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Toluene  alkylation  with  isopropyl  alcohol  was  used  as  a model  reaction  to  investigate  the  effect  of  UTL-
type  layer  connectivity  in  a series  of  isoreticular  zeolites  and  related  zeolitic  materials.  All  prepared
catalysts  possess  the  same  structure  of the  layers  but their  connectivity  differs  from  amorphous  pil-
lars  (IPC-1PI),  double-four-rings  (UTL), single-four-rings  (IPC-2  = OKO, International  Zeolite  Association
code),  oxygen  bridges  (IPC-4  = PCR),  or their  combinations  (IPC-6  and  IPC-7).  X-ray  powder  diffraction,
scanning  electron  microscopy,  and  nitrogen  adsorption  isotherms  were  employed  to characterize  struc-
TL
DOR zeolites
CR
KO
oluene alkylation
PC zeolites

tural and textural  properties  of the  studied  catalysts.  Deuterated  acetonitrile  was  adsorbed  on  catalysts  to
determine  the  concentrations  and type  of  individual  acid sites.  Toluene  alkylation  with  isopropyl  alcohol
evidenced  that  toluene  conversion  increases  with  increasing  size  of  zeolite  channels.  Simultaneously,
selectivity  in  cymenes  increased  as open  structure  of  these  catalysts  did  not  present  optimum  reaction
volume  for the  bimolecular  reaction  of cymenes  with  toluene  to  n-propylbenzenes.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Zeolites are the most important catalysts not only due to their
arge-scale applications but also as model catalysts for different
ypes of reactions [1–3]. Activity and selectivity of zeolites are
traightforwardly related to the size and connectivity of channels
n a zeolite framework and to their chemical composition, control-
ing the type, concentration, location, and strength of acid sites.
o tailor both textural and chemical properties of zeolites, many
ifferent approaches have been proposed [4–7].

Recently, we have developed a novel methodology for the
eolite synthesis based on a top-down protocol called ADOR
Assembly–Disassembly–Organisation–Reassembly) [8]. This new
ynthetic protocol includes synthesis of an appropriate zeolite (A),
ts chemically selective decomposition with preservation of the
ndividual UTL layers (D), organization of the layers (O), and last
Please cite this article in press as: N. Žilková, et al., The effect of UTL laye
in toluene alkylation, Catal. Today (2015), http://dx.doi.org/10.1016/j.

ut not least their reassembly by condensation providing a new
eolite (R). It was exemplified on germanosilicate UTL, which can
e chemically and regio-selectively hydrolysed into IPC-1P layered

∗ Corresponding author at: J. Heyrovský Institute of Physical Chemistry, Academy
f  Sciences of the Czech Republic, 182 23 Prague 8, Czech Republic.

E-mail address: jiri.cejka@jh-inst.cas.cz (J. Čejka).

ttp://dx.doi.org/10.1016/j.cattod.2015.09.033
920-5861/© 2015 Elsevier B.V. All rights reserved.
material [8,9]. The nanosheets preserve the original UTL layer struc-
ture and they are connected together only via a net of hydrogen
bonds [10,11]. Several post-synthetic treatments were proposed to
adjust the interlayer distance and to manipulate the individual lay-
ers [9,12–14]. When optimized conditions are applied, several new
zeolites can be synthesized possessing the same intra-layer con-
nectivity but differing in how the layers are joined together, caused
by controllable introduction of connecting units like double-four-
ring (D4R), single-four-ring (S4R), and/or oxygen bridges [8]. This
family of zeolites forms an isoreticular series; a set of materials
with the same overall topological features but different size pores.
This shows that substantial extension of zeolite structures can be
achieved by using relatively labile zeolites like germanosilicate
UTL and application of the ADOR protocol [6]. The ADOR principal
was demonstrated also on other germanosilicates, e.g. IWW,  ITH,
ITR, IWR  [15,16], and overviewed in the recently published review
paper [8].

This contribution is focused on the catalytic behaviour of a
series of zeolites prepared from parent UTL and having the same
(UTL) layer topology but different inter-layer connectivity. Table 1
r connectivity in isoreticular zeolites on the catalytic performance
cattod.2015.09.033

addresses zeolites under investigation and their channel entrances.
Toluene alkylation with isopropyl alcohol is followed with respect
to toluene conversion, selectivity to cymenes and n-propyltoluenes
and para-selectivity.
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Table 1
Structural parameters of zeolites derived from germanosilicate UTL and stud-
ied  in this paper. In the structure figures the blue points represent the
connecting units or amorphous SiO2 in the case of IPC-1PI, while red points
indicate the intra-layer atoms (* D4R = double-four-ring, S4R = single-four-
ring).
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Reactions of aromatic hydrocarbons are not only important
ndustrial processes catalyzed by zeolites but they are frequently
sed for characterization of zeolites [17–19]. Toluene alkylation
ith isopropyl alcohol was chosen as a model reaction because

electivities to individual reaction products reflect in a high extent
he effect of size and connectivity of the zeolite channel systems
20]. While the first alkylation step provides exclusively isopropyl
oluenes, the second reaction step can involve isomerization, sec-
ndary alkylation but also bimolecular transalkylation between
sopropyl toluene and toluene. This reaction is of a particular impor-
ance as it proceeds mostly in 10-ring (10-R) intersecting channels
nd thus it can provide a valuable information about the zeolite
hannel intersections [21].

. Experimental

.1. Material synthesis

Zeolites MFI  and BEA used as commercial catalysts were
urchased from Zeolyst and used after four-times repeated ion-
xchange with 0.5 M NH4NO3 solution.

Zeolite UTL containing aluminium was prepared according to
he procedure described in the literature [22]. The pure germanosil-
cate UTL was prepared according to Refs. [22,23] and used as the
tarting material for the post synthesis alumination of IPC zeo-
ites according to the following procedure. 1 g of calcined UTL
with Si/Ge molar ratio 4.4) was hydrolysed with the mixture of
50 ml  1 M CH3COOH and 100 ml  0.5–2 M Al(NO3)3. The mixture
as stirred under reflux at 85–95 ◦C for 16 h. The solid was  filtered

nd thoroughly washed with water and 0.1 M HCl. The resultant
luminated IPC-1P was used for the synthesis of IPC-1PI, IPC-2 and
PC-4 as follows:

For the synthesis of IPC-1PI, 1 g of IPC-1P was first swollen with
20 ml  of 20 wt% cetyltrimethylammonium hydroxide solution
Please cite this article in press as: N. Žilková, et al., The effect of UTL laye
in toluene alkylation, Catal. Today (2015), http://dx.doi.org/10.1016/j.

(C16TMA-OH) by stirring at ambient temperature for 16 h. The
IPC-1SW was then treated with TEOS (for 1 g of zeolite 50 ml
TEOS) at 85 ◦C for 16 h. The resulted solid was hydrolysed in water
and then calcined at 550 ◦C for 6 h. For more details see Ref. [24].
 PRESS
ay xxx (2015) xxx–xxx

• For the synthesis of IPC-2, 1 g of IPC-1P was  heated with 10 g of
1 M HNO3 and 0.2 g of diethoxydimethysilane at 175 ◦C for 16 h
and subsequently calcined at 650 ◦C for 6 h [9].

• For the synthesis of IPC-4, 1 g of IPC-1P was treated with 13.5 g
of neat octylamine at 60 ◦C for 16 h and subsequently calcined at
650 ◦C for 6 h [9].

IPC-6 was  prepared in two  following steps: 1 g of calcined UTL
(with Si/Ge ratio 4.4) was  hydrolysed with 150 ml  of 1 M CH3COOH
and 100 ml  of 1.6 M Al(NO3)3 at 85 ◦C for 16 h. The solid was fil-
tered, washed with water, dried and subsequently treated with
octylamine (per 1 g of zeolite 13.5 g of octylamine) at 60 ◦C for 16 h.
The final product was  calcined at 650 ◦C for 6 h.

IPC-7 was  prepared in two  following steps: 1 g of calcined UTL
(with Si/Ge ratio 7.4) was  hydrolysed with 100 ml  of 3 M Al(NO3)3
at 80 ◦C for 2 h. The solid was  isolated by filtration, dried and again
hydrolysed with 100 ml  of 1 M Al(NO3)3 under the same conditions.
The final product was separated by filtration, dried and calcined at
550 ◦C for 6 h.

2.2. Characterization

The structure and crystallinity of the zeolites were determined
by X-ray powder diffraction using a Bruker AXS D8 Advance
diffractometer equipped with a graphite monochromator and a
position sensitive detector Våntec-1 using Cu K� radiation in
Bragg–Brentano geometry.

Nitrogen adsorption/desorption isotherms were measured on
a Micromeritics GEMINI II 2370 volumetric Surface Area Ana-
lyzer at −196 ◦C to determine surface area, pore volume and pore
size distribution. Before the sorption measurements, all samples
were degassed in a Micromeritics FlowPrep 060 instrument under
helium at 300 ◦C (heating rate 10 ◦C/min) for 4 h. The specific sur-
face area was  evaluated by BET method using adsorption data in
the range of a relative pressure from p/p0 = 0.05 to p/p0 = 0.25. The
t-plot method was applied to determine the volume of micropores
(Vmic). The adsorbed amount at relative pressure p/p0 = 0.98 reflects
the total adsorption capacity (Vtot).

The concentration and the type of acid sites were determined
by adsorption of acetonitrile as a probe molecule followed by FTIR
spectroscopy (Nicolet 6700 FTIR with DTGS detector) using the
self-supported wafer technique. Prior to adsorption of the probe
molecule, self-supported wafers of zeolite samples were activated
in situ by overnight evacuation at temperature 450 ◦C. CD3CN
adsorption proceeded at room temperature for 30 min  at equi-
librium pressure 5 Torr, followed by 30 min  degassing at room
temperature. To obtain quantitative analysis, the molar absorption
coefficients for CD3CN adsorbed on Brønsted acid sites (�(C N)-
B at 2297 cm−1, �(B) = 2.05 ± 0.1 cm �mol−1) and strong and weak
Lewis acid sites (�(C N)-L1 at 2325 cm−1 �(CN)-L2 2310 cm−1,
�(L) = 3.6 ± 0.2 cm �mol−1) were used [25]. Integral intensities of
individual bands were used and spectra were normalized to the
wafer thickness 10 mg  cm−2.

2.3. Catalytic experiments – toluene alkylation

The catalytic behaviour of novel zeolites was  tested in toluene
alkylation with isopropyl alcohol and compared with the com-
mercial MFI  and BEA zeolites. The reaction was investigated in a
down-flow glass micro-reactor with a fixed bed of catalyst under
atmospheric pressure. Before the catalytic run, zeolite catalysts
were activated at 500 ◦C in nitrogen stream for 120 min. The alkyl-
r connectivity in isoreticular zeolites on the catalytic performance
cattod.2015.09.033

ation of toluene was  performed at 250 ◦C with toluene to isopropyl
alcohol (Tol/i-PrOH) molar ratio of 9.6 and WHSV based on toluene
equal to 10 h−1. The reaction products were analyzed using an “on-
line” gas chromatograph (Agilent 6890 Plus) with flame ionization

dx.doi.org/10.1016/j.cattod.2015.09.033
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Fig. 1. Powder XRD pattern of UTL zeolite and all IPC zeolites.

etector and a high-resolution capillary column. The first analy-
is was performed after 15 min  of time-on-stream (T-O-S) and the
ther followed in approx. 55 min  interval.

. Results and discussion

.1. Characterization of catalysts

In the case of zeolites UTL, IPC-2, IPC-4, IPC-6 and IPC-7 the pow-
er XRD patterns (Fig. 1), adsorption–desorption isotherms (Fig. 2),
nd SEM images (Fig. 3) evidence the highly crystalline, purely
icroporous materials without any amorphous phase. Zeolite IPC-

 has the same connectivity but different symmetry as zeolite OKO
26] and zeolite IPC-4 was given the IZA code PCR. Zeolites UTL, IPC-

 and IPC-4 contain only one type of 2-dimensional channel system
hile zeolites IPC-6 and IPC-7 have a unique combination of two
ifferent 2-dimensional pore systems (see Table 1). The common
haracter of the layers in new zeolites is confirmed by the similar
rofile of intra-layer reflections (Fig. 1). On the other hand, their
Please cite this article in press as: N. Žilková, et al., The effect of UTL laye
in toluene alkylation, Catal. Today (2015), http://dx.doi.org/10.1016/j.

iversity in the inter-layer connectivity is reflected in the posi-
ion of the main peak attributed to the inter-layer d-spacing. In our

aterials its position represents the average inter-layer d-spacing
s some of the zeolites, particularly IPC-6 and IPC-7, have two
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ig. 2. Adsorption–desorption isotherms of nitrogen measured at −176 ◦C of inves-
igated zeolites, the solid points denote desorption branch.
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distinct inter-layer distances depending on the size and occur-
rences of connecting unit (see Table 1). With the decreasing average
inter-layer distance (from UTL towards IPC-4) the main peak is
gradually shifted to higher 2� values.

UTL and all new zeolites show the same type I of
adsorption–desorption isotherms typical for purely microporous
materials (Fig. 2). Their micropore volume and the total BET area
decrease with the decreasing size of the inter-layer connect-
ing units following the order UTL > IPC-7 ≈ IPC-2 > IPC-6 ≈ IPC-4
(Table 2). In the ideal case, the zeolites are supposed to follow the
order UTL (with 100% of D4Rs connections) > IPC-7 (with ∼50% of
D4Rs ∼50% S4Rs) > IPC-2 (with 100% of S4Rs) > IPC-6 (with ∼50%
of S4Rs and ∼50% of oxygen bridges) > IPC-4 (with 100% of oxy-
gen bridges). The similarity in the determined textural properties
of IPC-7 vs. IPC-2 and IPC-6 vs. IPC-4 zeolites can be attributed to
some local disorder or layer mismatch present in IPC-7 and IPC-6
materials as observed by TEM [27]. Conversely, IPC-2 and IPC-4 are
almost perfectly ordered zeolites without any obvious structural
defects [9].

On the other hand, the hybrid pillared IPC-1PI material does
not exhibit any microporosity but a large mesopore voids created
by amorphous SiO2 pillars in between layers. The silicate layers
(of thickness about 0.9 nm)  possess neither intra-layer zeolite-like
channels nor inter-layer pores. The presence of pillars is clearly
detected by an intense reflection in the low angle area in its powder
XRD pattern as well as by increased total pore volume (0.594 cm3/g)
and BET area (970 m2/g) indicating material with highly accessi-
ble layer surface (Fig. 2). The specific shape of its isotherm, the
steep increase in the nitrogen uptake up to 0.3 p/p0, indicates the
presence of small mesopores with sizes smaller than 4 nm [28,29].

The parent UTL zeolite crystallizes in the ultrathin plate-shape
crystals with diameters at least 10 �m × 10 �m and thickness less
than 0.1 �m (Fig. 3). The daughter zeolites IPC-2, IPC-4, IPC-6 and
IPC-7 exhibit the same crystal morphology and size mostly without
any noticeable changes indicating that the hydrolysis conditions
and other post-synthetic treatments do not affect the overall crys-
tal morphology. The AFM study confirmed that the zeolites do not
undergo the dissolving and recrystallization mechanism during the
ADOR protocol [30]. In contrast, the pillared IPC-1PI sample show
more aggregated microplates with signs of a partial dissolution as
the microplates are broken and slightly damaged (Fig. 3) [31]. This
is likely to be caused by the swelling treatment in the highly basic
environment.

For the catalytic test, the zeolites were prepared in their alu-
minosilicate forms. Infrared spectroscopy in combination with
d3-acetonitrile was employed to characterize the type and concen-
tration of acid sites in the catalysts. d3-Acetonitrile was  chosen as a
probe molecule as its kinetic diameter allows penetration into the
8-ring channels in contrast to the more frequently used pyridine,
which cannot enter 8-ring or certain 10-ring channels.

The infrared spectra of all catalysts after activation at 450 ◦C and
after adsorption desorption cycle with d3-acetonitrile are depicted
in Figs. 4 and 5. Figs. 4A and 5A show typical vibrations of zeolitic
materials in hydroxyl region consisting of a band around 3745 cm−1

commonly assigned to silanol groups and around 3610–3620 cm−1

being characteristic for vibrations of acidic OH groups in Si OH Al
bridges.

The most intense bands around 3745 cm−1 were observed in the
case of IPC-1PI and also zeolite Beta. A high concentration of silanol
groups is characteristic for pillared materials with amorphous silica
pillars, and zeolite Beta also usually possesses a high concentration
of these groups. In contrast, the intensity of the band of bridging
r connectivity in isoreticular zeolites on the catalytic performance
cattod.2015.09.033

OH groups depends strongly on the concentration of Al forming
Brønsted acid sites.

Adsorption of d3-acetonitrile resulted in a complete disappear-
ance of Brønsted acid sites, evidences that all sites of this type

dx.doi.org/10.1016/j.cattod.2015.09.033
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Fig. 3. The SEM pictures of parent UTL zeolite, IPC-2 zeolite representing all daughter’s zeolites as their morphology do not substantially change, and the hybrid pillared
material IPC-1PI.

Table 2
The physicochemical properties of commercial zeolites and investigated UTL and IPC catalysts.

Material BET (m2/g) Vtotal (cm3/g) Vmicro (cm3/g) cBrønsted (mmol/g)a cLewis (mmol/g)a Si/Ala

BEA 619 0.347 0.254 0.330 0.190 23
MFI  423 0.252 0.160 0.287 0.110 32
UTL  560 0.301 0.232 0.037 0.109 64
IPC-1PI  970 0.594 – 0.008 0.089 89
IPC-2  390 0.196 0.159 0.131 0.106 48
IPC-4  247 0.125 0.105 0.080 0.141 45
IPC-6  235 0.113 0.098 0.107 0.165 37
IPC-7  388 0.216 0.160 0.141 0.496 13
IPC-2  375 0.217 0.150 0.074 0.065 81
IPC-2  – – – 0.041 0.055 109

a Determined based on d3-acetonitrile adsorption studied by FTIR.
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ig. 4. FTIR spectra of commercial BEA and MFI  zeolites, UTL and pillared IPC-1PI
efore (ba) and after (aa) adsorption of d-acetonitrile, region of hydroxyl vibration
A), region of d3-acetonitrile vibration (B).

re accessible for the probe molecule. In contrast, new absorp-
ion bands appeared in the area of nitrile groups. Interaction of
3-acetonitrile with Brønsted acid sites leads to the formation of
n absorption band around 2300 cm−1 and with Lewis acid sites
round 2325–2330 cm−1. In some samples one can also observe

 band around 2270–75 cm−1 attributed to interaction of d3-
cetonitrile with silanol groups.

Due to the complexity of the synthesis protocols for individual
PC-type catalysts, the concentrations of Al differ in the individ-
al samples and also the Brønsted to Lewis acid site ratio is rather
ifferent (Table 2). The parent UTL zeolite can be prepared only
ith a limited aluminium content [22], here the Si/Al molar ratio
as determined to be 64. IPC-2, IPC-4 and IPC-6 zeolites have Si/Al
Please cite this article in press as: N. Žilková, et al., The effect of UTL laye
in toluene alkylation, Catal. Today (2015), http://dx.doi.org/10.1016/j.

atio in the range 37–48. The highest aluminium content (Si/Al 13)
as detected for IPC-7 zeolite with obvious dominancy of Lewis

cids sites. Its FTIR spectrum indicates the presence of some extra-
ramework aluminium. Unlike in other synthetic procedures, the
Fig. 5. FTIR spectra of IPC-2 (with Si/Al 48), IPC-4, IPC-6 and IPC-7 before (ba) and
after (aa) adsorption of d-acetonitrile, region of hydroxyl vibration (A), region of
acetonitrile vibration (B).

final IPC-7 solid was  not washed with HCl solution to remove the
extraframework Al species. This step was  intentionally omitted
because the structure is sensitive to acid solution and the wash-
ing with HCl solution may  cause unwanted further hydrolysis and
structure transformation/decomposition. In most of the prepared
zeolites the Lewis acid sites dominate over the Brønsted ones. This
is expected as the aluminium was mostly incorporated by post-
synthesis treatments during the hydrolysis step when germanium
atoms are extracted [32,33].

To study the effect of acid site concentration on the catalytic
performance, zeolite IPC-2 was  prepared with three different alu-
minium contents, Si/Al ratios of 48, 81, 109 (see Table 2).
r connectivity in isoreticular zeolites on the catalytic performance
cattod.2015.09.033

3.2. Toluene alkylation with isopropyl alcohol

Toluene conversions in its alkylation with isopropyl alcohol
over series of structurally related zeolites reflect a decrease with

dx.doi.org/10.1016/j.cattod.2015.09.033
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ecreasing channel size from 14- to 8-rings, which is due to increas-
ng effect of diffusion constraints (Figs. 6 and 7). The highest toluene
onversion was achieved for zeolite BEA followed by UTL. Three
mportant factors influence these results, (i) zeolite BEA possesses

 higher concentration of acid sites (cf. Table 2), (ii) zeolite BEA
xhibits much smaller crystals in contrast to sheet-like crystals of
TL, (iii) the three-dimensional system of zeolite BEA is more easily
ccessible than 14-12-R system of UTL (Fig. 6A). This is in a good
greement with results of Corma tested in the catalytic cracking
f n-decane, triisopropylbenzene, and vacuum gas oil [34]. Toluene
onversion over IPC-7 decreases substantially with time-on-stream
T-O-S), which can be explained in terms of a high concentration
f Lewis acid sites (Table 2) promoting deactivation of this zeo-
Please cite this article in press as: N. Žilková, et al., The effect of UTL laye
in toluene alkylation, Catal. Today (2015), http://dx.doi.org/10.1016/j.

ite. IPC-2 (OKO, 12-10-R channels) showed a higher conversion
han IPC-1PI and MFI. Although the structure of pillared IPC-1PI
nd MFI  are so different, both catalysts exhibited similar conver-
ions. It should be noted that around 30% of IPC-1PI is formed by
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amorphous silica, thus, the concentration of acid sites is diluted in
comparison with other zeolites. As it will be seen vida infra, despite
the same conversions of MFI  and IPC-1PI the selectivities of both
catalysts were substantially different. The lowest conversions were
achieved over IPC-6 and IPC-4 (PCR). Channel structure of IPC-6 is
formed by two  non-intersecting channel systems (12-10-R and 10-
8-R). In IPC-6 we assume that the active sites are mostly located in
the smaller 10-8-R channel system, where they are not available
for aromatic molecules as proved to be the case on IPC-4 zeolite
(with only 10-8-R). Therefore, the catalysis proceeded only on the
external surface similarly to IPC-4. The 10-R channels in IPC-4 have
distinctive elliptical shape (5.8 Å × 3.8 Å) compared to more spher-
ical 10-R channels of MFI  (5.1 Å × 5.5 Å and 5.3 Å × 5.6 Å). The 8-R
channels are too small to contribute to the alkylation reaction of
aromatics. This means that particularly IPC-4 (PCR) can be con-
sidered in this reaction as zeolite with one-dimensional channel
system.

Selectivities to cymenes, the primary reaction products for o-
and p-cymenes and isomerization product for m-cymene, depend
again very strongly on the size and connectivity of the zeolite chan-
nel system (Fig. 6B). In the case of MFI, selectivity to cymenes is
rather constant within 180 min  T-O-S at only around 60% as a result
of bimolecular transalkylation between cymenes and toluene to n-
propyl toluenes. This reaction is strongly enhanced by intersecting
10-ring channels [35,36]. In the case of IPC-1PI, IPC-4 and IPC-6,
selectivity to cymenes is higher than 90% after 120 min  of T-O-S.
Since IPC-1PI does not possess any microporosity, the active cen-
tres are located only in the open layer surface. We  assume that
Al-IPC-1PI acts similar to solid acids where only cymenes are almost
exclusively formed. On the other hand, acid centres in IPC-4 and
IPC-6 channels are not accessible for aromatic molecules (discus-
sion vide supra), accordingly the reaction proceeds only on the
external surface (similarly to IPC-1PI). Lower selectivities for UTL,
IPC-7, and IPC-2 are mostly due to secondary alkylation of primary
formed cymenes or at a lesser extent toluene disproportionation.

The isopropyl (cymene)/n-propyl toluene ratio (Fig. 6C) is again
different among individual catalysts. While the isopropyl/n-propyl
toluene ratio is close to 2 for MFI  zeolite, this value is between 70
and 100 for other zeolites after 120 min  of T-O-S. In contrast, IPC-1PI
without any micropores reaches the ratio about 200. The very low
activity of IPC-4 and IPC-6 zeolites is responsible for almost neg-
ligible rate of this bimolecular reaction providing values around
500–600. It evidences that the steric constraints of 10-ring inter-
secting channels are a primary requisite for the performance of this
bimolecular reaction.

Selectivity to p-cymene reflects primarily diffusion constraints
in the channel system and first alkylation step directly providing
p-cymene. As it is well-known from the literature [36], 10-ring MFI
is the superior for the selectivity to p-cymene with values above
90%. Zeolites BEA and UTL form thermodynamic concentration of
p-cymene close to 30% indicating that the rate of isomerization
controls the final selectivity.

Fig. 7 provides the same relationship stressing the effect of acid
sites concentrations for IPC-2 zeolite (OKO). Three IPC-2 samples
with Si/Al molar ratios 48, 81 and 109 were synthesized. Fig. 7A
shows that toluene conversions at 250 ◦C are lower than original
UTL and BEA but higher than MFI. Conversions values over IPC-2
catalysts reflect the concentrations of acid sites, IPC-2 (48) > IPC-2
(81) > IPC-2 (109). As for the selectivities to mixture of cymenes,
para-selectivity and isopropyl/n-propyl toluene ratio, the relation-
ship is just opposite. With decreasing concentration of acid sites,
selectivities to primary alkylation products increase, and also the
r connectivity in isoreticular zeolites on the catalytic performance
cattod.2015.09.033

para-selectivity increases. With decreasing aluminium content the
density of acid sites decreases. Hence, the rate of subsequent reac-
tions like bimolecular transalkylation of primarily formed cymenes
to n-propyl toluenes decreased [36]. It can be also speculated that

dx.doi.org/10.1016/j.cattod.2015.09.033
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he increase in para-selectivity over IPC-2 with the low concen-
rations of acid sites is due to restricted isomerization of primary
lkylation products (ortho- and para-). Inside the channel systems
lkylation to the para position could be enhanced because of steric
easons as channel walls might limit the accessibility of ortho posi-
ion for isopropyl alcohol.

. Conclusions

A series of isoreticular zeolites derived from UTL was  synthe-
ized, characterized, and tested in toluene alkylation with isopropyl
lcohol. Zeolites UTL, IPC-2, IPC-4, IPC-6, and IPC-7 possess the
ame structure of the layers (derived from UTL zeolite) but different
onnectivity of the layers.

Toluene conversion and selectivities to individual products
learly reflect the channel structure (layer connectivity) and com-
osition of catalysts under study. Toluene conversion increases
ith increasing size of the zeolite channels in the sequence

PC-4 < IPC-6 < IPC-2 < IPC-7 < UTL. This sequence can be related to
ecreasing role of diffusion constraints in 10-ring channels. UTL
eolite is less active than zeolite BEA, although it possesses 14-12-R
hannel system. Three-dimensional channel system of zeolite BEA
nd much smaller size of the crystals are critical for higher toluene
onversions over zeolite BEA.

Bimolecular transformation of cymenes with toluene to n-
ropyl toluenes proceeds to a much lower extent than with MFI
eolite. Increasing concentration of active sites in IPC-2 increases
he toluene conversion and it simultaneously decreases the selec-
ivities to primary alkylation products due to the enhanced rate of
onsecutive reactions.
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