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a b s t r a c t

Alkaline treatment (desilication) is an effective treatment to increase mesoporosity. However, the con-
comitant decrease in Si/Al ratio affects the strengths of the acidic sites and hence catalytic activity and
selectivity. Therefore instead we subjected template containing zeolites to 1 M NaOH to induce additional
porosity. All zeolites tested (ZSM-5, ZSM-12 and Beta) consisted of small crystallites (30–200 nm) that
were agglomerated into larger particles between 1 and 5 �m. Mesopore formation occurred by slowly
removing outer layers of individual crystallites, thereby preserving the Si/Al ratio as well as the crys-
tallinity. Inter-crystalline mesopores were formed for all zeolites, but the treatment was most effective
for zeolites with small crystallites. The external surface area of ZSM-5 was increased from 90 to 149 m2 g−1

and for zeolite Beta from 70 to 158 m2 g−1. The catalytic performance was tested at 413 K for 3 h for ether-
ification of 1,2-propylene glycol with 1-octene to form octyl-ether. For ZSM-5, conversion increased from
1.2% to 5.6% upon alkaline treatment in the presence of a template, while only to 5% for the template-free

2 −1
treated sample with a significantly higher external surface area (205 m g ). The parent zeolite Beta was
significantly more active (30% conversion, 88% selectivity), which can be ascribed to its larger pore size.
Nevertheless also in this case alkaline treatment in the presence of the template significantly increased
the activity to 40% conversion with similar selectivity. As only the mesoporosity was changed upon alka-
line treatment it suggests that the etherification of 1,2-propylene glycol with 1-octene is affected by
intra-crystalline diffusion. Our work illustrates the possibilities to use alkaline treatment of templated

ssibil
zeolites to decouple acce

. Introduction

Zeolites are microporous crystalline aluminosilicates that rep-
esent an important class of catalysts in the petrochemical industry.
inding new and improved synthesis routes has been essential
o the success of zeolites. An important development in zeolite
ynthesis was the use of organic molecules, such as the tetram-
thylammonium (TMA) halide or hydroxide, that can facilitate the
ynthesis of known and new zeolites [1–4]. Nowadays these struc-
ure directing agents, such as alkyl-ammonium hydroxides and
mines, have greatly contributed to the content of the Atlas of
eolites [5] that contains over 190 structures.

Post-synthesis treatments, such as steaming and acid-leaching,

re important to induce mesoporosity and further enhance the
atalytic performance of zeolites, especially in diffusion limited
eactions [6]. Recently also alkaline treatment (desilication) was
xplored as a post-synthesis tool to increase the porosity, and

∗ Corresponding author. Tel.: +31 30 253 7400; fax: +31 30 251 1027.
E-mail address: p.e.dejongh@uu.nl (P.E. de Jongh).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ity changes from acidity, and to gain further insight in zeolite catalysis.
© 2010 Elsevier B.V. All rights reserved.

thereby the activity, of zeolites [7,8]. The desilication process was
further improved by Groen et al. [9,10] who determined that the
best results for ZSM-5 are obtained with 0.2 M NaOH for 30 min at
328 K with a Si/Al ratio between 25 and 50 at/at. At lower values the
aluminum prevents desilication, thereby limiting mesopore forma-
tion, while at higher values complete dissolution occurs. It was also
observed that alkaline treatment can affect tetrahedrally coordi-
nated aluminum, resulting in loss of acidic properties of zeolite
Beta [11] thereby decreasing the catalytic activity. Recently Holm
et al. [12] showed that desilication of ZSM-5 zeolite results in the
formation of strong Lewis sites most likely as a result from extra
framework aluminum. Groen et al. [13] and Fernandez et al. [14]
showed that desilication leads to redistribution of aluminum and
enrichment of aluminum at the external surface and near the pore
mouths.

Several studies show that templates can be helpful for successful

alkaline treatment. Pérez-Ramírez et al. reported that partial de-
templation followed by alkaline treatment [15] can be used to tune
the desilication process and that the addition of template molecules
(TPA+ or TBA+) during desilication can be used as pore growth mod-
erators [16]. Holm et al. showed that a TMA-hydroxide solution can

dx.doi.org/10.1016/j.cattod.2010.10.101
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:p.e.dejongh@uu.nl
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e used to obtain mesoporous zeolite Beta [17]. A study by Wei and
mirniotis [18] showed that templated ZSM-12 samples with Si/Al
atio up to 500 (at/at) were protected from silicon extraction during
lkaline treatment.

In this study alkaline treatment on template containing zeo-
ites with industrial importance, such as ZSM-5, ZSM-12 and zeolite
eta, is discussed. It is shown that alkaline treatment on templated
eolites can be used to increase the porosity without changing the
rystallinity or acidity of the zeolites regardless of the framework
ype and Si/Al ratio. This enables the decoupling of accessibility
nd acidity, and can be used to improve the scope as well as the
nderstanding of zeolite catalyzed reactions.

. Experimental

.1. Zeolite synthesis

ZSM-5 was synthesized at the laboratories of ExxonMobil Euro-
ean Technology (Machelen, Belgium) according to US Patent 5
72 331 [19] starting from a mixture with molar composition:
.065Na2O:0.025Al2O3:SiO2:0.1TPABr:15H2O. Based on the total
eight of the synthesis mixture 40 ppm of colloidal silicalite seeds
ere added as a slurry. The mixture was heated in a stainless steel

utoclave at 423 K for 72 h under static conditions.
ZSM-12 was synthesized according to Ref. [20] with some mod-

fications. In a typical synthesis, 0.041 g of NaAlO2 (technical grade,
iedel de Häen) was dissolved into 1.35 g of H2O (Millipore water,
esistivity >18 M� cm at 25 ◦C) and 5.15 g of tetraethylammo-
ium hydroxide solution (TEAOH, 35 wt%, Sigma-Aldrich). To this
olution, 10 g of colloidal silica was added (Ludox HS30, 30 wt% sus-
ension in H2O, Sigma-Aldrich), which resulted in a clear gel with
molar composition of 1.0 SiO2:0.005 Al2O3:0.1225 TEA2O:13.0
2O. The mixture was stirred at room temperature for 1 h, and then

ransferred into a teflon-lined steel autoclave with a full capacity
olume of 50 ml (inner diameter of the teflon bottle of 34 mm and
eight of 55 mm). The autoclave was placed in an oven at 433 K

or 5.5 days, and afterwards quenched with tap water. The pre-
ipitated product was washed with three batches of hot water
343–353 K). The powder product was obtained by filtration, and
ried at 333 K overnight. The ZSM-12 sample has a Si/Al ratio of
05 and is referred to as ZSM-12-(105). A second ZSM-12 was
repared analogous to MTW-1, except that 0.071 g of NaAlO2 was
sed resulting in a gel with molar composition of 1.0 SiO2:0.0086
l2O3:0.1225 TEA2O:13.0 H2O. This sample has a Si/Al ratio of 63
nd is referred to as ZSM-12-(63).

Zeolite Beta was synthesized according to Ref. [21] with some
odifications. In a typical synthesis, 2.40 g of silica (Sipernat 50,

vonik Degussa), 0.156 g of Al(OH)3 (>63.5% Al2O3, Acros), and
.592 g of NH4F (>98%, Sigma-Aldrich) were added to 7.57 g of a
etraethylammonium hydroxide solution (TEAOH, 35 wt%, Sigma-
ldrich), which resulted in a gel with a molar composition of 1.0
iO2:0.025 Al2O3:0.225 TEA2O:0.4 NH4F:7.14 H2O. The mixture
as stirred at room temperature for 1 h, and then transferred into
teflon-lined steel autoclave with a full capacity volume of 50 ml

inner diameter of the teflon bottle of 34 mm and height of 55 mm).
he autoclave was treated in a preheated oven at 443 K for 3 days,
nd afterwards quenched with tap water. The precipitated product
as washed with three batches of hot water (343–353 K). The pow-
er product was obtained by filtration, dried at 333 K overnight.
.2. Alkaline treatment

Alkaline treatment was performed by adding 0.7 g of zeolite to
0 ml pre-heated alkaline solution (0.2, 0.5 or 1.0 M NaOH) (p.a.,
erck) at 343 K, while stirring. This was followed by centrifu-
Today 168 (2011) 48–56 49

gation (Eppendorf centrifuge 5804, 5000 rpm, 5 min), for zeolite
Beta by ultra-centrifugation (Sorvall RC5+ SS34 rotor, 18,000 rpm,
1 min) and decantation of the liquid followed by re-suspension
with hot demineralized water. This procedure was repeated until
the pH was 7 or less. The obtained sample will be referred to as
zeolite-at[treatment time], after calcination (823 K, 3 h, 1 K min−1)
zeolite-at[treatment time]-cal is obtained.

To obtain the proton form of the zeolites, ion-exchange was per-
formed in an aqueous 1 M NH4NO3 (p.a., Acros) solution at 353 K
for 24 h, followed by filtering and washing. Per gram of zeolite
12 ml of ammonium nitrate solution was used. This procedure was
repeated three times followed by calcination in air at 773 K for 3 h
using a heating rate of 1 K min−1. After the additional ion-exchange
followed by calcination the obtained zeolite is referred to as H-
zeolite-at[treatment time]-cal.

2.3. Structural characterization

Powder X-ray diffraction (XRD) patterns were obtained using
a Bruker-Axs D8 series 2 with a Co�1,2 source (� = 0.179 nm).
The porosity of the samples was studied using N2 physisorption
isotherms, which were recorded with a Micromeritics Tristar 3000
at 77 K. Prior to the physisorption measurements, the samples were
dried overnight at 573 K in flowing nitrogen. The t-plot method
[22] was applied to obtain the micro pore volume and the external
surface area. Pore size distributions were obtained from the adsorp-
tion branch using the BJH-method [23]. The mesopore volume was
calculated by integrating these plots from 2 to 50 nm. Ammonia
temperature programmed desorption (TPD) was performed with
a Micromeritics Autochem II. About ∼150 mg of sample was dried
at 573 K with a heating ramp of 5 K s−1 and kept there for 30 min
after which the sample was cooled down to 473 K. After saturat-
ing the sample with ammonia, a 30 min dwell time was applied
to obtain a stable baseline. Subsequently the temperature was
increased to 923 K with a heating rate of 10 K s−1 and was kept
there for 30 min. n-Hexane adsorption measurements were per-
formed with a tapered element oscillating microbalance (TEOM) as
described by Bitter et al. [24]. Morphology and crystal sizes were
determined with a Tecnai FEI XL 30SFEG scanning electron micro-
scope (SEM) at 15 kV and with a Tecnai 20 transmission electron
microscope operated at 200 kV.

2.4. Catalysis

In a typical etherification reaction 0.05 mol of glycerol, 0.15 mol
of 1-octene and 0.3 g of catalyst were loaded in a 100 ml stainless
steel Parr autoclave. The autoclave was flushed with argon three
times and then pressurized with argon to 10 bar. The autoclave
was heated to 413 K and the solution was continuously mechani-
cally stirred (750 rpm). The starting point of the reaction was taken
when the autoclave reached the reaction temperature. After 3 h the
reaction was stopped, the autoclave was cooled to 313 K and the
reaction mixture was dissolved in a known amount of ethanol. The
catalyst was separated by filtration, and a sample of the solution
was taken for further analysis. More information about the pro-
cedure and analytical methods is described elsewhere [25]. Four
ZSM-5 samples as well as four zeolite Beta samples were tested:
H-ZSM-5-cal, H-ZSM-5-cal-at(0.2, 20), H-ZSM-5-cal-at(0.5, 20), H-
ZSM-5-at(60)-cal, Beta-cal, Beta-at(15)-cal, Beta-at(120)-cal and
H-Beta-at(120)-cal.
3. Results and discussion

Fig. 1 shows SEM images of three template containing zeolites:
ZSM-5 (MFI), ZSM-12 (MTW) and zeolite Beta (BEA). All zeolites
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ig. 1. SEM images of (A) ZSM-5-parent, (B) ZSM-5-parent, (C) ZSM-5-at(60), (D) ZS
H) Beta-parent, (I) Beta-at(120).

amples consist of small crystallites that have agglomerated into
arger particles.

.1. ZSM-5 (MFI)

The ZSM-5-parent had uniform particles with dimensions
etween 1 and 1.5 �m (Fig. 1A), that consisted of agglomerated
ano-crystallites ranging from approximately 20 to 100 nm in size
Fig. 1B). The ZSM-5-parent displayed no micropore volume due
o the presence of the TPA template and a low external surface
rea of 21 m2 g−1 (Table 1). The mesopore volume is almost nil as
result of the dense packing of the crystallites. Upon calcination a
icropore volume of 0.13 cm3 g−1 was obtained while the external

urface area (Aext) had increased to 94 m2 g−1. For direct compar-
son we will now first discuss the impact of alkaline treatment on
emplate-free ZSM-5, and then the results for alkaline treatment
n template-containing ZSM-5.
Alkaline treatment on template free ZSM-5 (after calcination)
s described to be most effective for Si/Al ratios between 25 and
0 at/at with 0.2 M NaOH for 30 min [9,10]. Because of the small
rystallites of the present ZSM-5 samples, a shorter treatment of
0 min in 0.2 M NaOH was performed. This resulted in the formation
-(105)-parent, (E) ZSM-12-(105)-parent, (F) ZSM-12-(105)-at(60), (G) Beta-parent,

of a highly porous H-ZSM-5 sample with an external surface area of
205 m2 g−1 (Table 1, Fig. 2). Alkaline treatment in 0.5 M NaOH solu-
tion for 20 min was performed resulting in an even higher external
surface area of 233 m2 g−1 (Table 1, Fig. 2). For both treatments
the micropore volume was preserved. BJH analysis shows a pre-
dominant pore size of ∼10 nm for the 0.2 M and ∼20 nm for the
0.5 M NaOH treated samples. These results are close to the liter-
ature values described by Groen et al. [10] for which an external
surface area of 235 m2 g−1 and a predominant pore size of 10 nm
are observed upon desilication of ZSM-5 zeolites. The initial Si/Al
ratios (37–42 at/at) of the desilicated ZSM-5 zeolites are signifi-
cantly higher compared to the Si/Al ratio (18 at/at) of the ZSM-5
zeolite used in this study. We hence confirmed that although desil-
ication is a powerful tool to enhance accessibility, it is accompanied
by a decrease in Si/Al ratio [8]. This implies that the acidity is
changed, which can negatively affect catalysis [11–14].

A different approach to increase the accessibility of the ZSM-5

zeolite was performed by treating the parent ZSM-5 with the tem-
plate still present, in alkaline solution of 1 M NaOH at 343 K for
20 to 60 min. Nitrogen physisorption (Fig. 3A) showed that alka-
line treatment for 20 min resulted in an increased nitrogen uptake
due to the formation of mesopores. A longer treatment time of 30
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Table 1
Textural properties of ZSM-5 samples.

Sample code Vmicro
a (cm3 g−1) Aext

a (m2 g−1) Vmeso
b (cm3 g−1) Vtotal

c (cm3 g−1) Si/Ald (at/at) n-Hexane uptake (wt.%)

ZSM-5-parent – 21 0.04 0.05
ZSM-5-cal 0.13 94 0.06 0.22 2.9
H-ZSM-5-cal 0.13 92 0.06 0.23 18

Treated without template
H-ZSM-5-cal-at(0.2, 20) 0.12 205 0.26 0.48 13
H-ZSM-5-cal-at(0.5, 20) 0.12 233 0.49 0.80 9

Treated with template
ZSM-5-at(20)-cal 0.13 121 0.15 0.33 18 3.0
ZSM-5-at(30) – 61 0.22 0.28
ZSM-5-at(30)-cal 0.13 129 0.26 0.47
ZSM-5-at(20) – 52 0.12 0.15
ZSM-5-at(60) – 77 0.20 0.58
ZSM-5-at(60)-cal 0.13 144 0.23 0.73
H-ZSM-5-at(60)-cal 0.13 149 0.21 0.69 18

a t-Plot method.
b BJH-method (adsorption branch).
c @ p/po = 0.995.
d ICP-AES.
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nd 60 min shows an increased uptake of nitrogen that occurs at
igher relative pressures indicating the formation of larger meso-
ores. From the BJH pore size distribution (Fig. 3B) we observe that
esopores of ∼20 nm are present after 20 min of alkaline treat-
ent that slowly grow with increased treatment time into large
eso- and macro-pores with a predominant size of 30 and 60 nm.
n Table 1 the textural properties of the samples are listed. A con-
inual increase in the external surface area is observed from the
1 m2 g−1 for the parent to 77 m2 g−1 for ZSM-5-at(60). A likely
xplanation for these observations is that upon alkaline treatment
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ion curves (B) of (�) ZSM-5-cal, (�) H-ZSM-5-cal-at(0.2, 20) and (�) H-ZSM-5-cal-

small layers of the external surface area of the crystallites are dis-
solved, thereby increasing the mesoporosity of the agglomerates
[26]. This hypothesis is further strengthened by the fact that neither
the bulk Si/Al ratio (Si/Al = 18 at/at both before and after alkaline
treatment) nor the crystallinity (Fig. 4) changed upon treatment.
SEM (Fig. 1C) confirms that after alkaline treatment added meso-

porosity is apparent between the crystallites within particles. If the
ZSM-5 is calcined prior to the alkaline treatment in 1 M NaOH com-
plete dissolution occurred within min. After calcination all ZSM-5
samples show, whether alkaline treated or not, a similar micropore
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Fig. 4. XRD pattern of ZSM-5-parent (A) and ZSM-5-at(60) (B).
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Fig. 5. Ammonia TPD curves of H-ZSM-5-cal (a) and H-ZSM-5-at(60)-cal (b).

olume (Table 1). The mesoporosity is unaffected by the calcination
tep (Fig. S1). n-Hexane uptake measurements indicated that the
icropores are fully accessible also for large molecules with sim-

lar values as those described in literature (Table 1, Fig. S2) [24].
H3 TPD measurements were performed on the proton form of

he ZSM-5 to probe the acid sites. Similar curves for parent and
lkaline treated ZSM-5 indicate that the acid sites are completely
reserved (Fig. 5). A slight shift is observed towards lower temper-
tures, which could be the result of faster transport of NH3 [27]
ecause of the added mesoporosity.

Comparing the alkaline treatment with and without template,
e can conclude that without a template a significantly larger
ncrease in external surface area is obtained. A second advantage
s that the combination of intra- and inter-crystalline mesopores
rovides an effective reduction of the pathlength towards the
ctive sites [13]. However, the Si/Al ratio decreases, and hence the
trength of the acid sites. Although alkaline treatment on template-

able 2
extural properties of ZSM-12 samples.

Sample code Vmicro
a (cm3 g−1) Aext

a (m2 g−1)

ZSM-12-(105) – 1
ZSM-12-(105)-at(15) – 36
ZSM-12-(105)-at(30) – 47
ZSM-12-(105)-at(60) – 39

ZSM-12-(63) – 2
ZSM-12-(63)-at(15) – 42
ZSM-12-(63)-at(30) – 46
ZSM-12-(63)-at(60) – 44

a t-Plot method.
b BJH-method (adsorption branch).
c @ p/po = 0.995.
d ICP-AES.
Today 168 (2011) 48–56

containing samples gives a more modest increase in surface area,
this is obtained without altering the acid site strength. Hence alka-
line treatment in the presence of a template might provide a very
useful strategy if extra mesoporosity is desirable, but the proper-
ties of the acid sites, such as for instance reflected in the selectivity
when used as a catalyst, should not be affected.

3.2. ZSM-12 (MTW)

ZSM-12 samples were synthesized in two different gel compo-
sitions resulting in two samples ZSM-12-(105) and ZSM-12-(63)
with Si/Al ratios of 105 and 63, respectively. The morphology
of the two samples was very similar, consisting of agglomerates
(1 �m × 2 �m, Fig. 1D) that contained small crystallites ranging in
size from approximately 50 to 200 nm (Fig. 1E).

Alkaline treatment was performed in 1 M NaOH at 343 K on the
non-calcined ZSM-12 samples (Table 2). Only minor differences
between the two samples are observed. The mesopore formation
after 30 min is slightly higher for the aluminum poor ZSM-12-(105)
(0.15 cm3 g−1) compared to the more aluminum rich ZSM-12-
(63) (0.10 cm3 g−1). This is in agreement with Wei and Smirniotis
[18] who observed a slightly faster rate of desilication for higher
Si/Al ratio, although this could not be proven due to the pres-
ence of different amounts of template. After treatment for 60 min
we observed a decrease in both mesopore volume and external
surface area, and the formation of large meso- and macro-pores
(Fig. S3). SEM images (Fig. 1F) show that the agglomerates have
fallen apart into various sized smaller agglomerates. The small dif-
ferences between the two samples suggest that there is a minor
influence of the aluminum content on alkaline treatment, and that
the alkaline treatment is primarily controlled by the presence of
the template.

Our results show that alkaline treatment in 1 M NaOH at 343 K
enhances the mesoporosity when applied to different commer-
cially available zeolites. The results on the low aluminum content
ZSM-12 demonstrate that mesoporosity can be introduced by alka-
line treatment in the presence of a template, regardless of the Si/Al
ratio, whereas without a template present this is limited to a upper
Si/Al ratio of ∼50 (at/at) [9]. The differences that exist between the
tested samples seem to be the result of the particle/crystallite size
of the parent material.

3.3. Beta (BEA)

The morphology of the synthesized zeolite Beta (Fig. 1G) was

slightly different from the other two zeolites. No individual crys-
tallites were observed, but instead large truncated bipyramidal
crystals with smooth surfaces and a width of 5 �m. Higher mag-
nification reveals that the top of the crystallites is covered with
small extrusions between 20 and 30 nm in size (Fig. 1H).

Vmeso
b (cm3 g−1) Vtotal

c (cm3 g−1) Si/Ald (at/at)

– 0.01 105
0.05 0.06 –
0.15 0.24 –
0.07 0.26 99

– 0.01 63
0.05 0.06 –
0.11 0.13 –
0.07 0.27 60
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Table 3
Textural properties of zeolite Beta samples.

Vmicro
a (cm3 g−1) Aext

a (m2 g−1) Vmeso
b (cm3 g−1) Vtotal

c (cm3 g−1) Si/Ald (at/at)

Beta-cal 0.23 77 0.03 0.29 17
Beta-at(15)-cal 0.21 181 0.09 0.35 –
Beta-at(120)-cal 0.21 164 0.34 0.73 16
H-Beta-at(120)-cal 0.20 158 0.29 0.54 –
Zeolyst-CP 814E-cal 0.17 227 0.36 0.83 12.5

a t-Plot method.
b BJH-method (adsorption branch).
c @ p/po = 0.995.
d ICP-AES
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ig. 6. N2 adsorption (solid symbols) and desorption (open symbols) (A) and BJH
-Beta-at(120)-cal.

Alkaline treatment in 1 M NaOH for 15 min on the template con-
aining zeolite Beta followed by calcination resulted in an increase
n external surface from 70 to 181 m2 g−1 and similar micropore
olume (Table 3, Fig. 6). The BJH pore size distribution (Fig. 6B)
hows that upon alkaline treatment for 15 min small mesopores
etween 2 and 10 nm have formed. Another alkaline treatment was
erformed for 120 min, which resulted in a slightly lower external
urface area of 164 m2 g−1 compared to the 15 min treatment. This
ample has large mesopores of ∼40 nm (Fig. 6B) and SEM images
Fig. 1) show that some of the particles have fallen apart into smaller
ragments, similar to what is observed for the ZSM-12 sample after
0 min of treatment. To prevent the loss of small clusters of zeo-

ite Beta all washing steps were followed by ultra-centrifugation,
rom which clear fluids were decanted. The smaller agglomerate
ractions allowed the use TEM to look at the crystallites (Fig. 7).

he interior of zeolite Beta consisted of smaller crystallites that are
ligned parallel with inter-crystalline porosity.

No sodium was present during synthesis, hence calcination
esulted in the proton form of zeolite Beta. NH3 TPD measurements

Fig. 7. TEM images o
Pore diameter (nm)

ption curves (B) of (�) Beta-cal, (�) Beta-at(15)-cal, (�) Beta-at(120)-cal and (�)

were performed to measure if the alkaline treatment affects the
acidity. For the Beta-parent two peaks (Fig. 8a) were observed, the
first peak at ∼475 K is ascribed to weak Lewis acid sites, and the
second peak at ∼670 K [28] to Brønsted acid sites [29]. For com-
parison a commercially available zeolite Beta from Zeolyst was
analyzed (Fig. 8d). A similar pattern was observed with slightly
more Brønsted acid sites. This is a direct result of the lower
Si/Al ratio (12.5 at/at) and confirmed the assignment of the peak.
For the Zeolyst material a third peak or shoulder is observed at
∼780 K, which could be the result of strong Lewis acid sites. Com-
pared to the parent no change for the weak Lewis acidity (∼475)
was observed after 15 min of alkaline treatment (Fig. 8e). The
Brønsted acidity (∼670 K) is slightly lower compared to the par-
ent and deconvolution revealed a fourth peak at 570 K. This peaks
might be the result of NH3 adsorption on Na+ sites, which is a

weaker than NH3 adsorption on H+ sites and desorption therefore
occurs at lower temperatures [30]. After 120 min of alkaline treat-
ment a similar pattern as for 15 min was observed although the
peak at ∼780 K is slightly increased (Fig. 8b). The percentage NH3

f Beta-at(120).



54 A.N.C. van laak et al. / Catalysis Today 168 (2011) 48–56

300 500 700 900

N
H

3
 d

e
s
o

rp
ti
o

n
 (

a
.u

.)
 

a

b

c

d

e

F
a

a
o
c
d
d
w
e
m
i
c

3

l
i
T
o
1
i
p
[
z
s

Table 4
Etherification of 1,2-propylene glycol with 1-octene over ZSM-5 and Beta zeolites.

Catalyst Conv. (%) Sel.C8-ether (%) Sel.C16-ether (%) Sel.other (%)

H-ZSM-5-cal 1.2 95 0 5
H-ZSM-5-cal-at(0.2, 20) 5.0 98 1 2
H-ZSM-5-cal-at(0.5, 20) 3.8 96 2 2
H-ZSM-5-at(60)-cal 5.6 98 1 1

Beta-cal 33 88 3 9
Beta-at(15)-cal 26 91 4 5
Beta-at(120)-cal 23 91 4 5
H-Beta-at(120)-cal 40 88 5 7
Temperature (K)

ig. 8. Ammonia TPD curves of Beta-parent (a), Beta-at(120)-cal (b), H-Beta-
t(120)-cal (c), Zeolyst Cp814N (d) and Beta-at(15)-cal (e).

dsorbed onto Na+ ions is approximately between 15% and 20%
f the total cationic sites of the zeolite. Upon ion exchange and
alcination of the Beta-at(120)-cal sample the Na+ peak at 570 K
isappears (Fig. 8c), thereby restoring Brønsted acidity. Clearly
uring alkaline treatment some cationic sites are ion-exchanged
ith sodium. Presumably this ion-exchange occurs close to the

xternal surface area as the template is still present inside the
icropores after ion exchange. This implicates that an additional

on exchange/calcination step is necessary to obtain a fully active
atalyst.

.4. Catalysis

We have sofar seen that the porosity can be increased with alka-
ine treatment without changing the acidity (or bulk Si/Al ratio). It
s hence interesting to test if the catalytic performance is enhanced.
he influence of the alkaline treatment on the catalytic properties
f Beta and ZSM-5 zeolites was investigated in the etherification of
,2-propylene glycol with 1-octene (Scheme 1). The direct ether-
fication of biomass-based glycols was recently reported to take
lace with high activity and selectivity over the H-Beta zeolites
25,31,32]. Furthermore, the etherification activity of the H-Beta
eolites was correlated to both the crystal size and the external
urface area of the zeolite, while ZSM-5 was found to be less active

+ HO

acid catalysts

O

+ linear isomer

+

octyl-ether (1)

OH

Scheme 1. Etherification of 1,2-pro
Zeolyst-CP814N 45 90 4 6

Reaction conditions: 0.3 g catalyst, 0.05 mol 1,2-propylene, 0.15 mol 1-octene, 413 K,
3 h, 10 bar Ar.

and selective [25,31,32], where most probably the reaction takes
place as observed by confocal fluorescence microscopy [32]. There-
fore, the etherification of 1,2-propylene glycol with 1-octene can be
used as a test reaction for the effect of the alkaline treatment on the
catalytic activity of the zeolites. The tests were performed at low
conversions of the alcohol substrate in order to be able to relate
catalytic activity of the zeolite with the pretreatment process. The
results of the etherification of 1,2-propylene glycol with 1-octene
are presented in Table 3 and are compared to a commercial Beta and
ZSM-5 zeolites (Zeolyst-CP 814E), with smaller particle size which
previously showed a very high activity for this reaction [25,31].

The etherification of 1,2-propylene glycol with 1-octene over
all H-ZSM-5 and H-Beta zeolites produced with high selectivity
octyl-ether (Table 4). Side products were small amounts of di-
ether (C16), and dehydrated and cyclic derivatives of 1,2-propylene
glycol, consistent with previously reported results [25,31]. The
untreated H-ZSM-5-cal has a low conversion (1.2%) similar to val-
ues obtained in literature [25]. The selectivity is with 95% towards
the mono-isomer (Table 4) significantly better than the values
described in literature (<82% after 5 h of reaction) [25]. The alka-
line treated H-ZSM-5-cal-at(0.2, 20) showed a fourfold increase in
conversion (5.0%) as well as a slightly better selectivity. The alkaline
treatment on the template containing ZSM-5 (H-ZSM-5-at(60)-cal)
resulted in the best catalytic performance with a conversion of
5.6% and a selectivity of 98%. This is at first sight unexpected, as
the porosity of the H-ZSM-5-at(60)-cal is considerably lower than
that of H-ZSM-5-cal-at(0.2/0.5, 20) (149 vs. 205 and 233 m2 g−1). A

plausible explanation is that the pore entrances of the H-ZSM-5-cal-
at(0.2/0.5, 20) samples are partly obstructed by extra framework
aluminum [14].

Prior to testing, the parent and alkaline treated zeolite Beta sam-
ples (Table 3) were calcined to obtain the proton form. One sample,

O

+linear isomer

bis-octyl-ether (2)

OH

O

pylene glycol with 1-octene.
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-Beta-at(120)-cal, received an NH4-ion exchange in 1 M NH4NO3
ollowed by calcination in air. The etherification of 1,2-propylene
lycol with 1-octene over all H-Beta zeolites produced mainly the
ctyl-ethers with selectivities over 88% (Table 4). The mono-ether
C8-ether) was obtained for all the catalysts as the main reaction
roduct and the side products mostly consists of small amounts
f dehydrated and cyclic derivatives of 1,2-propylene glycol, con-
istent with other results [25,31]. The most active catalyst was
he commercial zeolite, with a ratio of Si/Al of 12.5 and with
he highest external surface (Table 3). With this catalyst a con-
ersion of 1,2-propylene glycol of 45% was observed after 3 h of
eaction. The in-house synthesized Beta-cal (initial particle size of
bout ∼2 �m) presented lower conversions, but a similar prod-
ct distribution and selectivity was found as for the commercial
eolite. The higher external surface area of the alkaline treated
eolite Beta samples was expected to result in an increased con-
ersion for this reaction. However, a short alkaline treatment of
ust 15 min was found to result in a decrease of the alcohol con-
ersion from 33% to 26% (Table 4). This is despite the increase
n external surface of 72–185 m2 g−1 upon alkaline treatment. A
onger alkaline treatment of 120 min (Beta-at(120)-cal) resulted in
n even lower conversion of 23%. The selectivity towards the C8-
ther increased slightly from 88% to 91%, while the selectivity of the
y-products decreased from 9% to 5%. The decreased conversion can
e attributed to the presence of Na+ ions that remained after alka-

ine treatment (Fig. 8B). As discussed in Section 3.4 the Na+ ions
re expected to be located near the external surface area as the
nterior of the zeolite and thus the acid sites were protected from
lkaline treatment by the template. After removal of the Na+ ions
pon ion exchange with NH4NO3 followed by calcination (H-Beta-
t(120)-cal) the conversion almost doubled from 23% to 40%. This
onversion is also significantly higher than the parent Beta (33%
onversion), which is expected given the higher external surface
rea 77 vs. 158 m2 g−1.

The strong increase in conversion for higher external surface
reas suggests that the etherification of 1,2-propylene glycol with
-octene is affected by intra-crystalline diffusion, as suggested ear-

ier [25,31]. An important factor are the pore systems of the zeolites.
omparing samples with similar Si/Al atomic ratio (∼17 at/at) and
urface area (∼155 m2 g−1), zeolite Beta is much more active and
ot as prone to pore blocking as ZSM-5. This is explained by their
ifferent pore geometries, with a 10-ring (5.1 × 5.5 Å) for ZSM-5 and
12-ring channel (7.1 × 7.3 Å) for zeolite Beta. Most importantly,
e can conclude that in both cases alkaline treatment of template

ontaining zeolites results in added porosity and enhanced catalytic
ctivity, while selectivity is unaffected or even improved.

. Conclusions

Template containing ZSM-5 (Si/Al ratio 18 at/at) was sub-
ected to alkaline treatment in 1 M NaOH at 343 K to induce extra

esoporosity. The ZSM-5 samples consisted of small crystallites
etween 20 and 100 nm in size that were agglomerated into larger
articles of ∼1 �m. After alkaline treatment for 60 min the exter-
al surface area was increased from 21 to 77 m2 g−1. Because of
he presence of the template the micropores were unaffected by
he alkaline treatment and after calcination the full micropore vol-
me was obtained, while the added mesoporosity was preserved.
lkaline treatment without the template present resulted in higher
xternal surface areas, but also in a decrease in Si/Al ratio to 13

0.2 M NaOH) and 8 (0.5 M NaOH). SEM showed that the nature
f the mesoporosity was inter-crystalline and intra-particle. Addi-
ional experiments on ZSM-12 gave similar results and showed
hat the treatment can be applied to a range of zeolites regard-
ess of the Si/Al ratio. It was also determined that the morphology

[
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of the parent zeolite, i.e. crystallite/particle size, determines the
amount of added mesoporosity in which smaller crystallites give
rise to higher porosities. Alkaline treatment on sodium-free zeolite
Beta for 120 min led to an increase in the external surface from 77
to 164 m2 g−1. As a result the large Beta particles (5 �m) showed
de-agglomeration, which made it possible to study the individ-
ual crystallites by TEM. NH3-TPD measurements showed that after
alkaline treatment 15–20% of the total protonic sites were ion
exchanged with sodium cations. The sodium cations were prob-
ably located near the external surface area, as the interior of the
crystallites is protected by the templates molecules. Subsequent
ion exchange/calcination was performed to convert the zeolite fully
into the proton form. As a showcase reaction the catalytic perfor-
mance of alkaline treated ZSM-5 and zeolite Beta were tested for the
etherification of 1,2-propylene glycol with 1-octene. This reaction
was previously [25,31,32] expected to be a surface catalyzed reac-
tion. A 1% conversion of 1,2-propylene glycol for the ZSM-5-parent
was measured. Upon alkaline treatment on template containing
ZSM-5 the conversion increased to 5.6% and selectivity increased
from 95% to 98%. Conversion of 1,2-propylene glycol for the alka-
line treated ZSM-5 zeolite was with 5.0% and 3.8% lower than with
a template despite a higher external surface area. For zeolite Beta
significantly higher conversions were measured although upon
alkaline treatment initially a decrease in conversion (33–23%) was
observed despite the higher porosity. However, after the NH4-ion
exchange/calcination the conversion increased to 40%, in line with
the previous studies. The presence of the sodium cations near the
external surface apparently inhibited the reaction, which makes it
likely that the etherification of 1,2-propylene glycol with 1-octene
over zeolite Beta is affected by intra-crystalline diffusion.

During alkaline treatment of templated zeolites silicon as
well aluminum species are slowly dissolved. This process created
smaller crystallites and inter-crystalline mesoporosity. The pres-
ence of the template inside the micropores assures that the acid
sites are not affected by the treatment. The increase in porosity
leads to enhanced catalytic performance, and provides an opportu-
nity to decouple the acidity from accessibility of zeolites, and can
be used to optimize and gain insight in zeolite catalysis.
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