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Photocatalytic decomposition of

4 —nitrophenol over Ti—MCM—41

Department of Chemical Engineering,
Graduate School

Pukyong National University

Abstract

A series of Ti—containing MCM—41 samples, such as Ti—-MCM—41 with
variable Si/Ti ratios and Cr—Ti—substituted TiOs—loaded MCM—41 having
different TiO2 loading, were prepared and studied for the photocatalytic
decomposition of 4—nitrophenol in UV and visible light. The samples were
characterized using XRD, FT—IR, UV—vis DRS techniques. In the case of the
Ti—=MCM—41 samples having Si/Ti ratios of 10, 20, 30, 40, 50 were
synthesized by Liquid crystal templating mechanism. Ti—MCM-—41 sample
with Si/Ti ratios higher than 20 which were [ound to have typical mesoporous
structure, the framework incorporation of Ti into MCM—41 increased with
decreasing Si/Ti ratio. On the contrary, the Ti—=-MCM-—41 with lower Si/Ti
ratio (Si/Ti=10) has low structural integrity, leading to the formation of
Ti—oxide species. therefore the photocatalytic activities of Ti—containing
MCM—41 samples were strongly influenced by the amount of Ti. Under UV
illumination,  the  highest photocatalviic  activity  for  photocatalytic
decomposition of 4=NP was observed for the Ti—MCM=41 having Si/Ti ratio

of 20. Among various Ti—containing MCM~=-11 materials prepared in this work



In the case of Cr—Ti~substituted TiOz—loaded MCM=41 materials were
prepared by the incorporation of the transition metal during synthesis, then
loaded with TiO2 via sol—gel method.

XRD measurements confirmed the formation of TiO2 nanoparticles on
Cr—=Ti—MCM=—41 all TiO» nanoparticles are closely bounded to the walls of
mesoporous Cr—Ti—MCM—41 samples up to 33 wt% Ti0: loading, resulting in
increase of absorption in visible region. and the crystallite size of TiO»
nanoparticle calculated from Scherrer's formula varies from 3.8 to 6.3 nm,
depending on the amount of TiO. loaded on Cr—=Ti—-MCM—41. [t was found
that, with increasing TiO. loading, the visible light absorption capability of
TiO/Cr—Ti-MCM—41 increases and the recombination of photogenerated
electrons and holes decreases. The photocatalytic activity of Cr—=Ti—MCM—41
for degradation of 4—=NP in visible light increased with increasing TiQ» loading

up to 33 wt%.
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Table 1. Comparison of Photocatalysis with Thermal Catalysis

Thermal catalysis

(Metal or metal oxide)

Photocatalysis

(Semiconductor)

Input energy kT hv
Free énergy -
AGKO Even AG>0 is possible
change
Enhancement of reaction|Generation of electrons and

Main factors

rate or change of reaction

path through interaction

with catalyst surface

of

their

by  excitation

photocatalyst

holes
and

electron transfer reaction
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Table 2. Candidates for photocatalysts capable of working in visible light

Photocatalyst

Examples of reaction

Remark

Cds

Photocatalytic decolourization

Phaotocorrosion of CdS

R of azo dye
Colloidal Fe, O, Photooxidation of salicylic acid Leaching of iron ions
and phenol
WO, Photodegradation of oxalic acid Very low rate
TiO, doped with transition Photooxidation of phenol Dopants ; chgrge carrier
metal recombination center

Dye(photosensitizer)
+TiO,

Phoi"da_ééradation of

methylene blue and reactive
_blue4

Organic dye ; sensitizer &
substrate to be degraded

Transition metal
complex(photosensitizer)
+TiO,

Photodegradation of carbon
tetrachloride

Decrease in the function of
photosensitizer during
reaction

10
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Fig. 1. Energy-level diagram indicating energy positions

of the conduction and valence bands for various

semicondutors in aqueous solution at pH 0.
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& ouints] sk gl abslE ezt ok HEel o Atghwbge, AFH 3
FEol AR A (e A 2)7 OHE A Z S B3 7hH A kg (kS A
4-6)9] ZA T 7hA ARz gdu Age gy 2 BAE absAlA Ade 9
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Fig. 3. Schematic illustration of the principle of photocatalyst.
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Ao AFHAY. 53] TiO, FHuls AF A FAete] ALEstE A oy
Bo] sol-gelfel <9la] wrEolxy FHEAZ= TiClhy Ti(OCH(CH3)47b F2
AbEEh AFEE 20 B uet AAFES EAde] AA HebAiy FoAWA o

F& 78 QAR E dFAtolmel Mg Fo 27] pH, Hutehe Hwlel £/ R

o0k

o, dFAtol=sl Bo) H], PNV otk TiOE #Fuls AEsts] 9
A= AATZ Qele v FEHA, 7 &R So] Fasith ol H-A W o

Az Al Zel Febg sh Akl Hvkh dolel vk w2E @ 5 dvh FHafe] Al

1

2 A E-AUE AgeE A 2 olf B0l b uEudel F AL AL
Fosl7) mEddE olRe % Aol wA £l @A Bl Ay AL ¥
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Table 3. The properties of sol-gel method

Advantages

Disadvantages

1. Better homogeneity.

2. Better purity.

3. Low temperature preparation:

Savings in energy.
Minimize evaporation losses.
Minimize air pollution.
No reaction with container.
Bypass phase separation.
4. New non-crystalline solids.
5. New crystalline phase from
new non-crystalline solids.

6. Better glass products from

the special properties of gels.

7. Special products, e.g., films

and fibers.

(@)

. High cost of raw materials.

Large shrinkage during

processing.

. Residual microporosity.

. Residual hydroxyl and organic

solutions.

. Health hazards of organic

solutions.

. Long processing time.
. Difficulty in producing large
amounts.
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3. 1. Ti-MCM-419] &4

10~50 H9 ] opfgt SYTiRIE Z2E Tizk A18E MCM-41 532 43494
& o&ste] Az Fu. FAdel ol8FH FLEDET HYItH SR tetraethyl
orthosilicate (TEOS) 2} Ti®] &2 = titanium isopropoxide (TIPO) 7} 22} AL-&5 a1

BE ASEEE HEH o) EEA cetyltrimethyl ammonium bromide ©] &2 dloll A A 32 %]

S 7he) wlo] 7 & AbEke] Wg-golg AZSIITE WA Wo|7] | o] FF4 2 CTAB
o Asted A4 WH7)E o] fate] kel A CTABO] &80 w7px LEE Jhetol

243 TRy NaOH2} TEAOHS #H7bste]  H2olA 1A17F H9F uwkslo

i

template solutiona FH] 2HC}, &4 ol vjo]# [[ o] o €h-& ¥} TEOS2} TIPOE Z ¢t 3] o
Al AM A agkekolnt. Zhzke] goHo] Fd 4t &Aool F a7} FEE] wRkgk 3, 6]
o] 711 2] §-Ag vlojA [ o] & Aol 3AIZFF<k A H3| A7 A At &N FHE

Aot = A wikE Aok Al zd 5ol pH7F 100] S EE 1M 4 &9 &
H7tebed A3 9 4d F2F 383Kl A Teflon-lined autoclave Woll A iyt ¢lo] A A 5

AT DA zeolite= WA FE 7] & ol &ote] Ao Y gk & AHEIA
7t 4AE] AAHNES FHTE ol &sha] 53] o) Mgk -, 373Kl A 124 7F A

SRR

0'4\1

7130 A2 JAE 7] E947) 8 SAITE 823Kl A 9 2 A A F

Ti-MCM-41 A5 Aok g4 9 Zw)©] 24 9] = Tableo) LFEFW CF Degussa P25 TiO»

H o

S EE T ERE X

f'aTaY



Water+CTAB+Ammonia Solution

Stirring for 1hr

Titration of Si(OC,H,), + TIPO + Ethanol

Mixing with stirrer for 3hrs

Adding of 1M sulphuric acid sol.

~

Hydrothermal synthesis ;

Filtering and Drying at 105°C for 12hrs |

Microwave synthesis
‘A 110°C for an hour in autr

Calcining at 5§50°C for 5hrs

Fig. 4. Preparation schemes of Ti-MCM-41 catalyst.
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Table 4. Molar compositions of gel for Ti-MCM-41 synthesis

Sample name Si/Ti ratio TEOT TEOS CTAB NaOH H20
Ti-MCM-41-A 60 0.020 1 0.25 0.3 30
Ti-MCM-41-B 50 0.025 1 0.25 0.3 30
Ti-MCM-41-C 40 0.033 1 0.25 0.3 30
Ti-MCM-41-D 30 0.050 1 0.25 0.3 30

Ti-MCM-41-E 20 0.100 1 0.25 0.3 30




3. 2. TiOz/Cr-Ti-MCM-419] 4

TiOz/Cr-Ti-MCM-41 Zul& 3.1 "HollA A3 Ti-MCM-41¢] Az Wy} #
Abg B B8 AlzEch WA vo]A 1o FRF Y CTABS 35t 214 ayhy)
& o|&oto] wrRteHA  CTABo| &2 w7t =& 7hst s TR
NaOH$} TEAOHS A 7bste] A 2ol A 141 7F F9F wuksta] template solutiond 4] &

ok s Aol vlolA & ol g-&ol TEOS2 TIPOZ} 37| chromium nitrateE 23t 3}

—_—

Al AEstA wrkek ek Zbzke] o] A4t §oo] H mirtA] FEE] wukgk & v

i

olAA M) §hg ujo]A T o] §ool 34 ¢ AH3] A7 A1A U &4 FHE

4

FANES AdshA wwg AARTh AL 03Bl pHI} 100] HEF 1M G
S HUIsted ZA-3 3, 4Y Z9F 383Kl A Teflon-lined autoclave Well Al 8k glo] 4

T ook s T8 F dojHd 8 AAE L AAEE 7 E o] &5t Ao 2 HE

N

e d 5 AP ATL FAS AAFNES FHRFE |48t 53] o) A
33K 12413 A XA 7] A JE 7] #997] 8t 5AIRE 823K A B9 A4
AA AFHo2 849 TiMCM-41 JAE ATk Tio7F F4 @ Cr-Ti-MCM-41 3=

ul} = aqueous solution of TIPO2] 9] 7] sloll A A=A Hel o)&] Alx5, Tio, 2] F A 3

& 23-38 wi% ol T} Ul 2= F ol 2= P-25 TiO, (Degussa) 7+ AF&-5 21 oh

- 7o



Water+CTAB+Ammonia Solution |
Stirring for 1hr |

Titration of Si(OC,H,), + Cr Nitrate + Ethanol

| Mixing with stirrer for 3hrs |

Adding of 1M sulphuric acid sol. '5

drothermal synthesis at 105°C for 4days in autocrave

Filtering and Drying at 105°C for 12hrs

Calcining at 550°C for 5hrs |

Fig. 5. Preparation schemes of TiO2/Cr-Ti-MCM-41 catalyst.



3. 3. MCM-419] &4 H7HE

A-getol Ee] A AR o) oa] AlxHoj A s vhd, MCM-412] &4 J2E B
Liquid crystal templating 7} 1 &8 w2075, 76]. T3 AR & 4 A EL FohT
A A Aol S oA R o] gk AH B Al EAe] TR EH 2R <
stol &4 ol M Ao 5 3l (aggregate)E 4T I H = A9 2ok
Az)e Ad g Aol S, F gdo A 75, 25, 7849 pHell w73 w4,
AUy v, g v e 9y 72 Fol A Erh T b SR AA Y] &

7= MCM-412] 34 342 Figure 6.9 YJEF A T}

mlm

FHTol fE CTABS <4 # Fxo vAs dAsted MCM-41 TS A8
template A4 2H-&-3kch Q7] #917] 319] template solutionoA] o] A&7 o]E}
CTABS] <ol 23t Agslo]l T8¢ MCM-410] FAdh FdstA falgd 739
MCM-41 CMC1(A1 Y Al v] 4 5 % Critical micelle concentration)Z %38l JA A 9
o) vl dFo] ghitel rodE @A sHA Heh V]2 rodE0] T B Fol Aol =

HE-g-of o) CMC2(A2 Y Alv] A5 5)E XL} H A hexagonal el W E 5 31 S0 A

e

2| 7| ] E &2 hexagonal ¥& H 2 74 3L AaLstA gt ofw] 7] pH gho] Wl x27]F
A gdel vl S ag AR ARsHA H=dH, 27) vE3E9 pH 7t &S 44

b Aol FdE N ol EAsh= ol A A A v F ool A dojubs A

O
r

Aol e ol &-50] HF-FF Wgol 0% Bahil Aol WFoE Y o] S5l
Atk =, Silicatesh Na'-9Fo] & Al 24 Afolol 4] dojibis ol e me 4 & Fal

o] hexagonal 7225 o] i1 Q1= V] 4 rod F=9loll Al Al0) E Fo]&E50] HE s
i Holrh o] o] dAHgE JAE Fole HEAHolE Fol2o] nF IR
hexagonal array 2] 7| & 5 Ql @42 Ae]7|olE Fol&o] driy #7138 o=
of defelct 1efy TEOSC] 7§ k3 Alo] w9 w7] wjZol] wk3AJo] & &A=
A7) 7] Ssto] AL ke] 9717 D Aolvh ek o] Ld gl el
oldel OH7F &efjoll ot = glone I or OHE AT FAES 43¢ =
daflof ghet wpebx] OHE 7] 8 o8 F58t7] 98l A4

0% g 3
& w3k ol BHE NaOHE] B2 8 Falshe Meko R B ol B Ao} gk
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%, 4he 37hgel vhed

3NaOH + H:O" = 3Na + 20H + 2H0

o BAL AA sl ek o] ol e F OHE Thal whgAlol ok vHrg o)
TEOSE @A ste] W Aol 5& A¥A 2 Ral A7 77 Gk et wgao] & ol
o5 QAo gol & Aol = ok ko] & ARRAA Afolol A AT o] L 7
ol A% A 02 dolubA| Bk 27 §49] pHE FFE 4 Silicatesh Nat-o] & 7|
#ag Al el ol wHe o] P4H NaOHO| MeE 7HEAIA Long range

ordering®] hexagonal array ] 11 238 FFAZ 7 Ark gk 7] B pHE Y=

Y Hop Y3 hexagonal array?] WEE 013ta] 7] ¥ AV E IV} FopAn A=

hexagonal T+ 3= 2] &g 714 @ A =}
HAEE AT YA NEE 2 S Tl “E3HA g o] F 3 s 0] 2 silanol
7159 FEP 7IR1st] AxtEA @G vepdoh F AN S 53 5T s #

| BEellol =gl Al A o) AIA =2 late] 7] g7 27} o & daki A d 3 P
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Hexagonal
Surfactant Micelle Micelle Rod Array

Calcination
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Sillcate

—

MCM-41

Sillcate

Fig. 6. Schematic diagram of liquid crystalline templating (LCT) mechanism.
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2 A8 Bl Aol A Ti-MCM-41 2213 9} TiO/Cr-Ti-MCM-41 2244 9] 4

A xR uA AH 3718 2487 Ak X-A 3" B (Philips X'pert diffractometer

i
oxl

/Cu Ko radiation)& 2 A3F3c}t Fojo] mHA 9 7|3y His ¥HA A
(Quntachrome, Autosorb-1 Surface Analyzer)& ©|&3ta] ZAH3o o, FH A& 200C
ol A 1A SR WA A S AA, dSsFNe2 dFS AR sto] FAE E

ol BoHe WHAA Fatakel waks BETA e sl4ele) 7479 Ao 2R

Azxd Soj7t Lo R RE Foohs sgel e F4: 2 Sof b4 S S4S
A3 UV-vis diffuse reflectance spectroscopy (Varian Cary 100)7} A}-&% 2] o0 o] o] A}&
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1. Moisture Trap

. Metering Valve
On-Off Valve

Three way selection Valve

Nos W N

Vent . Syringe

. Mercury lamp

. Water Bath

. Magnetic Stirrer

-2 - TN T

. Bubble Flow Meter

Fig. 7. Schematic diagram of experimental apparatus.
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Fig. 8. Schematic diagram of three components of reactor:

(a) cooling vessel, (b) reaction vessel, (c) light source
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4.1 Ti-MCM-415vj o] 34 2 FE3) 54
1.1, X-H AR
X A 3dAHHE Cu Ka radiationi} curved graphite crystal monochromatator

TG X-A A 471 ol st 209 WAF 1A 10744 0029 Ao R

Figure 9.9 YeEbd Ti-MCM-412] XRD 2 #3840 MCM-419] XRD #H#
(7713 AAFgE & & A 2Pe A8 A e ARES 92 3 d(20)
o1 1% 4] 10" Abotell Al ul 7le} Braggd =17} X dch v ztxe| s AV 2
3 27F hkl ¥FAHreflection) & 2] (100)¥ o] a1, o]o]A] (110), (200) ¥ (210)H-&
thlc), S e AL (hexagonal unit cel)® 7FAEFe],  (100) W d-H7HH

(spacing) (di) S 7]Fo2 3&ta] t}pgap @42 AxE Aypel] ofste] Sueld

(hexagonal arrangement)Z 2Q1& 4= r}

din=a, *xsin 60" =v/3/2 a,
diw=a, =sin 30" =1/2 q,
duw=a, xsin 30" =v/3/4 q,

dﬁl():V/7a() XSin 60“ :()3273 a,

ol @, ai HUes) A Akhexagonal unit celDol el 2 a2v) E (attice
parameter)o]u], o] & slstetH o Byl My Ee el f7hde] wike He
ol vEbie MCM dledel 7188 vubdiis e Abgd 5 vk o
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wEo M-S AXEA v Z7]F 7 (mesoporous)F E o] 7| E TR FEo v}
AEA dojyAyg Axje] 2 AN o= AL vaE] wiEe Ao Azta 4
At

AHE fF Axd AmE9 XRD #4474 o3 #Z&okdh SY/Tiv) 7 50<0
Ti MCM-419] 2% (100)3] A7} 2.2436° & (diw=39.3434 A), (110)5] =27} 4.21°,
25l (20003 227F 4.78%0 A 742t A sl oleld A dE A MCM-4139
=y
Tiel A$k o] FAERFE diw ol HebdE o4 F UM MCM-41 7% W+

ﬂO{(
}'F‘1
ot

WA ER gAdE AR AT Azl ds 2 JEE T

of EAsk: F el 71EAlE Apele] wbE ] .

a,= \/2—3 “d 10,

o7 AAER o]lE AR 7)E A/ Z AAsNy Tie A go] =7 a2

a, #t'e Fase]l dow, AAst A3t Table 5o vheblACH A8 @ Tiel ol

S7hE s XRD dAge] A haHe W vEd gHE de AeR v
b Tiel grdel S7bdel whel (100) ) FE7b Aade A xrle
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Fig. 9. X-ray diffraction patterns of Ti-MCM-41 with different Si/Ti ratios.
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Table 5. d-Spacing(100) value and pore size of Ti—-MCM-41

Si/Ti v Angle XRD digo Pore Size
("2 Theta) (A) (A)

50 2.2436 39.5434 45.4298

40 2.3104 39.0179 45.0539

30 2.4055 36.6958 42.3726

20 2.5507 34.6076 39.9615

10 2.6102 32.8102 37.8859

* Calulated a,=2//3 Xdo

"
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Fig. 10. IR spectra of Ti-MCM-41 with different Si/Ti ratios.
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Fig. 11. Diffuse reflectance spectra of Ti-MCM-41.
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Fig. 12. Photocatalytic decomposition of 4-NP over Ti-MCM-41 with

different Si/Ti ratios and P-25 Ti0; catalysts in UV.
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4. 2. TiOx/Cr-Ti-MCM-41 &4 % Z&8 54
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Table 6. d-Spacing(100) value and pore size of TiO2/Cr-Ti-MCM-41,

particle size of loaded TiO; on Cr-Ti-MCM-41

Sample name Angle XRD dyog Pore Size  Particle size
(°2 Theta) (A) (A) (nm)
MCM-41 2.0214 39.9172 16.0923 '
Cr-Ti-MCM-41 2.2513 39.2078 45.2733 ‘
23wt%Ti0,/Cr-Ti-MCM-41 2.3726 36.5214 42,1713 3.8
28wt TiOy/Cr-Ti-MCM-41 2.4102 35.1274 40.5616 4.5
33w1%Ti0,/Cr-Ti-MCM-41 2.4717 33.9184 39.1656 5.6

38wt%Ti0,/Cr-Ti-MCM-41 2.5016 32.435Y 37.4537 6.3
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13. X-ray diffraction patterns of modified MCM-41 samples.
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Fig. 14. X-ray diffraction patterns of TiO;-loaded Cr-Ti-MCM-41 samples.
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4.3.3. UV-DRS £4]
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Fig. 16. UV-vis diffuse reflectance spectra of neat TiO,,

TiOz-loaded Cr-Ti-MCM-41 samples.
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Fig. 17. UV-vis diffuse reflectance spectra of chemically-modified and

TiO;-loaded MCM-41 samples.
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Fig. 18. Photoluminescence spectra of neat TiO2, chemically-modified and

TiO;-loaded MCM-41 samples.
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Fig. 19. Effect of TiO, loading on the photocatalytic decomposition of 4-NP

over TiO,/Cr-Ti-MCM-41 catalysts in visible light.
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Fig. 20. Plot of In (Co/C) vs. time for the photocatalytic decomposition of 4-NP
over TiO,/Cr-Ti-MCM-41 catalysts in visible light.
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