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Chapter 1.

General Introduction

1.1 The FritzHabe-Institute!™

v S o The Fritz Haber Institute (FHI) is a science reskanstitutewith focus

; "E' on physical chemistry and chemical physics. The WwH$founded in 1911 in
E Berlin (Germany), firstly under the name the Kaid#&rhelm Institute for
Physical Chemistry and Electrochemistry. In 1953, thestitute was
incorporated in the Max-Plandgesellschaf(MPG) and renamed for its founding director, Fktaber.
The FHI is the oldest and also the most distingdsinstitute of the MPG with 7 aflated Nobel Prize
laureates (Max von Laue, Fritz Haber, James FraBokst Ruska, Heinrich Wieland, Eugene Wig
and Gerhard Ertl). Far00 years of research, a lot of topics were covbyetthe FHI: chemical kinetic:
reaction dynamics, colloid chemis, atomic physics, spectroscopy, surface chemistiface physics
chemical and molecular physics, theoretical chesnetd material science. Today, the FHI, directg:
the board of directors (Prof. Martin Wolf is curtignthe chairman of the boal, is composed of 5
departments. One of them is the Inorganic Chem{gtnorganische Chen; AC) department directe

by Prof. Robert Schlégl where several topics andistl bysix research groups.

1.2 Background and scope of wi

The activation of small alka molecules extracted from natural gas or renewabs®urce:
regains higher scientific interest sirit offers a promising alternative to produagh value chemical
without the use of petroleu[’ﬂ.For instance, xidative dehydrogenation (ODH) of ligalkanes (C1 to
C4)is an attractive alternative to the conventionalcking and dehydrogenation pathways to pre
olefins. Today, the catalyzed ODdthys a leading role in the production of internag¢els and monome
for the polymer industryTable 1)!® However, ODH of alkanes to the corresponding otefor
selective oxidation to functionalized monomers galig suffer from insufficient selectivi due to
consecutive and parallel reactiofScheme 1).To find new approaches to improve ODH reac
efficiency, knowledge about the involvereaction mechanism is requiréthe purpose iso convince
companies to abandon welttablished technolog (steam cracking, fluigdatalytic-cracking, catalytic
dehydrogenationyvhich are more ener-demanding, les selective and quickly deactivated (cok.!!
Vanadiumoxide species supported on silica have been frelyugndied as model catalysts in O. In



previous studies, silica-supported vanadium oxidealgsts show good results despite a low activity
which is needed to facilitate mechanistic studiegth yield and good selectivity to propene and

oxygenates have been reported.

Chemical Capacity [Mta™"] Oxidant C0,/CO/H,0 ‘ o -
Air 0, HNO, Cl, ROOH H,0, .I T
OH  OH
Terephthalic acid 44 X | acids
Formaldehyde 19 X g R0
Ethene oxide 18 X +120, 0 +0, (o Je N | A
1,2-Dichloroethane 18 X X X T-oH ~~"-no | [ -Ho
Propene oxide 8 X X X = carboxylates
Cyclohexanone 6 XX 7OHL o R=H, CHy, C;H,, CH=CH,
Vinyl acetate 6 X X :
Acrylonitrile 6 X S = OH * 120,
Styrene (ex PO/SM)® 5 X X Sl G ‘ o &
Phenol/acetone 5 X _I_ H [
Phthalic anhydride 5 X ZpropoKe | +h0t
Acrylic acid 5 X [H J'
fal
MTBE (ex PO/TBA)* 4 X B o-conzcH, [R-CH=CH=
Adinic acid 3 X " & ot - ] A enolates
Maleic anhydride 2 X e[k g ah
Hydrogen cyanide 2 X £ EH:'] I H {
H 13 . |
[al MTBE: methyl-tert-butyl ether; PO: propene oxide; SM: styrene (mono- ? ? ~__OH +1120, g f O +120, 0
mer); TBA: tert-butyl alcohol. .Lpr‘upuxide -H,0 H OH
Table 1. Chemicals produced by means of Scheme 1Reaction network in selective
oxidation. Acrylic acid is an important monomer. oxidation of propane to acrylic acid.

The application of porous materials as supportsh&derogeneous catalyst has been proven to be very
useful® Although the chemical species at the support sarfeave an impact, another parameter has to
be considered: the surface texture of the suppodeed, according to the literatute experiments
carried out and results presented in this repartvstinat the texture also affects the types of disga
catalytically active species in the resulting ogal Therefore, optimization and control of theface
morphology to obtain homogeneity of the surface arédigh importantance. SBA-15, a mesoporous
silica material with a surface area up to 1000 rafid a considerable thermal stability is used. H@ane
SBA-15 is known to contain micropores in the amowghsilica walls (more details in paragraph 1.3)
causing inhomogeneity in the surface texttfeThe decrease of the microporosity results in aemor
uniform surface and a less complex final systerayiging the opportunity to perform catalytic tests

the supported active vanadia species. Other studgddighted the influence and the impact of the
addition of molybdenum oxide as promoter on thealgtt activity of supported vanadium oxide
catalystd! 2!

This Master Thesis project is comprised of two gattie first one is about the preparation of
SBA-15 with different textures and the second analiout the synthesis and characterization ofasilic
supported vanadium oxide catalysts. A third pad been started few weeks ago about silica-supported
molybdenum oxide catalysts. It will be briefly dabed and the first results will be presented ia th

appendix (pages 9 and 10).



Two methods of deposition of vanadium on silica ASE5) are described in the literature: the
ion exchange and the grafting. These two techniguesvery different (Table 2) but no study to
compare them directly has been made so far. Duhisgproject, ion exchange and grafting were done
in parallel both on SBA-15 with different texturefpsity and the catalysts obtained were compared

(structure, loading, catalytic activity).

Through syntheses and characterization of sevatalysts, impacts of surface morphology and

method of deposition on silica-supported vanadialgsts for ODH of propane have been highlighted.

1.3 Preparation of the suppbrt

SBA-1514

SBA-15 (Santa Barbara Amorphous) is a mesopordiesa snaterial generally used as catalysts

support, absorbent, drug delivery material or fEpagation techniques. Several characteristics riak

117

material very interesting: a large surface aregktframework walls, a high thermal stability, high
uniform, cylindrical and ordered mesopores. The SEAstructure is composed of hexagonal pores$ (7-
10 nm) in a 2D array with long 1D channels interseected by small micropores. Modifications of this
silica material (pore size, microporosity) can loatcolled with the temperature, the synthesis tand
the use of co-solvent or swelling agents.

SBA-15 (Scheme 2) has been selected for this shedpuse of

these properties which are advantageous for catalgactions.

Nevertheless, some drawbacks could be quotedlyri&BA-15
is not perfectly stable in water and a slight disson may occur.
Secondly, the synthesis requires advanced equip@edtthe

mixture must be heated for several hours which camiplicate | EEEEEEIPEEERTEIE 5.00um
Scheme 2SEM of SBA-15 with
micropores (5.00 pm).

problem in homogeneous heating for industrial sclethesis.

Thirdly, the material is very fluffy and electrostawhich makes

it not very convenient to manipulate.

The preparation of the support was carried out imlaMax Mettler-Toledo (see Appendix page
4) where were mixed Pluronic P123 (a triblock coypeer EQoPO;,0EO,, with EO for ethylene glycol
and PO for propylene glycol) and TEOS (Scheme 4jlas source in an acidic solution (further distai
in the Experimental Section). Then the calcinati@as undertaken with a rotating furnace at 550°C for
8h in Q/Ar ratio 20/80. Concerning the SBA-15 without naipores, the heating step of the preparation



was achieved in several autoclaxessel placed in a furnace at 110°C undisdrothermal condition

(both pracedures are described with trcheme 3) (further details in Appendiages 4 and 5).

P-123 (template) + TEOS + solution of HC1 1 6M CHa
A35°C. 12h 0 (0]
H 0 OH
X y z
N

Without micropores 1) Extra-TEOS

oY

2) Autoclave A 110°C, 24h Y

With micropores

ABS°C, 24h

. Calcination \_/D\\'/’
550°C, $h P

Lo

SBA-15 with SBA-15without

Scheme 4General structural formu of
Pluronic P12 (above) and

Scheme 3Procedures to synthesize S-15 with and without micropores. tetraethoxysilane (TEO (below).

1.4 Deposition of vanadiuroxide on SBA-15

Two (among othersinethods of deposition are described in the liteeand were used for tl

preparation of supported vanadium oxide catalggtstinc*® and ion exchangé® 1"
1.4.1 Grafting

This method (Scheme Hkes only 2 days but requires more advanced ea&p. Indeed, the
use of airsensitive precursor requires the use of a Schlee to work under inert atmosph.. See

Experimental Section (page )1for further details of the sample preparai

) CHa CHg CHy
on HaC™ 0-V-07"cH O—<
og 4+ o e 3 Tsopropancl N \[_0 CH,  Calcination 530°C, 8h VOYSBA-LS
i —_—> ol T 3 T
OH \?Z/Ha Ar(Schlenlk line) )

OH
Vanadium(V) oxytriisoproepoxide

Scheme 5Description of the grafting method disperse vanadium on SBZ5.

1.4.2 lon Exchang

This second methofScheme ¢ is rather easy to implement (no special vessel esebut it
takes one week of work. The first step is an orfamziionalization of SB~15"s hydroxyl groups usir
3-aminopropyltrimethoxy-siine (APTMS). Then, the corresponding ammonium isaformed using
HCI treatment (protonation). Afterwards, ammoniuratavanadate N;VO3 (AMV) is incorporated to
carry out the anion exchange reaction. Finally,ttemal treatment of the ionic species yieldsfial
supported vanadia catalyst. Duritigg calcination step, all organic residues ahtbrine, sodium, N3

are completely removeddm the pores and vanadia reacts with silanol gréofse anchoreonto the



surface of the supporthis technique is also valuable for the preparatbrsupported molybdenu

oxide catalystsSee Experimental Sectiopage 19) for further details of thamaple preparatio

OH
OH +
OH

Ton Exchange (IE

OMe )
| s} s o,
- . Toluene HC10.3M AN
Me(')_}‘s'\/\/NHZ — o>s1 \/\/NHZ —_— o—si NH;*CE

MeO) . . |
OH OH Onre

.

n

(li)Me (izolated)

APTMS

AMV golution
o O~ NH,*

Calcination 350°C', 8h &()} Si NH,* 0O~ (/V\ /)

VOYSBA-I5S ~ €————— NN § o

|
s V.
OH Onre (:// o

Scheme 6Description of the ion exchange methodoad vanadium on SBAS.

1.4.3 Comparison of these two meth:

Herein below, a table sums up differences in procesibetween these two deposition mett

Parameter ION EXCHANGE GRAFTING
Solvent Aqueous Noraqueous (isopropan
Duration ~1 week ~36h
Contact timebetween support and precul ~20h 2h

Precursor

Inorganic non-air-sensitive precurso
ammonium metavanadate

r: Organic ai-sensitive precursor:
vanadiumoxytriisopropoxide

Implementation

Classic vessels + rotary calciner

Schlenk line 4rotary calciner

Table 2. Comparisorof two procedures: ion exchange and grafting.

1.5 Characterization cthe support and the catalysts

Various techniques broughifferent information on the propert of the support materi and the
final mockl catalysts (more details inppendix pages 6 and 7).
- Physical properties: Homogeneity of pores strucaume morpholog
* N2 sorption isotherms with data analy
« X-ray Diffraction (XRD)
* Electron Microscopy (SEN (not systematic)

» Thermogravimetric Analysis (TG,

Coordination environment of the metal oxide spe¢
* Infrared spectroscopy (I

* Raman spectroscopy (Ram

Chemical contents: Elemental composi
» X-ray FluorescencéXRF)
» Energy Dispersive -ray spectroscopy (EDX) (not systematic)

Catalytic performance in OL (not systematic)



Chapter 2.

SBA-15: Results & discussion

The support synthesis is the first and one of tlestnimportant steps of the project. Several
batches of SBA-15 were needed to prepare all ctalyn order to avoid batch effect, the syntheses
were carried out in large quantities in a reachdetfler-Toledo LabMax) where stirring, temperature
and time of reaction were accurately controllece (EBgperimental section p.19). Four syntheses were
performed during this 5-month project: two syntlsest SBA-15 with micropores and two of SBA-15
without micropores. Characterization (BET, XRD, TGAesults of each sample prove a good
reproducibility between these different batchesb{@a3, Figure 1). Some distinct -and logical-
differences between these two kinds of SBA-15 &e highlighted with characterization: a signifitan
loss of total surface area and micropore-area semied for the SBA-15 without micropores (N
adsorption isotherms analysis). However, the “SEAxithout micropores” is not a good name and to
be closer to reality it would be better to nam&iBA-15 with reduced micropores” (but the first nam
will be used in this report).

The XRD data (Figure 1la) show a peak at 1° on tieriae axis -for each sample- which
indicates a very regular distance between mesopmdrdse support and allow to measure the distance
between mesopores with Bragg's I&dsird = n./ (*). The adsorption isotherms evidence the
microporosity difference. At a same partial pressof N,, more N is adsorped in SBA-15 with

micropores because of the filling of microporeshvitie gas (Figure 1b).

(*) d = the interplanar distance (distance betwtem crystallographic plans)6; = the scattering anglex; = X-ray wavelength ; n = an
integer determined by the order given

Surface  ppore surface area | Total pore volume Si-OH groups (Si-
HPOTES 4 rea (m2/g) (m2/g) b il e (cm3/g) OH/nm2)
SBA-15S1| Yes 1044 (x10) 358 (+6) 34 1.24 (£0.01) 2.9
SBA-15 S2 No 482 (+12) 86 (+6) 18 0.95 (+0.06) 2.3
SBA-15S3| Yes 1025 (+3) 332 (x0.4) 32 1.22 (+0.01) 2.9
SBA-15 S4 No 502 (9) 101 (£3) 20 0.97 (£0.02) 2.7

Table 3.Prepared SBA-15.

TGA (Figure 1c) analysis allows quantification ofG@H groups on SBA-15. The first step
corresponds to heat until 130°C for 1h to evapogdtgsisorbed water. Then, the temperature is

increasing until 1200°C to remove chemisorbed wageulting from Si-OH condensation (Scheme 7).



S S fii S—Si—5—i—
A R A N Evaparation Lo ' Condensation 7N
OHCH OH Ol OH g SIS LED o c

H,0 M. RT=>133°C Lh 230> 1200°C

i HoC
HO 11O HD HO 10 ’ HO o HOD
[T T T T \r ‘?- [

s o o ¢ oo Physisorbed 1,0 o Chermisorbed HyO =

Scheme 7Schematic presentation of what happened during TGayais.
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Figure 1. (a) XRDdow angle diffractograi, (b) N,
sorption isotherms and (c) Thermal analy (TGA) for
SBA-15 with and without micropore

18010-008 2.5kV 2 9mm x7.00k SE(U,LAD)

5.00um

SBA-15 on SEM images looks lik
“worms” with small white particles noticeak
on two samplegPicture 1. These particles, in
larger quantity for SBAE5 without micropore
(on the right), could be S, coming from
calcination of TEOS added during the synth

(B 51, T RS

18026-008 2.5kV 3.1mm x7.00k SE(U,LAO)

Picture 1. SEM of SBA415 with micropores (left) and SE-15 without micropores (rigt.




Chapter 3.

Silica-supported vanadium oxide catalysts: Result& discussion

During this 5-month project 14 catalysts YEBA-15 were prepared but only 6 were selected to

discuss the impact of texture and preparation ghaeeon the resulting catalysts.

SBA-15 mother
VO,/SBA-15 | upores L\j/:ggg:gigr: Ioa\éing (a\li(l(r)nﬁ:wnrgz) S::fea; : ug:)ereels o i upores ared % of
(Wt 96) (mefg)  (mefg)  HPOTES Area (meig) T o | bores
Q) Yes Grafting 461 0.527 860.2 240.3 27|19 140 358 (x6) 34
(2) Yes Grafting 10.5 1.20 495.7 86.1 17/4 104D+l 358 (+6) 34
3) No Grafting 4.74 1.13 380.7 51.8 136 482 (x12)86 (+6) 18
4) Yes IE 7.85 0.881 524.4 128.9 246 1044 (x10)58 36) 34
(5) Yes IE 5.12 0.574 559.5 149.4 26.7 1044 (x10)58 36) 34
(6) No IE 4.12 1.04 367.6 53.8 14.6 482 (x12) 86)(+ 18
(8) No IE 4.25 1.07 358.2 46.5 13 482 (t12) 86 (x6) 18
9) Yes IE 7.94 0.891 490.5 114.9 23.4 1044 (x10)58 @6) 34

Table 4. Prepared VQISBA-15 catalysts (more catalysts in Appendix page

3.1 Influence of the solvent on the porosity

The analysis of adsorption isotherms of the catslgs) and (5) highlight a significant variance
between total surface area and micropore areatbfwloereas these two catalysts (from the same SBA-
15 mother) have micropores and the same vanadiuiacsudensity coverage (0.527 and 0.574
atoms/nmz respectively). The main difference betwesalysts (1) and (5) is the method of prepanatio
The (1) was prepared by grafting whereas the (5 prapared by ion exchange technique. There are
several dissimilarities between these dispersiahrigues but especially one could explain this
variation of area and micropores area: the solvEntvious studies showed that SBA-15 is quite
unstable in water and, despite their thick wallslight dissolution of the SBA-15 could be obsert/&d
More than a real dissolution, a kind of homogemmathappens in water i.e. results in a smoother
support!® The comparison of the experiments (1) and (5)¢dnctonfirm that. Hence, a higher loss of
(micro-)porosity is observed for the catalyst (3ggared in water than the catalyst (1) prepared in
isopropanol. Another factor could explain the daseeof micropore area; pore-blocking with vanadium
species. With IE, the contact time between the supgnd the vanadium is higher (overnight for IE
whereas only 2h for grafting), so vanadia speceshmore time to diffuse in micropores. Moreover,

the presence of APTMS on the surface and in micexponay allow a better diffusion/attraction of

vanadium thanks to the charged environment (Sctf&me



However, the comgrison of catysts (3)

1200
M Micropore area (m%/g)

and (6) shows that thesabservatios are only Total srea (me]

valuablefor catalyst formulated with SE-15 with 1000 17

micropores. These two last catal, (3) and (6), _ 800 1
are prepared on a support withoutropore, have 'E 600 +—
the same vanadium surface coverage (1.13 g

1.04 atoms/nm? respectively) and have the <

surface area and micropore areaenthoug they

were prepared withiflerent dispersion technique 0 -

@ @® @© @ (@€

This is expectedince neither surface smotheri
nor (micro)pore blocking codl play a role on Figure 2. Ratio microporesrea/totasurface area for:

support without micropores. (a) SBA-15 S1 with micropores (mother ¢ and 5)

(b) VO,/SBA-15 (1) withmicropores and from grafting
(c) VO,/SBA-15 (5) with micropors and from IE

(d) SBA-15 S2 without micropores (mott of 3 and 6)
(e) VO,/SBA-15 (3) without micropois and from
grafting

() VO,/SBA-15 (6) without micropots and from IE.

81 Si }1

5- OH OH OH

—figtitiai

~nentral

)— charged {-) (_)(—) NH(+) Scheme 8.Schematic attraction of the precursor for
|- | “| support in grafting (left side) and ion exchanggh( side.

o+ | 1

pat N [o7NT

These observationtead to the conclusic that the method of depositionas an impact on tf
microporosity and on the surface ¢ of catalysts prepared on SBA-tith micropore. Consequently,
it is preferable to use SBA5 without micropore in aqueous media to obtainbetter stability of th

support (Figure 2).

3.2 Variation of the vanaumdispersion depending on the prepara

The two method®f deposition of vanadia species are very differ@md their impact on tr
porosity has been discussedhe part above. Another impact of appliedtechnique was found on tl
vanadium species dispersed on the -15 surfaceln situ Ramanspectroscopy wi carried out at
calcination temperature (550°C) to be sure theneoisvater and to study cataly in their activation

phase. Analysis ah situ Raman spectr(Figure 3)shows some differences between relatively sin

11



samples except the preparation method. Indeed;dhmparison of Raman spectra of catalysts (3) and
(6) at 550°C reveals a large domain of 2D speci¢sls8 and 272 cil) for the VQ/SBA-15 (3)
prepared by grafting whereas there is no peak im rdinge for VQISBA-15 (6) prepared by ion
exchange. In comparison with,®@; Raman reference spectrum, these two peaks corregpakeleton
bent vibration of \Os (at 142 crit for pure \bOs) and bending vibration of O-V-O (2D) (at 282 ¢tm
for pure \60s).*” These peaks highlight a less homogeneous dispeddivanadium species for the
catalyst (3) prepared by grafting. The most impurfgeak, proof of a good deposition and the presenc
of active species in catalysis, is situated at mdol038 crit (991 cni* for pure \4Os) and corresponds

to stretching vibration of vanadyl V=0 bond. A $ligshift between pure X0s and SBA-15-supported

VOy can be observed for each peak certainly due évaation with the support.

142
35000 — ‘

—V,0, (reference)
catalyst (3) at 550C
—— catalyst (6) at 550C

30000

25000

158

20000+

Intensity (a.u.)

15000+

10000~

5000 — M

Figure 3. In situ Raman spectra of catalysts (3) (no microporestftigg - 1.1 atoms/nm?) and (6) at 550°C
(no micropores - IE - 1.0 atoms/nm?) with®¥ as reference.

T T T T T T T T T T 1
200 400 600 800 1000 1200

Raman shift (cff)

3.3 Variation of the vanadium dispersion dependingranldading

A first observation concerning the loading candoee by comparing the catalysts (1) and (2):
pores are blocked if the loading is too high. Thtalyst (2) has a loading more than twice as hgtha
(1) and its total surface area and micropore areaignificantly reduced (by almost a factor two tioe
total surface area and more than two for the mmrep area) (Table 4). Moreover, a too high loading
(for instance, catalyst (2) with 10.5wt% of vanad)uis yielding of crystallization (“bulk”) of few
vanadium species of YX0s-like structure on the surface (Figure 4, pink Jia@d thus could lead to a
change in catalytic activity. Nevertheless, the parson of blue and pink lines of the catalyst &®)

550°C and at room temperature after cool (Figurehdws the importance of studying and analyzing the



catalyst under experimental conditions (high terapee). Indeed, the Raman spectrum analysis at room
temperature (pink) signals few crystallites of @diaaspecies whereas the Raman spectroscopy of the
same sample analyzed at 550°C (blue) signals &/sttithout crystallites (vanadium well dispersed)
Catalytic activity tests are needed to see if tigh hvanadium loading is a problem because of

crystallization at room temperature or if the higading results in a higher catalytic activity.

— V, 0, (reference)

—— Catalyst (1) at room temperature after ¢ool
3015 Catalyst (1) at 550°C
Catalyst (2) at room temperature after ¢ool

—— Catalyst (2) at 550°C
991.0 1040.0

W AN x/JLvPJ

120000, 142.2 2818 4026 4783527 697.1

100000—
80000 —

60000 —

40000 N \
\\“W
20000 RS R B Sy ”\\\4\_% / U

T T
0 200 400 600 800 1000 1200

Raman shift (cm-1)

Figure 4.In situ Raman spectra of catalysts (1) and (2) at 550t raom temperature after cool 05 as reference).

3.4 Comparison of IE and grafting according to thediog

Some differences between the targeted loading l@dbtained loading (XRF measurement)
exist for both techniques. Several factors coulddsponsible for these differences, for instanceraor
on the weigh-in of the silica-support because sifigport incompletely dry, an inexact evaluatiornhaf
weight-percent of APTMS at the SBA-15 surface (30omivas considered), a source of error in the
preparation of XRF samples. However, a graphicpteagentation “loading obtained as a function of
loading targeted” (Figure 5) was made and a tendbéias been pointed out: for grafting (in wt% and
atoms/nm?2) an “almost-linear” curve was obtainedciwimeans the error of loading is quite constant
and consequently predictable. This tendency isasatlear for IE method. This could be explained by
the solvent used during the preparation (SBA-1ghdly unstable in water, paragraph 3.1), an inairre
estimation of weigh-percentage of APTMS of SBA-ttig purification of the sample (the filtration i@ |



method could modifithe vanadium conte leading to further dissolution of SE-15 and/or loss in

AMV).
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Figure 5. Graph Obtained loading = f(Targeted loading).

Comparison of XRF and EDX results: elemental composition

VOX/SBA-15 Loading determined by XRF (wt %) Loading determined by EDX (wt %)
(2) 10.5 12.8¢
3) 4,74 5.3€
(8) 4.25 4.24
(9) 7.94 8.64

Table 5.VO,/SBA-15 catalysts loading determined by XRF and ED

These two techniques gawemilar loading results. Nevertheless, EDX measurements aarmst

systematically higher than XRFable 5.

XRF analysisis carried out on the whole sam (“bulk” analysis) For EDX analysis, the sample

observed with a SEM microscope and several locat{€ herg on the sample are pointed out and

loading is measured only on these pc (local analysis) (Table 6)hen, the loading is calculated w

the average of these local measured loac The homogeneity of the sample can be estimated

these values.

VOX/SBA-15 @ 3) ®) ©

11.60 5.64 3.66 7.86

. 14.21 556 4.95 9.03
ED)éOVn?gjrisierﬁgz;"“m 15.05 4.82 3.61 853
11.89 5.50 4.94 10.88

1150 527 4.07 6.85

D|sperS|orE,\5Ininr111)Easurements 355 0.82 134 4.03

*M = Maximum ; m = minimum

Table 6.EDX measurements ¢ locations on 4lifferent catalyst.




A higher gap between the higher and the lower nreasents can be observed for catalysts with SBA-

15 microporous as support and a high loading ((&) @)). It appears that the vanadium dispersion is

more homogeneous on SBA-15 without micropores atidaiow loading (M-m=0.82 and 1.34 only).

3.5 Impact of the porosity/surface on the dispersionasfadia species

The porosity of the support is a very importantda@nd must be taken in consideration for the
dispersion of vanadia species. Several charactensashow a significant impact of the porositytha
catalyst preparation. Thus, for catalysts (2) a@)dpfepared by grafting method (and a high loading
1.1 atoms/nm?2), Raman spectra points out that SBAvith micropores (2) yields different vanadyl
V=0 species than SBA-15 without micropores (3) (F&g6 left). However, this observation cannot be
done for the catalysts (6) and (4) prepared witth @xchange method (and a loading at around 1
atom/nm?). In this last case (IE), there is no rcl@ifference between supported-vanadium oxide on
SBA-15 with or without micropores (Figure 6 righfhese two observations could be interpreted with
the links between preparation and porosity. Thegmation technique has an impact on porosity and
therefore an impact on dispersion. Indeed, withfits results, a decrease of the (micro)porosiy h
been observed with IE (aqueous media) becausesdktidency to homogenize the support roughness
and, as a result, vanadium species had anothebdigin on the surface (Schemes 9, 10 and 11).

lon Exchange> decrease of microporosity (smoother surfagehomogeneity in vanadia species (Ramarj)

Grafting—> standard microporosity clusters of VQin micropores> more different vanadia species (Raman)

Scheme 9Summary of what could happen for SBA-15 with mpoes.
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Figure 6. In situ Raman spectra of grafted samples at 1.1 — 1.2sabom (left) and IE samples at 0.9 — 1 atoms/nigh.
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3.6 Morphologyof two VC,/SBA-15 catalystby SEV

rt
10.0um 18197-001 1.5kV 2.9mm x5.00k SE(U,LAQ)

Picture 2. SEM ofcatalysts (2) (on the left) and (3) (on the right).

SEM images osamples (2) and (3) show two different catalyststii left, the SEM of cataly
(2) shows regular particles like “worms”. On thght, the SEM of catalyst (3) shows also th
“worms” but partiallycovered with white and smaller partic. The only diference between these t
samples is the microporosity: the (2) is with mpmweeswhile the (3) is without. These small wh
particles could be SiQoriginating from the calcination of excesBEOS added during the supp
synthesis. There is more Sifor the (3) because ex-TEOS is added to decrease micropora

3.7 First results olnfra-red spectroscopy

IR characterizationsvere carried out to briefly study -OH densitystill available after thi
loading on selected UIBBA-15 catalystsFigure 7ais the IR spectrum of the catalyst (without
micropores prepared with IE and with loading at 107 atoms/nm?) studied at 130°C (black line)
550°C (red line). According to the literature ¢! the band at 3744 chcorresponds to Si-H bond:
this peak enables to determitie silanol density of the sampThe band at 366cmi” is ascribed to
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VO-H bondand peaks at 3709 and 3547 are attributed to ¥D. The measurement after a heatin
130°C shows thathe sample still conta water at these condition®n the contrary, at 550°C all t
water was removed and the catalyst is considerédctisated’. The superposition of IR spectiFigure
7b) confirms that vanadium reacts on the O of tt-OH groups, thus theigher the loadingthe lower
the SiO-H peak intensity.

3744
3746
15 3700 =47 — Catalyst (8)L30°C/ 1h/ 200mbar Q 154
3661 — Catalyst (8550°C/ 1h/ 200mbar Q
//— — Catal at/nt
Vel oo
Catalyst (101.42 at/nnf
3660
% 104 % 104 (b)
2 2
0.5+ \ 054
T T T T T T T T T T T T 1 T T T T T T T T T T T T T T T 1
3800 3700 3600 3500 3400 3300 3200 3100 3000 3800 3700 3600 3500 3400 3300 3200 3100 3000
Wavenumber/cih Wavenumber/cih
Figure 7. (a) IRof catalyst (8) at 130°Cnd 550°C ; (b) IR spectra of catalysts (8), (3) &t)* with different loading.
*Catalyst (10) in Appendix

3.8 Catalytic activity tesi

To evaluate the effect of porosity and preparagoocedure in the selective oxidation
propane,some catalytic tests were carried out with /SBA-15 catalysts (catalysts (1) to (€

Measurement a$electivity towardspropene, CO, C& and acetic acid wergchiever to get an idea of

catalysts efficiencyConversion of propane and selectivity to oxidagwoducts were calculated bas
on the number of carbon atoms and on the sum oidf@uoducts
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chiﬁd - 0- Propene
-O-Cco
! .
Sample with MP — low loading - - Propene -4 co,
Qarmle sith MD _ high Toaading -®@-co m -7~ Acetic aci
DAmpic Wlel vir — nign 10ading -A- co7. . . e-- @ - .
Sample without MP - - Acetic ac o, Y T
60 60 -] e
o m,
: .
g g [ ] ’ O . m
2z = O .
= = .l
§ 40 8 40
® [
2 2
g g
2 I
a a
| S é&_;;é;?f? N
20 20 A
o L
- TH- P |
0 S
e .-
V,’Sv/;:v:;;’::::!::5‘5::Eiiftiﬂv*:i,:7j!—3v::n::; gy A ARRTA A Ry e VAT SR
0 | — L — v| 7":5,]:;7 0 N I'v 77|7m:i:¥:|7v:7')"v7|: 7777777 V|;YL' ;;;;; T —
2 4 6 8 10 12 14 16 2 4 6 8 10 14 16

Figure 8. Left: Productselectivity of catalysts (- ®, (5) [0 and (6) (from ion exchange) in the conversion of prop

Propane conversion (%)

Propane conversion (¢

Riaht: Product selectivity of catalysts . (2)® and (3 0 (from araftina) in the conversion of propa
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Chapter 4.

Conclusion and outlook concerning VQISBA-15 catalysts

A lot of catalysts were prepared during this 5-nhoptoject.
First, two kinds of SBA-15 were synthesized as suppaterials:
SBA-15 with a standard microporosity and SBA-15hwat reduced

microporosity. These two textures were used toysthd effects of

micropores on catalyst’s preparation, dispersizsharangement of ~LPicture 3. VO,/SBA-15 catalyst
vanadia species and eventually catalytic actieityVO,/SBA-15 catalysts. SBA-15 supports were
prepared with a good reproducibility (concerningntbgsis and calcination) and expected properties
(area, thermal stability, pores size...). SEM image$SBA-15 revealed the presence of small white
particles on the surface (more on SBA-15 withoutropores) which could correspond to S&pecies
from the calcination of TEOS. To avoid this “polant” some adjustments could be tried: more washes
before calcination to remove TEOS excess, decrisamount of extra-TEOS added in the synthesis
of SBA-15 without micropores, etc.

The preparation technique and the texture of tipp@i have impacts on the resulting catalysts.
Several factors must be considered to prepare lgxacttalyst of desired properties. It has beawsh
with the comparison of two catalysts prepared wlitferent procedures (IE and Grafting) that the SBA
15 with micropores is less stable in aqueous enwent (IE) than SBA-15 without micropores.
Another factor is the loading in vanadium on th&alyest: a too high loading could implicate a logs o
porosity and the formation of some bulk 0§Q4-like species (Raman) most likely responsible for a
strong selectivity towards the total oxidation protd CO in catalysis tests. The preparation method
seems to have an impact on catalysts also. Inésed, though the IE decreases the porosity of SBA-15
with micropores, this technique enables to obtamase homogeneous dispersion of active vanadium
species (Raman). More experiments could be usefgbhfirm the tendency already pointed out for
grafted samples: with the graph obtained loading@ &snction of targeted loading, it will be easier
predict the error and correct it before starting thspersion. Catalytic tests indicate that altetgs
catalysts had a low selectivity towards acetic ammdl a selectivity of ~25% towards €CMore
characterizations (UV-vis, SEM, EDX, IR, Raman) il done on several \((GBA-15 catalysts and
more catalytic tests must be implemented to stumdy impact of porosity (and maybe preparation

technique) on selectivity towards propene.



Experimental section

SBA-15 (with micropores) preparation.

In the reactor of the LabMax (Mettler-Toledo), 4¢.6f Pluronic P-123poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol)) was combined with 1.6L of HIC6M, stirred and heated at 35°C. After complditsolution, 85.1¢g of
TEOS was added. After 12h at 35°C, the temperataeincreased to 85°C for 24h. Then, the solid filtesed and washed
until the filtrate was neutral (approximately 5 &8). The solid was dried in a furnace at 80°C dgétrand then calcined in
two batches at 550°C for 8h undey/&r (20/80) (500min/min) to obtain the final produc

SBA-15 (without micropores) preparation.

In the reactor of the LabMax (Mettler-Toledo), 4g.8f Pluronic P-123poly(ethylene glycol)-poly(propylene glycol)-
poly(ethylene glycol)) was combined with 1.6L of HIC6M, stirred and heated at 35°C. After complitesolution, 85.1¢g of
TEOS was added. After 12h at 35°C, 45g of TEOS adaked. After stirring, the solution was heateditoalaves at 110°C
for 24h. Then, the solid was filtered and washeiil the filtrate was neutral (approximately 5 timeshe solid was dried in
a furnace at 80°C overnight and then calcined m ivatches at 550°C for 8h undey/A&r (20/80) (500min/min) to obtain the
final product.

SBA-15 functionalization with APTMS.

In a round flask, 9.5g of dry SBA-15 was disperge®B80mL of toluene at 65°C. After complete disjmms 25mL of
APTMS was added within 5min. The solution is str@vernight at 65°C. Then, the suspension wagditteand the solid
was washed 5 times with toluene. The solid wasddriestatic air at room temperature overnight. Afleying, the powder
was dispersed in 600mL of HCI 0.3M and stirred oignt at room temperature. After filtration and &shes with water, the
final product was dried overnight in static airabm temperature.

Grafting of vanadium on SBA-15.

In a Schlenk tube, 3g of dry SBA-15 and 110mL of diopropanol were combined and stirred 20min udgon at room
temperature. After dispersion, the vanadium triteppxide (volume depends on the expected loadiray added and the
mixture was stirred for 2h under Argon at room tenagpure. Then, isopropanol was removed under redpieessure and the
resulting white powder was dried at 110°C overni@drtd turned yellow). After that, the yellow powdeas calcined at
550°C for 8h under @Ar (20/80) (500min/min).

lon exchange with vanadium on SBA-15/APTMS.

In a round flask, 2g of SBA-15/APTMS (dried at 608@ernight) was dispersed in 100mL of water at raemperature
overnight. Then, AMV solution (AMV concentration mends on the expected loading) was added and theirmiwas
stirred at room temperature overnight. Then, th&psnsion was filtered and the solid was washedngstiwith distilled
water. The product was dried in static air at rommperature overnight before calcination at 5508€&h under @Ar
(20/80) (500min/min).

lon exchange with molybdenum on SBA-15/APTMS.

Exactly the same procedure than ion exchange witlagium. The AMV was replaced by AHM.



References

[1]

2]
(3]

[4]
[5]
[6]
[7]
(8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]

[16]
[17]
[18]
[19]
[20]
[21]
[22]

(23]

B. Friedrich, D. Hoffmann and J. Jamé&hemie International Editio2011, 10022-10049. One Hundred Years of
the Fritz Haber Institute.

www.fhi-berlin.mpg.de

F. Cavani and J.H. Tele§hemSusCher009 508-534. Sustainability in Catalytic Oxidationn AAlternative
Approach or a Structural Evolution?

F. Cavani, N. Ballarini and A. Cericol&atalysis Today007, 113-131. Oxidative dehydrogenation of ethane and
propane: How far from commercial implementation?

P. Gruene, T. Wolfram, K. Pelzer, R. Schlogl andrAinschke Catalysis Today01Q 137-142. Role of dispersion
of vanadia on SBA-15 in the oxidative dehydrogemratf propane.

Y-M. Liu, Y. Cao, K-K. Zhu, S-R. Yan, W-L. Dai, H-YHe and K-N. FanChem. Commur2002 2832-2833.
Highly efficient VOx/SBA-15 mesoporous catalysts fxidative dehydrogenation of propane.

C. Hess and R. Schl6gRSC Nanoscience & Nanotechnology n2@®11 Nanostructured Catalysts: Selective
Oxidation. Chapter 4. Published by Royal SocietZbémistry.

C. Anand and A. VinuJSM Nanotechnology & Nanomedeck{@l3 1007. Porous Solids: A Catalytic and Green
Chemistry Viewpoint.

M. Smith, A. Zoelle, Y. Yang, R. Rieux, N. HamiltoK. Amakawa, P.K. Nielsen and A. Trunschideurnal of
Catalysis2014 170-178. Surface roughness effects in the catddghavior of vanadia supported on SBA-15.

M. Impéror-Clerc, P. Davidson and A. Davidsah, Am. Chem. So200Q 11925-11933. Existence of a
Microporous Corona around the Mesopores of Siliead®l SBA-15 Materials Templated by Triblock Copadysn

B. Mitra, I.E. Wachs and G. Dedournal of Catalysi®006 151-159. Promotion of the propane ODH reactioerov
supported YOg/Al,O; catalyst with secondary surface metal oxide adehti

S.C. Nayak, D. Shee and G. Dé&ntal. Lett.201Q 271-278. The Promotion of Vanadia-Alumina and &tia-
Titania catalysts by surface Molybdenum Oxide Ffa Propane ODH Reaction.

D. Zhao, J. Feng, Q. Huo, N. Melosh, G. Fredrick®®. Chmelka and G. Stuck$ciencel998 548-552. Triblock
Copolymer Syntheses of Mesoporous Silica with Rii60 to 300 Angstrom Pores.

R. Huirache-Acufa, R. Nava, C. Peza-Ledesma, th-Ramero, G. Alonso-Nuez, B. Pawelec and E. Rivera
Mufioz, Materials 2013 4139-4167. SBA-15 Mesoporous Silica as Catalfigpport for Hydrodesulfurization
Catalysts — Review.

N. Hamilton, T. Wolfram, G.T. Muller, M. Haveckel, Krohnert, C. Carrero, R. Schomécker, A. Trukednd R.
Schlégl,Catal. Sci. TechnoR012 1346-1359. Topology of silica supported vanadiitanium oxide catalysts for
oxidative dehydrogenation of propane.

C. Hess, J. Hoefelmeyer and T. Don TilldyPhys. Chem. B004 9703-9709. Spectroscopic Characterization of
Highly Dispersed Vanadia Supported on SBA-15.

C. Hess, U. Wild and R. SchlégWlicroporous and Mesoporous Materid2906 339-349. The mechanism for the
controlled synthesis of highly dispersed vanadpsuted on silica SBA-15.

A.L. Pham, D. Sedlak and F. Doylgppl. Catal. B2012 258-264. Dissolution of Mesoporous Silica Suppant
Aqueous Solutions: Implications for Mesoporouscailbased Water Treatment Processes.

A. Galarneau, M. Nader, F. Guenneau, F. Di Renzd A. Gedeon,J. Phys. Chem. @007, 8268-8277.
Understanding the Stability in Water of Mesopor8&BA-15 and MCM-41.

Q. Su, X.Q. Lui, H.L. Ma, Y.P. Guo and Y.Y. Wang, Solid State Electrochen2008 919-923. Raman
spectroscopic characterization of the microstructfr\,0s films.

R. Bulanek, N. Drenchev, Rlicmarec and M. Setnickaddsorption2013 339-347. CO and NO adsorption on
VOX/SBA-15 catalysts: an FT-IR spectroscpic study.

S. Yang, E. Iglesias and A.T. Bell, Phys. Chem. B005 8987-9000. Oxidate Dehydrogenation of Propane& ove
V,05/M0O4/Al 05 and \LOs/Cr,04/Al ,03: Structural Characterization and Catalytic Funttio

S. Manet, J. Schmitt, M. Imperor-Clerc, V. ZholokenD. Durand, C.L.P. Oliveira, J.S. Pedersen, €nva@is, N.
Baccile, F. Babonneau, I. Grillo, F. Meneau andRGchasJ. Phys. Chem. B011, 11330-11344. Kinetics of the
Formation of 2D-Hexagonal Silica Nanostructured &iais by Nonionic Block Copolymer Templating inl&an.



APPENDIX

1. LiSt Of @DBIeVIATIONS......c..oeeiiiee et ettt 2
A I o ) T U= TSR 2
2.1 TADIES bbbttt ettt nrea 2
2.2 SCNBIMES. ...ttt bbb e h bbbt h et b et et e e ae b e 3
2.3 FIQUIES. .ttt h b bt h b e h bbbttt bbbt et n e n b e 3
2.4 PICHUIES ..ot et b et h e bt bt b et a e bt e bt s bt s e h e bbb et et n bt bbbt et a e re e 4
3. Description of SCIENtIfIC MALEIIAL........c.cccveiiieeee et reesae s e 4
3.1 Synthesis of SUPPOIS aNd CALAIYSES.........ccccveriiieiececeeeese et s e e se e saens 4
3.1.1  Mettler-Toledo LabDMaX.........ccoiiiiiiiiiicicc e 4
3.1.2 ROLALING FUMACE.......coeeieee ettt ettt b e e na e enis 5
313 SCRIENK NINE ...t et 5

3.2 Characterization of SUPPOrtS and CAtalYSIS.........ccuriririrerieieerre e 6
321 N T To T aTR=To] g o] (To] o WO RSO R 6
T2 (- \ Vo[> Uox 1 o o TP 6
3.23 Ll | PP U PP PO PPTOPROPRRRPRRRPPO 6
3.2.4  Thermal 8nalYSIS (TGA) ..o et ettt sttt na s e nens 6
3.25 [N SItU RAMEAN SPECITOSCOPY. ....ecveevirtirrerteieieiteie ettt sttt sb ettt ese bt b e st s e e bbb sne s e e nae s e 7
3.2.6 KR ettt b bt b e e bt e s bt e s bt e s ht e e a b e e a et ettt et e e be e bt e bt e bt e nbeesheesheesatesaeenaes 7
3.2.7 SEM & EDX ettt bttt h bbbt et bbbt e at et s bt et e tesbeeate b 7
T < T O = 1) 1ol =) =R 7

4. SBA-15: mechaniSm Of PreParation..........ccccccceiieieiesieeieseseete et e et e ea e st e eesestesreessasssesneeneas 8
5. Prepared VOISBA-L5 CAAlYSES......cc.coueiriiiirieieieinesesestete sttt ettt n e 8
6. Silica-supported molybdenum OXide CAtalySES........c..ccveiririririiieirreree s 9
L0 R S (oo T o 1= o) 1LY 0] 4 TSROSO 9
6.2 First reSUIS & AISCUSSION.....c.ccuiiiuiiitiiitiiete ettt sn b 9

6.3 CONCIUSION AN OULIOOK. .......eviiiiiieiie ittt ettt e e ettt esee bt e e saaaeessaasstessssseaeeesassaeeessnaeesas 10



1. List of abbreviations
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2.2 Schemes

Scheme 1Reaction network in selective oxidation of propsmecrylic acid.

Scheme 2SEM of SBA-15 with micropores (5.00 pum).

Scheme 3Procedures to synthesize SBA-15 with and withoutropiores.

Scheme 4General structural formula of Pluronic P123 ancheghoxysilane (TEOS).
Scheme 5Description of the grafting method to disperseatium on SBA-15.

Scheme 6Description of the ion exchange method to loacadaim on SBA-15.

Scheme 7Schematic presentation of what happened during aGsysis.

Scheme 8Schematic attraction of the precursor for the swipip grafting and ion exchange.
Scheme 9Summary of what could happen for SBA-15 with mpoees.

Scheme 10.Supported vanadia species: (a) monomer, (b) catmaing dimer, (c) corner-sharing
oligomeric species, and (d and e) edge-sharingrdame oligomeric species respectively.

Scheme 11.(a) Proposed effect of surface roughness on hytirdensity distribution; (b) resulting
largely monomeric and low-energy small oligomeranadia species sites formed on the surface in (a);
and (c) relatively strained high-energy sites aolymeric species formed on smooth silica surfaces.

2.3 Figures

Figure 1. (a) XRD-low angle diffractogram, (b)JNsorption isotherms and (c) Thermal analysis (TGA)
for SBA-15 with and without micropores.

Figure 2. Ratio micropores area/total surface area.

Figure 3. In situ Raman spectra of catalysts (3) (no microporesaftigg - 1.1 atoms/nm?2) and (6) at
550°C (no micropores - IE - 1.0 atoms/nm?2) wityOV as reference.

Figure 4.In situ Raman spectra of catalysts (1) and (2) at 550 raom temperature after cool 05
as reference).

Figure 5. Graph Obtained loading= f(Targeted loading).

Figure 6. In situ Raman spectra of grafted samples at 1.1 — 1.2sabomd and IE samples at 0.9 — 1
atoms/nm2.

Figure 7. (a) IR of catalyst (8) at 130°C and 550°C ; (b)dpectra of catalysts (8), (3) and (10) with
different loadings.
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Figure 8. Product selectivity of catalysts (M, (5) L1 and (6) @ (from ion exchange) the conversion
of propane. Product selectivity of catalysts[1, (2) ® and (3)@ (from grafting) in the conversion
propane.

2.4 Pictures

Picture 1. SEM of SBA45 with micropores and SE-15 without micropores.
Picture 2. SEM of catalysts (2) and (.

Picture 3. VO,/SBA-15 catalyst.

3. Description of scientific materia

3.1 Synthesis of supports and catal’

3.1.1 Mettler-Toledo LabMa:

The MettlerToledo Labmax is an automated laboratory reactstesy where chemistry
solution and susmsion can be donhe 2 liter reactor is monitored 8itu using probes for pt
conductivity, turbidity and UWs spectroscopy. The temperature and the sticam be controlled via
the computer usintghe softwaréWinRC ALR. Through the process
data recording, the ef€tive duration and all parameters are meas
for each steps of the reaction.

The Labmax was used to synthesize approximatelyoR&BA-15 in
one batchwith constant temperature and stirl. Thus, in order to

to prepare catalyst series in sufficient quantitiegs do

characterizations and catalysis tests.

Picture A1.Mettler-Toledo Labmax.

For the synthesis @BA-15 without micropores, the heating at 110°C wasediout in

aubclaves in a furnace at 110

Picture A2. Autoclave.
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3.1.2 Rotating furnace

The rotating furnace, or rotary calciner (Xeriog)a furnace where thermal treatments (drying,
calcinations, etc.) are carried out under contdolégmosphere, temperature and heating rate. Two
programs were used to control gas flows: Flow Vw21 and Flow DDE V4.69 MBC FLOW-BUS

host.

The rotary calciner was used to calcine SBA-15,MBA-15 and MoGQ/'SBA-15 at 550°C for 8h in
80% Ar and 20% (500 mIn/min).

Picture A3. The rotary calciner.

3.1.3 Schlenk line

The Schlenk line is an apparatus which makeps

manipulation of air and water-sensitive materiatsgible and
easy to perform. It consists in a dual manifoldhw#everal
ports: one manifold is connected to a source ahart gas and

the other to a high-vacuum pump.

The Schlenk line was used to synthesize catalystgdfting of
vanadium on SBA-15. Indeed the starting reagemagam
triisopropoxide, is very oxygen-sensitive and cardeactivated ALk
by self-condensation if precautions are not taken. Picture A4The Schlenk line.
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3.2 Characterization of supports and catalysts

3.2.1 Nitrogen sorption

Nitrogen sorption was performed at 77K on an AUT@®B36B analyzer (Quantachrome).
Surface areas were determined using the isothertinosh@f Brunauer, Emmett, and Teller (BET). The
microporous fraction of the surface area was detexthusing t-plot analysis and pore size distriimasi
were calculated from the adsorption branch of smthierms using an NLDFT method. All calculations
were performed using the software package AUTOSQRE&uantachrome, 1-software AS1Win
V2.11).

3.2.2 X-ray diffraction

Small angle X-ray diffraction patterns were meadweing a transmission diffractometer (STOE
STADI P) equipped with a primary focusing Ge mornochator (Cu Kl radiation) and a scintillation

counter.
3.2.3 FT-IR

FTIR spectra were collected using a Perkin-ElmerlB& spectrometer fitted with a deuterated
triglycine sulfate (DTGS) pyroelectric detector (2@cumulated scans, 4 @énresolution). Self-
supporting sample wafers with an areal densityaofl® mg.crif prepared by pressing at 13.5 MPa were
located within a stainless steel infrared transioissell fitted with Cak windows. Samples were
dehydrated at 723 K for a period of 1 h in 200 mbl,. The oxygen atmosphere was exchanged
several times during this procedure to remove acbivater.

3.2.4 Thermal analysis (TGA)

Thermal analyses were performed on a Netzsch Jupiid 449C thermobalance equipped with
a Pfeiffer QMS200 OmniStar quadrupole mass spe@tenior analyzing the exhausted gases. Around
10 mg of SBA-15 were heated in corundum TG-DTA-itsles under 100 ml.mihAr with a step-wise
temperature program up to 1573 K. Desorption ofsptally adsorbed water occurs while heating from
room temperature to 403 K with 5 K rffinAfter a holding time of 60 min no further massdowas
observed and the temperature program was allowedrttnue with 10 K mitt to 1573 K and a final
isothermal stage for 15 min.
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3.2.5 Insitu Raman spectroscopy

Raman spectra were recorded by using Raman miggesystem (S&l Spectroscopy & Imaging
GmbH) with a CCD camera (PyLoN: 2kBUV, Princetorstlmments) as the detector, attached to a
confocal upright microscope (Olympus BX51, 10x ahjee) and monochromator with 750mm confocal
length (Princeton Instruments), using an DPSS lagér 532 nm excitation wavelength (1 mW on the
sample). The spectrometer was operated in trigdéactive mode and each spectrum was integrated for
10 min as required to produce spectra with an dabépsignal to noise ratio. Samples were loadad in

Linkam CCR21000 in situ-cell, fixed bed in a flow2® min/min synthetic air.

3.2.6 XRF

For chemical analysis, the samples and correspgnditandards were mixed with
lithiumtetraborate flux (FX-X100, Fluxana - 8.9 §la’B and 100 mg of sample) and fused in a Vulcan
Fusion Machine at 900°C (HD Electronic & Elektrdtadk GmBH) under formation of flat molten glass
discs, which were analyzed by X-Ray Fluorescen@xtspscopy using the spectrometer Pioneer S4
(Bruker AXS GmbH).

3.2.7 SEM & EDX

The morphology and local content of vanadium on SEBAwas studied by scanning electron
microscopy (SEM) coupled with energy-dispersive ay-ranalysis (EDX) using a Hitachi S-4800
electron microscope operating at 2kV in secondadegten (SE) mode and backscattering electron
(BSE) mode.

3.2.8 Catalytic tests

300mg of catalyst was pressed and sieved to 25618b&nd loaded into 6mm ID quartz reactor
tubes with quartz wool to fix the bed. The reactarsre equipped with individual thermocouples
inserted into the catalyst bed and set into a [gy&-channel fixed bed reactor setup (Integrdted
Solutions). Prior to catalytic measurements thealgsts were thermally pretreated in 20%/ND at
550°C, overnight. The reactant feed was contrdiggdhass flow controllers (EL-FLOW, Bronkhorst) to
give a GHg/O./N, ratio = 10/5/85 at atmospheric pressure. Temperatias varied in 10K steps over
the range 380°C-440°C. Reactants and products weatyzed with an online gas chromatograph
(Agilent 7890). Quantity of CO, CON,, O,, propane and propylene was measured. Measurerhent o

selectivity towards propene, CO, gCand acetic acid were achieved to get an ideaatdilysts
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efficiency. Conversion of propane and selectivityoixidation proucts were calculated based on

number of carbon atoms and on the sum of foundyats

4. SBA-15: mechanism of preparatiol

Scheme AlFormation mechanism of the -hexagonal SBA-15~!
(a) Initial solution of P123 spherical micells
(b) Addition of the TEOS silica precurst

(a)

(c) Hydrolysis step and beginning of condensat

s

(d) Shape transformation of the hybrid org-inorganic micelles
from spherical to rod-like.

(e) Nucleation and (f) growth of the 2xagonal phas

. @
&.ﬁ

5. Prepared VO,/SBA-15 catalysts

VO,/SBA-15| ppores I\/_Iethod. of Vloading Vloading Area  ppores % of Area of SBA-15 % of
dispersion (wt %) (atoms/nm?) (m2/g) area (m2/g) ppores | mother (m2/g) ppores
Q) Yes Grafting 4.61 0.527 860.2 240.3 27.9 1044 (+10) 34
2 Yes Grafting 10.t 1.20 4957 86.1 17.4 1044 (+10) 34
?3) No Grafting 4.7¢ 1.13 380.7 51.8 13.6 482 (+12) 18
(4) Yes IE 7.8¢ 0.881 524.4 128.9 24.6 1044 (+10) 34
(5) Yes IE 5.1Z 0.574 559.5 149.4 26.7 1044 (+10) 34
(6) No IE 412 1.04 367.6 53.8 14.6 482 (+12) 18
@) Yes IE 7.3¢ 0.828 539.4 115.4 214 1044 (+10) 34
(8) No IE 4.2t 1.07 358.2 46.5 13 482 (+12) 18
9) Yes IE 7.94 0.891 4905 114.9 23.4 1044 (+10) 34
(10) No Grafting 5.9¢ 1.420 381.1 38.8 10.2 482 (+12) 18
(11) No Grafting 5.6¢ 1.36 386.3 44.8 11.6 482 (+12) 18
(12) No IE 3.27 0.822 387.3 43.1 11.1 482 (+12) 18
(13) Yes IE 6.9: 0.796 567.1 136.1 24 1025 (+3) 32
(14) No IE 4.3(C 1.03 383.1 56.9 14.8 502 (£9) 20

Table Al. All prepared VQ/SBA-15 catalysts.
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6. Silica-supported molybdenum oxide catalyst

6.1 Scope of wor

The purpose on this part is to prepare differentd&iof mixed Mo(/VOyx on SBA-15 (Table
A3). In this part, molybdenum is used as a promatend¢rease catalytic properties of vanadia spe
Indeed, isolated molybdenum has a very low actilotyODH of propane but promotes the adsorp
of propane and improves activity and sevity of vanadiumsupported catalysts in propane C.** %

22l In order to do that, the first step was to find ireper amount of precursor needed to obtain &

monolayer of MoQ® on the SB/15 surface (Table A2, part 1). \// \\
Subsequent to adjust theepursor quantity to get a submonolayel >\ \\ //

MoOy and then eventuallfill the holes with V', species (Table A2|* /\ : / \\

art 9. The deposition of Mo on SE-15 was carried out with the iof \/\/ -4 mo
part 2 p /H \zo-/”\
exchange method because no precursor was avadatlleompatible t o o
do graftng. The precursor used for ion exchange was the@mum .o et

heptamolybdate tetrahydrate (WkMo0-,024.4H,O (AHM) (Scheme A2).  SchemtA2. AHM complex.

(2) Full monolayer of MoO (more
experiments must be done) S BBNASS S S
(2) Submonolayer of MoQ and addition
0f VO (outlook) L A L
(3) Full monolayer of MoO, and addition
Sk 7777755777

Table A2. Different kinds of surface coverage with'y (_ |) and MoQ( ).

6.2 First results & discussit

o ToT o Tt _ o o SBA-15 mother

i o loading Mo loading urface ppores area % o

SEAIIIOCL | [HpRIEs (Wt%)  (atoms/nmZ area (m?/g)  (m2/g)  ppores v | Hpores | % of

SA (m2/g]
area (m2/g)| ppores

(1) Yes 19 1.13 289.5 46.1 16 | 1044 (+10 358 (+6) 34
(D) No 10 1.28 377.9 60.3 16 | 502 (x9 101 (£3) 20
(1) No 5.3 0.67 414.2 71.6 17| 502 (9 101 (+3) 20
(IV) No 7.9 1.01 401.5 73.8 17| 502 (9 101 (+3) 20

Table A3. Catalysts/Promoter MoZBBA-15 prepared.
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According to XRD diffractogram, there is no cryste bulk of MoQ at the surface for the
catalysts (I1), (lll) and (IV) whereas there is sofior catalyst (I) (Figure — XRD spectra). At tharse
surface density (around 1 atom/nm?), there are Ma@ks on the catalyst (I) whereas none could be
observed on the catalyst (IV): the decrease ohtloeoporosity enables to put less Mo (7.9 wt% iadte
of 19 wt%) to obtain high surface density coveragthout crystal formation. Nevertheless, the full
monolayer of Mo species on SBA-15 without micropones not achieved and more loadings (>10 wt%
or >1.28 atoms/nm?) must be tridcbadings targeted for catalysts (1), (II) and (Mere successfully
achieved as the IE were carried out in order t@iobtO, 5 and 8wt% respectively. Moreover, the more
molybdenum on the surface, the lower the total ,aasaexpected. The decrease of the microporosity
when the loading in Mo is higher indicates that MagIot -partially- into the few micropores still

present in SBA-15 without micropores. This is inmresgnent with the observations made from the
VO,/SBA-15 samples.

10000 —

—— () Microperes, 19wi2s

«| Figure Al. Superposition of (a) XRD spectra of
(L1} No nicroncres, 10w% P A | .
_;c_g:mfmpmg;w? (A MoO,/SBA-15 catalysts in the range 0.3 to 5° (b)

g —t I XRD spectra of MoQISBA-15 catalysts with
: MoO; as reference in the range 5 to 80°.

= 1000 - 3 w -
* ‘i % C
( R ; v ™
2000 - & Wy J
. .r"\t
T T T T T T ¥ 1
¢ » 0 a0 & Picture. MoQJSBA-lS catalyst.
200)

6.3 Conclusion and outlook

For now, only one observation has been done aba@/MBA-15 catalysts: it is better to work
with SBA-15 with less micropores because a higlfieserdensity coverage can be achieved without the
formation of MoQ-like and other MoQ crystallites bulk phases. The use of SBA-15 “wiifio
micropores results in less AHM needed which meanweng money and a reaction more in agreement
with the Green Chemistry principles.
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Etudiante: Caroline Dessal Master Chimierté, 2™ année

Laboratoire d’accueil: Fritz-Haber-Institut der Max-Planck-Gesellschaitt Berlin (Département de Chimie
Inorganique)

Responsable de stagBr. Annette Trunschke

Mots clés: catalyse hétérogéne, oxyde de vanadium, SBALH, porosité

Résumé

Durant ce stage, une premiére partie consistalaesynthése puis la caractérisation de SBA-15césili
mésoporeuse) avec une porosité controlée. Dansecond temps, plusieurs catalyseurs a base d’oxgdes
vanadium supportés sur SBA-15 ont été préparéaratiérisés par XRD, XRF, SEM, EDX, spectroscétaenan,
IR et isothermes d"adsorption dy. WPlusieurs parameétres ont été modifiés et leupaats sur la morphologie du
catalyseur et sur sa sélectivité pour la réactmdéshydrogénation oxydante du propane en properidétudiés.
Ces parameétres étaient : la texture du suppoméklode de préparation et la quantité de vanadiapersé. Ceux-
ci ont un impact sur le dépét du vanadium sur talgseur. Une meilleure dispersion et une plus dgaselectivité

ont été obtenues dans le cas d"une faible qualgiténadium sur un support avec une porosité plifierme.

Summary.

During this internship, a first part focused ore teynthesis and the characterization of SBA-15
(mesoporous silica) with a controlled porosity. Téecond part was the preparation of a number of -8BA
supported vanadium oxide catalysts and the chaizatien of them by XRD, XRF, SEM, EDX, Raman aft] N,
sorption isotherms. Several parameters were maodéied their impacts on the catalyst’s morphology an its
selectivity towards propene for the ODH reactiopafpane were studied. These parameters wereexhee of the
support, the dispersion method used and the vamaldiading. All three parameters had an impact endiposition
and dispersion on the resulting catalysts. A batigpersion and higher selectivity towards propesee obtained

by lower loading and more uniform porosity.
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