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Abstract

A series of progressively proton-exchanged sodium mordenite samples was studied by operando infrared spectroscopy du
conversion. This unique, powerful tool allowed us to characterize the species adsorbed to the surface during catalysis and to
evolution of the active sites as the reaction proceeded. We were then able to correlate the surface data with the catalytic resul
by gas-phase chromatography analysis. When very few hydroxyls are present on site O7H close to the main-channel walls, the init
isomerization selectivity is very high and the high Na+ content leads to the preferential adsorption of 1,2,4-TMB inside the microp
When the amount of acidic hydroxyls increases, new sites O2H are generated at the intersection between main channels and side p
The initial disproportionation selectivity then increases roughly. Finally, the last hydroxyls appear on site O9H located at the end of th
side pockets. These constrained hydroxyls are not accessible to the reactant in the reaction conditions, but their presence lead
activity increase without any selectivity modification. Acid strength considerations, together with the observation of the “working hyd
indicate an indirect effect of O9H on the overall activity, which is probably related to a modification in the void space inside the micro
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Mordenite is an important zeolite, used in many ind
trial processes, particularly in petrochemistry and refin
It has the strong acidity necessary for paraffin isomer
tion [1]. For cumene synthesis, it is used after adjustmen
its meso/micropore system by controlled dealumination[2].
It is also used for the isomerization of C8 aromatic fraction,
the acidity of which must be adjusted by partial cation
change[3,4]. In the latter case, the role of the cation is n
yet completely clear.

Two main reactions can take place during xylene con
sion (Scheme 1): isomerization, which is used to increa
the relative amount of highly valuedp-xylene, and dispro
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portionation, which leads to toluene and trimethylbenz
(TMB) in equal amounts. It is now well established th
isomerization involves a monomolecular mechanism[5],
whereas disproportionation occurs through a bimolec
mechanism in which formation of the bulky diaryl metha
intermediate can be inhibited by steric constraints. Th
m-xylene conversion was proposed as a test reaction to
tinguish the presence or absence of 12-member ring c
nels inside zeolites[6]. Moreover, it was shown that the tw
reactions do not take place on the same types of acidic
on mordenite[4]; disproportionation requires more acid
sites than isomerization[7].

However, until recently, the location and strength of
various Brønsted acid sites in mordenite remained a
ter of debate. Initial studies, based mostly on FTIR d
proposed the presence of two main acidic OH types,
cated inside main channels and side pockets, respect
Calorimetric measurements of the adsorption of amm
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Scheme 1. The two main ways foro-xylene conversion over acidic catalyst
(I) isomerization, which givesm-xylene andp-xylene, and (D) dispropor-
tionation which gives toluene and trimethylbenzene (TMB).

suggested that the OH types in the side pockets are stro
than in the main channels[7], but these data happened to
strongly biased by confinement effects[8]. FTIR studies of
CO and N2 adsorption at low temperature, on the other ha
showed that stronger sites are located in the main chan
where they are less constrained[9,10]. Disproportionation is
indeed favored by the presence of strong acid sites, b
surprisingly suppressed when less acidic but confined
in the side pockets are removed by controlled cation
change[3].

In a recent paper, we described the influence of prog
sive Na+/H+ exchange on the number and location of O
groups in mordenite[11]. In agreement with recent propo
als [12,13], we showed that not only two but at least thr
different locations for Brønsted sites can be clearly dis
guished in mordenite: one constrained O9H site inside the
side pockets of the structure (denoted here as OHconst) and
two unconstrained sites (denoted as OHunconst) in the main
channel (O7H) and in an intermediate location (O2H) at the
opening of the side pocket. Our series of catalysts had b
obtained by progressive exchange of the sodium form of
zeolite toward the acidic form. During the exchange proc
sodium cations were first replaced by protons in the m
channels, the intermediate sites were exchanged next
the last sodium ions remained in the side pockets. We
thus a series of catalysts in which we controlled the loca
of Brønsted sites in the three possible sites. In the pre
work, we used the same series of catalysts for an oper
study of xylene conversion. We established the relationsh
during reaction, between adsorbed surface species, pert
tion of each acid site (identified by FTIR spectroscopy), a
r

,

d

t

-

catalytic performance of the solids (identified by gas ch
matography). We can thus explain the influence of cati
and of the three acid sites on the catalytic selectivity.

2. Experimental

Various mordenite samples with varying H+ and Na+
cationic contents were obtained by exchange of a pa
sodium mordenite sample (from Tosoh Corp.; Si/Al = 10.2)
in a NH4Cl solution (0.1 N), followed by a mild therma
treatment at 723 K (decomposition of the NH4

+ ions into
NH3 and H+) performed in flowing N2 (physicochemica
characterizations) or in a vacuum.Table 1details the con-
ditions of the NH4

+ exchange and the chemical conte
(Na/Al and Si/Al atomic ratios) for all of the thermally
activated HxNa100− xMOR samples, wherex and 100− x

are the percentages of H+ and Na+ cations, respectively
Note thatx is also the level of exchange (in %) of proto
for Na+ cations. The quantification and the determinat
of the distribution of the Brønsted acid sites was obtai
from the adsorption of various probe molecules as detaile
Ref.[11]. The thermal treatment was gentle enough (hea
slower than 1 K min−1) to ensure the absence of measura
framework dealumination as checked by27Al MAS NMR
and FTIR spectroscopies[11]. In agreement, no acid Lew
sites were detected by pyridine adsorption.

Nitrogen adsorption isotherms at 77 K were obtained w
a Micromeritics ASAP 2400 apparatus (all samples w
treated under a vacuum at 700 K before measurements
used for the determination of microporous volumes acc
ing to the Langmuir model

Vads

Vm
= Kx

1+ Kx
,

where V ads stands for the nitrogen volume adsorbed
der the equilibrium pressureP , V m stands for the microp
orous volume,K stands for the adsorption equilibrium co
stant, andx = P/P ◦ stands for the relative pressure. T
linearization of this law for relative pressure in the ran
0.05< x < 0.2 led to the microporous volumes reported
Table 1. The presence on the isotherm of a hysteresis l
between the adsorption and desorption branches (whic
horizontal and parallel over a wide pressure range) indic
Table 1
Physicochemical characterization of the HxNa100− x samples

Sample name NH4Cl (0.1 N)/H0Na100MOR
(weight/weight)

Na/Al ratio
(mol/mol)

Si/Al ratio
(mol/mol)

H+ = (Al–Na+)
(µmol g−1

cat)
Vmicroporous

(cm3 g−1
cat)

H0Na100MOR – 1 10.2 0 0.193
H13Na87MOR 2.5 0.87 10.8 160 n.d
H24Na76MOR 4.0 0.76 12.9 250 n.d
H31Na69MOR 3.5 0.69 10.2 400 n.d
H61Na39MOR 7.0 0.39 10.2 800 n.d
H72Na28MOR 9.5 0.28 10.3 930 0.198
H93Na7MOR 50 0.07 10.6 1190 n.d
H100Na0MOR 75 (repeated 3 times) 0.007 10.4 1290 0.215
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a wide distribution of meso and/or macropores that is ide
cal for all of the samples and is estimated to be 0.05 cm3 g−1.

Conversion ofo-xylene was performed at 573–623
at atmospheric pressure, and under flow conditions,
weight space velocities in the range of 4–60 h−1. Analysis of
the reaction products was performed with a Delsi DI 200
chromatograph equipped with a SGE BP 20 column per
ting meta and para xylene isomer separation. A multiposi
valve actuator (VICI) containing eight loops was used to t
and store samples at determined times or to make direc
line analysis. All organic compounds (reactants and prod
for chromatograph calibration) were 99% pure (Aldrich).

Infrared spectra were recorded with a Nicolet Mag
550 FTIR spectrometer, in a quartz infrared cell connec
to a vacuum line for experiments conducted at room t
perature, and in a reactor cell already described[14] for
operando spectroscopy at reaction temperature. The de
position of theν(OH) bands at high temperature was do
with Grams/386 software (V1.04, Galactic Industries Co
1996), with a procedure adapted from that of Makarova[15].
To take into account the influence of temperature, in
values for the fitting were modified as follows. Frequen
values were lowered by 18 cm−1 compared with room tem
perature, and bands were broadened to 35 and 18 cm−1 for
the high-frequency and low-frequency components, res
tively.

3. Results and discussion

An operando study is the study of a working catalyst,
which catalytic activity and selectivities are measured, w
at the same time the adsorbed species on the catalyst su
ares monitored[16]. The first step for such an approach is
identify the spectra of possible surface species, reactan
products, under reaction conditions. The last step is to
relate catalytic data with the perturbation of the surfac
determine the selective active sites and eventually the r
tion mechanisms.

3.1. Spectral identification of surface species

o-Xylene conversion was first performed in a tra
tional fixed-bed catalytic reactor without infrared monit
ing to identify possible products by gas chromatograp
In agreement withScheme 1, the products obtained we
m- andp-xylene, created by isomerization, and toluene
trimethylbenzene (1,2,4-, 1,3,5-, and 1,2,3-TMB), form
by disproportionation. Only light traces of products fro
cracking were sometimes detected.

The infrared spectra of each of these species w
recorded in the gas phase, and after adsorption
H100Na0MOR (at room temperature to avoid any reactio
and on H0Na100MOR (at room temperature and at 623 K
The infrared bands typical of the various products adso
on acidic OH groups and on Na+ cations are reported i
-

-

e

r

-

Table 2. The frequencies forν(CH) vibration bands are a
in a very short range, and these bands cannot be use
identification purposes. Rather, products can be ident
by analysis of theν19b(C=C) bands, which, for instance, a
pear in the case of adsorption at 298 K on acidic hydroxyl
fine and intense singlets centered at 1495 cm−1 for toluene,
1505 cm−1 for 1,2,4-TMB, and 1515 cm−1 for p-xylene.
The ν8(C=C) vibrations of aromatic rings are more s
nificantly shifted to lower wavenumbers upon adsorpt
on cations than when adsorption takes place by H-b
because of the strong affinity between aromatic rings
alkaline cations[17,18]. The δ(CH3) vibration bands (δas
around 1450 cm−1 andδs around 1380 cm−1) are also sen
sitive to the adsorption mode, but not enough to be of
use to us.

Finally, to study the temperature effect on the vibrat
bands and to get closer to the reaction conditions, we
dertook our experiment over H0Na100MOR at 623 K under
flow conditions. No reaction took place because of the
sence of Brønsted acid sites, and thus we were able to o
the infrared fingerprint of each product interacting with N+
under reaction conditions.Fig. 1shows the spectra obtaine
after 1 min on stream at constant space velocities (whs=
15 h−1) for eacho-xylene conversion product. Theν(CH)
vibration region (2800–3100 cm−1) indicates thato-xylene
and 1,2,4-TMB give rise to the most intense bands, wh
suggests an initial higher amount of adsorbed species
consider that theν(CH) extinction coefficient varies very lit
tle from toluene to TMB, which possess the same arom
nature and methyl groups. The right part ofFig. 1 shows
an enlargement in theν(C=C) andδ(CH) vibration region.
Each peak is pointed, and wavenumbers are summariz
Table 2together with their attributions. It is obvious from th
comparison of adsorption over H0Na100MOR at 298 K and
623 K that theν8(C=C) vibration shifts toward the lowe
wavenumbers with increasing temperature. The shift ma
tude nevertheless depends on the product: from 4 cm−1 for
1,2,3-TMB to 11 cm−1 for m-xylene. This general trend
expected from thermal effects, and both the aromatic
vibrationsν19aandν19b undergo the same qualitative effe
In addition, the separation between theν19b peaks relative
to the three easily identified products (toluene, 1,2,4-TM
andp-xylene) is less important at 623 K, so that quantita
measurements will be more difficult under reaction con
tions where a mixture of products is present.

3.2. Accessibility of sites

The adsorption of each species from a nitrogen flow
justed to maintain constant partial pressure and contact t
at 623 K on H0Na100MOR was monitored by infrared spe
troscopy over time until saturation. The comparative de
minations of adsorbed quantities were made with a cho
band for each of the species and the corresponding gas
extinction coefficients (previously measured from kno
pressure). The absolute value of adsorbed amounts wa
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Table 2
Summary of the wavenumbers (in cm−1) for the main vibrations of the products obtained during xylene conversion

Aromatic species o-Xylene m-Xylene p-Xylene Toluene 1,2,4-TMB 1,3,5-TMB 1,2,3-TMB

ν(CH) aromatic Gas phase 3067 – 3056 3072 3050 – 3051
OH (298 K) – – – – – n.d. n.d.
Na+ (298 K) 3066–3048 – – 3061 – – –
Na+ (623 K) 3058 – – 3054 – – 3050

ν(CH) aromatic Gas phase 3030 3030 3027 3037 3015–2978 3024 –
OH (298 K) – 3027 – 3031 3002–2979 n.d. n.d.
Na+ (298 K) 2994 3030 3025 3026 3021–2989 – 2970
Na+ (623 K) 3014 3027 3015 3017 3019 3019 –

ν(CH) methyl
group

Gas phase 2937 2935 2934 2936 2936 2932 2952
OH (298 K) 2944–2925 2927 2929 2924 2941–2926 n.d. n.d.
Na+ (298 K) 2945–2925 2957–2926 2956–2928 2925 2946–2926 2962–2928 2940
Na+ (623 K) 2945–2926 2924 2924 2924 2945–2925 2937–2915 2928

ν(CH) methyl
group

Gas phase 2883 2879 2880 2886 2880 2876 2878
OH (298 K) 2877–2865 2867 2872 2876 2867 n.d. n.d.
Na+ (298 K) 2870 2867 2872 2870 2868 2859–2820 2871
Na+ (623 K) 2874 2870 2870 2870 2868 2862 2860

ν8 (C=C)
aromatic ring

Gas phase 1604 1613 – 1609 1616 1612 1594
OH (298 K) 1604 1607 – 1601 1615 n.d. n.d.
Na+ (298 K) 1597 1602 – 1596 1609 1602 1582
Na+ (623 K) 1591 1591 – 1586 1603 1594 1578

ν19b (C=C)
aromatic ring

Gas phase 1494 1498 1520 1500 1508 – 1478
OH (298 K) 1496–1488 1485 1515 1495 1505 n.d. n.d.
Na+ (298 K) 1499–1487 1484 1511 1494 1507–1499 – 1472
Na+ (623 K) 1482 1478 1504 1489 1496 – 1460

ν19a(C=C)
aromatic ring
and/orδ(CH)as
methyl group

Gas phase 1466 1449 1432 1462 1460 1460 1450
OH (298 K) 1466–1455 1465 1458–1449 1464–1452 1454 n.d. n.d.
Na+ (298 K) 1464–1446 1464 1459–1449 1466–1448 1455 1463 1446
Na+ (623 K) 1462 – – 1445 1459–1453 1461 –

δ(CH)s
methyl group

Gas phase 1388 1384 1384 1384 1384 1385 1389
OH (298 K) 1387 1382 1383 1383 1385 n.d. n.d.
Na+ (298 K) 1389 1385 1387 1386 1388 1386 1393–13
Na+ (623 K) 1391 1385 1387 1387 1390 1387 1390

Values are given for the gas phase and for the adsorbed state onto H100Na0MOR at 298 K and onto H0Na100MOR at 298 K and 623 K. n.d. stands for ‘n
determined’ whereas (–) means that no vibration was observed.

Fig. 1. Infrared spectra for each xylene conversion product adsorbed alone over H0Na100MOR sample at 623 K. Free H0Na100MOR spectrum was subtracte
for clarity.
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Fig. 2. Evolution of the amount of adsorbed species with time on stream (pure product diluted in N2 at WHSV= 15 h−1) at 623 K over H0Na100MOR
(calculated from the corrected intensities of typical infrared bands).

Table 3
Fraction of perturbated hydroxyls infrared absorbance upon adsorption of the main products of xylene conversion at 298 K (first line) and percof
accessible hydroxyls when considering (*) the whole hydroxyls and (**) only unconstrained hydroxyls (calculated from integrated area of infraredands)

Product o-Xylene m-Xylene p-Xylene Toluene 1,2,4-TMB

�AOH/AOH 39% 41% 46% 49% 41%
* �nOH/nOH total [44–46%] [46–48%] [52–54%] [55–57%] [46–48%
** �nOH unconst/nOH unconst [59–69%] [62–72%] [69–81%] [74–86%] [62–72%
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accessible, but we obtained meaningful relative quanti
assuming that the variation of the extinction coefficient fr
the gas phase to the adsorbed phase is the same f
compounds. The evolutions with time on stream of the
ative amounts adsorbed for all products (Fig. 2) show that
o-xylene is the most easily adsorbed. Toluene,m-xylene,
and 1,2,4-TMB have the same adsorption capacity, bu
kinetics for toluene adsorption is slower. As pure nitrog
is passed over the surface, 1,2,4-TMB remains strongly
sorbed, because of its strong interaction with Na+ ions. The
two other TMBs are not adsorbed in large amounts on m
denite because of their large molecular diameter.

On the acidic sample, the study of adsorption was
possible under the same conditions because the rea
started at temperatures above 473 K. It was therefore
formed at 298 K in the classical quartz in situ cell.
that temperature, the terminal silanol groups give an
frared band at ca. 3745 cm−1, whereas theν(OH) vibration
band for acidic OH groups in mordenite has three com
nents[11,19]: the high-frequency component (3610 cm−1)
is assigned to unconstrained acidic hydroxyls corresp
ing to sites O7H in the main channels of the porous stru
ture; the low-frequency component (3595 cm−1) is assigned
to constrained acidic O9H groups in the side pockets; th
intermediate component is due to unconstrained pro
in sites O2H, located at the opening of the side poc
and pointing in the main channels. Upon adsorption (T =
ll

n
-

298 K, Pequilibrium = 3 mbar), the interaction takes pla
through hydrogen bonding with acidic hydroxyls (361
3605 cm−1) and terminal silanols. To characterize only t
interaction with acidic hydroxyls, we corrected all of t
spectra from the specific hydrogen bonding with term
silanols. The spectra obtained after each product adsor
over H0Na100MOR at 298 K presented not only bands d
to an interaction with Na+ cations but also bands due to
interaction through hydrogen bonding with silanols. Th
last spectra were thus used for correction, and we man
to isolate the specific interaction of each product with
acidic hydroxyls of H100Na0MOR. For every adsorbed com
pound, the OHconst were unperturbed at 298 K, confirmin
the strongly restricted access to side pockets at that tem
ature. We have to stress that OHconst remain out of reach o
aromatic molecules only if the zeolitic structure is perfec
preserved. Access to the side pockets can be strongly m
fied by thermal treatment, for example, if the heating is fa
than 1 K min−1 [20].

The percentage of Brønsted acid sites accessible to
product was then obtained from the ratio between the i
grated absorbances of interacting hydroxyls at equilibr
and free hydroxyls before any adsorption. The first l
(�AOH/AOH) in Table 3 illustrates the “gross” value ob
tained when the nature of the interacting hydroxyls is
taken into account. If we consider that the wavenumbe
interacting hydroxyls (3610–3605 cm−1) is typical for un-
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tion
Fig. 3. Reaction ofo-xylene over H24Na76MOR at 623 K and WHSV= 15 h−1. (A) Evolution of xylene conversion, and isomerization and disproportiona
yields with time on stream. (B) Comparison between toluene and TMB yields (outlet gas products measured by gas chromatography).
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constrained hydroxyls[11], we need to correct this valu
taking into consideration both the partition of the who
hydroxyls on their various sites and their respective ext
tion coefficients. For this purpose, as was described in
Introduction, sites O7H close to the main channel wal
and O2H sites at the intersection between main chann
and side pockets can be grouped as unconstrained hy
yls (OHunconst). Their population was allowed to vary b
tween 2/3 and 3/4 of the overall hydroxyl amount accord
ing to Ref.[11]. The last OHconst located at the end of th
side pockets were given an extinction coefficientε(OHconst)
such asε(OHconst) = 1.52ε(OHunconst), as was proposed b
Makarova et al.[15]. The amounts of perturbed OH we
then estimated from mathematical treatment of the qua
tative data; the results are summarized inTable 3, includ-
ing the percentages of OH interacting upon adsorption
the fraction of the whole heterogeneous OH groups (sec
line) and for the fraction of the accessible OHunconstgroups
(third line). According to their molecular dimensions, co
pounds such aso-xylene,m-xylene, and 1,2,4-TMB offe
access to the lowest part of acidic hydroxyls (around 4
of the overall amount). When the kinetic diameters of
compounds decrease (p-xylene and toluene), their acces
bility to Brønsted acid sites increases, but the whole
constrained hydroxyl is never consumed (only 86% is
maximum value for toluene). We must conclude that fr
both qualitative and quantitative considerations, the OHconst
acidic sites located at the end of the side pockets are
accessible at 298 K to the products engaged ino-xylene con-
version. Moreover, we have to report a different ranking
adsorption capacity over H0Na100MOR at 623 K (o-xylene
as the main adsorbed product on Na+) and H100Na0MOR at
298 K (toluene as the main product interacting with hydr
yls). Finally, we would like to note that it was not possib
to compare the adsorption capacities in one specific p
uct for the two extreme samples of our series because
experimental conditions were not comparable; neverthe
as the total microporous volume increases with the repl
ment of Na+ cations by acidic hydroxyls (Table 1), we
would expect an increasing adsorption capacity with the
droxyl amount at least for the smallest molecules, suc
toluene.
-

3.3. Operando study

Sample H24Na76MOR contains only a small amount o
Brønsted sites, and its catalytic activity is low. We used i
simplify the operando approach by working at low conv
sion to limit coke formation.Fig. 3A shows the conversio
of o-xylene at 623 K and the corresponding yields measu
by GC. The conversion goes through a maximum (∼ 35%)
after the first minutes (induction period) and rapidly sta
lizes at half of that value. The yield of isomerization displa
the same behavior, whereas the yield of disproportiona
(calculated from toluene+ TMBs) is initially low (∼ 5%)
and falls to zero rapidly, although disproportionation is
main thermodynamic path, as it can be calculated from t
modynamics tables[21]. The low selectivity for dispropor
tionation can be explained by steric constrains and kin
limitations (the activation energy is higher for disprop
tionation than for isomerization[22]). Some other authors
working at higher space velocity (200 h−1), did not observe
the induction period[23]. Such a phenomenon was report
however, in the case of di-ethyl-benzene disproportiona
on H–Y zeolite[24]. The induction period was then due
a default of di-ethyl-benzene in the gas phase, which
authors explained by the time needed to reach adsorp
equilibrium between reactants and products[25]. In our ex-
periment, we do observe a default in gaseous total T
amount (by GC) during the induction period, compared w
the amount of toluene produced (Fig. 3B); the expected val
ues are theoretically identical. Integrating the amount o
time on stream, we determined a default of 120 µmol TM
per gram of catalyst (H24Na76MOR), which is compatible
with the adsorption capacity (750 µmol pyridine per gram
H100Na0MOR [11]). The induction period is thus due to
fast initial adsorption of TMB on the catalyst.

Fig. 4A reports the main infrared spectra for adsorb
species at selected reaction times. Very few data are avai
in the literature concerning adsorption equilibrium under
action conditions.o-Xylene is obviously the major compo
nent of the gas phase in the reactor at the beginning o
reaction, because the conversion is then very low (22% a
1 min on stream). In agreement with the results inTable 2,
we therefore assign too-xylene the infrared band visibl
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adsorbed
Fig. 4. Infrared spectra (ν19b vibration) of adsorbed species after selected times on stream (A) and evolution of the infrared intensities relative to
toluene and 1,2,4-TMB with time on stream (B) duringo-xylene conversion over H24Na76MOR at 623 K and WHSV= 15 h−1.
re

tion
-
be

ently
dis-
e
es a
re-

d
B
m-
te
d
g
nd
last

o

ur-
thos
es-
-
ium
e o
m

ed
ly-

de-
uilds
hese

ad-

in
nd
-
n-
ad-
e
test
t
gas
cted
ing
, the
cture
e

ith
the
d 3 h
ad-
m

r
se-
am-
the
c-
3 h,
but
ac-
ver-

-

at 1482 cm−1 after 30 s of reaction (Fig. 4A). After a few
minutes, a band at 1506 cm−1 becomes the main featu
in the spectrum. Assigning this band to thep-xylene ν19b
vibration, as would be suggested by our results at reac
temperature on the sodium sample (Table 2), seems impos
sible sincep-xylene is a secondary product that can only
formed by isomerization ofm-xylene, itself obtained from
o-xylene[5]

o-xylene� m-xylene� p-xylene.

There has been a bimolecular mechanism reported rec
for isomerization by transalkylation between xylene and
proportionation products[22,26], but this reaction can tak
place only in large pores, after disproportionation reach
high yield, and it can probably be ruled out here. We the
fore assigned the 1506 cm−1 band to 1,2,4-TMB, which led
to a band at 1496 cm−1 when 1,2,4-TMB was adsorbe
on H0Na100MOR. As we already mentioned, 1,2,4-TM
is quickly adsorbed in significant amounts on our sa
ples (Fig. 2). Moreover, the di-aryl-methane intermedia
to the formation of 1,2,4-TMB is preferentially stabilize
in mordenites[6], and 1,2,4-TMB is then favored amon
TMB isomers in this zeolite by both thermodynamics a
structural considerations. At the end of the reaction, a
infrared component appears at 1493 cm−1, which we as-
sign to theν19b vibration in toluene (it was at 1489 cm−1

on H0Na100MOR). Them-xylene isomer is probably als
present and contributes to the intensity of theo-xylene band
at 1482 cm−1, but p-xylene is never detected on the s
face. The differences in frequencies between these and
on H0Na100MOR are certainly due to the simultaneous pr
ence of acidic OH groups and Na+ ions. Finally, as we ex
pected, no coke deposit was observed on this high-sod
sample at low conversion, as indicated by the absenc
the typical infrared coke bands around 1585 and 1354 c−1

[27].
The evolution with time of the amount of adsorb

1,2,4-TMB as deduced from quantitative infrared ana
sis (1506 cm−1 band) is shown inFig. 4B. This amount
e

f

clearly increases during the induction period, and it
creases later on, when a significant amount of toluene b
up on the surface. The model we propose, to take t
observations into account, is based on a competitive
sorption of reactants and products. In a first step,o-xylene
adsorbed to H24Na76MOR is transformed into three ma
products: (i)m-xylene, which contributes to the same ba
at 1482 cm−1 as o-xylene and the intensity of which in
creases; (ii) toluene; and (iii) 1,2,4-TMB. Disproportio
ation products compete with each other (with various
sorption kinetics) and witho-xylene for adsorption. Th
1,2,4-TMB isomer is strongly adsorbed and is also the fas
to adsorb (as we have seen inFig. 2). Toluene does no
build up so quickly in the pores and stays mainly in the
phase. Thus, during the first 3 min, toluene is not dete
on the surface and 1,2,4-TMB is lacking in the outgo
gas phase. In a second step, after 3-5 min on stream
yield for disproportionation decreases because the stru
is saturated with aromatic rings on Na+ cations. At the sam
time, toluene eventually reaches adsorption equilibrium w
1,2,4-TMB, and no further TMB default is measured in
gas phase. In the last step of the reaction, between 1 an
on stream,m-xylene progressively adds to the amount of
sorbed xylene, and the intensity of the band at 1482 c−1

still increases.

3.4. Catalytic role of the OH groups

Fig. 5 shows the changes inν(OH) vibration bands afte
1 min or 3 h on reactant stream at 573 K for the whole
ries of catalysts. Whatever the hydroxyl amount in the s
ple, only a weak part (high wavenumber component) of
whole infraredν(OH) signal disappears after 1 min of rea
tion. When the time on stream is increased from 1 min to
the amount of consumed hydroxyls increases slightly,
their wavenumber always remains high. Only the most
cessible acid sites seem to be efficient for the xylene con
sion. We have effectively shown (Table 3) that, at room tem
perature, only OHunconstare accessible to reactants. OHconst
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Fig. 5. Infrared spectra in theν(OH) vibration region for selected
HxNa100− xMOR samples at 573 K: (—) before reaction and (· · ·) after
1 min reaction (left part) or 3 h reaction (right part). Spectra in dotted l
(- - -) correspond to the subtraction between (—) and (· · ·) and represen
the hydroxyls consumed during the reaction time. In the bottom right h
corner are superimposed the expected spectra for the OHunconst(high fre-
quency one) and the OHconst(low frequency one) at 573 K before reactio
which are obtained from the deconvolution procedure described in the

in the side pockets are out of reach for adsorbed spe
However, we need to assess this point under reaction co
tions at higher temperature. The decomposition of theν(OH)
band into its components at 573 K was carried out accor
to a procedure described in the literature[15], which was
modified as described in the Experimental section to t
into account the higher temperature. The decomposition
sults are summarized in the bottom right corner ofFig. 5.
The left peak is relative to the OHunconst (high-frequency)
component, and the right peak is relative to the OHconst
(low-frequency) component. The relative intensities and
sitions of both components (for OHunconstand OHconst) are
significantly modified by heating[28], but OHconst (signal
at lower wavenumber) are never perturbed by any adso
species. Even on H100Na0MOR, after 3 h on stream at 573 K
OHconst, located at the end of the side pockets, remain
of reach for adsorbed species present on the catalyst.
OHunconstin the main channels or at the opening of the s
pockets are accessible to reactants and can be active
reaction.

3.5. Compared selectivities

Comparing selectivities for various catalysts in the sa
reaction is possible only at isoconversion, since the leve
secondary reactions is higher as conversion increases
.
-

e

e

Fig. 6. Evolution of the selectivity in disproportionation products with
acidic hydroxyls content for isoconversion (42%) conditions obtained
ing the first instants of reaction at 573 K. The denomination of the v
ous hydroxyls and Na+ cations describes their location and is taken fr
Ref. [11].

only published study of this reaction on a series of m
denites with various sodium exchange levels under iso
version conditions was done with varying temperature[4],
but the temperature influences both kinetics and therm
namics parameters.Fig. 6 shows the results we obtaine
when working under isoconversion conditions (42% o
fresh catalysts measured during the first 3 min of reac
in the presence of a negligible amount of coke) achieved
modification of the space velocities at constanto-xylene par-
tial pressure. Selectivity for disproportionation is very lo
when only a small amount of OH groups is present (in
main channels). It rises significantly above 30% OH gro
(30% exchange of Na+ for H+), which corresponds to th
first O2H groups appearing at the intermediate position
the opening of the side pockets, pointing in the main ch
nels[11]. This selectivity increases linearly with the amou
of acid sites up to 60%, but then it reaches a plateau an
no longer influenced when OHconstgroups appear in the sid
pockets. Therefore, the acidic hydroxyls located on site O9H
(at the end of the site pockets) are not responsible for
proportionation reaction, contrary to what was propose
the literature[4,7]. This last result is consistent with our o
servation that OHconstare never consumed during catalys
Considering the distribution in disproportionation produc
we observe a continuous increase in TMB selectivity w
an exaltation for acidic hydroxyl content higher than 60
In contrast, the toluene selectivity falls when the last sod
cations are replaced by acidic OHconst. Probably because o
the cumulative inductive effects of the three methyl grou
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Fig. 7. Evolution of theo-xylene conversion together with isomerizati
and disproportionation yields with the acidic hydroxyls content when
reaction is conduced at constant space velocity (WHSV= 15 h−1) at 623 K.
Data reported were obtained after 2 min reaction.

the TMBs are preferentially (and strongly) adsorbed on
cessible Na+ ions, in the main channels or at the open
of the side pockets, whereas toluene becomes the mai
sorbed molecule when only acid sites are present. Indee
we have seen inFig. 2, adsorption capacities for TMB an
toluene are similar on H0Na100MOR, whereas the amoun
of perturbed OH groups in H100Na0MOR is higher upon ad
sorption of toluene rather than TMB (Table 3).

To summarize, we have clear indications that active s
for disproportionation are the intermediate O2H groups, lo-
cated at the opening of the side pockets, whereas O7H sites
in the main channels (when alone) are selective for isom
ization. Considering the evolution of the acid strength w
cationic exchange, we recently showed that the presen
sodium cations had very little influence on the strength
unconstrained hydroxyls[29]. Moreover, probing the acidit
with small molecules such as CO[9,29] or acetonitrile[30]
never allowed us to distinguish different signals due to O7H
or O2H. The acid strengths for these two distinct hydrox
must then be considered to be similar. The differences in
alytic role are due rather to the larger space made avai
at the opening of the side pockets when the corresp
ing cation is removed. When a sodium cation is presen
this location, the available space only allows monomo
cular isomerization. The increased space after remova
the cation at the opening of the side pockets, together
the induced higher concentration of unconstrained hyd
yls, allows the bimolecular disproportionation to take pla
An overall increase in the microporous volume is actu
noticed during the exchange process (Table 1), which can
account for some of the modifications of the catalyst ac
ity. We report inFig. 7the evolution of the initial yields (afte
2 min on stream) with the acidic hydroxyl amount (const
space velocity: WHSV= 15 h−1 at 623 K). It is obvious
from this figure that the overall catalyst initial activity
accentuated for acidic hydroxyl amounts higher than 6
The initial disproportionation yield increases more than
isomerization yield. This result is consistent with the
parent higher disproportionation selectivity for constrain
hydroxyls when no precaution is taken for working un
-
s

f

isoconversion conditions. The substitution of the last N+
cations on sites A–Na(I) at the end of the side pockets
acidic hydroxyls (O9H) has a positive effect on the cataly
activity, increasing the space-demanding disproportiona
reaction in particular. We previously showed that the aci
of these new constrained acidic hydroxyls (O9H) was never
engaged in catalysis, and, moreover, the replacement o
last Na+ by these new O9H does not affect the acid streng
of the “working” unconstrained hydroxyls (O7H and O2H).
We thus propose an indirect effect: (i) the free volume ins
the mordenite micropores increases with the ionic repl
ment of Na+ by H+; (ii) when no more Na+ cations remain
the strong interaction with the bulky TMB molecules disa
pears and the diffusion/desorption of the reaction prod
becomes easier; and (iii) the space-demanding dispro
tionation reaction is then favored because of the increa
the overall conversion. These conclusions are only valid
the initial activities (i.e., working with fresh catalysts) b
cause when the time on stream is increased, the void vo
inside the micropores is progressively filled by depos
coke [23,29], which influences the reaction selectivities
the same way as adsorbed TMB molecules over Na+ cations.

4. Conclusions

The first part of this work was devoted to the determi
tion of the infrared bands typical of each product obser
during xylene conversion under conditions as close as
sible to the reaction conditions. Evaluation of the adsorp
capacities in each conversion product for the pure sod
form and the pure acidic form was also undertaken.
managed to give evidence of a strong and fast interac
of the most substituted aromatic ring (TMB) with the N+
cations. However, the overall adsorption capacities of 1,
TMB and toluene over H0Na100MOR are the same under th
reaction conditions. On the other hand, toluene is the m
adsorbed species at 298 K over the H100Na0MOR containing
the highest microporous volume. These preliminary s
ies enabled us to identify the adsorbed species observe
operando FTIR spectroscopy during the catalytic react
Thus we were able to explain the TMB deficit measured d
ing the on-line outlet gas phase analysis for Na+-containing
catalysts: 1,2,4-TMB is preferentially adsorbed during
first instants of reaction, as was shown following the evo
tion of the surface catalysts during time on stream. Stud
the evolution of the consumed hydroxyls when the reac
proceeds, we could then ensure that the constrained hy
yls located at the end of the side pockets (O9H) and giv-
ing rise to the low-frequencyν(OH) component are neve
implied in the catalytic act. We then compared under
conversion conditions the evolution of the selectivities
disproportionation products with the amount of acidic
droxyls and their localization. We concluded that the fi
hydroxyls introduced by ionic exchange and located on s
O7H close to the main channel walls are selective for isom
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ization (when alone). When the ionic exchange goes on,
acidic hydroxyls are generated on sites O2H whose presenc
leads to a selective catalyst in the disproportionation re
tion. Heterogeneity in acid strength between O7H and O2H
was never indicated by basic probe molecule adsorption
we propose that the high selectivity for the space-deman
disproportionation reaction is due to an increase in the c
centration of unconstrained hydroxyls and in the free volu
available when the Na+ cations on site D–Na(IV) are re
placed by O2H. When the last O9H are created at the end
the side pockets, the isomerization/disproportionation r
remains constant and only the distribution in disproporti
ation products is modified, thus producing a modificat
in the catalyst adsorption properties. Finally, we obser
that the initial activity of our mordenite samples strongly
creases when “nonworking” unconstrained O9H are presen
inside the structure. As they do not participate in the reac
from an acidic point of view, we suggest that their appe
ance, which corresponds to a strong increase in the m
porous volume, favors product diffusion/desorption and
a consequence increases the overall conversion, leadi
disproportionation selectivity enhancement.
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