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Magnesium–iron mixed oxides with Mg/Fe molar ratios 1, 3,
and 6 were prepared from hydrotalcite-type precursors. Micro-
calorimetric adsorption of NH3 and CO2 showed that the surface
acidity and basicity of the mixed oxides after calcination at
673K are similar despite the different Mg/Fe ratios. Increasing
calcination temperature from 673 to 773K significantly de-
creased the surface area of the 3 Mg/Fe oxide, but the densities
of both the acid and base sites were not changed. Mössbauer
spectroscopy revealed that the reduction of the 3 Mg/Fe oxide
(Fe2O3 / MgO) in H2 at 673 K converted all Fe31 to Fe21. The
resulted FeO/ MgO exhibited the same acidity as that of the
Fe2O3/MgO, but the basicity of the FeO/MgO was greatly
enhanced. Reduction at 773K resulted in the formation of 76%%
Fe21 and 24%% Fe0 as detected by Mössbauer spectroscopy. The
Fe/FeO/MgO sample formed exhibited very low heat for the
adsorption of NH3 (40 kJ/mol) indicating that all iron atoms on
the surface are Fe0. However, a substantial basicity remained on
the surface of this sample that may account for its high olefin
selectivity compared with pure iron catalyst in the Fischer–
Tropsch synthesis. (( 1997 Academic Press

INTRODUCTION

A complete description of a solid acid or base requires the
determination of the nature as well as the strength and
number of sites on the surface (1). Infrared spectroscopy is
an effective technique used for identifying the nature of acid
and base sites when probe molecules such as ammonia and
carbon dioxide are adsorbed (2, 3). There are several
methods employed in the determination of strength and
number of acid/base sites (4). The technique of micro-
calorimetric adsorption of probe molecules has the advant-
age compared to the Hammet indicator and temperature-
programmed desorption in that it provides much more
accurately the values of strength and number of acid/base
sites on solids (5). The calorimetric technique measures the
hom correspondence should be addressed.
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strength of surface sites in terms of the bond strength
formed between the sites and probe molecules, which is
defined as the differential adsorption heat versus adsorbate
coverage. In recent years, the acid—base properties of unsup-
ported and supported single metal oxides have been studied
by the technique of microcalorimetric adsorption (6—12).
However, the similar study on mixed binary metal oxides
has been seldom reported. In this paper, we present some
new results obtained with the microcalorimetry on the sur-
face acid/base properties of Mg—Fe binary oxides.

The Mg—Fe mixed oxides were prepared from their cor-
responding hydrotalcite-type compounds. The studies of
hydrotalcite-like compounds (HTLC) used for precursors of
catalysts and catalyst supports have recently attracted much
attention (12—23). In a previous paper (24), we studied the
synthesis and structures of Mg—Fe HTLC with Mg/Fe mo-
lar ratios from 1 to 10. The Fe/FeO/MgO catalysts resulting
from the reduction of hydrotalcite precursors exhibited
much higher olefin selectivity in the Fischer—Tropsch syn-
thesis than the pure iron sample reduced from Fe

2
O

3
. The

high olefin selectivity might result from the basicity of MgO
in the catalysts. Thus, we focused our studies in this work on
the surface acid/base properties of Mg—Fe binary oxides
and the FeO/MgO and Fe/FeO/MgO catalysts obtained
from the Mg—Fe hydrotalcite precursors.

EXPERIMENTAL

The preparation of magnesium hydroxide, ferric hydrox-
ide, and Mg—Fe HTLC samples with Mg/Fe molar ratios 1,
3, and 6 was described in our previous paper (24). After
calcination at 673K, these precursors were converted into
corresponding oxides. The Mg—Fe Oxide samples were des-
ignated as nMg/Fe according to their molar ratios. The
3Mg/Fe sample was further treated to obtain the surfaces
with different properties. Specifically, the sample was cal-
cined at 773K to see the effect of surface area on the surface
acid—base properties. The sample was also reduced in H for
2
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FIG. 1. X-ray diffraction patterns of the Mg—Fe mixed oxides obtained
from Mg—Fe hydrotalcites. The samples and calcination temperatures are
(a) 3Mg/Fe (773K), (b) 1Mg/Fe (673K), (c) 3Mg/Fe (673K), (d) 6Mg/Fe
(673K).

74 TU, SHEN, AND CHEN
4h at 673 and 773K, respectively, to obtain different iron
phases. X-ray diffraction (XRD) was performed to deter-
mine the phases of the samples before and after calcination.
The apparatus employed is a Shimadzu XD-3A X-ray dif-
fractometer using an iron target with a graphite mono-
chromator. The wavelength was FeKa"0.19373nm. The
surface areas of the samples were measured by N

2
adsorp-

tion at 77K using the BET method. Mössbauer spectro-
scopy was used to monitor the iron species in the samples
treated at different conditions. In particular, the samples
were reduced in H

2
in an in situ cell which allows the

samples to be detected with Mössbauer spectroscopy with-
out exposure to air. All the spectra were collected at room
temperature by using a constant acceleration spectrometer
equipped with a 57Co/Pd source. The velocity scale of the
spectrometer was calibrated with the 57Fe Mössbauer res-
onance. Isomer shifts are reported relative to a-Fe. All iron
species are assumed to have the same recoilless fraction to
calculate the relative amount of different iron phases in the
samples according to their relative peak areas.

Microcalorimetric measurements of the adsorption of
ammonia and carbon dioxide were carried out by using a
Tian—Calvet heat-flow microcalorimeter (25). The appar-
atus was linked to a gas-handling and volumetric adsorp-
tion system equipped with a Baratron pressure sensor
(MKS) for precision pressure measurements. Heat-flow sig-
nals were detected by transducer assemblies manufactured
by ITI. The differential heat of adsorption versus adsorbate
coverage was determined by measuring the heats evolved
when doses of gas (1—2lmol per dose) were introduced
sequentially onto the sample until the final equilibrium
pressure reached 650Pa. Ammonia and carbon dioxide
(purity '99.9%) were purified by successive freeze—pump—
thaw cycles. Before microcalorimetric measurements, the
oxide samples were usually dried under vacuum at 573K for
1 h, calcined at 673K for 4 h, and finally evacuated at 673K
for 2 h. The reduction of the samples was performed in the
calorimeter in H

2
with the same conditions as for the Mös-

sbauer determination, followed by evacuation at 673 K for
2 h before microcalorimetric measurements. All the micro-
calorimetric measurements were performed at 423K.

RESULTS AND DISCUSSION

All the Mg—Fe samples prepared before calcination ex-
hibited the typical XRD patterns of the hydrotalcite struc-
ture as described in the previous paper (24). The XRD
patterns of the Mg—Fe samples after calcination are shown
in Fig. 1. The only phase detected for the samples of 3Mg/Fe
and 6Mg/Fe calcined at 673K or 773 K is MgO with the
main peaks at the d values of 1.49, 2.11, and 2.43 (26).
However, the 1Mg/Fe sample displays a peak with the
d value at 2.55 besides the diffraction pattern of MgO, which
may be attributed to the phase of spinel MgFe O (27). These
2 4
results demonstrate that the mixed oxide samples may
mainly possess a brucite-like structure with Fe3̀ randomly
distributed in the octahedral sites owing to the similar ionic
radii of about 0.065 nm for Fe3̀ and Mg2̀ cations. The
3Mg/Fe sample exhibited more intensive diffraction lines
when it was calcined at 773K than when it was calcined at
673K, indicating the greater crystallite size of the sample
calcined at the higher temperature.

The BET areas of the samples are given in Table 1. The
Mg—Fe mixed oxides exhibited similar large specific surface
areas, around 200m2/g, after calcination at 673K. When the
3Mg/Fe sample was calcined at 773 K, the surface area
decreased to 116m2/g, corresponding to the increase of the
sample in crystallite size as indicated by the XRD results
above. The surface areas decreased to 39 and 21m2/g after
the 3Mg/Fe sample was reduced at 673 and 773K, respec-
tively.

In Fig. 2 are shown plots of the differential heat of
ammonia adsorption as a function of adsorbate coverage on
the oxide samples calcined at 673K. Fe

2
O

3
displays the

strongest acidity in terms of both initial heat and coverage
for the adsorption of ammonia: the initial heat is about
115kJ/mol and the saturation coverage is about
3.5lmol/m2. In addition, the heat versus coverage curve
displays a plateau with the adsorption heat between 100 and
120kJ/mol. In contrast, the MgO sample only presents very
few and weak acid sites: the initial differential heat of ammo-
nia adsorption is around 55kJ/mol and the coverage is
negligible. The mixed Mg—Fe oxides exhibited intermediate
acidity compared to the Fe

2
O

3
and MgO in terms of the

strength and saturation coverage for the adsorption of am-
monia. It is interesting to note that the 3Mg/Fe and 6Mg/Fe
samples displayed exactly the same adsorption heat versus
coverage curves: the initial heat is about 100 kJ/mol and the
saturation coverage of ammonia is about 1.2lmol/m2. This



TABLE 1
The BET Areas and Mössbauer Results for the Mg–Fe Mixed

Oxide Samples as Well as for the Reference Oxides MgO and
Fe

2
O

3

BET surface Mössbauer iron
Sample Treatment area (m2/g) phase assignments

MgO 673K calcination 262 —
Fe

2
O

3
673K calcination 37 —

1Mg/Fea 673K calcination 200 —
3Mg/Fea 673K calcination 218 100% Fe3`

773K calcination 116 —
673K reduction 39 100% Fe2`
773K reduction 21 76% Fe2`, 24% Fe0

6Mg/Fe a 673K calcination 203 —

a The Mg—Fe samples are designated as nMg/Fe according to their molar
ratios.

FIG. 3. Differential heat versus carbon dioxide coverage at 423K on
MgO (m), 6Mg/Fe (K), 3Mg/Fe (r), 1Mg/Fe (L), and Fe

2
O

3
(f ) calcined

at 673K.
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indicates that the two samples might possess the same sur-
face structure. The 1Mg/Fe samples showed a little higher
adsorption heat in the entire ammonia coverage than the
3Mg/Fe and 6Mg/Fe samples, which may be caused by the
formation of the spinel phase in the 1Mg/Fe sample.

Figure 3 presents the curves of the differential heat of
carbon dioxide adsorption as a function of the coverage on
the oxide samples. MgO displays the strongest basicity with
initial heat of about 160kJ/mol and saturation coverage of
about 0.8lmol/m2 for the adsorption of carbon dioxide.
The plots of the differential heat for the three mixed Mg—Fe
oxides showed the similar trend: the differential heat de-
creased from 130 to about 50 kJ/mol with the increase of
carbon dioxide coverage to about 0.5lmol/m2. Fe

2
O

3
ex-

hibited the lowest initial heat for the adsorption of carbon
dioxide. However, the sample had the largest amount of the
base sites. The saturation coverage of carbon dioxide on this
sample was as high as 1.2lmol/m2, even higher than that on
FIG. 2. Differential heat versus ammonia coverage at 423K on MgO
(m), 6Mg/Fe (K), 3Mg/Fe (r), 1Mg/Fe (L), and Fe

2
O

3
(f) calcined at

673K.
MgO. This may reflect the fact that the unsaturated oxygen
anions, which are the Lewis base sites that adsorb carbon
dioxide, may be denser on Fe

2
O

3
than the MgO. In contrast

to ammonia adsorption, for which both the initial heats and
saturation coverage on the Mg—Fe samples were in between
those on Fe

2
O

3
and MgO, the saturation coverage of car-

bon dioxide on the Mg—Fe mixed oxides was lower than
that on the Fe

2
O

3
and MgO samples, although the initial

heats for the adsorption of carbon dioxide on these samples
were between those on Fe

2
O

3
and MgO. The similarity of

the bulk structure of the Mg—Fe samples to that of MgO, as
evidenced by the XRD results, may explain the lower cover-
age for carbon dioxide adsorption on the Mg—Fe samples
than on MgO. On the other hand, the incorporation of Fe3̀
in the structure of MgO in the Mg—Fe samples may result in
decreased basicity of these samples compared to MgO.

A better view of the acid—base site energy distributions is
shown in the following two histograms. These histograms
were plotted by fitting the curves of differential heat versus
coverage by polynomials and then using the fitted poly-
nomials to determine the number of adsorbates that interact
with the differential heat within a given range of coverage.

Figure 4 shows the strength distributions of the acid sites
of the oxide samples calcined at 673 K. The acidic sites on
Fe

2
O

3
for the adsorption of ammonia are mainly distrib-

uted in the range from 60 to 120kJ/mol. The most popu-
lated sites on Fe

2
O

3
have a strength of about 110 kJ/mol.

MgO possesses very few sites with differential heat for
ammonia adsorption lower than 60 kJ/mol. In contrast, the
population of Mg—Fe samples mostly have acid sites at the
strength with differential heat around 90 kJ/mol.

Figure 5 represents the basic site energy distributions of
oxide samples calcined at 673K. Fe

2
O

3
possesses base sites

with heats from 50 to 120 kJ/mol, in which a great part
(about 0.33lmol/m2) are around 105 kJ/mol, correspond-
ing to the plateau of CO adsorption sites shown in Fig. 3.
2



FIG. 4. Histograms of the distribution of interaction strengths for
ammonia adsorption on the oxide samples calcined at 673K.

FIG. 5. Histograms of the distribution of interaction strengths for
carbon dioxide adsorption on the oxide samples calcined at 673K.
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The MgO is the only sample studied in this work that
possesses base sites stronger than 150 kJ/mol. However, the
most populated base sites on MgO are around 120 kJ/mol.
Finally, the histograms in Fig. 5 show that mixed oxide
samples exhibit a similar homogeneous distribution for base
sites in the range between 140 to 50 kJ/mol.

Next, we consider the effect of calcination temperature on
the surface acid—base properties of Mg—Fe mixed oxides.
The 3Mg/Fe sample is used as an example. In Fig. 6 are
shown the results of microcalorimetric adsorption of ammo-
nia and carbon dioxide on the 3Mg/Fe sample calcined at
673 and 773 K. It is seen that in each case, the sample has
more acid sites than base sites, but the acid sites are much
weaker than the base sites in terms of the initial adsorption
heats. However, Fig. 6a shows that the sample calcined at
673K has more and stronger sites for both acid and base
sites than the sample calcined at the higher temperature.
This is seen from the conventional view point because the
coverage in Fig. 6a is expressed in the unit lmol/g. When
the coverage is divided by the surface area, we see the
interesting results shown in Fig. 6b: both the acid and base
sites have the same strength distribution for samples cal-
cined at different temperatures. These results demonstrate
that the concentration of either acid or base sites on the
surface, as well as the surface structure, may be the same for
samples calcined at different temperatures. The only differ-
ence is the decrease of the surface area when the sample is
calcined at the higher temperature, which causes the de-
crease of total acid and base sites per gram of the sample.
Apparently, the two units used for adsorption coverage
sometimes cause confusion about the strengths of solid
acids and bases. We therefore suggest that these two cases
be differentiated by defining the term specific strength distri-
bution for solid acid and base sites when the coverage is
expressed in number of sites per square meter. Finally, we
should point out that the comparison between the strength
distribution and the specific strength distribution for samples
with the same composition may provide useful information
about the variation of the surface structures.

The effect of reduction treatment on the surface proper-
ties was also investigated by first monitoring the iron
phase variations in the 3Mg/Fe sample using Mössbauer



FIG. 6. Microcalorimetric adsorption of NH
3

and CO
2

at 423K on the 3Mg/Fe sample calcined at 673 and 773K as indicated in the legends.
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spectroscopy. The sample after calcination at 673K dis-
played a doublet with isomer shift 0.28mm/s and quadruple
splitting of 0.67mm/s, characteristic of Fe3` (Fig. 7a). This
indicates that Fe3` cations were highly dispersed in the
lattice of MgO, consistent with the XRD results discussed
above. Upon reduction in H

2
at 673K, the sample gave

a spectrum exhibiting another doublet with isomer shift
1.01mm/s and quadruple splitting of 0.85mm/s character-
FIG. 7. Mössbauer spectra of the 3Mg/Fe sample calcined at 673K (a)
and reduced in H

2
at 673K (b) and 773K (c), respectively.
istic of Fe2`, as shown in Fig. 7b. Further reduction at
773K resulted in the formation of metallic iron in the
sample as evidenced by the appearance of a magnetically
splitting sextuplet with the hyperfine field of 330 kOe. The
773K reduced sample contained about 76% Fe2` and 24%
Fe0, according to their relative spectral areas in the Mös-
sbauer spectrum in Fig. 7c. These Mössbauer results are
also summarized in Table 1. For the sake of convenience in
the following discussions, we define the 3Mg/Fe sample as
Fe

2
O

3
/MgO, FeO/MgO, and Fe/FeO/MgO as calcined at

673K, and reduced at 673 and 773K, respectively.
The plots for the differential heats of ammonia adsorption

on the 3Mg/Fe sample reduced at different temperatures are
shown in Fig. 8. The result for the sample calcined a 673K
is also shown for comparison. It is noteworthy that the
Fe

2
O

3
/MgO and FeO/MgO samples display the same

trend for differential heat until the coverage reaches about
1.2 lmol/m2. This implies that the two samples may have
FIG. 8. Differential heat versus coverage for the adsorption of ammo-
nia at 423K on the 3Mg/Fe sample calcined at 673K (r) (Fe

2
O

3
/MgO),

reduced at 673K (@) (FeO/MgO), and reduced at 773K (n)
(Fe/FeO/MgO).
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the same Sanderson electronegativity on the surface (5, 28).
Furthermore, the reduction at 673K causes an increase in
the ammonia coverage, indicating that the reduction might
have caused an enrichment of iron cations on the surface.
The further reduction at 773K results in a sharp decrease in
differential heat for the adsorption of ammonia. Mössbauer
spectroscopy has shown that this sample contained about
24% metallic iron. We suggest that the sites of iron cations
on the surface of the Fe/FeO/MgO sample might have been
covered by the metallic iron formed upon reduction, which
would totally change the surface structure of the sample.

Since the surface electronegativities of the Fe
2
O

3
/MgO

and FeO/MgO samples are equal, we can estimate the
degree to the iron cations are enriched on the surface after
the reduction at 673K. The Sanderson electronegativities of
FeO, Fe

2
O

3
, and MgO are 2.26, 2.46, and 2.22, respectively

(29). Suppose the surface composition for the two samples is
FeO · xMgO and FeO

1.5
· yMgO, respectively. With the

supposition of equal electronegativities we have the equa-
tion (29):

(2.26]2.22x)1@(1`x)"(2.46]2.22y)1@(1`y)

When x is equal to 1, y is found to be 10. This calculation
suggests that iron cations on the surface of FeO/MgO are
greatly enriched compared with those on the Fe

2
O

3
/MgO

sample. This enrichment may result from the migration of
iron cations from the bulk to the surface upon reduction
because reduction should always begin at the surface.

Figure 9 shows the microcalorimetric results for the ad-
sorption of carbon dioxide on the Fe

2
O

3
/MgO, FeO/MgO,

and Fe/FeO/MgO samples. It demonstrates that the re-
duction at 673K significantly enhanced the adsorption for
carbon dioxide. This may be because FeO is less electro-
FIG. 9. Differential heat versus coverage for the adsorption of dioxide
at 423K on the 3Mg/Fe sample calcined at 673K (r) (Fe

2
O

3
/MgO),

reduced at 673K (@) (FeO/MgO), and reduced at 773K (n)
(Fe/FeO/MgO).
negative than Fe
2
O

3
. In contrast to the case for the adsorp-

tion of ammonia, the Fe/FeO/MgO sample formed after
reduction at 773 K adsorbed a great amount of carbon
dioxide compared to the Fe

2
O

3
/MgO and FeO/MgO sam-

ples. This indicates that the metallic iron did not cover the
oxygen anions; instead, the reduction at 773K produced
more oxygen anions on the surface for the adsorption of
carbon dioxide. This may explain why this sample exhibited
much higher olefin selectivity than the pure iron sample in
the Fischer—Tropsch reaction (24).

CONCLUSIONS

Microcalorimetric measurements of NH
3

and CO
2

ad-
sorption showed that the mixed oxides with Mg/Fe ratios
from 1 to 6 exhibited similar surface acidity and basicity.
The density and strength of the acid sites on the mixed
oxides are significantly lower than those on Fe

2
O

3
but

much higher than on MgO. In contrast, the initial heat of
CO

2
adsorption for the mixed oxides is higher than for

Fe
2
O

3
but lower than for MgO. Fe

2
O

3
possesses the dense-

st acid and base sites in the oxides studied, revealing that the
oxide may have more unsaturated iron cations and oxygen
anions on the surface. XRD results showed that the mixed
oxides exhibited a bulk structure similar to that of MgO,
which may account for the lower CO

2
coverage on the

mixed oxides than on Fe
2
O

3
or MgO. Increasing calcina-

tion temperature from 673 to 773K significantly decreased
the surface area of the 3Mg/Fe oxide, but the densities of
both acid and base sites, as well as the strength distribu-
tions, were not changed, indicating that the surface structure
of the sample did not change upon calcination at the higher
temperature. In such a case, microcalorimetric adsorption
may become a structure-sensitive technique that can be used
to probe surface variations when a sample is treated under
different conditions. The 3Mg/Fe (Fe

2
O

3
/MgO) sample

was reduced to FeO/MgO and Fe/FeO/MgO (24% Fe0)
when treated in H

2
at 673 and 773K, respectively. Micro-

calorimetric adsorption of NH
3

and CO
2

revealed the en-
richment of iron on the surface upon reduction, which may
explain the fact that the FeO/MgO sample exhibited similar
acidity to but higher basicity than the Fe

2
O

3
/MgO sample.

The reduction of iron to Fe0 on the surface greatly de-
creased the NH

3
adsorption heat while it considerably en-

hanced the surface base density.
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