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Abstract

Powder X-ray diffraction,  27Al solid-state NMR and TEM were used to study the structure and 

phase transformations in a series of transition alumina materials with BET surface areas ranging 

from 220 to 30 m2/g produced by gas-to-particle flame method. During the short-lived synthesis, 

highly disordered  γ-alumina progressively transforms into a mixture of δ and θ-alumina. For the 

well-crystallized mixture of δ and θ-alumina, high resolution and high S/N powder XRD pattern 

features a large number of superstructure reflections along with the commonly observed diffuse 

reflections. 27Al MQMAS NMR provides a total of 8 crystallographic sites with an unusually high 

resolution in the tetrahedral region, with 4 distinct AlO4 sites pertaining to the δ phase alone. We 

propose here based on data acquired on high-quality δ and θ-alumina that the bulk structures of both 

phases must be ordered.
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Introduction

In  catalytic  activity, reactivity and  properties,  nano-scale  alumina  (Al2O3)  particles  made  of 

“transition aluminas” play in a different league than those made of the most stable form the mineral 

corundum (α-Al2O3 or  R3c-Al2O3).[1–3] Vapor-phase synthesis of alumina nanoparticles have been 

extensively reviewed owing to the relevance of the materials in industry and basic science. [4,5] An 

important industrial process for their production is gas-phase combustion of AlCl3 in the flame of an 

oxyhydrogen burner. AlCl3, with a sublimation point of 180 °C, is vaporized in the flame and in an 

exothermic reaction converted into aluminium oxide at temperatures reaching up to about 2000 °C.
[5]

2AlCl3 + 3H2 + 1.5O2 → Al2O3 + 6HCl (1)

In  a  fast  process,  understood  as  a  sequence  of  steps  including  nucleation,  condensation  and 

coalescence,  aggregation  and  agglomeration  (Figure 1),  the  Al2O3 particles  are  formed,  which 

consist  of  small  spherical  particles  joined  into  bigger  objects  of  tree  or  chain-like  structures. 

Aggregated nanostructured material based upon constituent particles in the range from 5 to 100 nm 

and with a BET surface area up to 350 m2/g can be formed,[6] depending on the conditions of the 

cooling  process  in  the gas  phase.  While  the morphology of  particles  from this  process  is  well 

studied,[7] insight into the atomic structure of the as-synthesized particles is rather limited[8] and only 

implies  individual  charges  but  not  a  systematic  comparison,  which  is  required  to  get  an 

understanding of how the cooling process influences structural transitions. In general the surface 

areas increases with a faster cooling rate. Yet, the precise thermal history of the particles is difficult 

to determine experimentally.

The transition aluminas, which can be found under these conditions, generally have a much lower 

density  of  about  3.6 g/cm3 than  corundum  with  3.98 g/cm3.[9,10] Following  Oswald’s  step  rule, 

initially the most unstable phase is  expected,  which  is  γ-alumina,  according to studies of other 

synthetic routes for the formation of transition alumina.[2,3,11] This phase is highly disordered on the 

Al site, while the O-atoms form a cubic closely packed arrangement and feature tetrahedrally and 

octahedrally  coordinated  Al  atoms.[3,12] While  in  principle  many  transition  aluminas  have  been 

reported,[2,3] relevant in the context of this contribution are only  δ-/θ-alumina, which for example 

can be found upon thermal treatment of boehmite γ-AlOOH.[13,14]

γ-AlOOH → γ → δ → θ → α-Al2O3 (2)
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Figure 1: Processes occurring in the flame combustion synthesis of alumina in the flame of an oxyhydrogen 

burner.[4,5]

The structure of δ-alumina is  still  under discussion,[3,15,16] though a related structure,  ω-alumina, 

could be described as  an  ordered  structure  with  9 Al sites  in  the  orthorhombic  system. [17] The 

structure solution of δ-alumina is complicated by intergrowth processes between different structures 

similar to ω-alumina. What is clear is that both the δ- and the related γ-alumina feature a cubic 

closed packed O sublattice and tetrahedrally (AlO4) and octahedrally (AlO6) coordinated Al atoms.
[13,14,18] From the structure of ω-Al2O3,  δ-alumina can be expected to have a ratio  AlO4/AlO6 of 

approximately 3/5.[17] The next step in transformation is the formation to θ-alumina, which can be 

described  as  an  ordered  crystal  structure  in  the  monoclinic  system  with  two  Al  sites  one 

tetrahedrally and one octahedrally coordinated.[10,19]

A tool to study the uncertainty in the coordination number of the transition aluminas is solid-state 

nuclear magnetic resonance (NMR), which is inherently quantitative, element-selective and probes 

both  crystalline  and  amorphous  environments.[20–22] With  respect  to  the  different  alumina 

polymorphs only recently a thorough review of the NMR literature has been published, [23] including 

computed and experimental values for isotropic chemical shift δiso and the quadrupole interaction. A 

particularly  useful  aspect  of  NMR  is  the  unambiguous  detection  of  the  coordination  number 

including pentacoordinated Al in context with the γ-alumina surface.[24–26]

The target of this contribution is to reach a better understanding of the transformation of transition 

aluminas produced in the combustion synthesis of alumina nano-particles from AlCl3.
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Experimental Part

Materials: All alumina samples were derived from AlCl3 in hydrogen-air flame.

Synthesis of fumed alumina: AlCl3 was used as the source of Al3+ ions, converted into gas phase 

and fed into oxyhydrogen flame as a homogeneous gas mixture with H , O , an₂ ₂ d the carrier gas. The 

vaporized AlCl3 was transformed into fumed alumina through hydrolysis at high temperatures in the 

oxyhydrogen flame (2H₂ + O₂ → 2H O) according to the already mentioned reaction.₂

Formed in flame residence times between 10 and 100 ms,  the fumed alumina particles were in a 

mixed state with hot gases. The aerosol was then cooled before the solid particles were separated 

from the corrosive gas. In the final step, surface HCl was removed and high purity aluminium oxide 

was obtained.

Table 1: Some reaction conditions and sample properties of fumed alumina used in this study. 

Label in 

manuscript

Theoretical BET 

surface area / (m2/g)

Experimental BET 

surface area / (m2/g)

Particle d (mean 

value) / nm

Evonik commercial 

label

BET 220 220 177* 5.4 Alu220 ex

BET 200 200 164* 5 Alu200 ex

BET 180 180 176 4 Alu180 ex

BET 130 130 115 7 Alu130

BET 100 100 101 8.6 AluC

BET 65 65 61 15 Alu65

BET 45 45 49 18 VP Alu45

BET 30 30 31 40 Alu30 ex

*The surfaces with BET over 200 may be unstable over a long period of time.

BET surface  area: Triple-point  Brunauer-Emmett-Teller  (BET)  measurements  were  conducted 

within the partial pressure region p/po of 0.05 to 0.3, in order to determine the specific surface area 

of alumina nanostructured particles. Prior to analysis, the samples were degassed for 20 min under 

vacuum at 150 °C. The BET analysis was carried out in accordance with DIN/ISO9277.

TEM: TEM  images  of  fumed  alumina were  recorded  via  a  field  emission  high-resolution 

transmission electron microscope Jeol 2010F (JEOL, Japan) using acceleration voltage of 200 kV. 
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The particles were dispersed in 50:50 v.% distilled water and isopropanol solution and afterwards 

dropped on a copper TEM grid following a drying step at room temperature for 30 min.

Solid-state NMR: 27Al MAS NMR spectra were acquired at 156.393 MHz (14.1 T) on a 3.2 mm 

Bruker MAS probehead (Bruker Avance Neo NMR spectrometer) at 20 kHz spinning frequency. 

Unless otherwise specified in the results, a selective 90° pulse of 20 μs was applied with a repetition 

delay of 8 s, and 1024 scans were accumulated. The 1H resonance of 1% TMS in CDCl3 served as 

an external secondary reference using the Ξ values for 27Al as reported by IUPAC.[27,28]

27Al multiple-quantum MAS (MQMAS) NMR spectra were also acquired at 156.393 MHz (14.1 T) 

on the 3.2 mm Bruker MAS probe head at 20 kHz spinning frequency. Three-pulse sequence 27Al 

triple-quantum MQMAS[29] with a zero-quantum filter[30] and with rotor-synchronized sampling of 

the indirect dimension was utilized. Hard pulses of duration 4.5 and 1.5 μs for the excitation and 

conversion  of  quantum  coherences,  respectively, were  determined  by  running  an  optimization 

experiment, and a 20 μs soft pulse (90°) was determined from 27Al nutation experiments. Repetition 

delays  were  between 2  and 8 s  depending  on  T1 relaxation.  Phase  cycling  involved  the  States 

method[31] for acquisition of pure absorption line shapes.

NMR spectral simulations were performed using DMfit software package (V 20230120).[32] Spectra 

for BET 220–100 were simulated using Czjzek model and for the BET 65–30 using the ‘Q mas 1/2’ 

model as implemented in Dmfit.[32,33]

Powder X-ray diffraction: Powder  XRD measurements  were  carried  out  on  a  Huber  Guinier 

powder camera G621 (Rimsting,  Germany) in asymmetric transmission configuration.  A curved 

Ge(111) monochromator was used to focus the incident beam and monochromatize it to select only 

CuKα1 radiation.

Mylar foils (1 μm thick) were mounted on round metallic sample holders. Powder samples were 

placed on the Mylar foil and a second Mylar foil was placed on top of it (no grease was used to hold 

the powders tight). The powders trapped between the two foils were pressed to form flat round 

samples. The pressing was done in order to be able to measure a larger sample volume and increase 

signal-to-noise ratio as the materials are porous and have low crystallinity. Each round sample was 

measured repeatedly 16 or 64 times by rotating the sample holder in the plane of the sample step-

wise,  each time using an exposure time of  12 min.  The diffraction images were recorded on a 

BaFX:Eu-based imaging plate (IP) film.[34] During the measurements, the samples were sliding side-

ways in the X-ray beam. The X-ray exposed imaging plate was scanned using Typhoon FLA 7000 
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scanner (GE Company, USA). All the recorded diffraction images were digitized using the IPreader 

software and the averaging of 64 scans for BET30 and 16 scans for the rest of the samples was done 

by  a  gnuplot  tcl-script.[34] Rietveld  refinement[35] and  other  types  of  line  shape  analyses  were 

performed using TOPAS-Academic V7 software package.[36]

Results and Discussion

The basis of this study is a series of alumina batches of materials from the combustion of AlCl3 

which underwent different thermal history. These batches feature different specific surface areas 

and structure.  In the following,  first  the material  morphology is  studied by gas  adsorption and 

electron microscopy. Then X-ray diffraction is applied to trace crystalline phases and finally solid-

state NMR is applied to monitor the structural changes on an atomic scale.

Particle morphology: In total eight different batches of alumina  nanoparticles were investigated 

which in the following will be named BET 30–BET 220 alumina according to their specific surface 

areas  as  measured  by gas  adsorption.  “BET 220” stands for  the  batch from the fastest  cooling 

process and has a theoretical specific surface area of 220 m2/g (see Table 1 for the actual BET 

values).

The gas adsorption data (Table 1) show the expected scaling of the surface area  A/m which for 

perfectly spherical nanoparticles should be inversely proportional to the particle diameter  d and 

particle density ρ .

A /m=6 /(ρ⋅d )

While the trend is well followed, deviations reflect both the changes in morphology and density 

because  of  the  presence  of  different  transition  alumina  (see  below).  The  particle  diameters  as 

estimated from transmission electron microscopy are close to the expected values. Nevertheless, the 

material consists of aggregates and agglomerates and appears under ambient conditions as ‘snow 

flakes’ of mm to cm range. In water or other solvents high shear forces as e.g. by sonication, the 

aggregate structure can disrupt to smaller aggregates of down to  d50 of  100 nm, forming stable 

dispersions.

Crystalline phase: Crystalline phases in BET 220–30 fumed aluminas were investigated by powder 

X-ray  diffraction  (Figure 2).  Generally  with  increasing  resident  time  in  the  flame  during  the 

synthesis the crystallinity increases, which is reflected by sharper reflection developing. On the way 

downwards  on  Oswald  staircase  towards  α-Al2O3,  several  changes  in  crystal  structure  can  be 
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observed including  γ,  δ, θ-alumina, each of which undergoes transformation into the subsequent 

phase from bottom to top as γ → (δ and θ) while the α-phase could not be observed. The observed 

sequence corresponds to the sequence observed for the crystallization of an alumina melt.[37]

The  observed  diffraction  patterns  for  the  samples  from BET 220–180  demonstrate  only  broad 

reflections with various line-widths. The composition of these samples are dominated by γ-alumina, 

which is evident by comparison to literature data.[38,39] The non-consistency in FWHM as a function 
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of 2θ has also been observed for boehmite-derived γ-alumina reflections and is to some degree 

obvious in Figure 2. However, the usually relatively sharp (222) reflection at 39.4°, is significantly 

broadened in the observed patterns and that is an indication of the small size of the crystallites.[40]

In the samples with even lower specific surface, i.e. BET 65 and below, δ-alumina is evident where 

the typical δ-triplet reflections between 44 and 47° take shape and the major reflection (400) at 

66.7° overlapping with γ (440) occurs. Further decrease in BET leads to the appearance of a large 

number of superstructure δ reflections more in number than already observed in boehmite-derived 

δ-alumina.[15] The γ (440) reflection ultimately significantly splits into a very sharp θ-alumina and 

less sharper δ-alumina reflections indicating significant ordering of the θ phase. The BET 65 to 30 

samples show that the transformations γ → δ and γ → θ are apparently occurring in parallel with the 

former being the faster (this observation is in agreement with the NMR data and is discussed also 

under NMR spectral simulations below).

The Rietveld refinement of the γ-phase in BET 220, 200 and 180 can be achieved using the spinel 

model  with  some  non-spinel  occupation  of  Smrcok  et  al.  (Figure 3  and  S1).[14] The  Rietveld 

refinement, however, requires the occupancy of the non-spinel sites to be significantly higher than 

the boehmite-derived γ-alumina of Smrcok. While in Smrcok’s refinement only 6.3% of all the non-

spinel  16c  and  48f  sites  are  occupied  by  Al  cations,  in  the  fumed  alumina  the  same  type  of 

occupancy  reaches  around  39%,  30%  and  36%  in  BET 220,  200  and  180,  respectively.  The 

tetrahedral:octahedral  relative  occupation  (64%:36%,  60%:40%  and  64%:36%,  respectively) 

remained relatively close to literature values of boehmite-derived γ-alumina. Fitting the occupancy 

of O (32e) gave values very close to 1 and did not affect the overall refinement. All the Al—O bond 

distances  remained  within  0.03%  of  those  of  Smrcok’s  model. While  the  overall  fit  looks 

convincing there is a clear disagreement with the tetrahedral:octahedral relative occupation (see 

below), which either indicates the presence of a significant amount of amorphous side-phase or a 

deficiency of the structural model.

The crystallite size obtained using integral breath approach by Rietveld refinement gave for the γ-

alumina in  the  BET 220,  200  and  180  samples  values  of  8.2 ± 0.7,  8 ± 0.6  and  6 ± 0.2 nm, 

respectively.  In  comparison,  the  mean  values  for  TEM-derived  particle  diameter  for  the  same 

samples are 5.4, 5 and 4 nm, respectively. Given the non-monodisperse distribution of particle sizes, 

which have an impact on the analysis of the data from both TEM and XRD, this can be interpreted 

as a rough agreement meaning that crystallite and particle size are approximately the same (see 

Figure 8 and S5 for TEM images).
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Local  structure  by  27Al  solid-state  NMR: 27Al  MAS  NMR  provides  information  about  the 

coordination number and frequency of the corresponding Al environment and for well crystallized 

materials information about the number of Al sites can be obtained besides.

The 27Al MAS NMR spectra  of (non-dehydrated) fumed alumina provide a consistent decrease in 

disorder and increase in crystallinity with increasing particle size (bottom to top, Figure 4), which is 

evident  from  the  reduction  of  peak  widths.  This  pattern  across  the  samples  agrees  with  the 

observations made from powder XRD. The samples with the highest specific surface area show a 

2nd order  quadrupolar  broadened  line-shape  with  a  tail,  typical  of  disordered  phases,  which 

gradually sharpen and transform into a typical 2nd order quadrupolar line-shape in ordered state.

The BET 220 sample, mainly consisting of  γ phase, shows three Al coordination AlO4, AlO5 and 

AlO6 with  relative  intensities  of  30.1%,  21.5%  and  48.4%,  respectively  (Figure S2).  This 

observations is not agreeing with the results from the refinement of the powder X-ray pattern with  

Smrcok’s model, which suggests that the tetrahedrally coordinated Al environment AlO4 should be 

dominant. Furthermore a significant relative amount AlO5 is observed. 
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Moving to the samples with lower specific surface area, the AlO5 content drastically decreases to 

8.6% at  sample  BET 200,  less  than  2% at  sample  BET 180,  and  to  an  unmeasurable  amount 

beyond. The total intensities of AlO4 and AlO6 in Figure 4 do not change monotonically but roughly 

have plateau from BET 130 to 30 (see also Figure 7). 

The  27Al MAS measurements  on the  samples  BET 220,  200,  180 and 130 kept  under  ambient 

conditions were repeated after 7 to 13 months with the same acquisition parameters, and the relative 

intensities and line-shapes remained almost the same (Figure S4). This indicates that the samples 

under ambient conditions are not subject to aging.

Two possible explanations for this observation are the presence of an amorphous side-phase besides 

the crystalline γ-alumina and the stabilization of AlO5 at the surface of γ-alumina which may also 

explain the observed change in the ratio of tetrahedrally and octahedrally coordinated Al atoms. 

What can be ruled out is, that the surface alone is responsible for the stabilization of AlO5 because 

the decay of the relative amount of AlO5 is too fast (Figure 7) for the expected antiproportional 

scaling with the particle diameter.

10/21

https://doi.org/10.26434/chemrxiv-2024-2ps34 ORCID: https://orcid.org/0000-0003-2294-796X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-2ps34
https://orcid.org/0000-0003-2294-796X
https://creativecommons.org/licenses/by-nc-nd/4.0/


The AlO4 and AlO6 resonances in the spectra of the BET 30 and BET 45 samples in Figure 4 are a 

superposition  of  different  resonances  with  a  small  chemical  shift  difference.  Therefore,  the 

MQMAS experiment was applied to achieve a better spectral resolution over the complete sample 

series.
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For the samples from high to low specific surface area, the 27Al MQMAS spectra of fumed alumina 

show  a  consistent  line  of  narrowing  and  appearance  of  distinct  resonances  (Figure S3).  The 

spectrum of the sample BET 220 shows three distinct sites – AlO4, AlO5 and AlO6 – each of which 

has very broad distribution both in the direct and isotropic triple-quantum dimensions. The lack of 

line-narrowing in the isotropic dimension in the BET 220 and the next samples is evidence of large 

chemical shift distribution due to extensive disorder. From sample BET 130 and onward, the AlO5 

resonance disappears, and distinct peaks belonging to the sites of an ordered crystal structure can be 

resolved. From sample BET 100 and onward in the AlO4 region of the spectrum three sites can be 

resolved. What these results indicate is that the samples are subject to a series of phase transitions 

which transform the complete grain.

For the samples with low specific surface area BET 45 and 30, MQMAS provided indeed a very 

high  resolution  which  clearly  evidences  multiple  distinct  resonances  (Figure 5  and  S3).  The 

MQMAS  spectrum  of  sample  BET 30  rendered  an  unusual  high  resolution  of  five distinct 

tetrahedral resonances  alone. In the  high-field corner of the same spectrum (Figure 5a),  at least 

three AlO6 resonances are recognizable in the isotropic dimension. 

The pattern  of  phase  transformations  over  all  the  samples  can  be  clearly  seen in  the  isotropic 

MQMAS projections which also shows a good agreement with the X-ray diffraction data, especially 

the changes  in the tetrahedral  region (Figure 6),  which also reflect the high crystallinity  of the 

compounds of low specific surface area.
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Spectral simulations of 27Al MAS data: In order to obtain a more quantitative description of the 

processes happening in the fumed alumina particles and the peaks which could be assigned to δ and 

θ alumina, the 27Al NMR spectra were simulated. The MQMAS spectra and their projections on the 

isotropic dimension (Figure 6) qualitatively helped to simulate the 27Al MAS spectra (the extracted 

spectral parameters are reported in Table 2, and for all the samples in Table S2). The MAS spectra 

of the highly disordered samples  (BET 220 to 100)  were simulated using the Czjzek model  as 

implemented in the DMfit software,[41,42] and the chemical shift values for the AlO4, AlO5 and AlO6 

sites  were  determined  at  around  75,  42  and  15 ppm,  respectively.  For  the  samples  with 

BET < 100 m2/g,  quadrupolar  central  transition  model  was  used  with  which  the  two  high-

temperature transition aluminas, δ and θ, could be analysed. Despite the high resolution MQMAS 

spectra of BET 30 and 45 samples, two of the five AlO4 resonances could not be fitted because of 

low signal to noise. Nevertheless a total of six resonances (3 × AlO4 and 3 × AlO6) were fitted to 

each of these spectra (Figure 5, S2, Table 2 and Table S2). In the series of measured 27Al MQMAS 

spectra, the unprecedented resolution reached in BET 30 (Figure 5) shows that the crystallization 

has developed to the extent that both δ- and θ-alumina can be considered as ordered phases. The 
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AlO4 signal region of sample BET 30 contains only well-resolved isotropic resonances both for δ-

alumina (four distinct resonances) and θ-alumina (one distinct resonance) which means that both 

structures cannot be disordered.

The well-defined quadrupolar shape of the tetrahedral line in the θ phase[20] was useful in the fitting 

procedure and made the entire fit more reliable; a rough 1:1 ratio of AlO4:AlO6 integrated intensity 

was imposed. Integrating the models gave a higher θ-alumina content in the sample BET 45 (54%) 

than in the sample BET 30 (34%). Three types of measurements – XRD, MAS NMR and MQMAS 

–  consistently  show  the  highest  θ  intensity  in  BET 45  in  all  the  samples.  Therefore,  two 

transformations, γ → δ and γ → θ, are apparently occuring in parallel.
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Table 2: 27Al MAS NMR parameters for the AlO4, AlO5 and AlO6 sites in fumed alumina materials obtained 

by using DMfit package and the corresponding literature values (complete table for all the samples are given 

in Table S2.

BET  / 

m2/g

Main 

phase

Type δiso / ppm CQ / 

MHz

η Model 

used

Relative 

intensities

Comment

γ-Al2O3 AlO4 77.5 ± 0.2 3.5 ± 0.1 Czjzek 10%
[43]

DNP NMR

AlO5 37.2 ± 0.2 4.5 ± 0.1 13%

AlO6 14.0 ± 0.2 4.3 ± 0.1 78%

δ-alumina AlO4 73.2 4.6 0.6 19.6% [44] Al 

isopropoxide 

precursor; sol-gel

AlO4 68.3 6.6 0.4 20.7%

AlO6 16.3 4.8 0.0 25.8%

AlO6 14.5 4.3 0.6 33.9%

θ-alumina AlO4 80 (1) 6.4 (0.1) 0.65(0.02)
47.8% [20] Al tributoxide 

precursor; sol-gelAlO6 10.5 (1) 3.5 (0.3) 0(0.1) 52.2%

BET 220 γ-alumina AlO4 75 6.6 Czjzek   30.1% This study

AlO5 42 6.2
  21.5%

AlO6 15.3 5.6
  48.4%

BET 30 θ-alumina AlO4 80.4 6.1 0.9 Q mas 

1/2

  15.6% This study

AlO6 12.7 3.9 0.5   18.3%

δ-alumina AlO4 76.6 6.4 0.2   8%

AlO4 73.3 8.3 0.7   9%

AlO6 16.4 3.3 1   24.1%

AlO6 10.2 5.2 0.7   25%
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De-/rehydration experiments and structural model: To get a better understanding of the sample 

surface the samples were exposed to vacuum at 295 K, which leads to a partial dehydration of the 

sample surface. The sample BET 220 was slowly rehydrated by contact with air and the process 

monitored by 27Al NMR. The measurements show that around 10% of AlO6 and AlO5 interconverts 

(Figure 7b); a significant interconversion between AlO5 and AlO6, however, is not evident in the 

MAS measurements. Because re-/dehydration is expected at the surface, it can be concluded that 

water  molecules  coordinate  the aluminium atoms and upon dehydration  cause  a  change of  the 

coordination number. Note that the condensation of two Al-O-H groups would not cause a change 

of the coordination number as observed. Because AlO5 (Figure 7b) is not completely converted into 

AlO6 by  rehydration  indicates  that  a  significant  amount  of  AlO5 is  not  directly  at  the  particle 

surface. 
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Figure  8: TEM images of BET 220 (left) and BET 30 (right) fumed alumina samples. 

The BET 220 sample, mainly γ-alumina, undergoes a transformation pathway as γ → 

δ,θ leading to well-crystalline δ and θ-alumina in BET 30.
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Conclusions

It was shown that the crystallization of alumina starting with a nucleation in the gas phase passes 

through the sequence of γ, δ and θ metastable phases. The γ → δ ordering starts earlier and proceeds 

faster than the γ → θ transformation which leads to both the δ and θ becoming ordered phases in the 

well-crystallized BET 30 sample. Although powder XRD data showed relatively sharp reflections, it 

was mainly  27Al MQMAS NMR that provided evidence for the ordered nature of both δ and θ 

giving an impressive four distinct peaks for the tetrahedral sites in δ alone. Moreover, evacuation of 

fumed alumina, rehydration and 27Al MAS NMR measurements showed that AlO5 is only partially 

present at the surface; in the case of BET 220 fumed alumina (mainly γ phase), around 10% of AlO6 

was transformed into AlO5 and AlO4.
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