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Abstract

In 1-butanol dehydration (gas phase) on a Keggin heteropolyacid (HPA) catalyst, the large size of 1-butanol and its significant hydrophobicity make the bulk-type (also called pseudo liquid-type) catalytic
mechanism impossible. This drastically limits the catalytic effect on the surface of the HPA, with an activity lower than what it could be. To overcome this limitation, partially substituted ammonium Keggin acid salts with
the formula (NH,),H3z_,PW{,0,4( were here synthesized. Still maintaining enough acidity for the dehydration reaction, the replacement of some protons of H3PW;,040 with NH,4" increases the hydrophobicity of the
crystal matrix and allows 1-butanol to enter the bulk of the salt. This consequently makes the protons inside the solid able to catalyse the reaction. The penetration of 1-butanol in the bulk is demonstrated by a
combination of in situ methods (Raman, FTIR and XRD) applied during the pre-treatment of the catalyst and the catalytic reaction. When properly activated the pseudo liquid-type mechanism taking place in

(NHy),H3_,PW1,04¢ leads to a markedly higher 1-butanol conversion in comparison to the surface-type mechanism which is the only one achieved with the non-modified pristine HPA.

1. Introduction

Nowadays, it is very important to develop new routes for biomass valorisation in order to replace oil derivatives as starting materials for production of fuels, polymers and other fine chemicals. One way is to



produce alcohols by biomass fermentation, which can then be transformed through a dehydration route to molecules that are useful for the chemical industry.! The use of methanol in such dehydration leads to

dimethyl ether as the only product (eqn (1)),%3 but the use of longer alcohols can lead to a wider range of molecules that includes next to ethers (eqn (1)) unsaturated compounds (eqn 2.4
2R-CH,-OH - R-CH,-O-CH,-R + H,0 (1)

R-CH,-OH - R = CH, + H,0 (2)

In this study, 1-butanol dehydration is explored, looking at the formation of dibutylether but also 1-butene, trans-2-butene and cis-2-butene.

In general, dehydration reactions are achieved with strongly acidic liquid catalysts as concentrated sulphuric acid. However, it is possible to use some heterogeneous solid acid catalysts that are less toxic,

1,5,7 2,3,8-10 ¢

and much safer to handle. Such kind of solid catalysts, like aluminas or silica-aluminas,®>® zeolites or heteropolyacids, an be used in continuous processes working with a gaseous reagent passing

through the solid catalyst bed.

Specifically heteropolyacids are nowadays largely used for many kinds of reactions, thanks to their oxidative properties under mild conditions, and their simultaneous very strong acidity approaching
superacidity.>1112 Among their wide variety of structures, Keggin type is the most common one thanks to its high stability compared to other structures.!’-14 The Keggin anion [XM;,0,40]"" is composed of a central
X0, tetrahedron containing the heteroatom X (typically P>*, Si**, etc.) and surrounded by twelve MOg octahedra containing the addenda atom M (typically W8+, Mo®*, etc.).911.12.15 Keggin anions crystallize with

protons to form H,XM;,0,49 heteropolyacids, the most stable and acidic one being H3PW,0,.

One important peculiarity of heteropolyacids is their ability to achieve a pseudo liquid phase type catalytic mechanism inside their bulk.212.16.17 The bulk is represented by the spaces between the Keggin
anions in the crystalline structure. The access of the reactant molecules to the bulk is a major advantage as, although such diffusion of the reactant molecules towards and through the bulk might be slow, it allows
benefitting from the catalytic potential of every single proton present inside the catalyst. In other words it adds more active sites in the catalytic game and allows the reaction to proceed with more than the only
protons present at the surface of the catalyst as when the reaction only follows a classical surface-type mechanism. It is thus of utmost importance to develop strategies to properly activate the catalysts in order to

bring substrate molecules to react inside their bulk.

Schnee et al. showed that submitting solid H3PW;,04¢ to proper conditions it is possible to replace its crystallization water by methanol, which corresponds to the activation of its bulk and allows the
conversion of methanol inside it during the subsequent catalytic reaction.? 8 This activation is possible with methanol because it is a small and hydrophilic molecule. In the case of longer aliphatic alcohols however,
like 1-butanol, succeeding such activation is more difficult, because of their bigger size and higher hydrophobicity.19-20 The difficulties of 1-butanol to penetrate the bulk of HPA, in comparison to methanol and
other small polar molecules, are discussed in the literature.'6-2! To overcome this problem, we directed our strategy to the modification of Keggin heteropolyacids with cations that would make their bulk more
accessible to bigger and more hydrophobic molecules. The idea is precisely to create a homogeneous Z,H,_,XM;,0,4o phase, which contains simultaneously protons and bigger cations (generally noted as Z at this
stage); the hypothesis being that such substitution will increase the lattice parameter of the cubic phase as described by Vegard,?? with accordingly the creation of more space for 1-butanol to penetrate in the bulk.
Another facet of our hypothesis is that all substitutions leading to an increase of the hydrophobicity of the Keggin salt matrix (as should be the case when replacing hydrophilic, and usually hydrated, protons) would

help more hydrophobic molecules to have more interactions with the catalyst and penetrate its bulk.

It is possible to substitute some protons of H,XM;,0,4, heteropolyacid by cations like Na*, Cs*, NH,* or Ag*.16.17 We decided to study partially substituted ammonium Keggin heteropolyoxometalate acid
salts.!7-23.24 These catalysts are claimed to have higher specific surface area and/or microporosity than those of the corresponding pristine heteropolyacids.!”-24 Substitution of protons with ammonium cations
should lead to a modification of their lattice parameter, but it will also decrease the number of acid sites, i.e. with fewer remaining protons to catalyze the reaction. In the scope of our strategy to optimize these
catalysts for acid-driven dehydration reactions, it is thus crucial to succeed in achieving only partial substitution of pristine protons so as to preserve significant acidity for the catalysis. Finding synthesis conditions
leading to a good compromise between the modification of the solid properties, and the number and acid strength of the protons still available for the reaction is the core of the investigation reported here. After the
synthesis of the modified Keggin salts and their ex situ characterization, a combination of in situ techniques (Raman, FTIR and X-ray diffraction) are implemented to elucidate the phenomenon occurring during the
activation and reaction of the catalysts. Specifically these techniques are used to follow the penetration of 1-butanol in the bulk of the substituted salts and decipher which catalytic mechanism (surface-type or

pseudo liquid one) does operate with our catalysts.?25



2. Experimental
2.1. Chemicals

All chemicals were purchased from Roth. Before use, H3PW;,04¢ (hereafter H3PW) was dried under vacuum at 25 °C overnight in order to remove physisorbed water. NH4HCO3 and 1-butanol reagent grade (=99.5%) were

used as received.

2.2. Materials preparation

(NHy),H3_,PW1,04¢ catalysts (hereafter denoted as (NH4)xPW) were prepared as follows. First, a NH;HCO3 aqueous solution (0.025 mol L~1) was added dropwise (room temperature, under stirring) to a H3PW1,040
aqueous solution (0.055 mol L™1) in determined proportions to obtain the desired x.23 A solid precipitated progressively. The obtained suspension was aged for 1 night at ambient temperature in atmospheric air in a covered flask.
Then, the suspension was slowly dried at 50 °C under vacuum in a rotary evaporator. The obtained powders were finally heated at 150 °C for 8 hours in an oven in air, in order to homogenise them.1” Catalysts (NH4)xPW were

prepared with x= 0.5, 1, 1.5, 2, 2.5 and 3.

2.3. EXx situ characterisation

X-ray diffraction (XRD) patterns were acquired at room temperature with a D8 ADVANCE Bruker diffractometer equipped with a LYNXEYE XE-T detector, using copper Ka radiation (A = 0.15418 nm) in a 26 range of 5-80°
(step = 0.015°, time per step = 0.15 s). The X-ray source was operated with a tension of 40 kV and a current of 30 mA. The powder diffraction file from the International Center for Diffraction Data (PDF-2 database, ICDDZG) was

used to identify the crystalline phases and DIFFRAC-EVA was used for data analysis. The lattice parameters were calculated using eqn (3).

s 2
a=dx\h + k" +1°, 3)
where a is the lattice parameter in A, dis the basal distance in A, and h, kand ] are the indexes from the literature (pdf-2 50-0304) relative to each peak used.

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/SDTA851. The sample (around 15 mg) was heated under a dry air stream (Air Liquide Alphagaz 1 dry air 99.9%, 50 mL min~1) from room

temperature to 800 °C, 10 °C min~!, in order to evaluate the amount of physisorbed and structural water, and the decomposition temperature of the Keggin salts.

NH3 temperature programmed desorption (NH3-TPD) was performed using a Hiden CATLAB-PCS combined microreactor and mass spectrometer (MS) system. The MS was equipped with a quadrupole detector. In the first
step, the sample (around 50 mg) was heated under argon (30 mL min~1, Air Liquide purity Alphagaz 1 = 99.999%) at 150 °C. Then, the sample was exposed to ammonia (Praxair certified gas mixture 5% NHj3 in He (Alphagaz 1 =
99.999%) 10 mL min~! diluted with Ar 20 mL min~!) for 2 hours at 150 °C and then flushed with Ar (30 mL min~!) for 1.5 h to remove physisorbed ammonia. The last step consisted in the desorption of chemisorbed ammonia, by
increasing the temperature from 150 °C to 700 °C at the rate of 10 °C min~L. As the catalyst contains ammonium, the same procedure was applied without flowing ammonia during the adsorption step, namely flowing 30 mL min~1
of only argon for 2 h at 150 °C, in order to quantify the number of ammonia molecules corresponding to the ammonium structurally present in the catalyst. The difference between these two measurements (with and without
ammonia adsorption) gives the number of ammonia molecules just related to the acid sites in the catalyst and is called “corrected ammonia molecules”. Only corrected values are presented below. The ammonia mass signal (mz17) is

also corrected by removing the contribution of H,O at the same mass, which was estimated from the H,O signal measured at the mass signal (mz18). Sensitivity factors were calculated based on the first step of ammonia adsorption

and used to calibrate and quantify the amount of released ammonia.

2.4. In situ characterization

Catalysts were characterized by in situ Raman spectroscopy during the bulk activation procedure (dehydration and then 1-butanol exposure, see later). The sample (180 mg) was introduced into a quartz reactor, equipped
with optical windows allowing the characterization by Raman spectroscopy during the procedure. The reactor was connected to gas flowmeters and a 1-butanol saturator in order to control the gas composition, and inserted in a
tubular furnace in order to control the temperature. A hole drilled in the furnace allowed the laser to be focused on the sample to irradiate it and to collect its Raman signal. The whole setup was placed within a black box in order to
avoid any disturbances from external lights. Raman spectra were recorded with a Kaiser RXN spectrometer (diode-pumped frequency doubled Nd:YAG 1 laser with 532 nm wavelength, a nominal power of 50 mW, an Mk II filtered
probe head with a 5.5 inch non-contact objective lens, and a spot-size of ca. 100 pm). The resolution was 5 cm™L. The spectrometer had an objective through which the laser beam was focused at a distance of about 14 cm. The

acquisition consisted of 15 accumulations of 1 second exposure for each spectrum, with 2 minutes between two spectra.

Catalysts were characterized by in situ FT-IR spectroscopy upon dehydration and subsequent exposure to 1-butanol. Each of the samples (5 mg) was dispersed in deionized water and spread over a silicon plate (2 cm? area).



After 5 minutes of drying in ambient air, the silicon plate was placed in a homemade transmission IR cell, which in turn was positioned in the sample compartment of a Thermo-Nicolet Nexus 670 FT-IR spectrometer. The IR cell was
equipped with IR-transparent KBr windows at each side of the sample holder, and with a heating system. It was connected to a vacuum line for evacuation (to 10~8 Torr) and subsequent introduction of small doses of 1-butanol vapor

(typically 1.5 Torr). The spectrometer was equipped with a mercury cadmium telluride (MCT) cryo-detector. In situ FT-IR spectra during evacuation and butanol-exposure steps were measured at 4 cm~!

resolution, and processed
with the Thermo Scientific OMNIC software. In a typical experiment, the sample was first pre-treated under vacuum (10‘6 Torr) according to the following steps: 1) 30 minutes at room temperature, 2) heating to 320 °C (8 °C min~1)
for 1 hour, and 3) cooling down to 150 °C (8 °C min‘l). Once at 150 °C, the sample is exposed to 1.5 Torr of 1-butanol (Sigma-Aldrich, =99%). Then, it was kept under the latter atmosphere for the whole 3 following steps: 1) 10
minutes at 150 °C, 2) cooling down to room temperature (10 °C min~1) for 1 night, 3) heating back to 150 °C (2 °C min~?) for 1 hour, and 4) cooling down again to room temperature (10 °C min~1). Finally, once back at room

temperature, 1-butanol was evacuated (until reaching 106 Torr).

X-ray diffraction patterns were acquired on the same apparatus as described before, but with the catalytic chamber (Bruker XRK900) mounted on the diffractometer. X-ray diffractograms were continuously recorded
throughout the bulk activation procedure (dehydration and subsequent exposure to 1-butanol). For this, the gas was flushed in the chamber at a flow of 30 mL min~! and atmospheric pressure, at a temperature and with the gas

composition following exactly the sequence described in section 2.5.

2.5. Catalytic activity

The catalysts were tested in 1-butanol dehydration between 100 and 350 °C. The N, (Air Liquide Alphagaz 1 = 99.999%) flow was controlled using a N, mass flowmeter and sent to a saturator filled with 1-butanol. The
temperature of the saturator (64.6 °C)2’ leads to a 1-butanol partial pressure of 10% in the mixture (total flow 30 mL min~!). All the gas lines of the setup were heated at around 200 °C to avoid any condensation. The catalysts
(0.180 g of powders as prepared but selected by sieving in a granulometer between 100 and 200 pm after an eventual slight mortar-and-pestle crushing, catalytic bed of 2.0 cm) were tested in a stainless steel tubular reactor heated

in a furnace.

In the case where the activation step of the bulk was applied, the catalyst was first treated at 320 °C for 1 h under N, in order to remove all the physisorbed and structural water.2 Then, the temperature was decreased to 25
°C and when 25 °C was reached the catalyst was exposed to 1-butanol (partial pressure 1%) for 10 minutes. After that, it was flushed with nitrogen and the catalytic test started. This temperature and exposure sequence was the one

described in ref. 2 to allow methanol to penetrate in the bulk of HPW, here replacing methanol by 1-butanol. These tests are labelled “1-butanol exposure”.

When no such activation procedure was applied, the catalyst was only treated at 320 °C for 1 h under N in order to remove all the physisorbed and structural water, then the temperature was decreased to 100 °C and when

100 °C was reached the catalytic test started by introducing the mixture 1-butanol/N; in the reactor. These tests are labelled “no exposure”.

Outlet products were analysed online using a 450-gas chromatograph from Bruker, equipped with a molecular sieve 5 A column (separation of N, and CO) followed by a TCD, a pre-packed column HAYESEP Q 80-100

(separation of CO5) followed by a TCD and a capillary SIL-5CB column followed by a FID for the separation and detection of organic compounds (butenes, 1-butanol, dibutylether and heavier compounds).

Catalytic results are given in terms of 1-butanol conversion (%Cgyopn) (eqn (4)), butenes and dibutylether (DBE) selectivities (% S1 hutene: % Set2-butenes %0 Sc-2-butener %0SpBE.) (€qn (5)) and carbon balance (%CB) (eqn (6)).
Moreover to evaluate and properly compare the intrinsic performance of the different catalysts, a normalized conversion has been calculated per acid site present in the reactor. The number of acid sites per mass of the different
catalysts was evaluated by NH3-TPD (vide supra). All the catalysts being tested at the same mass and under identical flow conditions, the differences between them at the level of their normalized conversions are a direct reflection

of their differences in intrinsic reaction rates.

o . = BUOH, —BuOH,,

- x 100, 4
BulH BuOH,, )

where BuOH;, and BuOH,,; are percentages of 1-butanol respectively at the inlet and at the outlet.
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—=—x 100, (5)
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where %S, is the selectivity of compound X.

+2xDBE,, + BuOH,,
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where %CB is the carbon balance.

The aim of the work is to demonstrate when the catalysts are active according to a pseudo liquid reaction mechanism, i.e. when the substrate penetrates inside the bulk and reacts with the protons therein in addition to the
reaction it undergoes with the protons present at the surface of the catalysts. In this context, calculating rates (number of 1-butanol molecules converted, per active site, per time unit) would not be helpful. Indeed, in the case
we-succeed to make the reaction occuring not only at-the-surface but also in the-bulk (as we target it)-internal-diffusion of 1-butanol inside the bulk of the salts likely comes into play and might decrease, (as it -
might indeed be a slow step); the overall reaction rates. This would make unfair the comparison of on one side the rates when the pseudo liquid mechanism is active, with on the other side rates resulting of an exclusively surface-
typeetetlctionoumfaitsdiewould be systematically lost by the catalysts achieving the pseudo liquid mechanism. The aim here is to increase the number of catalytic sites contributing to the reaction (by activating the bulk

protons in addition to the surface ones), whether their rates are slowed down by the diffusion (inner protons) or not (surface protons). This approach was already validated in ref. 2.

3. Results and discussion

3.1. Ex situ characterization of the prepared partially substituted ammonium Keggin acid salts
3.1.1. X-ray diffraction

X-ray diffraction analysis (Fig. 1) revealed the presence of a (NH4)xPW phase from x = 0.5 to x = 3, and the presence of a H3PW phase from x = 0 to x = 1.5. The presence of two phases for samples with 0 < x < 1.5 indicates
a certain inhomogeneity in them. According to the literature, during the preparation of the catalysts, the precipitation of (NH,)xPW particles with a real x higher than the nominal one likely occurs first, then with the evaporation of
the solvent, the rest of HPA still in solution deposits on the first-formed (NH4)xPW particles.!” Also according to the literature, the subsequent thermal treatment is intended to homogenize the system by allowing a migration of the
different cations and their equilibration throughout the whole solid,'” but for the samples with low x, our results suggest that the H3PW layer deposited over (NH,)xPW particles is likely too thick and such homogenization becomes

difficult, leading at the end to a mixture of (NH4)xPW and H3PW.
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Fig. 1 X-ray diffraction, — H3PW, - (NH4)0.5PW, — (NH,)1PW, - (NH,)1.5PW, - (NH,)2PW, — (NH,)2.5PW, — (NH,)3PW, — ref H3PW;,040-6H,0 ICDD 2004 pdf-2 50-0304, — ref (NH4)3PW;,040-9.5H,0 ICDD 2004 pdf-2 50-0305.

The H3PW phase disappeared progressively when increasing x up to x = 2. Above this value, XRD did not detect the presence of the H3PW phase anymore, meaning that the samples with x = 2 were composed of only the

homogeneous partially substituted-phase.

The lattice parameters (Fig. 2) show that an increase in x has no impact on the H3PW phase (when present, i.e. when x < 2). In contrast, the lattice parameter of the (NH,)xPW phase decreased gradually with the increase of
x, indicating a progressive insertion of NH, " in the lattice. The decrease in the lattice parameter seems to contradict the idea that introducing a bigger cation (NH," is indeed bigger than H*) in the bulk would increase the lattice
size. But our observation actually can be related to the loss of structural water, which is present when H™ is the counter-cation of the polyoxometalate (forming H50,%) but absent with other cations. When crystalline water is
removed from pristine HPA, the global crystallinity is affected and the cubic centred structure is lost.?® The presence of ammonium species here leads to a structure with a low content in crystalline water, still with the pristine

crystalline symmetry preserved. This could help 1-butanol to penetrate the bulk, notwithstanding the smaller lattice parameters, because the crystal lattice is not cluttered with water anymore.
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Fig. 2 Lattice parameters of the phases 4 H3PW and « (NH,)xPW, as a function of x.

3.1.2. TGA

Based on the TGA profiles, the amounts of physisorbed and structural water were calculated. The comparison of the amount of structural water per Keggin unit as a function of x (Fig. 3) shows that the presence of NH,*
leads to its huge decrease. In principle for H3PW each proton is solvated by two water molecules, leading to six water molecules per Keggin unit (each holding three protons). By replacing protons with x ammonium, we expect the
presence of two water molecules per remaining proton, so (6-2x) water molecules per Keggin unit. The overall observed tendency is that the amount of structural water in the samples indeed decreases when the substitution of the

protons is pushed further (i.e. when x value increases). This fits well with the decrease in the lattice parameters highlighted by XRD, which also suggests a loss of structural water along the substitution.
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Fig. 3 Number of structural water molecules per Keggin unit as a function of the ammonium content x in (NH4),H3_,PW;,0,4¢. The red dashed line represents the amount of structural water expected from the (6-2x) formula, namely 2 water molecules

=
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should be present per remaining proton in the structure (i.e. not having been substituted by NH,*).

Looking more closely, for the samples with x = 2.5 and 3, the number of water molecules remains constant, at a slightly higher value than the (6-2x) molecules of structural water prediction, suggesting that for very high
NH,* contents water remains present in the structure more than expected. This is also correlated with XRD, from which the stabilization of the lattice parameters (no further decrease with x) for x = 2.5 and x = 3 was observed. In
contrast an additional fact is that for the lowest x (up to x = 2), the number of water molecules measured is lower than the (6-2x) molecules of structural water prediction. The lower amount of water than expected for these samples
with a low x value (but different from 0) constitutes a very positive point for the catalytic reaction, as it suggests that the NH,* containing partially substituted structures are likely even less hydrophilic (i.e. more hydrophobic) than

expected and that they could interact therefore even more easily with 1-butanol.

3.1.3. NH3-T'PD

The ammonia temperature programmed desorption allows quantification of the number of acid sites (number of ammonia molecules desorbed) and their strength (desorption temperature of ammonia) for our samples. It

should be noted that the number of acid sites is reported after subtraction of the structural ammonia, i.e. present in the crystal structure even before NH; adsorption (and thus not probing acid sites) but yet released in the TPD

experiment. Fig. 4 shows a decrease in the number of acid sites when x increases. The decreasing trend observed confirms that, as expected, H* are progressively replaced by NH,* in the crystals when x increases.
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Fig. 4 Number of acid sites in mmol g~! as a function of the ammonium content (x) in (NHy) yH3_xPW15040.

For HPA, it is commonly accepted that the acidity brought by protons is so strong that NHj is released only when the thermal decomposition of the HPA (or actually of the ammonium salt that is formed when the HPA is
exposed to ammonia during the adsorption step of the TPD protocol) occurs.293 This can indeed be observed in Fig. 5 which reveals that H3PW released NHj, i.e. decomposes, at around 600 °C. When implementing ammonium in
the structure (i.e. substituting H*), this sign of strong acidity remained predominant for the samples with x = 0.5 to x = 2, even if the stability of the compounds (or their salts formed during the ammonia adsorption step) decreased
as their thermal decomposition was observed around 540 °C. When x = 2.5, almost no sign of strong acidity (x = 2.5) or no strong acidity (x = 3) was observed anymore whereas release of ammonia at a temperature as low as around
260 °C predominated. This release of NH; at low temperature could be related either to, first, the presence of weak acid sites as due to the slightly acidic NH,* ions that are present in large quantities for samples with x= 2.5, or
second, to the acidity of the few remaining protons solvated with a proportionally high (actually higher than expected) amount of structural water (as revealed by TGA) that lowered their acid strength. This second hypothesis sounds
however unlikely as (NH,)3PW shows the strongest NH; release at 260 °C while it is not supposed to contain H* counter-cation in its structure anymore. A third hypothesis accounting for the low temperature release of ammonia by
the samples with the highest x values could be the one used by Essayem et al,’° namely that ammonium salts of Keggin HPAs become microporous, with the low temperature release of ammonia corresponding to ammonia that had

been trapped and somehow stabilized in the small pores during the adsorption step of the TPD protocol, thus without really probing any acid sites during the experiment.
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Fig. 5 Number of NH3 molecules desorbed as a function of the temperature for the samples — H3PW, - (NHy)0.5PW, - (NH4)1PW, - (NHy)1.5PW, — (NH4)2PW, - (NH4)2.5PW and - (NH4)3PW.

3.2. In situ characterization of the penetration of 1-butanol in the bulk during the activation procedure

In situ techniques are the easiest way to elucidate whether we succeed in activating the bulk (or not) from one sample to another. It can indeed help to decipher whether the reactant really penetrates the structure and
interacts with H* ions that are inside the catalyst and not only with those at its surface. The in situ characterization was focused only on H3PW, (NH4)2PW and (NH4)2.5PW because the ex situ characterization confirmed both their
homogeneity and remaining acidity. A particular focus was on (NH4)2PW as this sample was additionally highlighted from the TGA analysis as a more hydrophobic sample than expected, which qualified it as very promising for the

catalytic reaction envisaged in our investigation.

3.2.1. H3PW

In situ Raman spectroscopy was first used on H3PW to monitor the effect of the bulk activation procedure on the W=0,; (W=O0 terminal) band (Fig. 6). It appears that the thermal treatment led to a shift of this band from
1008 cm™! (interaction with dihydrated proton H50,%, Fig. 6a) to 1023 cm™! (corresponding to W=0; interacting only with anhydrous H*, Fig. 6b).2 In the second step, the decrease in the temperature (back to 25 °C) did not lead
to a shift of the band back to its initial position, showing that W=0, remains in interaction with anhydrous H* (Fig. 6¢). Finally, 1-butanol exposure did not affect the position of the W=0, band neither (Fig. 6d), indicating that 1-

butanol cannot penetrate the bulk and cannot interact with H* and/or W=0,.
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Fig. 6 Raman spectra of H3PW during the bulk activation procedure: a) at 25 °C under Ny, b) at 320 °C under Ny, c) back to 25 °C after thermal treatment under Ny, d) at 25 °C after thermal treatment under 1% 1-butanol in Nj.

The bulk activation procedure was also monitored using XRD. An increase of temperature from 25 °C to 350 °C under a N, atmosphere led to the modification of the centred cubic phase to another crystalline phase with less
symmetry (Fig. 7). The duration of thermal treatment (0-1 h) did not affect the crystalline phase, and the decrease in the temperature back to 25 °C did not lead to the recovery of the initial centred cubic phase. This evolution of the

crystalline phase is due to the loss of structural water when increasing the temperature.
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Fig. 7 Evolution of the XRD pattern of H3PW during the thermal treatment of the bulk activation procedure: - start 25 °C, —~ 350 °C, -~ 1 h 350 °C, - back to 25 °C.

After the thermal treatment, when H3PW was exposed to 1-butanol no evolution of the crystalline phase was observed neither during the 10 min exposure nor during the N, purge (Fig. 8). This confirms that 1-butanol is not

able to diffuse within the bulk of H3PW, in good agreement with in sifu Raman measurements.
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Fig. 8 Evolution of the XRD pattern of H3PW during 1-butanol exposure during the bulk activation procedure: — back to 25 °C (after thermal treatment), - BuOH exposure at 25 °C for 10 min and N, purge for 2 h.

Finally, besides bands corresponding to P-Oa-W (1080 cm™1), W-Ob-W (901 cm™!) and W-Oc-W (799 cm™?) that remain unchanged throughout the procedure, in situ FT-IR showed that the thermal treatment led to a shift of
the W=0, band from 980 cm~! to 997 cm™! (Fig. 9). This is in good agreement with previous in situ studies and the fact that structural water left the structure. However, here the exposure to 1-butanol at 19.8 °C led to the recovery

of the initial position of the W=O, band (from 980 cm™! to 993 cm™), indicating that something penetrates the bulk and interacts with H* and/or W=0,.
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Fig. 9 Evolution of the IR spectrum of H3PW during the bulk activation procedure between 700 and 1400 cm~!: — vacuum 21.5 °C, - vacuum 320 °C, — vacuum 114 °C, - BuOH 1.5 Torr 134 °C, - BuOH 1.5 Torr room temperature, - BuOH 1.5 Torr

19.8 °C, — BuOH 1.5 Torr 140 °C, — BuOH 1.5 Torr 32 °C, — vacuum 25 °C, — vacuum 113 °C.

1, even after 1-butanol exposure, meaning that the 1-butanol used

Scrutinizing this observation on the basis of the spectra at higher wavenumbers (Fig. 10) some water bending was observed around 1615-1620 cm™
contained traces of water that had interacted with the sample during 1-butanol exposure. Consequently, the observed shift of the W=O, band is not sufficient to conclude on the efficiency of the bulk activation procedure and its

efficiency to allow 1-butanol to infiltrate the bulk of H3PW.
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Fig. 10 Evolution of the IR spectrum of H3PW during the bulk activation procedure between 1200 and 1800 cm~!: — vacuum 21.5 °C, - vacuum 320 °C, — vacuum 114 °C, - BuOH 1.5 Torr 134 °C, - BuOH 1.5 Torr room temperature, — BuOH 1.5 Torr
19.8 °C, — BuOH 1.5 Torr 140 °C, — BuOH 1.5 Torr 32 °C, — vacuum 25 °C, — vacuum 113 °C.

Concerning the evolution of the H3PW IR spectrum between 2500 and 4000 cm™! during the bulk activation procedure, we cannot see any formal evidence of 1-butanol entering the bulk (see ESL! Fig. SI1).

3.2.2. (NHg)2PW

The in situ Raman study revealed that during the bulk activation procedure only some W=0, groups of (NH,)2PW shifted from 1006 cm~! (Fig. 11a) to a higher value (Fig. 11b). This resulted in a major band at 1005 cm™!
(W=0, that remains in interaction with NH,*) and a shoulder at 1018 cm™! (W=0, interacting with H* that has lost its structural water during the thermal treatment). The decrease in the temperature (back to 25 °C, Fig. 11c) did
not have any effect on the shoulder that stayed at 1019 cm™!, but it appeared that the subsequent 1-butanol exposure led to its disappearance (Fig. 11d). This shift indicates that for (NH4)2PW the 1-butanol does penetrate the bulk

and interact with H* and W=0,.
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Fig. 11 Raman spectra of (NH4)2PW during the bulk activation procedure. a: At 25 °C under N, b: at 320 °C under Ny, c: back to 25 °C after thermal treatment under Ny, d: at 25 °C after thermal treatment under 1% 1-butanol in Nj.

Concerning in situ X-ray diffraction, the thermal treatment at 350 °C (Fig. 12) does not induce any modification in the crystalline phase that keeps its cubic centred symmetry. The fact that (NH,)2PW can only release a small
amount of structural water when the temperature increases can explain this observation. Actually, NH," cations that are in the structure are not released with the temperature increase, which does not lead to any modification of

the structure as it is the case when H,O is released. Thus the cubic centred phase remains stable and almost unchanged thanks to the predominant presence of NH,*.
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Fig. 12 Evolution of the XRD pattern of (NH,)2PW during the thermal treatment of the bulk activation procedure: - start 25 °C, — 350 °C, — 1 h 350 °C, - back to 25 °C.

1-Butanol exposure does not lead neither to any phase evolution (Fig. 13). Nevertheless, this does not mean that 1-butanol cannot penetrate the structure. It means that we cannot detect this event by XRD for the (NH,)2PW

catalyst. The fact that the centred cubic structure is preserved despite the thermal treatment could play a role in 1-butanol penetration into the bulk, but it also prevents us from seeing its presence or absence in the bulk.
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Fig. 13 Evolution of the XRD pattern of (NH4)2PW during 1-butanol exposure during the bulk activation procedure:— back to 25 °C (after thermal treatment),- BuOH exposure at 25 °C for 10 min and N, purge for 2 h.

In situ FTIR shows that, as XRD, the thermal treatment and the subsequent 1-butanol exposure does not lead to any significant shift of the W O, band in comparison with its original position at 980 cm~! (Fig. 14). That means

that under these conditions, it is not possible to pretend that 1-butanel-has-penetrated-into-the bulk. The other bands, as described before for H3PW, correspond to P-Oa-W (1080 cm 1), W-Ob-W (893 cm™!) and W-Oc-W (797 cm™1).
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Fig. 14 Evolution of the IR spectrum of (NH,4)2PW between 700 and 1200 cm~! along the bulk activation procedure: — vacuum 29 °C, - vacuum 324 °C, - vacuum 123 °C, - BuOH 1.5 Torr 140 °C, -~ BuOH 1.5 Torr 19.5 °C, - BuOH 1.5 Torr 19.5 °C

overnight, - BuOH 1.5 Torr 140 °C, - BuOH 1.5 Torr 22 °C, — vacuum 22 °C, - vacuum 123 °C, - vacuum 25 °C.

In the IR spectra between 1200 and 1800 cm™?! (Fig. 15) the band at 1420 cm™! that is characteristic of ammonium ions is observed. The absence of the H50,* band at 1700 cm~?! confirms the absence of crystallisation
water as highlighted before and allows hypothesizing the more hydrophobic nature of the bulk of the catalyst. However, a band at 1620 cm™! due to physisorbed water appears. Although their band decreased drastically, there are
still some NH,* present after the thermal treatment. So we are in a position allowing looking at the effect of the presence of NH," in the bulk (combined with the absence of structural water) on the ability of 1-butanol to penetrate

the matrix of (NH,)2PW.
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Fig. 15 Evolution of the IR spectrum of (NH,)2PW between 1200 and 1800 cm~! along the bulk activation procedure: — vacuum 29 °C, - vacuum 324 °C, — vacuum 123 °C, - BuOH 1.5 Torr 140 °C, -~ BuOH 1.5 Torr 19.5 °C, - BuOH 1.5 Torr 19.5 °C

overnight, - BuOH 1.5 Torr 140 °C, - BuOH 1.5 Torr 22 °C, — vacuum 22 °C, - vacuum 123 °C, - vacuum 25 °C.

In the 4000 to 2500 cm™! zone (Fig. 16) the bands between 2800 and 3000 cm~! (stretching of CHj from the 1-butanol in the gas phase and adsorbed at the surface) are again observed as, between 3100 and 3600 cm™!,
some large bands that correspond to OH stretching of 1-butanol and remaining water traces. Interestingly, after 1-butanol exposure at 25 °C, new well defined and intense bands appear at 3588 and 3532 cm™!. These were neither
present beforehand in the sequence, nor observed for H3PW. These bands are less intense but still present after heating at 150 °C under 1-butanol. This is exactly what we were expecting when applying the bulk activation

procedure. Namely, after the thermal treatment is applied to remove water, the 1-butanol exposure at 25 °C leads to its penetration into the bulk. Thereby the bulk of the catalyst is accessible to 1-butanol even at higher temperature

during the catalytic activity. These results confirm what was understood from in situ Raman, namely that the bulk can be activated thanks to the presence of NH,* cations in the structure. The bands at 3588 and 3532 cm™! are

attributed to 1-butanol confined in the bulk, further confirming that it has penetrated the bulk and that the bulk has been activated.
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Fig. 16 Evolution of the IR spectrum of (NH,)2PW between 2500 and 4000 cm~! during the bulk activation procedure: — vacuum 29 °C, - vacuum 324 °C, — vacuum 123 °C, — BuOH 1.5 Torr 140 °C, -~ BuOH 1.5 Torr 19.5 °C, — BuOH 1.5 Torr 19.5 °C

overnight, - BuOH 1.5 Torr 140 °C, - BuOH 1.5 Torr 22 °C, — vacuum 22 °C, — vacuum 123 °C, - vacuum 25 °C.

3.2.3. (NHg4)2.5PW
In the case of (NH,)2.5PW, the thermal treatment does not lead to any visible modification of the position of the W=0, band, as 1-butanol exposure does not lead to any shift either (see ESIf Fig SI2). The band of W=0,
groups in interaction with the remaining H* is probably too low and is hidden by the band (not shifted) of the W=0, groups in interaction with NH,*. Even if a small part of the W=0, band shifted due to H* dehydration, it is not

observed in the spectrum. This suggests that there is no bulk activation occurring for (NH4)2.5PW, or that this phenomenon is not intense enough to be observed by in situ Raman spectroscopy.

3.3. Catalytic activity

Comparing H3PW with BuOH exposure, (NH,4)2PW with BuOH exposure and (NH,4)2.5PW with BuOH exposure (Fig. 17), (NH4)2.5PW appears the least active. This can be due to the weakness of its acid sites as revealed by
NH3-chemisorption (if the hypothesis that the ammonia release at low temperature in the experiment reflects the presence of weak acid sites indeed prevails), as compared to the superacidity of the other catalysts sites. The very

low number of remaining protons in (NH4)2.5PW (revealed by in situ Raman) is so low that the effect of the bulk activation procedure is not distinguishable, which does also correlate with its lowest activity.
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Fig. 17 Absolute catalytic activity of « (NH,)2PW BuOH exposure, compared to those of « (NH,)2.5PW BuOH exposure and » H3PW BuOH exposure.
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For (NH4)2PW with BuOH exposure and H3PW with BuOH exposure the activity is not stable with the reaction time at each temperature explored above 100 °C, suggesting the occurrence of some kind of deactivation. A
part of this deactivation can be explained by coke formation which increased with the temperature (carbon balance is shown in the ESI'). This phenomenon is more important in the case of (NH4)2PW with BuOH exposure. Another
explanation could be that the water generated in the bulk of (NH4)2PW during the 1-butanol dehydration could clutter the spaces in the bulk, limiting the access of 1-butanol to the bulk, and thus decreasing the activity. The

presence of water generated by the reaction can also increase the hydrophilicity of the structure and thereby decrease its interaction with 1-butanol and thus the ability of the latter to reach the protons inside the solid.

However, comparing (NHy)2PW with BuOH exposure and (NH4)2PW without BuOH exposure (Fig. 18), it turns out that the exposure step has a markedly beneficial effect on the activity. This is in good agreement with the in
situ characterization that highlighted the possibility to activate the bulk of (NH4)2PW. Here it is made clear that when 1-butanol has access to H* in the bulk as a result of a suitable activation procedure, the activity increases. For
comparison, the gain in 1-butanol conversion is not so important at each temperature explored with H3PW with vs. without 1-butanol exposure (see ESLt Fig. SI3), in agreement with what was observed during in situ

characterization, namely that the applied activation procedure does not allow 1-butanol to penetrate in the bulk of H3PW.
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Fig. 18 Catalytic activity of « (NH,)2PW BuOH exposure compared to- (NH,)2PW no exposure.

To push the discussion towards a more quantitative level, the fact that the number of acid sites in the reactor is very different from one catalyst to another must be considered. Therefore, it is necessary to compare the
activity of the different samples at-an-identical number of acid sites tested. On that purpose, Fig. 19 compares the activities normalized to the total number of acid sites in the reactor. Doing so the activity of (NH4)2PW appears much

higher than that of H3PW, confirming that in the (NH4)2PW case the acid sites are more accessible for 1-butanol as a result of its bulk activation which boosts its performance.
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Fig. 19 Catalytic activity of « H3PW BuOH exposure, . (NH4)2PW BuOH exposure and - (NH4)2.5PW BuOH exposure, after ——————normalization to the number of acid sites.

Finally, to discard all doubts that the observed gain of performance could be due to a textural effect induced by the activation of the bulk procedure, N, physisorption measurements were performed on fresh degassed
samples, thermally treated ones, and on samples after BuOH exposure (see ESLt Fig. SI4). In all cases, the specific surface area remains equally low and can thus not be invoked to account for the difference of performance from

one sample to another.

The selectivities toward butenes and dibutylether are similar for all the catalysts regardless of their x value. At low temperature, dibutylether is favoured, and when increasing the temperature, butenes are more and more
favoured. The condensation of 1-butanol to dibutylether is an exothermic equilibrated reaction, while the dehydration of 1-butanol to butene, or the dissociation of dibutylether to butenes is an endothermic irreversible reaction.®
According to Le Chatelier's principle, we instinctively understand the selectivity towards dibutylether at low temperature (exothermic reaction, easy at low temperature), and the selectivity toward butenes at higher temperature

(endothermic reaction that takes place thanks to the higher temperature, irreversible reaction). Selectivities of the different catalysts are discussed in more detail in the ESI" (Fig. SI5).

Concerning the carbon balance, it decreases when the temperature increases, indicating more coke formation at higher temperature. The bulk activation procedure also plays a role in decreasing the carbon balance, as it
was previously described for other catalysts in methanol dehydration after bulk activation.3! This phenomenon and the carbon balance of the catalysts are discussed in the EsIf (Fig. S16). The deactivation of the catalysts by the
formation of coke, and specifically of (NH4)2PW having undergone the bulk activation procedure, might be an obstacle for the industrial application of such systems. Indeed the regeneration of the catalysts by burning the coke at
high temperature would not be appropriate due to their limited resistance to high temperature (our substituted ammonium HPAs decompose around 500 °C). The advantage of the partially substituted ammonium HPA salts and of
our procedure to activate their bulk must thus be seen in the fact that they allow catalysis of the dehydration of 1-butanol at very low temperatures at which the carbon balance is very good, ie. at which only dibutylether is

produced with almost no (150 °C) or absolutely no coke formed, meaning that the deactivation is limited to its lowest expression (if it occurs).

4. Conclusion



The large size of 1-butanol and its hydrophobicity make its dehydration on HPA through a bulk pseudo liquid-type mechanism difficult, unlike what was observed with methanol. In this context we showed
that the homogeneous replacement of some protons of H3PW;,0,40 with NH,* to form (NH,),H3_,PW,0, leads to conservation of the crystalline structure of the material whilst a large amount of structural water
was removed. Also ammonia-TPD shows that the modified Keggin salts still present some acidity (in terms of the number of acid sites), revealing that we succeeded in achieving the targeted only partial
replacement of the protons with ammonium. In addition, for some catalysts these remaining protons still present strong acidity. Preserving numerous and strong acid sites was crucial for the targeted dehydration
reaction. In situ characterization upon dehydration and subsequent 1-butanol exposure reveals that it is possible to activate the bulk (i.e. that this sequence allows 1-butanol to infiltrate the matrix of the solid) for
(NH4),HPW;,04¢, but not for H3PW. The conversion of 1-butanol achieved with this (NH,4),HPW;,0,40 modified catalyst thus outcompetes that of pristine H3PW;,04¢. As initially hypothesized, the homogeneous
distribution of ammonium as species substituting the protons within the solid helps 1-butanol to access every single proton still present in the catalyst, and ultimately increases significantly the activity for 1-butanol

dehydration in butenes and dibutylether.
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