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Abstract We present the critical analysis of the utilization
of CO, adsorption calorimetry/volumetry and TPD-CO,
for the determination of the Mg—Al mixed oxide basicity.
The aim of work is the description and the evaluation of
both methods with respect to the fact when the same types
of CO, adsorption complexes are involved. Critical parts of
basic sites determination are originally discussed for both
methods. In TPD-CO,, the process of the purging of non-
specifically physisorbed CO; is stressed. In CO, adsorption
calorimetry, the differential heat of CO, distinguishing
CO, adsorption on weak basic sites and non-specific CO,
physisorption is stressed. Both methods are applied on
series of selected Mg/Al mixed oxides varying in Mg/Al
molar ratio and alkali co-cation. We show that the gener-
ally used TPD-CO, does not provide complete information
about basic sites since some weak sites form unstable CO,
species and these species could not be involved in TPD
experiments. All our TPD-CO, experiments reflect at
0-485 °C those CO, adsorbed in the range of the differ-
ential heat of CO, above 30-32 kJ mol ™.

Keywords Mg—Al mixed oxides - Basicity - CO,
adsorption calorimetry - TPD-CO,

B< Libor Capek
libor.capek @upce.cz

Department of Physical Chemistry, Faculty of Chemical
Technology, University of Pardubice, Studentskd 573,
532 10 Pardubice, Czech Republic

Introduction

Mg-Al mixed oxides represent attractive catalysts in many
base-catalysed organic reactions [1] such as transesterifi-
cation [2, 3], aldol and Knoevenagel condensation [4] and
transformation of glycerol to acetol and acrolein [5]. Mg—
Al mixed oxides are very often prepared by thermal
treatment of layered double hydroxide precursors, also
known as hydrotalcites. Mg—Al mixed oxides are formed
by the release of interlayer water molecules (dehydration),
followed by dehydroxylation of hydroxide layers and
decomposition of interlayer carbonate resulting in the
destruction of layered structure. Obtained Mg—Al mixed
oxides show well dispersed Mg and Al cations, strong
surface basicity, large surface area and a high quantity of
defects resulting from incorporation of AI*™ cations in the
MgO Ilattice [6]. Low cost of synthesis and high thermal
stability represent other advantages of layered double
hydroxide-related Mg—Al mixed oxide catalysts [7].

A lot of efforts have been focused on the analysis of
surface basicity of Mg—Al mixed oxide catalysts (the
strength of basic species, their concentration and accessi-
bility). Basic sites can be classified in Mg—Al mixed oxides
according to their different strength as weak, medium and
strong. Weak basic sites are attributed to OH™ groups on
the catalyst surface. Medium strength basic sites are related
to oxygen in both Mg*t—0”~ and AI**—OQ?" pairs. Strong
basic sites correspond to isolated 0%~ anions [8—11]. While
pure MgO possesses strong basic sites (0%7), Mg-Al
mixed oxides contain surface basic sites of low, medium
and strong basicity [6]. The presence of weak, medium and
strong basic sites has been discussed based on temperature
programmed desorption (TPD) of CO, [6, 12], measure-
ments of FTIR spectra after CO, adsorption [6, 13, 14],
adsorption calorimetry of CO, [14, 15] and '"H MAS NMR
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[16]. The total concentration of basic sites presented in
Mg-Al mixed oxides has been determined by Hammett
titration method [17-19], TPD of CO, [20-22], CO,
adsorption calorimetry [14, 23], testing reactions (e.g. self-
condensation and cross-aldol condensation of aldehydes
and ketones [24]). However, the reported basicity of
approximately the same Mg—Al mixed oxides determined
by different methods is very often different as it was dis-
cussed by Fraile et al. [25]. One reason is complex prop-
erties of Mg—Al mixed oxides depending on their
preparation procedures. The second reason originates from
the type of selected technique as well as from the set of
experimental conditions that is the point of this work.

The highest basicity has evidently been reported for
Mg-Al mixed oxides based on Hammett titration method
(e.g. 1.3-3.5 mmol g~' [17]), which is unequivocally
given by the fact that the soluble basicity is also involved
in this technique.

Total basicity of Mg—Al mixed oxides is mainly
obtained from TPD-CO,. The most important parameter
that could affect the obtained basicity is the temperature of
CO, adsorption and the set of experimental conditions used
to purge (remove) the so-called excess of CO,, i.e. non-
specific CO, physisorption (temperature, time and flow of
inert). Non-specific CO, physisorption represents the weak
interaction of CO, with Mg—Al mixed oxides, and it has to
be neglected when calculating the amount of basic sites.
Thus, it has to be purged from the surface of Mg—Al mixed
oxides before separate TPD-CO, measurement. Unfortu-
nately, this process could be associated with unwanted
desorption of some CO, from the weakest basic sites (such
case is leading to undervalue basicity). CO, adsorption and
the process of the purging the non-specifically physisorbed
CO; are generally done at the same temperature. The value
of used temperature is limited by TPD experimental set-up.
For example, there are used varied values of temperatures,
i.e. room temperature [21, 26], 30 °C [27], 50 °C [28, 29]
and 100 °C [30]. It could be expected that the temperature
as low as possible maximizes the amount of CO, remaining
to be adsorbed on the weakest basic sites.

In contrast, CO, adsorption calorimetry brings the
basicity based on the value of adsorption heat and involves
all basic sites. The most important parameter that could
affect the obtained basicity of Mg—Al mixed oxides is the
value of adsorption heat, to which the amount of basic sites
is calculated. In the literature, the amount of basic sites has
been calculated at various intervals of differential heats of
CO, adsorption, i.e. up to 70 kJ mol™"' (weak basic sites
70 < Quise < 120 kJ mol™ ") [31], 30 kJ mol ™' (weak basic
sites 30 < Qg < 90 kJ mol™ ") [15, 32] and 27 kJ mol " [33].

The aim of this study is to compare TPD of CO, and
CO, adsorption calorimetry with respect to the fact, when
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the same types of basic sites are involved in both tech-
niques. We discussed and compared the basicity obtained
from both techniques. We also draw the general results
useful for the determination of the amount of basic sites in
Mg-Al mixed oxides as well as in other materials using
CO, as a probe. As the basicity of Mg—Al mixed oxides
plays the critical role in its catalytic properties, the results
of this work could also be useful to wide range of appli-
cations of these materials. This work follows to our pre-
vious works dealing with the utilization of Mg—Al mixed
oxides in transesterification of rapeseed oil [34, 35].
Although the role of basicity on the catalytic behaviour of
Mg-Al mixed oxides was mentioned in these works, the
basicity was only determined based on TPD-CO, and the
aspects of the determination of basic sites with respect
to the results of CO, adsorption calorimetry was not
reported yet.

Experimental
Material synthesis

Mg-Al hydrotalcite-like precursors with Mg/Al ratio 2.5,
3.0 and 4.0 were synthesized by co-precipitation method
using NaOH/Na,CO5; or KOH/K,CO5 alkaline solution. A
detailed procedure was described in [34, 35]. The samples
were denoted by acronyms with used alkali (Na and K). All
Mg-Al hydrotalcite-like precursors were calcined at
450 °C for 4 h in air flow in order to obtain Mg—Al mixed
oxide materials. Mg—Al mixed oxides were denoted as
Mg-Al-Na-X or Mg—AIl-K-X. The value of X refers to
Mg/Al molar ratio determined by chemical analysis in the
obtained solid.

Material characterization

The chemical analyse was performed by using of XRF
analysis (recorded with X-ray fluorescence spectrometer
Philips PW1404). The structure of samples was determined
by the powder X-ray diffraction (XRD). Patterns were
recorded with Bruker AXS D8-Advance diffractometer
using Cu Ko radiation (4 = 0.154056 nm) with a sec-
ondary graphite monochromator. Specific surface areas
(SgeT) of Mg/Al mixed oxides were measured at the boil-
ing point of liquid nitrogen (—196 °C), and it was deter-
mined by the fitting of the experimental data to the BET
isotherm.

Temperature programmed desorption of carbon dioxide
(TPD-CO,) was carried out on Micromeritics AutoChem
2920 equipped with mass spectrometer (quadrupole anal-
yser MS OmniStar). 100 mg of sample (grain of
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0.25-0.5 mm) was placed in quartz reactor. Before TPD
experiments, the samples were calcined in helium flow
(25 mL min~") at 450 °C (heating rate of 10 °C min~")
for 2 h. Two types of conditions were used. Usually, the
samples were subsequently cooled down to 0 °C and sat-
urated with pure CO, (99.9 % purity, flow 25 mL min~",
30 min). The non-specifically physisorbed CO, was
removed by flushing with helium at the same temperature
as its adsorption was done (0 °C) for 30 min
(25 mL min~' He). The desorption of CO, was measured
by heating of the sample from O to 485 °C (heating rate of
10 °C min~ ") in the flow of helium (25 mL min™'). Sec-
ondly, varied experimental conditions were used when we
studied the role of experimental conditions to the type of
TPD profile. The following changes were done. (1) CO,
saturation was done with the gas containing different
concentration of CO,: pure CO, (99.9 % purity), 50 %
CO, in He or 10 % CO, in He. (2) CO, saturation was done
at 0, 25 or 34 °C. At the same temperature, non-specifically
physisorbed CO, was removed by flushing with helium (for
30 min, 25 mL min~' He) and the heating program started
(from 0 to 485 °C, heating rate of 10 °C min~Y). (3) The
heating of the sample was done up to 900 °C (from O to
900 °C, heating rate of 10 °C min_l). The desorbed
products were analysed by a mass spectrometer (the
molecular ion m/z = 44 was analysed). The total basicity
was estimated from the area of CO, peaks (the molecular
ion, m/z = 44) with help of calibration using a known
amount of CO, desorbed from the decomposition of
NaHCO; as standard in the flow of helium (25 mL min™}).

The calorimetric/volumetric experiments were carried
out using high-sensitive isothermal Tian—Calvet-type
microcalorimeter (BT 2.15, SETARAM) combined with a
homemade volumetric/manometric device equipped with
capacitance pressure gauges (Pfeiffer Vacuum) allowing
precise adsorbed amount determination [36]. 400 mg of
sample was outgassed by increasing temperature (heating
rate of 5 °C minfl) with simultaneous careful evacuation
up to residual pressure 10™* Pa at 450 °C. The adsorption
isotherms and heats of adsorption were measured at 34 °C
by step-by-step introduction of CO, (99.9993 purity) into
the measure and reference cells. Temperature of sample in
the cells inside the microcalorimeter was kept at 34 °C, and
the volumetric-manometric device was tempered at the
same temperature. Adsorptive was introduced from the
calibrated dose volume via a system of electrically oper-
ated vacuum valves. Once pressure in the dosing volume
was stabilized, the valve separating dosing volume from
sample cell was opened to allow the adsorptive to reach the
sample. Each dose was accompanied by exothermic effect
detected by the microcalorimeter. The system was equili-
brated at each dose for ca. 180 min—the establishment of
equilibrium was monitored by both the pressure and the

heat-flow stabilization. The integral area of the peak in heat
flow—time plot provided integral adsorption heat evolved at
each adsorptive dose. The dependence of differential
adsorption heat versus adsorbed amount was obtained by
numeric differentiation of the integral adsorption heat
dependence on adsorbed amount data. The calorimeter
response was calibrated to the melting heat of mercury
used as a standard.

Results and discussion

Structure and composition of Mg-Al hydrotalcites
and related Mg—Al mixed oxides

Based on our previous research, we selected Mg—Al
hydrotalcites and related Mg—Al mixed oxides varying in
Mg/Al content and alkali co-cation. Composition, structure
and textural properties have already been fully described
[34, 35]. For Mg-Al-Na-2.3, Mg-Al-Na-2.7 and Mg-Al-
Na-3.7 materials, we reported chemical analysis (mixed
oxides), XRD patterns (hydrotalcites and mixed oxides),
specific surface area (mixed oxides) and TG-DTA (hy-
drotalcites) results [34]. For Mg—Al-K-3.5 material, we
reported chemical analysis (mixed oxide), XRD patterns
(hydrotalcite and mixed oxide) and specific surface area
(mixed oxide) [35].

Mg-Al-Na-3.7 mixed oxide exhibited higher specific
surface area (189 m”* g~ ') than Mg—-Al-K-3.5 mixed oxide
(174 m* g~ ") [35] and that the specific surface area of the Mg—
Al-Na mixed oxides slightly increased (170-189 m* g™ ')
with increasing Mg/Al molar ratio [34].

Powder XRD patterns of all Mg—Al hydrotalcites showed
the diffraction lines at 20 = 11.0°,22.2°,34.2°,38.2°,45.1°,
59.9° and 61.1° (for more details see [34, 35]), which are
characteristic for hydrotalcite-like phases. No other crys-
talline phase was detected in these samples. Powder XRD
patterns of Mg—Al mixed oxides showed characteristic
diffraction lines observed at 20 = 43.0° and 62.5° (for more
details see [34, 35]). These diffraction lines can be ascribed
to MgO-like phase or rather magnesia—alumina solid solu-
tion [37, 38]. It indicates that the layered hydrotalcite
structures were successfully transferred to Mg—Al mixed
oxide materials during the thermal treatment [39, 40].

The TG-DTA peaks obtained from the thermal analysis
studies of Mg—Al hydrotalcites are presented elsewhere
[34]. In all cases, three peaks were observed, the loss of
interlayer water (125 °C), dehydration (200 °C) and the
loss of OH™ groups and decomposition of CO5”>~ in the
LDH structure (380—400 °C). The similar shape of the
curves of all the samples suggested their similar XRD
structures, and differences were only in the total mass loss.
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Basic sites in Mg—Al mixed oxides

The amount of basic sites was evaluated from the differ-
ential heat of CO, adsorption and the temperature pro-
grammed desorption of CO, (TPD-CO,). In general,
adsorption of CO, on Mg-Al mixed oxide leads to the
formation of bicarbonates formed on weakly basic OH
groups, bidentate carbonates formed on Mg—-O pairs and
unidentate carbonates formed on strongly basic surface
O*~ anions [9]. The elimination of weakly adsorbed water
(below 100 °C), interlayer water (100-200 °C) and dehy-
droxylation/decarbonation (310 °C) [41] can represent the
problem in the determination of the amount of basic sites.
Thus, the Mg—Al mixed oxides were online pre-treated
before TPD-CO, and CO, adsorption calorimetry in the
stream of helium at 450 °C. This operation guaranteed that
the basicity was determined for the materials with the same
properties. Temperature 450 °C is the same as it is gen-
erally used during the sample pre-treatment in such type of
experiments.

Temperature programmed desorption of CO»

Figure 1 shows TPD-CO, profiles of Mg—Al-K-3.5 mixed
oxide calcined at 450 °C in He with and without CO, pre-
adsorption step at 0 °C. If CO, was pre-adsorbed on Mg—
Al mixed oxide, desorption peaks were observed in the
range of 0-485 and 485-850 °C. On the other hand, if CO,
was not pre-adsorbed on Mg—Al mixed oxide, there was
only observed the desorption peak at 485-850 °C. The
desorption peak at 0—485 °C is generally attributed to CO,
desorbed from basic sites of Mg-Al mixed oxide
[10, 12, 20]. It is in agreement with the fact that only CO,
pre-adsorption step led to the formation of CO, desorption
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Fig. 1 TPD-CO, profiles on Mg—Al-K-3.5 mixed oxide measured

with and without pre-adsorption of CO,. Experimental set-up:
saturation of pure CO, at 0 °C
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peak in the temperature range of 0-485 °C. Above 485 °C,
a CO, desorption peak was observed in both TPD-CO,
profiles. Moreover, the intensity of the desorption peak was
the same and it corresponded to the amount of
127 pmol(CO,) g_l. Thus, the TPD peak located above
485 °C does not represent desorption of CO, from the basic
sites, but it is connected with CO, released from the
residual carbonate, which was not decomposed during
calcination of the hydrotalcite-like precursor [38, 42].

In detail, we focused on the role of (1) the concentration
of CO, used during the CO, saturation and (2) the tem-
perature at which proceeds the process of the purging non-
specifically physisorbed CO,. These experimental condi-
tions represent those at which mainly differ the measuring
of the basicity of Mg—Al mixed oxides among different
laboratories.

Figure 2 shows TPD-CO, profile of Mg-Al-Na-3.7
mixed oxide, when the CO, saturation was done with the
gas containing different concentration of CO,: pure CO,
(99.9 % purity), 50 % CO, in He or 10 % CO, in He. The
basicity of Mg—Al-Na—-3.7 mixed oxide was determined to
be 145 pmol g~ (10 % CO, in He), 148 pmol g~ (50 %
CO, in He) and 168 pmol g_1 (pure CO,). For pure CO,,
there was observed slightly more intensive desorption peak
with a maximum at 74 °C. Nevertheless, such differences
are only negligible. It could be partly explained by the
varied concentration of CO, used in its adsorption that
could result in different forced convection.

Figure 3 shows TPD-CO, profiles of Mg—Al-Na-2.3
mixed oxide when the non-specifically physisorbed CO,
was purged from the sample at 0, 25 and 34 °C (temper-
ature 34 °C was used to measure adsorption isotherms and
heats of adsorption). It was done due to the fact that various
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Fig. 2 TPD-CO, profiles on Mg—Al-Na-3.7 mixed oxide measured
with different process of CO, saturation varying in the used
concentration of CO,. Experimental set-up: saturation of pure CO,,
50 % CO, and 10 % CO, in He at 0 °C
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Fig. 3 TPD-CO, profiles on Mg-Al-Na-2.3 mixed oxide with
different CO, pre-adsorption (flushing) temperature. Experimental
set-up: saturation of 10 % CO, in He at 0, 25 and 34 °C

temperatures are used in the literature (see “Introduction”
section). It is clearly seen that the start of desorption peak
as well as its maximum was connected with the chosen
temperature. However, the amount of basic sites deter-
mined from the amount of desorbed CO, was approxi-
mately the same, i.e. 295 pmol g~ (0 °C), 278 umol g~
(25 °C) and 284 umol g71 (34 °C). No similar experiment
was reported at the literature. Unfortunately, we are not
able to bring the clear explanation of this phenomena.
Nevertheless, the dependence of the maximum of the first
desorption peak on the temperature used to purge the Mg—
Al sample from the non-specifically physisorbed CO,
could explain the discrepancy in the reported maximum of
the first desorption peak. In the literature, the maximum of
first desorption peak, originated from the desorption of
bicarbonates formed on weakly basic OH groups, has been
reported to be present in wide range of temperature from
75 °C [26] to ca 175 °C [30], depending on the fact at
which temperature CO, pre-adsorption step was done.
Thus, it could be supposed that the shift of the maximum of
desorption peak is connected with the different TPD set-up
(temperature, time and flow of inert) used to purge the non-
specifically physisorbed CO,.

Figure 4 shows the TPD-CO, profiles of Mg—Al-Na—
2.3, Mg—-Al-Na-2.7, Mg—-Al-Na-3.7 and Mg-Al-K-3.5
mixed oxides (non-specifically physisorbed CO, was
removed by flushing with 25 mL min~" of helium at 0 °C
for 30 min). Total amount of desorbed CO, detected in
TPD-CO, profiles of Mg—Al mixed oxides in the range of
0-485 °C is summarized in Table 1. The total amount of
desorbed CO, increased in order Mg—Al-K-3.5 < Mg-Al-
Na-3.7 < Mg—-Al-Na-2.7 < Mg—Al-Na-2.3. TPD profiles
of all studied Mg—Al mixed oxides exhibited dominant
desorption peak at 65-75 °C that could be attributed to the
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Fig. 4 TPD-CO, profiles on various Mg—Al mixed oxides. Experi-
mental set-up: saturation of pure CO, at 0 °C

Table 1 Basicity of Mg-Al mixed oxides obtained from CO,
adsorption calorimetry and TPD-CO,

Mg-Al mixed  Basicity (CO, adsorption Basicity
oxides calorimetry)/pmol g7l (TPD-CO,)¥/
- — pmol g~
>50-60 kJ mol >25 kJ mol

Mg-Al-Na-2.3 218-248 386 303
Mg-Al-Na-2.7 194-200 330 252
Mg-Al-Na-3.7 108-114 234 168
Mg-Al-K-3.5 90-96 190 165

4 ~30-32 kJ mol ™!

CO, desorption from weak basic sites [10, 12]. In any of
TPD profiles, strict separation of individual peaks above
140 °C reflecting the presence of medium (reported to be
characteristic by desorption peak at 140-170 °C [6, 12, 43]
or at 220 °C [10]) or strong (reported to be characteristic
by desorption peak at 270-317 °C [6, 43, 44], 400-450 °C
[10] or 550-600 °C [8]) basic sites was not observed.
There was observed only a shoulder of the most intensive
desorption peak at 75 °C up to 420 °C and a peak at
270 °C of low intensity that could be probably attributed to
the presence of CO, desorption from strong basic sites.
This suggests that a low amount of medium and strong
basic sites is present in the studied samples.

In the following, we checked the process of CO, purg-
ing, i.e. if the signal of CO, achieved a stable zero value.
Figure 5 shows the dependence of the amount of desorbed
CO,; on time during the process of the purging the non-
specifically physisorbed CO,, which was operated in the
flow of helium at temperature 0 °C for 30 min. It is clearly
evident that in all cases, CO, was purged up to 5 min. After
that marginal CO, amount was detected in the helium
going through the sample containing adsorbed CO,. Thus,
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Fig. 5 Dependence of the CO, signal on time during the process of
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up: saturation of pure CO, at 0 °C
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Fig. 6 Calorimetric curves of CO, adsorption on Mg—Al mixed
oxides at 34 °C (differential heat of CO, adsorption as a function of
gas uptake)

non-specifically physisorbed CO, was purged from the
sample before TPD-CO, experiment. On the other hand,
CO, weakly adsorbed on the basic sites could also be
involved in the purged amount of CO,. Such case could
lead to decrease in the amount of CO, desorbed during
TPD-CO,. Subsequently, it could lead to decrease in the
obtained value of the amount of basic sites obtained from
TPD-CO,.

CO, adsorption calorimetry

Figure 6 shows calorimetric curves of CO, adsorption on
all studied Mg—Al mixed oxides. Calorimetric curves are
presented as the differential heat of adsorption being a
function of sample coverage. Figure 7 shows correspond-
ing CO, adsorption isotherms at 34 °C.

Individual CO, adsorption steps revealed heterogeneity
of the basic sites in the presented Mg—Al mixed oxides. First
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Fig. 7 Adsorption isotherms of CO, on mixed Mg/Al oxides at
34 °C. Inset depicts whole measured curves, main plot depicts detail
on the 0-110 mbar pressure region

adsorption steps are characterized by heats in the range of
150-140 kJ mol~" and near zero CO, equilibrium pressure,
indicating strong CO, bounds [13, 45]. Next doses are
followed by gradual decrease in heats in the range of
14025 kJ mol ™. The region of adsorption heats reflecting
the presence of medium and weak basic sites is still matter
of discussion. Medium and weak basic sites have been
mostly reported to be characterised by adsorption heats in
the region of 140 (120)-90 kJ mol™' [14, 46] and
9025 kJ mol ™! [24, 47], respectively. Lower value of
adsorption heat is generally attributed to the non-specific
CO; physisorption [47, 48], and it could not be involved in
the calculation of the amount of basic sites (those CO, that
has to be purged from the sample before TPD-CO, exper-
iment). This adsorption heat was denoted by dot line in
Fig. 6 (with corresponding equilibrium pressure in Fig. 7).

The total amount of basic sites probed by CO, adsorp-
tion is thus given by the amount of CO, adsorbed until the
heat drops to the 25 kJ mol ' (Fig. 6) and pressure reaches
ca. 77 mbar (Fig. 7). The limit in the calculation of the
amount of basic sites is 25 kJ mol~'. This value can be
attributed to the physical adsorption, and it has to be
neglected when calculating the amount of basic sites
[47, 48]. Table 1 gives the amount of basic sites calculated
as the difference of the amount of CO, between the initial
adsorption heat and the energy of 25 kJ mol~'. The end of
the run is reflected by the energy of 17 kJ mol ™", being the
condensation heat of CO,, and equilibrium pressure
250-300 mbar.

Evaluation of the determination of the amount
of basic sites

In this work, the determined amount of basic sites for Mg—
Al mixed oxide varied between 165 and 303 pmol g~
depending on the Mg—Al mixed oxides properties (Table 1).
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The most of works dealing with Mg—Al mixed oxides
reports the basicity of Mg—Al mixed oxides between 100
and 500 pmol g7l [9, 12, 44]. There are only few works,
where the basicity of Mg—Al mixed oxides was reported
above 500 pmol g~' [49]. In contrast to Mg—Al mixed
oxides, higher basicity has been reported for Mg—Al
hydrotalcites, where the amount of basic sites has been
reported at around 1.5 and 2.5 mmol g~ depending to the
Mg/Al ratio [S0]. The varying basicity of samples with
similar chemical composition is sometimes reported [25]
which suggests different synthesis, sample pre-treatment
stages and/or analysis conditions. Even though there are
number of studies dealing with the basicity of Mg—Al mixed
oxides, the influence of individual parameters on basicity of
Mg—Al mixed oxides remains a matter of discussion repre-
senting motivation for our study.

Table 1 compares the amount of basic sites of Mg—Al—
Na-2.3, Mg-Al-Na-2.7, Mg—-Al-Na-3.7 and Mg—-Al-K-
3.5 mixed oxides determined by TPD-CO, and CO,
adsorption calorimetry. In all cases, higher basicity has been
reported by CO, adsorption calorimetry (>25 kJ mol™")
than for TPD-CO, (0-485 °C). This is in agreement with
the fact that some part of CO, weakly adsorbed on the basic
sites could be purged before TPD together with non-
specifically physisorbed CO,. From that point of view, the
amount of basic sites calculated as the difference of the
amount of CO, between the initial adsorption heat and the
energy of 25 kJ mol~" represents the highest amount of
basic sites that could be determined for Mg—Al mixed
oxides. Combining our experimental results, quantities
from TPD-CO, correspond for all tested samples to equi-
librium CO, pressure 30 mbar and heat of adsorption
30-32 kI mol~'. Although adsorption of CO, (CO,
adsorption calorimetry; 34 °C; Fig. 6) was done at different
temperature as CO, desorption (TPD-CO,; 0 °C; Fig. 4), it
has been clearly shown the same amount of basic sites was
determined by TPD-CO, at both 0 and 34 °C (Fig. 3). Thus,
it could be concluded that the TPD-CO, experiments reflect
at 0-485 °C those CO, adsorbed in the range of the dif-
ferential heat of CO, above 30-32 kJ mol ™.

Generally, it is hard to predict or check whether there is
purging (before TPD-CO,) only the non-specifically phy-
sisorbed CO, or whether there is also unwanted purging the
CO, weakly adsorbed on the basic sites. To unambiguously
distinguish the stability of CO, adsorption complexes, after
the first run and evacuation of the sample at 34 °C for 1 h
the second run of adsorption was realized. The starting
values of heat within the second run were just between 50
and 60 kJ mol™!, ie. CO, surface complexes with the
energy below the heat of adsorption 50-60 kJ mol~' were
weakly bound and represent unstable CO, species formed
only with the CO, equilibrium pressure. Such pressure is
approximately 5 mbar and higher, as denoted by dash line

in Fig. 7. Thus, CO, adsorption complexes with the heat of
adsorption below 50-60 kJ mol™' represent those com-
plexes that could be unwanted purged with the non-
specifically physisorbed CO, before TPD-CO, experiment
(depending on experimental conditions of purging: tem-
perature, time and flow of inert). From that point of view,
the amount of basic sites determined by CO, adsorption
calorimetry by using of value 50-60 kJ mol™' (unsta-
ble CO, physisorption) and 25 kJ mol™" (non-specific CO,
physisorption) represents the limiting values of the amount
of basic sites that could be generally determined by TPD-
CO, depending on experimental conditions of CO, purging
(temperature, time and flow of inert). Table 1 shows sig-
nificant differences in the amount of basic sites determined
by CO, adsorption calorimetry by using of values 50 and
25 kJ mol . Thus, when one compares the values of the
amount of basic sites obtained from TPD-CO, among the
different laboratories (using different experimental condi-
tions), this fact should be kept in mind. The values on the
basicity of Mg—Al mixed oxides reported in the literature
based on TPD-CO, can differ with varying sample satu-
ration/flushing.

Conclusions

We focused on the role of important experimental condi-
tions on TPD-CO, profiles. It was found that TPD peak
located above 485 °C does not represent desorption of CO,
from the basic sites, but it is connected with CO, released
from the residual carbonate, which was not decomposed
during calcination of the hydrotalcite-like precursor. We
detected approximately the same amount of CO, in Mg—Al
mixed oxide, when we used 10 % CO, in helium, 50 %
CO, in helium and pure CO, during CO, adsorption (145,
148 and 168 pmol g~ ', respectively). The amount of basic
sites was also not affected by the temperature (in the range
from 0 to 34 °C) used to CO, adsorption and purged the
non-specifically physisorbed CO,. However, the start of
desorption peak as well as its maximum was connected
with the chosen temperature.

The amount of basic sites in Mg—Al mixed oxides was
studied by TPD-CO, and CO, adsorption calorimetry.
Some systematic differences originated from the principle
of both methods have been stressed. It has been shown that
the amount of basic sites determined by CO, adsorption
calorimetry by using of value 50-60 kJ mol~' (“unsta-
ble CO, physisorption”) and 25 kJ mol™" (“non-specific
CO, physisorption”) represents the limiting values of the
amount of basic sites that could be generally determined by
TPD-CO,. The amount of basic sites calculated as the
difference of the amount of CO, between the initial
adsorption heat and the energy of 25 kJ mol~' represents

@ Springer



1928

L. Smolakova et al.

the highest amount of basic sites that could be determined
for Mg-Al mixed oxides. On the other hand, CO,
adsorption complexes with adsorption energy below
50-60 kJ mol~" generally represent those CO, that could
be unwanted loosed in TPD-CO,, depending on the con-
ditions of purging the non-specifically physisorbed CO;. In
our case, the total amount of basic sites determined by
TPD-CO, corresponded for all studied Mg—Al mixed oxi-
des to the value of adsorption energy 30-32 kJ mol ™" and
pressure 30 mbar. Thus, in all our case the TPD-CO,
experiments reflect at 0-485 °C those CO, adsorbed in the
range of the differential heat of CO, above
30-32 kJ mol~'. The overall number of basic sites was
higher for samples with lower Mg/Al ratios. Results
can be adopted for other oxides being sorbents and/or
catalytic supports.
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