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Magnesium—alumina mixed oxide catalysts at Mg:Al atomic ratios of 3:1, 2:1.8, and 1:2.8
were synthesized by using the sol—gel technique. Dehydroxylation and phase transformations
were studied with thermogravimetry. Crystalline structures were measured with X-ray
powder diffraction. Position and concentration of anionic and cationic vacancies were obtained
by refining crystalline structures with the Rietveld technique. When samples were annealed
below 400 °C, boehmite, brucite, hydrotalcite, and glushinskite were formed. When they
calcined at 600 °C, boehmite was transformed into y-Al,O3, and brucite, hydrotalcite, and
glushinskite into periclase. In magnesium-rich samples, magnesium ions were incorporated
into the y-Al,O;3 lattice, expanding its unit cell. Sample dehydroxylation produced oxygen
vacancies in boehmite, brucite, and 6-Al,Os. Periclase and y-Al,O3, however, had cationic
vacancies in concentrations that depended on calcining temperature. Different models are
proposed for explaining the formation mechanisms of the anionic and cationic vacancies.

1. Introduction

In solid catalysts, defects in the crystalline structures,
including both cationic and anionic vacancies, can act
as active reaction centers. The study of these defects
would help to understand some catalytic reaction mech-
anisms; their quantification, however, is difficult.

Recent studies of catalysts with X-ray powder diffrac-
tion and crystalline structure refinement have proved
that these techniques are powerful tools for the identi-
fication of defects in lattices.!™® They are especially
effective to characterize nanocrystalline materials.

The generation of defects in crystalline structures is
usually related to the synthesis methods. For example,
in sol—gel titania calcined between 70 and 900 °C,
titanium vacancies are found in the three crystalline
phases, brookite, anatase, and rutile.2 In sol—gel alu-
mina, oxygen vacancies are found in its precursor,
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boehmite, and aluminum vacancies in y-Al,03.% Simi-
larly, vacancies are found in sol—gel magnesia: oxygen
vacancies in its precursor, brucite, and magnesium
vacancies in periclase.>:3 Ammonia and CO; adsorption
on sol—gel MgO show that magnesia defects give rise
to acidic and basic sites.?

Crystalline structure defects in catalysts affect their
catalytic properties. For example, the defects in sol—
gel alumina and sol—gel magnesia catalysts catalyze
2-propanol decomposition.*” In sol—gel alumina, cat-
ionic and oxygen vacancies are directly involved in the
formation of acetone and isopropyl ether during 2-pro-
panol decomposition.*®°

In the present work, we are interested in studying
magnesia—alumina mixed oxides as catalytic materials.
In this system, the intermediate compound hydrotalcite
(MgsAlz(OH)AL.MmH20) is formed when samples are
calcined at low temperatures. This compound is trans-
formed into spinel (MgAIl,;O4) when annealing temper-
ature is increased.8~14
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Samples were prepared with the sol—gel method,
which produced magnesia—alumina catalysts with very
fine particles, large specific surface areas, and lattice
defects. Since sol—gel magnesia and sol—gel y-alumina
have magnesium and aluminum vacancies, respec-
tively,1351516 by diffusing through the oxygen frame-
work, magnesium ions could occupy cation vacancies in
y-alumina. Similarly, aluminum ions can also occupy
the magnesium vacancies in magnesia. Hence, the struc-
tural rearrangements and lattice distortions in the crys-
talline structures of the above crystalline phases will
give rise to important effects on their catalytic proper-
ties.

The formation mechanism of the above structural
vacancies is not clear. Therefore, we used X-ray powder
diffraction and refined the crystalline structure of the
phases in the samples to determine the concentrations,
types, and positions of the vacancies in the crystalline
structures. Several models are proposed to explain the
formation mechanisms.

2. Experimental Section

2.1. Sample Preparation. Magnesium ethoxide (Aldrich,
99%), dissolved in buthanol, was mixed with the hydrolysis
catalyst oxalic acid (Baker, 99%) to give pH 5. This solution
was refluxed and stirred for 3 h at 70 °C. Afterward, aluminum
tri-sec-butoxide and water were slowly dropped into the
solution until the gel formed, which was dried at 70 °C (fresh
sample). Before characterization, fresh samples were calcined
in air at 200, 400, 600, or 800 °C for 4 h.

Besides pure magnesia and pure alumina, samples with Mg:
Al atom ratios of 3:1 (MGAL31), 2:1.8 (MGAL22), and 1:2.8
(MGAL13) were prepared.

2.2. Thermogravimetric Analysis. Thermogravimetric
(TG) analysis was carried out under flowing N, in a DuPont
2100 thermoanalyzer apparatus. About 20 mg of sample was
placed in a quartz pan and heated from room temperature to
800 °C at 10 °C/min.

2.3. X-ray Diffraction Analysis and Rietveld Refine-
ment. X-ray powder diffraction was performed at room tem-
perature with a Siemens D-5000 diffractometer having Cu Ko
radiation. Intensities were measured at 26 diffraction angles
between 8° and 110°, with 0.02° step size and 2.67 s measuring
time per point. DBWS-9600PCY” and WYRIET!® codes were
used to refine crystalline structures with the Rietveld method.
Standard deviations, showing the variation of the last figures
of the corresponding numbers, are given in parentheses. When
they correspond to parameters obtained from the Rietveld
refinement, the reported values are not estimates of the
probable error in the analysis as a whole but only of minimum
possible probable errors based on normal distribution.®

3. Results

3.1. Thermogravimetric Analysis. The TG curve
of MGAL31 samples had three weight loss stages
(Figure 1). The first (0.6% of weight loss) and second
stages (4.7% of weight loss) appeared between 25 and
128 °C and were produced by the evaporation of residual
water and solvents. A remarkable DTG (the derivative
of the TG curve) peak in the third stage, which occurred
between 244 and 601 °C and was centered at 355 °C,
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Figure 1. Thermogravimetric analysis of MGAL31 samples.
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Figure 2. X-ray diffraction patterns of the MGAL31 samples
calcined at 70 and 200 °C. The upper set of tick marks
corresponds to hydrotalcite and the lower set to brucite.

corresponded to a weight loss of 30%. In pure magnesia,
a similar peak, centered at 325 °C in the TG curve, was
ascribed to brucite dehydroxylation.?° In 100% alumina,
a similar peak was also observed at 375 °C, produced
by boehmite dehydroxylation.®

MGAL31 samples calcined below 200 °C contained
brucite and hydrotalcite but not boehmite (Figure 2).

The weight loss of 30% was related to the dehydrox-
ylation and decomposition of brucite and hydrotalcite
(mainly to brucite, the main phase).

MGAL22 and MGAL13 samples, calcined below 200
°C, also had the two weight losses (Figures 3 and 4)
ascribed to the evaporation of the residual water and
solvent. When these samples were annealed above 200
°C, two more weight-loss stages were observed. The
intensity of the stage between 400 and 600 °C increased
when aluminum content increased, but it decreased for
the one between 250 and 400 °C. This behavior was
correlated to brucite and boehmite concentrations (Table
1).

Above 600 °C, sample weight variation with temper-
ature was nearly zero, because brucite and boehmite
decomposition was almost complete.

3.2. Phase Transformations. The MGAL31 samples
dried at 70 °C contained brucite and hydrotalcite (Figure
2) and a small amount of glushinskite (MgC,04-H,0)
produced by the presence of C,04%~ groups from the
hydrolysis catalyst, oxalic acid. When they were calcined
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Figure 3. Thermogravimetric analysis of MGAL22 samples.
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Figure 4. Thermogravimetric analysis of MGAAL13 samples.

Table 1. Phase Concentrations, in wt %, When Samples
Were Calcined at 400 °C

samples  periclase boehmite hydrotalcite y-alumina
MGAL31  14.1(2) 19.0(4) 67(4)
MGAL22 4.0(2) 22(2) 9.3(3) 65(3)
MGAL13 3.0(8) 48(2) 7.2(2) 42(3)

at 200 °C, the only temperature effect was to evaporate
absorbed water and solvents and to increase the average
crystallite sizes.

When MGAL31 samples were annealed at 400 °C,
several crystalline transformations were observed (Fig-
ure 5 and Table 1). Brucite was transformed into
periclase; glushinskite was transformed into MgO, CO,,
and CO; and hydrotalcite was partially dehydroxylated.
At this temperature, brucite and glushinskite totally
disappeared, but not hydrotalcite; y-alumina was gener-
ated.

When samples were calcined at 600 and 800 °C, they
contained periclase and y- and #-alumina (Tables 2 and
3).

The MGAL22 and MGAL13 samples dried at 70 and
calcined at 200 °C had brucite, glushinskite, hydrotal-
cite, and boehmite phases (Figures 6 and 7). The high
aluminum content favored the formation of boehmite.
When they were calcined at 400 °C, brucite and glush-
inskite disappeared, while boehmite and hydrotalcite
concentrations were reduced (Table 1). The samples
annealed at 600 or 800 °C did not contain boehmite any
more. The diffraction peaks of periclase and alumina

Wang et al.
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Figure 5. X-ray diffraction patterns of MGAL31 samples
calcined at different temperatures. The first (upper) set of tick
marks corresponds to periclase, the second set to y-alumina,
the third set to #-alumina, and the lowest set to hydrotalcite.

Table 2. Phase Concentrations, in wt %, When Samples
Were Calcined at 600 °C

samples  periclase hydrotalcite y-alumina 6-alumina
MGAL31 12.2(1) 15.4(9) 31(1) 41(3)
MGAL22 6.0(1) 11.9(1) 32(3) 50(2)
MGAL13 3.2(1) 2.1(2) 66(3) 29(8)

Table 3. Phase Concentrations, in wt %, When Samples
Were Calcined at 800 °C

samples  periclase hydrotalcite y-alumina 6-alumina
MGAL31 15.7(4) 15.0(4) 37(1) 32(1)
MGAL22 4.6(9) 20.6(5) 35.9(5) 39(1)
MGAL13 6.1(2) 4.9(5) 43(4) 46(6)
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Figure 6. X-ray diffraction patterns of the MGAL22 samples
calcined at 70 and 200 °C. The upper set of tick marks
corresponds to hydrotalcite, the middle set to brucite, and the
lower set to boehmite.

phases (y- and #-alumina) became narrow, indicating
an increase of crystalline sizes (Figures 8 and 9).

3.3. Anionic and Cationic Vacancies in Crystal-
line Structures. In this section, we will focus on the
study of vacancies in boehmite, alumina, and periclase,
i.e., their positions in the unit cell, their types, and their
concentrations.

The boehmite crystalline structure in MGAL22 and
MGAL13 samples had oxygen vacancies. For example,
there were 5 vacancies per unit cell in MGAL13
samples: 2.5 in the hydroxyl layer and 2.5 in the
interlayer. The brucite in these samples was also oxygen
deficient.

All samples calcined at 400, 600, or 800 °C contained
y-alumina with aluminum vacancies in both octahedral
and tetrahedral aluminum sites (Tables 4—6).
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Figure 7. X-ray diffraction patterns of the MGAL13 samples
calcined at 70 and 200 °C. The upper set of tick marks
corresponds to hydrotalcite, the middle set to brucite, and the
lower set to boehmite.
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Figure 8. X-ray diffraction patterns of MGAL22 samples
calcined at different temperatures. The first (upper) set of tick
marks corresponds to periclase, the second set to y-alumina,
the third set to 6-alumina, and the lowest set to hydrotalcite.
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Figure 9. X-ray diffraction patterns of MGAL13 samples
calcined at different temperatures. The first (upper) set of tick
marks corresponds to periclase, the second set to y-alumina,
the third set to 6-alumina, and the lowest set to hydrotalcite.

Periclase was magnesium deficient (Table 7), with
fewer Mg vacancies per unit cell than Al vacancies in
y-alumina, indicating a preference to the formation of
aluminum defects.

4. Discussion

4.1. Dependence of Crystalline Structures on
Mg:Al Atomic Ratio. Magnesium was incorporated
into the y-Al,Og3 lattice. This is evident by comparing
the X-ray diffraction patterns of the samples calcined
at 800 °C (Figure 10). The intensity of the (400) and
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Table 4. Aluminum Atom Occupancy and Vacancy
Concentrations of y-Al,O3 in the Samples Calcined 400 °C

aluminum occupancy aluminum vacancy?

samples tetrahedral octahedral N; N2 Nt N¢
MGAL31 0.015(1) 0.052(2) 52 6.0 112 85
MGAL22 0.016(1) 0.052(2) 49 61 110 83
MGAL13 0.015(1) 0.064(4) 51 37 88 6.1

2 N1, number of aluminum vacancies per unit cell in tetrahedral
position; N2, number of aluminum vacancies per unit cell in octa-
hedral position; N, total number of aluminum vacancies per unit
cell; Ny = Nt — 2.7 and is related to the hydroxyls in lattice.

Table 5. Aluminum Atom Occupancy and Vacancy
Concentrations of y-Al,O3 in the Samples Calcined 600 °C

aluminum occupancy aluminum vacancy?

samples tetrahedral octahedral N; N2 Nt N¢
MGAL31  0.029(1) 0.055(2) 24 55 79 52
MGAL22 0.023(2) 0.069(5) 36 27 63 33
MGAL13  0.031(1) 0.060(3) 20 45 65 38

2 Ny, number of aluminum vacancies per unit cell in tetrahedral
position; N2, number of aluminum vacancies per unit cell in octa-
hedral position; N, total number of aluminum vacancies per unit
cell; Ny = Nt — 2.7 and is related to the hydroxyls in lattice.

Table 6. Aluminum Atom Occupancy and Vacancy
Concentrations of y-Al,O3 in the Samples Calcined 800 °C

aluminum occupancy aluminum vacancy?

samples tetrahedral octahedral N; N2 N+t N¢
MGAL22 0.030(2) 0.071(4) 22 24 46 1.9
MGAL13 0.033(2) 0.072(4) 1.7 22 39 12

2 N1, number of aluminum vacancies per unit cell in tetrahedral
position; N2, number of aluminum vacancies per unit cell in octa-
hedral position; N, total number of aluminum vacancies per unit
cell; Nt = Nt — 2.7 and is related to the hydroxyls in lattice.

Table 7. y-Al,03 Unit Cell Expansion When Samples
Were Calcined at 800 °C

lattice
atomic ratio parametera A=a— a;®
samples (Mg:Al) (nm) (nm) Ala (%)
MGAL31 31 0.8093(3) 0.01929 2.44
MGAL22 2:1.8 0.7979(3) 0.00787 0.99
MGAL13 1:2.8 0.7976(2) 0.00758 0.96

2 a; is the cell parameter of pure y-Al,O3z, 0.790 nm.
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Figure 10. X-ray diffraction patterns of samples, calcined at
800 °C, with different Mg:Al atomic ratios. The first (upper)
set of tick marks corresponds to periclase, the second set to
y-alumina, the third set to #-alumina, and the lowest set to
hydrotalcite.

(440) diffraction peaks of y-Al,0O3 increased as alumi-
num content increased. Their positions shifted to larger
diffraction angles, indicating that y-Al,O3; had magne-



312 Chem. Mater., Vol. 11, No. 2, 1999

sium in its crystalline structure. The y-Al,O3 lattice
parameter in MGAL31 samples was 0.8093(3) nm,
compared to 0.7900 nm for pure y-Al;03.

Since y-Al;03 has the spinel (MgAl,O,) structure, Mg
ions can occupy some of the tetrahedral sites in the
structure to diminish the original cation deficiency
(model 1; see Chart 1) and to stabilize the structure.

Chart 1. Model 1: Extra Magnesium lon Occupies
the Aluminum Defect (O) in the y-Al,O3 Structure,
Expanding the Unit Cell

v-AlLO; crystal

AP OF AP 07 AP AP OF AP 07 AP

- 0 0F AP O = o' Mg* O* AP O

- AP 0 AP AT 0* AP OF AP

Since the magnesium ionic radius (0.071 nm) is larger
than the aluminum ionic radius (0.067 nm), the incor-
poration of magnesium expanded the lattice.

The Mg:Al atomic ratio also affected the average
crystalline size of the different phases: when aluminum
content increased, the diffraction peaks became wider.

4.2. Mechanisms To Describe Oxygen Vacancies
Origin. Brucite and boehmite had oxygen vacancies in
their lattices. When samples were calcined above 600
°C, brucite completely transformed into periclase, and
boehmite into y-Al,O3; oxygen vacancies disappeared.
The generation of these vacancies, therefore, was closely
related to sample dehydroxylation and phase transfor-
mations.

When annealing temperature exceeded 400 °C, boeh-
mite decomposed into y-alumina. Hydroxyls left the
boehmite lattice, and oxygen atoms rearranged, chang-
ing their hexagonal arrangement into a cubic one to
generate y-alumina. Adjacent hydroxyl layers interacted
to produce water molecules, which were released through
the irregular tunnels, leaving an unstable structure
with oxygen vacancies. Since brucite has a lattice like
boehmite, oxygen vacancies were also created in its
structure during thermal treatment.

The lattice of the 6-Al,O3; produced when samples
were calcined at 800 °C also had oxygen vacancies. Zhou
and Snyder?° report that some of the oxygen sites in
this crystalline structure are not occupied. Hydroxyls
are retained in the lattice, even in the samples calcined
at 800 °C.62! During the thermal treatment, especially
at the highest calcining temperature, the retained OH
groups escape from their positions, producing water
molecules and oxygen vacancies (model 2; see Chart 2).

Chart 2. Model 2: Desorption of the Molecular
Water Produced by the Reaction between the
Hydroxyls in the MgO Lattice Creates Some
Oxygen Defects (®)

H0

-
0 Mg” 0F Mg” O 0" Mg" ® Mg OF
\
Mg O Mgv o Mgt = Mg OF Mgv o Mg%
02- Mglw OZ- Mg2+ 02- OZ- Mg2+ 02- Mg2+ OZ+

This mechanism differs from the one that explains the
origin of oxygen vacancies in boehmite and brucite.

Wang et al.

Table 8. Mg:O Atomic Ratio? of the Periclase in the
Samples Calcined at Different Temperatures

sample 400 °C 600 °C 800 °C
MGAL31 0.949(5) 0.966(4) 0.991(2)
MGAL22 0.949(8) 0.950(2) 0.959(5)
MGAL13 0.936(1) 0.973(6)

2 The ideal Mg:O atomic ratio of periclase is 1:1.

Summarizing, in sol—gel magnesium—alumina mixed
oxides, generation of oxygen vacancies was closely
related to the thermal treatment and transformation
of the crystalline structures. Generation of oxygen
vacancies was mainly determined by the reaction be-
tween retained hydroxyls in the lattice.

4.3. Mechanisms To Describe Cation Vacancies
Origin. y-Al,03 and MgO lattices had aluminum and
magnesium vacancies, respectively (Tables 3—6 and
Table 8). During the partial transformation of brucite
into periclase, some hydroxyls substituted for oxygen
ions. This produced an extra positive charge that was
compensated for with cation vacancies.1®

The generation of aluminum vacancies in y-Al,O3
depends on aluminum valence and the hydroxyls in the
lattice. y-Al,O3 has a spinel crystalline structure that
has AgB16Cs2 sites per unit cell available. A sites are
normally occupied by ions with valence 2+ and are at
the center of the tetrahedron formed by C sites, which
for oxides is occupied by oxygen ions. B sites are
normally occupied by ions with valence 3+ and are at
the center of the octahedra formed by C sites. In y-Al,03,
however, aluminum ions are all trivalent; therefore, to
keep charge balance, 2.7 of the total A + B sites per
unit cell must be empty.22-25

As discussed above, hydroxyls in the crystalline
structure of oxides produce unbalanced local charge; to
maintain the electrical neutrality, some cationic defects
must be yielded. For example, in y-Al;,O03, their FTIR
spectra show that even if samples are calcined at 800
°C, some absorption bands associated with hydroxyls
are observed.?° These hydroxyls in its structure produce
extra aluminum vacancies.

In periclase and y-Al,03, the concentration of cationic
vacancies decreased when the annealing temperature
increased (Tables 3—6 and Table 8). Cation occupancy
in crystalline solids is strongly affected by the cation
diffusion that is mainly determined by annealing tem-
perature. For example, in MGAL31 samples, the Mg:O
atomic ratio in periclase decreased from 0.949(5) to
0.966(4) and 0.991(2) when they were calcined at 400,
600, and 800 °C, respectively. In the y-Al,O3; of MGAL22
samples, the total number of aluminum vacancies
diminished from 11.0 at 400 °C to 6.3 at 600 °C and 4.6
at 800 °C. A similar behavior was observed in samples
MGAL31 and MGAL13.

5. Conclusions

In sol—gel magnesium—alumina mixed oxide cata-
lysts, the samples annealed below 400 °C had brucite
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and hydrotalcite; those with low magnesium content
additionally had boehmite. When they were calcined
above 400 °C, they contained periclase, y-Al,03, and
0-Al,03.

Magnesium was partially dissolved in y-Al,O3. It
substituted for aluminum, expanding the lattice.

Brucite, boehmite, and 6-Al,03 were oxygen deficient.
The generation of oxygen vacancies in 0-Al,O3 at 800
°C was related to the formation of molecular water
produced by the reaction between retained hydroxyls
in the lattice.

Periclase and y-Al,O3 had cation vacancies. In y-Al,Os,
aluminum vacancies appeared in both the octahedral
and tetrahedral positions; some of the vacancies were
caused by hydroxyls in its crystalline structure.

Chem. Mater., Vol. 11, No. 2, 1999 313

Cation diffusion determined cation-vacancy concen-
tration and distribution. In periclase and y-Al,Os3, this
concentration decreased when sample annealing tem-
perature was increased.
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