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Abstract

In order to study the influence of the addition silicon alkoxides on the physico-
chemical properties of alumina, several types kbxtles have been used as reagents during
the alumina synthesis. Different parameters wardiatl: (i) the chain length of the alkoxide,
tailored using either tetramethoxysilane, tetraethryhosilicate, trimethoxypropylsilane or
trimethoxyoctylsilane; (i) the presence of one two amino groups using eithes-
aminopropyltrimethoxysilane 08-(2-aminoethylamino)propyltrimethoxysilane. The result
showed that functionalized precursors with smakicHengths led to small and spherical
Al,O3 crystallites, corresponding to narrow size disitibns of mesopores. However, the
composition and polarity of the functionalized chaiust be considered in order to obtain a
correct templating. The porosity of the samplesrskto stem exclusively from the presence
of voids between the crystallites. The incorpomatad Si onto alumina was correlated with
the reactivity of the silicon precursor. Introdugi8i increased the resistance of the material
to sintering processes, as shown by a higher specifface area and a higher purity of the

Al,O3 phase after treatment at 1200 °C compared toutegumina sample.

Keywords: Sol-gel procesgi-Al,03-SiO, supports; silicon alkoxide; thermal treatment.



1. Introduction

Alumina-based supports are highly used for cat@lgipplications such as methane
reforming, biomass pyrolysis, hydrodesulfurizatemd production of fine chemicals [1-6].
For these applications;Al,O3; supports are often doped with transition metalsiciv are
added as metallic salts (nitrates, chlorides, ering the synthesis [7, 8]. The incorporation
of the metallic element onto the support is a @lusiep, as it defines the metal/support
interactions and the final dispersion of metall@apatrticles. In turn, these properties have a
strong influence on the activity and lifetime oftalgsts. Thanks to its simplicity, the
impregnation method is often used to disperse iiwetahlts ony-Al,O; supports [9].
Nevertheless, with this method, the specific swfaea of samples usually decreases because
of pore clogging by the metallic salts [7, 9]. Fietmore, since the metal-support interactions
are weak, the metallic nanoparticles are usuallyensensitive to sintering mechanisms and
therefore tend to be larger after thermal treats\gint10].

For several years, sol-gel processes have beenagse@ne-step synthesis of inorganic
supports (Si@Q SnQ, TiO,,...), in which metallic nanoparticles are highly mhssed, by
hydrolysis and condensation of corresponding metallkoxides [11-14]. Indeed, for the
synthesis of very highly dispersed Pd/gi®i/SiO,, Cu/SiQ, Pd-Cu/SiQ and Ni-Cu/SiQ
catalysts, the cogelation method combined tetragilane (Si(OGHs)s, TEOS) and a
functionalized silicon alkoxideN-[3-(trimethoxysilyl)propyl]lethylenediamine ((OGMH-Si-
(CH,)3-NH-(CH,)>-NH,, EDAS). In that case, TEOS is used as a netwarkifay reagent,
while the ethylenediamine group in the EDAS moleadl able to chelate metallic ions such
as Pd*, Ni**, etc. [15, 16]. After thermal treatments (dryingder vacuum, calcination under

air and reduction under J§ metallic nanoparticles (1-3 nm) are highly diseel and



anchored inside the porous network of silica. Témmes method can be used for the synthesis
of highly dispersed Ni/AD;-SiO, catalysts, using an aluminum precursor (aluminum
alkoxides, Al(NQ)s,...) as a network-forming reagent, and a functiaaalisilicon alkoxide,
able to chelate metallic ions [17, 18]. Indeed, foactionalized aluminum alkoxide is
commercially available.

During the synthesis of inorganic supports by fukgel process, the nature of metallic
alkoxides strongly influences the hydrolysis anchdensation rates. Indeed, according to
Niederbergeket al. [19], the chemical reactivity of metallic alkoxgléowards hydrolysis and
condensation reactions depends mainly on the elesgativity of the metallic atom, on its
ability to increase its coordination number, on $teric hindrance of the alkoxy group, and
on the molecular structure of the metallic alkoxi{d@onomeric or oligomeric). Therefore,
more ramified alkoxy groups and longer chains sttmoawn the hydrolysis rate of the metallic
alkoxide. For silicon alkoxides, the reaction ritereases in this order: Si@), < Si(O'Pr),
< Si(OEt) < Si(OMe) [20, 21].

Most of the synthesis procedures of alumino-sidisatise TEOS as silicon precursor
[22-24]. In order to functionalize AD; supports by means of grafting, alkyl functionatize
(octadecyltrimethoxysilane) [25] or organo-amino ndtionalized
(aminopropyltrimethoxysilane) [26] silicon alkoxiderecursors were used. However, the
influence of such functionalized silicon alkoxid®ms the properties of-Al O3 synthesized by
agueous precipitation is yet to be understood.

In this work, the influence of Si alkoxides on th®perties of the resulting material is
studied. Two parameters are studied: (i) the cleaigth of the alkoxide, tailored using either
tetramethoxysilane (TMOS; Si(OGH), tetraethyl orthosilicate (TEOS; Si(O@EHs)a4),
trimethoxypropylsilane (TOPS; (OGH-SI-(CH,)»-CHs) or trimethoxyoctylsilane (TOOS;

(OCHg)3-Si-(CHp)7-CHg); (ii) the presence of one or two amino groupsngseither 3-



aminopropyltrimethoxysilane (APTMS, (OG)SI-(CHy)3-NH>) or 3-(2-
aminoethylamino)propyltrimethoxysilane (EDAS, (Og#Si-(CH,)s-NH-(CH,)2-NH>).

These samples are then characterized by inductivaypled plasma (ICP),
thermogravimetric-differential scanning calorimetrfTG-DSC), nitrogen adsorption-
desorption measurements, scanning electron miapgcc(SEM-BSE, SEM-EDX),
transmission electron microscopy (TEMJAI Nuclear Magnetic Resonanc€4l NMR) and
X-Ray diffraction (XRD) measurements. The aim isfatbow the evolution of the physico-
chemical properties of modified alumina with thdfatient silicon alkoxides. On selected
samples, the material’s behavior at high tempeeatustudied and catalytic experiments are
conducted on the toluene reforming in order to timk addition of Si alkoxides to the thermal

and catalytic properties of these materials.

2. Experimental
2.1. General parameters

y-Al,03-Si0, samples prepared with different types of silicdkosides are called
“APTMSS8”, “EDASS8”, “TMOS8”, “TEOS8”, “TOPS8” and “DOS8", referring to the
silicon precursor used (Table 1) and the amounsilda in resulting modified alumina

samples (Table 2). The pure alumina sample, usesf@®nce, is denoted pure,Bk.

2.2. Synthesis of y-Al,03-S O, samples

Aluminum nitrate, water, ethanol and the silicomeqursors were mixed together in a
500 mL bottle. The different amounts of reagent @esented in Table 3. The solution was
stirred for 30 min, after which the precipitatiomsvdone with NEOH. As the pH increased,
the solution became cloudy due to the formatioalominum hydroxide species [Al(Ok]).

The vessel was then closed and placed in an dildde®5 °C for 24 h under stirring. After the



agitation step, the bottle was opened and putantoven for aging (24 h, 85 °C, 700 mbar).
The resulting gels were washed twice with water amck with ethanol by centrifugation (15
min at 10 000 rpm). The gels were thereafter ptat an oven for drying (24 h, 110°C, 900
mbar). Finally, the dried samples were calcinedeurair for 4 h at 500 °C with a heating rate

of 2 °C/min.

2.3. Characterizations

Composition analysis (ICP-AES) were performed on I@AP 6500 THERMO
Scientific device. Before analysis, gel samplesengiinded into a powder whose particles
were smaller than 100 um, and dissolved in hydooitu acid. Element loadings were
obtained by comparison with standard solutionhiendame medium.

Nitrogen adsorption-desorption isotherms were nregisat -196 °C on a Micromeritics
ASAP 2010 instrument after 12 h of outgassing @ 30 and 1§ Pa. The total specific
surface areaer, m?/g) was determined by the Brunauer-Emmet-TellerTBeory on the
part of the nitrogen adsorption curves foipy values from 0.05 to 0.3. The sample
microporous volume\pr, cnt/g) was calculated using the Dubinin-Raduskevitchdet
[27]. The pore volume\f, cnt/g) was calculated at the saturation pressure.pihe size
distributions were determined by applying the Bituefk de Boer theory (BdB) to the
adsorption branch of the nitrogen isotherms [27].

X-ray diffraction measurements were performed onBaiker D8 Twin-Twin
diffractometer (Cu-l& Radiation). The samples were crushed, and the urezasnts were
performed betweend2= 30° and 2 = 80° with a step time of 18 s and a step siz8.04°.
The crystallites sizes were calculated by usingSbeerrer equation centered on the (4 0 0)

peak ofy-Al,O3 (20 = 67.0°) of the XRD patterns.



Transmission electron microscopy analyses wereopedd on a CM10-PW6020
Philips Electron Microscope. First, crushed samplese dispersed in absolute ethanol. Then,
a drop of the dispersion was placed on a copper (@rmvar/Carbon 200 Mesh Cu from
Agar Scientific). In order to increase the quabfythe pictures, the vacuum lines were cooled

with liquid N> 30 min before the measurements.

Scanning Electron Microscopy measurements wereopeed with a FEI ESEM-FEG
XL3 device. Pictures done with Backscattered Etec{SEM-BSE) detectors led to surface
views of the samples, with varying degrees of @mitrdepending on the elemental
composition. Energy Dispersive X-ray analyses (SEDRKX) were also performed with the
same apparatus in order to determine the elemeotalposition of a defined a surface
(400x300 um) and to construct element mapping mestuThe acceleration voltage was 15
keV, set on the Spot 4 and under a vacuum of Ord Nm metallization of the samples was

necessary.

TG-DSC measurements were performed on a SensysaReiastrument. 0.05 g of the
samples was crushed and placed in an alumina éeudibe crucible was heated from 25 °C

to 800 °C with a heating rate of 2 °C/min undearflow (20 mL/min).

All solid-state NMR experiments were performed watBruker Avance | spectrometer
at an operatingH Larmor frequency of 400.13 MHz, using a Brukem# HXY probe in
double resonance mode at a spinning frequency &HE?’Al one-pulse experiments were
carried out using a pulse length of duration 5A total of 1024 co-added transients were

acquired for each spectrum, using a recycle deldys All spectra referenced to AlGIt O

ppm.

2.4.Thermal study



Behaviors of selected samples under specific thetmaatments have been scrutinized.
These treatments consisted in a 6-hour-long calomareatment under a flux of air at either
700 °C, 1000 °C or 1200 °C, with a heating rat®& 6€/min. Samples also underwent 700 °C
steaming treatments of the same duration. In tleases, a flux containing a mix of 10/90
vol.% of resp. HO/N, was circulated through the sample. The specifitasa areaSset, and
the crystallinity were measured after the thermahtiment to assess its impact on material

properties. TEM pictures were also taken.

2.5.Catalytic experiment on toluene reforming

Catalytic experiments for toluene reforming wer@elon the same selection of samples
as compared to Section 2.4. The materials wereddopth 10 wt.% Ni, with the nickel
playing the role of the active phase in toluenenmaing. These experiments were detailed and
published in [18]. The main results of this studgrav summarized and discussed in the

Results and Discussion part (see Section 3.6).

The samples were tested at 650 °C, for 300 mirh avistandard procedure described in
[18], with a toluene concentration of 8.000 ppmw angas mixture of 31.5 vol.%,H31.5
vol.% CO, 15.2 vol.% C¢ 11 vol.% HO and 10 vol.% Ck The mass of the catalyst was
set to 300 mg, for a catalytic bed height of 12 mwith a gas flowrate of 50 mL/min and

consequently &HSV of 6000 K (residence time of 0.6 sec).

3. Results and Discussion

3.1.Thermal behaviors of the dried samples



Figures 1a and 1b show the TG-DSC curves for tme pl3O3; sample and for alumina
gels modified with silicon precursors without a ¢tinnalized chain (TMOS8 and TEOSS).
All samples exhibited a similar behavior: i) a fiemdothermic peak situated at about 100 °C,
which corresponded to the evaporation of watem second broad peak located between 250
°C and 400 °C, which corresponded to the transfiomaf boehmite intg-Al,O3 [28, 29];

iii) a very broad peak from 450 °C to 800 °C, cepending to the slow evacuation of
hydroxyls groups retained in the alumina networ$][2

Figures 1c and 1d show the TG-DSC curves for thhe plpO3; sample and for alumina
gels modified with silicon precursors containinduactionalized chain (APTMS8, EDASS,
TOPS8 and TOOS8). The organic compounds of thenshai APTMS (NH(CH,)s-) and of
EDAS (NH.CH,CH;NH(CH,)s-) corresponded to a unique sharp degradation foeaited
between 210 °C and 250 °C. The degradation of thanic compounds of the alkyl chain of
the samples synthesized with TOPS §H,),-) or with TOOS (CH(CH,);-) were
evidenced by broad peaks situated between 200G ECL

These measurments showed the successful introdustithe silicon alkoxides inside

the alumina materials.

3.2.Composition of samples
Table 2 listed the theoretical and actual@®land SiQ weight loadings for all calcined
samples. The actual Si@nd ALO3 loadings were in accordance with the theoretmadlings

(= 1 wt. %) for all calcined samples.

3.3.Morphology of the supports
SEM-BSE and SEM-EDX analyses (Figure 2 for purgDdland EDAS8 samples) were

done in order to draw general considerations omtlreoscopic aspect of the samples and to



confirm that they were homogeneous. The samplesisted of a dense aggregation of
micrograins whose sizes varied between 0.5 pm andn5 All samples were indeed
homogeneous and presented similar microscopic rotogies. Furthermore, in Figure 2e

(sample EDASS), Si atoms are highly dispersed timoALO3; network.

3.3.1. Influence of the silicon alkoxide reactivity on Al,O3-SO, physico-chemical

properties

In this part, the influence of the silicon alkoxidectivity on the resulting properties of
alumina was studied. The reactivity of silicon pneors is as follows: EDAS > TMOS >
TEOS.

Figure 3 shows the TEM pictures of pure,@d, of alumina modified with
tetramethoxysilane (TMOSS8), with tetraethoxysilgff&0OS8) and with EDAS (EDASS).
TMOSS8 and TEOSS8 were similar to pure®d, i.e. they consisted in platelet-like crystallites
assembled in a random way, which is known to beradheristic of y-Al,O3 supports
synthesized by sol-gel methods [30]. For EDASS, d¢hestallites seemed smaller and more
elliptical, leading to a more dense and a morerorga structure compared to pure@d.

Figure 4 represents the nitrogen adsorption-desopisotherms and the pore size
distribution for these four samples. The texturalperties from these isotherms are depicted
in Table 2.

In contrary to the addition of EDAS, the additiohT&MOS or TEOS only had a weak
influence on the mesoporosity of the supports (lEgd and Table 2). Indeed, EDAS8
presented a narrow mesopore size distribution ceshten 4 nm, whereas TMOS8 and
TEOSS8 showed a broad pore size distribution vamylar to pure AjOs.

Figure 5a shows some crystallographic differencasden TMOS8 and TEOSS. The

latter presented a microstructure very close toe pé,Os, including narrow peaks

10



characteristic of well crystallized alumina andgkey-Al,O5 crystallites 2’Al solid-state NMR
spectra are shown on Figures 5b and®%d. NMR peaks encountered at 6 ppm and 64 ppm
are assigned as tetrahedral'{and octahedral (Xl) aluminum sites respectively [31, 32];
no Al' peaks were visible on this NMR spectra. In ccatiraiMOS8 presented a
microstructure very similar to EDAS8g. large peaks hinting at more amorphous alumina
and smally-Al O3 crystallites (Figure 5a). On NMR spectra (Figubbsand 5c¢) for TMOS8
and EDASS, three peaks were observed around 6 pmppm and 64 ppm corresponding to
tetrahedral (AY), pentahedral (A) and octahedral (Xl) aluminum sites respectively. The
pentahedral sites show that a modification of tetdmal aluminum clusters took place,
compensating the excess negative charge in theorlet@used by the substitution of*Aby

Si** [33-35].

The degree of modification of the alumina crystatfi by a silicon precursor appeared
to be linked to the nature of the silicon precunseed. Indeed, EDAS8 and TMOSS8 had their
crystallinity significantly impacted because of tihgertion of Si atoms in their alumina bulk
structures. However, whether the degree of Si pm@tion was low (TEOSS8) or high
(TMOSS8), the shape of theAl,0s3-SiO, crystallites of TMOS8 and TEOS8 was similar to
pure ALOs (Figure 3). Thus, the spherical crystallite shapéained for EDAS8 seems to
originate exclusively from the presence of the fiomalized chain of EDAS composed of

amine groups.

3.3.2. Influences of the length and composition of the silicon alkoxide functional chain
on the physico-chemical properties of Al,03-SO, materials
In this section, the influence of the length of thiéicon alkoxide chain and its

composition on the alumina properties was studiée: length of the silicon alkoxide chain

11



increases as follows: TOPS<APTMS<EDAS<TOOQOS. BesidésTMS and EDAS contain
one or two amino groups respectively while TOPS BO®S contain only alkyl chains.

TEM pictures (Figure 6) reveal different morphokegyidepending on the type and the
length of the functionalized group in the silicolkaxides. APTMSS8, which contains an
organo-amino chain (NKCH,)3), showed similar morphologies as EDAS&. a dense
agglomeration of small spherical crystallites. Tbely difference lies in the size of
crystallites, which were smaller in the case of MSB (Figure 6-b) compared to EDASS8
(Figure 6-c).

In Figure 7, APTMSS8 is shown having a narrow porstribution very similar to
EDAS8’s. However, the distribution of the mesopserees is centered on a smaller value:
around 3 nm for APTMSS instead of 4 nm for EDAS&hAugh APTMS8 contained smaller
mesopores, EDAS8 had a higher microporous volum&3(@n¥/g vs. 0.17 cni/g) and a
higher specific surface area (426/gws. 530 nf/g) (Table 2).

In Figure 7, the influence of the alkyl chain lemgian be examined. TOPS8’s narrow
pore size distribution centered on 4 nm contrasiigll TOOS8’s broader one. When the alkyl
chain length increased from sample TOPSS8 (propyl)@OS8 (octyl) Sger decreased (from
425 nflg to 325 ni/g), andVpr slightly decreased (from 0.14 &g to 0.11 cri¥g) (Table 2).

In Figure 8, broad peaks characteristic of small ;O3 crystallites are visible in the
XRD pattern of APTMS8. Furthermore, APTMSS8'’s crildia size (xgp) was smaller than
EDAS8's (2.7 nmvs. 3.3 nm, Table 2). Similarly to EDASS, Apeaks (pentahedral sites)
were visible in the NMR spectra of APTMSS8 (Figui®.8

The supports modified by a silicon precursor contgy only an alkyl chain presented
different modifications of the-Al,O3 microstructure depending on the length of the lalky
chain. Indeed, TOPSS8 presented an X-Ray pattegui&i8a) with broad peaks characteristic

of small y-Al,Os crystallites @xrp = 3.0 nm, Table 2) and a visible "Apeak (pentahedral

12



sites) was present on its NMR spectrum (Figure Bbyontrary, TOOS8's-Al,0O3; peaks had
a higher resolution, as it is the case of larggstatlites fxrp = 4.3 nm, Table 2) and almost
no AlY peak was visible on its NMR spectrum (Figure 8b).

Considering these results, the composition of timetional chain of the silicon alkoxide
precursors is shown to have significant influenoetextural and crystallographic properties
of the y-Al,O3 support. The APTMS molecules modified thél,O3 properties in a similar
way as the EDAS molecules: reduction of the criisgadize, narrow and centered mesopore
size distribution, integration of Si atoms into thiemina network. The smaller size of the
functionalized chain of APTMS (NKICH,)3) compared to EDAS (N)CH,CH,NH(CHy)3.),
also explains why APTMS8 was composed of smatlaf,O3-SiO, crystallites, and had a
mesopore size distribution centered on smalleregalu

In contrary, the modification of the-Al,Oz; crystallites by a silicon alkoxide
functionalized with only an alkyl group depended the chain length of the alkyl group.
Indeed, the TOPS molecule (small alkyl group,3(€HH,),-) modified the textural properties
of »-Al,03-Si0, (reduction of crystallite size, narrow and cerdermesopores size
distribution, integration of Si atoms into the ainm bulk). However, this structure was
apparently not optimal since, despite its smallieylachain, the mesopore size distribution of
TOPS8 was centered at the same value (4 nm) as EDRf® results obtained with a silicon
alkoxide containing a longer alkyl function (g8H,)7-, TOOSS8) confirmed that theAl 05
crystallites porous structure was strongly influsshdy the nature of the chain of the silicon
alkoxide. Indeed, whereas the functional chain @B molecule is similar in length to these
of EDAS, TOOS8 showed very different propertiesodat mesopore size distribution, no
reduction of the crystallite size and no visibleegration of Si atoms in the alumina bulk.

The influence of the alkyl chain nature on the wextt modifications of the-Al,O3

phase appears to be correlated to the solubilith@fsilicon alkoxide used: i) thanks to their

13



amino (KN-) and ethylenediamine (NBH,CH,NH-) groups, APTMS and EDAS molecules
are completely soluble in a water/ethanol mediufj,[&hich explains their strong influence;
i) TOPS molecules are partially soluble in a watranol medium (small hydrophobic
chains counterbalanced by the three methoxy growgsgh also explains the corresponding
textural modifications; iii) in contrary, TOOS maoldes are almost insoluble in a
water/ethanol medium (presence of long hydrophachi@ins), which is not adapted for the

agueous precipitation conditions used in this work.

3.4.External surface area of the crystallites
Observation of the TEM pictures and nitrogen adsompdesorption measurements lead
to the hypothesis of the presence of only extevoals. To corroborate this hypothesis, the
theoretical external surface area of all crysesli§y, was calculated thanks to the Equation 1
[27]:

S = — )

p-dxrp

wherep is the apparent density determined by helium pywtoy (g/cnf) anddygp is the
Al,03-SiO, crystallite size obtained by X-Ray diffraction (hm

The comparison betweeBser and Sy values gives information about the nature of
pores [37]. f Sser > Sy, mesopores correspond to interparticle voids amdomores are
located inside the-Al,O3-SiO, crystallites. Otherwise (ifSer < Sw), both micro- and
mesopores are supposed to be located outsideytalttes [37]. The differen®,y values are
listed in Table 2.

All Sy values were higher tha®er values, because of experimental errors caused by
the use of the Scherrer equation. The crystalite is probably smaller than the real particle
size as one particle can be made of several clifesalDespite this facGy and Sger values

varied similarly for the different samples. Hendegan be assumed that all the micro- and

14



mesoporosity of all samples were only due to vdidsveen nanocrystallites, meaning that

the different pore size distributions could be tdifferent types of aggregation.

3.5.Thermal study on selected samples

The characteristics of pure &3, TMOS8, TEOS8 and EDAS8 samples was evaluated
after 4 different treatments. The specific surfama was measured after these treatments and
represented on Figure 9. These samples were chesanse the corresponding Si alkoxides
were reasonably priced. These different thermaittnents were performed in order to study
their stability in conditions similar to the onesceuntered during catalytic tests. Indeed,
thermal treatments often lead to the reductionpeicsic surface area [38]. Table 4 lists the
Sser values (Yg) and the surface area losses valuter (%), obtained from nitrogen
adsorption-desorption isotherms performed on eamimpke after every calcination or
steaming treatment.

After thermal treatment at 700 °C, pure®@4 and TEOS8 samples suffered the highest
specific surface area loss values (~ 40 and 20&#leT4). As a point of comparisofiSser of
TMOSS8 and EDAS8 samples was only ~ 15 % (Tabled}Fgure 9). The same trends are
observed for the steaming treatment at 700 °C.dddafter the steaming treatment, pure
Al, O3 and TEOS8 samples presenitgier values of ~ 50 and 35 %, whereas TMOS8 and
EDASS8 samples presentd@ser values of ~ 20-25 % (Table 4 and Figure 9). Thesence of
steam had a visibly higher impact on the speciidaxe area decrease for pure@J and

TEOSS8 samples, compared to TMOS8 and EDAS8 samples.

After the thermal treatment at 1000 °C, pure@land TEOS8 samples presented
identical Sser values (~140 fdg), which is in accordance with the usual valubgimed in
the literature for the calcination of alumina aDQC’C [17]. TMOS8 and EDAS8 samples

exhibited the highesSser values, with 230 and 200%fg respectively.

15



After the hottest thermal treatment (1200 °C),th# silica doped samples saw their
Sser values skyrocket to seven times faer value of pure AlO; (around 70 rflg against 10

m?/g, Table 4 and Figure 9).

Figure 10 shows the X-Ray patterns of samples &fterof thermal treatment at 1200
°C. For the pure AD; sample, well-defined peaks ofAl,O; were observed, whereas
TEOS8's6-Al, 03 peaks are the sign of a weaker phase transitiatteriAs for TMOS8 and
EDASS8 were almost identical and corresponded taxdune of 0-Al,O5; and y-Al,03 peaks.
This can be correlated with the typical phase fansation ofy-Al,O3 with the temperature

[39].

The nanostructure of the samples after a therreatrtrent at 1200 °C is presented on
TEM pictures (Figure 11). Pure A; sample now had very dense and very large cryssillit
(100 nm in diameter, Figure 11a) characteristie-@l,03. In comparison, all the samples

modified with SiQ presented homogeneous crystallites of approximatehm in diameter.

These results showed that the type of silicon psmrucan have a strong influence on
the properties of the supports. Indeed, the sampleish presented a high degree of
incorporation of Si atoms into the bulk alumina (DE8 and EDAS8 samples) showed the
lowest 4Sget values after calcination at 700 °C. Furthermofteraa steaming treatment at
700 °C, TMOSS8 and EDAS8 samples had low&er values compared to the pure,@4
and TEOS8&amples (Table 4). According to the literature [4@, 41], doping alumina with
SiO, increases the resistance against sintering underorain a steam atmosphere.
Furthermore, the basic H@nions formed during the steaming process, whedtrahse the
specific surface area of the support, are knowpréderentially attack the Si-O bonds rather

than the AI-O bonds [42]. So, this would explainywtihe samples which showed a better
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incorporation of Si (EDAS8 and TMOSS8 samples) waige resistant against sintering than

TEOSS.

The reactivity of the silicon alkoxy groups, andnbe the incorporation of Si atoms
inside bulk alumina, strongly influenced the pharsmsformation of alumina sample during
an additional calcination at 1200 °C. Indeed, paltenina presented well-definedAl,O3
XRD peaks (Figure 10a) whereas alumina supportsifraddvith a highly reactive silicon
precursor containing methoxy groups (samples TMOS&EDASS8) were composed of a
mixture ofy- andJd-Al,0O3 (Figures 10b and 10c). In contrary, this effecewess marked for
alumina supports modified with a less reactivecsili precursor containing ethoxy groups
(TEOSS). This is evidenced l##Al,O3; peaks in TEOS8's XRD pattern (Figure 10d). This
effect has been reported by several authors [23,44]0. However, no works had yet
highlighted that this phase transition delay waseatated with the degree of Si incorporation,

or to the reactivity of the silicon alkoxide presar.

3.6.Catalytic experiments on selected samples

The catalytic experiments of pure &, TMOS8, TEOS8 and EDAS8 samples doped
with 10 wt.% of Ni as active phase on the toluesferming are detailed in Claudeal. [18].
In this work, the catalytic tests revealed that tbactivity of the silicon precursor played a
major role on the conversion of toluene. Indeedafamina supports modified with a silicon
precursor with a low reactivity such as TEOS, thw Integration of the Si atoms inside the
bulk alumina led to a slightly higher catalytic iaityy, but also to a high formation of
structured carbon. The opposite effect was obsefwmethe samples modified with a highly
reactive silicon precursor, such as TMOS or EDABI{Hy lower catalytic activity, but

higher resistance against coking).
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Combining these results with the thermal study, ees that a high incorporation of Si
(corresponding to highly reactive alkoxides) inmaloa leads to a support with enhanced

thermal properties and higher carbon resistance.

4. Conclusions

In this work, different alumina samples were maatifivith silicon alkoxides in order to
study the evolution of their physico-chemical pndies depending the type of Si alkoxide
used. Different Si alkoxides were studied: (i)csih alkoxides with different chain lengths
(TMOS, TEOS, TOPS and TOQOS); (ii) silicon alkoxide®dified with one or two amino
groups ( APTMS and EDAS).

The results showed that alumina can be tailoredthey length and the chemical
composition of the silicon alkoxide function. Fuoaialized precursors with a small chain led
to small spherical crystallites, and a narrow mesesize distribution. The composition and
polarity of the functionalized chain must also besen accordingly to the desired structure.

The porosity of the samples is caused by the sodsepce of voids between the
crystallites. The degree of Si incorporation inkan@na was correlated with the reactivity of
the silicon precursor. Highly reactive silicon pesors containing methoxy groups (TMOS)
were more inclined to modify the crystallinity ofumina compared to less reactive silicon
precursors containing ethoxy groups (TEOS). Thailnghdegree of Si incorporation did not
have influence on the shape of the crystallitesrothe support mesoporosity, it significantly
influenced the crystallography of the samples.

Moreover, a high incorporation of Si (obtained whiighly reactive alkoxides as EDAS
or TMOS) increased the material’'s resistance tonthé treatments. It is shown by higher
specific surface areas ampehl,O3; phase purities after treatment at 1200 °C comptrdte

other samples.
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