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We have prepared MgQ by the sol—gel technique using different
hydrolysis catalysts that control the size of the particle and its
evolution with temperature. The phases in the sample were identi-
fied by X-ray diffraction. The evolution in the temperature range
between 150 and 900°C of the MgO crystalline structure was stud-
ied by Rietveld refinement technique. As a profile for the diffrac-
tion peaks we used a modified pseudo-Voigt function with the
average particle size as one of its fitting parameters. This allowed
us to follow the evolution of particle size with temperature for the
different hydrolysis catalysts. From the Mg deficiency in the MgO
lattice we find Mg:0O molar ratios between 3.56(2):4.00 and
3.85(3):4.00 depending on the average particle size. & 1995 Aca-
demic Press, Inc,

1. INTRODUCTION

The need for new materials with specific physical and
chemical properties, controlled by the initial reaction
conditions, has prompted many research groups to de-
velop new preparation techniques. They have developed
some techniques which are, nowadays, an alternative to
the traditional ones (1-5), as for example the sol-gel
technique. This technique involves a colloidal solution
which transforms into a gel, producing high purity and
chemically homogeneous malerials which makes them
very attractive from an industrial point of view, espe-
cially in biclogy, the membrane industry, optical fibers,
and catalysis.

Magnesium oxide (MgQ} is found in nature in its peri-
clase form (the only crystalline form of magnesium ox-
ide). Periclase can be synthesized by calcination of a
large variety of salts, and by dehydration of brucite
(Mg(OH).) (6).

! To whom correspondence should be addressed.
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Due to its low specific area, magnesium oxide has sel-
dom been used as a support in metal catalysts. This situa-
tion has been changed by preparing MgO by the sol-gel
technique which produces powders with larger specific
areas. Hydration of the powder and a heat treatment at
673 K produces even higher specific areas (7). MgO is
also of interest because it has the capability of stabilizing
metals in unusual oxidation states, and avoids sintering
and evaporation of the metal atoms (8, 9). There are
many examples where metal reactivity is affected when
MgO is used as the support (10-12), one of which is the
hydrogenation reaction of CO, In this reaction the cata-
lyst has a higher selectivity than when it is prepared with
a Si(); support. Logan and Datye (13} have proposed four
different causes that couid help in understanding the pe-
culiar behavior of the MgO as compared to other oxides.
These causes are: (i) changes in morphology and struc-
ture of the surface, (ii) changes in particle size, (iii) differ-
ent ways of surface dehydroxylation, and (iv) a large
electron mobility as well as the presence of defects (14,
15). Holt et al. (7) have studied the effect of chlorine on
MgO morphology. They propose that Cl- ions in peri-
clase and brucite affect the specific area and the crystal-
linity of the system. Leofanti et al. (16) correlate the
dehydroxylation in brucite with temperature, and ob-
serve changes in the lattice parameter through the effect
of chlorine in the system.

In the present work we report the preparation of MgO
by the sol-gel process, starting with a metal alkoxide
(magnesium ethoxide). Particle size and surface hydrox-
ylation are controlled from the beginning of the reaction
by adding acid or basic hydrolysis catalysts (pH 3 to 9)
(17).

We have made a detailed study of the crystalline struc-
ture of the MgO system prepared with different hydroly-
sis catalysts: pH 3 (HCl), pH 5 (C;H,0,), pH 5 (C;H,04),
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pH 7 (H:0), and pH 9 (NH;OH). The study was per-
formed with X-ray powder diffraction together with re-
finement of the crystalline structure by the Rietveld tech-
nique. From the refinement it has also been possible to
obtain information about the average particle size for
each system and temperature.

2. EXPERIMENTAL

2.1. Sample Preparation

Figure 1 shows a diagram that describes the method
used to prepare the samples for each one of the hydroly-
sis catalysts (17). The samples for each system were
heated in air for 12 hr at temperatures of 150, 300, 600,
and 900°C.

2.2. X-Ray Diffraction Characterization

Powder diffraction data were obtained at room temper-
ature with a Siemens D-5000 diffractometer, with CuKa
radiation and a graphite diffracted beam monochromator.
Each XRD specimen was prepared by packing the sam-
ple powder in a glass sample holder. The intensity was
determined by step scanning in the 2¢ range between 35°
and 130°, with a 28 step size of 0.02° and a measuring time
of 1.5 sec per point. Atomic scattering factors for neutral
atoms from the ‘‘International Tables for X-ray Crystal-
lography’’ (18} were used. Rietveld analysis was done
with the DBWS-9006PC program (19). As a profile we
have used a pseudo-Voigt function modified by Thomp-
son et gi. (20), allowing one to use average particle size
and microstrain as two of the profile-breadth fitting pa-
rameters (21). In the range of particle sizes obtained in
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FIG. 1. Diagram describing the sample preparation.
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FIG. 2. X-ray diffraction patterns of the sample prepared at pH 3

with HCY as the hydrolysis catalyst. They were obtained after annealing
the sample for 12 hrin air at 150, 300, 600, and 900°C. For T = 900°C,
the results of the Rietveld refinement are also included, Ry = 0.0F1.

the present work, it is found that the particle size is iso-
tropic. X-ray diffraction patterns were well fitted assum-
ing Fm3m as the space group.

3. RESULTS AND DISCUSSION

We have used HCI as the hydrolysis catalyst to prepare
the samples at low pH values. Figure 2 shows the X-ray
diffraction patterns for pH 3 after heating the samples at
temperatures of 150, 300, 600, and 900°C. Afier heating
the sample at 150°C the predominant phase is amor-
phous. While the sample is heated at 300°C the amor-
phous phase is transformed into crystalline MgCIOH
(magnesium chloride hydroxide). No MgO is formed at
this temperature. HCI, the hydrolysis catalyst, causes
chlorine ions to be incorporated into the lattice. When
the sample is heated at 600°C the only phase observed is
MgOQ (periclase) with an average particlg size of 1518(25)
A and a lattice parameter of 4.21032(2) A. Standard devi-
ations, indicating the variation of the last figures of the
corresponding number, are given in parentheses. From
the Rietveld refinement we find a Mg: O molar ratio of
3.82(2}: 4.00 which corresponds to a deficiency of nearly
5% in the occupation of the Mg cation sites. Mg cation
deficiency is characteristic of MgO as has been shown by
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TABLE 1
Parameters Obtained from the Rietveld Refinement of the MgO
Crystalline Structure as a Function of Temperature for the
Different Hydrolysis Catalysts

Average Lattice
Hydrolysis T particle size  parameter Mg
catalyst pH (°C) (A) A occupancy
HCI 3 600 1518(25) 4.21032(2) 3.79(2)
HCI 3 900 1555(26) 4.21022(2) 3.78(2)
C,H,0, 5 600 160(3) 4.2161(2) 3.56(2)
C,H,04 § 900 430(7) 4.2119(6) 3.6%(1)
CH.O, 5 150 331(5) 4.21704(6) 3.68(1)
C;H.0, 5 300 332(7) 4.21663(7) 3.69(1)
C;H,0, 5 600 396(8) 4.21149(5) 3.75(1)
C;H,O, 5 900 634(10) 4.21058(4) 3.79(1)
H,O 7 150 186(4) 4.2179(1) 3.59(2)
H,O 7 300 198(4) 4.2170(1) 3.64(2)
H,O 7 600 348(6; 4.2121(1) 3.75(2)
H,0 7 900 77615} 4.21064(4) 3.7KD
NH,OH 600 644(15) 4.2117H9) 3.82(2)
NH,OH 9 900 874(28) 4.21014(8) 3.85(3)

Note. Standard deviations are also obtained from the refinement. The
ideal Mg occupancy is 4.00.

Derouane et al. (22) who report the formation of molecu-
lar hydrogen within a cation vacancy neighbored by two
residual OH~ groups. They propose the arrangement
[Mg-O --- H-H - - - O-Mg]**. This is important in order
to understand the formation of V-type centers by thermal
treatment. Table 1 gives the corresponding values for all
samples and temperatures. Heating the sample at 900°C
does not produce any significant change in the average
particle size and crystalline structure parameters.

It is important to remark that when the gelation pro-
cess is carried out at an acid pH, the hydrolysis reaction
is enhanced while the polymerization reaction is de-
creased (23), producing solid particles that have the ten-
dency toward ramification. Mg(OH), with a cubic struc-
ture is obtained as an intermediate compound and
polymerizes in all directions according to the equation

HCI A
Hydrolysis: Mg(OCH,CH,); + H,0 — Mg(OH); — MgO (ramified).

Two different hydrolysis catalysts were used for pre-
paring the samples at pH 5, acetic acid (C;H,0,) and
oxalic acid (C;H,0,). We have found that the evolution of
the crystalline structure with temperature depends on the
type of hydrolysis catalyst that is used. Therefore, we
will separately describe each one.
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Figure 3 shows the X-ray diffraction patterns obtained
by preparing the sample with oxalic acid as the hydroly-
sis catalyst. When the sample is heated at 150°C it con-
tains C;MgQ, *+ 2H,0 (Glushinskite) as the only phase
which is crystalline with an average particle size smaller
than 200 A. This is because oxalate ligand is strong
(monodentate and bidentate) and easily bonds to the lat-
tice. We have not intended to refine this crystalline struc-
ture because this is outside of the scope of the present
work. Due to the weak ligands, the Glushinskite is trans-
formed into Mg(OH); (brucite) and MgO, by heating the
sample at 300°C, with brucite as the majority crystalline
phase, the peak breadth indicates that the crystalline
phase has a small average particle size. When the sample
is heated at 600°C it is totally transformed and only the
MgO crystalline phase is observed. From the Rietveld
refinement we obtain a lattice parameter of 4.21361(2) A
for this phase, an average particle size of 160(3) A, and a
Mg deficiency in the lattice of 11.0(5)%, which is the
highest Mg deficiency observed in our study. When the
sample is heated at 900°C the particle size increases to
430(7) A and the Mg deficiency in the lattice decreases to
7.8(3)% (Table 1). If one is interested in synthesizing
small MgO particles at high temperature, oxalic acid will
be an adequate hydrolysis catalyst.
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FIG. 3. X-ray diffraction patterns of the sample prepared at pH 5

with C;H,0, as the hydrolysis catalyst. They were obtained after an-
nealing the sample for 12 hr in air at 150, 300, 600, and 900°C. For T' =
900°C, the results of the Rietveld refinement are also included, Ry =
0.012.
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FIG. 4. X-ray diffraction patterns of the sample prepared at pH 5
with C,H,0; as the hydrolysis catalyst. They were obtained after an-
nealing the sample for 12 hr in air at 150, 300, 600, and 900°C. For T =
900°C, the results of the Rietveld refinement are also included, Ry =
0.011.

Figure 4 shows the results obtained when acetic acid is
used as the hydrolysis catalyst. When the sample is
heated at 150°C the composition is of crystalline MgOQ
with an average particle size of 331(5) A, a lattice param-
eter of 4.21704(6), and a Mg deficiency in the lattice of
8.0(3)%. In this case C;MgQ, - 2H,0 (Glushinskite) is not
formed because acetate ligand is very weak and it does
not bond to the brucite lattice. When the sample is heated
al higher temperatures the particle size increases; it is
about two times larger at 900°C, while the lattice parame-
ter and the Mg deficiency decrease. Table I gives details
about this variation with temperature.

When the sample is prepared at pH 7 and heated at
150°C, the resulting phase is crystalline MgO with an
average particle size of 198(4) A and a lattice parameter
of 4.2170(1) A. Figure 5 gives the X-ray diffraction pat-
terns taken after annealing the sample at different tem-
peratures. We observe that the only effect of temperature
is to change the average particle size, which has a value
of 776(15) A when the sample is heated at 900°C.

To prepare the sample at pH 9, NH;OH was used as
the hydrolysis catalyst (Fig. 6). After heating the sample
at 150°C, an amorphous phase is observed with a small
amount of crystalline Mg(NO,), - H:O (nitromagnesite)
due to the presence of NH; in the gelation reaction; this
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FIG. 5. X-ray diffraction patterns of the sample prepared at pH 7
with H;O as the hydrolysis catalyst. They were obtained after annealing
the sample for 12 hr in air at 150, 300, 600, and 900°C, For T = 900°C,
the results of the Rietveld refinement are also included, R = 0.014,
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FIG. 6. X-ray diffraction patterns of the sample prepared at pH 9
with NH,OH as the hydrolysis catalyst. They were obtained after an-
nealing the sample for 12 hr in air a1 150, 300, 600, and 900°C. For T =

900°C, the results of the Rietveld refinement are also included, Rg =
0.028.
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amorphous phase is stable even when the sample is
heated at 300°C. At this temperature the crystalline nitro-
magnesite is transformed into MgO, with a large average
particle size. When the sample is heated at 600°C the
crystalline MgO phase increases censiderably and co-
exists with the amorphous phase. The MgO phase has an
average particle size of 644(15) A, a lattice parameter of
4.21179(9) and a Mg : O molar ratio of 3.85(3): 4.00 which
corresponds to a Mg deficiency in the lattice of only
4.5(5)%, the smallest observed Mg deficiency. As the
temperature of the sample is increased to 900°C the aver-
age particle size increases to 874(28) A, but the amor-
phous phase is still present. At basic pH 9, the polymer-
ization rate increases and the hydrolysis is only partial,
therefore, the solids tend to be one-dimensional with a
large particle size (23). In the Rietveld refinement, the
amorphous phase is included as part of the background.

4. CONCLUSIONS

We have shown that the hydrolysis catalyst used in the
preparation of MgO by the sol-gel technique is responsi-
ble for the initial phases present in the sample. They
control the transformation of these phases into MgQO, and
determine the evolution of the MgO crystalline structural
properties and particle sizes with temperature, We have
shown the usefulness of the crystalline refinrement tech-
nique by the method of Rietveld to characterize the evo-
lution of the parameters involved in the crystalline struc-
ture of MgO prepared by the sol—gel technique, including
the average particle size. We propose that the parameter
reported in the present work will be very useful to those
research groups involved with the applications of MgO,
Ouwr results not only supply new data for the characteriza-
tion of the MgO system but they also generate many
questions related to the role of the different components
of the hydrolysis catalysts in the formation of the crystal-
line structure.
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