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Abstract We present a study on the chemical and struc-
tural transformations in highly porousmonolitic materials
consisting of the nanofibrils of aluminum oxyhydroxides
(NOA, Al2O3·nH2O) in the temperature range 20–
1700 °C. A remarkable property of the NOA material is
the preservation of the monolithic state during annealing
over the entire temperature range, although the density of
the monolith increases from ~0.02 up to ~3 g/cm3, the
total porosity decreases from 99.3 to 25% and remains
open up to 4 h annealing at the temperature ~1300 °C.
The physical parameters of NOA monoliths such as
density, porosity, specific area were studied and a simple
physical model describing these parameters as the func-
tion of the average size of NOA fibrils—the basic ele-
ment of 3D structure—was proposed. The observed ther-
mally induced changes in composition and structure of
NOA were successfully described and two mechanisms
of mass transport in NOA materials were revealed. (i) At
moderate temperatures (T ≤ 800 °C), the mass transport
occurs along a surface of amorphous single fibril, which

results in a weak decrease of the length-to-diameter as-
pect ratio from the initial value ~24 till ~20; the corre-
sponding NOA porosity change is also small: from initial
~99.5 to 98.5%. (ii) At high temperatures (T > 800 °C),
the mass transport occurs in the volume of fibrils, that
results in changes of fibrils shape to elliptical and strong
decrease of the aspect ratio down to ≤ 2; the porosity of
NOA decreases to 25%. These two regimes are charac-
terized by activation energies of 28 and 61 kJ/mol respec-
tively, and the transition temperature corresponds to the
beginning of γ-phase crystallization at 870 °C.
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Modeling and simulation

Introduction

The oxidation of liquid-metal alloys resulting in the for-
mation of porous oxides has been discovered in Al-Hg
system over a century ago (Wislicenus 1908). Since that
time, different ways of obtaining aerogels consisting of
nanofibrous alumina organized in 2D and 3D nanostruc-
tures have been proposed and investigated (Noordin and
Liew 2010). Among the various methods for preparing
aerogels, the growth of porous NOA monolith on the
surface of the liquid metal alloys has considerable advan-
tage because it provides 3D nanomaterials preparation
with highly reproducible chemical and physical proper-
ties. Further development of this technique results in the
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laboratory technology for the synthesis of nanofibrous
amorphous alumina grown on deoxidized metallic alu-
minum plates wetted by mercury upon exposure of hu-
mid air (Pinnel and Bennett 1972). This method has been
improved by doping a mercury amalgam with silver,
which permitted better control of growth rate of NOA
monolith and provide high homogeneity of the samples
grown. The rawNOAmonoliths obtained in this way can
be annealed to obtain oxide materials with a given poros-
ity, density, and specific surface area (Vignes et al. 1997;
Di Costanzo et al. 2004; Vignes et al. 2008). It was shown
that annealing of NOA materials does not affect their
integrity and porous structure, leading only to an isotropic
decrease only in the linear dimensions of the samples. At
the temperature range ~25–1700 °C, the structural trans-
formations were observed in NOA materials—from
amorphous state to γ-, θ-, and α-aluminas (Vignes et al.
1997; Di Costanzo et al. 2004; Vignes et al. 2008;
Askhadullin et al. 2008). The corresponding characteris-
tics of the NOA samples also are changing: the density
increased from 0.02 to ~3 g/cm3; porosity and specific
surface area decreasing from 99.3 to 25% and from
~300 m2/g till 1 m2/g respectively. It should also be noted
that a similar method of making porous oxides was
proposed recently, which is based on the use of different
of liquid alloys: Ga-Al and Bi-Al (Askhadullin et al.
2008; Bouslama et al. 2011).

Thermally treated NOA samples were used to create
new oxide nanocomposites, functional nanomaterials,
and hybrid structures (Bouslama et al. 2011;
Asadchikov et al. 2015; Bouslama et al. 2012; Mukhin
et al. 2012; Stepanenko O et al. 2015). In particular,
potential applications of NOA materials in catalysis
(Asadchikov et al. 2015; Bouslama et al. 2012) and
THz optics (Mukhin et al. 2012; Stepanenko et al.
2015) have been demonstrated and discussed. In the same
time, an adequate theoretical model describing the mor-
phological changes, structural, and phase transformations
in NOA materials has not been proposed until now.

The present report proposes a physical model that
describes quantitatively the morphological changes of
NOA induced by the diffusion transport, chemical, and
phase transformations in the temperature range between
20 and 1700 °C. Experimental results obtained in this
study are discussed along with the data reported earlier.
Within the proposed model, it is shown that the changes
in the physical properties of NOA can be described as
the evolution of the key structural element—an average
fibril and its aspect ratio (length/diameter).

Experimental

The samples of NOA monoliths were grown in the
chamber filled with an atmospheric air with a humidity
~70–80% at room temperature ~25 °C. The primary
layers with the aerosol structure are formed as a result
of the oxidation reaction of the surface of a mercury-
silver liquid solution deposited as a thin layer on a foil
99.9% aluminum. Under these conditions, a monolithic
sample of NOA is growing with the rate of ~1 cm/h
(Vignes et al. 2008), Fig. 1a.

Complex studies of morphological and structural
features of the NOA samples have been carried out
using powder X-ray diffraction (INEL XRG 3000 and
Bruker D8 Advance diffractometers with X-ray source
Cu-Kα (λ = 1.5418 Å), transmission electron microsco-
py (JEOL2011 equipped with 200 keV LaB6 gun), and
scanning electronmicroscopy (Zeiss Supra 40VP SEM-
FEG operated at low acceleration voltage). Neutron
scattering studies were carried out using small-angle
KWS-2 and ultra-small-angle KWS-3 diffractometers
in Research Neutron Source Heinz Maier-Leibnitz, re-
actor FRM II (Khodan et al. 2018).

The specific surface area and pore size distribution
were determined by low-temperature nitrogen adsorp-
tion using a Coulter SA3100 and QuantaChrome Nova
4200B analyzers. Before the measurements, the samples
were degassed in vacuum at 120 °C for 16 h. Specific
surface area was calculated using the Brunauer-Emmett-
Teller (BET) model.

The thermogravimetric (TG) analysis and differential
scanning calorimetry (DSC) studies were performed
using the SETARAM TG92 and Intertech TGA Q500
equipment. The sample with mass about 20 mg was
heated in argon flow (~50ml/min) at the increment rates
between 0.1 and 50 °C/min up to the maximum temper-
ature of 1000 °C.

Results and discussion

Effect of annealing on the structure and chemical
composition of NOA

The characteristic structure of raw NOA is filamentary-
nodular that is clearly visible on TEM images (Fig. 1b).
The monolithic structure of NOA is formed by
entangled fibrils of hydrated alumina possessing an
average diameter of ~4–10 nm and length within 150–
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300 nm. The chemical and phase composition of raw
NOA сan be described as an amorphous hydrated alu-
minum oxyhydroxide with water content of 40–
43 wt.%, having very high porosity ≥ 99%, and specific
surface area about 250–300 m2/g; the latter can be
increased two times or more by applying a freeze
drying.

Thermal treatment of raw NOA at temperatures be-
low 800 °C does not affect significantly an amorphous
structure, while at 1150 °C and higher the initial struc-
ture of fibrils begins to change, what is accompanied by
a significant reducing of the specific surface area and the
volume of mesopores. Crystallization and subsequent
phase transitions to γ-, θ-, and α-alumina takes place in
NOA samples under 4 h isochronous annealing at 870,
1100, and 1200 °C respectively (Table 1). The charac-
teristic diameter of the fibrils and the corresponding
values of specific surface area of polymorphs are 7 nm
and 150 m2/g for γ-alumina, 10 nm and 100 m2/g for θ-
alumina, and 250 nm and 10 m2/g for α alumina phases.
Raw NOA possesses a very low mass density ~0.025 g/
cm3 which increases up to 3 g/cm3 at 1700 °C—the
maximum treatment temperature applied. As shown at
SEM image of the sample treated at 1300 °C (Fig. 1d),
the fibrils are transformed to well-crystallized α-Al2O3

particles. The respective size of ellipsoidal particles
varies from 150 to 250 nm with the average value of
~200 nm.

Chemical and structural transformations The XRD
patterns of NOA treated at different temperatures are
shown in Fig. 2. Up to ~650 °C, they do not reveal any
significant change in the amorphous structure. Our ex-
perimental data and those of previous studies (Vignes
et al. 1997; Di Costanzo et al. 2004; Vignes et al. 2008)
show that the fibrils passes four structural transitions
upon isochronous annealing in the temperature range
800–1600 °С going from the native amorphous state,
consisting of chains of Al+3 cations in the octahedral
surrounding of anions (Frappart 2000), to the stable α-
crystalline state as summarized in Table 1. Aluminum
oxyhydroxides obtained by the chemical precipitation
are also included in this table for comparison.

We noticed that the very beginning of γ-Al2O3 crys-
tallization from the amorphous alumina obtained by
chemical precipitation can be detected at temperatures
as low as ~400 °C (see Table 1), which follows from our
detailed analysis of electron diffraction patterns. The
crystallization is a kinetically limited process and its rate
is extremely low in this range of temperatures.

d
100 nm

100 nm 300 nm

a b

c

Fig. 1 a View of raw NOA
sample, the direction of growth is
indicated by arrow. b TEM image
the raw NOA sample. c TEM
image of NOA sample annealed
at 400 °C (Vignes et al. 2008). d
SEM image of NOA sample
annealed during 4 h at 1300 °C
(Di Costanzo et al. 2004)
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Moreover, crystallization of single (non-aggregated)
nanofibrils can be delayed to higher temperatures due
to a contribution of surface energy, in agreement with
previous observations in oxide nanoparticles (Zhang
and Banfield 1998). In particular, an assessment of the
enthalpy of formation for γ-Al2O3 with the surface area
exceeding ~125 m2/g predicts its decreasing lower com-
pared to that of α-Al2O3 (Frappart 2000; Navrotsky
2003). This effect also concerns crystallization from
the amorphous phase (Khatim et al. 2013). Amorphous
fibrils begins to crystallize at a temperature above
870 °C what is in agreement with the results published
earlier (Vignes et al. 2008; Frappart 2000). An addition-
al confirmation of the dominant contribution of surface
transport to the kinetics of crystallization can be a sig-
nificant slowdown of γ-, θ-, and α-alumina phase trans-
formation in NOA materials, when the surface of fibrils
are covered with a few monolayers of silica (Di
Costanzo et al. 2004). It should be noted that silica layer
also prevents the elimination of the structural water from
NOAwhat inhibits the phase transformation. Under the
4 h isochronous annealing, the overall effect appears as
a Bphase transition temperature shift up^ within ~150–
300 °C (Table 1).

Key changes in the chemical composition of NOA
upon annealing are related to the losses of the adsorbed
and structural water. Results of TG measurements in the
temperature range of 25–950 °C are presented at Fig. 3
as the relative mass losses and related water content in

raw and thermally treated NOA samples. At the given
temperature T °C, we can present a relative molecular
composition n(T) as the sum of the two types of water
state:

n Tð Þ ¼ nstr Tð Þ þ nads Tð Þ ð1Þ
where nstr(T) and nads(T) are the relative fractions of the
structural water (Al2O3·nstrH2O) and the adsorbed water
at the NOA surface. With an aim to separate and define
nstr(T) and nads(T) values, the studies were performed
using two groups of samples. For the first group of
samples, a weight loss was measured in relation to the
initial raw state of NOA; the samples of second group
passed preliminary annealing at the temperature Tp =
100; 380; 400; 520; 660 °C during 4 h and were mea-
sured after cooling down to room temperature in air
(Fig. 3).

From the TG results, it follows that the raw NOA
contains about 3.6 water molecules per Al2O3, which
exceeds the water content in the stoichiometric hydrox-
ide. This confirms that the raw NOA fibrils consist of
aluminum oxyhydrates with excess of adsorbed molec-
ular water. The loss of structural water nstr(T) starts
below 400 °C and is accompanied with partial dehydra-
tion of the amorphous aluminum oxyhydroxide. Stable
compositions Al2O3·1.5H2O and Al2O3·0.9H2O are
formed at ~100 and 380 °C respectively. The last com-
position can be interpreted as amorphous phase of

Table 1 Structural and phase transitions in aluminum
oxyhydroxides

Phase transition T, °C

NOAa Oxyhydroxidesb

(chemical
precipitation)

Onset Completed

I-II Mixed state: hydrated
amorphous alumina
with water

≤ 100 – –

II Amorphous structure,
partially dehydrated

~450 – –

II-III Amorphous → γ-Al2O3 870 320–450 600–700

III-IV γ-Al2O3→ θ-Al2O3 1000 830–950 1050

IV-V θ-Al2O3→α-Al2O3 1200 1050 1100

a Isochronous annealing during 4 h (Frappart 2000)
b Ref. (McHale et al. 1997a, b)

Fig. 2 XRD patterns obtained from NOA samples after isochro-
nous 4 h annealing in air at different temperatures
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partially dehydrated boehmite Al2O3·H2O, that is in an
agreement with the data on the beginning of γ-Al2O3

crystallization (see Table 1). The further increase in
temperature up to 700 °C moderately affects the
Al2O3·xH2O composition with x decreasing down to
0.4, which completes the formation of γ-phase at
870 °C in agreement with data presented by J-L. Vignes
et al. 2008.

The values nstr(T) and nads(T) are plotted in Fig. 4
versus preannealing temperature Tp. The main changes
in n(T) are caused with the loss of water bound in NOA
structure nstr(T) and can be associated with hydroxide
decomposition, whereas nads(T) only weakly depend on
the preliminary annealing temperature (Fig. 4). It should
be noted the change in the properties of NOA adsorption
surface at annealing temperatures T ≥ 400 °C indicated
by the arrow in Fig. 4a.

Analysis of the Table 2 data for the dependence of
nstr(T) = f(Tp) allowed to estimate the activation energy
of oxyhydroxide decomposition (ED = 22 ± 5 kJ/mol
using least square fit for Arrhenius equation:

ln
n0

nstr Tp
� �−1

 !
¼ const−

Ea

kBTp
ð2Þ

where n0 i s the compos i t ion of raw NOA
(Al2O3·3.6H2O), and kB is the Boltzmann constant.

An increase in the annealing temperature activates
the diffusive mass transport in NOA, which leads to the
material densification due to morphological changes in
nanofibrils and beginning of nucleation of new crystal-
line phases (Fig. 2). The annealing for 4 h at tempera-
tures ranging from 100 to 1700 °C does not affect the

integrity of NOA samples while their dimensions de-
creases and mass density increases, as confirmed by the
experimental data presented in Fig. 5a. However, below
450 °C, the mass density changes are negligible. This is
related to the water desorption from NOA fibrils as
explained in the previous discussion. Indeed, taking into
account the water losses, (1) we evaluated the mass
density of NOA fibrils as shown in Fig. 5b. The com-
parison between the measured and calculated mass den-
sities indicates major surface water losses below 450 °C.
Based on this result, we conclude that the fibril densifi-
cation is continuous in the whole temperature range and
its mechanism appreciably changes only at temperatures
> 800 °C, when the mass transport mechanism changes
from surface diffusion to sintering. These processes are
quantitatively described in the framework of the 3D
model proposed.

Intermediate metastable phases Five relatively stable
phases can be identified in NOA upon annealing in the
temperature range from 20 °C up to 1700 °C.

(I) The NOA synthesized in ambient air with relative
humidity ~80% at 25 °C has the chemical compo-
sition Al2O3·nH2O with n ≥ 3. The NMR studies
have shown that Al+3 cations have anionic sur-
roundings including octahedral (83%), pentahedral
(16%), and tetrahedral (1%) (Frappart 2000). Con-
sequently, the NOA structure consists of polynu-
clear aqua-hydroxide complexes of aluminum cat-
ion and water molecules connected with hydrogen
bonds in different spatial alignments.

(II) The native structure of NOA starts loosing water
and decomposes when heated to moderate temper-
atures ~100 °C. It progressively transforms into an

Fig. 3 Relative loss of water molecules per Al2O3 after annealing
of NOA samples in air at different temperatures. All NOA samples
were monolithic except the sample of powder NOA annealed at
660 °C

Fig. 4 Variation of the water molecular ratio per Al2O3 for struc-
tural ( ) and adsorbed ( ) components in NOA samples with the
temperature of pre annealing Tp (Table 2)
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amorphous oxide of Al2O3·nH2O composition
with n ≤ 1.5. A further increase in temperature
does not promote significant changes in the amor-
phous structure, while the structural water content
continuously reduces until n ≈ 0.1 at 450–500 °C.

(III) At ~450 °C, the crystallization into γ-Al2O3

phase begin, which preserves a small amount of
structural water n < 0.1. This small amount of
water is necessary for stabilization of the transi-
tion phase (McHale et al. 1997a, b). However, the

crystallization in nanofibrous alumina is delayed
to 870 °C (Vignes et al. 1997), and NOA mono-
liths remains amorphous in the extended temper-
ature range between 100 and 800 °C and converts
to γ-Al2O3 at 870 °C.

(IV) After 4 h annealing at T ≥ 1000 °C, γ-Al2O3

converts to θ-Al2O3, which is accompanied by a
further reduction of the structural water content to
n < 0.04.

(V) The temperature increase to 1200 °C leads to the
formation of well-crystallized stable α-Al2O3

polymorph, which does not contain any apprecia-
ble amount of structural water. This phase transi-
tion is completed at 1250 °C with the annealing
time of 4 h.

The main changes in chemical composition, phase
structure, and morphology of the nanofibrils of NOA
materials during annealing can be described in the
framework of the physical model presented in the next
chapter.

3D model of NOA materials

We assume that monolithic structure of NOA materials
consist of entangled hydrated alumina fibrils with an
average diameter d and length a (Figs. 1b–d). These
fibrils form the porous structure as a network with
multiple connections at the cross points. Upon annealing
the aspect ratio a/d decreases and elementary fibrils
progressively shorten and transform into ellipsoidal-
shape particles, when the stable α-Al2O3 polymorph is
formed at temperatures above 1200 °C. Even in this
case, the interconnected deformed fibrils can be recog-
nized (Fig. 1d). Therefore, we relate the mass density
and specific area of NOA materials to the evolution of
the shape of elementary fibril. A relevant 3D geometri-
cal model of the raw NOA material is presented in
Fig. 6, where the primary volume a3 contains nf fibers

Table 2 Variation of molar ratio H2O/Al2O3 for NOA samples with annealing temperature: nx = nstr + nads

Molar ratio H2O/Al2O3 The temperature of annealing x, °С

25 75 100 380 400 520 660

nx, water total 3.57 2.18 1.45 0.88 0.71 0.58 0.62

nstr, structural water 2.85 1.46 0.73 0.16 0.16 0.096 0.038

nads, adsorbed water 0.72 0.72 0.72 0.72 0.55 0.48 0.59

Fig. 5 a Density of NOA as a function of the annealing temper-
ature (isochronous annealing time 4 h). The different series of
measurements are indicated with different markers ●, , , and
. b Measured density of NOA ( ) and NOA density after

correction for the water adsorbed at the surface ( )
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that interconnect arbitrary and are surrounded with a

free volume Vp. The total volume of fibrils is V f ¼ nf
π
4 ad

2 and their mass M f ¼ nf ∙ρ f ∙ π4 d
2a, where ρf is a

specific density of the fibril’s material. Corresponding
specific surface area of Mf shall comply with Ssp = nf ∙
sf ≈ n ∙ πda, where sf is the surface of a single fibril. It is
evident that Mf and Ssp depend on the aspect ratio a/d.

Mass density We estimated a specific density of the
fibril’s material close to ρf = 2.4 g/cm3. This reasonably
agrees with the data for different crystalline oxyhydrates
and aluminum oxides phases with different water con-
tent: 2.42 g/cm3 for gibbsite Al2O3∙3H2O, 2.53 g/cm3

for bayerite Al2O3∙3H2O, 3.01 g/cm3 for boehmite
Al2O3∙H2O, 3.5 and up to 3.9 g/cm3 in γ-Al2O3 phase
stabilized by the structural water. At temperatures below
1200 °C, the maximum density 3.67 g/cm3 can be
obtained for γ-Al2O3, and 3.99 g/cm3 for α-Al2O3

phase at the high sintering temperatures Т > 1200 °C.
The mass density of raw NOA material ρ0 can be

calculated as the mass of nanofibrils located in the
volume a3:

ρ0 ¼
M f

a3
¼ nf ρ f ∙

π
4

d0
a0

� �2

ð3Þ

or an average number n of the fibrils in the volume a3

can be estimated:

nf ¼ 4

π
ρ0
ρ f

a0
d0

� �2

ð4Þ

Using measured mass density ρ0 ≈ 0.025 g/cm3 of
raw NOA and aspect ratio variations a0/d0 between 4
and 16, the number of fibrils in the volume a3 can be
estimated: nf ≈ 10 ± 6. We notice that the knowledge of

the true pore geometry is not necessary for calculation of
the NOA-specific density with the rise of annealing
temperature; the proposed model assumes that it scales
with ρ ∝ (d/a)2.

Porosity and specific surface area The porosity of
NOA can be determined as a fraction of the volume free
from the nanofibers. From the definitions for nf and Mf

follows:

P ¼ 1−
V f

a3
¼ 1−

M f

a3∙ρ f
¼ 1−

nf π

4

d
a

� �2

: ð5Þ

The total surface of all the nanofibrils located inside a
primary volume a3 can be presented as follows:

S f ¼ nf ∙s f ¼ nf ∙πda; ð6Þ
and specific surface area of raw NOA material can be
calculated:

Ssp ¼ 4

ρ f d
; provided that d≪a: ð7Þ

In the general case, d ≅ a and expression (7) be-
comes:

Ssp ¼ 4

ρ f

1

a
þ 1

d

� �
: ð7’Þ

Equation (5) establishes the relationship between the
specific surface area and the average size of nanofibrils
in NOA materials, which is consistent with the experi-
mental results within 5% accuracy. Equation (7) was
used to describe the evolution of aspect ratio a/d in the
entire temperature range. Evolution of the mean diame-
ter d(T) of NOA fibrils calculated from (7) using fibril’s
density ρf(T) and specific surface area Ssp(T) obtained
from isochronous annealing data is presented in Fig. 7.
One more expression relating the specific density and
specific surface area in NOA materials can be obtained
from (2) and (7):

ρ⋅Ssp ¼ π⋅nf
d
a2

; orρ⋅Ssp⋅δ≈1;whereδ ¼ 1

π⋅nf
⋅
a2

d
: ð8Þ

Taking into account the limited range of nf variation,
the estimate of the Beffective size of NOA fibril^ can be
obtained as δ≈ 0.02(a2d).

We notice that the mean fibril diameter observed in
TEM images of raw NOA (Fig. 1b) is about 5 nm, that

d0

a0

Fig. 6 3D presentation of NOA structural unit as a single pore
with incorporated fibrils. The raw fibrils averaged diameter and
length are respectively d0 and a0 and the aspect ratio is a0/d0
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fits the value obtained from (7) using the initial mass
density 0.025 g/cm3 and specific area 320 m2/g. The
similar estimations of the effective diameter of
nanofibrils result in values about 7 nm in γ-alumina
(ρ = 0.04 g/cm3, Ssp = 150 m2/g), 9 nm in θ-alumina
(ρ = 0.045 g/cm3, Ssp = 100 m2/g) and 120 nm in α-
phase (ρ = 0.65 g/cm3, Ssp = 5 m2/g) which are in agree-
ment with the TEM and SEM observations. We con-
clude that the model proposed successfully describes 3D
transformations in NOA materials during thermal
treatment.

Evolution of the morphology of NOA fibrils
under annealing

Three main temperature regions that change the mass
transfer mechanism and activation of sintering process
in NOA materials should be highlighted.

Low annealing temperatures T < 300 °C In this temper-
ature range, the structure of the raw Al2O3·nH2O mate-
rial is preserved in the fibrils and the changes of the
shape or in aspect ratio are small. Changes in the mate-
rial density also can be neglected despite the fact that the
value of n(T) varies between 3.6 and 1.5 (Figs. 3 and 4,
Table 2). We assume that water losses do not lead to any
significant modification of the material morphology at
nano- and micro-level.

Moderate annealing temperatures T ≤ 870 °C The
NOA density changes upon annealing in this tempera-
ture range are below 0.01 g/cm3. We assume that the
shape modifications of amorphous fibrils are limited by

the diffusion transport and takes place at the fibril sur-
face. This process leads to a decrease in the surface-to-
volume ratio. Since both agglomeration and sintering of
fibrils are not observed under these conditions, we can
express the reduction in fibril length a(t) and increase in
its diameter d(t) simply as a result of surface diffusion.
We assumed that:

a tð Þ ¼ a0−
ffiffiffiffiffi
Dt

p
; ð9Þ

where a0 is the initial fibril length and D is Befficient
diffusion coefficient^ which is related mostly to the
surface. We also neglect mass transport between fibrils
and consider the modification of a single fibril. On the
basis of conservation of the fibrils volume, we can write:

d2 tð Þ ¼ d20
a0

a0−
ffiffiffiffiffi
Dt

p : ð10Þ

From (9) and (10), one can obtain the shape variation
of the fibril during annealing:

a
d

tð Þ ¼ a0
d0

1−
ffiffiffiffiffi
Dt

p

a0

� �3
2

; ð11Þ

where D ¼ D0∙exp − Ea
kBT

� �
is the Beffective^ diffusion

coefficient with an activation energy Ea. Using (2), (7),
(10), and (11), we can describe the changes in density
and specific surface area of NOA materials at tempera-
tures below 870 °C:

ρ tð Þ ¼ ρ f n
π
4

d0
a0

� �2
1−

ffiffiffiffi
Dt

p
a0

� �3 ð12Þ

Ssp tð Þ ¼ 4

ρ f

1

a tð Þ þ
1

d tð Þ
� �

¼ 4

ρ f

1

a0 1−
ffiffiffiffiffi
Dt

p

a0

� � þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

ffiffiffiffiffi
Dt

p

a0

� �s

d0

0
BBBB@

1
CCCCA

ð13Þ
The Beffective^ diffusion coefficient: D0 = 6.0 ×

10−18 m2/s and activation energy Ea = 28 kJ/mol were
estimated by applying the least-squares fit to the all
experimental data for ρ(t) and Ssp(t) with the set of
parameters: a0 = 140 nm, d0 = 5 nm, ρf = 3.1 g/cm3.
Figure 8 show a good agreement between the experi-
mental data and the model plot for a/d. The value of
activation energy Ea is close to the activation energy of
oxyhydroxide decomposition ED = 22 ± 5 kJ/mol

Fig. 7 Mean diameter of NOA fibrils, estimated from (7), versus
temperature of isochronous annealing during 4 h
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obtained from TG data. Therefore, we assume that sur-
face diffusion and chemical decomposition of the
oxyhydroxide are intrinsically connected and possess a
common activation mechanism for these processes.

The applied formalism is relevant to the conditions
when the diffusion mass transport is limited within a

single fibril: a0≥
ffiffiffiffiffi
Dt

p
. The single fibril of raw NOA has

the mean volume Vf ≈ (2.5–3.0) × 103 nm3 and cylindri-
cal shape with the aspect ratio a/d~30. The surface mass
transport results in the shape changes described by Eqs.
(9)–(11). Consequently, the aspect ratio decreases by
minimizing the surface energy reaching a minimum
when a/d→1 and lmax(ax ≈ dx) ≈ 15 nm, but it does not
take place due to diffusion limitations at temperatures
below 870 °C and the aspect ratio remains larger than 20
(Fig. 8).

Thus, at moderate temperatures ≤ 870 °C with the
short annealing times ≤ 10 h, when high porosity is
remaining, the parameters of mesoporous NOA mate-
rials such as specific surface area, density, porosity,
evolution of fibrils shape, and aspect ratio can be de-
scribed using Eqs. (11–13).

High annealing temperatures T ≥ 870 °C An annealing
of the NOA materials at temperatures higher 870 °C
leads to significant coarsening of the alumina particles
and those attains the sizes of 100–500 nm that is much
larger than the maximum estimates ~10 nm for the
average size of the fibril in raw NOA. The mass trans-
port progressively involves the overall volume of fibrils
and the area of contacts between adjacent fibrils. The
annealing at temperatures above 1000 °C leads to a
significant shrinkage of NOAmaterials, which is related
to an increase in the samples density and decrease in free
volume. The initial porosity of raw NOA sample is ≥
99% and only slightly decreases to 98.8% after 4 h
annealing at 1000 °C. Further increase in the tempera-
ture results in a sharp decrease in porosity down to 71%
at 1400 °C, 56% at 1500 °C, and to 26% at 1650 °C. It is
important to notice significant changes in the fibril
morphology, which becomes spherical or ellipsoidal
with the aspect ratio (a/d) ≤ 2.

The structural evolution of NOA materials at high
temperatures was described using a simplified version
of Ivensen equation (Ivensen 1995). We assume that the
changes of free volume in time follow the relationship:

dV
dt

¼ −BV ;wereB ¼ B0⋅exp −
Eb

RT

� �
; ð14Þ

and V is a free space (volume) between the fibrils.
Coefficient B comprises two constants: the activation
energy of the mass transport Eb, and the constant of free
volume B0. The solution of Eq. (14) allows obtaining the
dependence of free volume Vfree(t, T) from the sintering
temperature T and time t:

V free t; Tð Þ ¼ V0exp −B0t∙exp −
Eb

RT

� �� �
; ð15Þ

where V0 is the free volume in NOA sample at t = 0. It
is easy to get similar relationship for the NOA density
ρ(t, T):

ρ t; Tð Þ ¼ ρ f V f

V f þ V free t; Tð Þ ¼
ρ f

1þ V free t; Tð Þ
V f

: ð16Þ

From (16), we can define the initial density of NOA
at t = 0, and from (16) we can define the initial density of
NOA at t = 0 as ρ0 = ρf/(1 + V0 ∙ Vf

−1) ≈ (ρfVf)/V0, and in
combination with expression (15), we get:

ρ t; Tð Þ ¼ ρ f

1þ ρ f

ρ0
exp −B0t∙exp −

Eb

RT

� �� �: ð160Þ

From the definition of nf can be obtained the rela-
tionship:

ρ0
a0
d0

� �2

¼ ρ t;Tð Þ a

d

� �2
; ð4’Þ

Fig. 8 Evolution of NOA fibrils aspect ratio a/d of NOA with
annealing temperature. The results obtained both in this work and
published earlier (Vignes et al. 1997; Di Costanzo et al. 2004;
Vignes et al. 2008; Askhadullin et al. 2008) are presented. The
scatter of the a/d ratio near the temperature ~20–25 °C are caused
by variation of humidity and air temperature during the measure-
ments of raw NOA samples
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and after some transformations and substitutions in (16),
we get the function describing an aspect ratio a/d evo-
lution during sintering of NOA materials:

a
d

t;Tð Þ ¼ a0
d0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ0

ρ t;Tð Þ
r

¼ a0
d0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ0 þ ρ f exp −B0t∙exp −

Eb

RT

� �� �
ρ f

≈

vuuut a0
d0
exp −

B0t
2

∙exp −
Eb

RT

� �� �

ð17Þ

The latter expression was obtained assuming that
ρf ≫ ρ0.

After applying the least-squares fit to the experimen-
tal data shown in Fig. 8, the following values of the
parameters in Eqs. (16') and (17) were obtained: ρf =
3.1 g/cm3, B0 = 2.3 × 10−2 s−1, and Eb = 61 kJ/mol. The
determined parameters B0 and Eb were used for a/d and
ρ(t, T) curve plotting shown in Figs. 8 and 9. Obviously,
that Eqs. (16') and (17) describe fairly well the results
obtained for NOA samples after annealing at the tem-
peratures T ≥ 870 °C.

A characteristic feature of this temperature range is
the process of sintering covering the whole volume and
contact areas of the adjacent nanofibrils, which is ac-
companied by profound restructuring of the
mesoporosity as well as with the processes of crystalli-
zation and phase transformations. Since the γ→ θ→ α
phase transformations are characterized by very close
values of the activation energy Eb, the relevant process
can be considered as permanent and progressive order-
ing in the crystalline structure due to release of residual

structural water from the fibrils. A complete water re-
moval from the NOA structure takes place at the forma-
tion of the α-phase. The activation energy of the
sintering Eb = 61 kJ/mol is considerably higher than
Ea = 28 kJ/mol—the assessment made for moderate an-
nealing temperatures T ≤ 870 °C at which the changes of
fibrils shape can be associated with the surface transport
effects.

Conclusions

Chemical and structural modifications of mesoporous
nanofibrous alumina Al2O3·nH2O were studied in the
temperature range of 20–1700 °C. Two mechanisms of
the morphological and structural transformations in
NOA materials are evidenced and the physical model
was proposed allowing describing the changes in phys-
ical parameters such as density, porosity, and specific
surface area as morphological evolution of the averaged
structural element—the NOA fibril. At temperatures <
300 °C, the change in composition of amorphous
Al2O3·nH2O is insignificant and is mainly due to de-
sorption of molecular water; amorphous structure of raw
NOA is preserved. At moderate temperatures between
300 and 870 °C, the mass transport is limited by surface
diffusion along the single fibrils and characterized by
activation energy Ea = 28 kJ/mol; this cause shrinkage
of the fibril size about 20% and aspect ratio a/d decreas-
ing from ≈24 till 20; the onset of crystallization of
amorphous NOA is not observed upon 4 h annealing.
At high temperatures, the mass transport characterized
by activation energy Ea = 61 kJ/mol and involves the
overall volume of fibrils followed by the material
sintering and growth of particles with the aspect ratio
a/d ≤ 2 and elliptical shape. The transition temperature
from moderate to high temperatures is close to 870 °C,
which corresponds to the beginning of the crystalliza-
tion of amorphous alumina to γ-phase. Applying 3D
model for the experimental results analysis, we explain
the phenomenon of preservation of the integrity of
monoliths of NOA during thermal annealing by the
important role of surface processes and first of all high
mobility of atoms on the surface of nanofibrils. The
surface diffusion provides an isotropic reduction in the
3D structure parameters without a significant increase in
internal stresses over a wide range of temperatures. The
model proposed allow а quantitative description of the
morphological and structural properties of mesoporous

Fig. 9 The application of the model to describe changes in the
mass density of NOA samples in the temperature range ~20–
1700 °C. Equation (12) was applied to the density data in the
range T ≤ 1000 °C (blue line) and Ivensen’s simplified Eq. (16')
was used for the temperatures T ≥ 800 °C (red line)
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aluminas and may be useful for further development of
the technology of 3D nanomaterials.
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