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bstract

The influence of the amount of a clay binder (sodium bentonite) on the properties and performance of beta zeolite based catalysts for the
ydroisomerization of n-octane was studied. The contribution of the bentonite to the total acidity of agglomerated catalysts was very low, although
ts presence could affect to the acidic properties. Experimental acidity values for the agglomerated catalysts did not match with those theoretically
xpected due to a solid-state ion exchange between protons of the zeolite and sodium of the clay during the calcination following the ion-exchange
tep. Metal dispersion values were in agreement with the specific surface area of the zeolite in the agglomerated catalysts, suggesting that the metal
ere mainly located into the zeolite.
Catalysts were tested in the hydroisomerization of n-octane. Concerning the agglomerated catalysts, the higher the strong acid site density per
ram of zeolite was, the higher the n-octane conversion was observed. Non-agglomerated catalysts, even showing a higher strong acid site density
er gram of zeolite, exhibited the lowest n-octane conversion. EFAL species were present on the agglomerated catalysts enhancing their acid
trength through a synergetic effect that allowed them to be much more active for the hydroisomerization of n-octane.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Compared to other types of catalysts, zeolites exhibit excep-
ional properties with respect to both activity and selectivity
ecause of their ability to adsorb and transform molecules in
heir inner pore volume. An important class of reactions per-
ormed by zeolites is the acid-catalyzed reactions. For that, the
eolite framework needs to contain protons which give rise to a
igh Brönsted acidity. This is exploited in many organic reac-
ions, including oil cracking, isomerization and fuel synthesis.

Isomerization of long-chain alkanes appears to be an interest-
ng alternative since provides branched molecules which possess

igher octane number than linear ones [1]. Isomerization of alka-
es is carried out over bifunctional catalysts consisting of an acid
unction, provided by solid acids; i.e., zeolites, and a metallic

∗ Corresponding author. Tel.: +34 926 29 53 00; fax: +34 926 29 52 42.
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unction (noble metals). Isomerization takes place on the acid
ites of the bifunctional catalyst whereas the metal provides
ydrogenation–dehydrogenation capability [2].

In order to provide necessary mechanical strength and/or
esistance towards attrition loss, most of industrial zeolite cat-
lysts are prepared by embedding the zeolite crystallites in a
atrix, using a binder: synthetic material, such as silica and

lumina or natural clay, such as kaolin, bentonite, etc. [3]. The
rocess of pellet formation of zeolite powders creates meso and
acropores, thus modifying the diffusion characteristics of the
olecules [4].
Also, the interaction between binder and zeolite can have

strong influence on the activity, selectivity and stability of
he zeolite [3]. It has been demonstrated that the binder is not
ctive as a catalyst but could change the acid properties of a

eolite as a result of changes in the proton-exchange efficiency,
rapping by the binder of coke precursors, and/or blocking of
eolite channels during the pelletization process [5,6]. Informa-
ion regarding the influence of the binder on the acidity and
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atalytic performance of zeolite is, therefore, very important for
he development of industrial catalysts.

Choudhary et al. [3] reported the influence of the addition
f alumina or kaolin, as a binder, to H-Gallosilicate zeolite in
ropane aromatization. The catalyst deactivation and coke depo-
ition on the zeolite were increased due to the alumina binder,
ut when kaolin binder was used, the coke deposition was not
hanged significantly. The role of sodium montmorillonite on
ounded zeolite catalysts was studied by Cañizares et al. [7]. The
inder gave the required resistance to the final catalyst, but influ-
nced strong sites density due to partial solid state ion-exchange.
orado et al. [5] reported the influence of the agglomeration
ith a clay binder on the activity of ZSM-5 and beta zeolite

or the hydroisomerization of n-butane. A lower n-butane con-
ersion was always obtained for the bounded catalysts, due to
eutralization of some zeolite acid sites.

In earlier works [1,6], our research group reported, for the
ydroisomerization of n-octane, the influence of the bentonite
n the catalytic performance using three zeolite-based catalysts:
ordenite, beta and ZSM-5. The n-octane conversion decreased
hen zeolites mordenite and ZSM-5 were agglomerated with
entonite as compared with that of non-agglomerated ones.
owever, the catalytic performance of catalysts based on zeo-

ite beta was improved because the presence of extraframework
luminium species provided by the binder.

In this work, several catalysts consisting of zeolite beta
gglomerated with different proportion of sodium bentonite
ere prepared. This proportion was optimized for the hydroi-

omerization of n-octane. The aim of this work is to select a
uitable catalyst and to study the influence that the agglomera-
ion process with different binder amounts can induce on both
he catalyst acidity and the catalytic performance.

. Experimental

.1. Catalyst preparation

NH4-BETA (Si/Al = 12.5) was supplied by Zeolyst Interna-
ional (CP 814E). The sample was calcined at 550 ◦C for 15 h
n order to obtain the protonic form of the zeolite. The obtained
ample was name to as HBETA.

Sodium bentonite was supplied by Aldrich Chemical Co. For
he agglomeration process, the zeolite (protonic form) and the
lay (sodium bentonite) were mixed together and suspended in
ater at 60 ◦C during 2 h. The suspension was then dried at
20 ◦C overnight. After grinding and sieving, particles with an
verage particle size of 0.75 mm were obtained. Finally, agglom-
rated zeolite was calcined at 550 ◦C for 15 h. Five samples were
ynthesized varying the binder amount (from 35 to 65 wt%).

After the agglomeration process, samples were ion-
xchanged three times with 1 M NH4Cl (30 ml g−1), and
alcined again at 550 ◦C for 15 h in order to obtain the acid
orm of the agglomerated zeolites.
The obtained samples were named as follows: first, the name
f the zeolite is shown (HBETA). Then, the character B is
elated to the binder name (bentonite) and finally a number rep-
esents the amount of binder in the catalyst (wt%). For instance,

g
v
s
a

lysis A: Chemical 273 (2007) 109–113

BETAB35 is a catalyst based on HBETA agglomerated with
entonite, and containing a proportion of clay in the final catalyst
f 35 wt%.

A known volume of an aqueous H2PtCl6 solution was poured
ver all the catalysts. The solvent was removed by evapora-
ion under vacuum. The metal concentration of the impregnating
olution was calculated to yield a final platinum content in the
atalysts of 1 wt%. After the impregnation process, the cata-
ysts were calcined at 400 ◦C for 4 h and reduced in situ under a
ydrogen flow of 190 ml min−1 g−1 at 410 ◦C for 4 h.

Bifunctional catalysts were named as above mentioned but
ncluding the symbol of the metal (Pt).

.2. Catalyst characterization

To quantify the sodium content of each sample, atomic
bsorption measurements (AA) were performed using a Spec-
rAA 220FS spectrophotometer. Prior to measurement, the
amples were dissolved in hydrofluoric acid and diluted to the
nterval measurement. The atomic absorption measurements had
n error of ±1%.

Surface area was determined by using N2 as the sorbate at
7 K in a static apparatus (Micromeritics ASAP 2010 adsorptive
nd desorptive apparatus). The samples were evacuated under a
acuum of 5 × 10−3 Torr at 350 ◦C for 15 h. Specific total sur-
ace areas were calculated using the BET equation. Surface area
easurements had an error of ±3%.
The total acid site density and the acid strength distribution of

he catalysts were measured by temperature-programmed des-
rption of ammonia (TPDA), using a Micromeritics TPD/TPR
900 analyzer. The method was described in earlier works [1,6].
he average relative error in the acidity determination was lower

han 3%.
The chemisorption measurements were carried out using a

ynamic pulse technique described in previous works [1,6]. The
ispersion measurements with H2 pulses had an error of ±5%.

Solid-state 27Al NMR spectra were collected in a BRUKER
vance WB 400 spectrometer. The 27Al NMR spectra were
btained at 12.5 kHz using 15◦ pulses and 1 s delay, a total of
000 pulses being accumulated.

.3. Catalytic experiments

Hydroisomerization of n-octane reactions were carried out
n an Autoclave Engineers (BTRS-Jr) micro reactor that con-
isted of a tubular stainless steel reactor with vertical placing
nd downward flow. The liquid feed (n-octane) was performed
y a HPLC pump. A backpressure regulator valve allowed
igh-pressure experiments. Experimental conditions were as fol-
ows: weight of catalyst, 1.5 g; temperature, 270–370 ◦C; total
ressure, 10 bar; WHSV = 10 gn-C8 h−1 gzeolite

−1; and H2/n-C8
olar ratio, 14. All data were collected at 1 h on stream. Reaction

roducts were analyzed with a HP 5890 Series II gas chromato-

raph equipped with a flame ionization detector and automatic
alve for continuous analysis. The reactor effluent stream was
ent for analysis through a heated line (about 180 ◦C) to the
utomatic valve. The gas chromatograph was equipped with a
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Fig. 1. TPDA curves for the non-agglomerated and agglomerated catalysts.

apillary column SUPELCO Petrocol DH 50.2, 0.2 mm i.d. and
0 m length. Results from a reproduced experiment showed that
onversion and isomer selectivity had an error of ±4%.

. Results and discussion

.1. Catalysts characterization

Fig. 1 shows the TPDA profiles for all the catalysts here
repared (non-agglomerated and agglomerated catalysts). Total
cidity was defined as the total acid site density, which was
btained by integration of the area under the curve. To obtain
he strength distribution, desorption profiles were fitted using
wo peaks, the maxima and widths of these peaks being held
s constant as possible. Values of the corresponding total, weak

nd strong acidity for all the catalysts are given in Table 1. Total
cidity of the bentonite was clearly lower than that obtained for
ample PtBETA. Strong acidity was not observed for the par-
nt bentonite. Thus, the contribution of bentonite to the acidity

f
c
v
e

able 1
haracterization data for the different samples

ample Na content
(wt%)

Total acidity
(mmol NH3 gcat

entonite 0.48 0.038
tBETA 0.25 0.694

tBETAB35 0.30 0.446d

0.420e

tBETAB50 0.37 0.364d

0.332e

tBETAB65 0.40 0.264d

0.244e

a Desorption temperature of 280 ◦C.
b Desorption temperature of 380 ◦C.
c n.d.: no detected.
d Experimental value.
e Predicted value calculated from the proportional contribution of the zeolite and th
f Deviation from the predicted value (%).
lysis A: Chemical 273 (2007) 109–113 111

f agglomerated catalysts should be very small [1,6], although
ts presence could affect acidic properties as will be discussed
urther. The neglected contribution of the metal to zeolite acid
roperties has been previously reported [1,6,8,9].

Table 1 also lists the acidity of the agglomerated catalysts.
he predicted acidity values calculated from the proportional
ontribution of the raw materials (zeolite and binder) are also
ncluded. It can be seen that there were differences between the
xperimentally measured acidity and the predicted one: the weak
cidity of the agglomerated catalysts, but that with the lowest
entonite content, was higher than the predicted values. The
pposite effect was observed for the strong acidity, the deviation
eing higher with increasing binder content.

According to previous works [1,6], the possible blocking
f zeolite channels by the binder was excluded. In this sense,
he deviation of the experimental weak acidity values for the
gglomerated catalysts with respect to the predicted ones must
e explained as an interference of sodium cations in acidity mea-
urements. It should be taken into account that sodium cations
re also weak acid sites [10].

According to other studies [3,11], the decrease in the number
f strong acid sites can be attributed to solid-state ion exchange
etween protons of the zeolite and sodium of the clay during the
alcination following the ion-exchange step.

To sum it up, experimental acidity values for agglomerated
atalysts did not match with those theoretically expected due to
olid-state ion exchange of sodium cations.

These effects can be roughly related to the initial sodium con-
ent of the clay. Thus, the higher the sodium content introduced
y the clay was, the larger the differences between experimental
nd predicted values were observed (Table 1).

Table 2 shows the measurements of metal dispersion, sur-

ace area and pore volume for the different samples. Since our
atalysts were shaped with bentonite, the surface area, the pore
olume and the metal dispersion measurements of the agglom-
rated catalysts differed from those of the non-agglomerated

−1)
Weak acidity
(mmol NH3 gcat

−1)a
Strong acidity
(mmol NH3 gcat

−1)b

0.038 n.d.c

0.154 0.540

0.097d 0.349d

0.097e 0.351e

(+0%)f (−0.6%)f

0.106d 0.258d

0.096e 0.270e

(+10%)f (−8%)f

0.093d 0.171d

0.079e 0.189e

(+18%)f (−10%)f

e binder present in the catalysts.
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Table 3
Strong acid site density per gram of zeolite, n-octane conversion at 330 ◦C and
isomer selectivity at 50 mol% of conversion

Sample Strong acidity
(mmol NH3 gzeolite

−1)
n-Octane
conversion
(330 ◦C)

Isomer selectivity
(50% conversion)

PtBETA 0.540 52.2 93.9
PtBETAB35 0.537 90.8 92.3
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ig. 2. 27Al NMR spectra for the non-agglomerated and agglomerated catalysts.

eolite. It can be observed an increase of the metal dispersion
alues with increasing the binder content. As was previously
eported [1,2], platinum particles were located mainly on the
xternal surface of the zeolite crystals. In this case, the metal
ispersion values must be related to the surface area values con-
ributed by the zeolite. The surface area per gram of zeolite,
alculated from the proportional contribution of the raw mate-
ials, is shown in Table 2. It is clear that the metal dispersion
alues were in agreement with the surface area per gram of
eolite, suggesting that the metal were mainly located into the
eolite.

However, the surface area per gram of zeolite for the agglom-
rated catalysts differed from that of non-agglomerated ones,
uggesting a blockage of the zeolite channels, this effect being
ore remarkable for the catalyst with a 35 wt% of bentonite

sample HBETAB35).
Generally, it has been clearly demonstrated that ammonium

nd, also, other metal cations balancing negative-framework
harge prevent formation of octahedrally coordinated Al in beta
eolites [12]. In addition, ammonic treatment of beta zeolite
ould lead to the transformation of octahedrally coordinated Al
nto regular tetrahedral framework sites [13].

It has also been reported [1,6] that the agglomeration pro-
ess can cause a migration of extraframework aluminium species
EFAL) from the clay to the zeolite. This fact has been supported

27
y different authors [4,14]. Fig. 2 shows the Al NMR spec-
ra for the different samples. The signal at 0 ppm was assigned
o octahedral Al species (EFAL) [15]. Thus, it is possible that
art of the EFAL provided by the binder could have return to

a
T
s
o

able 2
etal dispersion, surface area and pore volume

ample DH2 (%)a Surface area (m2 gzeolite
−1) Su

entonite – – 3
BETA 66 636 63
BETAB35 27 481 32
BETAB50 48 543 29
BETAB65 73 620 24

a Metal dispersion measured by hydrogen chemisorption of samples with 1 wt% of
tBETAB50 0.516 87.0 90.3
tBETAB65 0.488 81.5 90.7

he tetrahedral position of the zeolite as a consequence of the
mmonium treatment. This fact could decrease the surface area
f the zeolite due to a blocking of the zeolite channels (Table 2).
his effect was more evident in the catalyst with 65 wt% of
eolite (HBETAB35) with a surface area of 481 m2 gzeolite

−1

against 636 m2 gzeolite
−1 of the parent zeolite). Al species could

e easily incorporated to the framework of the zeolite in sample
BETAB35 with the highest content of zeolite, causing a block
f the zeolite channels.

.2. Hydroisomerization of n-octane

.2.1. Reaction test
The influence of the binder amount on the catalytic perfor-

ance, obtained at the same WHSV (related to the weight of
eolite), for all agglomerated and non-agglomerated catalysts
as studied. Table 3 shows the n-octane conversion at 330 ◦C

nd the isomer selectivity at 50 mol% of n-octane conversion. In
he same table, the strong acid site density per gram of zeolite
s included. Since the presence of the binder clearly influenced
he strong acid site density of the zeolite, it is expected that
he catalyst performance should be related to the binder con-
ent.

As expected, the higher the strong acid site density per gram
f zeolite in the agglomerated catalysts was, the higher the n-
ctane conversion was observed. As can be clearly seen in Fig. 3,
he n-octane conversion showed the same trend when the reac-
ion temperature was changed from 270 to 370 ◦C. It is often
ssumed that a catalyst is ideal when the metal component is
resent in sufficient excess, meaning that the reactions in the

cid sites can be considered to be the rate-limiting step [16].
herefore, the n-octane conversion would depend only on the
trong acid site density. In a previous work [2], the influence
f the metal content on the hydroisomerization of n-octane was

rface area (m2 gcat
−1) Pore volume (�l gcat

−1)

Micropores Meso- and macropores

7 4 89
6 175 404
6 85 239
0 77 230
1 58 198

platinum.
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ig. 3. Conversion of n-octane vs. strong acid site density at different reaction
emperatures for all the agglomerated catalysts.

tudied, reporting a metal content of 1 wt% as the amount to
each an ideal behaviour of the catalyst.

On the contrary, sample PtBETA, even showing the high-
st strong acid site density per gram of zeolite, exhibited the
owest n-octane conversion. Several authors have demonstrated
ow, apart from the number of framework aluminium atoms per
nit cell, the presence of some EFAL species can increase the
atalytic activity in beta zeolites [6,15,17–19].

As observed in Fig. 2, EFAL species were present in all
gglomerated catalysts. Some cationic EFAL species having
trong Lewis acidity could interact with the structural Brönsted
cid sites, enhancing their acid strength through a synergetic
ffect [15] and, consequently, making them much more active
or n-octane hydroisomerization.

Anyway, regardless the EFAL presence, the decrease of the
-octane conversion with increasing binder content was due to
he decrease of the strong acid site density.

On the other hand, all the catalysts showed similar values
f selectivity towards branched isomers (Table 3). Typical iso-
erization products were obtained, and no major changes in

he product distribution were observed [1]. The influence of the
inder concentration on the isomers selectivity was not signifi-
ant.

Summarizing, it is clear that the n-octane conversion seems
o be the decisive parameter to choose the right binder amount.
hus, the agglomerated catalyst containing 35 wt% of bentonite
llowed to obtain a catalyst leading to the highest n-octane con-
ersion values with suitable isomer selectivity.

. Conclusions

In this work, several catalysts consisting of zeolite beta
gglomerated with sodium bentonite in different proportion
ere prepared. This proportion was optimized for the hydroiso-
erization of n-octane.

It can be seen that there were differences between the exper-

mentally measured acidity and the predicted one: the weak
cidity of the agglomerated catalysts, but that with the lowest
entonite content, was always higher than the predicted values.

[

[

[

lysis A: Chemical 273 (2007) 109–113 113

xperimental acidity values did not match with those theoreti-
ally expected due to solid-state ion exchange.

Since our catalysts were shaped with bentonite, the surface
rea, the pore volume and the metal dispersion measurements
f the agglomerated catalysts differed from those of the non-
gglomerated zeolite.

The presence of the binder increased the n-octane conversion.
FAL species were present in all the agglomerated catalysts.
ome cationic EFAL species having strong Lewis acidity could

nteract with the structural Brönsted acid sites, enhancing their
cid strength through a synergetic effect and, consequently, mak-
ng them much more active for n-octane hydroisomerization.
he influence of the binder concentration on the isomers selec-

ivity was not significant.
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