 AL, %o
y-Fe-Ti-AlL O, fffk B 42 S fb o 42 v 4 AL ) 8 17 Fe™ ¥R EE AR B 4T T 0 M. IR 5 AT L E Y, 7
y-Fe-Ti-Al, O, () S AARBIK P/ 1Y Fe™ A A, 3X 32 B J2 ly T IR B 44 Ak 7510 2% 1 799 68 480 I |l X Fre™
BRI JEAE FHS TR AR TR 24 A9 25 (1BU, 10 mg- L") INAJS , Fe™ (e E TN, 78 2 7 10 min B34 3] fz
KAEL, B2 507 B ) ) A0 K, M AL 7R SR T Fe™ Mk BERR AR, Fe™ M AEUAL N, Fe™ AE NI E IR , Vi T H A1 15 0%
PR B 5 e, DA TR AL TR R T Fe™ Wk B o, T LA AT 15 S IR A, AL R 2 1T Fe™ MR BB TN 8. XY A % 25 A
JEFEIR (HA,20 mg- L™ ) ABMA y-Fe-Ti-AlL O, B RN, Fe® BRI H BETH & R REAR R e, 9 B
Fe®* iy A= Ui Wi LU BN AR IS O B 2  iX A S5 AR SE T A DL RE U2 1R 4L y-Fe-Ti-AL O, #EALFI iy
Fe™ iR J5h Fe | DI A I TR R 4 BEL U 40 Ji.

P 6 2 B LA TRORT y-Fe-Ti-AlL O, RAEIK LI BMPO Nk 1) EPR 3% & 6 1 LIF i,
UM SR L y-Fe-Ti-Al O, Y5 SR 7 AR BT 22 (1 2 SRR 40 11 pR 2, D B oA R 1A AL
Y4k, a BH F2 LA S el B TR R S R b L 4 nT T AR R R i A R A 9 2R R B A
1k, 3 HAS AL B HEAL 1S PR A y-Fe-Ti-Al, 05 >y-Ti-Al, 0, >y-AL O, M5 Z B B9 AFFE ), y-AL, 0,
JE—Fl Lewis BRAEALH  BRIVIBAA P THEE y-AL O, (y-Ti-AL0,) [ Lewis FRYE, T A F T RA A
B A I A B R LA WL B RS AN A A BIF STk BB 2% y-AL 0, (y-Fe-Ti-Al, 0, ) X} #ii 1%
J¥ B S e (AR AR 1 O BR A BELIBT VS R 3 A i, 158 Tk BV 4 Ja 1 0 [T D 3 o 02 3 0% P AL ol 1)
A G S A L RS | ST I S5 Y 2 B R R R 1) BELT A 5.
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Fig.5 Concentration of Fe** on the surface of y-Fe-Ti-Al,0, during catalytic ozonation process
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Fig.6 BMPO spin-trapping ESR spectratécorded-in methanol dispersion for BMPO-HO,- /0, (a)

and aqueous dispersion for BMPO-"OH (b) with ozone

3 78 ( Conclusion)

I 78 R 15 T AL AR y-Fe-Ti-AL O, /- FLAEALH], 4 A T R A E LS Br KA ig oF. 3%
TEZE SRR y-Fe-Ti-AL O, MM EA KA LR MR, 2L BB 24k A y-ALO, B2, 434 3415, EK 11
B Tt HTTE A, RN T2 Fe™ Bk BRMHB 24 BB 5 v-AL O, ML R UL & Br /K A i J%
BT, HLAA R A BELT T IRIR R 1 A2 i, SV 60 min Ji, TOC EBRFR M y-AL0, ) 54% 153 86% , 1fij F
M S A AR 13% . 5255 FE L A i BRI EA, A R T A VLA 1k, A DL 09 A R 5 58 1k
y-Fe-Ti-AL O, ALY Fe™ iR JF R Fe™ , T I T IR FR 1 (1 BHIKTIA 5L AZ A 5T 4 y-Fe-Ti-AlL O, 1k
FAAA S Br KA ML IF BHIFTR R ER AE il il 4 1380 S y-Fe-Ti-AL O, J&—Fi A T S 1Y R Ak

2001, 35(12): 2525-2531.

the presence of hydroxylamine[ J]. Water Research, 2017, 109:135-143.

Al,04[J]. Applied Catalysis B: Environmental, 2014, 147. 287-292.
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