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Abstract

Zirconia loaded with tungsten oxide (abbreviated as WZ) has been reported to be

an efficient catalyst in dehydration of glycerol to form acrolein. In the present study,

mesoporous SBA-15, which has very high surface area and a uniform hexagonal array

of channel-shaped mesopores, was used as the support for preparing supported WZ

catalyst (abbreviated as WZ/SBA-15) in order to increase the surface area of

tungstated zirconia. Different methods for preparing the supported catalysts were

compared. The catalysts prepared through supercritical ethanol were found to retain

well ordered porous structure based on small angle X-ray diffraction. The acidities

were examined by NH3-TPD and FT-IR, The gas-phase dehydration of glycerol in the

presence of water was investigated at temperatures around 290 °C. Factors of catalyst

preparation such as the weight ratios of tungsten and zirconium to SBA-15, the

calcination temperature of the catalysts, and various silica supports in influencing the

catalytic performances were examined.
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Equation 1-2 : The double dehydration of glycerol to acrolein.
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Table 1-1 Catalytic performance of solid acid—base catalysts for the gas-phase

dehydration of glycerol at 315 °C'*"* .
Ios=1-2h oS =9-10h

Catalyst (0.63 ml) Catalyst amount/g X%) S"[ mol%) X4%) S"(mol‘!:‘.,) Carbon deposits“/mg g-cat !
Group-1
CeO, 0.90 100 1 100 1 11
Ce0,! 0.90 96 1 86 1 43
La,0,4 1.06 100 10 100 13 25
MgO 0.36 50 5 40 5 50
Group-2
Si0; (SBA-15) 0.15 71 29 31 30 30
710, 0.81 100 1 100 7 31
Nb,0¢-700 0.84 40 26 32 28 4
Group-3
AlLO, 0.23 100 16 100 30 384
AlLOY" 0.23 86 36 70 38 309
HZS5M-5 0.38 80 36 23 52 54
Nb,0s-400 0.57 100 37 88 51 108
15 wt% WO,/Zr0, 0.71 100 48 100 65 82
15 wt% WOa/Zr0," 0.71 68 66 23 68 88
Nb,0s-500 0.61 100 29 92 35 T4
3 wit% HiPOy/2-ALO; 0.63 81 55 50 59 16
5 wit% HaPWi5040/0-Al,04 0.75 69 68 25 70 23
SAPO-34 0.40 55 34 32 48 201
3 wit% NiSOy/a-Al,04 0.71 87 58 49 63 3
Group4
3 wit% S04~ 1210, 0.71 100 2 100 20 189
5 wit% 80,77 1Zr0,7 0.71 80 30 64 33 179
Si05-AlL 04 0.20 100 23 100 40 431
Si0,-ALOS? 0.20 94 43 75 46 375
Hp 0.23 95 34 60 43 214
Nb,05-350 0.57 96 33 75 47 117

@ Glycerol conversion. ? Selectivity for acrolein. © After the catalyst was reacted for 10 h. 9 The catalytic data were obtained at glycerol
GHSV =400 h™".
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Table 1-2 Definition of pore size and example of mesoporous materials®

Pore-size regimes Definition Examples Actual size range
macroporous > 500 A glasses > 500A
mesoporous 20 - 500 A M41S 16 - 100 A
microporous <20A zeolites <142 A

d§ AT e peaviE MAIS A 4 1 ke s B R 6 R A TS
FRANMSEL S w B4R T G B R e T IR A 2 30U )
s AP e A RRIL R ARy ERR e Bt AT VR > L R A
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6



7 fr— & pt4asT K 42 (hydrophobic) & 4&*7HE = > § U ok ¥ FAURA ¢ 8 ¢
Fook il m kA At e RPN & @ L fo k300 - o0 BB MA 5 ficfe (Figure

1-1) > gk ARz Beams il 4 pPRALK 2 P £ ‘F‘,' € B Hlcre Ak o

Surfactant Molecule

| hydrophilic head
\

Rl. hydrophobic tail

Micelle

O water

:
e

Figure 1-1 : A schematic structure of a micelle and a surfactant molecule.*®
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Figure 1-5 : Evolution of Octahedral WOy Species on ZrO, Surfaces with Increasing

WOx Surface Density™
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Figure 1-7 42 > la % 71 & 7 0{%4F 7 WO;(well dispersed WOy species) > 1b % i
A= Mg tehE B £ 4 (polytungstate two-dimensional structures) » ¢ & Z 4 3%
AE KRR L2 WO, e F 2 53520 & &5 WO, 28 v ehk RS
WO, £ % &

M ff 4% o  Bronsted Acidi= ¥ ¢4 £ Z d 7 § AfPiEE e P TR
WoBBEFYITRFDE RFE LG A § T o0 polytungstated?; =

delocalization #& %_it ¥ f= » 4= Figure 1-8#77 :

H, (9) \

Q 25
/V\kq  Ho+

."0\ // 16 B /0‘
woy), . AN

Figure 1-6 : Generation of Brensted Acid Sites in the Presence of H, by Slight

Reduction of a Neutral Polytungstate Structure and Charge Delocalization to Stabilize
H+ 536
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- BRSSP T A RERERS TG EN R FAAZA D FER
PR AE TR BEOpE i o SRS B Y - B3 A AP A5 Ap
GeAn 2 B fE2 5 AZTRR 4P (supercritical phase) o A E TRh BT 0 ¥ 5 AP
By R pzFaofe  tIERABEF 0 he P47 05 L5 AT

EARRA AP FEERRAEE X WRF SR

Critical Temperature and Pressure

Supercritical
Fluid

e e e T e

Critical Point

Pressure

Temperature

Figure 1-7 : Phaes diagram under different temperature and pressure.
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g TR R PR F e B end ) GlArAR R BT A F W R AT
A FIE AR OO AL S TR T TR AR A
FRFa e Rt o B v AT s B0 R B 91021008 o ¥ b AR TR R
A e BT m A G kA TP RFEF TS e BT %gr_* wE
SR AR TR b WA R R A o tf T L e R
GREELY S L ENE Lo R ST T LA A I Rl ) S
EPFEPE N RMEa § o A L ESREN Y TREE R SRS fRla 1.
A TRA IR AT 2 e T O RAT AP A AR AP 3 A i
PR g et Flend ok o 3R FB o ip S ~ § R 2 Y

Poar 3 G enE B 4 o

Figure 1-8 : TEM image of MWCNTs decorated with Pd nanopartlcles

BAATRR A R T T B3 E D 0 S E 2D 4 PR
L SRR SN Y S LY TR ER TR RS A RS

oo ANT LR B F K Ao S AR5 BT R B F
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Chien M. Wai /% 241 % 3463 5% > #-2 F 3kt %~ 3 5 B2 Kl
(MWCNTs) A o X.Wang™®#-- § L4503 - 5 M 4en3 KA R » T 435 Hf

SBA-15¢3t g o

Figure 1-9 : TEM and HRTEM micrographs of TiO,/SBA-IH52 (a) and

Ti0,/SBA-CSDA40 (b). Insets exhibit micrographs at higher magnification and

electron diffraction pattern’®.
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AZTRI IR 2 Rtz > A A AU AZTRA M R STt ot T sy e A g
it $+ & SBA-15:04 & MR EM i 6 {3 B > Ty V45 - § 1 B SBA-1S
2 A ) S BREIE R e 2 - BEE B - D ke R Y
B FARERORE oK F R @R By S 2 R HP GRS R

% o
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G 2R L

AR NBEEY L EEE N PR o i R L Ao
H K iBheT™
Bt g R i
Ethanol(99.5%) C,HsOH g A
Methyl alcohol CH;0OH Acros
Zirconium oxychloride ZrOCl,*8H,0 Acros
Ammonium hydroxide,28~30% NH,OH Acros
Ammonium metatungstate hydrate : AMT  (NH4)sHaW2049°xH,0O Janssen
Silver Nitrate 0.1N standard solution AgNO; Acros
P123 (EO20PO70EOy0) Aldrich
Hydrochloric acid HCI Acros
Tetraethyl orthosilicate : TEOS Si(OC,Hs)4 Acros
Glycerol C;HgO;5 Acros
normal-Butanol C4HyOH Acros
Acrolein C;H4,O Acros
Allyl alcohol C;HqO Acros
Hydroxyacetone CH;C(O)CH,OH Alfa Aesar
Acetaldehyde CH;CHO Acros
Ethylene glycol C,HgO, Acros
Quartz sand (30~50mesh) SHOWA
N; T
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9-9 1 4-crl R

2-2-1 645 “F A

pES

Vl\f'

1 E8#7%

HAfra § i d § 4 (Zr(OH)y) ° 250mL sEdr 424 » 13g
ZrOCl, - 8H,0 ¥ 100mL = = -k o ] 7] S35 5 F R 23003 f2 2 18 > 8 0F
de r 28~30 Wt%:irg (kAR 0 AR pH B F] 10 - LS B P2 {5 R T
g ok B F Y 0M Al TR R (AgNOs) #iRI D LG Cldg

o B is ¥ ] 100°C a5 %k > 3 7% e Zr(OH), o

B~ 0.2656 g ¢ (NH4)sHaW 1204 - xH,O 73 >t 10mL e3 g3 -Ri&jF 720
Zr(OH)y » # (B4R ER (6753 20 wt% s, 42§ 1t F (WO3/ZrOy) » T 7 iZ sz
Eab -l R R € ) f—i AR AT K BB A S TR e
Batt > ABERTMNELEICHH FEREZELT 800C » & A BRT

AE 3 B PEE Pl enf a5 20 wt% WOs/ZrO, ‘{lﬁ"‘ﬁ, 5 20wt% WZ °

2-2-2 #h 4§ 1* 4 44 SBA-LS AR 4EL &

1. SBA-15 ¢t &

250mL s%E4F ) 4e » g P123 40 160mL 92M HCl-k i3 % » ki 1 35°C
T Ik B #-P123 73 f2 15 0 3B F 4e » 8.406g 11 TEOS » ##- 24 | pF iz 2 » PP 5y
P90 CFTkF24 ) FEF F RERISEFELIFIZR BEFRAL N E D
4 okFie s Er 100CH4ak- BaLt o B R REE R E A& 5C
R R K F R A T560°C 0 T AR R T AP B PREE S Pt kA

f2% R B P123 > # ¥ (B 3% SBA-15 o
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2. 2§ ity Y457 SBA-IS 4R
fosit 4 £ 4 SBA-15 B 20 200T S p 50— Bk WK 7 SN dek 2

* SBA-15 § (PR M enff4f— > A X B & R oAl ¢ By uaE S A

Jet

E oo B dR g RZDINA AL Sk E* m SRS 5 0.2656g 7 ammonium
metatungstated hydrate (AMT) { 1.308g s zirconium oxychloride * * 10mL =3
B+ RiA AR BRISEBF 4 » 0.5g §0 kB (S SBA-IS sk @ o iR > * dgdd ik
YR RERHE LTI E P E TR Sl R Ve T B
3 800°C > t 800°C T A& 3 | PR | enff 4t 1-0.5WZY/SBA-15-800 5 &
B o
B ATTRR O BRE TR RS S IE B Rt GIF VA5 1 A e
S%4 0 4 W] 5 ammonium metatungstated hydrate (AMT) £ zirconium oxychloride
fer UFend B KR SRR RS V453 F Mo S g TR A I &2
FAIRT AR EBFRARIFD 052 SBA-15 0 % - B PF o Bt ibeh
Lo 2 r 3 50ml e 600ml cHB R S 0 B RS PN L4~ 150ml 5 ¥t
R cARELF F O BF RSP Ljfhz‘;f?%—i BT ARPARIRLES

270°C » S PER A a3t 1200 psi FHiTE gt B B - B4 TR 3 B (¢ /B

-

ARATRRER 243°C 5 AR EA 1 930psi) e RS FHRKMFREL ZET
B N PE R R KR 0 2 100°C s o £ kiR R A hE
) E WO ZrOy:SBA-15=1:2:2 « F B4 & A4k 1°Ceh ifid B d 382 5
800°C » ¥ & 800°C™ 3 M | Pro & X ehit 5 & &% yxWZ/SBA-15-T x =
WO3/ZrO, in weight ratio. y = ZrO,/SBA-15 in weight ratio. T = calcination

temperature (°C). SC = supercritical condition. [=impregnated.
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2-3 R 2.
1. X3k % 385 (Powder X-ray Diffraction, XRD )

F B¢ oorie Xk s R MBS R 45 * Panalytical X Pert PROS | e & $E8¢
o 1Cu-K 5 (A= 1.5418A ) 5 % ik » k(7 R £45KV : T i 5 40mA - 7] £ &
Lf R S IG G B AT (S 0 -H s k353 BT TEERR T N AR A W
T KRB REHE ) RIS FF20=05-5K > & * 1/32& AR AL

Lk R g 5 F120=10~80° 0 § & A e BRI ¥ 1/2R 0% $O Ao

detector

X-ray source
!]?
@\ incident 6'3/

angle -

\n

\

\

N /

Figure 2- 1: Powder X-ray diffraction.

2. § Fr-msgEE e M (N, Adsorption-desorption Isotherm)

F % 7 ¢ * Micromeritics Tristar 3000 2_ ik B > 12§ % & 5N, (99.999 % ) 3
SR CNREFEAT (TTK) 27 IVFSF TSR R o WIELS R
FOFROIgE W HEF ¥ o R brf § s 122000 8 7 (107 torr) %k 8~12
DR MRS R RBASH AR REFLAN o AT F F R/ R
oo ¥ RS A 43k 44 BET (Brunauer-Emmette-Teller) # & # » % § *

MR- B R B (t-plot) 2 FUUF & o] AR AR -

21



(a) BET# & ## eidit

Bif § PP/Pode BIP o 1345 T FIBET 4258 (PRI 7 RO S94 & ff

P _ 1  (C-DP
V(P.—P)  V.C  Va.CPs

VR4 PREATR N ehF AR A

Vi @ H R o eng MR8 A

P:F%ERT RS

Po: F BB AT S Mt fo R F R

C: ¥#

2L P/[V(Py-P)[$HP/Py (v ] » ¥ B 5 - B 4 B A OB IED)T * kit Rk
NCEV, & o

S=(C-1)/VuC > I=1/VnC » S+I=1/Vy

AV 7 RT 45 F

Vax(6.02x10%)x16.2x10
22400 W

% B fi(m*/g) =

Wi T H 5T (9

(b)3t i = -] &

o

v Al A AT LR R g AR R 4 (PIPO)PE > F A A e 11 S e
B AR o LAY 3Lk ¢ o d AR 4 chiEd ~ Kelvin 4250 o
TE Ak

Ry = -2yVL/ RTIn(P/Py)

Ry : Kelvin j& R: % 8% #&
Y AR S i A A oK T:&ER
Vi AR S R D A

£ 4 BJH(Barrett-Joyner-Halenda) = ;# # * Haley = #23%3- 5 1) 7%t §
F B RAEEET o ST L REE F R AL
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N\

—
r? L g
pn ~ 2 AV, HﬂtanLXAm
(rkn F Atn} j=1 rPi

Von: % n 4 3tk A

Tkn: % N X 3YFY 7L dmrk it LT
th: & N FFEORN P IR AR

Vot % n FFEW'Gang A

Ap i # j AIF A G

PR fe A B es o RS E L dVidr #or TR TR EDILELS R -

3. 7N E 3 ks (Transmission Electron Microscopy, TEM)

TEM s * »S480R] 7 34 it ehat i S > #rig % 2 483] 5 &L Hitachi
H-7100 > $f (72 4cik TR 5 75keV o Hh FRRIF A2 > 0 Z LR E R
BT i e fR P 00 A) R R FIR R £ R B0 B AR R F T AR R4
fb o FE RS FR SR AR > T g RE K S0 S I B RRIR] 2
e 7 FTEMRCA » Bk B~ TR F A% @ 0 70°CT ik B 166 | pF o

4] * Leica Reichert ultracuts ik B #-# &7 3 5 & 70 nm -
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4. # € &+ (Thermogravimetric Analysis, TGA)

rig * ik B 5 TA 2950 Thermogravimetric Analyzer> ' 3 § & # & 5 48 »

ik 5 S0mL/min 0 2F# X5 10C/min o d 2823 800C

R R s
R RELEERET
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2-4 Wi F g
2-4-1 H#HFApWKE

Figure 2-2 #_W. Hoelderich® #3247 0k BB E R W %Mk F B> &
240°C ek B BT o H b gl it X F B e IR £ 3 260°C 1L F 1w i
PIF ARt o e FREERF I o MERET AT F R A0
2 R B A ERESE F O 60% 5 & 320°C BB TESRF L 60% 0 £
*BEEBRAT £, CO fr COp o Fpt AP #-F i RK E & 290°C -

100% =

— = ===

S = -

B . £

T4 - - — e — e S —

B0 e e T

L

407

A% ———-X Glycerol

2% S Acrolein

10%%

«e +——rrrrrrrrr
220 240 260 280 300 320 340

Reaction temperature [* C]

Figure 2-2 : Effect of reaction temperature on glycerol conversion and acrolein

selectivity using 19 wt% WOs/ZrO, catalyst™

T8 4545 54 ST R & 3B 2 1 B 20/60 mesh (0.43 ~ 1.27mm) S 4 /] o Br
300 mg ik ¥ 300 mg HEEFIEF R E N FH TN F B F (fixed-bed
reactor) otk g E BLARRA & F T LG 1.0eme FEREF B LRGBS

B R FRN T L - S F R RS RIZHFE AL F F 0 1T 4

=h
B
s

PHE-F MR 5 30 mL/min > #R &4 £ T 290 C miFE- B pF o gL P oep
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%Lérﬁ‘?",fvli o B OR-F RRURE P A AT 250C 0 F oo R BT R BRIB R Y
MR RE L o - Bl PRI SIS B 10 widoshd W kiR i
£ @] PF ISmL g B &~ & % S RiE 30 mL/min e0§ § 5 carrier gas
#EF YRR R T L E R F R F eI O RE Bl A 8
AT R A B PERFR- X BEaA R4~ 100Ul e 7 fE (n-butanol)§ p

o 1% GC-FID F Ap AR kT8 » N{BEF i F2EHF -

FI* A F AR R E B A AR > %7 i WHSV (weight
hourly space velocity) o & 4 # -] £ ~ 15 mL 710 wt%+ i K% % & &) > 7%
ZEl 7

Bk 6 1Sg e @ B4 %0 4 e £ 300mg o T 01 @ 5K

B WHSV % 5hlo
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TR R AREE B

vs)

catalyst

Figure 2-3 : Catalytic reaction system.

A : Mass Flow Control 7 #4457 N, erjitig e

vy

s sto > 1 * KD Scientific 77 Syringe Pumps % glycerol 77 WHSV -

C : furnace % 4c#t k3L B4/t A PR SIRBERT -
D:TFR5=%E | WEPfRizd] -

E: B Eig> pIvEF kz ko BERR 0°C & § MG EAgv kb

;;i—rjio
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2-4-2 F ¥ 2 AL S AT

AF KT ARORAF LRI D GC kg o o1 * chik B 5 HITACHI
G-3000 » i #& * Zebron 7 ZB-WAX £ ¢ ¢ {1 (Polyethylene Glycol Phase) » #
LR E30mop i 053mmo B U o 5 udkg o WRIE S Vg BpE
(FID) » & v > & g it % g8 g2 d A 172 R TF o hE 2
EREE

BT R AT R~ 100 WL a7 R R R R
[E L
A EHE R 300°C

BIEER $240°C
¥ # oi 0 7.8 mL/min

AR

iR F x-BRE FRERE v
R
(‘C/ min) (C) (min) (min)
A 45 - 100 2.00 2.00
1 5.00 130 0.00 8.00
2 35.00 240 15.00 26.50

LR AFNLE AN Lk RE DB LR RE R
(standard) > £ & L P S cnff oo fF 0 EREY AT RNAZHFDE > AP
4o 3 % fE (acrolein) ~ [ % f% (allyl alcohol) ~ ¢ f¥ (acetaldehyde) ~ /3 fib fi%

(hydroxyacetone) £ ‘5d T r| N KD EHE F L x L F

In — t
converslon = nglycerolIn = nglycerol ou X 100%

nglycerol,in

nacroelelin

selectivity = nglycerol.in — nglyeerol, out X 100%
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Figure 2-4 : The product species after dehydration of glycerol which were analyzed by

GC.

Peak number1 : Acetaldehyde
Peak number 2 : Acrolein

Peak number3 : Allyl alcohol
Peak number4 : n-Butanol

Peak number5 : Hydroxyacetone

Peak number6 : Glycerol
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FRPF e E D ART kayEiie » 100 pL e = g (Ethylene glycol)

TR PRy HPITIELREAS T R iE R ARR 0 RARE R A ITIEE AT

2R i F x-RE EE B F TR
WA R
(‘C/ min) (C) (min) (min)
A2 4 - 200 2.00 2.00
1 20.0 240 16.0 20.0

80

60 —

/ 1

ey
o
1

FID Signal (mv)

HARPEA

T T p T u T u T
0 5 10 15 20

Retention time (min)

Figure 2-5 '  The product species after dehydration of glycerol which were analyzed

by GC.

Peak number] : Acetaldehyde and Acrolein
Peak number 2 : Allyl alcohol and n-butanol
Peak number3 : Hydroxyacetone

Peak number4 : Ethylene glycol

Peak number5 : Glycerol
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3-1 485 TR R F

Figure 3-1 4% Ed&z R2H#F B £F » 1 blehy M s &5

26 Vo ¥ rEMET 800C B R T HIFZ B XRD SRR

E)

S

> 1
‘n

c

Q

< (2)
2

>

<

5]

} Jil

T T T T T T T T T T T
10 20 30 40 50 60 70 80
2 Theta (degree)

Figure 3-1 : XRD spectra of different tungsten content WZ materials : (1) 6 ; (2) 10 ;

(3) 20wt%.

B¢ 2 Theta & 5 23.12° > 23.59°4r 24.38° 5 ¥ i 4, ¢nH £ £ 4p (monoclinic
phase) chiFgcd 0 d B¢ T OURBET] > F 4R E 20Wt% Pt ik §

BRI 1 4l AL R AR BB T @ e PR 45 ) L
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%

Rt

AR AHNE L EgmEe o ¥ - 25 > @ 2Theta £ 5 28.2°fr 31.5° &_
B g B A R ApnF et o B R €T Y VD EH 4a R
Hodoh o Fitgpeng BR A ERTE ROEA RIS 4L

(meta-stable) sz > £8 8 7] (Tetragonal) » H # 53 e 2 Theta $e54% =% % 30.3° -

Figure 3-2 £20wt%% 4 >t % it 42 h# & ~ 47 B (TGA) iR ¥ #
NP RELERAELFE L A FIET00C 0 A PE R R RE AR

B A 5 b I ek o 300°C 1 E S R R B b e

100.0

—&— 20wt% WZ

99.5

99.0

98.5

Weight (%)

98.0

97.5

97-0 I T I T I T I T I T I T I T I T I T
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 3-2 : Thermogravimetric analysis of 20wt% WZ under an air atmosphere.
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Figure 3-38_3 # 7 /2% 7 & & d20Wt%WZ$HH b 7 40 % K F a ik s
Mo 40wt% £ EF) kS FSBA-15417% 4 » j§ Figure 3-3# Figure 3-4¥ 11 gL 5| »
FE e E S ALTRR o B2 KR f 20 13V FSBA-ISY 0§ F RE
ch i 5 1-0.5WZ5/SBA-15-800F st e A F ol it 30 o o B
R TS s m E B WZHE S A T 61 PR P 2 (5 £81% T % T
13% © B20Wt%WZHE 54 g # 5 0 WA 50%F T 0 A f 43

SBA-15p% » £ # & %50%+ T -

100 100
—Hl— conversion
—O— selectivit
s+ ™ Y - 80
= >
.% 60 -60 £
= Q
[5)
8 40+ - 40 2
5 1 \l 2
[e)
S 204 g L20 &
0 T T T O
2 4 6

reaction time (h)

Figure 3-3 : The glycerol conversion and the acrolein selectivity of 20wt%WZ.
Reaction condition : catalysts were physically mixed 40wt% quartz, reaction

temperature = 290°C and WHSV =5 h™".
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Figure 3-4 : The glycerol conversion and the acrolein selectivity of
1-0.5WZ°/SBA-15-800. Reaction condition : catalysts were physically mixed 40wt%

quartz, reaction temperature = 290°Cand WHSV =5h™".
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32 ERZEZEREN T ML ITHKE TR

3-2-1 44 % 1 F i3 134k SBA-15 %18 - F T
Figure 3-5 445 3 i 3 ' " 30 /1 34 JF SBA-1Serf s b > - Wl B 3 7 R0

R AZTRS © £ TR T L X X ARUETIS00C A R T AdEZ Bl 0 §
BEF g B 8395050 0§ BHSBAISHE B w51 TR R

XRD-| & & 4554k B2§ o

——(3) WZ*“/SBA-15
—(2) WZ'/SBA-15
— —(1) SBA-15
=
L)
>
k%)
C
(4]
+
k=
o 1)
3 3
3] 3
04
(2
T T T T T T T T T T
0 1 2 3 4 5

2 theta (degree)

Figure 3-5 : Small angle XRD spectra of (1) SBA-15 ; (2) WZ'/SBA-15 ; (3)

WZ5¢/SBA-15.
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B enSBA-15 s & R endESTIE F 8 A & 3R R ST i 2 Xk SRS
B 0 = s S F] B A 55 (100) 0 (110)fe(200) chsEst G > @ F f 30
WOs3-ZrO, 3| /134 JF SBA-15S H##d & F » * g miZ e kil > ¢ B R
* SBA-15 c(100)ssEsdid » B0 IR 2 2 87 5 R a ¥ AZTRR ¢ fiF & w2
g A kel o € # 18Rk SBA-15 e(100)¥estE s R P R A U T 'E o

Figure 3-6 % & & XRD Y54 Bl o i e SBA-15 0 j£8 & & 2 Theta
B0 BT 30 B M- B R R ELaRE > 2 & F SBA-IS £~ BL&ApD
P e § PR3 g oy 8 N AVF SBA-ISHFLE - AR AY R
2k & EALTRR ¢ FR 4 U2 > &2 Theta 5 30.3°38 4§ F it 48 (101) s -

& 48 (tetragonal phase)sh& 2 > WZ/SBA-15 ik 5384 B €3 22— 3R
8 £ % 4P (monoclinic phase)sng 1 43 54 o & XRD Bl3¥ # 30 ¢ BLE 2 i ch

§ 1“4 5 4 % 4P (monoclinic phase) s e ¥e64%% (2 Theta & 5 23.12°23.59°4¢

24.38°%) o

——(3) WZ*“/SBA-15
—(2) WZ'/SBA-15

— —(1) SBA-15

=

©

>
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Figure 3-6 : Large angle XRD spectra of (1) SBA-15 ; (2) WZ'/SBA-15 ; (3)
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WZ5C/SBA-15.

Table 3-18_/ 3 ¥ SBA-15~ B # 7 =2 ZAQTRH ¢ [ & k2 & = H#L»
1% F F gy KT E P BB o A BSBA-ISHI & G ff A
815m’/g > 34 ik REAE 5 0.90cm/gm 34 < -] 554h 2 H A TR FEEA AL
TR oo fEE KR HF 4§ g f 0 SBA-16 1+ (WZUSBA-IS
WZSC/SBA-15)» ¥ i chvt 4 i 4 450 BT % > A 5] 5 10022205m"/g » 355 & F 2
PR TR e UK S N A ST URABE BT L F a3 FSBA-15
R AT D30T o hIbiF PR INA > S P T L f B S WZ/SBA-15430
FRAE T % 1 YSBA-155— X > @ WZUSBA-15# & 03t i 88 4% 47 T % 3
0.13cmg o GAm N1 * B2 322 6 R T EHF “ & SBA-153t jf 2
N FR R e A g FFE IV A S T E o i XRD| & R MBS0

WELRR T AL AR T A L e

Table 3-1 : Physicochemical properties of tungsten zirconia supported on SBA-15.

Catalyst Sger(m?/g) Vp(cm®/g) Dp(A)

SBA-15 815 0.90 54
WZ'/SBA-15 100 0.46 —
WZ5C/SBA-15 205 0.13 50

a.WO3/ZrO, =0.5 (wt/wt) ; ZrO,/SBA-15 =1(wt/wt) ; calcination temperature =800°C.
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Figure 3-7 ¢ (a)®2 3 *» ¥ e WZ /SBA-15 » (b) &z § *» * WZYSBA-15 >
(c)£_1-0.5WZ°/SBA-15-800 =+*» & TEM- A (b))l ¥ ¥ BLEZF|4 45 (L $i2

=]

. -

3 A 4ct SBA-1S 3 A5 o BT I BTG A ér_(c)l-O.SWZSC/SBA-IS-8OO

citr 8 TEM ° 7 UL TG 4545 14 4~ B A3 4 SBA-15 chat i s o

100 nm

Figure 3-7 : TEM image of (a) WZ°“/SBA-15, (b) WZ/SBA-15, (c)
1-0.5WZ3“/SBA-15-800
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3-2-2 it F &
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Figure 3-8 : (A) The glycerol conversion and (B) acrolein selectivity over the
1-0.5WZ5/SBA-15-800 and 1-0.5WZ'/ SBA-15-800 samples. Reaction condition :

reaction temperature = 290°Cand WHSV =5 h™".
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Table 3-2 #5 5% 1 B | EFragd st kv 2HE* A3k
114 > acrolein 358 3 & hA 4 0 5 fk i (1-hydroxylacetone) #_¥ - fa & A 4 >
v EH - SR A A e £ Y 4 T 0w R ¢ fE (acetaldehyde) fr
[ % B (allyl alcohol) 7 84 > [3 % iR éniE % 5497 § o 1 3 Unknowns 304

B &% 100%2 Jof e —’rr'ﬁv*ﬁ ¥ o

Table 3-2 : Product distribution over catalyst which were prepared by direct

impregnation and supercritical ethanol coprecipitation at 290 ‘C and WHSV =5 h™.

Catalyst X4(%) Product selectivity at TOS = 0-1 h (mol%)

Acrolein  AD AA HA Unknowns”

1-0.5WZ5“SBA-15-800 100 49 8.4 0.40 3.3 39

1-0.5WZ'/SBA-15-800 53 39 39 1.2 10 44

a.The conversion of glycerol. b.Selectivity for unknowns (mol%) = 100 - known

products.AD = acetaldehyde ; AA =allyl alcohol ; HA =1-hydroxylacetone
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Figure 3-9: Small angle XRD spectra of 1-0.5WZ*“/SBA-15 with different calcination

temperatures : (1) 750°C, (2) 800°C, (3) 850C.
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Figure 3-10 : Large angle XRD spectra of 1-0.5WZ°“/SBA-15 with different

calcination temperatures : (1) 750°C, (2) 800°C, (3) 850°C.
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Table 3-3 H_7 A& %8 & T ¢ 1-0.5WZ /SBA-15 4k 597 18 B ch§ § B8
R R E N R B o R P ECEIR R R e R G T R
o EF T e PR R A R B B ] R

nﬁi’—‘g;\ﬂ’*%\»\iﬁ_f“i °

Table 3-3 : Physicochemical properties of 1-0.5WZ°“/SBA-15 with different

calcination temperatures.

Catalyst Sper(m?/g) Vp(cm’/g)
1-0.5WZ“/SBA-15-750 272 0.58
1-0.5WZ“/SBA-15-800 205 0.46
1-0.5WZ“/SBA-15-850 141 0.36
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Figure 3-11 : The N, adsorption-desorption isotherms of 1-0.5WZ>“/SBA-15 with

different calcination temperatures : (A) 750°C ; (B) 800°C ; (C) 850C.
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Figure 3-12 : (A) The glycerol conversion and (B) acrolein selectivity over the
1-0.5WZ°/SBA-15 with different calcination temperatures (1) 750°C,(2) 800°C, (3)

850°C . Reaction condition : reaction temperature = 290°Cand WHSV =5 h",
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Table 3-4 §_1-0.5WZ°/SBA-15 % 45" EF R T F 1 B | BEeng o A o
3 BARAERR P F FE (acrolein)j‘;ﬂ Fi8Ag Py BAFRE L BE

(acetaldehyde) °

Table 3-4 : Product distribution over 1-0.5WZ>‘/SBA-15 with different calcination

temperatures. Reaction temperature = 290 ‘C and WHSV =5 h™".

Catalyst X(%) Product selectivity at TOS = 0-1 h (mol%)

Acrolein  AD AA HA Unknowns®

1-0.5WZ5“/SBA-15-750 100 34 24 0.6 12 30
1-0.5WZ5“/SBA-15-800 100 49 8.4 0.40 3.3 39
1-0.5WZ5¢/SBA-15-850 100 48 15 1.6 5.8 29

a.The conversion of glycerol. b.Selectivity for unknowns (mol%) = 100 - known

products.AD = acetaldehyde ; AA =allyl alcohol ; HA =1-hydroxylacetone
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Figure 3-13 : Small angle XRD spectra of WZ°“/SBA-15-800 catalysts with the

different WO; to ZrO, weight ratios and ZrO, to SBA-15 weight ratio were equal to

1.0.
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Figure 3-14 : Large angle XRD spectra of WZ*“/SBA-15-800 catalysts with the

different WO; to ZrO, weight ratios and ZrO, to SBA-15 weight ratio were equal to

1.0.
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Figure 3-15 : Thermogravimetric analysis of 1-0.5WZ*“/SBA-15-800 under an air

atmosphere.
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Table 3-5 & 7 fo & 41t plenf C 4520 § i g% AQTRA o R Uk | A
i3V SBA-15 F #r i@ Bl eng F PR R E Nk BB T o T L 4
SF B ASBAIS Y A G FEFMARPETE V- 2R
FEEHF CBDE RV B LG fir FEFT R INIVFHEA )

T ¥ad 0.46 cm’/g

Table 3-5 : Physicochemical properties of WZ/SBA-15-800 sample with the different

WOs; to ZrO, weight ratios and ZrO; to SBA-15 weight ratio were equal to 1.0.

Catalyst Sger(m?/g) Vp(cm®/g) Dp(A)*

SBA-15 815 0.90 54
1-0.3WZ*“/SBA15-800 256 0.44 48
1-0.4WZ3“/SBA15-800 249 0.48 50
1-0.5WZ*“/SBA15-800 205 0.46 50
1-0.6WZ*“/SBA15-800 203 0.46 53

* calculated from desorption branch
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Figure 3-16 : The N, adsorption-desorption isotherms of the WZ>“/SBA-15-800 with
the different WO; to ZrO, weight ratios from 0.3 to 0.6 and the ZrO, to SBA-15

weight ratio were equal to 1.0.
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Figure 3-17 : The pore size distributions of the WZ*“/SBA-15-800 with the different

WO; to ZrO, weight ratios from 0.3 to 0.6 and the ZrO, to SBA-15 weight ratio were

equal to 1.0.
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Figure 3-18 : (A) The glycerol conversion and (B) acrolein selectivity over the
WZ5/SBA-15-800 catalysts with different WO3 to ZrO, weight ratios and the ZrO, to

SBA-15 weight ratio were equal to 1.0. Reaction condition : reaction temperature =

290°C and WHSV =5h".
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Table 3-6 : Product distribution over WZ°“/SBA-15-800 with different WOs to ZrO,
weight ratios and the ZrO, to SBA-15 weight ratio were equal to 1.0.Reaction

temperature = 290 ‘C and WHSV =5 h™.

Catalyst X4(%) Product selectivity at TOS = 0-1 h (mol%)

Acrolein  AD AA HA Unknowns®

1-0.3WZ5“SBA-15-800 100 48 14 1.4 6.1 30.5
1-0.4WZ5¢/SBA-15-800 94 54 7.4 1.1 8.1 29.4
1-0.5WZ5¢/SBA-15-800 100 49 8.4 0.40 3.3 39

1-0.6WZ5¢/SBA-15-800 100 52 14 1.4 3.3 29.3

a.The conversion of glycerol. b.Selectivity for unknowns (mol%) = 100 - known

products.AD = acetaldehyde ; AA =allyl alcohol ; HA =1-hydroxylacetone
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Figure 3-19 : The glycerol conversion of 1-0.5WZ°“/SBA-15-800 with different

WHSV gjycerol -Reaction condition : reaction temperature = 290°C.
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Figure 3-20 : The acrolein selectivity of 1-0.5WZ°“/SBA-15-800 with different

WHSV gjycerol -Reaction condition : reaction temperature = 290°C.
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Figure 3-21 : The glycerol conversion of 1-0.5WZSC/SBA-15-800 with different

carrier gas flow rate. Reaction condition : reaction temperature = 290°C.

FRAF F g B R EhE R P ST i At 4 354D
RN S AN L S PR ST S S R p o ST

”
w4 o Figure 3-22 I 2 H P FREenE & 5> ¥ RFF 5P E/F

‘=
o
A
.
Tk

3R s T OAF e 40%~50%2 FF e

60



100

—H— (1) N, flow-30 mL/min
—O—(2) N, flow-50 mL/min
80 2
)
>
N—r
2 n @
S 60+ / \
©
@ ‘ C— "
a3 \O\ D
? 404 ) 2><5/
c
T
o
&) -
e 20
0 T T T
0 2 4 6

reaction time (h)

Figure 3-22 : The acrolein selectivity of 1-0.5WZ°“/SBA-15-800 with different carrier

gas flow rate, Reaction condition : reaction temperature = 290°C.
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Figure 3-23 : The dehydration of glycerol activity profile of 1-0.5WZ>“/SBA-15-800
catalyst under absence hydrogen. Reaction condition : reaction temperature = 290°C

and WHSV =83 h'l.
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Figure 3-24 : (A) The glycerol conversion and (B) acrolein selectivity over the

1-0.5WZ°/SBA-15-800 catalyst under (1) absence hydrogen,(2)N, and H,. Reaction

condition : reaction temperature : 290°C and WHSV=8.3 h™".
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