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Abstract — High specific surface area zirconia with acid-basic property was synthesized by precipitation using reflux
method or hydrothermal synthesis method using ammonium hydroxide solution as precipitant in the range of pH of Zr
solution from 2 to 10. The prepared zirconia was characterized by the nitrogen adsorption, X-ray diffraction (XRD), iso-
propanol temperature programmed desorption (IPA-TPD), scanning electron microscopy and X-ray photoelectron spec-
troscopy, and the catalytic activity in the IPA decomposition reaction was correlated with the acid-basic properties.
When using reflux method, high pH of Zr solution was required to obtain high fraction of tetragonal zirconia, and pure
tetragonal zirconia was possible at pH 9 or higher. High pH was required to obtain high specific surface area zirconia,
and the hydrous zirconia synthesized at pH 10 had high specific surface area zirconia of 260 m* g”' even after calcina-
tion at 600 °C. However, hydrothermal synthesis with high pressure under the same conditions resulted in very low spe-
cific surface area below 40 m? g”! and monoclinic phase zirconia was synthesized. High pH of the solution was required
to obtain high specific surface area tetragonal phase zirconia. In hydrothermal synthesis requiring high pressure, mono-
clinic zirconia was produced irrespective of the pH of the solution, and the specific surface area was relatively low. Zir-
conia with high specific surface area and tetragonal phase was predominantly acidic compared to basicity and only
propylene, which was observed as selective dehydration reaction in IPA decomposition reaction, was produced.

Key words: Zirconia, PH effect, High specific surface area, Acidity, IPA decomposition

"To whom correspondence should be addressed.

E-mail: chshin@chungbuk.ac.kr

o] =& Fista 728 w4 AdS 7Idstel FaE gl
This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

133



134 Ael& - AlAlE

LM B
A 2375 AR (210, & AT, ol &= 594
A& Pk glo] 1e LA, AR, /M, ARAA A
o] 314 electrolyte, 1l VAl 5 ThFst okl ] AMEE

UTH1-3). A Zattohs A2 9l Ao wet dFru,
A 7kel fFAFsHAl M87d Al (cubic), 8878 # (tetragonal), TAH
Al (monoclinic), AF84 7l (orthorhombic) A B 2 theFst A4S

A 4 Qleh4]. Sl S B SeiEAC] de] AREE A
7k, &Fa gl “ﬂ?} dFrutel= g A= I ok 2k417]
A5 B FHreta Q1o Akskd, 71 T2 =5 94
2 Q13| vheFel slekgel] de] ARS-E AL QITH3-7]. A 2T oks
A B ARAR] Hul R ARGEE WO % o] ARl o] e 9
45 9% CO F23MES[8], HCFC-22 F-a|WH-$-[9], wlekatsial
3[10-13], CS,E H,SE 2] rhallil-&-[14] o] §lom, o]e} 2+
theFst Hhg-ollA A 2T ok= 5535 vk A¥E Hoj=al gl

A EZF o} gAdel 0101*% d PX—*.OJ A l “o‘?-:lOE~ A

2343 A, d3k= © % NH,OH,
NaOH, KOH, NaHCO,, Na2CO3 5 4 @714 #%‘ﬁ =de 1A

AZ AHgate] FaERE JRAAA Azxsh= JAM[15-17]4 A=
T FEAP| S Bs IR FALo| =8 Fahalil-g-5 o8-8k
£ A v Zo) 011:]. 12,18]. o]a]s]— kA tﬂ—tgoﬂ Lq.g} ;q_e_,:zqo].g
E4& 37 WA = 9ot ¢l 5 S0, NH,0HE FdAZ A
gato] Az 3t A= ofe] vl A 100 °ColA X 5

400 m* g'] 2 WA S IH }32204 500 °ColM 249 F
o= 300 m? g o)) WEAAE FAF 5 S Hard v} 9l
tH16-19]. E=3H, X2 7US "E‘%A}Ol‘:A Fehraike 1%3}

S}

of 27 AP 0= A|x3t ooj 24 2| 2 FYok= 200 m

A5 wladA g $3 5 gglomns) wlol e E2lelEa
AIAA £ 24 A3 27122 A B 1000

m? g, F 7155 3 em?® ¢! o] BRE 2 A2 Ao} §
A% 7FssiiTH 19].

A 2o}l B S 913 TR A E2e AW A=
A THE7] Slek ALEE Fhst Awlaet & 5 ole A AIRE
#3}H20,21], &% ¥3H21], SA925[22] 522 24 7FssIsich
A E A A 7o) 7 Bk oﬂ wlz} v FHAoe] 7 B

o1F3lem 500 °CollA] & Foll = 73} A =310t} v wsto]
H|3EWHA O s EO%% O} & ApolE HolA= FErhal B
a1 \f QUEH[17]. B3, A= Fuok= &
A do] tha oFsh AHlE B Ha gle
317] f18te] A= ok —:L{Pg 202 dxs f<47}o}oq E}Oks}
L ES Alxste] S53 ER8lets & WSIAIA AHE-

afaL Stk 53] 11231140}011 Aleli& J7kete] 553 Ce-zr At
sHES PAE 5 9lom o] A4 A 452 (Oxygen Storage

Capacityys F9AA 445 gz g AFH-E 2 qlok
[23-25]. ©] &)l Y[8,26], Ca$} Mg[27], Ba[28], Sn[29] 2 37} ©]
25 ZH= Ga, Fe, Y, Gd A7H30], 47} 0]-2& ZH= Ce$) Ge[31],
Si[32,33] F7tell W X253 oke] QP g el digh thekst SAE
2] gl ekg gl tigt A7} Bt ul gt

A 2ot £ WMskE 98l Alx Al 2HE 5 Qe MFE

=
Azl @ B QTS0 B5, §9 FER1], 9714

Korean Chem. Eng. Res., Vol. 57, No. 1, February, 2019

el

A ] F5#([17], &< pH, A
=, 38 A 8 e o
Aol A = A 2 F Y AAksHE2 o
N5 FAAR sto] pHE HEAA S FAdHo R
Alzste] Az 3t A= s oke} A & A =3 ofe] 54
A bl Zulgd-8- o] A 23 24518 (iso-propyl alcohol, IPA) =3l
Hh-g-of] 28510 v 1A} Fct,

d
Fl

2.4 o

-1. Z0f HZ=EHH

AR o7 A2 FYolE A F8l] Yl 025 M A2 F U At
314 4F3}4 (Zirconium oxynitrate dihydrate, ZrO(NO,),-2H,0, Sigma-
Aldrichy& AH8-3}%] 14.7 M NH,OH (ammonium hydroxide, 14.7 M
NH,OH, Samchuny& 4412 AF&ol|A] 9181= pHell =2al7]71]
HAA Q) kS 2AF AT o714 M7 AR pHE= 2-10 1:14_?4
Ulef| A 24 o}‘ﬁE} k= pHoll =23t - 8771 7Fsst &
E}Ali &7 - Zr*tolo] SR £ 100 °C7HA] 7}E

S (reflux method)©. & 48 A7+ E<t S48kt A9
ARBFE-E o] FE 9310 5000 rppmS A F = PR
He *F%okﬁ% 353153k, Bl4eE 2 60 °ColA 48 AIRF A%
A= =4 6AI3E BV 35 Folx] &4 AsiGitt. S5
HOZ Az NE2Folele] 54 vluE ste] Fa9UH
(hydrothermal method)2 ARSI U 0 2 2| 2 7o} A
Z5 Y3IAE 100 mL 15 R EEHO]H 32 T E ARSI om,
%7] pH 83} 10& A7 3}] 100 rppm O 2 100 °C &= F 48A]7F
ZAJsk Tk, ol gl Al Az A 2 3ol HkS- 2% STl whE
A} 948 57 Hautogeneous pressure elevation)S Z 2 &0 24 ¢t
WHslo)| W A v g 71k atlnh AR AR s 2
3lo] A& RFEE HDxPyCal o4 RF:= 33 57395, HTE 2
AIHE ofmlebe] xi= Zr'* 892 27] pHE 2v]st, yi= 44
2L (0)E Yu|3it}, oS S0, RF2P600Cale- 53 SHHHS A}
$315.0 7t G-g-9le] 27 pHi= 20|19, AZH 578 X 2 oks
371 B5 FollA 600 °CollA] 6417 243 E AR E oJn]sit).

Z —{otv mlp

ic)

‘101' ol

z

2-2. SMEM

A& 2AH KR 7] 98] Bruker AXSAFS] D8 Discover with
GADDS”|7| & AHg-8F0] X-Al 3] 8-24 (X-ray diffraction, XRD)=

SFGATE. o] wh ARg-gh 7} 7= 40 mA, 40 kVO] 1L, 0.4 degree
min 9] AL SR 20 = 10~80°2] WA F e8Ik A9
7r0,%] JCPDS 3|4 1A (FAFY A 37-1484, 7 7): 50-1089)=

et 7t 7732l A= 7]= Scherrer 2] (Eq. (1))= ©]4
slo] 733l
D, 0.9% 180 M

Bhkl -cosB T

D, A% =7](nm), = ?JA} X9] T(0.15418 nm), By
HEX] Z(degree), 123 0 FH ) I oA 2] 31 718 oJn| sttt
tetragonal /2] 3] &2 tR59] 4] (Eqgs. (2)-(4))°ll &3l At
=it

V= 1.311X,/(1+0.311X,,) @



v

SR A= e Al o

Xy = A1)+ L, (11D /[, (111)+1,(~111)+1,011)] (3)
V,=1-V; 4)

1714 V, 2= monoclinic 2] & ]! I, [,+= monoclinic¥}
tetragonal’ds Z+7}+2] 3]71 A|7]E LERATH34].

Alz¥ A 250} Zulj] v|3EH A 9 F 73 FuE gohr]
£]3ll MicromeriticsA}2] ASAP20202- A-8-510] 4] 5)3i T}, A
A 25 sl AA SO R B8 PP, =0.05~0.2 H
el A S35 gho = v EAE el T 713 F-39+= PP,
=0.995°141¢] FaFo® ALttt XA FAA; 3 (Xoray
Photoelectron Spectroscopy, XPS)< &3, ¥/ vl o] g4
F73u g} AgeluA] MslE F3l SAshs 948 Atsl WekE
otolw gkt}. o] uf AFE-3+ 7] 7]+ PHI Quantera IT (Al Ko = 1486.6
eV)E O] &30 Cls=284.6 eVE 7|50 & A UAE B4
SHick P EH 2 ZullE gk I FHIE AEAA FH A EE
A3 2, 1070 Torr ©13Fe] el fA1 8k A efellA] 4181t
Az 2zt o o] w2} YRF FAE B Slste] AA
WAL S=AF 2216 1] 7 (Field emission scanning electron microscopy,
Carl Zeiss, ©|3} SEM)= AR8-5151H}

0] A3 2 & (is0-C;H,OH, Sigma-Aldrich, ©]3} IPA) 5222t
H (IPA-Temperature Programmed Desorption, ©]3} IPA-TPD) 2
oA ehatEl 7l ARRA 79l Balzers QMS2002 AE-31q

EABISITE 0.1 go] Al=E T F10°C min9] 52 £ 2
&eolA 300 °)C7HA] G AR F- okt 5 F sl 1A]3F Sk
AA AT A2 § 258 dLo 2 Wl vy 237]5 A

G8lo] of=3t BF slollM o]z e RIS T 1§}0P°% 3.0 kPa?]

%Le—uﬂ 5 fAI8k 30% B9 F HS 30 cm® min'S FA8H &
AU E2l 52 o] AL R RE-S AASH] 99 o2 s S

30% FoF 473l 3} 2171 B AR=-0llA] 600 °C7FA] 10 °C min™!
9] SeAE R FABIGIT) 0] 2T 2 3hE0] Yo mhE QMSEA] A

J)

A S Flsto] -CHg (m/z = 41)9] fragmente} 97148 BES
319 -CH,CO (m/z = 43)2] fragment® B2 A%-S 218134}

Ao

2-3. O|AZZEES EfpHES
9 0.1 g& oF= FF(50 em’
LT 400 °CTHA] L EE A

min™) 34 2 °C min'e] &
AZ12 A7 53 A e §

270°C0] Lol BHHLE S $ATIT. o} B g HA kA
A1l TPAZF AN Gl 51712 E5to] 3.0 kPac] IPA 1S
g Esto] WES71o] Fath. o) Wl F RS 50 e’ min' 0.2

23tk v S st 1A VA ZubE T3 9] (Gas
Chromatograph, GC, Varian CP3800)= =4 5}3it}. H3k-&3} A
HE = oy 23 o] A osto] ARkt

F,p, reacted

1 0,
F, fed < 100%

Covnersion (%) =

F,C,
i Component selectivity (%) = C —x100%

i

o71A, F,PAQ} Fi= IPAS} i =2 & 55 (mol/min) ©]9], i A
AES T2l o=} tolo] A 2 ofH| 2 (diisopropyl ether,
DIPERIH, Ci i 3] Gk oIef, G Al 5 71219 of2

& MFC (Mass flow controller, Brooks 5820 E MFC)Z -2 %

@
ML
—]_L4

J

<]

o

: pH 93 135

d

Asto] skt gk v AR u & Ao &
temperature controller)& A8l 2525 2439 5
A& FE+ FID (Flame Ionization Detector)”} 2HE G
(Chrompack 9002)% o]0 433133t GC ZHH-2 CP-Volamine
(60 m x 0.32 mm ID)S AFE-3FIT}.

Hi-ﬂ

3. Z2u ¥ nE

Fig. 1o A 257U 413848 A2 913 214 pH = 243
fated 0.25 M 2] Zrt'ol &S FHiakal iz 150 mLe] e 3
HAZ 14.7 M2] NH,OH F=8-0& ARg3to] 74381908 wle] pH
H3Hs et dRFol2o] 23] 9= 90S 20 mL 7}
39S w4 pH W3}l 3o lv‘:}%)c | #H)E Kol pH 5 ¥
o Gl Tesl o GRS H TF pHE 20014 10744
W37 FAEQ A 23 ?ﬁﬂsg A|lzsk et

Table 19]] 5418} A 2303 A2 Al §4 2] pH Wisle}l B2 4]
B4 E373L o8l Aa TS ARl AR Zr akekE W 2
Fo) A= Fole), F 75y, et 715712 Wskks sk

S ™ XRD 45 AFE-8t 479 7.7] W3}, tetragonal, monoclinic
A A E s
o714 ‘it A2 TH5 FAESof] 2dgh k9] NH,O0H -+

FoHo 7 HHAZ 22| pHE YERAT). Final> Y3h= pHE X
dato] S i AH-S B3l 100 °CollA] 48 AJ7E E3F
= i oﬂ oo L2 o] 243 pHE UERLH HA

A 237 o} 3 Al Zrsd 784 e] 27] pH7} 8 o]3h
ol QloMl= g Zoll alo] &-ole] pH7E F/3-& HolX]
O] SHFAIZE 48 AIZE ofl 27 el 4B pHELTE W
LERITE A 9E pH7E 9 0]73:1 -l QlojA = BHRAl
Alﬂ ol = 27] FAE FASkL AIGITE ©]= Zy(OH), §!
Ash= g elAe] OH o]&2] PIAS Sln|ah= A
1o bﬁo pHelA OH" o]&2] A &o] 334
FAIRE B el 7] Zed 58] pH7}
2 vk 2R S 0]0}011*% OH o]2]
%07 g A ﬂé EZr(OH) s}gHEo] FAE7] of
£0] 50% oS 28| X

J

[o ox
il o,
=2 ‘W _101.

;O“ ol
—10

(L ->14> o2
] -lk 2
T

o m
i
H ““"

>

o

30
1

g
it
i

AU ?0

% |
r

T T
= =
(=2 =]

pH of solution
o
=

Derivative of pH

T
=
N

T
=
(]

0 T T T T
0 20 40 60 80 100

Amount of NH4OH (mL)

Fig. 1. Titration curve of 0.25 M zirconium oxynitrate solution with
14.7 M NH,OH solution.
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Table 1. Textural and crystalline properties of hydrous and calcined zirconia prepared by precipitation using reflux or hydrothermal method of

zirconium oxynitrate solution adjusted with pH values

N,-sorption N,-sorption XRD
o pH Dried 60 °C for 24 h Cal. 600 °C for 6 h Crystal size (nm)
Designation of sample Tetra. Volume
Init Final S et V:iJ D, S BET Vﬁ’ D, Tetra. Mono. (vol%)
(m“g)  (cm’/g) (nm) (m7/g) (em’/g) (nm) (20=303°) (20=28.2°)

RF2P600Cal 2.0 0.4 24 0.020 21.0 29 0.201 25.0 - 14.0 -
RF4P600Cal 4.1 13 22 0.006 18.0 36 0.205 21.1 - 15.0 -
RF6P600Cal 6.3 3.6 33 0.029 35 19 0.039 83 14.7 16.1 44
RF8P600Cal 8.0 7.1 225 0.263 4.7 75 0.177 9.5 10.9 141.4 89
RF9P600Cal 9.0 8.9 285 0.433 6.1 171 0.312 73 6.2 - 100
RF10P600Cal 10.0 9.9 308 0.556 72 259 0.475 73 14 - 100
RF10P700Cal 10.0 9.9 - - - 186 0.363 7.8 4.8 - 100
RF10P800Cal 10.0 9.9 - - - 134 0.302 9.0 5.8 - 100
RF10P900Cal 10.0 9.9 - - - 11 0.046 17.2 14.0 - 100
HT8P600Cal 8.0 7.7 - - - 29 0.141 194 - 14.4 -
HT10P600Cal 10.0 10.1 - - - 34 0.199 23.6 - 14.7 -

et SFAE pH 9 o gl A= o] &4 & 45 Zr(OH), =
3]sk = it

pH 8 ©a}e] vl A] whe Zxiof|A] Az § A3 A =51 o}e]
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Fig. 2. XRD patterns of dried hydrous and calcined zirconia prepared with different pH condition by precipitation method; (a) Dried at 60 °C
for 6 h, (b) calcined at 600 °C for 6 h (c) varied calcination temperature in the range of 600-900 °C for zirconia prepared at pH 10 and (d)
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Scheme 1. Typical representation of IPA-TPD to determine acidic-basic properties of zirconia.
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Fig. 3. IPA-TPD of zirconia synthesized by precipitation using reflux
method as a function of pH value of zirconium oxynitrate solu-
tion. The solution was refluxed at 100 °C for 48 h; (a) The mass
signal of m/z = 41 (-C;Hs) from the dehydration fragment of
IPA and (b) m/z = 43 (-CH3CO) from the dehydrogenation
fragment of IPA.
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Fig. 4. SEM images of calcined zirconia prepared by reflux method with different pH values; (a) pH 2, (b) pH 4, (¢) pH 6, (d) pH 8, (¢) pH 9,

and (f) pH 10.
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Table 2. Peak position and relative proportions of the specified peak from the O 1s and Zr 3ds, spectra of ZrO, prepared by reflux method with

different pH and calcination temperatures

Ols Zr 3dsp
Binding energy (eV) Relative Binding energy (eV) Relative
Sample (Proportion, %) ratio (Proportion, %) ratio

OH Lattice oxygen O OH/0* L.0./0* Zr(OH), 710, 710, /err%7 /ersgf{)
RF2P600Cal  532.5(6.3) 531.1(274)  529.7(66.4) 0.094 0413 183.0(18.5) 181.2(6.8) 181.7(74.7)  0.091 0.247
RF6P600Cal  532.7(9.2)  531.2(27.1)  529.7(63.7) 0.144  0.425 183.4(18.8) 181.6(6.6) 181.8(74.6) 0.088 0.253
RF9P600Cal 5324 (10.8) 531.1(26.5)  529.6(62.7) 0.172  0.423 183.1(19.2) 181.7(6.5) 181.7(74.3) 0.087 0.259
RF10P600Cal  532.5(14.3) 531.4(26.0)  529.3(59.7) 0239  0.436 183.0(20.6) 181.6(6.2) 181.8(74.2) 0.085 0.282
RF10P700Cal  532.5(14.0) 531.2(29.5)  529.7(56.5) 0249  0.522 183.2(17.9) 181.8(12.6) 181.8(69.5) 0.181 0.257
RF10P800Cal 532.5(13.9) 531.1(37.2)  529.6(48.8) 0285  0.762 183.2(17.6) 181.6(16.1) 181.8(66.3) 0.243 0.266
RF10P900Cal  533.0 (12.3) 531.6(483)  529.8(39.5) 0311 1.223 183.4(15.1) 181.8(47.9) 181.8(37.0) 1.295 0.407
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Fig. 6. Conversion and selectivity of propylene and acetone from IPA
decomposition reaction over calcined zirconia prepared by
precipitation using reflux method with different pH values.
Reaction conditions; 3 kPa IPA diluted in argon, total flow
rate = 50 cm®min, 270 °C, and 0.1 g catalyst.
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