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Abstract : xAl-yZr mixed oxide catalysts with different molar ratios of Al/(Al+Zr) were prepared by a co-precipitation method
and its catalytic performance was compared in the iso-propanol dehydration as a model reaction. The catalysts were charac-
terized by X-ray diffraction (XRD), differential thermal analysis (DTA), N> adsorprion-desorption, NH; temperature programmed
desorption (NH3-TPD), and iso-propanol TPD analyses. The addition of Al into ZrO, promoted the formation of relatively small
particles with large surface areas and retarded the transformation of teragonal phase to monoclnic phase. NH3-TPD results
revealed that the relative acidity of the catalysts increased along with the increase of Al molar ratio. The catalytic activity for the
dehydration of iso-propanol to propylene was also increased with the same tendency. The catalytic activity could be correlated
with high surface area, acidity and easy desorption of iso-propanol.

Keywords : Al-Zr mixed oxide, Iso-propanol, Dehydration, Acidity, Phase transformation, IPA-TPD

LM 2 SITHI4). olelet SE5 545 vEe] A=avjol AR5

EE 34500 QAN B A7 DAL Doggali

Aeatrohs A B WIS A ZR ST B e gy w715k AauselA) A2 el 17
o Astehdl SHom AP Aol WA SO BW 5 o) gxm cuMn Zul7h M2 aujote) AEe £4 v
ol Aol ARe Ao FHE FIANRT LA gt wio mo] Zlereha M1, Zhao ot al [S12. ML}

* To whom correspondence should be addressed.

E-mail: chshin@chungbuk.ac.kr; Tel: +82-43-261-2376; Fax: +82-43-269-2370

doi: 10.7464/ksct.2016.22.1.009 pISSN 1598-9712 elSSN 2288-0690

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licences/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

9



10 wt

o

p

A - e@7] - AR

ol

FARRHES ookt A AIA gl EAske] aith 2o
Al ofZEYRIC 2] M A AlshiE-Zo|A] |23 o} 9o
AE vivbE SH7E 7MY w2 o2 5l A E B
TRl HAskQlek ERE Sim et al. [6]= ThRE <44 AT
Azt Al23y ol ZufjolA] /g Al7to] 4
Atekol S7kshH, ol 2k o] Hapnh-gof A Bhg-2Hg o]
7kt ®arskglch o] 9jo e A 2sdyol Fulj= Sdd
o] Eand) Whg 2|l S o o] - ST
I HuEglow, Aot B wEe] 4HehHg, Fischer-
Tropsch RHdWHS-, T1ejal g 7hegut-ga 2
|E AN, e S UEbdtka 2w gl
A 23 ok= 242 0] WMot upebA oA Ft
A A A} S 2 (tetragonal), THA] TEAFA A AF S 2 (monoclinic) 2
/o] Waetth 2o wWE X231 ot AR W=
Sl AR A= AREE S wf, So) WAl dFFe nd
o} Li et al. [13]= th2 244< 2= A=23Yo} 9o g4
H AWZI0, FuljitollA 4
A A=F Yok 9o GAE Au Fuf7} AFAA FHof Rk
Y 52 A4S 2elokal Buskelch B3 Al=5yo Sf
° =2 thE 4hekE AR A
of FriA e 2he v A g By 242 = §g}
of W& A4 wate} 22 HlxH A S e A=IYot=
oA XA A= A-gst=d] A|oFo] wETh o]y

ot BEAAS 2eslr] €3, ALOs-ZrO,, TiO-ZrO, 18]al
= EFAEHE AAA B A F7E 54
AL, W A dRtHo® AAA = I
FEujubo] 2| 23U olE H7fsto] x| 23 Yo}
= e AteHE A A A g A4S 2arst

o} dEuube] A 23U okE H7IeHH A 23 oke] FHoj
4k 3 Aol &Fnte] AR AME- EH 4=

)
s
4
oX,
NI
N
>
2
rit
iz
oo
=2
>
v

S~
2,

w2
g
N
e
o
iy

) UL gAG Shgeldg £3
A WA Aot XA Suhe BaHHS
g Uael mERAS F7hAITHI4)L E

o] Azmujolz HAE NVALO; Fulael 4 A=
AR AL WAk, Aezks A vhge
o EA 9 Y(spilloveBYL FAAA Fuf]
£ 9 AEES GAAIT BEgrHIs] 2] A
Yobh H7bE QR0 (AR By E ] AL, vl
4 MRS 7RI IE BaE THIe]
AF7A B BA A 2ol AExobE ehRuluto]
WSl QA AR AT AT F2 S, 2w
Yot A RulE AAT Sulel dEk AT ATE
SEA) otk wrebd 2 Aol A 2aobE 27t

[ I L S A [ V)
°
o]
—_
rr

o2 sfo] erRulibel e Telste] ERHISIES Azl
I A(Al+Zn) o] Znlof| g o] S4HIE AN
AzxeE o= X-A AR Y (X-ray diffraction, XRD), Az}
& B M (Differential Thermal Analysis, DTA), A4 2, o
Ho} 42er2H(NH; Temperature Programmed Desorption,
NH;-TPD), o]A X 238 45222 (iso-propanol Temperature

Programmed Desorption, IPA-TPD) 52 E4 &
R, PEH Q] APHRESQ] o] AZ B2 g Hapnl

o= s

oo 1x

o flo
Lol
e o2

o

2.4 ¢

21. =0 M=
Aol A AMEE xAl-yZr APk Zufj= Al(Al+Zr) 9]
17} 0, 0.1, 0.3, 0.5, 1.0 2 2|3t AlstE 202
A Z3FAT) 0]7)A] x, yi= 480 Aol dRulE
o] & w2 yehlth xAl-yZr ASHE Euf A=
1] &3 AI(NOs)s - 9H,0, 98%, Sigma-Aldrich),
F53HE(ZrO(NOs),  2H,0, 98%, Sigma-Aldrich)
|89 (NH,OH, 28-30 vol%, Samchun) A=2
ARgshgl o, A RS oS5 2k 7 = H=
&2 0|F5-S 400 mLe] Bro|&420] L-3]A]7)
A2FEgS A7 3, 23] &oH =g A2 A]
oF WRHAIH T EFEHE AR YoRgH SR pH 10

, Aol A] 24417 59 B kSRt

—‘ﬁﬂ_',_u‘:rl'ﬂ:
HJ”%m{ru
g M4

N
(R
(o]
C,

f
il
Bl

o 1‘21
>
il
]

SR 21
o
oS

10

i)

r>~

Lo
—Orll‘
32
(o

*—:#8H£Huﬁm>irll“‘:~i°1ﬂmﬁ
) =

H

L

&

o N ol

3 100 CToflA] 2A17F FF SFA71L, A5
(Rotary-evaporator, Eyela N-1000)E AFg8-5}o] T5Fe] &=
AAT 5,100 T 7% @ BolA 12417 Azakc) 7
205 3715 ZHFUA 2 Tming $24E2 700 ToA
207 24T AxT Sl Zzte] 2 ulo] wat Z50,
1A1-9Zr, 3A1-7Zr, 5AL-5Zr, ALOs2 W Ha}gich.

et

2
o

o 1

oo N i

2.2. _7_T<|_|]H EMEM

o

A 23 Zujo] AL AH 7] 98] Siemens D-5005
7171% A3kl XRD #4& Sastelrt. of u) AHgE 2
o137t HME L 30 mA, 50 kVo| i, 0.4 degree/min®] FAF &%
= 20=20~80"2] W elolA ZA5FAE ALY YA
= Scherrer]& ©]-8-5}o] A AFSFA Y. Dia = 0.9 A/Brii- cosh,
D& 274 271, Az QAR XA 33, B WEA] &, 18]
o o= o) oMol 52 2g ofnjateh AzH Ho)
o Bjst - 224 MBI A71E L5 WSS opur] 9
3] TA InstrumentsAle] SDT 29602 ARg-3}o] Alx} GEA
(Differential Thermal Analysis, DTA)& s}t 2%=9] W3}
o 7b2 2712 10 Thmin© 2 87] 8ho] 457 Aol
900 T714] ZHoteleh. Az oo vEAEH 2 & 71T
Hul (196 CTo MA A A &% 3}o|A] MicromeriticsAF2]
ASAP 2010& ALgdlo] AaBaWoR 2galgich Zo)
9] ] ¥ 22 Brunauer-Emmett-Teller (BET)4] -2 ©]-&3} 9]
P/Py=0.05~ 02 9] WellA S gtez 3, F 7]
FRIE PP, =09950] 49 FHFo R Aot AEE
3= Barrett-Joyner-Halenda (BJH)A]-2 ©]-&35}o] AAls}Sict.
ArebE Zojlo] W AATAE Fobns] I3 XPS (VG
Science, ESCALAB 210, MgKoa X-ray source =1253.6 eV)&
Mg 9T, Be] Yarae a0 WAy AE A
o nagroz AT Fulel 454 dos] $13) 4
SFEL 2] 7] (Pfeiffer, QMS 200)2 A}8-3}0] NH;-TPD o] A X &

i

>



T-&(is0-C3H;0H, Samchun)S A}-g-5}o] IPA-TPDE 4385}
Atk 0.1 g8 FWE 5 Tmin®] S HEE AF-20fA 300
C7HA 25 &9 $F o230 = 300 ToflA 1A]7F &<t
AHestAr. £E2 100 T2 Y2l the, 10% NHyArS 30
em'/min© 2 1417 BoF BAAAG. B F, 2o LmolA
30 cn/min®] §FO 2 ol 2T LS TeFUA Bel G2
H duYolE AAA AL 258 Ao 141?/1_ 5,800 C
7FHA] 10 C/mino. 2 &L A]7|w &2}F ool 9K(NH;,

m/z =172 Z7433ct
Ol AN ZIL O] B . 22l AEL otoli | 0)F), AR
718 AR5l o)A &2 T-E(iso-C3H;0H, Samchun) TPDE
Sassck. Qhol TPDe} Sos Agzel A dxzlat
At xS Aeor YEl & EZI|E AFESe] o2
gajol] 718kt o] £XRBEE 3 kPa] YA
A

o
L=
-

S|
&

o]g,k_

i
lo
of e hu lo{'

A0l 4 500 C7i]—7<] 10 C/mm#i

—E‘c ](Nuclear Magnetic
Resonance NMR)E -,—0”’6} c}. Zo] AHEZHL
4 mm ZEo| ARE 25 27A194 22 130.325
MHzol 4 100 K172 AgleieA] 345150 of o] $e

-
I

1.50 pso] w4 BAag A}ﬂo}aﬂﬂ RHE A AAIRE 1.0 52 5
Atk TAl9} Bt8hA o] F-2 Al(H0) " 899 setA o)

we 1Eow st
23.0|AZZ2THE 2olEES

O|ALRIEL BN W A7 12 mmel UR wope]
N9 1S W72 4 soll A AAlsgk vk el A
23 ABHE S 0.1 g& A W71 FAAI7]I N, (50

m’/min) £9]7] 8olA] 5 T/min®] HE2 400 CT7HA] A4

Q

AZI3L 1AZE 52§43 £ 5 Ciming] Y24 ER 270 T
A WSk WA BATkAR ALgStel o AmRTe

Alzr E3HbeRE Zujo) Az R SRS 11

J =
pun

o] YA Y= TIPS 5o 3 kPad] o] AZETL HY
& BE ko] w7o] BFFA o] W F §L 50 e’/

min® 2 TATFALE No= 53 22 7] (Mass Flow Controller,
Brooks 5820 E MFC)E o]-&3}o] HF-3 Ax|of F¢35}4 L,
HF-g- & A AE-L2 FID(Flame lonization Detector)”7} %2}
GC(Chrompack 9002)E o]-&3}o] HA3IHct GCHHL
CP-Volamine(60 m x 0.32 mm ID)2 AF&35}3ich oA 2T
2 HBRE USH O ALIVE FES FFH olbnzy
& BEE o Adsigrh

l‘ﬂ

3. Zot Y g
3.1. S4B
Aol A A2 xAlyZr EFABHE Zolo| B2 - 53}
% 548 oty $8to] XRD, DTA, A4 F2h], NH:-TPD,

712)3 IPA-TPDE =35} rh
xAl-yZr AFSHE &0l 9] XRD £4] ZA7E Figure 13} Table 1

om-Zr0,, 1t-Zr0, , | 1-Al,0,

|250 Ccps,

Intensity (a.u.)

2 theta (degree)

Figure 1. Powder XRD patterns of the xAl-yZr oxide catalysts: (a)
Zr03, (b) 1A1-9Zr, (c) 3A1-7Zr, (d) 5A1-5Zr, and (e) Al;Os.

Table 1. Physical properties of xAl-yZr oxide catalysts and their catalytic performance in IPA dehydration

Particle size (nm)°

Catalyst Al/(Al+Zr) molar :)atio S2BET1 Pore \;olgme Pore size X0 | ve? | MysTO Conv. (%)”
Surface (soln.) (m”g") (ecm” g7) (nm) M T
71O, - 35 0.088 17.6 0.74 | 0.79 | 0.79:0.21 18.4 16.7 0.8
1A1-9Zr 0.13 (0.1) 68 0.078 5.0 0 0 Tetragonal - 9.8 2.9
3Al-7Zr 0.34 (0.3) 85 0.077 3.1 0 0 Tetragonal - 9.2 19.0
S5Al-5Zr 0.53 (0.5) 107 0.129 4.5 0 0 Tetragonal - 8.9 75.6
AlLO; - 230 0.411 7.9 - - Y-Al,O3 - - 100.0

“ Determined by XPS analysis. The number in parentheses means the solution composition of xAl-yZr oxide catalysts.
® The intensity fraction, X, of monoclinic phase, Xm = (In(111) + Im(111)) / ((Im(111) + I;m(111) + I(111)), Ly, = Intensity of monoclinic

(111) plane, I;=Intensity of tetragonal (111) plane
9 The volume fraction, Vi, of monoclinic, V= 1311 x X
9M vs T =Monoclinic vs. Tetragonal phase
© Determined from Scherrer’s equation
D Reaction conditions: 7'=270 C, 30,000 cm3-g cat.”!

/(140311 % Xp)

-h”' GHSV, 3 kPa IPA in a balance of N,
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Figure 2. DTA curves of the xAl-yZr oxide catalysts: (a) ZrO, (b)
1AL-9Zr, (c) 3A1-7Zr, (d) SAL-5Zr, and () ALO:s.

of Uetfigleh XRD &4 23 &4-3F Al 23 Yok= 79%9]
AP A (#07-0743) 3} 21%2] 47 A4 (#50-1089) 9] =3t
Ao 2 ke QJr6]. A2 ulFo] H7tE 1A1-9Zr, 3Al-7Zr,
5A1-5Zr AMSHE 2= AW A o] daAto 2 BEE|Ql o
], GEu]E o kol kgl whel AR A o] 26 =30.4°
o] w3 A7|7h skl WolAe A UEtislH: o=
AEAAC A& 277 et 5T 4 len,
Table 104 Wt 0], dFulwe] gHgol
2} ]2} 27]= 16.7 nmol|A] 8.9 nmE 7HAdH=
o A8 & GRS 3-AROE S 7 W E Gl
™, 4.7 nm®] YA=27]15 e SITE Figure 19 LERHA|
AUATE A 0] 20=304° WA= dFuE FFOl T
7Fgholl wheh =2 208 o]F sl en, o= Al-Zr 1LA|§HE
FAgro| 719181 Aol thzr* o] o] 2 17 =0.08 nm, Al
9] o] HkA =0.065 nm) [17, 18].

xAl-yZr AFSHE Zu 9] DTA 24 Z 35 Figure 29| L&}
Wolth &3t A2 Yoz 440 CollA TAPE Ao A ARy
AR AR g YEHS vEtth ¢FuE g
ol Skl wheh I 2=7F LEZROR HAAH O o]
oML, 3A17Zr AFSHE Zufj o] WS 794 CoflA] izt
Ak SALSZr AbshE St R u|UEii= DTA 242
QoA HAHE T 5 otk YFEujEe Hrt
utel AR W3 L2t 440~740 T B 1 o)A Ln
HAZA] WA x2S & = AL, GRS W7k A

23 ole] AAAHIIE AA 7] JTS 3= Aoz &
& 4 9lemn, o= XRDO 244t & dXsH3AT)
Table 17} Figure 30f Z3MAISHEQ] v HZ U & 7| 3H
5 UER It xAlyZr 4lohE Fuljo] 52 F4de AP
A IVHH O] T2H4& Below, dFugY d=fo] F7t
‘6‘1—0” wal v EER 4 & 7|2Ray) 27188 o 2 Qi)
il 11‘3:”40} Zujjo] W EHA2 38 m’ g, F 7| TR
A% 0.088 cm’ g'o]11, 5AI-5Zr xm} Zujo] H|EHAL
107 m’ g, % 71 31 0129 em’ g'9] ghe vheh it

Volume adsorbed (cm’/g)

Relative pressure (P/PO)

1.0
| —=—(a) (B)
—e—(b)
0.8 —a—(c)
— | ——()
2 ——(e)
E 0.6
Qa
{e)]
9O 0.4
)
>
©
0.24
0.0 4
1 10 100

Pore diameter (nm)

Figure 3. (A) N, adsorption-desorption isotherms of the xAl-yZr
oxide catalysts and (B) pore size distribution measured
from adsorption isotherm: (a) ZrO,, (b) 1Al-9Zr, (c)
3A-17Zr, (d) 5A1-5Zr, and (e) ALO:s.
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Figure 4. Al NMR spectra of the xAl-yZr oxide catalysts: (a)
1Al-9Zr, (b) 3Al-7Zr, (c) 5Al-5Zr, and (d) Al,Os.
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Figure 5. NH;-TPD profiles of the xAl-yZr oxide catalysts: (a)
Z10,, (b) 1A1-9Zr, (¢) 3Al-7Zr, (d) 5A1-5Zr, and (e)
Al,0Os. The mass signal of -NH3 was recorded by using
QMS detector.
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Figure 7. Correlation curve between desorption temperature of
+ C3Hs, relative acidity of the xAl-yZr oxide catalysts and
IPA conversion.
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