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Abstract

In this work, Ni-based catalysts supported on ahamivere studied for toluene
reforming with a particular attention on the suéisrtexture. Indeed, the influence of stearic
acid addition during the synthesis process of NAlcatalysts was study on the material
texture and catalytic activity. All the samples wealso characterized thanks to nitrogen

adsorption-desorption isotherm measurements, mepanosimetry and X-ray diffraction. It



was shown that the step of addition of the surfactauring the synthesis process and the
composition of the solvent medium (water/ethamsl pure ethanol) strongly modified the
texture of the samples. Indeed, the sample prepaithdaddition of stearic acid before the
precipitation step and inside a pure ethanol medsthwmwed the highest increase of micro-
and mesoporosity. The modification of the textralperties also proved to influence the size
of the Ni particles, and thus the reducibility betcatalysts. The sample which showed the
most interesting textural properties was testedHerreforming of 24.000 ppmv of toluene at
650 °C. Results showed that the conversion of tusrongly increased when the samples

were tailored but these changes also increasechthadyst sensitivity to carbon contamination.

1. Introduction

Nowadays, the biomass gasification appears as t@negting and versatile way to
produce bio-syngas, which can either be used tirexd combustible or converted into
storable and high valuable chemical compounds aachethanol [1-3]. However, bio-syngas
reactors still encounter some technical problemsichvseriously hinder their commercial
development [2,4,5]. Indeed, the main problems c@mm the high tars formation which
accumulate in the outlet gas and can condensaiggiolg the pipes. Modifications of the
gasifier reactor design and of the gasificationrappeg conditions (temperature, space ratio,

gasifying reagent) have proved to substantiallpcedhe tar concentration [2,3,6-9].

Many studies have highlighted the fact that theetanination via catalytic reforming
seems to be the more practical and economicalisol[®,4,9-15]. The required properties of
the catalysts are determined by its location: it reactor (primary catalyst) or outside the
reactor (secondary catalyst). Primary catalystgarerally robust, non-toxic, cheap materials

and they are almost only intended for fluidized Ibedctors. Secondary catalysts are more



versatile and can be used at the exit of both ited and fixed bed reactors. They are
characterized by tailored mesoporous shapes, dimatractive site dispersion and adapted
elemental compositions. In this work, we decidedfaous on designing materials for
secondary catalytic applicatigrise. working at relatively low temperature (~ 650 °Gjhwno

mechanical stress.

Although widely used industrially, Ni is not the stoeffective catalyst for steam
reforming. However, it is the element showing the@siminteresting activity/price ratio
compared to the other more precious metals suétuas Rh [2,4]. The optimum Ni loading

is situated around 15 wt. % for impregnated anR@% for precipitated catalysts [9].

These catalysts are commonly supported oDAIZrO,, Zeolites or Olivine. Various
studies agree on the fact thafl,O; seems to be the best support for secondary chatalys
applications [2,10,15-18}-Al,0O3; appears to be an interesting support becauses ddrge
specific surface area (200-500/g), high mechanical strength and good sinterirsistance.
Different methods of preparation are possible fos substrate but the two most common
catalyst preparation methods are the incipient esstimpregnation and the sol-gel process. It
appears that due to weaker active site/supportaictiens, the metallic nanoparticles from
impregnated catalysts are more inclined to sinter submit coke deactivation, especially by
carbon whiskers formation. Although generally shagviower activity, sol-gel synthesized
catalysts are therefore more interesting in terfgetime [2,4,19-21]. Furthermore, sol-gel
process allows an easy tailoring of the materialabyusting different parameters during

synthesis and preparation such as pH, tempera&aetants ratio [22—-25].

In this work, we will focus on the catalyst textumngodification by the addition of
surfactants. Indeed, surfactants are interesting lecules as their dual
hydrophilic/hydrophobic character leads to the fation of a locally organized structure

(micelles, cylinders ...) that may assemble into dargtructures called lyotropic phases
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(hexagonal structure, lamellar structure, micetlabic ...) [26,27]. The lyotropic phases may
act as soft template during the gelation of a sel,they prevent gelation where they are
located and leave corresponding voids upon remioydieat treatment. Hence, tailoring the
gel porosity at the mesoscale becomes possibléasntbeen reported for alumina in previous
studies [28,29]. Nevertheless, it was observed ttiaisurfactants do not systematically lead
to uniform and regular pore shapes by formationnotelles (for example honeycomb

structure). Indeed, it was shown that the surfdctaay also be adsorbed onto charged
alumina crystallite surfaces, which results in amees without a direct link to the theoretical
micelle shapes [30]. The two more common typesuofastants used for the tailoring of

alumina are linear carboxylic acids, such as stesuid, lauric acid or caproic acid [28,31,32],

or block copolymers, such as Pluronic P188 Pluronic F127[29,33-35].

In other studies, other surfactants or organic moés were also used during synthesis for
Al,O;3 tailoring as citric acid [36], triethanolamine [3Zetyltrimethylammonium bromide
(CTAB) [38,39] or polyethylene glycol (PEG) [38]h&se works showed an increase of the
specific surface area with the surfactant addifg8)39], a better dispersion of metal species
when high surface specific AD; is used as support [39], a linked between thdtieguAl,O3
particle shape and the nature of the surfactanB8&nd also the influence of the surfactant
amount on the pore morphology [35]. The introduttid organic additive is a powerful tool

to tailor the AbO3; material [35—-39].

In this work, the influence of stearic acid additia Ni/)-Al,O3 catalyst will be studied on
the material texture and catalytic activity. Theasic acid/Al molar ratio will be set in
reference to the work of Kirat al [28] who performed the synthesis p#Al,O3 supports in
similar conditions as the synthesis procedure uisetis work in terms of solvenpH and
temperature range. However, in the quoted workiriAbecbutoxide was used as aluminum
source. In contrary, in the present work, in ortdedevelop a common and easy aqueous sol-
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gel method for the synthesis of surfactant modifiet)-Al,O3 catalysts, AI(NQ)s; was used
as aluminum source. The influence of surfactanitiadwill be studied thanks to nitrogen
adsorption-desorption isotherm measurements, mengorosimetry and X-ray diffraction.
Finally, the sample which showed the most intengstextural properties will be tested for the

reforming of 24.000 ppmv of toluene at 650 °C.

2. Materialsand Methods

2.1. Synthesis of NifAl ;05 catalysts modified with stearic acid

In order to match with the procedures applied bmlet al[28], the amount of stearic
acid used was set to a “surfactant/Al” molar ragual to 0.2. Figure 1 depicts the different
methods (A to E) used to prepare the samples.| lcaaks, the same amount of Ni is added
(10 wt.%). The first method (method A) concerns thierence sample without surfactant
addition. The reference sample was synthesizedd@iogpto a synthesis procedure described
in [40]. First, aluminum precursor (aluminum nigatAl(NGO;)3:.9H,0, = 98%, Sigma
Aldrich), ethanol and water were mixed togetheref,ithe sol was formed by a slow addition
of a NH,OH solution (30 wt. %, 15 M). After precipitatiothe sol was agitated for 24 h at 85
°C, washed two times with water, re-dispersed itewaand nickel nitrate hexahydrate
(Ni(NO3)2.6H,0, 99.99%, Sigma Aldrich) was added. The sol wasest for 30 min. The
doped sol was put in an oven for aging (24 h, 85700 mbar) and for drying (24 h, 110 °C,
900 mbar). The dried gel was calcined for 5 h d@ %5, with a heating rate of 2 °C/min.

Ni10/Al,Os-A sample is produced.

In the case of the sample prepared by the methdteBstearic acid was added at the
same time as the aluminum precursor (Figure 1 (B)& solution was stirred for 30 min and

the precipitation was performed with WBH. After the washing steps, the sol was dispersed



in a media of water/ethanol, doped with nickel at#t stirred for 30 min, put in oven for
drying and calcined at 550 °C. This method was usedhe preparation of Nil0/ADs:-B

sample. The method C was similar, except that aastd using a water/ethanol media in the
initial solution, pure ethanol was used (Figure @Q))( This method was used for the

preparation of Ni10/AO;-C sample.

In the case of samples prepared by the method gui@il (D)), the boehmite (AIOOH)
sol was prepared according to the standard proeedsed for the preparation of reference
sample [40]. After being washed, the sol was resisgd in the water/ethanol medium. First,
nickel nitrate was added, followed by the steacid.alhe sol was stirred for 30 min, put in an
oven for drying and calcined at 550 °C. This methwas used for the preparation of
Ni10/Al,0O3-D sample. The method E was similar, except thetesd of using a water/ethanol
medium in the dispersed solution, pure ethanol wsed (Figure 1 (E)). This method was

used for the preparation of Nil0A8ks-E sample.
The amount of reagents were denoted in Supplemeltaterials in Table S1.
2.2. Characterizations

Samples compositions are determined by inductigelypled plasma—atomic emission
spectroscopy (ICP-AES), equipped with an ICAP 63 ERMO Scientific device. Solid
samples are crushed and then dissolved with lithetnaborate before analysis. Aluminum,

and nickel loadings are obtained by comparison stiéimdard solutions in the same medium.

Textural properties are determined thanks to nénogdsorption-desorption isotherms
which are measured at -196 °C on a MicromereticAlAR010 instrument after 12 h of
outgassing at 300 °C andiPa. The microporous volum¥pg, is calculated by the Dubinin-

Raduskevitch method on the first branch of the gudsm curves at low relative pressure



(p/po < 0.4). The pore size distributions are determibgdhe Broekhoff de Boer method

(BdB) applied to the adsorption profil-branch oé thitrogen isotherm [41].

Mercury porosimetry measurements were performedmnamoliths samples crushed
between 300 and 700 um using a Poremaster60 institufitom Quantachrome with
pressures going from 1 to 60.000 Psi. The measunsmallowed determining the
macroporous volumeV(yg, cnt/g), to plot the curves of volume introduced asuacfion of

the pressure and to plot the macropore size disioit.

Apparent densitiegap, Were measured by helium pycnometry by using advheritics
AccuPyc 1330 device. The density was determinedh fam average of six consecutive
measurements. According to IUPAC recommendatiomstife characterization of porous
solids, the apparent density of an object is defiase the density of that object including
closed pores [42] he effective density or true densibgs, in g/cnt, is defined as the density
of an object excluding pores. Tl values were calculated by dividing the mass of the
catalyst bed by the catalytic bed volume insidegbartz tube (@ = 8 mm, h = 12 mm), for
sieved grains (average @ of 500 pm) and assumiagtkie grains were sphere-like and

closed-packed at the highest ratio (0.74).

The crystallographic properties of the samples wdetermined by X-ray diffraction on
a Siemens D5000 diffractometer (By+adiation) between 30° and 80°{Rwith a step time
of 18 s and a step size of 0.04°. The alumina alijtsts sizes were calculated by using the
Scherrer equation centered on the (4 0 0) rayAif,Os (2 § = 67.0°) on the XRD pattern.
The Ni? crystallites sizes were calculated by using theeSer equation centered on the (2 0

0) ray (20 = 51.83°).

The size of metallic particles and their distribatiwere measured by transmission

electron microscopy (TEM) performed on a CM10-PW®&Eilips Electron Microscope by



averaging the measurement of approximately 100icgeston TEM micrographs. First,
crushed samples were dispersed in absolute ethEmah a drop of the dispersion was placed

on a copper grid (Formvar/Carbon 200 Mesh Cu frayarAScientific).

Scanning Electron Microscopy measurements wer@peed with a FEI ESEM-FEG
XL3 device. Pictures made with Backscattered Etec{EEM-BSE) detectors allowed getting
a view of the surface of the samples, with différeantrasts depending on the elemental
composition. The measurements were performed ategleration voltage of 15 keV, set on
the Spot 4 and with a vacuum of 0.4 Torr. No presionetallization of the samples was

necessary.

H, reduction steps were performed on 1 g of sampie. réactor was first purged with
He at room temperature (15 min, 50 mL/min), thenwas sent to the sample (50 mL/min)
and the temperature was increased (from 25 °C @o°Z5with a heating rate of 5 °C/min).
After 1 h at 750 °C, the heating was stopped ared rdactor was purged with He (50

mL/min).

Temperature Programmed Reduction measurements peei@med with a TPD/R/O
1100 device from CE instruments to give informatetsout the reduction of the metallic
species (Ni or Fe) present in the samples. An ainolu@.2 g of catalyst was put in a quartz
tube. Samples were heated from 25 °C to 1000 °@ avheating rate of 2 °C/min and under a

flow of 20 mL/min of a gas mixture (5 %volf95 %vol. N).

After the catalytic tests, carbon deposits weralistll with thermogravimetric (TG)
and differential scanning calorimetry (DSC) measwerts, which are realized with a Sensys
Setaram instrument. Samples are heated from 29Q0°8 with a heating rate of 2 °C/min

under air flow (20 mL/min).



2.3. Catalytic experiments

The samples were tested at 650 °C, for 300 mirh svistandard procedure described in
[43,44], with a toluene concentration of 24.000 ppamd a gas mixture of 31.5 %vol,,H
31.5 %vol. CO, 15.2 %vol. CO11 %vol. HO, 10 %vol. CH. 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 &HSVof 5000 R (residence time of 0.72 sec).

The toluene conversio&r, was determined from the Equation 1:

CT — CT,In_CT,Out * 100 (1)
CTIn

whereCr, is the initial toluene concentration (mofjnandCr oy is the toluene concentration

at the outlet of the reactor (moffm

The benzene selectivitygSwvas determined from the Equation 2:

Sp = —Bout 100 ()

Ctin—CT0ut

where Cgou is the outlet concentration of benzene (md)/nCr,, is the initial toluene
concentration (mol/) and Cr oy is the toluene concentration at the outlet of iactor

(mol/md).

The methane conversioB¢ys, Was determined from the Equation 3:

Cc —-C
CCH4 — CH4,In CH4,0ut * 100 (3)
CcHa,In

where Ccua,in IS the initial methane concentration (moljmand Ccha,0ut Is the methane

concentration at the outlet of the reactor (md)/m



All Cr, S andCcpq values were obtained by making an average ofdhelts obtained

during the last 10 measurements of each test.

The consumption rate of tolueng, in mok/(gni.h), was also compared. For this gas
mixture, the (HO + CQ)/C ratio is about 1.6 when only taking tolueneagon source, and
it is about 1.0 when taking toluene + methane @sorasource. Though these values are low,
they are equal or higher to the stoichiometricoratience, the toluene consumption rate can
be expressed with respect only to the toluene cdrateon and according to a first order

reaction (n = 1), which leads to:
—7rr = k. Crol (4)

wherery is the consumption rate of toluene (mi@ni.h)), k is the apparent kinetic constant

(m%(gni-h)) andCro is the concentration of toluene (m@l/m®).

Since the reaction rate is assumed to be of fid#ra(n = 1)yt can also be expressed as

follows [45,46]:

rr = (—22) In(1 - fr) (5)
whereF+ is the molar flowrate of toluene at the reactdetifmok/h), W is the nickel mass

inside the reactor (g) ariglis the toluene conversiofy € C{/100).

In order to get a more accurate comparison of téng tendency of the catalysts, the
term Coke*was introduced. This value corresponds to the amnoiucarbon formed by gram

of toluene converted and is determined by Equédgion

(6)
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where Coke is the amount of carbon deposit determined from-O®C measurements
(9carbodOcaty, (YoNI/100) is the gram of nickel per gram of catalystedmined from ICP-AES
measurementsy is the consumption rate of toluene (mel(gni.h)), t is the time of test (5 h)

andMr is the molecular mass weight of toluene (92.1 ¢ymo

According to calculation presented in Supplemenhaerials, it was assumed that all
samples did not submit neither internal nor extedifeusional limitations during the catalytic

tests.

3. Resultsand Discussion

3.1. Influence of the stearic acid addition on lgstamorphology and texture

Table 1 shows the theoretical and actual compositiof the samples. All samples

presented similar theoretical and actual compasstio

In Figure 2, TEM pictures show that all samplesspr¢ similar morphology at
nanoscale and that the addition of the surfactamad cause any visible modifications of the

alumina crystallites sizes, of their morphologyobthe arrangement of the aggregates.

The nitrogen adsorption-desorption isotherms and #ssociated mesopore size
distribution of the samples are presented in Figur&he textural propertieS{r, V, and
Vpr) and the sizes of the alumina crystallites obthibg X-Ray diffraction @xrp aos) are
presented in Table 1. It was observed that thes iz¢hey-Al 05 crystallites @xrp aizo3) are
similar for all samples. This observation is in @cance with the TEM observations (Figure
2), for which the addition of stearic acid do nofiuence the morphology and size of the

Al O3 crystallites.
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Table 1 reveals that the textural propertiis+, V, andVpg) increase for all samples
synthesized with stearic acid. For both solventimm@oure ethanol or water/ethanol mixture),
the addition of the surfactant before the precipita step (method B) allows a deeper
modification of the textural properties of the sd@spcompared to an addition of the
surfactant after the agitation step (method D}hla way, in comparison to reference sample,
Ni10/Al,03-B sample shows a higher increase of its texturapgrties 4Sser = + 75 nf/g,
AV, =+ 0.5 cni/g, AVpr = + 0.04 cni/g) compared to Ni10/ADs-D sample fSser = + 40
m?lg, 4V, = + 0.2 cni/g, 4Vpr = + 0.02 cni/g). Similar trends are observed when comparing

the textural values between samples Nil@DAIA, Ni10/Al,O3-C and Nil0/A}Os-E.

Since no regular structuration of the alumina supps observed by TEM
measurements and thatrp aizos values are similar for all samples, it is assuntet the
stearic acid molecules are more inclined to be rb@sb on the surface of the boehmite
(AIOOH) crystallites rather than forming separateitelles [30]. In this way (Figure 4), in
the case of the addition of the surfactant beftwe recipitation step (Nil10/ADs-B and
Ni10/Al,03-C), the alumina hydroxide crystallites are fullpvered by the stearic acid
molecules as soon as they begin to form (Figure @a)ing the drying step, the presence of
these molecules prevents a compact aggregatiomeofctystallites, which resulted in an
increase of the micro- and mesoporosity of the sesnafter calcination. In contrary, when
the surfactant is added after the agitation timd@MI.Os-D and Nil0/AbOs-E samples), it
is assumed that the boehmite crystallites are dyrgaartially agglomerated (Figure 4b).
Consequently, the chains of stearic acid molecplesent more difficulties to cover the
surface of the boehmite crystallites, which resuitsa lower modification of the textural

properties of the samples.

It is observed in Table 1 that the use of pureraihmstead of “water/ethanol” mixture

as solvent medium lead to samples with similgs and Sset values. Nevertheless, the porous
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volume at saturation pressure of nitrog¥p,is higher when pure ethanol is used as solvent.
Despite the total volume of solvent being estaklisin both cases to totally dissolve the
stearic acid, the variations 9§ values could be a consequence of a different digpeof the
surfactant molecules. Indeed, the solubility ofgteacid is clearly higher in ethanol than in
water 6olubilityethanol 2scc = 3.16  GurfactarfOethanot Whereas solubilityyzo 2scc = 0.034
OsurfactantOH20). Hence, a higher solubility do not apparently inflae the covering of the
alumina crystallites (no high&fpr), but could favor the formation of micelles, whialould
explain the increase &f,. Based on the data presented in Tableiduyre 5 plots the metallic
nickel particles sizes (calculated by doing an agerofdremni and dxgrpni Values) for all
samples as a function of the microporous voluig, It was observed that the samples with
the highest microporous volume (Nil0/®k-B and NilO/AbOs-C samples) present the
lowest initial Ni particles sizes (Figure 5a) amm tlowest trend to sinter (Figure 5b). This
observation confirms the fact that the sinteringtlod metallic Ni particles occurs via a
mechanism of crystallite migration, and that thee atrongly affected by the support

microposity [18,47].

Figure 6 shows the TPR profiles of the)N#l ,O3; samples modified with stearic acid. It
is observed that, though being composed of NiyeAtbO3 in similar ratios and prepared with
the same operating variables, the samples presdiftexknt reduction profiles. This could be
a consequence of their different initial nickel diparticles sizes. Indeed, smaller nickel
oxide particles could led to stronger interactionh the y-Al,O3 support, and consequently
delay the reduction of nickel oxide by the formatiof spinelles like NiAIO, for example
[48,49]. On small particles there are a very imguatrtelectron density which gives a very
strong metal-oxygen bond, more difficult to redudee other factor which can also affect the
reducibility of the catalysts is the initial oxid®mposition which can affect its interaction

with Al 50a3.
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In Figure 6, it is observed for Nil0/AD;-D sample that the maximal reduction peak
value is not changedrl (~ 850 °C), but that the peak is broaden&d=(600-1000 °C). By
comparison to Nil0/ADs-A sample, the use of stearic acid in NilQ@4-D sample could
led to larger dispersion of initial Ni oxide patéicsizes and explains the shift of the H
consumption peak towards lower temperatufes 600-700 °C) and higher temperaturés=(
900-1000 °C). The broadening of the peak couldlbe a consequence of the formation of
NiAl O, spinelles, more difficult to reduce by their highteractions with the support

[43,44,48].

For Nil0/ALOs-E sample (Figure 6), the reduction peak is alsadened from 600 °C
to 1000 °C. Furthermore, the maximal reduction psadhifted towards higher temperatures
compared to Ni10/ADs-A and Nil0/AbOs-D samplesAT = + 60 °C). The broadening of the
peak can be explained by the initial presence okatioxide particles with different sizes
since this sample shows the highest TEM standarititen after TPR drem = 14 nm) (Table
1), and by the presence of different nickel oxipectes (NiO, NiA$Oy,...) with different
interactions with the alumina support. Since Nil@DA-E sample presents a higher porous
volume,V,, than Ni10/A}Os-A and Nil10/AbOs-D samplesit is assumed that the presence of
a higherV, would favor the formation of larger initial nickekide particles and would also

favor the formation of larger metallic particles fiptering.

In Figure 6, Ni1l0/AdOs-B and Nil10/AbOs-C samples show centered reduction peaks,
which are shifted towards lower temperaturés-(780 °C). Both samples show the highest
Vpr andV,, values and lowest metallic Ni particles sizes wsithall standard deviatioaem =
6 nm) after TPR measurements (Table 1). HoweverQMi,O3-C sample, which presents a
slightly higher V, value, shows larger metallic particle sizes aftéd?RT measurements
compared to Nil0/ADs-B sample (for Nil0O/AlOs-B, dremni = 16 nm anddxgpni = 16 nm;

whereas for Ni1l0/Al0s-C: dremni = 24 nm andixgpni = 19 nm) (Table 1).
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In view of these results, the following assumptians strenghtened: i) larger initial Ni
oxide particles lead to broaded reduction pealsaniincrease of the microporosity of the
alumina support allows preventing the sinteringhaf metallic particles at high temperatures;
i) an increase of the mesoporous volume of themaha support without an adequate
microporous volume favors the formation of largestatiic particles with broad distribution

of sizes.

Ni10/Al,0O3-C sample is selected for further characterizatems catalytic tests because
it shows the highest, value, a highvpr value, and a symmetric;@onsumption peak, which

is shifted towards lower temperatures during TPRsueement.

3.2.. Further textural properties of Ni108k-C catalyst

Figures 7 shows the microscopic aspect of NilfAA sample (Figure 7a) and
Ni10/Al,0O3-C sample at different scales (Figures 7b andNid)0/Al,Os-C sample is formed
of microscopic grains whose shapes and sizes aréasito Nil0/ALOs-A sample (pure-
Al,O3 supports) [40]. However, whereas NilGQfB4-A samplepresents a close compaction of
their grains and hence a relatively smooth surfacéhe case of Nil0/ADs;-C sample, the

grains are expanded and the microscopic surfaeetismely rough.

Figures 8 shows the mercury porosimetry curves\idO/Al,Os-A and Nil0/ALOs-C
samples. In contrary to Nil0/ADs-A sample, which shows no macroporosity, Ni1lQ@-C
sample is macroporous with pore sizes comprisedgdset 1 and 10 pum and a macroporous

volume,Vyg, equal to 0.9 chfg (Table 1).

It is observed in Table 1 that the apparent densitye measured by He pycnomejy,
of Nil0/Al,Os-C sample is very close to the value of NilQ@¢-A sample. However, the

effective density valuee, which corresponds to the mass of pellets indigecttalyst bed
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divided by the volume of catalytic bed with closscking of 0.74, is very different between

the two samples: 0.7 g/Crfor Ni10/Al,Os-A and 0.2 g/crmifor Ni10/Al,0s-C.

3.3. Catalytic performances of Ni10A8ls-C catalyst

Since the effective densityes, of NilO/AlL,Os-C sample is smaller than for the
reference catalyst Nil10/ADs-A (Table 1), the catalytic bed volume and the tiiasrate are
kept at standard values, but the mass of the catalget to 100 mg instead of 300 mg. Figure
9 shows the conversion of toluene as a functiotinod for both samples. It is to remind that
since the mass of Nil0/ADs-A catalyst and the mass of Ni1l0/®k-C catalyst are different,
the rigorous comparison of the catalyst activitystnonly be performed according to thejr

values presented in Table 2.

It is observed in Figure 9 that Nil0A8k-C sample presents a high conversion of
toluene at its first injectionQy = 71 %). This is attributed to small initial nickekide
particles which are easily reduced (see TPR meamunes, Figure 6). However, Ni1l0/A&s-

C sample presents an important and continuousdb#s catalytic activity during the test

(between 0 min and 300 minCr ~ - 35 %).

Table 2 shows the metallic Ni particles sizes afiter catalytic test, and the catalytic
performances of the samples. The DSC curves olstdomeghe two samples after the catalytic

test are presented in Figure 10.

In Table 2, Nil0/AJOs-C sample shows a highey value compared to the standard
Ni10/Al,Os-A sample but within the same range. However, NilfiD;-C sample presents
also a very high amount of carbon deposit aftdr(téske- 1.35 GarvodJcatg, Which is mostly

constituted of filamentous carbon (Figure 10) [43¢. though they value is multiplied by 2
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between Nil0/AIOs-A and Nil0/AbLOs-C samples, th€oke* value is in contrary multiplied

by 6.

The catalytic behavior of Nil0/ADs-C sample is similar to the results obtained
previously in [44] for Ni20/AJO; and Nil0O/AbOs-IMP samples. Indeed, NiO, present in
samples after the calcination step and reducibleve¢ér temperatures than the catalytic test
(650 °C), do not take advantage of the mechanistspacial reduction by toluene” [44], and
as consequence is deactivated during the catabgtc However, the fact that Ni1048s-C
sample shows much more sensibility towards cokivam tNi20/AbO3; and Nil0/AbOs-IMP

samples suggest that other parameters emphasifarietion of carbon.

It is to remind that the reforming of toluene onMpO; catalysts occurs according to
several reactions, which take place simultaneowasiyg, which is summarized as follows [50—

52]:

i) in a first step, toluene is adsorbed on theagfof the metallic particle and cracked into
CXHYags + Cags + Hags SPeCIesrT ags +crack IS the rate of adsorption and cracking of thednk

molecules;

i) in parallel, HO and CQ molecules are adsorbed on the surface and dissdciato

reactive species (@ HOugs Had;

iii) the reactive oxidant species {§ HO.q9 react with the carbonaceous compounds (coming
from the cracking of toluene) to form CO ang by gasification reactionsgasiticationiS the rate

of gasification of the carbonaceous compounds@@®@oand H.

The cracking of toluene occurs quickly in presemfemetallic nanoparticles. In
contrary, the mechanism of carbon removal, whiduithes the dissociation of the;®l or
CO, molecules on the surface of the support (aluminay the diffusion of the oxidant

species (Qs HO,q9 from the support surface to the metallic partickguires a long contact
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time [18,53]. In this way, da Silvat al.[53] showed that an increase of {G#SV ( or a
decrease of the residence time) could lead tosadbbalance between the cracking of toluene
and the gasification reactions at the surface ef rifetallic nanoparticles (in other terms,
I'Tads.+crack IS higher thanrgasiicaiion. It iS shown In Supplementary Material, that hert
external nor internal diffusional limitations arbserved for both samples, which means that
these catalysts work under chemical regime [54]velbeless, Nil0/ADs-C sample
presents a more open structure (larger meso- asthp@es) than Nil0/ADs-A sample. As

a consequence, it is assumed that the diffusiorthef gaseous reagents is better in
Ni10/Al,Os-C sample compared to NilO/&)s-A sample. This better diffusion could explain
the higher value observed for Ni10/ADs-C sample during the catalytic test, but the values
stay in the same range. In return, this bettewsifin might have destabilized the balance
between the cracking(ads.+crack @and the gasification reactiongLirication at the surface of the
Ni©@ particles, thus explaining why Nil0/A&);-C sample present very large amounts of
carbon deposit compared to NilO/@k-A samples (Table 2). Figure 11 gives an overviéw o

the two different cases.

Finally, it is also assumed that the presence lofoad and large distribution of meso-

and macropore sizes for Ni10A8k-C sample could favor the growth of filamentoushoar.

4. Conclusions

In this work, the influences of stearic acid additin Ni/)*Al,O3 catalyst were studied
on the material texture and catalytic activity. Faurfactant-modified Ni/AO; catalysts
were synthesized by sol-gel process. One )Mil,O; catalyst without stearic acid was

produced as reference material.
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This paper highlighted that the sol-gel preparatogthod can efficiently modify the
textural properties of 10 wt. % NiAI,O3 catalysts thanks to the addition of a common
surfactant. It was shown that the step of addibbrthe surfactant (before precipitaties.
after long agitation) and the composition of thdévent medium (water/ethanals. pure
ethanol) had a consequent influence on the textwdification of the samples. In this way,
because of a better initial dispersion of the sitdiat molecules and a good covering of the
boehmite (AIOOH) particles as soon as they werméat, the sample prepared with addition
of stearic acid before the precipitation step amside a pure ethanol medium showed the

highest increase of micro- and mesoporosity.

The modification of the textural properties alsovyad to influence the size of the Ni
particles, and thus the reducibility of the 10 @. Ni/y-Al,O3 catalysts. In this way, the
samples with high microporosity showed more unifanitial sizes for nickel oxide patrticles,
which were easier to reduce. Furthermore, the gtroporous volume afforded a better
resistance to the samples against sintering atteigiperaturesi(~ 1000 °C). In contrary, the
samples which showed higher mesoporous values anddequate microporous values,

presented a broader distribution of°Nparticles sizes and broader TPR reduction profiles

SEM and mercury porosimetry measurements confiried the addition of the
surfactant modified the macroporosity of the caalyrhe modification of the textural
properties proved to be a powerful tool in ordemnrease the reaction rate of the conversion
of toluene. However, it was observed that the gatahodified with the surfactant showed a
progressive deactivation during the catalytic testd large amounts of carbon deposit after
the test. This high trend towards the formationcafbon was partially attributed to the
presence of nickel oxides easily reduced, which ritl take advantage of the anti-coking
effect brought by the mechanism of “special reductyy toluene”. It was also hypothesized

that the large macropores did not permit to resthe formation of filamentous carbon.
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Moreover, the high formation of carbon was alsalaited to the high diffusion capacity of
the catalyst modified with the surfactant, whichsvessumed to destabilize the ratio between
the amount of tar cracked and the amount of cadmme compounds gasified bygsOand
HO,gs reactive species. However, more studies need feelfermed in order to get a better
understanding of the influence of the texture oa tatalytic performances of MAI,Os

catalysts during the reforming of toluene.
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Figure 1. Synthesis methods for the preparation ofW,03 catalysts: (A) pure Ni#Al,Os
and (B to E) modified with stearic acid.

Figure 2. TEM observations of calcined MAI,O; catalysts: (a) Nil0/ADs-A; (b)
Ni10/Al,03-B; (c) Ni10/ALOs-C; (d) Nil0/ALOs-D and (e) Nil0/AJOs-E.

Figure 3: Nitrogen adsorption-desorption isotherms and masopize distribution for N
Al,O3 catalysts synthesized with stearic acid.

Figure 4. Proposed mechanism explaining the differences dmtwsamples prepared by
method “B” or by method “D”.

Figure5: Sizes of the metallic Ni particles as a functiémacroporous volume for 10 wt. %
Ni/y-Al,03 samples modified with stearic acid afterddduction or after TPR measurements.
Figure 6: TPR profiles of 10 wt. % NifAl,O3 catalysts synthesized with stearic acid; (x)

Ni10/Al,O5-A, (M) Ni10/Al,05-D, () Ni10/Al,05-E, (8) Ni10/Al,O5-B, (A) Ni10/Al,05-C.

Figure 7: SEM pictures of (a) Ni1l0/ADs-A and (b-c) Ni1l0/A}Os-C samples.

Figure 8: Mercury porosimetry curves (left side) and macrepsize distribution determined
from mercury porosimetry measurements (right side)Ni10/Al,Os-A and Nil0/ALOs-C
samples.

Figure 9: Toluene conversion as a function of time for NAIGDs-A and Nil0/AbOs-C
catalysts.

Figure 10: Post-test DSC curves follj Ni10/Al,O3-A and (A) Nil10/Al,O3-C samples.
Figure 11: Influences of the morphology on the catalytic \atti and coking between

samples Nil10/AiOs-A and Nil0/ALOs-C.



Table 1. Composition, Textural propertiesand particle sizes of samples.

Al,O4 Ni After reduction After TPR
Sample Theo. Exp. Theo. Exp. SeeT Vp VbR Oremni Oxroni Oxroaizos  Oremni Oxrowi Vg P PEit
(Wt%) (wWt%) (wt%) (Wt%) (m%g) (cm¥%g) (cm¥g) (nm)  (nm) (nm) (hm)y  (nm)  (ecm%g) (glem®)  (g/em?)
+0.1 +01 +5 +01 001 +1 +1 +1 +0.1 +0.1 0.1
Ni10/Al,O5-A 90.0 89.5 10.0 10.5 240 0.3 0.08 8+2 9 54 30+923 <0.1 3.0 0.7
Ni10/Al,05-B 90.0 88.7 10.0 11.3 315 0.8 0.13 5+1 6 5.6 16 + 6 16 - - -
Ni10/Al,O5-C 90.0 89.2 10.0 11.1 330 0.9 0.12 71 7 55 + B4 19 0.9 3.1 0.2
Ni10/Al,O3-D 90.0 90.2 10.0 9.8 280 0.5 0.10 7+2 10 5.6 28+12 21 - - -
Ni10/Al,O5-E 90.0 89.6 10.0 10.4 275 0.7 0.09 8%+2 8 54 + 28 24 - - -

Sser: specific surface aredfy: porous volumeyVpg: microporous volumedreyn;: Ni particles size measured by TEMygpni: metallic nickel crystallites size estimation madeXRD on the Ni (2 0 0) rgy

dxrp,aios: 7-Al,0; crystallites size determined by XRD on the (4 4&3} Vi, macroporous volume determined by mercury porasinraeasurements; apparent density determined by helium pycnomety;
effective density determined by the density of¢hatalysts bed and a close-packing of 0.74.



Table 2: Catalytic performances for Ni1l0/AbOs-A and Nil0/Al,O3-C samples. Test conditions: 650 °C, 300 min,
24.000 ppmv of tolueneGHSV of 5000 K.

dTEMNi dXRDNi CT &y SB Coke Coke* Fil. carbon
Sample (nm)  (nm) (%)  (Molrow/(9ni-h)) (%)  (Jcamvon/Jcata)  (Qcarbon/Grolu)
+1
Ni10/Al,O3-A 11+3 12 51 6.7 .10 15 0.10 3.1.16 +
Ni10/Al,O3-C 15+7 13 42 1.4 .10 12 1.35 2.0.106 +++

dremni: metallic particles size measured by TEMkzpni: Metallic crystallites size estimation obtainedX®D. Cy: conversion of toluene;: reaction rate of
toluene,Ss: benzene selectivityCoke: carbon deposit amount after 5 h of test measbyetG-DSC,Coke*: tendency of sample to form carbon deposit.
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Metal salt
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a) Ni10/ALO5-A b) Ni10/ALO,-C

N

- ® <<1: No diffusional limitations of the reagents; - ® <<1: No diffusional limitations of the reagents
- However: lower diffusion rate of reagents than - However: higher diffusion rate of reagents than for
for Ni10/AL,05-C; Nil0/ALO;-A;
= Similar to a decrease of GHSV = Similar to an increase of GHSV
So: So:
¥ TLads.+crack. ™ ¥ gasification VT ads.+crack. >>r gasification

=Low tendency to form coke =High tendency to form coke
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a) Method “B”: b) Method “D”:

Figure 4: Proposed mechanism explaining the differences dmtvsamples prepared by (a)

method “B” or by (b) method “D”.



Sol-gel preparation of Ni/y-Al,O3 catalysts.

Modifications of y-Al,O3 supports with stearic acid.

Catalyst texture influenced by the step of addition of the surfactant.
Reducibility of the catalysts influenced by textural modification.

Toluene conversion increased with tailoring.



