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ABSTRACT

Self-acidified and granulated mesoporous alumina (SAGMA) with dendritic-

like microscopic shape was prepared by a new route that involves: (a) direct

dehydration of AlCl3 (in the presence of capping petroleum wax), and (b) oxi-

dation of intermediary AlCl3-nanorods. The AlCl3 solution dispersed in petro-

leum wax (capping media) was firstly dehydrated at 100 �C under inert

atmosphere for manufacturing anhydrous AlCl3-nanorods (length: 50–100 nm;

diameter: 5–10 nm). In a second step, this support was oxidized into c-alumina

at 300 �C, under air atmosphere. In the course of the manufacturing process,

released chlorine was deposited at the surface of the nanorods (more specifically

during the oxidation step). The binding of chlorine (5.35%, w/w at the surface)

onto c-alumina was demonstrated by both electron dispersive X-ray analysis

(SEM–EDX) and Fourier-transformed infrared spectroscopy. Specific surface

area reached 230 m2 g-1; the average pore size was 7.8 nm. Material charac-

terization was completed by measuring the surface acidity through both tem-

perature-programmed desorption and pyridine desorption. The morphology

and the phase structure were investigated using scanning electron microscopy

and X-ray diffraction analysis, respectively. SAGMA (c-alumina) can be

described as a strong Lewis (1.713 mmol g-1; i.e., about 93% of total acid sites)

and Brønsted acid catalyst supported on a mesoporous structure (self-granular

size of 177–250 lm). Cumene conversion (through a dealkylation pathway) was

tested on SAGMA: maximum catalytic activity reached 87% at 300 �C. The

conversion is highly selective: the reaction produces benzene and only traces of

ethylbenzene (mass fraction below 4% compared to benzene). Apart from this

good catalytic efficiency, the material is characterized by its strong stability in
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terms of both catalytic activity (loss less than 2%, for optimum conditions) and

surface acidity (loss less than 3%), even for long reaction times (i.e., 24 h) under

severe conditions (i.e., T 300 �C). This new material, easily manufactured, is

characterized by high efficiency and selectivity in cumene conversion into

benzene, associated with high acidity and good stability.

Introduction

Catalysis and catalytic materials play an essential role

in chemistry and chemical industries. In the last

decades, the industrial activities were greatly devel-

oped to fulfill the increasing demand of the growing

population; many chemical reactions were intensified

in fields of petrochemical, agriculture, pharmaceuti-

cal, and food industries. To achieve these targets, the

chemical reactions involve different types of catalytic

materials; in order to save catalytic metal and co-

catalysts, heterogeneous catalysis has retained an

increasing attention from research community.

Specific applications have been designed using sup-

ports as zeolite [1–5], tungstate/niobate [6], zirconia

[7], silica [8, 9], nickel [10], alumina [11], aluminosil-

icates [9, 12, 13], and layered double hydroxides

(LDHs) [14, 15]. Alumina is one of the most applied

material for designing sorbents and catalysts because

of its wide availability, high thermal stability, high

mechanical strength, and large versatility (several

phases and tailored structures can be produced for

facing specific applications and requirements). In

addition, parameters such as high surface areas,

ready ability to form binary or mixed metal oxides

and composites, versatile acid–base properties can

explain the attention paid to alumina-based catalytic

supports [16–21]. Alumina was widely applied as an

adsorbent for gas [22] and for different organic [23]

and inorganic pollutants [24, 25], as a ‘‘direct’’ catalyst

for many chemical reactions [26], but also extensively

used as a support for many catalytic materials [27].

Gamma (c)-alumina is a well-known phase of

alumina with characteristic physicochemical proper-

ties that made this structured material one of the

most applied in various chemical reactions. The

potential features of c-alumina phase are originated

from its unique structure; its cubic defect of spinel

type is due to the specific organization of Al atoms

located on octahedral and tetrahedral sites with

scattered vacancies distributed on both the two sites.

This is giving to c-alumina its specific surface prop-

erties: high surface area and acidity. Several methods

can be used for managing the surface properties of c-
alumina, for example playing with the temperature of

calcination [28], the digestion of the aluminum

hydroxide precursor [29], or the incorporation of a

template [22, 30]. The acidity of c-alumina is a very

crucial parameter that plays an effective role in many

catalytic reactions as isomerization [31], hydrocrack-

ing [32], hydrogenation–dehydrogenation reactions

[33], and dehydration [12]. For Si/Al catalysts

obtained by calcination of SBA-15 and Al-SBA-15

(prepared with different Si/Al ratios), the activity of

the catalysts for cumene conversion was perfectly

correlated with the total acidity of the material [34].

The incorporation of aluminum on silica support

(using anionic surfactant as template) contributes to

control the Brønsted acid sites that will be active for

cumene conversion [35].

Accordingly, extensive research and diverse routes

were applied to controlling and making use of this

acidic property by:

1. Incorporation of foreign atoms or elements into c-
alumina ‘‘building’’ under controlled conditions

creating reliant composition enriched with labile

hydrogen through the hydrogen bonding, or

atoms and elements that can have different or

similar valances than that of alumina; this may be

silica [12], phosphorous [36], titanium [37], and

zirconium [7].

2. Acidification of manufactured c-alumina with

mineral acids as HF, HCl, H3PO4, and H2SO4 or

by acid bearing conjugated bases as NH4Cl and

NH4F [8, 38–40].

3. Incorporation of Cl or F onto alumina during its

preparation by precipitation of alumina from

acidic solution [41].

The former route may be seen as most operative

and practical due to the remarkable stability of pro-

duced alumina and the simultaneous incorporation

of the acidic radicals (Cl or F) during the proper
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manufacturing procedure. Previous studies showed

that the acidification of alumina with sulfuric acid

leads, in practice, to more stable materials than

chlorinated alumina; this is due to the readily dis-

placement of incorporated chlorine and the progres-

sive lowering of acidity [42]. In this work, an

innovative route is designed for the synthesis of self-

acidified and granulated mesoporous alumina

(herein called SAGMA) directly from the AlCl3
solution under moderate temperatures (100–300 �C)
in the presence of petroleum wax as a capping media.

According to this method, AlCl3 solution was firstly

dehydrated at low temperature (100 �C) in the pres-

ence of a capping media, under nitrogen atmosphere

with vigorous stirring. As a result of this first step,

AlCl3-nanorods were produced; HRTEM was used

for characterizing the shape of these intermediary

objects. In the second step of the process, in a closed

system, the AlCl3-nanorods were oxidized under air

atmosphere, at 300 �C; the closed reactor contributes

to ‘‘recycling’’ chlorine (under the form of Cl and/or

HCl) by deposition at the surface of produced c-
alumina. This direct acidification of c-alumina by

self-chlorination in the course of catalyst manufac-

turing overcomes many conventional steps and

drawbacks frequently encountered in the synthesis of

acidic c-alumina, such as (a) long reaction time of

designing, (b) using precipitating agents, (c) applying

external acidifying agents, and (d) processing the

calcination at elevated temperatures (500–700 �C).
The physical and chemical properties of the mate-

rial were investigated using SEM observations, SEM–

EDX, XRD, DSC and TGA analyses, surface area and

porosimeter measurements, FTIR spectroscopy, tem-

perature-programmed desorption and pyridine des-

orption (for determination of acidic properties). In a

second step, the catalyst was used for the dealkyla-

tion of cumene, paying attention to (a) the effect of

temperature on the rate of conversion to benzene

(with identification of other sub-products) in function

of the LHSV (i.e., liquid hourly space velocity: reac-

tant flow rate/reactor volume) and (b) the effect of

long use of the catalyst (for evaluating the effect of

aging at different temperatures and for 2 values of

LHSV). Cumene conversion has been frequently

operated using c-alumina [43, 44].

Another expected benefit of the process consists of

the self-structuration of the material for forming

granular particles of size ranging between 170 and

250 lm (60–80 mesh). This size of catalyst particles

allows its use without further need of pelletization.

This was the case in the present study where the

catalyst was used as produced for cumene cracking

and conversion to benzene.

Materials and methods

Materials and chemicals

Anhydrous aluminum trichloride (AlCl3,\ 99%) was

purchased from Merck; n-heptane (\ 99%) and

cumene (98%) were purchased from Sigma-Aldrich.

Finally, petroleum macro-crystalline wax was

obtained as aside by-product from Al-Amerya Pet-

roleum Company (Egypt). The wax is characterized

by an initial boiling point close to 40–45 �C. It is

characterized by saturated hydrocarbons (with a

weight percentage close to 90%), including n-paraffin

(15%) and iso- or cycloparaffins (75%), while 10% is

constituted of mono-aromatics.

Preparation of self-acidified and granulated
gamma alumina (SAGMA)

The preparation of SAGMA was achieved through

two steps: (a) the dehydration of AlCl3 solution to

anhydrous AlCl3-nanorods in a capping media of

petroleum wax under inert atmosphere and then

(b) oxidation of the prepared nanorods by air in a

closed reactor cycle, allowing the recycling and

deposition of the chlorides released from the prepa-

ration media at the surface of nanorods. A specific

reactor was designed (Fig. 1).

Dehydration step

First, a homogeneous solution was prepared by

mixing 15 g AlCl3, 150 mL H2O, and 100 g micro-

crystalline wax at 45 �C under vigorous stirring for

1 h. The solution was then transferred into a Pyrex

reactor (30 cm L 9 10 cm i.d.) placed over a ther-

mally controlled hot plate magnetic stirrer; the reac-

tor was connected to a N2 cylinder on the one side

and to a circulating pump at the other side. The

dehydration of AlCl3 solution (converted into AlCl3-

nanorods) was achieved by rising the temperature of

the AlCl3 solution–petroleum wax system to 100

(± 5) �C for 3 h under N2 atmosphere, and strong

agitation. The condensed water vapor was collected
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through line 3 (Fig. 1). After complete dehydration,

the stirring was stopped and a sample was collected

out for analysis.

Oxidation and self-chlorination step

The self-chlorination and oxidation of the prepared

AlCl3-nanorods into c-alumina was performed by

disconnecting the N2 line, rising the temperature to

300 �C and turning on the circulating pump to recy-

cle the released chlorides together with sufficient air,

which was supplied by three glass columns (100 cm

L 9 5 cm i.d.) connected to the reaction media. The

oxidation process was completed within 1 h. The

system was allowed to cool down to 45 �C, ventilat-
ing the excess of chlorine into 1 M NaOH solution

(for neutralization) The c-alumina granules were

washed by n-heptane several times before being

finally dried at 120 �C for 1 h. The catalysts were

systematically freshly prepared (about 1 h) before

use.

Catalytic activity measurements

A fixed-bed flow reactor (quartz reactor; 10 mm

i.d. 9 30 cm length) was used to study the catalytic

activity of the prepared mesoporous c-alumina

toward cumene conversion at atmospheric pressure

and inert N2 gas. The reactor was adapted to the

setup of online GC fixed-bed flow system (used for

all catalytic activity measurements). The SAGMA

catalyst powder is characterized by a granular size

close to 250 lm (and a specific surface area close to

230 m2 g-1); an amount of 1 g of catalyst was suf-

ficient to occupy a column depth close to 3–3.5 cm

(without pilled quart dilution). The active catalytic

bed was located in the middle part of the column

(corresponding to the 10-cm-length central zone of

the column). The top and bottom parts (20 cm

length) were partially or fully filled with fine-pilled

quartz particles, and they served as pre- and post-

heating zones, respectively. This experimental setup

allowed getting a continuous flow of both N2 and

cumene vapors during the complete kinetic experi-

ments. The sample of 1 g alumina was introduced

and activated at 360 �C for 1 h under N2 (flow rate

10 mL min-1). After activation and cooling down to

100 �C, cumene was introduced into the reaction

system by a micro-dosing pump at a temperature

range from 150 to 360 �C and liquid hourly space

velocities (LHSV) were 2 and 4 h-1. The outlet

products from the reaction system were analyzed by

online gas chromatograph GC using Agilent (7890

A) GC (Agilent Technologies, Wilmington, DE,

USA) equipped with the hp-5 column and a flame

ionization detector (FID). Experiments were tripli-

cated for the evaluation of cumene conversion,

which was calculated according to Eq. (1):

Total conversion of cumene %ð Þ

¼ Cum:i�Cum:tð Þ
Cum:i

� 100: ð1Þ

Figure 1 Experimental platform, especially designed for the

synthesis of this mesoporous c-alumina (1: mass flow controller,

2: controlling valve, 3: pyrex reactor, 4: pyrometer, 5: hot plate

magnetic stirrer, 6: AlCl3 solution–petroleum wax mixture, 7: glass

jacket, 8: circulating pump, 9: three glass columns (100 cm

L 9 5 cm i.d.) 10: controlling valve—L1: N2 gas line, L2: air–

chlorides mixture pumping line into the preparation system, L3:

for condensation and suction of air–chlorides mixture.).
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Material characterization

The diffraction patterns of the prepared alumina

were recorded using an X-ray diffractometer (XRD

Bruker AXS-D8 Advance, Bruker, Karlsruhe, Ger-

many) with nickel-filtered copper radiation

(k = 1.5405 Å) for 2h angle varying between 2� and

70�. Differential scanning calorimetry (DSC) and

thermal gravimetric analysis (TGA) were performed

on SDT-Q 600 V20.5 Build 15 apparatus (TA Instru-

ments, Eschborn, Germany). The surface area was

measured with N2 adsorption–desorption isotherms

acquired on a Quantachrome Nova 3200 instrument

(Boynton Beach, FL, USA) under a degassing tem-

perature of 300 �C, while the pore volume was mea-

sured according to the BJH method. The FTIR spectra

were recorded on ATI Mattson Genesis series (KBr

disk method) (Mattson Instruments, Inc., Madison,

WI, USA). The acidity measurements of the prepared

alumina were obtained by both temperature-pro-

grammed desorption (TPD) in an automated BEL

CAT instrument (MicrotracBEL Corp., Osaka, Japan)

equipped with a TCD detector and FTIR analysis of

adsorbed pyridine. In the case of pyridine detection

by FTIR, a sample of alumina granules (60–80 mesh)

was firstly activated under vacuum at 300 �C for 2 h,

the adsorption of pyridine vapors was performed at

150 �C for 15 min with N2 flow rate of 10 mL min-1,

while the desorption of physically adsorbed mole-

cules was continued for 2 h under selected condi-

tions. Scanning electron microscope (JEOL 5300,

JEOL Ltd., Tokyo, Japan) was used for characterizing

the surface morphology of the sample. The deep

morphology of the material was observed using a

high-resolution transmission electron microscope

(HRTEM) (JEOL 1230, JEOL Ltd., Tokyo, Japan); the

coupling with energy-dispersive X-ray analysis

(EDX) (X-Max model, Oxford Instruments, Abing-

don, Oxfordshire, UK) allowed identifying the pres-

ence of chloride on the catalyst.

Results and discussion

Characterizations of materials

XRD analysis

Figure AM1 (see Additional Material Section) shows

the XRD patterns of the prepared alumina. The cubic

c-alumina phase of the catalyst is characterized by

the presence of peaks at 2h angles of 20.0�, 31.7�,
37.0�, 39.7�, 45.5�, 60.0�, and 67.0�, which are assigned

to the planes (111), (220), (311), (222), (400), (511), and

(440), respectively, according to JCPDS card No.

10-0425 [45]. The distortion and broadness of detec-

ted peaks that give to the XRD pattern the behavior of

an amorphous structure to synthesized c-alumina can

be explained by the tiny (nanometer) size of crystals

(i.e., less than 5 nm) [24]. The temperature used for

synthesis procedure is low enough to prevent the

formation of a-alumina (which may appear at tem-

perature above 700 �C [20]). However, with a refer-

ence temperature of 300 �C for the synthesis

procedure, this may contribute to less resolved XRD

diffraction patterns as observed in the synthesis of

flowerlike c-alumina grown by precipitation on

quartz surface at high temperatures [17]. In the case

of the synthesis of c-alumina by hydrolysis of alu-

minum isopropoxide, Dabbagh et al. [46] reported

that the broadness of the peaks can be also explained

by the random distribution of aluminum ions over

the tetrahedron sites of the spinel lattice [47].

FTIR spectrometry

The FTIR spectra of synthesized c-alumina, conven-

tional alumina (aluminum hydroxide prepared by

conventional precipitation with sodium hydroxide at

room temperature), and pyridine-adsorbed species

on synthesized c-alumina are shown in Fig. 2. Alu-

minum hydroxide (freshly prepared) was used as

simulate of the intermediary product in the conven-

tional method of synthesis of c-alumina (i.e., alumina

hydroxide precipitation followed by dehydration and

calcination). For the conventional alumina, a strong

and broad band is appearing in the range

3800–3450 cm-1; this band is associated with water

molecules adsorbed on the surface of alumina; in

addition, a peak located at 3790 cm-1 (masked by the

water signal) is usually assigned to –OH band. For

the synthesized mesoporous c-alumina, the band is

considerably weakened; this is directly attributable to

the substitution of –OH groups with Cl through the

acidification of alumina surface and the recycling of

chloride/chlorine compound released from AlCl3-

nanorods during the oxidation step. The substitution

of OH groups with chloride was already reported by
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Kytökivi according to the following mechanism [48]:

ð2Þ

Actually, it is suspected that dehydration of AlCl3
is incomplete and the following steps are proposed

for the elaboration of the catalyst and more specifi-

cally the self-chlorination of the catalyst in the closed

reactor:

AlCl3; 6H2O �!100 �C;N2
AlCl3;

6

n
H2OþH2O " ð3aÞ

AlCl3;
6

n
H2O �!300 �C;Air

Al2O3 þ 6Cl� þ 6

n
H2O ð3bÞ

6Cl� ! 3Cl2 and 6Cl� or 3Cl2 þ 3H2O ! 3HCl ð3cÞ

Guillaume et al. [49] reported the influence of

chlorination of c-alumina (using HCl gas) on the

surface hydroxyl groups through FTIR spectra. They

commented that c-alumina is characterized by four

bands at 3794 cm-1, 3775 cm-1, 3730 cm-1, and

3686 cm-1, while increasing surface chlorination led

in first step to the disappearance of the peaks at

highest wavenumbers before causing a decrease in

the band at 3730 cm-1; at the highest level of chlori-

nation, the band at 3686 cm-1 is greatly enlarged due

to the formation of a new peak at 3661 cm-1. The

spectrum obtained with the synthesized mesoporous

c-alumina shows relatively well-resolved peak at

around 3740 cm-1, and almost a disappearance of the

peak at around 3801 cm-1 (while the peak at

3775 cm-1 is not detectable). An intermediary level of

chlorination is then obtained by the self-chlorination
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Figure 2 FTIR spectra of

conventional alumina (A),

mesoporous c-alumina (B,

synthesized in this study), and

mesoporous c-alumina loaded

with pyridine (C): a full

spectra, b hydroxyl group

area-focused spectra,

c pyridine-sorbed catalyst with

focus on identification of

reactive groups (indices: B for

Brønsted acid sites, L for

Lewis acid sites, P for

pyridine/pyridinium bands, H

for H-bonded species) [43]).

J Mater Sci (2019) 54:5424–5444 5429



of the alumina support during the synthesis. In

addition, Guillaume et al. [49] discussed the mecha-

nisms involved in the chlorination of c-alumina

through sorption on two possible sites of (110) plane:

(a) substitution of basic hydroxyl groups on C-layer

and (b) heterolytic dissociative adsorption of HCl

with concerted desorption of water on the D-layer.

This information was critical for understanding the

mechanism involved in n-heptane cracking in rela-

tion to Lewis and Brønsted acid sites: they suggest

that first n-heptane is isomerized on the Brønsted

acid sites, followed by the cracking of heptane on the

strong Lewis acid sites.

In order to gain a better insight into the acid sur-

face properties of the catalyst, the FTIR spectrum was

also acquired after pyridine sorption. Indeed, pyr-

idine, which is a Lewis base probe molecule, is very

efficient for detecting Lewis and Brønsted acid sites

present on alumina [50, 51]. The interactions between

acidic groups at the surface of the catalyst can be

readily followed by FTIR spectrometry. The peak

near 1457 cm-1 is usually assigned to the sorption of

pyridine on Lewis acid sites, while the peaks recor-

ded around 1558 and 1648 cm-1 are usually attrib-

uted to Brønsted acid sites [7, 51]. On the other hand,

the band at 1510 cm-1 is not specific and can be

attributed to interactions with both Lewis and

Brønsted acid sites [50], or H-bonded species [43].

The two peaks at 1540 cm-1 and 1620 cm-1 are cor-

related with pyridine molecules or pyridinium ions

[12]. The catalyst is thus bearing both Lewis and

Brønsted acid sites opening promising perspectives

for the cracking of hydrocarbons.

NH3-TPD measurements

The surface acidity of catalytic materials is also fre-

quently analyzed using the NH3-TPD method (am-

monia temperature-programmed desorption

method) [7]. Indeed, ammonia is a small cross-sec-

tional area molecule (i.e., 0.141 nm2) that can readily

diffuse into porous materials and easily coordinate

with acid sites. The NH3-TPD profiles of the freshly

prepared and used alumina (and analyzed after cal-

cination at 500 �C) are shown in Fig. 3. The catalyst

was used for 25 successive runs at different temper-

atures for cumene conversion and calcined for 6 h at

500 �C.
The figure shows that mesoporous c-alumina holds

3 types of acid groups, corresponding to 3 peaks of

different intensities, surface areas, and temperature

range for ammonia desorption. Weak, medium, and

strong acid sites are identified in the temperature

ranges: 120–250 �C, 250–430 �C, and from 430 to

500 �C (and above), respectively [52]. Table 1 reports

the results of peak area calculations for the two

materials. The first desorption peak corresponding to

low-temperature range is directly related to the sur-

face hydroxide groups that represent about 4% of

total acid sites. The second temperature range is

associated with medium and strong Brønsted acid

sites (accounting for about 5% of total acid sites on

fresh catalyst and about 1% on used catalyst). Finally,

the highest temperature range is assigned to the

strongest acid sites (i.e., Lewis acid sites): they are the

most represented at the surface of the catalyst

accounting for 93–94% of total acid sites [53]. The

values are relatively close for the two materials: the

freshly prepared catalyst has lost less than 4% of

strong acid sites after being used and calcined, while

the total acidity hardly varied (from 1.71 to

1.69 mmol g-1). This is a first indication that the

catalyst is remarkably stable in terms of surface

acidity, probably due to the strong binding of chlo-

rine on the support during catalyst synthesis. These

conclusions are consistent with the discussion of

FTIR spectrum for mesoporous c-alumina loaded

with pyridine (see above) in terms of presence of

strong Lewis and Brønsted acid sites

(1.713 mmol g-1) and stability (negligible variation in

the percentage of strong acid sites). These values are

much higher than the levels reported by Sazegar et al.

[54]: while listing the concentrations of Brønsted and
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Figure 3 NH3-TPD profiles of freshly prepared mesoporous c-
alumina (A, dashed line) and after cumene dealkylation and

calcination at 500 �C (B, continuous line).
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Lewis acid sites for a series of acid catalysts, they

mentioned values ranging below 170 lmol g-1 and

below 189 lmol g-1, respectively. With aluminosili-

cate catalyst ZSM-5, Barakov et al. reported values

close to 0.149 lmol g-1 for both Lewis and Brønsted

acid sites. Comparable levels to SAGMA material

were obtained in the case of Al-silica-pillared clay

material (i.e., 1.78 mmol g-1) [55] and nanosized-

ZSM-5/SBA-15 composites (i.e., 1.28 mmol g-1) [32].

The remarkable characteristics of SAGMA catalyst

are confirmed by Table 2 that reports some data

obtained in the literature for conventional catalytic

materials used for cumene conversion.

SEM analysis (surface morphology)

Figure AM2 (see Additional Material Section) shows

the SEM micrographs of mesoporous c-alumina: the

particles are relatively homogeneous in shape and

size: rounded microparticles with size ranging

between 10 and 40 lm are observed. The surface

appears irregular with holes and vacancies/valleys

offering high external surfaces. The small size of the

mesoporous c-alumina limits the possible contribu-

tion of resistance to intraparticle diffusion for sorp-

tion/catalytic applications; however, this size is large

enough to make possible the use of this support in

conventional processes without requiring specific or

sophisticated phase separation technologies. Indeed,

the granular size of the product is close to 0.25 mm

(60 mesh); this is small enough for developing an

appreciable external surface area (in addition to the

specific surface area of mesoporous material) but

large enough to make relatively easier the self-

gravimetric separation of the particles from the

reactive media (during the synthesis for example).

It is usually recommended to use micron-size cat-

alyst particles to prevent diffusion hindrance and

improve catalytic performance. Indeed, the textural

properties directly affect mass transfer properties and

reactivity of the support. However, on a practical

point of view while using tubular/column reactors

using small particles (around 30 lm) may cause non-

negligible head loss of pressure and even blockage

that prevent using these systems for continuous

stream flows. It is thus generally necessary to process

to the shaping of the catalyst microparticles when

transferring the process from laboratory scale to pilot

scale and at industrial scale. The extrusion of the

catalyst under controlled shapes and the agglomera-

tion of the micro-particles (pelletization) are common

processes used for elaborating industrial catalysts.

The present manufacturing process for production of

SAGMA reveals a good compromise for preventing

flow dynamic constraints with maintaining relatively

high catalytic performance.

Surface area and pore size distribution

The textural characteristics of synthesized meso-

porous c-alumina catalyst were studied using N2

physisorption experiments at - 196 �C. The N2

adsorption–desorption isotherm and the corre-

sponding pore size distribution derived from the BJH

method using the desorption branch of the isotherm

are shown in Fig. 4. According to the figure, the

prepared alumina exhibited type IV isotherm with a

type-3 hysteresis loop between P/Po = 0.5 and 0.95;

this value is consistent with the IUPAC classification

of mesoporous materials. The pore size distribution

curve of the synthesized alumina showed a mono-

modal class with a mean pore diameter of 7.8 nm.

Moreover, the mesoporous c-alumina had a high

surface area of 230 m2 g-1 and large pore volume of

0.46 cm3g-1. Bonelli et al. [56] investigated the impact

of prolonged magnetic stirring on the textural prop-

erties of nanometric transition alumina (containing

both d- and c-alumina) and found relatively low

specific surface areas (around 35 m2 g-1). Wang et al.

[57] reported values in the range 300–400 m2 g-1 for

Table 1 Analysis of surface acid properties (total acidity, weak, medium, and strong acidities) for synthesized c-alumina, before and after

catalytic use (measurements through the NH3-TPD method)

Sample Total acidity

(mmol g-1)

Weak acidity

(mmol g-1)

Medium acidity

(mmol g-1)

Strong acidity

(mmol g-1)

Mesoporous c-alumina 1.85 0.06 0.08 1.713

Mesoporous c-alumina after

use

1.79 0.07 0.022 1.693
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Table 2 Comparison of characteristics of catalysts used for cumene conversion and relevant catalytic properties

Catalyst Total acidity

(mmol g-1)

Total

conversion

(%)

Selectivity Experimental

conditions

References

Dealkylation

(%)

Dehydrogenation

(%)

SAGMA catalyst 1.85a 87 & 100 nil T 300 �C—
LHSV 4 h-1

N2 gas—P 1 atm

This work

Al-grafted mesostructured silica

nanoparticles

0.285b 58 63 37 T 300 �C—
LHSV 1.5 h-1

H2 gas—P 1 atm

[54]

Nb2O5-WO3 n.d. 35 n.d. n.d. T 300 �C—Pulse,

1 lL/0.5 g

H2 gas—P 1 atm

[6]

Al2O3-F
- n.d. 80 95 5 T 400 �C—

LHSV 1.5 h-1

H2 gas—P 1 atm

[43]

Mordenite (Si/Al = 48) 0.265a 52 40 60 T 300 �C—
LHSV 2.3 h-1

N2 gas—P

19.7 atm

[73]

Aluminated mesoporous-silica-

pillared montmorillonite

1.78a 65 n.d. n.d. T 300 �C—
LHSV 2.5 h-1

N2 gas—P

19.7 atm

[55]

10% P-TiO2 0.38b 85.5 89 11 T 500 �C—Pulse,

1 lL/g
Ne gas—P 1 atm

[74]

n.d. not documented
aMeasured by TPD
bMeasured by pyridine-adsorbed FTIR

Figure 4 N2 adsorption–

desorption isotherm and BJH

mesoporous size distribution

of the pores for mesoporous c-
alumina.
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the specific surface area of alumina synthesized in the

presence of sucrose (with pore size close to 3.7 nm).

Dabbagh et al. [58] described the synthesis of alumina

nanorods with specific surface areas strongly varying

with the temperature used: most of them being in the

range 200–300 m2 g-1 with pore sizes in the range

4–14 nm. Pai et al. [59] used a sol-gel process for the

synthesis of c-alumina and obtained specific surface

area between 220 and 250 m2 g-1 and pore sizes in

the range 4–14 nm. Mrabet et al. [60] described a

simple method for the manufacturing of nanosized c-
alumina using oleylamine as the capping agent that

prevents the agglomeration (a role close to that

played by wax in the present work), and they

obtained specific surface areas close to 350 m2 g-1

with pore sizes ranging between 3.5 and 50 nm,

depending on the amount of nitric acid used. Sachse

et al. [61] reported the facile synthesis of c-alumina

having narrow pore size close to 6 nm with a specific

surface area close to 400 m2 g-1. Mei et al. [62]

reported the increase in specific surface area (and

more generally the improvement in textural proper-

ties) by incorporation of polyethylene glycol in the

sol-gel process of alumina synthesis: the appropriate

selection of both length of PEG and added amount

allows tuning the pore size of the catalytic support

(used for formaldehyde oxidation). The process used

in this study produces a mesoporous support with

textural properties consistent with the literature data

on c-alumina. Such high specific surface areas are

favorable parameters for sorption and catalytic usage.

HRTEM and EDX analyses

The characterization of morphology and composition

of catalyst was completed by HRTEM (Fig. 5) and

EDX (Fig. 6) analyses. The dehydrated AlCl3-nanor-

ods (Fig. 5a) show very uniform dispersed objects

with similar size (in the range 50–100 nm for the

length and about 5–10 nm for the diameter) and

shape (rods). Using petroleum wax as a capping

agent during the synthesis of the material contributes

to limiting the self-aggregation of the microparticles.

Similar structures were obtained by Mrabet et al. [60]

while using oleylamine as the capping agent: the

morphology (spherical vs. rod shapes) of obtained

catalysts depended on the amount of nitric acid used

for the synthesis in Teflon autoclave (using alu-

minum isopropoxide as precursor). Dabbagh et al.

[58] reports the formation of nanorods of alumina in

the presence of alanine, which stabilizes the transi-

tion alumina structure during the synthesis. In

addition, the presence of alanine appears to change

the mobility of surface groups: surface hydroxyl

groups are converted into ester moieties that leave

more readily the surface during the conversion of

aluminum isopropoxide to c-, d- or h-alumina; this

allows reducing the temperature for aluminum iso-

propoxide dehydration. The present process uses

much simple aluminum precursor (aluminum chlo-

ride, AlCl3) and petroleum wax as capping agent

under relatively simple and poorly aggressive con-

ditions (simple reactor) and allows obtaining micro-

size objects with nanosize crystals of similar shape

(nanorods) compared to alternative processes. After

the oxidation of the AlCl3-nanorods in the second

step of the synthesis, the catalyst forms dendrimer

planar structures (Fig. 5b). The flower- or leaflike

objects are constituted of dendritic branches of

3–4 lm lengths offering high contact surfaces that are

of great interest for sorption and catalytic applica-

tions. This shape is typically induced by strict control

of crystal growing conditions; for example, dendritic

leaf structures were observed in the growth of gold

nanostructures by reaction of chloroauric acid,

dodecyltrimethylammonium bromide, and b-cy-
clodextrin [63]. The formation of a supramolecular

complex between the cyclodextrin and the surfactant

is necessary for forming gold dendritic leaves or

flowers; the final shape is controlled by the molar

ratio between these capping supramolecular agents.

One could assume that petroleum wax plays a kind

of control in the final arrangement of alumina struc-

ture: the vigorous stirring of petroleum wax with

aluminum chloride forms a water-in-oil emulsion

that enhances homogeneous dehydration and pre-

vents coarse agglomeration of nanorods in first step,

before contributing to the controlled growth of den-

dritic structure. The presence of wax in the synthesis

procedure may have different effects. The capping

effect of hydrophobic agents has already been docu-

mented. For example, in the case of oleylamine, the

presence of this agent allows producing nanosized c-
alumina with controlled shape (spherical or rod

shape); Mrabet et al. [60] attribute to oleylamine the

effect of a capping agent that prevents the aggrega-

tion of particles. However, it seems that wax can also

play a role in the stabilization of the fine droplets of

AlCl3 during the vigorous stirring (and rising tem-

perature) step of the process. Actually, the
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observation of the emulsion formed under these

drastic conditions demonstrates the presence of a

colloidal suspension that remains stable over 24 h;

this is directly connected to a mechanism of water-in-

oil emulsion formation [64, 65]. This contributes to

explain the synthesis of well-crystalline morpholo-

gies and to facilitate the dehydration step of the

droplets with formation of AlCl3-nanorods. In the

second step of the process (corresponding to oxida-

tion in the presence of air in the closed system), the

wax facilitates the dispersion of the nanorods and

prevents their agglomeration. An additional benefit

could be associated with the evolution and release of

chloride/chlorine during the oxidation step, which

Figure 5 HRTEM profiles of

TEM microphotographs of

AlCl3-nanorods (a) and

mesoporous c-alumina (b).

Figure 6 EDX analysis of

freshly prepared mesoporous

c-alumina (a), and (b) after

cumene dealkylation and

calcination at 500 �C.
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make them available for re-incorporation and

graphitization at the surface of synthesized chlori-

nated c-alumina. SEM–EDX analysis showed that the

Cl content at the surface of the catalyst is close to

5.35 ± 0. 49% (w/w). This may explain the high

acidity of SAGMA catalyst.

The chemical composition of the catalyst before

and after cumene conversion (and final calcination

step at 500 �C) is illustrated by Fig. 6 (EDX analysis of

the surface of materials). The EDX spectra clearly

show the Al and O elements constitutive of the core

material but also the presence at the surface of the

solid of Cl element: this demonstrates the efficient

self-chlorination of mesoporous c-alumina following

selected synthesis route and that the support is

stable in terms of acidity and chloride content even

after 25 runs and calcination at 500 �C. The synthesis

route is not only simple, economically competitive

but also remarkably stable (consistently with other

previous characterizations).

Thermal analyses

The thermogravimetric analyses (TGA) and differ-

ential scanning calorimetry (DSC) profiles of the

prepared alumina and conventional aluminum

hydroxide are shown in Fig. 7. The first weight loss of

aluminum hydroxide (below 200 �C) corresponds to

the loss of absorbed water (counting for about 20%);

above 200 �C and up to 350 �C, another loss that

represents about 35% corresponds to the theoretical

weight loss for the conversion of Al(OH)3 into Al2O3

(which includes dehydroxylation and phase transi-

tion, as shown in Fig. 7a, TGA panel). Above 350 �C
and up to 500 �C, another 5% of initial weight is lost

(probably associated with the crystallization of alu-

mina [58]). The characteristic endothermic peaks are

observed at around 65–75 �C and 260 �C for the

release of absorbed water and the dehydration of

aluminum hydroxide and phase conversion, respec-

tively (Fig. 7b, DSC panel). In the case of mesoporous

c-alumina, the initial weight loss (below 200 �C)
represents about 10%; the endothermic peak is iden-

tified at 55 �C. Above 200 �C, a progressive and slight

weight loss is detected but represents only 10% of

total mass. The second endothermic peak does not

appear in this case. The TGA profiles show that the

prepared mesoporous c-alumina had a lower weight

loss (i.e., about 20%) compared to aluminum

hydroxide (i.e., 54%: water loss between 43 and

185 �C, followed by dehydroxylation at 185–360 �C).
Total weight loss does not exceed 20% at 700 �C
compared to aluminum hydroxide that lost about

60% of its initial weight. This is less than the weight

losses observed in the case of mesoporous alumina

nanorods produced in the presence of phenol–

formaldehyde templates [66]. These results prove the

stability of synthesized c-alumina although the oxi-

dation of AlCl3 to alumina was processed at rela-

tively low temperature (i.e., 300 �C). The strong DSC

peak observed at 260 �C for aluminum hydroxide

corresponds to the transition for the formation of

alumina [67]. In the case of c-alumina, apart from the

heat release observed around 55 �C that corresponds

to the release of absorbed water, it is not possible

detecting a strong peak; the heat release continuously

decreases with absolute values much higher than for

aluminum hydroxide transitions (0 to - 30 W g-1 for

mesoporous c-alumina vs. ? 0.5 to - 1.5 W g-1 for
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alumina (Al2O3) and conventional aluminum hydroxide (Al(OH)3,

as a reference or standard for the determination of endothermic/

exothermic peaks).
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aluminum hydroxide). The thermal profile also con-

firms the stability of the bonded chloride on synthe-

sized mesoporous c-alumina; indeed, it was not

possible detecting any peak assigned to the release of

chloride/chlorine even at high temperatures

(500–700 �C), consistently with TPD measurements.

Study of catalytic activity

The catalytic efficiency of mesoporous c-alumina was

tested using cumene conversion. The conversion was

processed under N2 atmosphere at different temper-

atures (in the range 150–350 �C) and varying the flow

rate of the substrate in the catalytic fixed-bed column

(LHSV 2 and 4 h-1). Cumene is a probe molecule that

is frequently used for investigating the effect of sur-

face acidity of zeolite [5], mesoporous [54], and other

catalytic materials [68]. Its disproportionation may

occur through two main pathways: (a) the dealkyla-

tion route and (b) the dehydrogenation route. The

research background in this field demonstrated that

the dealkylation pathway is enhanced by strong

Lewis acid sites (involving the cracking of cumene

into benzene and ethyl benzene), while the dehy-

drogenation pathway occurs under the effect of

weak/moderate Brønsted acid sites (giving rise to a-
methylstyrene as a main product) as illustrated in

Fig. 8 [43]. Corma et al. [69] reported that the inter-

action of cumene with a Brønsted acid site (on silica–

alumina surfaces) proceeded through the attack to

the para position (driven by the protonation channels

for long-distance interactions), while for distances

between 2 and 3 Å the interaction is delocalized along

the benzene ring.

Figure 9 shows the effect of temperature on

cumene conversion by SAGMA catalyst, while the

distribution of products and percentages of conver-

sion are given in Table 3. The conversion efficiency

increases with temperature till a maximum which

depends on the flow rate of cumene fed in the col-

umn: in the range 250–300 �C at low flow rate and a

little higher (i.e., at 300 �C) for the higher LHSV (i.e.,

4 h-1) (Fig. 9). Reducing the contact time in the

reactor requires slightly increasing the temperature

for achieving the same level of conversion (close to

85–87%). The comparison of the composition of the

products of the reaction clearly demonstrates that

methylstyrene is not produced during the reaction:

the main product is represented by benzene though

some side products [i.e., ethyl benzene, toluene, and

light gases (C1–C5)] are also produced depending on

experimental conditions (temperature and flow rate).

At low LHSV (i.e., 2 h-1), the reaction is strongly

oriented toward the synthesis of benzene and side

products (light gases and ethyl benzene) represent a

marginal fraction of the reactive media, at least at low

temperature. Increasing the temperature to 350 �C
affects both the conversion efficiency (decreased to

less than 55%) and the synthesis of side products

(which represent about 25% of the products).

Increasing the flow rate (i.e., LHSV: 4 h-1) shows

similar trends but with a higher relative synthesis of

side products (which count for up to 70% at 250 �C
and 52% at 350 �C). Figure 10 shows the benzene

Figure 8 General scheme for

cumene conversion (possible

routes).
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selectivity (calculated as the percentage of benzene

produced against total products of the reaction). At

low LHSV, the selectivity for benzene gradually

increases with temperature but sharply decreases

above 300 �C. However, at high HLSV (i.e., 4 h-1), it

is not possible defining a clear trend in terms of

benzene selectivity. The short contact time in the

reactor may cause some parallel and uncontrolled

side reactions; the reasons are not clearly elucidated

at this stage. It is noteworthy that the freshly pre-

pared catalyst gave a much continuous variation of

the selectivity: the selectivity for benzene synthesis

progressively increased between 150 and 250 �C, and
then sharply increased to more than 90% at 300 �C
before sharply decreasing at 350 �C. This means that

for both freshly prepared and aged catalyst at high

LVMH (i.e., 4 h-1, meaning low contact time) the

optimum temperature for benzene selectivity

remains close to 300 �C.
The high efficiency of SAGMA catalyst is directly

connected to the strong acidity of material surface

that bears many Lewis and Brønsted acid sites (as-

sociated with self-chlorination of the surface, as

shown by TPD, FTIR characterizations), and the

mesoporous structure (both the pore size and the

high specific surface enhance the accessibility of

substrate and products to active surfaces, as shown

by TEM, SEM, and BET analyses). The pore size of

synthesized mesoporous c-alumina has been evalu-

ated close to 7.8 nm (from textural analysis, see

above). This is consistent with the average dimen-

sions (equivalent molecular diameters) of cumene

and other products implicated in the reactions (i.e.,

between 4.3 and 7.25 Å):
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Figure 9 Effect of reaction temperature and LHSV on cumene

conversion efficiency (%).

Table 3 Cross effects of LHSVand reaction temperature on the conversion efficiency in cumene dealkylation using synthesized c-alumina

and the distribution of reaction products

Temperature (�C) LHSV = 2 h-1 LHSV = 4 h-1

150 175 200 225 250 300 350 150 175 200 225 250 300 350

Cumene conversion (%)—average 53.0 63.0 73.1 80.0 85.0 85.1 54.6 35.0 42.0 50.0 58.1 69.1 87.1 66.1

Standard deviation 0.1 0.4 0.5 0.1 0.1 0.4 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1

C1–C6 Aliphatic compounds (gas) 2 3 1 0 1 0.1 4.7 4 4 6 9 12.4 4 15.7

Benzene 49 58 69 80 80 84.85 41 24 32 30 32 17.4 80 31

Toluene 0 0 0 0 0 0 1.5 0 0 0 0 0 0 4

Ethyl benzene 2 2 3 0 4 0.05 7.3 7 6 14 17 39.3 3.1 15.3

Benzene selectivity 92.4 92.1 94.5 100.0 94.1 99.8 75.2 68.6 76.2 60.0 55.2 25.2 91.8 47.0

Triplicated experiments
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Figure 10 Effect of LHSV and temperature on benzene synthesis

selectivity (benzene percentage in the products of the reaction;

LHSV: 4f corresponds to the repetition tests with freshly prepared

catalyst).
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As a consequence, the steric parameters are favor-

able to efficient conversion of cumene and release of

the products of the reaction. This is even facilitated

by flushing N2 gas (equivalent diameter 3.64 Å) as the

carrier gas for efficient transfer of molecules through

the porosity of the catalyst. The efficiency of the cat-

alyst is not only controlled by the steric factor (lattice

spacing) but also the crystal symmetry of the reactant

and products [70].

It is noteworthy that the high conversion efficiency

is obtained at relatively low temperature: at LHSV

2 h-1, a temperature as low as 200 �C allows reaching

80% conversion of cumene. This may be explained by

two possible mechanisms: (a) the dealkylation of

cumene to benzene and propene followed by further

cracking of propene to form carbon and hydrogen, or

(b) the dealkylation of cumene to benzene followed

by a complementary reaction of propene in the cat-

alyst mesopores to form benzene. The complete

conversion of cumene into benzene and propyne

(plus hydrogen gas) would theoretically produce a

mixture containing (in the gaseous phase) 66% of

benzene and 34% of propyne (not considering, in the

mass balance, the production of coke-based materials

and hydrogen, actually about 2% of products issued

from complete conversion, which is not detectable by

GC). Coke formation is negligible (see below) at

optimum temperature (i.e., 300 �C); the mass balance

on C element is globally respected and served to

determine the selectivity of benzene production

(Table 3). The analysis of the compounds in the

reactor at the end of the reaction, using GC, showed

that benzene production reached 80% at 225 �C. This
means much more than expected GC level (i.e., 66%)

and much more than the maximum production of

benzene if the conversion runs on the bases of stoi-

chiometric reaction. The absence of other

detectable gaseous sub-products (among the by-

products potentially synthesized) means that the

reaction is selective and complete. The GC analysis

also demonstrates that toluene, styrene, and methyl-

styrene are not present in the products of the reac-

tion: the reaction is selectively oriented to the

formation of benzene and ethylbenzene (at much

lower fraction).

Though the strict mass balance on C was not sys-

tematically determined, for selected experiment the

quantification of coke formation at the surface of the

catalyst (measured by SEM–EDX analysis) represents

a maximum of 1.47%. Assuming this amount to be

homogeneously distributed in the whole mass of the

catalyst, this would represent 14.7 mg of C (or less

than 1.23 mol). Compared to the amount of cumene

injected into the reactor during this experiment, coke

formation represents about 3.6 % of total carbon. This

is negligible, and the results summarized in Table 3

confirm the selectivity of cumene conversion.

The EDX analysis performed on the SAGMA cat-

alyst after being reacted with cumene at different

temperatures shows a marginal deposition of C ele-

ment at the surface of the material: undetectable for

reaction temperature between 150 and 250 �C, and
less than 1.5%, even at T 350 �C (Table 4). This is

consistent with the weak deactivation of the catalyst

at long use (see below). The depleted deposition of

Table 4 Carbon deposition (%, elemental analysis by EDX) on

the surface of mesoporous c-alumina catalyst at different

temperatures and LHSV values

Temperature (�C) LHSV (h-1)

2 4

150 0 0

175 0 0

200 0 0

225 0 0

250 0 0

300 0.65 0.22

350 1.44 1.13

ð4Þ
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coke or carbonaceous-based products at the surface

of SAGMA catalyst indicates that among the two

reported mechanisms, the most probable is the sec-

ond: post-reaction of produced propene to form

additional benzene [71]. Cumene is completely con-

verted into benzene by additional isomerization and

polymerization of propyne (or it fragments). This can

be directly explained by the high acidity of the cata-

lyst, due to the presence of graphitized chloride on

alumina but also the strong ability of AlCl3 (acting as

an isomerization catalyst) to polymerize and re-ar-

range propyne to benzene [38, 55]. The mesoporous

structure of self-chlorinated c-alumina (bearing

strong Lewis and Brønsted acid sites) is effective for

regeneration and combination of formed species to

benzene at low values of LHSV.

These different results allow considering SAGMA

catalyst as a very promising and powerful material

for cumene conversion but also other catalytic reac-

tions, such as the thermal and/or catalytic cracking of

heavy petroleum cuts (to produce heavy gas oil) and

the thermal degradation of polymeric compounds.

Biodiesel production by transesterification of fatty

acids and dehydration of ethanol is currently under

investigation using SAGMA material.

Sazegar et al. [54] reported lower cumene conver-

sion for protonated Al-grafted mesostructured silica

nanoparticles; conversion increased from 20 to 58%

when increasing the temperature from 50 to 400 �C;
the reaction is relatively selective at low temperature

for synthesizing a-methylstyrene (and side products

of long C chains) (dehydrogenation route), while at

higher temperatures both dealkylation and dehy-

drogenation routes are activated (at the expense of a

loss in selectivity). Cumene conversion was enhanced

up to 94–97% by incorporation of Pt into the catalyst

[72]. Table 2 reports some literature data on cumene

conversion; these results confirm the promising

potential of SAGMA catalyst compared to alternative

materials in terms of both efficiency and selectivity.

The issues on repeatability of catalytic tests and

reproducibility of catalyst synthesis have been

addressed preparing different stocks of materials.

The tests performed on freshly prepared catalysts are

reported in the Additional Material Section (see

Tables AM1 and AM2, for LHSV 2 and 4 h-1,

respectively). As a general comment, freshly pre-

pared catalyst showed a slightly higher catalytic

activity than for aged catalyst; the variation was less

than 3.5%. The repeatability in catalytic tests was

very high (variation less than 1%). However, the

selectivity for benzene synthesis was decreased: the

comparison of selectivity coefficients under LHSV

4 h-1 shows that at low temperature (below 225 �C)
the freshly prepared catalyst has a lower selectivity

for benzene with a substantial production of ethyl-

benzene. The analysis of textural properties on the

second stock of catalyst showed an increase in the

specific surface area and a decrease in the average

pore size (from 7.8 to 5 nm, see Additional Material

Section).

Deactivation studies

Another important parameter in the evaluation of the

effectiveness of a catalytic system is the analysis of

the deactivation of the catalyst that can be due to

several reasons: (a) change in the acidity of the sur-

face, (b) poisoning of the surface by deposition of

sub-products (coke and carbonaceous products, side

products, etc.), (c) physical degradation and de-

structuration of the support. Figure 11 shows the

evolution of the catalytic efficiency at long use

Cumene CE(%) = -0.898 time + 54.77
R² = 0.991
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(running test over 24 h) for different temperatures

and at LHSV 2 and 4 h-1. For the highest LHSV value

(i.e., 4 h-1), the conversion efficiency was not affected

by reaction time, regardless of the reaction tempera-

ture (between 200 and 350 �C). This trend was

roughly the same than for the lowest LHSV (i.e.,

2 h-1): the reaction time does not affect the conver-

sion efficiency of cumene between 200 and 300 �C;
however, at higher temperature (i.e., 350 �C) the

sorption efficiency progressively decreases (linear

variation). The singular behavior of the system at

high temperature and low HLSV (i.e., longer contact

time of the reagents and products with the catalytic

phase) can be explained by the dual effects of strong

surface acidity of the catalyst and partial (but pro-

gressive) cracking of sorbed and produced species

into coke (and carbonaceous-based materials) that

could poison the acidic sites at the surface of the

catalyst. High temperature, long contact time, and

strong reactive surface sites may explain this depre-

ciable effect that may affect conversion efficiency.

Actually, the poisoning of the surface is not observed

under selected experimental conditions. This is con-

firmed also by the characterizations of the catalyst

(before and after reaction and calcination) through

EDX analysis, elemental analysis (i.e., carbon depo-

sition as coke-based coating), or TPD. The poisoning

of the catalyst may result from several causes

including the formation of coke at the surface of the

catalyst. The evolution of the C content (weight per-

centage, measured by SEM–EDX analysis) was eval-

uated on a long-term kinetic experiment of cumene

conversion under optimum conditions (i.e., T 350 �C
and LHSW 2). C content increases accordingly 0.28,

0.67, 1.15, 1.37, and 1.47%, while reaction time

increases from 1, to 4 h, 8 h, 16 h, and 24 h, respec-

tively. This means that even after 24 h of reaction the

coke formation and deposition at the surface of the

catalyst remained very low (below 1.5% in weight).

This may contribute to the slight decrease in catalytic

performance. It appears that the chlorination of

SAGMA catalyst is appreciably stable even after

severe experimental conditions of use. The compar-

ison of the performances of different materials for

cumene conversion showed that the key parameter is

the acidity of the catalyst rather than its specific

surface area and porosity (which could be affected by

the deposition of sub-products): the possible deposi-

tion of coke-based materials after reaction and calci-

nation is supposed to decrease the specific surface

area, with derived effect on catalytic activity. How-

ever, cumene conversion does not appear to be

hardly affected by porous characteristics.

It could be observed that the prepared alumina

catalyst possessed stable catalytic activity toward

cumene conversion at moderate temperatures

(200–300 �C) for the both applied LHSVs. The only

observed deactivation result was recorded at 350 �C
and LHSV 2 where the activity was reduced from

54.5 to * 34 after 24 h, which can be discussed by the

role of both the strong surface acidity of alumina and

the low LHSV; the strong acid sites are sufficient to

facilitate the dealkylation of cumene (as noted at

lower temperatures), while low LHSV offered long

residence time for cumene and/or its defragment

species on the alumina catalyst that let to further

cracking of the species into fine coke on the catalyst

surface at this high temperature. In the case of Al-

grafted mesostructured silica nanoparticles, the pro-

gressive decrease in the conversion efficiency of

cumene required reactivation steps every 24 h of use

[54]; the stability of the catalyst was considerably

improved by incorporation of Pt in the structured

material [72]: conversion efficiency hardly varied

over 100-h operating time.

Conclusions

A new economic route was designed for the direct

preparation and surface acidification of mesoporous

alumina at moderate temperatures, under inert

atmosphere. In the first step, powdered AlCl3-

nanorods are produced by dehydration of AlCl3
solution at 100 �C in the presence of petroleum wax

acting as a capping agent. In the second step, the

oxidation of formed nanorods with under air stream

at 300 �C allows producing micron-sized mesoporous

c-alumina (SAGMA). The self-acidification of c-alu-
mina during its preparation was accomplished by

recycling the ‘‘chlorides’’ released in the closed reac-

tor during the oxidation of AlCl3-nanorods into alu-

mina. The bonded chloride to c-alumina was

detected by EDX analysis, while pyridine adsorption

and cumene conversion were applied to study the

nature and strength of the surface acidity. The self-

acidified (chlorinated) c-alumina prepared by this

method exhibited both strong Lewis and Brønsted

acidic properties: immobilized Lewis acid sites were

higher in terms of both strength and density at
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temperatures higher than 500 �C. The density of acid

sites at the surface of SAGMA is higher than

1.7 mmol g-1. The identification and the relative

strength of these acidic groups were determined by

temperature-programmed desorption (TPD), FTIR

analysis, and pyridine sorption. Several techniques

(nitrogen adsorption/desorption, SEM, TEM, etc.)

have been used for the characterization of dendritic

leaflike crystals supported on mesoporous-structured

material (pore size close to 7.8 nm with specific sur-

face area close to 230 m2 g-1).

The application of these SAGMA catalysts for the

conversion of cumene into benzene (main product)

demonstrated that the preferred pathway consists of

the dealkylation pathway: the reaction is relatively

specific and selective (the products potentially gen-

erated through dehydrogenation pathway are not

detected). Side products are hardly generated when

operating at long contact time (low LHSV) and tem-

perature down to 250 �C. Maximum cumene con-

version by SAGMA reached 87% at 300 �C and for

LHSV = 4. However, relatively high conversion

yields (close to 80%) were also obtained under mild

conditions (i.e., 250 �C and LHSV = 2). SAGMA was

also characterized by a relatively high stability as

shown by the characterization of the spent material

with raw supports but also with long-time use of

catalysts (continuous mode for 24 h): the degradation

of cumene conversion performance is only identified

at temperature close to 350 �C and for long reaction

times. The strong acidity of catalyst surface orien-

tated the reaction to prevent the formation of

coke/carbonaceous sub-products, which, in turn,

together with the stability of acid sites, explains the

stability of catalytic performance.

The synthesis of catalysts appears to be globally

reproducible: the catalytic activity remains very close

in terms of cumene conversion; though freshly pre-

pared catalyst showed a little decrease at high LHSV

and low temperature.
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