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Abstract 
To date, researchers have failed to provide a physicochemical explanation of the crystallization of low-soluble X-ray 
amorphous ZrO2·nH2O caused by its aging in contact with the mother liquor. Data obtained in previous studies may be 
erroneous due to the unpredictable effect of Si4+, Na+ and K+ impurity ions. This study is aimed at establishing the regularities 
and features of the phase formation, as well as changes in the adsorption properties of ZrO2·nH2O and the functional 
composition of the ZrO2 surface depending on the aging time of the ZrO2·nH2O coagel in contact with the mother solution 
and in absence of impurity ions. The research was carried out  on ZrO2·nH2O obtained by direct precipitation at pH = 10 
followed by aging for 6–406 h in a fluoroplastic reactor and on ZrO2 obtained by heat treatment of the corresponding 
ZrO2·nH2O at 500 °C.
The properties of ZrO2·nH2O and ZrO2 were studied by methods of synchronous thermal analysis, X-ray diffraction, scanning 
electron microscopy, low-temperature N2 sorption, vacuum infrared spectroscopy, infrared spectroscopy, and temperature 
programmed desorption of molecular probes. It was shown that there is an extremum of the phase composition and 
adsorption properties of ZrO2·nH2O and ZrO2 after 24–96 h of aging.
It was established for the first time that the process of decomposition of dense aggregates of primary particles and submicron 
and micron aggregates and agglomerates of X-ray amorphous ZrO2·nH2O accompanied by the appearance of edge OH-groups 
precedes its crystallization in contact with the mother solution (6–48 h). Further aging (96–406 h) revealed a gradual 
crystallization of ZrO2·nH2O in the form of a mixture of the tetragonal and monoclinic phases of ZrO2 in a 1:1 ratio as a 
result of the attachment of primary particles of ZrO2·nH2O with the participation of edge and bridging OH groups. Acid-base 
properties of the ZrO2 surface are in extreme dependence on the aging time. With prolonged aging (more than 213 hours), 
the acid function of the ZrO2 surface begins to prevail due to the participation of the basic edge OH groups in the attachment 
of the ZrO2·nH2O primary particles. The observed changes are discussed from the perspective of the theory of oriented 
attachment of nanocrystals.
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1. Introduction
Zirconium dioxide has been widely used in 

industry as the main component of ceramic, 
refractory, composite, and other materials [1]. The 
constant need in new catalysts with improved or 
unique properties explains increased attention 
to zirconium dioxide as a promising material for 
the production of domestic catalysts for refining 
and petrochemistry, the importance of which has 
increased in the context of import substitution [2].

The main obstacle to a wider use of ZrO2 in 
this field is the difficulty of regulating its phase 
composition, poorly developed porosity, and acid-
base surface properties. These characteristics can 
be improved either by changing the synthesis 
method and conditions [3, 4] in order to change the 
texture or by controlled introduction of promoters 
to stabilize the phase composition and adjust 
the surface properties. In the case of zirconium 
dioxide, the most popular has been the method 
of aging the hydrated precursor of ZrO2·nH2O 
in contact with the mother solution under mild 
conditions (T ≤ 100 °C, atmospheric pressure) [5–
14]. The following synthesis parameters have been 
studied: aging time and temperature, suspension 
pH, the type of precipitant, the method of 
precipitation, etc. However, these studies share 
one disadvantage, they do not consider or 
control the effect of impurities on the phase 
formation, texture, and adsorption properties of 
ZrO2. They are also characterised by insufficient 
aging time and fragmentary information about 
the crystallization of ZrO2·nH2O in contact with 
the mother solution. Impurities can originate 
from alkaline precipitants (NaOH, KOH), and 
leached silicon from the reactor in an alkaline 
environment. Their effect is enhanced as they 
are accumulated during a prolonged aging. 
This problem can be solved by eliminating the 
factors that cause the presence of impurities, 
i.e. precipitation with an ammonia solution 
followed by the ZrO2·nH2O aging in a reactor 
made from a chemically inert material. The study 
of the phase composition is complicated by the 
fact that zirconium dioxide can normally exist 
in two metastable modifications: a tetragonal 

t-ZrO2 (space group P42/nmc) or cubic c-ZrO2 
(space group Fm-3m) [15, 16]. They are formed 
under the influence of various factors (size 
effect, oxygen vacancies, anionic and cationic 
impurities, OH-groups), which are also inherent 
in the modification which is thermodynamically 
stable monoclinic modification (space group 
P21/c) in normal conditions [14–17]. 

The influence of the conditions of the 
ZrO2·nH2O aging on the changes in the porosity 
and phase composition of ZrO2·nH2O and ZrO2 
can be explained, in particular, by repeated 
dissolution and repeated precipitation [6, 7, 9, 
10]. These processes take place at pH = 13.7, at 
which crystallization of ZrO2·nH2O to t-ZrO2 was 
observed in [6] within 24 hours. However, the low 
solubility product of ZrO2·nH2O (Ksp = 10–57–10–62) 
in a wide range of pHs [18, 19], nanoparticle 
sizes [20], and temperatures [21] does not allow 
considering repeated dissolution as the main cause 
of changes in the porosity and crystallization of 
ZrO2·nH2O under the most common conditions 
of aging: pH = 4–10 and T ≤ 100 °C. As a result, 
it is necessary to study alternative approaches 
to explaining the processes occurring during 
the aging of ZrO2·nH2O and the phase formation 
of ZrO2. One such approach is the oriented 
attachment theory (OAT) [22–26], the concepts 
of which have been used to explain the formation 
of anisotropic ZrO2 particles with complex 
morphology under hydrothermal conditions 
[27–34].

The dependence of the acid-base properties of 
the ZrO2 surface on the aging time of ZrO2·nH2O 
remains unclear. The little available data [35] do 
not take into account the above-mentioned effect 
of impurities, which can unpredictably affect the 
adsorption properties of ZrO2. This problem might 
be solved by using a set of methods to study the 
surface. In particular, temperature programmed 
desorption (TPD) of molecular probes is used 
to determine integral indicators of acidity and 
basicity. IR spectroscopy of adsorbed molecular 
probes allows qualitatively and quantitatively 
determining the type of Brønsted acid sites and 
Lewis acid sites.

Для цитирования: Омаров Ш. О., Пахомов Н. А. Влияние длительности старения коагеля ZrO2·nH2O: особенности 
фазообразования и эволюции адсорбционных свойств. Конденсированные среды и межфазные границы. 2024;26(4): 
732–744. https://doi.org/10.17308/kcmf.2024.26/12447
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The purpose of this study is to establish the 
regularities and features of the phase formation, 
as well as the changes in the adsorption properties 
of ZrO2·nH2O and the functional composition of 
the ZrO2 surface depending on the aging time of 
the ZrO2·nH2O coagel in contact with the mother 
solution and in the absence of Si4+, Na+, and K+ 
impurity ions. For this, the aging of ZrO2·nH2O 
precipitated with ammonia solution was carried 
out in a polychlorotrifluoroethylene (PTFE) 
reactor for 406 hours, which was twice the time 
used in all previous studies carried out in this 
area. A set of methods was chosen to study the 
adsorption properties, i.e. low-temperature N2 
sorption, TPD, and IR spectroscopy of molecular 
probes, which allow for a comprehensive study of 
various aspects of the surface formation, as well 
as the changes in the texture of X-ray amorphous 
ZrO2·nH2O.

2. Experimental 
ZrO2·nH2O was synthesized by direct 

precipitation from a 0.62 M solution of ZrOCl2 
(r = 1.096 g/cm3 at 20 °C) with a 13M ammonia 
solution (r = 0.913 g/cm3 at 20 °C) in a 0.5 L glass 
beaker at 20 °C and pH = 10.0 ± 0.1. The flow rate 
of the ammonia solution was 0.7  ml/min, the 
draining time was 20 min. The rotation speed 
of the stirring shaft was within 400–500 rpm. 
Further continuous aging of ZrO2·nH2O was 
carried out in a 500 mL PTFE beaker at 90±1 °C 
for 6, 24, 48, 96, 213, 334, and 406 h. NH3 solution 
was added regularly to maintain the suspension 
pH within 9.9–10.1 (measured at (20±2) °C). The 
precipitate was washed off Cl- and NH4

+ with 
distilled water at the rate of 0.2–0.25 L of H2O 
per 1 g (control of 0.1 n with an AgNO3 solution). 
After washing, the precipitate was dried at 70 °C 
for 4 h and at 90 °C for 1 h. The heat treatment of 
ZrO2·nH2O was carried out in a muffle furnace in 
a stepwise mode: 170 °C – 0.5 h; 250 °C – 0.5 h; 
350 °C – 0.5 h; 430 °C – 0.5 h; 500 °C – 2 h (the rate 
of temperature increase was 4 °/min), followed by 
cooling in the furnace.

Weight loss, the temperature limits of the 
main thermal transformations, and the values 
of thermal effects were determined on a DTG-
60A synchronous thermal analyzer (Shimadzu, 
Japan). The samples (15–20 mg) were heated at 
10 °C/min to 800 °C in static air.

The phase composition was determined on 
an XRD–6100 diffractometer (Shimadzu, Japan) 
with a Cu anode, Ni filter, with slits D:S:R = 0.5°: 
0.5°:0.15 mm. The imaging was performed at 
0.02° interval and the exposure time at each point 
of 1.2 or 3 s. To calculate the volume content of 
t-ZrO2 Vt (vol %), we used the technique described 
in [36]. The Selyakov-Scherrer formula (K = 0.94; 
l(CuKa1) = 0.15406 nm) was used to calculate the 
coherent scattering regions (CSR) of the t-ZrO2 
(dt, nm) and m-ZrO2 (dm, nm) phases.

The amount of the amorphous phase in the 
non-thermal treated samples was determined by 
absolute background calibration at 26° (2q). For 
calibration, we used mixtures (10% : 90%, 50% : 
50%, and 90% : 10% wt. ZrO2) of the initial non-
aged ZrO2·nH2O ; t-ZrO2, which had been obtained 
by heat treatment of the specified ZrO2·nH2O at 
500 °C; and reactive m-ZrO2 with CSR = 20–25 nm.

The morphology of ZrO2·nH2O powder 
particles was studied on a VEGA 3 SBH scanning 
electron microscope (Tescan, Czech Republic) in 
the backscattered electron mode.

The texture characteristics were studied by the 
method of low-temperature N2 sorption on an Au-
tosorb 6iSA unit (Quantachrome, USA) at –196 °C. 
The samples (0.04–0.2 g) were degassed under vac-
uum at 100 °C (for ZrO2·nH2O) or 250 °C (for the 
heat-treated samples) for 1 h. The value of the spe-
cific surface area (SSA, m2/g) was calculated by the 
multipoint BET method; the total pore volume (VS, 
cm3/g) was calculated by the limit value of absorbed 
N2 at p/p0 = 0.99; the average pore size (dpore, nm) 
relative to 4VS/SSA and the pore size distribution 
were calculated by the density functional method 
using a nucleus for slit pores (QSDFT, equilibrium 
mode) for ZrO2·nH2O or cylindrical pores (NLDFT, 
adsorption branch) for ZrO2.

The hydroxyl cover of ZrO2·nH2O was studied 
on an IrTracer-100 IR-Fourier spectrometer (Shi-
madzu, Japan) with an HTC-3-S12 vacuum attach-
ment (Harrick, USA). For this, 10–15 mg of powder 
was compressed at a pressure of 1–2 t into a tab-
let with a diameter of 13 mm. Then, the tablet was 
placed in a cuvette, heated in a vacuum to 350 °C 
at a rate of 10° C/min, and kept for 10 minutes. Af-
ter that, the IR spectrum of the sample was taken.

To study the acid-base properties of the ZrO2 
surface by IR spectroscopy of molecular probes, 
15–25 mg of the ground catalyst sample was 

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2024;26(4): 732–744

Sh. O. Omarov, N. A. Pakhomov	 The effect of the aging time of the ZrO2·nH2 O coagel...



735

compressed at a pressure of 3–4 t into a tablet 
with a diameter of 13 mm. The cuvette with the 
tablet was heated in vacuum to 360 °C and kept for 
20 min. The time of the pyridine or CO2 adsorption 
was 20 min after the cuvette cooled down to 
150  °C. Spectra of the sorbed pyridine or CO2 
were taken at 150, 250, and 350 °C after exposure 
at each of the temperatures for 20 minutes. The 
concentration of the sorbed pyridine at BAS and 
LAS was calculated according to [37].

The total acidity and basicity of the surface and 
the distribution of the centers by the adsorption 
strength were determined by the method of 
temperature programmed desorption of NH3 and 
CO2 on a Khemosorb chemisorption analyzer 
(SOLO, Russia). The thermal desorption products 
were analyzed using an MC7-200D quadrupole 
mass spectrometer (Institute for Analytical 
Instrumentation of the Russian Academy of 
Sciences). The sample was heated in the He flow 
(99.9995% vol.) to 500 °C at a rate of 20 °C/min, 
kept for 20–30 min, and then cooled to 110 °C/min. 
A mixture of 10% NH3 or CO2 in He (20 mL/min) 
was then passed, followed by pure carrier gas 
(20 mL/min) until the mass spectrometer signal 
stabilized at m/z = 16 or m/z = 44. Desorption 
curves were recorded when the sample was 
heated in He (20 ml/min) at a rate of 10 °C/min. 
The calibration of the mass spectrometer by the 
selected mass numbers was carried out using 

gas mixtures with a known concentration of NH3 
or CO2 with a total flow rate at the outlet of the 
chemisorption analyzer of 20 ml/min.

3. Results and discussion
3.1. Characteristics of ZrO2·nH2O

The morphology of freshly precipitated 
ZrO2·nH2O was represented mainly by arbitrary-
shaped dense agglomerates with a size of 10–
100 μm consisting of plate-like agglomerates of 
a smaller size (Fig. 1A). Aging at 90 °C/min for 6 
h led to partial destruction of agglomerates, the 
appearance of cracks of about 2 μm in size, and a 
decrease in the bulk density of the powder from 1.2 
to 0.6 g/ml (Fig. 1B). The plates that made up loose 
agglomerates became more distinguishable, and 
their sizes reached 20–40 μm with a thickness of 
2 μm (Fig. 1B). A further increase in the aging time 
to 48 hours resulted in a deeper decomposition 
of loose agglomerates to spheroid aggregates of 
about 100–300 nm (Fig. 1C, D). The latter became 
compacted again after 334 h of aging (Fig. 1E, F).

The described change in the morphology was 
also accompanied by a significant restructuring 
of the ZrO2·nH2O porosity. According to the N2 
sorption data, the initial ZrO2·nH2O (0 h of aging) 
was characterized by a type Ib isotherm, which 
corresponded to the microporous structure 
(Fig. 2A) with a small number of small mesopores 
of 2–4 nm (Fig. 2B). ZrO2·nH2O, which had been 

Fig. 1. SEM images of the ZrO2·nH2O non-aged and aged under the mother liquor for 6 h (A, B), 48 h (C, D), and 
334 h (E, F)
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aged for 6–48 hours, had an increased N2 sorption 
at p/p0 > 0.4 due to an increase in the contribution 
of a type IVA isotherm. This was also confirmed 
by an increase in the size of micropores from 
that close to ultramicropores to supermicropores 
of 1–2 nm and by the appearance of mesopores 
of 2–10 nm. The shape of the hysteresis loop 
changed from H4 (0 h) to H3 (6–48 h). Such 
changes indicate the decomposition of the initial 
dense microporous ZrO2·nH2O aggregates to non-
rigid aggregates of plate-like particles of the 
micro-mesoporous ZrO2·nH2O. Integral indicators 
of porosity (SSA and VS) increased and reached 
their maximum (461 m2/g and 0.55 cm3/g) at 48 h.

Further aging for 96–406 h led to a decrease 
in the contribution of a type I isotrem and, 
accordingly, micropores, and a general decrease in 

the porosity indicators (SSA and VS). The hysteresis 
loop of the 96 h sample corresponded to the 
H5 type (formation of open and partially closed 
mesopores), and of the 213–406 h samples to the 
H2a type (blind mesopores with narrow mouths), 
which was most distinct in the 406 h sample.

The results of the synchronous thermal 
analysis of ZrO2·nH2O are shown in Fig. 3. 
The initial thermograms had several regions 
corresponding to the successive transformations 
of ZrO2·nH2O: stepwise dehydration at 30–125 
and 125–300 °C, which resulted in the formation 
of a-ZrO2 and were accompanied by removal of 
physically adsorbed water and a hydrated surface 
cover in the form of bridging and terminal OH 
groups (thermal decomposition of hydroxyoxide); 
and crystallization of a-ZrO2 at 370–520 °C. An 

Fig. 2. Isotherms of N2 sorption (A), pore size distribution (B), and dependence of textural characteristics (C) 
of ZrO2·nH2O on the aging duration 

Fig. 3. DTG curves of ZrO2·nH2O (A), the region of DTG curves of crystallization of a-ZrO2 (B) and the depen-
dence of hydration and crystallization heat of a-ZrO2 (C) on the aging duration of ZrO2·nH2O
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increase in the aging time to 48 h led to a slight 
decrease in the hydration of ZrO2·nH2O and Qcr, 
while further aging up to 406 h led to the deep 
dehydration and crystallization of ZrO2·nH2O. 
The dehydration of ZrO2·nH2O during aging 
manifested itself mainly by a decrease in weight 
loss at the second stage of 125–300 °C.

X-ray phase analysis provided more 
information about the crystallization of ZrO2·nH2O 
(Fig. 4). The X-ray amorphous state of the initial 
ZrO2·nH2O (halo in the range of 20–40° 2q) 
was maintained up to 48 h. The corresponding 
diffraction pattern had a slight increase in the 
intensity of approximately 30° 2q. At 96 h, there 
were visible reflexes of t-ZrO2 (111) and m-ZrO2 

(-111) (insert in Fig. 4A). Further aging resulted 
in the gradual crystallization of ZrO2·nH2O and 
the formation of a mixture of t- and m-ZrO2 and 
a phase ratio close to 1:1 (Fig. 4B). By 406 hours, 
the residual amount of a-ZrO2 was 18% wt. The 
size of the t-ZrO2 crystallites (CSR) was smaller 
than that of m-ZrO2, but both tended to increase 
in size from 7.7 to 10.3 nm and from 14 to 18.1 
nm, respectively (Fig. 4B).

3.2. Characteristics of ZrO2

Heat treatment at 430 and 500 °C of freshly 
precipitated ZrO2·nH2O led to the crystallization 
of the t-ZrO2 phase (Fig. 5A) and the formation 
of large crystallites of 22–25 nm (Fig. 5B). As a 

Fig. 4. Diffractograms of ZrO2·nH2O (A), the dependence of the phase composition (B) and the CSR size of ZrO2 
phases (C) on the aging duration of ZrO2·nH2O

Fig. 5. The dependence of the phase composition (A) and the CSR size of ZrO2 phases (430 and 500 °С) on the 
aging duration of ZrO2·nH2O (B)
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result of the ZrO2·nH2O aging for 6 h, the m-ZrO2 
phase content increased significantly to 43% and 
the size of the crystallites decreased to 6 (10) nm 
at 430 °C (500 °C). With increasing aging time, 
the phase ratio remained close to 1 (430 °C). The 
minimum size of phase crystallites was achieved 
at 48–96 h of aging. Aging for 213–406 h led to 
a slight increase in the amount of t-ZrO2 and an 
increase in the size of the CSR of the phases. The 
latter was in line with the trend in Fig. 4B and the 
size of ZrO2 (430 °C) crystallites did not differ 
from the CSR of the phases for the corresponding 
ZrO2·nH2O.

The isotherms of N2 sorption of all ZrO2 
samples after heat treatment at 500 °C (Fig. 6A) 
corresponded to type IVA, which was confirmed by 
the corresponding pore size distribution (Fig. 6B). 
The type of hysteresis loops varied: H3 (non-rigid 
aggregates of plate-like particles) for the ZrO2 
sample, whose ZrO2·nH2O had not undergone 
aging; 6 h – H5; 24–213 (96) h – H2a (blind 
mesopores with narrow mouths) with signs of 
H3 or H5 (partially blocked ordered mesopores); 
406 h – H1 (materials with blind pores with a close 
distribution over the width of the pore mouth 
and cavity or a narrow range of uniform open 
mesopores). The latter was further confirmed by 
a narrow pore size distribution (5.5–20.5 nm for 
213 h and 7.3–24.6 nm for 406 h) (Fig. 6B).

The dependences of the porosity indicators, 
SSA, VS, and dpor, of ZrO2 on the aging time of the 
corresponding ZrO2·nH2O were similar to those 
in Fig. 4. The maximum SSA (91 m2/g) and VS 

(0.32 cm3/g) were achieved during aging for 48 h 
and heat treatment at 500 °C.

Since ZrO2·nH2O has several types of OH 
groups (terminal, single- and triple-bridging, 
hydrogen bond between OH groups) [38–41], IR 
spectroscopy was used to study the change in the 
ratio between them depending on the aging time 
when ZrO2·nH2O was heated to 350 °C in vacuum 
(Fig. 7). The absorption band corresponding to 
the terminal (edge) OH groups with a maximum 
of 3,760±5 cm–1 overlapped with the absorption 
band of the double-bridging OH groups with a 
maximum of 3,735±5 cm–1. With an increase in the 
aging time, there was an extreme dependence of 
the ratio of the area of the terminal band to the 
sum of the areas of all bridging OH groups with 
a maximum at 48 hours of aging.

3.3. Acid-base properties of the ZrO2 surface
Aging of ZrO2·nH2O affects the acid-base 

properties of the surface of calcined ZrO2 
(500  °C). According to the data of  TPD-NH3 
and TPD-CO2 (Fig. 8), an increase in the aging 
time to 6–24  hours led to an increase in the 
specific acidity and basicity of the surface (Fig. 
8A), especially of the basic sites. This result was 
apparently associated with the decomposition 
of the aggregates. On the one hand, it led to the 
appearance of Zr edge atoms dehydrated during 
heat treatment accompanied by the formation 
of LAS. On the other hand, the decomposition 
of aggregates contributed to an increase in the 
share of terminal OH groups (Fig. 7B), which had 

Fig. 6. Isotherms of N2 sorption (A), pore size distribution, and dependence of textural characteristics (B) of 
ZrO2 (500 °С) on the aging duration of ZrO2·nH2O
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basic properties [42-44]. Further aging led to a 
decrease in the acidity and basicity of the ZrO2 
surface. What is more, the basicity decreased 
more than the acidity (Fig. 8B). This effect can be 
also explained by the participation of terminal OH 
groups in the attachment of the ZrO2·nH2O PPs 
and the corresponding decrease in their number 
relative to the bridging OH groups.

The adsorption strength of the molecular 
probes, which is directly proportional to the 
temperature (Fig. 8G), also varied depending on the 
aging time. An increase in the latter from 0 to 6 h 
led to a shift in the maximum NH3desorption peak 
from 197 to 237 °C; while an increase from 213 to 
406 h resulted in an increase in the relative amount 
of NH3 desorbed above 400 °C and a decrease in the 
amount of CO2 desorbed above 300 °C.

Fourier IR spectroscopy of sorbed pyridine at 
150°C (Fig. 9A) and CO2 at 110°C (Fig. 9B) on ZrO2 
obtained from ZrO2·nH2O with different aging 
times confirmed the TPD results. An increase in 
the surface acidity was due to an increase in the 
number of LAS (1,444 cm–1 – 19b, 1,489 cm–1 – 
19a, 1,574 cm–1 – 8b, and 1,604 cm–1 – 8a). The 

number of LAS varied extremely depending on 
the ZrO2·nH2O aging time, 20 – 78 – 41 μmol/g. 
Aging also led to the formation of a small number 
of BAS (1,540 cm–1 – 19b and 1,636 cm–1 – 8a) (0 – 
15 – 10 μmol/g, respectively). CO2 was sorbed 
on the surface in the form of mono- (1,680–
1,650  cm–1) and bidentate (1,605, 1,470–1,440, 
and 1,223  cm–1) hydrocarbonates, bidentate 
carbonates (1,555 and 1,331 cm–1), and bridging 
(polydentate) carbonates (1,680–1,650 and 
1,470–1,440 cm–1). Surface hydrocarbonates were 
formed with the participation of the ZrO2 basic 
(edge) OH-groups, while surface carbonates were 
formed with the participation of the Zr4+–O2– 
acid-base pair [42, 45, 46].

3.4. Results and discussion
The described results allow distinguishing two 

time regions in which different transformations 
of ZrO2·nH2O occurred during its aging at pH = 10, 
T = 90 °C:

I. Region of 0–48 h. This interval is characterized 
by the decomposition of ZrO2·nH2O aggregates and 
agglomerates at all levels: aggregates of nanometer 

Fig. 8. The dependence of the acidity and basicity of the ZrO2 surface on the aging duration of ZrO2·nH2O

Fig. 7. IR spectra of ZrO2·nH2O OH groups (A) and the dependence of the ratio of the absorption band area of 
terminal OH-groups and bridge OH-groups on the aging duration of (B)
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primary particles (PP), which constituted the 
walls of micro - and mesopores; and secondary 
aggregates with the size of hundreds of nm, which 
constituted large micrometer dense and loose 
agglomerates. The results of low-temperature N2 
sorption were used to determine the particle size 
for adsorption, dads, under the assumption that 
they can be of different shapes, and to determine 
the wall thickness of cylindrical pores, 2d, [9] 
according to the following formulas:

d
A
Sads
sp

,=
◊r

 [nm],		  (1)

2 2
4 4 2

2 2

d
r

= +
◊ ◊

-
d d

V

dpor por por ,
S

 [nm],	 (2)

where A is the particle shape coefficient: 6 – 
spherical, 4 – rod-like, 2 – plate-like; and 

r = 4.86 g/cm3 is the density of X-ray amorphous 
ZrO2·nH2O [47]. Since ZrO2·nH2O exists in the form 
of particles rather than a single long cylinder, the 
thickness of the walls between the pores is 2d [9]. 
Assuming that the shape of PPs and their aggre-
gates is plate-like (A = 2), the values of dads are 
close to the value of the thickness of pore walls, 
2d (Fig. 10A). This is consistent with the general 
ideas about the shape of ZrO2·nH2O nanoparticles 
[48-51] and the estimates based on previous re-
search (Fig. 10B). Therefore, during an aging time 
of up to 48 h, the PP aggregates in the initial 
ZrO2·nH2O broke up into their constituent PPs 
2 times smaller in size.

Interaction between PPs accompanied by the 
formation of aggregates occurred through the 
Zr-O (H)-Zr bridging group, the decomposition of 
which (Zr-O bond breakage) led to the release of 

Fig. 9. IR spectra of pyridine (A) and CO2 sorbed on ZrO2 obtained by heat treatment at 500 °С ZrO2·nH2O with 
different aging duration

Fig. 10. Changes in the adsorption size of ZrO2·nH2O particles and the thickness of the pore walls depending 
on the aging duration of ZrO2·nH2O (A) and comparison with the literature data (B)
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Zr-OH and an increase in the ratio of terminal OH 
groups to bridging OH groups. On the other hand, 
the formation of aggregates can be explained by 
a combination of hydrogen bonds and dispersion 
interactions (adhesion) [40]. Then the formation 
and decomposition of aggregates is of a physical 
rather than chemical nature. The latter is 
supported by the fact that the greatest increase 
in SSA was observed during the first 6 hours of 
aging, during which there was no significant 
dehydration of ZrO2·nH2O and no change in 
the ratio between terminal OH groups and 
bridging OH groups. However, as a result of these 
processes, some of the additional water molecules 
and/or OH groups located between the aggregates 
were removed. This was also confirmed by a 10–
12% decrease in the ZrO2·nH2O hydration and 
decrease in Qcr of aZrO2 by 16% after 48 h of aging. 
A change in the type of N2 sorption isotherms 
and the hysteresis loop revealed a change in the 
packing or ordering degree of the PPs and their 
aggregates: from dense microporous aggregates 
through loose aggregates of plate-like particles 
with PP microporosity and mesopores between 
them, to partially blocked mesopores with 
narrow mouths or ZrO2·nH2O with an ordered 
mesoporous grid-like structure.

The presence of PP aggregates in ZrO2·nH2O 
is a key condition for the formation of t-ZrO2 
after heat treatment at 430 and 500 °C, whereas 
their decomposition to primary particles is a key 
condition for the formation of m-ZrO2. In terms 
of factors explaining the stabilization of t-ZrO2 
[15, 16], aggregation increased the contribution 
of interfacial energy, which reached the value 
necessary for the formation of t-ZrO2. However, 
the aggregation of ZrO2·nH2O PPs apparently 
contributed to the formation of nuclei of the 
necessary local structure, spatial orientation, 
and ordering [14], while oriented attachment 
explained the high rate of their formation during 
thermal crystallization [34]. The decomposition 
of the ZrO2·nH2O aggregates reduced the role of 
the initial spatial orientation, local structure and/
or ordering of the ZrO2·nH2O PPs and reduced the 
role of the thermodynamic and kinetic factors of 
the t-ZrO2 formation. According to the Buyanov-
Krivoruchko oriented attachment theory [25], 
such behavior is characteristic of precipitation 
consisting of tightly packed (ordered) aggregates. 

According to this theory, the decomposition of 
aggregates to PPs is followed by the formation 
from them of partially crystallized particles, 
and from those of well-crystallized particles, 
crystallization centers, which does not lead to a 
change in the value of SSA.

II. Region of 96–406 h. In this time region, 
the primary particles of the X-ray amorphous 
ZrO2·nH2O formed as a result of the decomposition 
of aggregates crystallized and formed a mixture 
of t- and m-ZrO2, which was accompanied by 
intensive dehydration. The ratio of terminal OH 
groups to bridging OH groups decreased, which 
indicated the reaction of terminal groups with 
each other or bridging OH groups resulting in the 
formation of Zr-O-Zr oxygen bridges (oxolation). 
This resulted in a decrease in SSA and VS, an 
increase in the diameter and wall thickness of 
the ZrO2·nH2O and ZrO2 pores (500 °C), and a 
denser texture of secondary aggregates and 
agglomerates.

The fact that as a result of heat treatment at 
430 °C, the ratio of crystalline phases was still 
at about 0.9–1 and was not accompanied by the 
growth of the crystallites formed at the aging 
stage indicates the following. The crystallization 
centers of phases “oriented” the nearest ZrO2·nH2O 
PPs and the nuclei to get attached and crystallize 
into secondary crystals exactly with them. The 
crystallization centers which were formed during 
96–213 h of aging also grew by attachment 
mechanism during further aging for 213–406 h. 
Apparently, the disordering of the PPs which 
were formed during 48 h of aging contributed 
to the possibility of their orientation relative to 
each other in different spatial configurations, for 
example, a rod and a “sandwich” [14], with further 
binding through terminal OH-groups to form 
nuclei and then crystallization centers. What is 
more, the probability of such configurations was 
equal. Apparently, this also required an excess of 
OH groups in the mother solution and alkaline 
pH, which contributed to the deformation of 
nanoparticles [40]. The Buyanov-Krivoruchko 
oriented attachment theory explains the bimodal 
distribution of ZrO2·nH2O pore sizes by a higher 
rate of the formation of secondary crystals during 
the attachment of nuclei to crystallization centers 
as compared to the rate of the formation of 
crystallization centers from nuclei.
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4. Conclusions
This paper presents the results of the study of 

the changes in the phase composition, porosity, 
and acid-base properties of the ZrO2·nH2O surface 
and the ZrO2 nanocrystallites which are formed 
from it and their dependence on the aging time 
of ZrO2·nH2O in contact with the mother solution 
at 90 °C and pH = 10 and in the absence of the 
influence of impurities (Si4+, Na+, and K+). It was 
established for the first time that in the absence 
of impurities during aging, the above properties 
of ZrO2·nH2O and ZrO2 are extremely dependent 
on the aging time with an extremum at 24–96 h. It 
was established that the decomposition of dense 
aggregates of the primary particles and submicron 
and micron aggregates and agglomerates of X-ray 
amorphous ZrO2·nH2O precedes its crystallization 
into a mixture of t- and m-ZrO2 phases, which is 
described by the Buyanov-Krivoruchko oriented 
attachment theory. During the decomposition of 
PP aggregates, ZrO2·nH2O is characterized by the 
formation of edge OH groups, which participate 
in the further PP attachment and crystallization. 
It was assumed that another peculiarity identified 
during the research, i.e. the ratio of t- and m-ZrO2 
phases close to 1, which does not change after 
heat treatment, can be explained by the spatial 
orientation of PPs during their attachment. The 
orientation of PPs in dense aggregates of the 
initial ZrO2·nH2O is a key factor in the formation 
of nanocrystallites of the t-ZrO2 metastable phase 
during the heat treatment of ZrO2·nH2O.

The revealed features allow expanding the 
applications of the concepts of the oriented 
attachment theory to the mild conditions of 
ZrO2·nH2O aging. From a practical perspective, 
we determined the aging time of ZrO2·nH2O which 
makes it possible to achieve the best porosity 
and acid-base properties of the surface, which 
are important for the production of ZrO2-based 
catalyst supports.
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