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Abstract-Zirconium hydroxides ~ere obtained by precipitation of zirconium chloride with aqueous ammonia at 
constant pH ft~llowed by hydrothermal treatment The ellizct of  thermal activation of the zirconium hydroxide on 
physical properties, and the effect of crystalline phase on the surti~ce properties of  zirconia were studied. The pres- 
sure during the hydmthermal treatment of  zirconium hydroxide affected the surface area, particIe growth, and phase 
u'anstbrmation of the zirconia product. ;IydrothcnnaIly treated zirconia under atanospheric pressure (l~P) shows higher 
surface area than that under high pressure triP) and untreated tilT}. HP zirconia shows a mixture of  tetragonal and 
monoclinic phase alter hydrothennal treatment due to the higher ~lability and reprecipitation rate, whereas LP sample 
shows a tetragonal c~,stal structure fi'om 600 m 1,050 "C. Monocfinic phase 7irconia shows greater CO, and Nlqs sur- 
lace adsorption than amorphous and tetragonaI phase zirconia. This suggests that the crystal structure of  zirconia 
strongly affects the amount and strength of the surface adsorption site. 
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INTRODUCTION 

For twenty years, extensive investigations have been devoted to 
the utilization of zirconium oxide (zirconia) as a low toxicity ce- 
ramic, thermal barrier, automotive catalyst, elec~oceramic, pigment, 
filler, and oxygen sensor because of its interesting thermal and m~h-  
anical properties [Yamaguchi, 1994]. Zirconia is known to possess 
surface acidity and basicity as well as high thermal stability, which 
are important for applications as a catalyst or catalyst support in 
petroleum chemistry [Fujitani et al., 1994]. it by itself is active in 
the synthesis of  methanol and isobutene from CO and hydrogen 
[lie and Ekerdt` 19841, and hy&'ogenafion of CO [Ekerdt and Karles, 
19921 and dehydration of alcohol [Chokkaram and Davis, 1997]. 
In addition zireonia is a very stable support that can be used at low 
pressures, under a reducing atmosphere, or photo irradiation [Moles, 
[9921, 

In an effort to deveIop more effective zirconia catalysts or cat- 
alyst supports, the relationships between textural properties (sur- 
face area. particle size and crystalline structure) and chemical reac- 
tivity have been studied. Factors influencing the surface area and 
the phase transformations ofzirconia have attracted interest because 
commercially available zirconia has less than 50 rr{/g while silica 
and alumina has f00-600 m'/g. Supercritical drying method (SCD) 
was employed to make zirconia with high surface areas and large 
pore volumes. Klabunde and Bedilo [19971 prepared zitconia aero- 
gels fi~m zirconium alkoxide with the surface area of  565 rff/g after 
drying and above 100 m-Tg after calcination at 500 ~ lbr 2 h. By 
using COe-SCD, Ko and Ward [1993] studied structural transfor- 
mation of zirconia at low tenlperature. Pajonk and EH'anany [I992] 
have synthesized a tetragonal phase zirconia aerogel with a surface 
area of  200 m~'/g at 430"C. Ciesla et aI. [199%, b] reported meso- 
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porous zirconia with a surface area of  390 tff/g at 500"C could be 
prepared by using post-s~thctic treatment with surfac~lts, flow- 
ever, these zirconia samples show drastic loss of  surface area on 
thermal sintering. This is a severe drawback for applications in cat- 
alytic processes, which have to be conducted at relatively high tem- 
peratures. 

Zirconia has three stable polymorphs at atmospheric pressure: 
monoclinic, tetragona[, and cubic structure [Mercer~ 199[], Garvie 
and Chan [t988] proposed that the sum of flee energy from sur- 
face. bulk, and strain effects determine the stability of  single-phase 
zirconia- An abrupt tetragonal to monoclinic phase transition occurs 
upon heating as the crystal size grows above 30 nm because the 
surface energy should dominate the bulk term. Stichert and Schuh 
[ 1998] also reported that the phase ~ansition was attributed to changes 
in crystalrite size during the calcination, Zirconia is often combined 
with cation dopants (Y:O_~, MgO, C~O_~, Ca() or La, O3), anionic 
elements (SO]-, CO.22, or CO-) because these additives retard sin- 
feting and crystallization [Clearfield et aL 1994:Chuah, f999]. Water 
vapor and sodium ions in zirconia gel afli~et the formation ofmono- 
clinic and tetragonal phase, respectively [Murase and Kato, 1983: 
Chauh et al, 1998]. 

Several workers have reported that texture properties are aflbcted 
by the preparation conditions for the hydroxide [Aware et al,, 2001: 
Lee st aL 1999; Suh et al., 2000: ~ et al., [984; Wright et 
al., 1983]. Mamott et al. [19911 suggested that the pl i of  the solution 
used during the precipitation directly influences the rate of  poly- 
merization and therefore the degree of localized order within the 
hydroxide units, Benedetfi et al. [1991] also showed that the sur- 
face area was strongly related to pH of the ziremium hydroxide. 
Corma ct al. [I994] reported that the pl i of  precipitation of the pre- 
cursor Zr(Ott)~ has a strong influence on the structure of  crysial- 
line zirconia under hydrothermal treatment. Becaase of  the high sol- 
ubility, a dissolution/precipitation medaanism and association of tet- 
rameric zirconyl species are dormant at low pH [Clearfield et aL 
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19941. In a neuWal medium, vatying amounts of  both monoclinic 
and tetragonal phases were obtained. In this region, the solubility 
of  zireonium hydroxide is small and they precipitate first followed 
by in-situ hydrothermal crystallization of the amorphous phase into 
tetragonal and monoclinic phase, in high ptf regime, zirconium hy- 
droxides have high hydroxyl content and lower water contenk which 
would aid the dewatering process, Dehydration occurs which results 
in the higher energ~: tetragonal phase during the hydrothennal treat- 
ment. 

Hydrothermal methods have been widely applied for the syn- 
thesis of  a variety of  materials because this tedmique yields well- 
shaped and isolated, fine metal oxide particles, while solid-state cal- 
cination strongly affects the morphology and panicle size due to 
the sintering effect [Jung et al., 1997: Jung and Shul, 1998]. 'Ihe 
hydrothermal method is, therefore, preferred in the production of 
fine zirconia particles for use in advanced ceramics. 

For catalytic applications of  zirconia" the effect of  surface area 
and different crystalline phase with the same surface area on the 
surface properties need to be studied. Up to now, there have been 
no reports on this area because of many variables, which affects 
for surface area" and crystalline phase as discussed above, in this 
study, the two main parameters to deal with are ( [ ) the preparation 
of single-phase zireonia by different preparation techniques, and 
(2) the characterization of surface reaction of crystalline zirconia 
with the same surface area, For these, we made zirconium hydrox- 
ide at the same pit (--10) to exclude the efl~ct o fp t f  on the cry- 
stalline phase and to obtain high physical properties. After zirco- 
nium hydroxide was made, hydrothermal treatment under high, auto- 
geneous, pressure (HP) and under low, atmospheric, pressure (LP) 
was applied to elucidate the pressure effect during the preparation 
of zh,conia. Finally, the effect of  crystalline phase and surface area 
on the surface properties was also discussed. 

EXPERIMENTAL 

1. Catalyst Preparation 
Zirconium oxyhydroxide [ZrO,.(OH).~ _,J was prepared by hy- 

drolysis of  a 0.5 M zirconyl chloride (Zr(K'L.SH,O, Aldrich) solu- 
tion using dropwise addition of ammonium hydroxide (NII~Ott) 
at pH 10. This pH was chosen based on the previous studies. "lhe 
authors suggested that mzedmum mesoporosity, surface area. and 
total pore volume could be obtained at a pH of 10 [Khodakov et 
at., 19981. "l]ae pH of the solution was continuously monitored with 
a glass electrode system, thus enabling samples to be precipitated 
at pH 10. 3b study the effect of  pressure during the hydrothermal 
treatment on the zirconia phase, each batch of precipitated slurries 
was divided into three equal volumes. First, one portion was placed 
into a 23 cm -~ static, Teflon (PTFE)-lined, stainless steel autoclave 
(Parr Co.), and heated in an oven at 1 f0~'C. Following a specified 
period of heating (240 h), the autoclave was removed from the oven 
and cooled to room temperature. Hereafter, we will refer to this sam- 
ple as the tiP sample ~ydrothermal treated sample at h i ~  (anto- 
geneous) pressurel. The second volume was transferred to a hy- 
drothermal treatment reactor at atmospheric pressure and heated to 
f00 ~ under reflux. Additional ammonia was added to maintain 
the pH during the reaction for 240 h. Hereafter, we will refer to it 
as the LP sample (hydrothenmal treated sample at low, atmospheric, 
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Fig. 1. Experimental scheme for the preparation ofzirconia. 

pressure). 1he thh~ one (UTt was left untreated and allowed to age 
at room temperature for the same reaction time to compare with 
hydrothennally Ireated samples, in all cases, the hydrous zirconia 
was recovered via vacuum filtration after the reaction for 240 h. 
They were washed repeatedly by redispersion in watc'r in order to 
remove residual chlorine. After each wash, a few drops of  AgNQ 
solution were added to the filtrate liquid until AgC'I was not detected. 
Zirconium hydroxide obtained was dried at 100"C in oven for 24 h. 
]hese samples were studied both in the freshly prepm,ed state and 
after calcination. Calcination was carried out in o~vgen flow in a 
tube furnace at various temperatures, The temperature was increased 
at a rate of  l0 ~ to the final temperature and held for 5 h. "lhe 
overall schematic diagram for the pr~B3aration is shown in Fig, 1, 
2. Physico-Chemieal Charaeterization 

X-ray powder diffractometer (XRD) patterns were recorded in 
a Siemens D5000 with graphite monochrometer by using Cu-Kc~ 
radiation. Scans were made in the 20 range from 23 ~ to 37 ~ with 
a scanning rate of  0.005~ The Scherer relationship was used to 
calculate crystal size by using the integral line width (P~,a+) of  the 
monoclinic and tetmgonal pattern-resolved reflections and a shape 
factor (S) equal to 0,9. Thermogravimetric (TG) and differential 
thermal analysis (DTA) of the samples were canted out at a tem- 
perature of  up to 900~ with heating rate of  10"C/rain. During the 
measurements oxygen was used as a pu~ing gas. An Autosorb gas 
adsorption system was used to obtain nim>gen adsorption/desorp- 
tion isotherms. Surface area, pore volume, and pore size were de- 
ermined from the corresponding isotherms at-f96~'C, Before an- 
alysis, all samples were ontgassed for I h under vacuum at I00~ 
(non-heat treatment) or 250 ~'C (other samples). From the 80-point 
adsorption and desorption isotherms, BET surface area (taken at P/ 
Po~:0.3), and pore size distribution (BJH) were calculated. 

Catalytic surface properties were measured by CG, and NH~ tern- 
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perature-progtatnmed desolption with analysis by mass spectrom+ 
etry (TPD-MS). The zirconia samples (0.025-0.05 g) were placed 
in an adsorption reactor and preheated under oxygen flow at 300 
~'C for 1 h. After cooling to room temperature, C Q  (or NHY was 
introduced into the reactor and contacted with zirconia samples for 
[ h. Physically adsorbed material was then removed by flushing 
the samples with I le gas for 2 h at adsorption temperature. The TPD 
was run up to 600 ~C at a linear rate of  10"C/min. Composition of 
the desorbed gases was monitored by injecting gas samples into a 
UTI 100 quadmpole mass spectrometer All gases were purified 
prior to use. l--le gas was passed through an oxysorb (CrO_) trap to 
remove O, and then a molecular sieve trap (3 3, Davidson grade 
564) to remove water. C ~  was passed through a hopcalitae trap 
(80~ MnO, -+20O~ CuO) to remove CO and a molecular sieve trap 
to remove water Purified gases were delivered to the TPD reactor 
via Tylan Model t=C-280 mass flow controllers. Electrical resis- 
tance beaters heated the reactor and an Omega Series CN-2010 pro- 
grammable temperature controller controlled the cell temperature. 

RESULTS 

1+ Crystalline Structure 
Fig. 2 shows the effect of  preparation method on the XRD pat- 

terns. Monoclinic ((l 1 l-) and (111)) and tctragonal phase ((111}} 
zirconia ate determined from peaks of 28.0' and 3 1 . 4  +, and  .~0._ + 

respectively. Despite the same pH (10)  used for zirconium hydro- 
xide precipitation, different XRD patterns were obtained. The XRD 
patterns ofhydmthermal treated saraples at high pressure (lfP) show 
a mixture of  tetragonal and monoclinic phase even after drying at 
[00"C, while hydrothcrmal treated samples at low pressure (LP) 
and antreated sample (UT) ate amorphous under the same condi- 
tion. In general, the preparation of  monoclinic phase zireonia usu- 
ally requires calcination at Ix:wnpemtures higher than 650"C at the 
solid state reaction []hnabe et al., f978], tfowever, monoclinic cry- 
stals were observed to be formed in the l--lP sample after drying, and 
the relative portion of monoclinic phase increased with increasing 
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Fig. 2. Effect of preparation method on the crystalline structure 
of zireonia as a function of calcination temperature. 
(a) HE (b~ LP. and (c) UT 

temperature as shown in Fig, 2a. After the calcination of LP sam+ 
pie at the temperatu~,e of  400"C and below, no sign of a crystal phase 
could be observed but a very broad peak was observed. Based on 
the broad peak, it can be assumed that a very short-range orderil N 
of the reaction products was obtained by hydrothermal treatment 
under atmospheric pressure. After calcination at 700 ~ broad dif- 
fraction lines of  tetmgonal phase zirconia appear and their intensi- 
ties increase. ]tats result suggests that the tetragonal phase appar- 
ently is stabilized by the hydrothermal treatment at atmospheric pres+ 
sure while, in general, the zirconia particles exhibit different crystal 
structures according to the calcination temperature in these ranges 
[Tanabe et aL 1978]. UT sample shows a hybrid crystalline phase 
between liP and LE The tetragonal crystals are observed to be di- 
rectly produced from the amorphous phase and to be preferentially 
formed from 400"C as shown in Fig. 2c+ They directly transformed 
into the monoclinic phase, The tetragonal phase z[reonia in the UT 
transformed into monocfinic phase zireonia more easily than that 
ofl  IP and LP samples because the UT sample does not have rigid 
porous networks which form during the hydrothermal treatment 
and retard sintering and crystallization [Chuah et al,, 1996]. 

During the calcination, crystal sizes increased with calcination 
temperature in all cases as shown in Fig. 3. The crystal size of  the 
monoclinic phase in lIP and UT abruptly increased with increas- 
ing treatment temperature, while the particle size oftetragonal phase 
increased slightly by 16-24% of  the initial particle size of  tetmgo- 
hal phase zirconia, if we consider the particle size change ofmono- 
clinic phase (230O ;), it can be assumed thai the part[cb size of  the 
tetmgonal phase does not change. The tetragonal phase particle size 
was also affected by the hydrothermal treatment pressure and in+ 
creased in the following order of  LP : < H P < U Z  
2. Thermal Analysis 

]]lermogravimetric analysis (TGA) of the hydrous zirconia was 
used to determine the de~ee of hydroxylation as shown in Fig+ 4+ 
The HP sample shows two stages of  weight loss. The first stage is 
from room temperature to 90 ~ which tmdoubtedly corresponds to 
desorption of physically adsorbed water. The second loss of  weight, 
due to the desorption ofchemisorbed water, continuously decreases 
and completes at about 760~C. The observed weight loss is entirely 
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Fig. 3. Efli~ct of preparation method on the particle size of zirco- 
nia as a fund|on of calcination temperature. 
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Fig. 4. Thermal analysN results of zirconium hydroxide and zireo+ 
nia catalysts. 
(a| Hp, (bt LP. and {cI UT 

due to the removal of  water, dehydt~oxylation [Tanabe ct al,, 1978], 
Based on the weight loss from room temperature to 1, t00~ water 
contents in the zirconium hydroxide are calculated. UT has the for- 
mula ZrO~.0+991t+,O. tfowevet; hydrothermal treated samples show 
lower water content [ZrO2 0.64H+O (HP), and ZrO: 0.881-I_,.O (LP)I 
than that of UT. As shown in the XRD results (Fig. 2), an increase 
in pressure during the hydrothermal treatment brings about changes 
in the structure of  the hydrous zirconia and leads to the formation 
of crystalline products which may be related to the lower weight 
loss. 

A DTA measurement was performed to study the possible in- 
fluence of the pressure ofhydmthermal treatment on crystallization 
temperature. The D+IA curves of  LP and UT show two broad endo+ 
therms from room temperature up to about 28WC, which corre- 
spond to the desorption ofphysisorbed and chemisorbed water. The 
relative amount of  chemiso~ed water associated with ttP and LP 
is smaller than that of  UT, which suggests that hydrothermal treat- 
ment decreases the amount ofchemisorbed water, as mentioned in 
connection with the TGA results. The exotherm for HP and UT aly 
peared at about 450~'C+ while that for the LP sample occurred at 
about 670 ~ This exotherm was accompanied by a small weight 
loss due to the surface hydroxylation+ These exotherms, known as 
"glow exotherm phenomena2 were observed by other studies and 
attributed to the crystallization ofzirconia [Mercera, [991; Cleartield 
et at., 1994: Chauh, I999]. According to XRD results (Figs. 2b and 

2c), it is certain that tile exothermic peak can be assigned to the cry- 
stallization of LP and UT. ltowever, for the HP sample, a mixture 
oftctragonal and monoclinic phases was observed after drying the 
zirconium hydroxide at 100"C as shown in Fig, 2a. This indicates 
that the exotherm peak for l ip is not related to its crystallization 
but to the phase transition from tetmgonal phase to monoclinic phase 
as shown by the XRD results. If we consider that the exothermic 
peak is absent when the hydrous oxide is already crystalline or when 
the final oxide is amorphous, another possibility is crystallization 
of the remaining amorphous zirconium hydroxide in the tlP sam- 
ple. "Itle crystallization peak for the LP sample is about 220~ hi~er  
compared to that for the UT. 

The transformation temperature corresponds to the maximum 
rate of  reaction, and the apparent activation energy, Ea  is related to 
the heating rate by the Redhead equation based on the temlx~ature- 
programmed reaction theory [Falconer and Schwartz, 1983 ] : 

Ea - R+I~+ [ln(vTj[3) - 3.64] 

where v is taken as 10 ~-' s~+ R is gas cons+m~nk "I) the maximtnm tern- 
perature of  exothermic peak, and [3 is heating rate. Using this equa- 
tion. an apparent activation energy of crystallization for UT of I97 
k J/tool is calculated which is similar to the result when compared 
to those of other samples with activation energies ranging from 180 
to 200 k J/tool [Chauh, 19%]. After the hydrothennal treatment, 
the apparent activation eneng, y of  crystallization is 278 k J/tool for 
LP sample. 
3. Physical Properties 

The effect of  preparation method on the surface area and crys- 
talline structure ofzirconia is summarized in "[hble 1. it is seen that 
the hydrothermal pressure has a s~mng influence on the surface area. 
The surface area of  LP sample is 325 m~/g at 400 ~'C+ a surface area 
higher than any other previously reported for zirconia [Mercem, 
1991: Clearfield et at+, 1994: Chauh, 1999]. To obtain the single 
tetragonal phase zirconia~ we calcined LP sample at higher temper- 
attire and prepared a tetragonal phase zirconia which shows its phase 
up to 1,050 '~C with the surface area of  20 m:/g. Upon calcining at 
pro~essively higher temperatures, the UT samples have lower sur- 

"Fable 1. Sample preparation conditions ofzirconia for TPD meas- 
urement 

Calcination 
Preparation BET surface Crystalline 

method temperature area (m2/g) phase 

Hydrothermal treatment 100 404 
at atmospheric pressure 400 325 
( LPI 

Am 

700 187 
T 

f 050 20 

Untreated 100 259 Am 
samp|e 400 150 T >> M 
(tJT) 700 19 M 

Hydrothermal treatment t 00 195 T>> M 
at autogeneous pressure 400 [ 32 T>M 
(HP) 700 55 T=M 

Am: aanorphous phase zirconia+ T: tetragonal phase zirconia+ M: mon- 
oclinic phase zirconia. 
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Fig. 8. Nitrogen adsorptio~desorption isotherms a t - 1 % " C  for 
zircouia as a function of  preparation method.  

face area than that of  LR A shnilar dependence of surface area on 
the calcination temperature was found for the HP samples because 
of phase transition from tetragonal phase to monoclinic phase. The 
initial surface area obtained at 100 ~ decreases. The relative eanount 
of  decreasing surface area up to 500~'C is in the following order: 
LP (27%)<HP (43%), and UT (61%) zirconia. These results sug- 
gest low thermal stability of  UT sample. 

Nitrogen adsorption-desorption isotherms for zirconia sample 
both after drying at 100'~C and calcination at 500"C are illustrated 
in Fig, 5. in all cases the isotherms are of  Type IV, a well-devel- 
oped mesoporous system in the BET classification. These results 
suggest that the isotherm type is not affected by the hydrothermal 
treatment pressure under which formation of hydrous zirconia and 
zirconia occur. All samples dried at 100"C exhibit larger hysteresis 
loops than that of  calcined samples, in addition, the shape of the 
hysteresis loops of  UT sample changes gradually from that o f  type 
E to type A (following the classification of De Boer et al. [1958]) 
in the high relative pressure (P/Po) with hydrothermal treatment. 
E-type hysteresis is often associated with "ink-bottle'" pores, sphe- 
roidal cavities or voids between close-packed spherical particles; 
on the other hand, A-type hysteresis is characteristic of  cylindrical 
pores. "lllese results mean that UT having mesoporous and spheri- 
cally shaped pores (E-type hysteresis) changed into cylindrically 
shaped pored Ix)re (A4ype hysteresis) by thermal treatment. Calci- 
nation at 500 ~ led to the uptake of  a smaller amount of  nitrogen 
than that of  the dried sample of  LP and UT, However, a slight dif- 
ference is observed in HP between drying at 100"C and calcina- 
tion at 500 *'C. 

The mesopore size distribution for each sample was calculated 
from the desorption branch of the isothcalrns following the BJI-[ meth- 
od. Figs. 6a and b show the effect of  calcination at 500"C on the 
development of  the mesopore size distribution of hydrous zirconia 
samples. Front these figures, it is evident that uncalcined LP and 
UT exhibit unimodal and narrow pore size distributions having a 
maximtma pore size of  about 40 A. On calcining at 500~C, the pore 
size distribution, and maximum pore value does not shift toward 
higher value for UT, However, for the LP sample, there is a for- 
mation of a peak at about 40 A indicating the development of  pore 
size. The order of  maximum peak intensity was changed between 
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Fig. 6. Pore size distribution for zirconia as a functiou of  prepara- 
tion method. 
(a) before calcination, (b~ after calcination 

both samples, llowever, there is no big difference in the pore size 
distribution for the liP sample before and after calcination at 500 
"C, compared to other samples. HP samples show a broad pore size 
distribution resulting from the formation of crystalline phase prior 
to the calcination. 
4. Surface Properties  

In order to understand the relationship betw~n the phase and 
the surface properties, we selected the single-phase zirconia sam- 
ples based on our results (Table 1), Amorphous (325 nf/g), tetmg- 
onal phase with hi~l surface area ( 187 m2/g), tetragonal phase with 
low surface area (20 m2/g) were obtained by calcination of LP sam- 
ple at 400, 700, and 1,050"C, respectiveIy, Monoclinic phase zir- 
conia ( 19 m-'/g} was made by calcining UT at 700~ "[he mixture 
phase between tetragonal and monoclinic zirconia was obtained 
by t iP with the surface area of  about 80 m2/g. 

~[bmperature-prom'ammed desorption of C Q  and Nl-t~ has been 
proposed as a measure of  the strength of the adsorbent-adsorbate 
interactions, i.e,, basicity and acidity amount and strm~h distribu- 
tion in solid [Bianchi et at., 1995]. Figs. 7 and 8 show the TPD pro- 
files after adsorption of CQ, and NIL on zirconia at various tem- 
peratures, respectively, "['he interpretation o f the~  variations in the 
TPD peaks is not easy, i fowever, the shape of the peaks is related 
to the amount and/or the energetic distribution of surface adsorp- 
tion sites on the various zirconia samples. It can be seen that the 
CO:-TPD curves con'esponding to the true basic center in zirconia 
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f'i~, 8. Effect of preparation method o,t the NHa desorption ,MS 
spectra. 
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show two de~)rptions m the temperature of  100 ar~l 290'C r 
spending to weak and strong basidty, whereas CO is not detcckd 
and neither is hydrogen like other vvse~wchers [Bim~chi et al., 1995]. 
All TPD resuhs confirm the correlatkm between ~ total desoqy- 
tion anltvant of CO= and surface open, and lhe monodinir sm~cture 
of zkconia bring ah~ut sn,onger surfhce adsorptitm sites than the 
tc'tmgonal structure. Interestingly, the teWagonal phase calcined at 
1.050"C 120 m?g) dries not desorb any CO,. 

In contrast m CO-. the demrption peak ofNH., ~ows  pt~rly re- 
solw.,d peaks and shoui&ms due m various surfhce six.vies having 
gmdual|y increasing acxix,-ation enemies of  dcmqxkm. Ti~e amount 
of N H~ dcsorption deck,eases when the temperature of  the &~)rp- 
tion increases from the 3(D"C as shown in Fig. 8. Three desorp- 
tion rangm can be differentiated: three brt~d p ~ s  at fIR_)- 15(t 28(> 
300, and abamt 400"C. These peaks can be as.qgned to acid sites 
with strength in the low, m~iurn, and strong. All slx.mlra show sim- 
ilar rdative intensity ofdesorption peaks. In relatitm to Ne letrago- 
nal phase zirccmia, the mcmodinic phase zirconia provi&.~ a rein- 
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Fig. 9. Effect of eD.'stalliue phase and BET surface area of zira~ 
nia on the normalized amount of CO, and NH~ demrplion. 
Normalized amount means the amount of CO, (NHa) de- 
.~rption was derided by its BET surlhce area. 
I A ): A is BET surface area [m~.'g] 

tively higher concentration of medium acid sites and is more dif- 
fcrentiaKxt, ~.,xhibiting t~..o ma_xima 'at temperatures of" about 120 
and 290 ~'C. From these tvsu[ts, the stlFl~ice .i.tlEEl and texture of Ne 
sample also affect the strenNh of the surface adsorption site for a 
given cryslatMgvaphic structure. 

Fig. 9 shews the nom3a[iztxt amount of CO2 and NHs &.~sorp- 
tion as a fundion of Lly,ilalline phase with v'aritKis surface areas. 
Nt~m3aliration m~xms that the mmmnt of total destwaion of C+O+ 
{or NH... t tbr each sample is given ptT square meter of surface area. 
For the CO.. the order of normalized desorption was in the order 
of monoclinic->amorphous:-tetragonal phase zirconia. Meanwhile, 
Lk.~yk+n ofNH, dev~'a~ed in the ~clm' ofmon~.'[inie>t~.~ag~mal--, 
an3orphous phase zirctmia. The normalized d~.~)lption ~maount of  
NH. is higoher than that of CO.. for a[t zirconia samples. It is clearly 
~en that lx+th the acidig and lhe [rasicity on the zMxmia wen: tbund 
to dep.~nd on the crystalline structure. B~q3 tc~.,hnique,,. (COe ~md 
NH: TPD) concur in the eider oft.he ~nount ofdesori.~ion aim the 
density o f adsorptkm site ( m o n o c l i n i c - -  tetragona] I. 

DISCUSSION 

While ~enem[ relationships b~w~vn preparation and final prw~ 
~ i e s  have been prevk~usly appreciaed, we have for the first time 
been able to demonsWa|e diretlly that the pressure during the hydro- 
thermal ~ ' ~ n e n t  of  zirconium hydroxide ctmskL~ably affects both 
the physical and chemicat properties. In atdition, the crys|allogw~hic 
~ructur~ is the main factor &term~ning fl~e nature and &,nsiV~, of 
the surface sites involved in the adsurptkm of  CO_, and NH,. 
l . C ~ s l a l l i n e  Structure and Physical Properties 

For the LP sample, the ~.~.'stul[ite sizes of  mont~ctinic phase zir- 
oonia are b i~er  than those of" tr phase zircLmia in utter- 
"dance with the pt~tul'at~m of Garvie and Chan [I988] tba-..t the teW~d+ 
onal pha~se zkconia is stabilized for small sizes due to their surface 
+me~. Denkewicz et aL [19901 also protxrsext a mcdet of  mono+ 
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clinic zirconia and teh~gonal zirconia crystallkation. According to 
their model, crystallization occurs by structural rearrangement of 
zirconium hydroxide and the product is tetragonal zirconia while 
monoclinic phase zirconia can be attributed to the phase transition 
from tetragonal phase zirconia~ Based on our results the crystalliza- 
tion of  the tetvagonal phase resulted from the kaggregation of small 
crystallites to larger crystallites as shown in Fig. 3. However, for 
HP and UT, the particle size of monoclinic crystallites is smaller 
than that of tetragonal up to below 600"(2 although it is reversed 
from 700 ~'C, This result shows that the monoclinic particles can 
exist without needing to be generated by the Ir~sformation of the 
tetmgonal phase when its crystals grow, in other words, the mono- 
clinic particle stability is not restricted by the size, while factors other 
than crystallite size govern tetragonal phase staNlity. For the order 
of particle size of tetragunal crystallites, our results imply that hy- 
drotht,wmal treatment decreases the particle size oftetragonal phase 
crystallites because of the high solubility, which in turn hinders grain 
Kowth during the calcination tinder hydrothermal treatment, l~br 
HP samples, higher solubility, reprecipitation and crystallization 
rate than those of LP and UT lead to the increase of particle size of  
tetragonal phase and the formation of the thermodynamically sta- 
ble monoclinic phase by in-situ hydrothemml crystallization. 

Clearfield et al. [19941 and Chauh [19991 mggest that hydro- 
thermal treatment under atmospheric pressure which resulted in the 
more dehydrated zirconium hydroxide in turn leads to the high sur- 
face area zirconh after calcination, We would like to draw atten- 
tion to the work of Murase et al. [19781. They suggested three types 
of zirconium hydroxide (c~, [3, and 7) can be obtained by the hy- 
drolysis of zirconium sails by taking the original model of Zaitsev. 
According to him. the monoclinic crystals of the zirconia are often 
given by the thermal decomposition of the 7-type hydroxide with 
a small amount of  hydroxyl group around Zr ions ['[hnabe, 1978; 
Murase and Kato, 1978]. If we recall the results of particle size cal- 
culated by XRD (Fig, 3) and TG-DIA (Figs, 4), hydrothermal treated 
samples (LP and HP) show a higher amount of dehydration and 
smaller particle size than that of the untreated one. ~hese results 
coincide with the fact that hydrothermal treatment led to the increase 
of dehydroxyIation and decrease of the particle size [Clearfield et 
aI., 1994: Murase and Kato, 19781. Espedally, in our conditions, 
the high pressure and the long reaction time during the hydrother- 
mal treatment increase the rate of collision between the particles so 
that a stabiliz~xl network is formed via condensation of hydroxyl 
groups. The interpretation of our results by the model of Murase 
suggests that high pressure trealment brings about a modification 
of the structure from an 0~-type to an [3-type, and finally ~-type by 
the loss of Otf groups, llighly dehydrated y-type hydroxides are 
mainly produced by hydrothermal treatment at high, autogeneous, 
pressure and then they are transformed to the monoclinic zirconia 
after hydrothermal treatment. ]his result can be confirmed by the 
fact that HP sample shows large amount of volume fraction ofmon- 
oclinic phase than that of UT as shown [Jung and Bell, 2000]. 
2. Surface Properties 

The basicity and acidity depends on the preparation procedure, 
the hydration-dehydration degree and mainly the calcination tem- 
perature [Morterra et al., 1993]. Nishiwaki et al. [1989] reported 
that the acidic properties of pure metal oxides, such as ~ and 
SnO,, depended on the crystalline size. Based on our results, if we 

consider the calcination temperature, which can aflbct the surface 
properties of the zirconia the normalized CQ desorption oanount 
of monoclinic zirconia of 19 m:/g should be similar to tetragonal 
phase zirconia of 187 m:/g because of the same calcination tem- 
perature, f towever, monoclinic zirconia has nine times larger amount 
than that oftetragonal phase. For the effect of crystallite size, there 
is no correlation between monoclinic zirconia of t9 m'/g and tetmg- 
onal zirconia 20 m2/g which shows almost the same crystallite size 
(8-12 nm). These results suggest that normalized C(~ desorption 
amount is not directly related to the calcination temperature and 
crystaNte size in our experimental conditions. "lhus, it can be in- 
ferred that the crystallographic structure is the main factor deter- 
mining the nature and density of the surface sites involved in the 
adsorption of  CO~ and NH~. 

Because the cooperation of acid and base sites has been reported 
to produce some superior catalytic activities and selectivites, our 
results are very important for catalytic applications [Yamaguchi, 
19941. in the next paper, we wiI1 discuss the effect of both acidity 
and basicity of the zirconia on the crystallographic structure and 
surface hydroxyl ~vup [Jung and Bell, 2000~ 2001]. Further inves- 
tigations into the crystaNne structures and catalytic activity are under- 
way. 

CONCLUSIONS 

1, The hydrothermal treatment greatly affected the crystalline 
structure, thermal property, and physical property, The atmospheric 
pressure during the hydrothermal treatment affects the thermal sta- 
bility of tetragonal phase zirconia and gives the higher surface area, 

2, Monoclinic phase zirconia shows higher C(~ and NIL de- 
sorplion amount than that of amorphous and tetmgonal phases zir- 
conia. This suggests that the crystallographic structure is the main 
factor delermining the nature and density of the surface sites in- 
volved in the adsorption of  CO: and Nit:, 
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