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ABSTRACT

Three bulk oxides were studied to elucidate the dependence of the surface mechanism involved in the dehydration of isopropanol
to propylene. Niobium oxide (acid), magnesium oxide (basic) and alumina (amphoteric) were selected for this study due to their
distinct acid-base properties. The complementarity of infrared and microcalorimetry methods was used to accurately correlate
surface properties with catalytic activity. The latter were evidenced using a reactor inside a microcalorimeter linked to gas
chromatography and subsequent kinetic computations. Acid sites are essential for isopropanol to coordinatively adsorb and initiate
a surface reaction under catalytic conditions. A solely basic surface exhibits isopropanol physical adsorption under continuous
inert flow, with no surface reaction. The presence of both acidic and basic sites allows for easier dissociation of the alcohol. The
synergetic effect of acid-base pairs on isopropanol adsorption and conversion is confirmed by the study of amorphous silica-
alumina. Surface hydroxyls are also involved in the adsorption. The effective activation energy determined by advanced kinetic
computations suggests a first order mechanism on acidic surfaces. On the amphoteric solid, the results suggest the presence of
both second order and first-order elimination mechanism. The water produced during the reaction shown to alter the surface
properties and reaction pathway. These results highlight the important role of acid-base site strength, nature and distribution and
their synergetic effect on reaction mechanisms.

propylene production, which account for low carbon emissions
and improved energy efficiency [1, 6].

1 | Introduction

Propylene (PEN) is a key compound in the petrochemical indus-

try and a fundamental molecule in the production of plastics The dehydration of isopropanol (IPA) is a promising alterna-

and chemicals. The global demand for propylene exceeds 100
million tonnes annually, with a growth rate of 4%/year [1].
To meet this demand, global production capacity is expected
to reach 200 tonnes by 2030 [2]. Today, propylene is mainly
obtained as a co-product of hydrocarbon steam cracking or
catalytic cracking for ethylene production but this hydrocarbon
dependency does not allow to fully meet the growing demand [3-
6]. Furthermore, the decline in fossil resources and their negative
impact of their use on the environment call for clean processes for
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tive route for more sustainable and closed-loop processes for
propylene synthesis [7, 8]. Isopropanol production via acetone
hydrogenation is indeed very promising, as acetone is primarily
a co-product of phenol in the cumene oxidation process [9].
The market gap between these two chemicals has widened
considerably due to the shift from acetone to ethylene as a
feedstock for methyl methacrylate production [10-12]. Addition-
ally, the cumene process uses propylene as a starting reactant.
Hydrogenation of acetone into isopropanol, followed by the
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latter’s dehydration into propylene, enables carbon recycling.The
catalytic conversion of isopropanol is a well-known reaction
often used to evaluate the acid-base properties of the catalyst’s
surface at a laboratory scale. Acid sites trigger dehydration to
either propylene or diisopropyl ether, while basic sites contribute
to the dehydrogenation reaction to acetone [13-15]. It is worth
mentioning that dehydrogenation takes place under certain
conditions, the presence of redox properties or high temperatures
[16-18]. While usual acid-base characterisation methods, such as
Hammett titration [19] infrared spectroscopy [20, 21], adsorption
microcalorimetry [22, 23], solid-state nuclear magnetic resonance
[24] and temperature programmed desorption [25, 26], allow to
clearly identify the nature, strength and distribution of active
sites, it is difficult to establish an absolute correlation with
catalytic properties. These characterisations use different probe
molecules or conditions far from usual catalytic reactions and
do not account for the dynamic conditions in heterogenous
catalysis. Test reactions, including isopropanol conversion, bridge
this gap and provide interesting tools for acid-base characteri-
sation [16, 27]. Although isopropanol conversion is widely used
as a test reaction in laboratories, the surface mechanisms of
isopropanol dehydration to propylene are still discussed [28-
30]. Few systematic comparative studies exist between acidic,
basic and amphoteric catalysts for isopropanol dehydration and
a detailed understanding of catalytic activities as a function of
defined acid-base properties of the active sites has drawn our
attention.

The objective of this study is to compare the behaviour of
three bulk oxides to elucidate the dependence of the surface
mechanisms involved in the catalytic process (i.e., adsorption,
reaction and desorption) on the acid-base characteristics of the
catalyst. Niobium oxide, magnesium oxide and alumina were
selected for this study due to their distinct acid-base properties,
namely, solely acidic, solely basic and amphoteric, respectively.
This high contrast makes it possible to isolate the influence of
site nature and strength on each step of the catalytic process,
that is, adsorption, reaction and desorption. Amphoteric silica—-
alumina was investigated for comparison and validation. In this
study, data from static and dynamic measurements enabled to
accurately correlate surface properties with catalytic activity.
The complementary nature of infrared and microcalorimetric
methods using different probe molecules is used to determine
the surface properties and behaviour of the catalysts. Combining
in situ measurements of adsorption and reaction/desorption
heats with the kinetic computation of calorimetric signals [31],
allowed to improve the comprehension of fundamental surface
mechanisms of acid-base reactions and provided perspectives on
catalyst design for sustainable propylene production.

2 | Experimental Section
2.1 | Catalysts

The studied catalysts are commercially available materials with
different acid-base properties: alumina (Al,0;) from BASF,
niobium oxide (Nb,Os) from H.C. Starck and magnesium oxide
(MgO) from Sigma-Aldrich. Alumina was provided in extruded
form. The catalyst was therefore ground in an agate mortar and
sieved according to technical requirements. Niobium oxide and

magnesium oxide were provided in powder form. In this case,
when the particle size was below technical requirements, the
powder was initially compressed into pellets using a hydraulic
press at a pressure of 5 tons. The pellets were then ground and
sieved to obtain the desired particle size. Amphoteric silica—
alumina (SiO,-Al,0;) from Sasol Germany GmbH (Brunsbiittel,
Germany) with a SiO,/(SiO,+Al,0;) ratio of 30% was also
investigated for comparison.

2.2 | X-Ray Diffraction

The x-ray diffraction (XRD) patterns of the commercial powders
were recorded on a Briiker D8 Advance powder diffractometer
with monochromatic copper Ka radiation of 1.5406 A wavelength,
equipped with a 1-D fast multistrip detector (LynxEye, 192
channels, 2.95°) and a nickel filter. The diffractograms, registered
within the 26 range from 4° to 80° with a 0.02° step size,
were analysed using the Diffract Eva software and the powder
diffraction file (PDF) 5+ database.

2.3 | Brunauer-Emmett-Teller, Nitrogen Sorption
Isotherm

Nitrogen (N,) sorption isotherms were recorded at —196°C on
an ASAP 2010 or TriStar II Plus (Micromeritics) apparatus. The
sample was first outgassed under a secondary vacuum for 3 h
at 300°C. The apparent specific surface area (Syg;) was derived
from the Brunauer-Emmett-Teller (BET) standard equation. The
interval of relative pressure used to linearize the BET model
equation was 0.005 < P/P, < 0.10 with at least 5 points used to
obtain a correlation coefficient > 0.999. The total pore volume
(Vpore) Was calculated at P/P, = 0.95 on the adsorption branch.
The mesopore size distribution was determined by analysing the
adsorption branch of the N, adsorption/desorption isotherm via
the Barrett, Joyner and Halenda (BJH) method.

2.4 | Acid-Base Adsorption Microcalorimetry

The acid-base properties were determined at 150°C by adsorption
microcalorimetry of ammonia (NH;) and sulphur dioxide (SO,)
probe molecules, respectively. The adsorption experiments were
performed in a heat flow microcalorimeter (Tian-Calvet type, C80
from Setaram) linked to a conventional volumetric apparatus and
equipped with a Barocel capacitance manometer (datametrics)
for pressure measurements. Prior to the ammonia or sulphur
dioxide adsorption, about 100 mg of the sample was treated
overnight at 400°C (1°C min™') under vacuum. The differential
heats of adsorption were measured as a function of coverage
by repeatedly sending small doses of probe molecules over
the powder until an equilibrium pressure of about 67 Pa was
reached. The sample was then outgassed for 30 min at the same
temperature, and a second adsorption was performed (still at
150°C) until an equilibrium pressure of about 27 Pa was attained
to calculate the amount of irreversible adsorption at this pressure.
The difference between the amounts of gas adsorbed at 27 Pa
during the two adsorption runs corresponds to the number of
strong adsorption sites. Further information and calculations are
available in the Supporting Information.
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2.5 | Fourier Transform Infrared Adsorption

Fourier transform infrared (FTIR) spectra were recorded at a
resolution of 4 cm™ in the region of 1000 to 4000 cm™ by
using a Thermo Scientific (Waltham, MA, USA) Nicolet 8700
Fourier transform spectrometer equipped with a deuterated L-
alanine doped triglycine sulphate (DTGS) detector and OMNIC
software. Prior to analysis, approximately 30 to 40 mg of sample
was grounded in an agate mortar and pressed into self-supporting
discs by applying a pressure of 5 tons. The self-supported wafer
was placed into a cell with CaF, windows and pretreated under
oxygen overnight at 400°C (1°C min™!), followed by 2 h outgassing
at the same temperature before adsorption. Then, the cell was
cooled down to 23°C, and the sample was contacted with NH,
(15 mbars) for 1 h before following the desorption of the adsorbed
species, under vacuum, at the desired temperatures (100°C, 200°C
and 300°C). The infrared (IR) spectra were recorded after each
step: pretreatment, adsorption and desorption at these tem-
peratures. Spectrum background was recorded using an empty
cell.

2.6 | Pulse Catalytic Test Calorimetry

Pulse catalytic tests were carried out in a quartz microreactor
placed in a differential scanning calorimeter (DSC) (CALVET
PRO from Setaram) connected to a gas chromatograph (GC). A
detailed description of the device is provided in a previous work
[31].

Typically, 0.03 mL (i.e., 15 to 25 mg) of catalyst powder with
particle size between 300 and 425 um was loaded and constantly
flushed with a helium flow of 30 mL min~". The pressure of 3 bars
inside the measurement cell is imposed by the pressure drop of
the chromatographic column.

At the inlet of the reactor, a 6-way valve, kept at 150°C, equipped
with a calibrated injection loop of 500 pL is constantly refiled by
a feed gas mixture of anhydrous isopropanol diluted in helium.
Isopropanol is evaporated in a saturator set at 30.5°C and fed
with a constant flow of helium (10 mL min™). Antoine’s equation
and ideal gas law are used to calculate the numbers of probe
molecules or reagents in the calibrated loop. The amount of
isopropanol per injection is then 1.15 umol. The outlet of the
reactor is directly connected to the chromatographic column
(Prorapak Q at 150°C). A thermal conductivity detector (TCD)
and a flame ionisation detector (FID) are placed in series at
the column outlet. To prevent condensation, all lines connecting
the saturator, the calorimeter and the chromatograph are heated
at 110°C. For safety reasons, the isopropanol flask is regularly
check for the presence of peroxides, and/or discharged and
refilled.

As injections start, the 6-port valve is switched to direct the
diluted probe molecules of the reagent to the microreactor.
Calorimetric curves display the heat flow as a function of time,
while FID chromatograms are used for quantification of the
reagent and products. The TCD results are used to qualitatively
observe water. A duration of 90 min is kept between each pulse to
provide a complete return to the baseline for both the heat flow
and the GC detector signals.
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FIGURE 1 | XRD patterns of alumina (grey), niobium oxide (red)
and magnesium oxide (blue).

2.7 | Signal Processing

To gain insight into the respective heats of adsorption and
reaction/desorption, the calorimetric curves are deconvoluted
using the Fraser-Suzuki function and the least squares method
with a Python program. To conduct kinetic computations, the
reaction rate and extent of conversion are determined from the
deconvoluted calorimetric data and FID signals. The isoconver-
sional Friedman and Vyazovkin’s method [32-34] is then applied
to the exothermic and endothermic contributions to calculate
the effective activation energy (E,) as a function of the extent
of conversion (¢). The isoconversional method is based on the
statement that, at a defined extent of conversion, the activation
energy is only a function of temperature. Therefore, no reaction
model is needed. The variation of the effective activation energy
as a function of the extent of conversion indicates the complexity
of the reaction mechanism, that is, if the latter consists of one or
more steps. The variation also provides hints about the nature
of the limiting steps during the process. This method has been
successfully applied to several physicochemical transformations
and heterogeneous catalytic reactions [31, 32, 35-37]. Further
information and calculations are available in the Supporting
Information.

3 | Results and Discussion
3.1 | Structural and Textural Properties

Figure 1 displays the XRD patterns of the studied catalysts.
The alumina XRD pattern (20 = 37.6°, 39.5°, 45.8° and 66.8°),
showing a small degree of crystallinity, corresponds to the pure
cubic crystal system (PDF-00-001-1303) commonly known as the
gamma phase. The peak positions of niobium oxide diffractogram
(26 = 22.6°, 28.6°, 36.7°, 46.2°, 50.7°, 55.2°, 56.1°, 59.0° and 71.0°)
reveal a hexagonal crystal system (PDF-00-007-0061). Finally, the
magnesium oxide XRD pattern (26 = 36.9°, 24.9°, 62.2°, 74.6° and
78.5°) corresponds to the cubic crystal system (PDF-01-71-1176) of
the well-crystallized phase [38].

ChemCatChem, 2026

30f20

85UB017 SUOWLLIOD A1) 3|t jdde au) Ag pauieA0B aJe e YO ‘8SN J0 SaNJ 1o} Aeiq 1T 8UIUO AS]IA UO (SUONIPUOD-PUR-SLLIBYLIOD A3 1M AeIq 1 U1 |UO//STNY) SUORIPUOD PUe SWIS | 84} 89S *[9202/0/.0] U0 Akeiqiauluo A8|1m ‘pleused apred BeyseAun Ag 210009202 9199/200T 0T/10p/iod" A3 1M ALeiq1puluoadoune-A1s Iwsuyd//sdny wolj papeojumod ‘2 ‘9202 ‘668€L98T



500

—=—v-Al,Oy a
1—e— Nb,Oy
400 {—*—MgO

w

o

o
1

200

Quantity Adsorbed /cm? g~

100

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

0.05

b —=—1-Al,0;
—e Nb,O,

- 0.04- —a+— MgO

£

<

T

5 0.03 -

£

s

[

£

50.02

[*]

>

o

O

& 0.014

e
0.00 e =T
0 10 20 30 40 50 60

Pore Width /nm

FIGURE 2 | (a)Nitrogen adsorption (filled) and desorption (empty) isotherms and (b) pore size distributions obtained through the BJH method of

alumina (square, grey), niobium oxide (circle, red) and magnesium oxide (triangle, blue).

TABLE 1 | Textural properties of gamma alumina, niobium oxide and magnesium oxide.
Catalysts Sprp/m? g1 Vporous/cm* g ™! Vineso/cm® g1 D¢ /nm® D,Pe**/nm
Al 0,4 208 0.69 0.68 (=~ 98%) 13.3 9.9
Nb,Os 83 0.12 0.12 (100%) 5.7 4.3
MgO 71 0.34 0.31 (~ 92%) 20.0 na

a Dpaverage — 4V porous

Sper

Figure 2 displays the nitrogen adsorption-desorption isotherms
(Figure 2a) and pore size distributions (Figure 2b) of the three
oxides. The textural properties of the solids are summarised in
Table 1. All samples show a type IV isotherm (IUPAC classifica-
tion) [39, 40] with a hysteresis loop characteristic of mesoporous
structure [41, 42]. Alumina, with the highest adsorption at low
relative pressures (< 0.06), shows some residual microporosity,
while MgO is characterised by a low degree of micropores. The
classification of De Boer and Lippens [43, 44]. (Type A, B, C, D or
E) and the UPAC classification [39, 40]. (H1, H2, H3 or H4) can
be used to describe the hysteresis loop. For a clearer view of the
hysteresis loops, Figures S5-S7 show the independent nitrogen
sorption curves.

Figure 2a shows that alumina presents an almost vertical N,
uptake starting at a relative pressure of 0.65. On the desorption
branch, the presence of two capillary condensation steps from
relative pressures of 0.65 to 0.80 and from 0.80 to 0.96 indicates
a bimodal pore distribution for Al,0; [45]. Type B (H2) hysteresis
is associated with wide pores with short openings or pores formed
by parallel plates with some distance between each other. The
bimodal distribution is clearly visible in Figure 2b as alumina
displays a maximum pore volume at 9.9 nm with a clear shoulder
at 21.5 nm for an average pore size of 13.3 nm.

Niobium oxide displays a slopping adsorption branch. The des-
orption branch shows a well-defined condensation step from
relative pressure of 0.45 to 0.80, following a less intense step from
0.80 to 1.00. This hysteresis is a combination of type B (H2) with

pronounced type E characteristics and is associated with pores
with ink-bottle shapes, that is, a wide body and a narrow neck.
The pore size distribution shows a well-defined peak maximum
of 4.3 nm. A significant pore volume remains for pore width
above 12 nm, which explains the slightly higher value of the
average pore size of 5.7 nm. These observations are in line with
the corresponding hysteresis.

Magnesium oxide is characterised by a vertical adsorption branch
starting at a relative pressure of 0.85 and a desorption branch with
two condensation steps (at relative pressure between 0.41 and
0.75; 0.75 and 1.00). Therefore, MgO shows a Type A hysteresis
loop (H1) corresponding to tubular pores with open ends. The
two condensation steps, however, underline some narrower parts.
The large average pore diameter of 20.0 nm combined with one
well-defined peak at a pore width of 4.5 nm, confirmed previous
statements.

FTIR was used to give insights into the nature of groups and
species on the fresh catalyst surfaces. Figure 3 shows the feature
of the three oxides calcined at 400°C.

In the stretching region, adsorption bands observed between
3800 and 3500 cm™ are associated to the stretching of the
surface hydroxyl groups present on each catalyst. Multiple studies
have already been conducted regarding the surface hydroxyls of
the three studied catalysts [46-51]. In the deformation region,
alumina shows weak adsorption bands at 1563 and 1477 cm™
while magnesium oxide shows intense peaks at 1568, 1509 and
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FIGURE 3 | Infrared spectra of alumina (grey), niobium oxide (red)
and magnesium oxide (blue).

1447 cm™. These adsorptions correspond to strongly adsorbed
residual carbonates [52-55].

Niobium oxide exhibits small adsorption bands at 2335, 2211 and
2056 cm™! which should correspond to strongly bonded carbon
dioxide, nitrile and alkynes probably derived from the synthesis
or the industrial treatment process resulting in some contami-
nation of the commercial sample. Further CHNS analyses were
performed on fresh niobium oxide as displayed in Table S1 to
confirm the presence of some nitrogen and carbon on the catalyst.
Parts of these adsorbed species appear resistant to pretreatment
under oxygen at 400°C [56].

3.2 | Acid-Base Site Properties

The acid-base properties of the catalysts studied are determined
by adsorption microcalorimetry and infrared spectroscopy. These
characterisations will make it possible to relate the acid-base
properties to the catalytic properties in the next paragraphs.

3.2.1 | Strength and Distribution of Sites

In the following paragraphs, to compare surface properties, the
adsorbed quantities of probe molecules are expressed in mol
m~2. The surface used here refers to the specific surface area
(Sggr) obtained from nitrogen sorption experiments as presented
in Table 1 and normalised using the catalyst mass loaded before
adsorption.

Figure 4 displays the differential heats of adsorption of ammonia
and sulphur dioxide on the studied catalysts as a function of the
amount adsorbed. The proton affinities of ammonia and sulphur
dioxide are 854 and 672 kJ mol™!, respectively [57]. Since the
adsorption strength depends on the proton affinity of the used
probe, these values should be considered when comparing the
results.

The initial differential heats of NH; adsorption on the clean
surface of the catalyst, that is, the first injection, are — 185, — 166
and — 68 kJ mol™ for alumina, niobium oxide and magnesium
oxide, respectively. Then, the heat decreases almost linearly with
the adsorbed amounts. Finally, the evolved heats reach very low
values after uptakes of 1.68, 2.10 and 1.08 umol m~2 for Al,O;,
Nb,O; and MgO, respectively. The linear decrease of the adsorp-
tion heats versus coverage and the important NH; uptake reflect
the wide heterogenous distribution of alumina and niobium oxide
surface sites strength. Available metal atoms on the surface, with
different coordination degrees, that is, the number of oxygen
atoms bonded to the cation, provides wide distribution of Lewis
acid sites [20, 52]. Alumina displays higher adsorption heats of
ammonia than niobium oxide when the uptake amount is below
0.68 umol m~2. Apart from the coordination and nature of the
metallic atom, the stronger adsorption strength can be explained
by the presence of various hydroxyl groups close to the Lewis acid
sites on the catalyst surface. Hydroxyl groups can form hydrogen
bonds with ammonia, increasing the adsorption strength [19].
Above 0.68 pmol m~2, niobium oxide shows a stronger interaction
with NH; and higher overall uptake (2.00 umol m~2) than Al,O,.
The strength distribution of acid sites remains comparable for
these two catalysts. In comparison, magnesium oxide, exhibiting
significantly lower adsorption heats and a total NH; uptake of
only 1.08 mol m~2, shows very weak and very few acid sites.
Surface carbonates, as display by FTIR on clean MgO surface
explains this residual acidity.

Alumina shows a typical amphoteric character, with comparable
amount and strength of acidic and basic sites (Figure 4). The heats
of SO, adsorption (Figure 4b) show, after a first decrease from
— 205 to — 173 kJ mol™! at low coverage (up to 0.28 umol m~2),
a noticeable plateau up to 0.66 umol m~ uptake. This may
correspond to heats released during SO, adsorption on the
predominant surface basic sites. Above, the heats of adsorption
drop to low values after 1.82 ymol m~2 coverage. Niobium oxide
is characterised by low number of basic sites (0.15 umol m~2) and
low values of SO, adsorption heats which drops fast from — 113
to — 50 kJ mol~'. Nb,O; shows predominant acidic character.
The SO, adsorption heats versus coverage display, for magnesium
oxide, 2 plateaus at — 187 kJ mol™%, up to 1.41 umol m~2 uptake
and — 165 kJ mol™ between 1.97 and 2.54 pmol m™ uptake,
respectively. The presence of these plateaus indicates a fairly
homogeneous distribution of basic sites. The sharp drop of differ-
ential heats to 24 kJ mol™!, after a total uptake of 4.26 umol m2,
accounts for the saturation of the chemisorption sites. MgO shows
a predominant basic character with only a limited number of acid
sites of weak strength.

Table 2 summarises the total ammonia and sulphur dioxide
uptakes at 67 Pa (0.5 torr). This amount was used to determine
the ratio of occupied surfaces, representing the percentage of
the catalyst surface occupied by molecules adsorbed, as follows
(Equation 1):

S = — 1 = )

with S7°°, the ratio of occupied surface (m*%) d;, the kinetic diam-
eter of molecule i (m) nfds, the adsorbed quantity of molecules i
(mol m~2) and N,, the Avogadro constant (mol™?).
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TABLE 2 | Ammonia and sulphur dioxide uptakes and the corresponding occupied surface calculated from adsorption isotherms on the studied

catalysts under an equilibrium pressure of 67 Pa.

Catalysts NH; uptake/umol m—2 SO, uptake/umol m~—2 NH; occupied surface®/% SO, occupied surface®/%
ALO, 1.67 1.82 8.43 13.25
Nb,O; 2.10 0.10 10.58 0.72
MgO 1.08 4.26 5.42 31.03

"With dyyy, = 3.26 A.
PWith dgo, = 3.90 A [58].

This acid-base surface study provides a better understanding of
isopropanol’s reactivity. Both acidic and basic surface sites are
assumed to adsorb isopropanol as alcohols are indeed amphoteric
molecules capable of both receiving and donating protons [59].

3.2.2 | Nature of Sites

To gain insight into the acid sites nature, static infrared adsorption
of ammonia on the studied catalysts was performed. Figures 5-
7 display the spectra of adsorbed ammonia as a function of
the desorption temperature on alumina, niobium oxide and
magnesium oxide, respectively. All spectra shown are subtracted
by that of the corresponding catalyst presented in Figure 3. The
raw spectra are available in Figures S8-S10.

When visible, the adsorption bands between 3400 and 3200 cm™
are attributed to NH stretching vibrations, while bands between
1700 and 1470 cm™! are attributed to the fundamental NH, or
NH; deformation [61-63]. Our analyses focus on frequencies
between 3800 and 3400 cm™, associated with surface hydroxyls,
and between 1400 and 1000 cm™, associated with Brensted and
Lewis acid sites.

For Al,O; (Figure 5a), the subtracted spectra in the stretching
domain at 23°C show negative bands at 3770, 3758, 3726, 3669 and

3631 cm™'. The disappearance of surface hydroxyl groups suggests
the formation of hydrogen bonds between adsorbed ammonia
and surface hydroxides. The large band visible at 3535 cm™
is attributed to these new hydrogen bonds [63]. At higher
temperatures, the negative bands disappear, but interestingly, the
presence of a positive adsorption band at 3742 cm™ at 200°C
indicates the formation of a surface hydroxyl not present on
the pretreated alumina. At this temperature, the cleavage of
a N—H bond in ammonia can allow the formation of a new
hydroxyl group [61]. In the bending domain, ammonia adsorbed
on alumina provides adsorption bands at 1690, 1618, 1501, 1472,
1395, 1288, 1255 and 1204 cm™ at 23°C. The bands observed from
1690, to 1472 cm™! are attributed to the fundamental N-H, or
N-H, deformation. The weak band at 1395 cm™, attributed to
NH,* species, indicates the presence of some Bronsted acid sites
[63]. This band remains present up to a desorption temperature
of 200°C, and accounts for the relatively important strength of
these sites despite their low abundance. The three bands at 1288,
1255 and 1204 cm™ are assigned to coordinated ammonia to
Lewis’s acid sites [62]. When temperature increases, one band
disappears, while the other two are shifted to 1303 and 1278 cm™!
frequencies and remain present even at 300°C. The presence of
different bands, stable at given temperatures, and their respective
shifts suggest multiple Lewis’s acid sites nature in agreement
with the heterogeneity of acid sites observed by NH; adsorption
microcalorimetry [64].
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on niobium oxide.

On niobium oxide (Figure 6), in the stretching region, the feature
linked to hydroxyl groups (3710 cm™) first decreases at 23°C,
before increasing with the temperature rise at 100°C and 200°C.
The band finally decreases from 300°C before its disappearance
at 400°C. Like for alumina, the adsorbed ammonia seems to be
able to increase the number of hydroxyl groups by the dissociation
of one N—H bond in the temperature range of 100°C to 200°C
on niobium oxide. This hypothesis is supported by the presence
of the band related to N-H, bending at 1605 cm™ [65]. In the
bending domain, the bands at 1431 and 1209 cm™ are attributed
to NH,™, that is, Brensted acid sites, and coordinated ammonia,
that is, Lewis’s acid sites, respectively. Both sites exhibit a
dramatic band decrease intensity at 200°C, before disappearing
at 300°C.

Compared to alumina and niobium oxide, the adsorption of
ammonia on magnesium oxide shows some very weak adsorp-
tion of ammonia and barely visible adsorption bands can be
differentiated from the baseline (Figure 7). It is possible to
distinguish, in the substituted spectra, the disappearance of
the band at 3760 cm™ corresponding to surface hydroxyls in
the stretching region. The large band centred at 3557 cm™
is attributed to hydrogen bonds between hydroxyls or surface
oxygens and ammonia. In the bending region, the adsorption
band at 1482 cm™! is attributed to the asymmetric deformation of
NH,. The adsorption bands observable at 1380 and 1167 cm™! are
attributed to the symmetric deformation of NH; coordinated to
a Lewis acid site [66]. The negative band at 1593 cm™ indicates
that the surface carbonates play a role in ammonia adsorption.

ChemCatChem, 2026
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on magnesium oxide.

These results support the almost complete absence of acidic sites
on magnesium oxide and confirm that surface carbonates are the
primary source of acidity.

It can be concluded that Lewis and Brensted acid centres coexist
on both alumina and niobium oxide. Magnesium oxide, on the
other end, only displays a very limited amount of Lewis acid sites
at studied temperatures. Based on the adsorption band intensities
and NH; adsorption microcalorimetry, the Lewis sites of alumina
appear to be the predominant type with a wide distribution, both
in terms of strength and nature. Compared to alumina, niobium
oxide displays important Brensted sites, as evidenced by the
relative intensity of the corresponding adsorption band. However,
the Lewis sites of alumina can retain adsorbed ammonia at a
temperature of 300°C, which is not the case with niobium oxide.
Finally, the acidity of magnesium oxide is believed to be mainly
due to surface carbonates.

In all three cases, the surface hydroxyl groups are very likely
to play a role in the adsorption process by hydrogen bonding.
This phenomenon is particularly visible on alumina, considering
the range of possible and observable configurations of surface
hydroxyls. Thus, the water produced by the reaction should have
an impact on the catalytic activity and will be considered in the
following paragraphs when catalytic activity and kinetics are
studied.

3.3 | Isopropanol Adsorption

The isopropanol adsorption is the first step in the catalytic
process. It is studied using static infrared spectroscopy and
the pulse catalytic set up at low temperatures to provide only
adsorption and desorption of the reagent.

3.3.1 | Mode of Isopropanol Adsorption

Knowing the types of acid sites present on our surfaces and to gain
insight into the adsorption mode of the reactant, static infrared

TABLE 3 | Fundamental frequencies of gaseous isopropanol in an
empty cell.
Assignments? Wavenumbers/cm™!
v(0-H) 3660
»(C-H3) a 2981 and 2971
v(C-H3) s 2929
»(C-H) 2889
6(C-H3) a 1476 and 1462
6(C-H3) s 1392 and 1384

6(C-H), 8(0-H)
Y(C-C), p(C-H3)

8(C-0)

1263, 1251 and 1236

1151 and 1073
965 and 953

2With v stretching, d scissoring, p rocking, s symmetric and a asymmetric.

adsorptions were also performed with isopropanol as the probe
molecule. Table 3 summarises the observed frequencies obtained
with an empty cell loaded with 15 mbar of isopropanol. The
spectrum is available in Figure S11.

Figures 8-10 display the subtracted spectra obtained after iso-
propanol adsorption as a function of the desorption temperature
on alumina, niobium oxide and magnesium oxide, respectively.
Corresponding raw spectra are available in Figures S12-S14.

On alumina at 75°C, the bands associated with surface hydroxyls
disappear, while a large band at the lower wavenumbers of
3560 and 3516 cm™ appears, corresponding to the formation of
hydrogen-bonded surface hydroxyls (Figure 8a). When adsorbed,
the three bands at 2980, 2971 and 2889 cm™! observed in the
gas phase are shifted to lower wavenumbers at 2964, 2933 and
2871 cm™}, respectively. In the bending region, bands are observed
at 1465 and 1377 cm™! with shoulders at 1453 and 1338 cm™,
respectively. These bands are attributed to the C-H; deformation
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on niobium oxide.

previously observed in the gas phase at slightly higher frequen-
cies. A weak, but visible band, initially not present in the gas
phase, appears at 1337 cm™! and is attributed to the vibrational
coupling of C-H deformation. The triplet and the two bands
attributed to 8(C-H), 8(0-H), »(C-C) and p(C-H3) in the gas phase
merge into two bands at 1172 and 1131 cm™. The disappearance
of the O-H supports the formation of hydrogen bonds between
the alcohol and the surface hydroxyls. The proximity of the
obtained two bands with aluminium isopropoxide also suggests
the presence of alkoxide species [67-69]. When the temperature
increases, isopropanol remains adsorbed below 100°C. At 200°C,
the intensity of all bands related to the fundamental stretching
and deformation frequencies mostly disappeared. Interestingly,
at 200°C, the formation of 3 new adsorption peaks at 3744, 3693

and 3670 cm™ in the stretching region of surface hydroxyls
is observed. Knowing that the dehydration of isopropanol to
propylene on alumina can already take place at 125°C, part of
isopropanol is probably desorbed as propylene. The water formed
by the reaction remains adsorbed on the surface as hydroxyls and
explains the presence of new surface hydroxyls compared to the
clean, pretreated alumina. The absence of the adsorption band
at 1635 cm™!, typical of water bending mode [70, 71], indicates
that only the water dissociated as hydroxyls remains stable under
the experimental conditions. The absence of adsorption bands
related to C=C or C(sp2)-H bonds evidences the absence of
adsorbed propylene at 200°C and supports the idea that no
strong interaction occurs between alkene and alumina at this
temperature.
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on magnesium oxide.

On niobium oxide at 75°C, the shift of the band at 3710 cm™!
associated with surface hydroxyl to a very large band centred at
3450 cm™ in a lower frequency region suggests the formation
of hydrogen bonds between the alcohol and the oxide (Figure
9). The three characteristic bands associated with C-H and C-
H; stretching show, like in the case of alumina, a shift to
lower wavenumbers of 2975, 2933 and 2870 cm™'. The shifts look
identical for both catalysts, except for the band associated with
the asymmetric C-Hj stretching (2981 cm™ in the gas phase),
which is less intense for niobium oxide. In the bending region,
niobium oxide presents adsorption bands at 1466, 1453, 1383 and
1369 cm™ associated with the asymmetric and symmetric C-H,
bending. The intense band at 1333 cm™, previously observed as
a weak band on alumina, shows a large enhancement due to the
vibrational coupling of C-H deformation. The absence of the O-
H deformation and the three bands at 1168, 1131 and 1111 cm™
indicate the presence of coordinated species on Lewis’s acid sites
stabilised with hydrogen bonding.

On magnesium oxide (Figure 10), as with the two previously
studied catalysts, a shift in the sharp band linked to the surface
hydroxyls from 3752 cm™ to a relatively sharp band at 3739 cm™!
and a large band centred at 3574 cm™ provides evidence for
the formation of hydrogen bonding between the surface and
isopropanol molecules. It is interesting to note that the band of
the lowest frequency is larger than that previously observed in
the spectra of alumina and niobium oxide in the studied range of
temperature. The presence of strong basic sites compared to other
oxides would allow the formation of stronger hydrogen bonds
between the surface basic sites and the alcohol. The stretching
bands related to isopropanol C-H and C-H; groups are shifted
to lowerwavenumbers of 2953, 2930 and 2859 cm™. It should
be noted that this shift is more pronounced than that observed
in the case of alumina and niobium oxide. In the bending
region, negative and positive bands appear at 1591 and 1506 cm™,
respectively. As previously observed during ammonia adsorption,
these variations indicate the involvement of surface carbonates
in adsorption. Adsorption bands at 1465, 1380, 1366 and 1352 cm ™!

are associated with the asymmetric and symmetric CH; bending.
Once more, a band related to the vibrational coupling of C-H
deformation is observed at 1329 cm™. Its intensity is comparable
to that observed with alumina. The bands at 1177 and 1119 cm ™! are
associated with the coordinated species on Lewis’s acid sites [47].
The increase in temperature has a significant impact on all bands
corresponding to adsorbed isopropanol. However, the bands
associated with surface carbonates do not show any significant
variation and would underline some irreversible modifications of
the surface carbonates.

As with ammonia adsorption, the importance of surface hydrox-
yls for alcohol adsorption is demonstrated by changes in the
adsorption bands. The absence of the band associated with the (O-
H) of gaseous isopropanol when adsorbed suggests that hydrogen
bonding contributes to alcohol adsorption. In the bending region,
all samples display the characteristic bands associated with
coordinated alcohol. Interestingly, different shifts towards lower
wavenumbers of the bands associated with v(C-H,) were observed
between gaseous isopropanol and adsorbed isopropanol on the
three studied catalysts. Displacement values of the ¥(C-H;) bands
are 16, 6 and 28 cm™! for alumina, niobium oxide and magnesium
oxide, respectively. The acid-base properties of studied samples
could explain this behaviour: the presence of basic 0>~ surface
sites can easily interact with hydrogen of the alcohol function,
favouring the dissociation of alcohol in surface isopropoxide [72-
74]. The resulting electronic delocalisation towards the CH; and
CH groups weakens the C—H bonds. Isopropanol is thus believed
to completely dissociate on magnesium oxide and undissociate
on niobium oxide. Alumina, as an amphoteric catalyst, exhibits
intermediate behaviour.

3.3.2 | Heat of Isopropanol Adsorption
In the pulse catalytic test set inside a calorimeter, the catalysts

were saturated with adsorbed isopropanol at 75°C, where no reac-
tion took place, by performing 16 injections. Only isopropanol was
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observed by gas chromatography, meaning that only adsorption
and desorption of the reactant occurred.

Figure 11 shows the differential heats of adsorption as a function
of irreversibly adsorbed isopropanol.

All catalysts show a decrease in the differential heats of adsorp-
tion during the first injections, corresponding to the irreversible
adsorption of isopropanol on strong sites of the surface. Then, a
heat plateau is reached, corresponding to the reversible amounts
of reactant under the 30 mL min~! helium flow at 75°C. Alumina
and magnesium oxide show relatively strong decreases from
— 151 to — 84 kJ mol™! after 1.53 umol m~2 uptake and — 103
to — 44 kJ mol™ after 2.09 pmol m™ uptake during catalyst
surface coverage, respectively. On the other end, niobium oxide
exhibits a weak decrease in heat from — 97 to — 79 kJ mol~! after
3.16 umol m~ uptake. At the plateau, gamma alumina, niobium
oxide and magnesium oxide show reversible adsorption heats of
80, 79 and 37 kJ mol~!, respectively. At high coverage, alumina
and niobium oxide show identical differential heats of adsorption.
The obtained values (— 80 and — 79 kJ mol~!, respectively) are too
high to consider only physical adsorption and seem close to the
values observed when coordinative adsorption occurs between
an oxide and an alcohol function [75]. The heats of adsorption
obtained with magnesium oxide (— 38 kJ mol™) are close to the
latent heat of condensation of isopropanol at 75°C (- 39.9 kJ mol™!
at 82°C) [76], meaning that only weak physical adsorption occurs
on the catalyst surface and no further surface sites are available
for chemical adsorption at 75°C.

At low coverage, the presence of basic sites results in strong
irreversible adsorption on the fresh catalyst, as both alumina and
magnesium oxide display a significant decrease in adsorption
heat during the first pulses. This finding is consistent with
previous infrared results and conclusions regarding the effect of
basic sites on alcohol dissociation. It appears that the strongly and
irreversibly adsorbed isopropanol exists in the form of dissociated
alcohol. The acidic sites alone, as displayed by niobium oxide,
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FIGURE 12 | Irreversible amounts of isopropanol adsorbed as a
function of the injection number for alumina (square, grey), niobium
oxide (circle, red) and magnesium oxide (triangle, blue) at 75°C.

give almost homogeneous adsorption strength and the absence
of basicity does not allow alcohol dissociation. It follows that,
at high coverage, acid sites provide a relatively strong reversible
adsorption heat under helium flow (Figure 11). Figure 12 shows
the irreversible amount of adsorbed isopropanol as a function of
the injection number.

Gamma alumina, niobium oxide and magnesium oxide show
irreversible amounts of 0.88, 2.22 and 0.68 pmol m~2 (182, 185
and 49 umol g™), respectively. The isopropanol surface cover-
ages, calculated using Equation (1) and the kinetic diameter
of isopropanol (0.47 nm) [77], are 9.21%, 23.21% and 7.13% for
Al,O;, Nb,O5 and MgO, respectively. Although experimental
conditions, particularly temperature (75°C and 150°C for pulse
and volumetric experiments, respectively), and the characteristics
of the adsorbed molecules, in particular their proton affinity (793
and 854 kJ mol ! for isopropanol and ammonia, respectively) [57],
must be taken into consideration when comparing the pulse and
volumetric experiments, it is possible to correlate the isopropanol
adsorption results with the ammonia and sulphur dioxide data in
Table 2. The catalysts capacity to irreversibly adsorb isopropanol
appears to drastically increase with the total amount of acid sites.

The ratio of adsorbed isopropanol to ammonia (expressed in
umol m~2) using the calorimetry-pulse experiment in comparison
to the calorimetry-volumetry experiment can be determined.
As stated above, the obtained ratios must be interpreted with
care, since the temperature, which influences adsorption, differs
between the compared experiments. Values of 0.52, 1.06 and 0.63
are obtained for alumina, niobium oxide and magnesium oxide,
respectively. Since an ammonia molecule can only bind to one
acidic site due to its single available electron pair, it is likely that
some of the irreversibly adsorbed isopropanol, which has two
available electron pairs in its alcohol function, is bound to mul-
tiple acid sites as bidental alkoxides on alumina and magnesium
oxide. The 1:1 ratio in the case of niobium oxide supports the idea
of monodental adsorption. This interpretation also supports the
sudden decrease in adsorption heat for alumina and magnesium

ChemCatChem, 2026

11 of 20

85UB017 SUOWLLIOD A1) 3|t jdde au) Ag pauieA0B aJe e YO ‘8SN J0 SaNJ 1o} Aeiq 1T 8UIUO AS]IA UO (SUONIPUOD-PUR-SLLIBYLIOD A3 1M AeIq 1 U1 |UO//STNY) SUORIPUOD PUe SWIS | 84} 89S *[9202/0/.0] U0 Akeiqiauluo A8|1m ‘pleused apred BeyseAun Ag 210009202 9199/200T 0T/10p/iod" A3 1M ALeiq1puluoadoune-A1s Iwsuyd//sdny wolj papeojumod ‘2 ‘9202 ‘668€L98T



0.1+

5 1 0.0 1

emmnoonmAnnomasToTe

-0.1+

T T T T
0 1000 2000

Heat flow /mW
w

Time /s

T T T T T T T T T
0 500 1000 1500 2000 2500

Counts /a.u.

0 5 10 15 20 25 30 35 40
Retention time /min

FIGURE 13 | Calorimetric (a) and FID (b) signals after a pulse of isopropanol when no further irreversible adsorption occurs, that is, injection
number 16, on alumina (solid, black), niobium oxide (dash, red) and magnesium oxide (dot, blue) at 75°C. As a reference, FID signal obtained with an

empty reactor is also displayed (dash and dot, green).

oxide compared to niobium oxide as well as infrared experiment
conclusions: relatively high values during the first injections are
explained by the strength of bidental and dissociated adsorption
compared to monodental and undissociated adsorption. Figure 13
displays the calorimetric and FID signals obtained at 75°C after
a pulse of isopropanol, when no further irreversible adsorption
occurs.

In the case of alumina, the width of the endothermic peak in
the calorimetric signal and the isopropanol peak in the FID
signal are much greater than those observed in the case of
niobium oxide and magnesium oxide. The average residence
time of isopropanol in each catalyst can be estimated using the
time difference between the exothermic and endothermic peak
maximums. Values of 331, 142 and 168 s are obtained for alumina,
niobium oxide and magnesium oxide, respectively. Residence
time values can be correlated to the surface area of each sample.
As alumina displays the most important BET surface area, it
is highly probable that readsorption of the reagent takes place
while crossing the catalytic bed, enhancing the residence time.
Alumina shows a substantial mesopore volume, resulting in
a mean residence time driven by intragranular diffusion. In
contrast, the mesopore volumes of niobium oxide and magnesium
oxide are significantly lower, and the mean residence time is only
driven by intergranular diffusion.

3.4 | Catalytic Properties

The catalytic properties were evaluated in the pulse catalytic test
right after the isopropanol adsorption experiment.

3.4.1 | Reaction at175°C

To trigger the reaction, the temperature of the calorimeter from
the pulse test was increased from 75°C to 300°C with 25°C steps.

For each temperature, 5 injections were performed to ensure
reproducibility. Figure 14 compares the calorimetric and FID
signals obtained at 175°C for the 3 studied catalysts.

Both alumina and niobium oxide exhibit a complete conversion
of isopropanol to propylene, while magnesium oxide does not
show any conversion at 175°C. Although the basic properties of
magnesium oxide are well defined, no acetone is produced at
the low temperature of 175°C. This behaviour is explained by
the absence of redox properties of MgO, which complements
the basicity for dehydrogenation. Otherwise, acetone production
requires temperatures above 300°C [16-18].

The calorimetric signals show a significant increase of the
endothermic contribution for both alumina and niobium oxide.
This is the expected behaviour, as the dehydration of isopropanol
to propylene and water is an endothermic reaction (+ 52 kJ mol™
at 175°C) [78]. The exothermic and endothermic contributions of
the calorimetric signals are then deconvoluted using the Frazer—
Suzuki equation [31]. The exothermic contribution is linked to
the adsorption of isopropanol on the catalyst surface, while the
endothermic heat is attributed to the reaction and desorption of
products. Table 4 displays the in situ heats obtained at 175°C for
alumina and niobium oxide.

The in situ heats of adsorption obtained after signal deconvo-
lution are more important than those previously obtained at
75°C when maximum catalyst coverage was achieved. At low
temperatures (75°C), the reagent can be adsorbed on all three
types of sites: strong, medium and weak. However, at higher
temperatures (175°C), adsorption occurs exclusively on the strong
and medium sites. Additionally, development of new sites on the
catalyst surface due to water formation is highly possible. The
development of new sites is supported by the infrared adsorption
experiment, which shows that new hydroxyl groups, believed
to play an effective role in adsorption, are stable at defined
temperatures.
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FIGURE 14 | Calorimetric (a) and FID (b) signals obtained after a pulse of isopropanol on alumina (solid, black), niobium oxide (dash, red) and

magnesium oxide (dot, blue) at 175°C.

TABLE 4 | Heats of the exothermic and endothermic contributions
at 175°C after 5 pulses.

Exothermic Endothermic
Catalysts heat*/kJ mol ™! heat®/kJ mol ™!
Al O, —126 +134
Nb,O, -136 +124

2Calculated using the amount of isopropanol adsorbed/reacted.
bCalculated using the amount of propylene produced.

Theoretically, the total heat, that is, the sum of adsorption and
reaction/desorption heat, should be equal to the enthalpy of
reaction under heterogenous conditions (i.e., + 52 kJ mol™' at
175°C) when the conversion is total. In the present case, however,
the sums of both contributions are + 8 and — 12 kJ mol™' for
alumina and niobium oxide, respectively. The presence of a
supplementary exothermic reaction, such as coke or oligomer
formation from the alcohol or the alkene, could explain this
phenomenon. Considering the dimerization of propylene as a
typical oligomerization reaction (—149 kJ mol™ at 175°C) [78],
a significant proportion of propylene should be converted to
oligomers, explaining the heat differences. However, a carbon
balance of 100% is reached for both catalysts and coke formation
is more unlikely to occur under the studied temperatures. A
very slow and undetectable desorption of water from active sites
under the helium flow can most probably explain the differences
observed. Water remains chemically adsorbed on the surface and
argues for a strong exothermic interaction of water with the
studied catalysts.

Alumina displays a complete conversion and selectivity towards
propylene from 150°C to 300°C. Niobium oxide exhibits similar
behaviour up to 200°C. From this temperature to 300°C, uniden-
tified peaks appear on the chromatograms, indicating possible
oligomerization reactions. Magnesium oxide starts displaying
a propylene yield from 200°C, reaching 30%ppy at 300°C. An

acetone peak is visible, but remains negligible from 225°C to
300°C.

3.4.2 | Advanced Kinetic Computations

To ensure reliable kinetic computations, a new set of experiments
were performed at temperatures where significant variations in
the shape of the endothermic calorimetric signal and propylene
FID peak were observed. Figures 15-17 display the calorimetric
signals and FID signals obtained after isopropanol injection at
those relevant temperatures, that is, between 150°C and 175°C for
alumina, between 175°C and 200° C for niobium oxide and 250 and
275°C for magnesium oxide. Steps of 5°C are applied to obtain
6 different temperatures. To ensure complete catalyst coverage
and reproducibility between pulses, 10 injections were performed
at the starting temperature, followed by 5 injections at the given
incremental temperatures.

The significant variation in the shape of the calorimetric and
FID signals observed as a function of temperature for alumina
and niobium oxide confirm previous observations made when
comparing catalysts at 175°C and underline the presence of
two different kinetics. The important reduction in full width
at half maximum for both the endothermic contribution in the
calorimetric signal and the propylene peak in FID, following
a 5°C temperature increase, indicates a phenomenon strongly
influenced by temperature, that is, a thermally activated process
such as a chemical reaction.

In contrast, magnesium oxide does not show a significant change
in the shape of both endothermic and exothermic contributions
in the overall temperature range. In the same way, the shape of
the propylene peaks in the FID signals does not vary significantly
compared to alumina and niobium oxide and remains sharp
despite the temperature. The yield also remains relatively low,
that is, from 1 to 3%pgy between 250°C and 275°C. Acetone is
present only in small amounts as displayed in Figure S15 with
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FIGURE 15 | Calorimetric (a) and FID (b) signals as a function of temperature obtained after isopropanol injection on alumina.
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FIGURE 16 | Calorimetric (a) and FID (b) signals as a function of temperature obtained after isopropanol injection on niobium oxide.

a yield of 0.04%cg- It is worth mentioning that, in the same
temperature range, the homogeneous conversion of isopropanol
observable in an empty reactor also varies between 1 and 3%pgy;,
respectively. It is very likely that the reaction occurs directly in
the physisorbed layer or in the gas phase when magnesium oxide
is used. Figure S16 compares the isopropanol conversion rate
obtained during steady state experiments using magnesium oxide
or silicium carbide (an inert material). The similar conversions
obtained at the studied temperature range support the idea
of a homogeneous reaction occurring with magnesium oxide.
Figure 18 displays the dependence of the effective activation
energy with the extent of conversion obtained after advanced
kinetic computation on the exothermic contribution.

The effective activation energy of the exothermic adsorption
contribution remains constant over the overall conversion range

with values of 6 and 9 kJ mol™ for alumina and niobium
oxide, respectively. It is worth to recall that the He carrier gas
flow in the calorimeter is only 30 mL min~' (average linear
velocity = 2.5 cm s7'). Due to extremely slight variations in the
shape of the exothermic peaks in the case of MgO, measurements
uncertainty does not allow the effective activation energy to
be accurately calculated on the overall extent of conversion.
Nevertheless, at a = 50%, a value of approximately 7 kJ mol™
is calculated, while at the exothermic peak maximum, values
of 4 to 5 kJ mol™' are obtained. The absence of variation with
Al,O; and Nb,Os indicates that a single mechanism dominates
in this temperature range. The calculated activation energies are
sufficiently low not to be mistaken with important chemical
reactions and are usually attributed to physical phenomena
such as diffusion [79]. However, these values, although low,
may correspond to the dissociation of the O—H bond of the

14 of 20

ChemCatChem, 2026

85UB017 SUOWLLIOD A1) 3|t jdde au) Ag pauieA0B aJe e YO ‘8SN J0 SaNJ 1o} Aeiq 1T 8UIUO AS]IA UO (SUONIPUOD-PUR-SLLIBYLIOD A3 1M AeIq 1 U1 |UO//STNY) SUORIPUOD PUe SWIS | 84} 89S *[9202/0/.0] U0 Akeiqiauluo A8|1m ‘pleused apred BeyseAun Ag 210009202 9199/200T 0T/10p/iod" A3 1M ALeiq1puluoadoune-A1s Iwsuyd//sdny wolj papeojumod ‘2 ‘9202 ‘668€L98T



7
| a 250 °C
6 —255°C
—— 260 °C
—265°C
51 ——270°C
1 —275°C
2 44
£
g 3-
o=
g
I 21
1 -
0 -
-1 v T T T T T T T T
0 500 1000 1500 2000 2500
Time /s

b 250 °C
——255°C
———260°C
——265°C
——270°C
——275°C

IPA

PEN
/

Counts /a.u.

_

T T T T T T T T T T T

0 10 20 30 40 50 60 70
Retention time /min

FIGURE 17 | Calorimetric (a) and FID (b) signals as a function of temperature obtained after isopropanol injection on magnesium oxide.
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FIGURE 18 | Dependence of the effective activation energy (E,) with
extent of conversion («) in the exothermic adsorption contribution for
alumina (square, solid, grey) and niobium oxide (circle, dash, red).

alcohol [80]. This hypothesis would explain the lower activation
energy observable on alumina compared to niobium oxide, as
the presence of basic sites, capable of binding protons, would
allow to lower the energetic barrier for the dissociation of alcohol.
Figure 19 displays the dependence of the effective activation
energy with the extent of conversion obtained after advanced
kinetic computation on the endothermic contribution.

The effective activation energy on alumina increases from 60 to
106 kJ mol™ as the extent of conversion rises to 25%. It then
decreases almost linearly to 85 kJ mol™! until the conversion level
reaches 80%. At this point, values quickly drop to very low levels
close to 0. Niobium oxide shows a constant effective activation
energy of 59 kJ mol™ with a sharp decline to 23 kJ mol™ when
the conversion extent exceeds 90%. Magnesium oxide undergoes
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FIGURE 19 | Dependence of the effective activation energy (Eg)
with extent of conversion («) in the endothermic reaction/desorption
contribution for alumina (square, solid, grey), niobium oxide (circle, dash,
red) and magnesium oxide (triangle, dot, blue).

a dramatic decrease in activation energy during the initial 5%,
dropping from 46 to 20 kJ mol~'. The activation energy remains
constant up to 95% conversion, at which point a subtle decrease is
observed.

In all three cases, the effective activation energy at the initial stage
of the catalytic process appears to be identical with a mean value
of 55 kJ mol™'. The rapid decrease in activation energy when the
extent of conversion reaches 100%, also observable on all three
catalysts, is characteristic of a diffusional regime [31, 81, 82]. This
behaviour was expected as, at high extent of conversion, there is
no more IPA molecules to convert. Therefore, the measured heats
are only linked to desorption and diffusion of the products in the
catalytic bed.
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The constant activation energy found in niobium oxide until the
extent of conversion of 90% suggests that a single step is pre-
dominantly rate-limiting. This value aligns with those observed
during the initial stage of the two other samples and is believed
to correspond to a common step in each catalytic mechanism.
This effective activation energy is similar to the one obtained
in a previous study, and attributed to the C—O bond cleavage
during an Ely mechanism [31]. However, an El reaction is
unlikely on niobium oxide, as it requires basic sites to form the
carbanion intermediate by the abstraction of the hydrogen in 8
position of the alcohol function. Instead, an E1 pathway involving
the formation of a carbocation is more likely. The presence
of Brensted acid sites, as concluded by the ammonia infrared
adsorption experiment, supports this hypothesis, since Bronsted
acid sites favour this mechanism and would be generated by the
reaction water [7, 14].

The effective activation energy measured with magnesium oxide
between the extent of conversion of 10% to 90% is too low to be
associated with a chemical reaction. In this case, the conversion
of IPA to PEN is too low (1% to 3%) and the reaction heat is not
significant in the overall thermal increment. Therefore, the device
only measures the heats of adsorption, desorption and diffusion
through the catalytic bed of isopropanol. This interpretation
supports the idea that adsorption on the catalyst is not strong
enough to induce a surface reaction. Instead, the homogeneous
reaction takes place in the gas phase.

The large variation in effective activation energy on the alumina
sample suggests either (i) a mechanism in which the rate-
limiting step is a function of the catalytic process, or (ii) the
coexistence of two distinct mechanisms. The value obtained at
25% conversion is comparable to those obtained in conventional
steady-state experiments and is often attributed to an E2 mech-
anism [14]. In both ways, the values are comparable to that
obtained using density function theory [80]. It is likely that the
variation and potential shift of the predominant mechanism on
alumina is a consequence of the water produced during the
reaction. As shown previously (Figure 8), the large impact of
surface hydroxyls on isopropanol adsorption and the presence
of new surface hydroxyls at define temperatures can argue for
punctual surface modifications. This would explain the brutal
shift of effective activation energy on the first 25% of conversion
extent as the water produced modifies the active sites nature
and strength for subsequent surface reactions in the catalytic
bed.

To support this hypothesis, another amphoteric oxide was tested
in isopropanol dehydration reaction. An amorphous silica-
alumina sample (with a SiO,/(Si0O, + Al,0;) ratio of 30%)
was chosen as silica—alumina catalysts shown to be promising
for alcohol dehydration [83-86]. The characterisation of the
nature, strength and distribution of the acid-base sites of this
sample is available in a previous study [60]. Compared to
alumina, silica-alumina displays lower surface densities of acid
and basic sites, which is the expected behaviour, as pure silica
does not show significant acidic or basic behaviour compared
to alumina [14, 87]. However, the modification of alumina
with silica could induce the formation of bridged hydroxy
groups, as displayed by zeolites, and modify the nature of the
overall acid sites nature [88]. Figure 20 displays the calori-

metric and FID signals obtained after isopropanol injection at
different temperatures between 125°C and 175°C for the silica—-
alumina.

Like alumina and niobium oxide, isopropanol complete conver-
sion to propylene was observed. However, significant variation
in the shape of the endothermic calorimetric signal (Figure 20a)
and propylene FID peak (Figure 20b) are observed at lower
temperatures (125 to 150°C) for silica-alumina than for alu-
mina, which showed the same behaviour between 150°C and
175°C, and even at a higher temperature for niobium oxide
(between 175°C and 200°C). This shift to lower temperatures is
indicative of an improvement in the catalytic activity compared
to pure alumina. The isopropanol pulse calorimetry allowed
to discriminate the temperature interval where the catalyst
becomes active. Figure 21 displays the dependence of the effective
activation energy with the extent of conversion obtained after
advanced kinetic computation on the endothermic contribu-
tion.

Onssilica—alumina, the initial effective activation energy increases
from 72 to 86 kJ mol™" as the extent of conversion reaches 17%.
The value then decreases to 45 kJ mol™ up to an extent of
80%. Above this point, the effective activation energy decreases
rapidly to very low values. The effective activation energy over
the extent of conversion displays a similar profile as alumina but
with lower values of effective activation energy. Both catalysts
show an increase in the very first steps of the conversion, followed
by a relatively low decrease, up to approximately 80% to 90% of
a. The comparable patterns of the effective activation energy as
a function of the extent of conversion observed with alumina
and silica-alumina samples suggest that they share a similar
mechanistic behaviour.

4 | Conclusions

The impact of the acid-base sites nature, strength and distri-
bution on the catalytic dehydration mechanism of isopropanol
to propylene and water was investigated using data from static
adsorption calorimetry, in situ pulse flow calorimetry, infrared
experiments and advanced kinetic computations. Alumina, nio-
bium oxide and magnesium oxide were studied as amphoteric,
acidic and basic solids, respectively. Acid sites have shown to
be essential to coordinatively adsorb isopropanol under pulse
catalytic testing and to trigger the dehydration surface reaction.
Basic sites alone showed only physical adsorption of isopropanol
under a continuous inert flow and no significant catalytic activity
even at elevated temperatures. However, when associated with
acidic sites in amphoteric oxides, basic sites enhance reactiv-
ity by promoting alcohol dissociation and alkoxide formation.
Kinetic computations revealed that the surface mechanism is a
function of active sites configuration. Both Elcb and E2 path-
ways were observed for isopropanol conversion on amphoteric
catalysts depending on the presence of water formed during
the reaction. Acid catalysts favoured isopropanol dehydration
through E1 elimination and carbocation stabilisation. This study
underscores the role of acid-base sites in the catalytic dehydra-
tion of isopropanol and provides a framework for tunning the
surface acid-base properties in order to enhance the catalysts
activity.
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FIGURE 20 | Calorimetric (a) and FID (b) signals as a function of temperature obtained after isopropanol injection on silica-alumina.
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