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a b s t r a c t

HZSM-5 zeolite was found to be a very stable catalyst for the ethanol transformation into hydrocarbons
at 350 ◦C and 30 bar total pressure. It was found to maintain high activity for C3+ hydrocarbons formation
with time-on-stream in spite of a near total loss of Brønsted acidity, 92% loss of microporosity and high
coke content deposited inside its micropore volume. The same solid, passivated with TEOS was tested in
eywords:
thanol transformation
ZSM-5 zeolites
adicals
PR

the same conditions and it was found that the treatment slightly improved the catalytic performance of
the zeolite, even if similar losses of acidity and microporisty were determined after reaction. This shows
that C3+ hydrocarbons’ formation does not occur at the external surface. Alkyl aromatic hydrocarbons
were found occluded in the zeolite structure after reaction, detected by IR spectroscopy analysis and by
CH2Cl2 extraction after solubilization of the structure with HF solution. EPR-CW analysis of both coked
samples proved existence of free radicals. This last technique could provide us further enlightening of

n me
the ethanol transformatio

. Introduction

HMFI zeolite is a well-known catalyst for the transformation of
ethanol into olefins (MTO) [1] and gasoline (MTG) [2–4]. It is also

ne of the most studied and claimed as one of the best catalysts
or ethanol transformation into ethylene (BTE) [5,6] and/or into
igher hydrocarbons [7–9]. In methanol’s case, the most appealing
uggested mechanism nowadays is the hydrocarbon pool mecha-
ism [10,11]. It has been shown that the adsorbate representing the
ydrocarbon pool may have common characteristics with ordinary
oke [11] and therefore a deeper study of the coke nature might
elp elucidating the C3+ hydrocarbons formation mechanism.

In our previous study [12], in comparison with HBEA and HFAU
eolites, having similar number of Brønsted acid sites, HMFI zeolite
as also found to be the more stable and performing for ethanol

ransformation into C3+ hydrocarbons (particularly aliphatic and
romatic families). The best catalytic property of this zeolite is due
o its capacity to maintain high activity in C3+ hydrocarbons with

ime-on-stream and this in spite of very low residual acidity and
igh coke content deposited inside its micropore volume.

In the present work, ethanol transformation into hydrocarbons
as carried out on a HMFI zeolite having a large amount of Brønsted

∗ Corresponding author. Tel.: +33 5 49 45 34 98; fax: +33 5 49 45 37 79.
E-mail address: patrick.magnoux@univ-poitiers.fr (P. Magnoux).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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chanism.
© 2010 Elsevier B.V. All rights reserved.

acid sites, its aim being to go thoroughly into the comprehension of
the mechanism of these hydrocarbons’ formation. In the 80s a free
radical mechanism for the methanol transformation was suggested
and supported by EPR evidence [13] but contested, for it remained
unclear if they were essential to the reaction or not. It seems clear
that a further study of the deactivation process and composition of
the carbon deposit nature could be helpful to the enlightening of
the ethanol transformation mechanism.

The subject of our work was approached by studying the nature
of the products and of the carbonaceous species by using different
spectroscopy techniques, such as IR and EPR analysis.

2. Experimental

HMFI (Si/Al ratio = 16) zeolite is a commercial material from
Zeolyst International. The sample was compacted, crushed and
sieved to achieve 0.2–0.4 mm homogeneous particles. Before cat-
alytic testing, the solids were calcinated in situ under a nitrogen
flow rate of 3.3 L h−1, at 773 K and a total pressure of 30 bar.

Passivation of the external surface of the previously mentioned
HZSM-5 zeolite was done using Tetra Ethyl Ortho Silicate (TEOS).

The parent zeolite was previously calcinated at 823 K during 1 h
under an air flow rate of 3 L h−1 per g of catalyst and then brought
to ambient temperature. For the passivation procedure, the cata-
lyst was heated at 423 K, under the same air flow rate as before.
After 15 min at this temperature under nitrogen (flow rate 3 L h−1

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:patrick.magnoux@univ-poitiers.fr
dx.doi.org/10.1016/j.cej.2010.01.026
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er catalyst g), passivation started by bubbling the nitrogen into
he TEOS solution (kept at 331 K) for 1 h. Then, pure nitrogen was
assed for 15 min over the solid bed before heating up to 550 ◦C. The
atalyst was then calcinated using the same conditions as before,
or 4 h.

The ethanol used in the catalytic tests is a commercial prod-
ct, from Carlos Erba (96%, V/V). It was used without any further
urification.

Pore volumes of the fresh and coked catalysts were measured
y nitrogen adsorption–desorption with a temperature program
tarting at 363 K (for 1 h) and rising up to 423 K (coked catalyst) or
23 K (fresh catalyst), under primary vacuum (2 × 10−3 torr) using
n ASAP 2000 instrument (Micromeritics).

The acidity measurements were determined by pyridine adsorp-
ion followed by IR spectroscopy using a Nicolet Magna FTIR 550
pectrometer (resolution 2 cm−1). In this case, the samples were
rst pressed into thin wafers (4–8 mg cm−2) and activated in situ

n the IR cell under secondary vacuum (10−6 mbar) at 623 K (fresh
ample) and 423 K (coked samples). The estimation of acidity by
yridine adsorption was taken at 423 K using εB = 1.13 cm �mol−1

nd εL = 1.28 cm �mol−1 as extinction coefficients for respectively
rønsted and Lewis acidities [14].

The CW X-band EPR spectra (d�′′/dB) were recorded on a
ruker ELEXYS 580-FT spectrometer. Experimental technique was
escribed elsewhere [15].

The carbon content of the coked catalysts was determined by
omplete combustion at 1293 K under helium and oxygen, using a
hermoquest NA2100.

.1. Catalytic testing and products analysis

The catalytic tests were carried out in a continuous down-flow
xed bed reactor under a total nitrogen pressure of 30 bar. The
eactor was made of stainless steel, 40 cm long with internal and
xternal diameters of 1.3 and 1.7 cm, respectively. The catalyst
0.3 g) is placed in the middle of the reactor, between layers of
lass balls of 1.19 mm diameter. Previous in situ activation was per-
ormed under nitrogen (30 bar, 3.3 L h−1) for 16 h at 773 K. The gas
ow was kept during reaction, while ethanol (96% V/V) was fed into
he reactor at 2 ml/h, which corresponds to a N2/ethanol molar ratio
f 4 and a weight hourly space velocity (WHSV) of 15 h−1. All tests
ere carried out at 623 K.

Reaction products were analyzed by on line gas-
hromatography using a VARIAN 3800 gas chromatograph
quipped with two detectors: a FID detector connected to a J&W
ONA capillary column (100 m long, 0.25 mm of inner diameter
nd 0.5 �m of film thickness); and a TCD detector connected to
double column, composed of a 5A sieve (10 m long, 0.32 mm

nner diameter and 10 �m of film thickness) plus a Porabond Q
50 m long, 0.53 mm inner diameter and 10 �m of film thickness).
he reaction products’ injection is made under pressure for the
ID detector and at ambiance pressure to the TCD detector. The
rst one allows the detection of all hydrocarbons as well as the
xygenated compounds such as ethanol, diethyl ether or others.
he other one allows the detection of hydrogen, nitrogen, carbon
onoxide, carbon dioxide, oxygen and methane.
The oven programming starts at 20 ◦C (kept for 15 min) thanks

o a cryogenic system and rises up to 250 ◦C, with different heating
teps at 150 (kept for 10 min) and 220 ◦C (kept for 34 min), and with

heating rate of 8 ◦C/min.

In addition to the on-line analysis, the liquid and gas phases are
lso recovered and analyzed by GC-MS spectroscopy. Liquid phases
organic and aqueous) are also separated and weighted for mass
alance purposes. Water content was determined by weighting the
queous phase after phase’s separation.
Fig. 1. Ethanol transformation on HZSM-5(16). Evolution of ethanol conversion and
ethylene, diethyl ether and C3+ hydrocarbons yield with time-on-stream.

3. Results and discussion

Under our operating conditions ethanol was totally converted
into ethylene, C3+ hydrocarbons, water (stoichiometric quantity
from ethanol dehydration—about 39 wt%) and traces of diethyl
ether (Fig. 1). Initially, ethanol is converted into ethylene and
diethyl ether by dehydration reactions, followed by their transfor-
mation into higher hydrocarbons.

During all the run (25 h), no deactivation for ethanol conversion
was observed. Ethylene began to be detected after 5 h of Time-On-
Stream (TOS) and its quantity increased progressively with TOS,
coinciding with the diminution of the C3+ hydrocarbons yield. Only
trace amounts of diethyl ether were detected at the end of the run.

The results show that, even though there is no deactivation
observed for the dehydration reaction, there is a deactivation
towards the formation of higher hydrocarbons. It is widely accepted
that deactivation on solid acid catalyst begins by eliminating the
stronger Brønsted acid sites available [16]. If so, we can suppose
that the formation of higher hydrocarbons requires stronger acid
sites than ethanol dehydration.

For a better understanding of the reaction, we have decided to
divide the C3+ hydrocarbons into three fractions according to the
carbon number: C3–C4 (methane and ethane are produced in neg-
ligible amounts and ethylene was not taken into account being a
primary product of ethanol dehydration and considered a reactant,
as proposed in the literature [17]), C5–C11, C12+; and also divided
according to their chemical family: Paraffin, Olefin, Naphthene or
Aromatic (PONA). Fig. 2 shows the evolution of the fractions’ selec-
tivity for three TOS of 0.9 (corresponding to the first analysis point),
13 and 25 h.

The C5–C11 fraction was always largely superior, independent of
time-on-stream. C12+ hydrocarbons were always detected in very
small amounts and they are exclusively composed of aromatics.
The amount of C3–C4 fraction was initially slightly lower than that
of C5–C11 (∼1.2 times) and it continues to decrease with TOS (∼2.4
times at TOS = 25 h) (Fig. 2). This could be due to high secondary
cracking activity of the catalyst at the beginning of the reaction,
due to the presence of stronger acid sites.

When studying the C3+ products selectivity by chemical family,
we find a majority of paraffins and aromatics regardless of time-
on-stream (Fig. 3). Nevertheless, at the end of the run, olefins gain

in proportion. Initially, olefins and naphthenes are present in very
small amounts, and the naphthenes quantity remains low during all
the run. Olefin proportion increases with time, with the diminution
of that of paraffins + aromatics. This means that at first, the catalyst
is highly active for the hydrogen transfer reactions and its activity
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Fig. 2. Ethanol transformation on HZSM-5(16). Fractions selectivity, among C3+

hydrocarbons, for TOS = 0.9, 13 and 25 h.
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ig. 3. Ethanol transformation on HZSM-5(16). Paraffins (P), olefins (O), naphtenes
N) and aromatics (A) selectivity, among C3+ hydrocarbons, for TOS = 0.9, 13 and 25 h.

ecreases with its deactivation. Since the hydrogen transfer takes
lace between olefins to produce paraffins and aromatics, it is only
atural that the selectivity in olefins increases with the diminution
f hydrogen transfer reactions.

At the reaction beginning, propane, butanes and pentanes con-
titute the major products among paraffins. These compounds

ould result from the secondary cracking reactions (namely, the
racking of C8 compounds), followed by hydrogen transfer reac-
ions. Among olefins, butenes are the major products, representing
6 wt% of the olefins in the beginning and about 25 wt% at the end
f the run. Among aromatics, C8–C10 compounds represent 80–85%

Fig. 4. IR spectroscopy analysis of fresh and coked HZSM-5(1
ng Journal 161 (2010) 403–408 405

during all the run. Nearly all aromatics detected are highly alkylated
benzenes. This is in agreement with the paraffin/aromatic molar
ratio which is equal to three during all the run. In classic hydrogen
transfer reactions, in order to form a single ring aromatic, three
paraffins are formed (along with olefins consumption).

3.1. Characterization of the catalyst after reaction

Physical–chemical characterizations of the fresh HZSM-5(16)
zeolite are summarized in Table 1. Its amount of Brønsted acid sites
is twelve times greater than that of Lewis acid sites indicating that
most of the aluminium atoms are in the structure. Its micropore
volume represents about 70% of the total pore volume. As seen
before (Fig. 1), there is a deactivation for the C3+ hydrocarbons
formation over HZSM-5(16). This is probably due to coke deposit
as can be seen from the high carbon content measured (∼9 wt%,
Table 1). Coked HZSM-5(16) presents a near total loss of Brønsted
and Lewis acidity. The coked sample was also nearly completely
blocked, presenting a loss of 92% of its micropore volume.

The acidity measurements were first made using pyridine as a
probe molecule, showing a 99.5% loss of Brønsted acidity. We have
then used a smaller probe molecule, NH3, to confirm these results
and to have a probe molecule with a diameter closer to that of the
ethanol molecule. The results reported in Table 1 show a 98% loss
of total acidity, not far from the results obtained with pyridine. The
IR spectra for the measurements using both probe molecules are
shown in Fig. 4.

Coked HZSM-5(16) sample was first characterized by infrared
spectroscopy (Fig. 5). Three main vibration bands regions of coke
molecules were noted (Fig. 5a): 1620–1570 cm−1, ∼1460 cm−1

and 1686–1370 cm−1. According to the literature [18], bands in
the first region were attributed to aromatic species; those in
the second region to CH stretching �s(CH2); and those in the
third region to CH stretching �s(CH3) and/or �s([CH3]2C<). This
means that coke molecules occluded in the HZSM-5 zeolite struc-
ture are alkylaromatics. As can be expected, the presence of coke
molecules neutralized OH– bridging acidic bands in the region
around 3600 cm−1, but also decreased the intensity of the silanol
band (∼3740 cm−1, Fig. 5b) which usually indicates the existence
of external coke [19].

The carbon deposit was extracted using the method described
by Guisnet in [20]. Not all of the occluded material could be
retrieved. Coke molecules recovered by CH2Cl2 extraction were
analyzed by GC-MS chromatography. The insoluble material was
attributed to graphitic carbon. The chromatogram obtained for the

soluble coke can be divided into two different regions. At the first
part (Fig. 6a) mostly highly alkylated mono aromatics were found.
These compounds were also detected on-line by GC analysis. At
the second part (Fig. 6b), more condensed aromatics can be found,
nevertheless they remain highly alkylated. These molecules are

6), using pyridine (a) and NH3 (b) as probe molecules.
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Table 1
Physico-chemical characterization of fresh and coked HZSM-5(16) zeolite.

Catalyst sample %C Aciditya (probe: pyridine)
(�mole/g)

Aciditya (probe: NH3)
(�mole/g)

Pore volume (cm3/g)

Brønsted Lewis Total Total Micropore Mesopore

HZSM-5 (16) fresh – 608 50 645 0.267 0.184 0.083
13

p
p

c
o
o
n
r
s
c
a
t
a
b

HZSM-5 (16) after 25 h
reaction

9.12 3 0

a Acidity measured at 150 ◦C; (xx) = Si/Al ratio.

robably responsible for the blockage of the zeolite micro porosity
reventing the reactant access to the interior of the channel.

It must be kept in mind that at the end of the run, 100% of
onversion of the ethanol is still reached and 67% of the products
btained are C3+ hydrocarbons, with a majority of paraffins and
lefins belonging to the C5–C11 fraction. Since there is practically
o residual acidity, nor micro porosity left (Table 1), questions are
aised to where and how the reactions occur. Furthermore, we have
een that among those C3+ hydrocarbons there are a majority of
ompounds belonging to the C –C fraction (Fig. 2), and a lot of
5 11
romatics (Fig. 3) still being formed. At this state of apparent deac-
ivation (Table 1), it seems highly unlikely that the small remaining
cidity measured can be responsible for the amount of hydrocar-
ons that are still being produced via, for instance, a carbocationic

Fig. 5. IR spectroscopy analysis of coked HZSM-5(16). Vibration ba

Fig. 6. GC-MS analysis of coke molecules extracted by CH2Cl2 afte
0.063 0.015 0.048

pathway, as proposed before by Palumbo et al. [21] when studying
methanol conversion over HZSM-5, using spectroscopic techniques
to characterize the carbon deposit. Also, micropore blockage is such
that even if the acidity allowed bulky aromatics to be formed, it
would be impossible for these compounds to come out. As a first
guess we have assumed that, since there is no porosity left, the reac-
tions could occur on the external surface and/or at pore mouth. To
try to validate this hypothesis, we have submitted the catalyst to
a passivation of the external surface by Tetra Ethyl Ortho Silicate
(TEOS) in order to eliminate the acid sites available at surface. The

catalyst was then submitted to the same characterizations as the
parent zeolite, in terms of acidity and porosity. The catalytic testing
was made in the exact same conditions as the previous one, and the
results exploitation is similar.

nds of coke molecules (a) and of silanol and OH bridging (b).

r solubilization of coked HZSM-5(16) sample by HF solution.
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was 89% loss of microporosity after 25 h on stream (Table 2). The

T
P

ig. 7. Ethanol transformation on HZSM-5(16) and HZSM-5(16) passivated TEOS.
thylene and C3+ hydrocarbons yield with time-on-stream.

.2. Catalytic testing of a passivated HZSM-5 (Si/Al ratio = 16)
eolite

Once again, no deactivation was found for the ethanol transfor-
ation throughout all the run, nor was detected diethyl ether in

mounts other than traces at the end. The results concerning the
ield of ethylene and of C3+ hydrocarbons, for the parent catalyst
nd the passivated one are represented in Fig. 7 as a function of
ime-on-stream.

As we can see from Fig. 7, the passivated catalyst, for the same
eaction time, presents a higher yield of C3+ hydrocarbons and a
ower yield of ethylene than the ones found for the parent catalyst.
fter 25 h reaction the passivated sample presents a 23% higher
ield of C3+ hydrocarbons.
Products selectivity for the different fractions (C3–C4; C5–C11;
12+) and hydrocarbon families (PONA) are shown in Fig. 8. When
omparing to the parent zeolite it can be seen that the passivation
id not alter significantly the products’ selectivity.

able 2
hysico-chemical characterization of fresh and coked HZSM-5(16) passivated with TEOS

Catalyst sample %C Aciditya (�mole/g

Brønsted

HZSM-5(16) TEOS fresh – 560
HZSM-5(16) TEOS after 25 h reaction 9.24 11

a Acidity measured using pyridine as probe molecule, at 150 ◦C; (xx) = Si/Al ratio.

Fig. 8. Products selectivity among C3+ hydrocarbons for HZSM-5(16) and HZSM-5(
Fig. 9. IR spectroscopy analysis of coked HZSM-5(16) non-passivated and HZSM-
5(16) passivated with TEOS, after 25 h reaction: vibration bands of the molecules
composing the carbon deposit (coke).

These results invalidate our previous hypothesis. The reaction
clearly does not occur at the outer surface; nevertheless, and taking
into account the microporosity loss, the reactions are almost cer-
tainly done at the pore entry of the channels of the catalyst, “pore
mouth” catalysis.

In comparison with the parent zeolite, the passivated one
presents a slightly lower Brønsted acidity and a slightly higher
Lewis acidity (Table 2). There was practically no change in the
pore volume of the HZSM-5 (16) after the passivation treatment
(Table 2).

Coked HZSM-5(16) TEOS sample presented a loss of 98 and 73.5%
of its initial Brønsted and Lewis acidity, respectively (Table 2). These
results differ from the non-passivated coked sample ones (Table 1)
where no residual Lewis acidity was measured. Once again, as
remarked for the non-passivated coked HZSM-5(16) (Table 1), there
IR spectra of the coke region for the non-passivated as well as the
passivated HZSM-5 (16) coked samples, are shown in Fig. 9. We
can see that we obtain exactly the same vibration bands with sim-
ilar intensities for both samples. We therefore conclude that the

zeolite.

) Pore volume (cm3/g)

Lewis Total Micropores Mesopores

83 0.262 0.176 0.086
22 0.071 0.020 0.051

16) TEOS zeolites, at TOS = 25 h. Distribution by fractions (a) and families (b).
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ig. 10. EPR-CW analysis of HZSM-5(16) samples: fresh (-.-.-), after 25 h reaction
on-passivated (- - -) and after 25 h reaction passivated TEOS (- - -).

ccluded species composing the carbon deposit are the same for
oth samples.

From these results we are able to drawn the same conclusions as
efore (for the non-passivated sample), adding that the reactions do
ot seem to occur at the outer surface of the zeolites. In view of the
atalytic activity presented by the catalyst when no residual acid-
ty or micro porosity is measured, other questions concerning the
ature and role of the species occluded in the structure (particularly
t pore entry) are raised.

In order to deepen the mechanistic study of ethanol on HZSM-
zeolites, EPR analysis of coked samples was undertaken. In the

0s, by using EPR analysis, it was reported that free radicals were
etected on the reactions of dimethyl ether over HZSM-5 zeolite
13]. It was also shown that these free radicals and paramagnetic
entres were present in the zeolite in tiny amounts as solid-state
efects. They were proposed as a possible source of the activity in
ethanol/dimethyl ether transformation to hydrocarbons.
We have therefore decided to analyze the two coked HZSM-

(16) samples (the parent and the passivated zeolite) by EPR-CW
echnique.

The first results for the EPR-CW (Fig. 10) show the existence of
n intense and well-defined paramagnetic signal and therefore, the
xistence of radicals in the two coked catalysts. The fresh sample
erves as a reference and showed no signal. It can be seen that the
assivated sample presents only a slightly higher intensity. The spin
oncentration of the samples is about 1.4 × 1018 spin/g of catalyst.

oth signals present Lorentzien shapes with similar widths, which
uggest a similar nature of the radical species.

These radicals could play an important role in the understand-
ng of ethanol transformation into hydrocarbons. Nevertheless it
emains to be established the activity or non-activity of these

[
[
[

ing Journal 161 (2010) 403–408

species to the hydrocarbons formation and if so, the importance of
these reactions compared to the classical acid catalysis way. A rad-
ical mechanism could explain why solids which have lost almost
all their acidity and porosity still catalyze the oligomerization of
ethylene.

4. Conclusions

Ethanol transformation into hydrocarbons has been studied on
HZSM-5 (16) zeolite passivated and non-passivated with TEOS. It
was found that TEOS passivation slightly improves the catalytic
properties of HZSM-5 (16) zeolite for C3+ hydrocarbon formation by
limiting the deactivation of the catalyst. These zeolites presented
high carbon content after 25 h reaction but they still keep high
activity for C3+ hydrocarbon production, despite a near complete
loss of Brønsted acidity and microporosity. Alkyl aromatic hydro-
carbons were found occluded in the zeolite structure after reaction,
detected by IR spectroscopy analysis and also by CH2Cl2 extraction
after solubilization of the structure with HF solution. EPR-CW anal-
ysis of both coked samples found the existence of free radicals. This
last technique could allow us in the future a deeper comprehension
of the ethanol transformation mechanism.
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