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Abstract ZSM-5 monolith foam (ZMF) samples with
various framework Si/Al ratios have been successfully
synthesized by polyurethane foam (PUF) template method
and evaluated for their catalytic performance towards
methanol to propylene (MTP) reaction. The samples were
tested for their textural properties using SEM, XRD, BET
surface area, pore volume and NH;-TPD techniques
revealing the formation of ZMF exhibiting about 100—
300 pm range macro pores created by packed assembly of
5 pm size orthorhombic shaped ZSM-5 crystals. The ZMF
samples exhibited effective activity in methanol to olefin
conversion, with superior product selectivities at optimum
Si/Al ratio of 250. Further, the ZMF catalyst with high
macro porosity exhibited superior catalytic activity com-
pared to its pelletized form, especially at higher feed flow
rates, that signifies the importance of macro porous struc-
ture of ZMF in facilitating the enhanced mass transport for
the labile diffusion of light olefins. Reaction temperature
also played a vital role in determining product selectivity.
At 500 °C, the catalysts exhibited the highest light olefin
(C,™—Cy4") selectivity and above this temperature, forma-
tion of C5* is prevailed at the cost of C,™—C,” revealing the
accelerated occurrence of oligomerization reactions at
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these conditions. At optimized catalytic properties and
reaction conditions, the catalyst exhibited as high as 75%
selectivity to C,—C,4 olefins, with propylene as major
component (~44%).
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Macroporous ZSM-5 - MTP - Methanol - Propylene

1 Introduction

Conversion of methanol to light olefins especially propyl-
ene is gaining importance due to the significant
applications of propylene in the production of various
petrochemicals and provides an alternative source to tra-
ditional resources such as natural gas, coal and biomass, for
the production of gasoline. Zeolites, by virtue of their
acidity and selective cracking, have been employed for the
MTO reaction [1-6]. The product is generally a mixture of
C,—C, olefins. The well-known Lurgi process operates for
the production of propylene from methanol, where gaso-
line, LPG and fuel gas appear as byproducts that limit the
maximization of propylene yields in once-through opera-
tion. Hydro process of UOP/Norsk operates for the
selective production of ethylene followed by propylene
from methanol on a SAPO based catalyst [2, 3]. But
achieving high selectivity of propylene is still challenging.
The classical representation for the reaction pathways of
methanol conversion consist of several consecutive reac-
tion steps initialized by the dehydration of methanol to
dimethyl ether (DME) followed by its further dehydration
to form light olefins, which are highly reactive to form
several hydrocarbon end products such as paraffins, olig-
omers, aromatics and even the coke precursors responsible
for the catalyst deactivation [4]. The key step in effective
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conversion of methanol to propylene is thus the controlling
the reaction at the olefin formation stage or by facilitating
the selective cracking of long chain hydrocarbon interme-
diates to form propylene by adopting an appropriate
catalyst with tailored properties to operate at optimized
reaction conditions.

Enhanced diffusion of the olefin intermediates in the
catalyst also plays a vital role in controlling the secondary
reactions. Facilitation of the fast diffusion of the light
olefins from the catalyst bed may be advantageous to
suppress the formation of otherwise undesired oligomers
and aromatics. Recently, attention is given for the devel-
opment of novel catalysts systems to improve the
mechanical strength, diffusion and heat transport properties
of the zeolites [7]. Coating of thin layers of zeolite on the
ceramic support is generally employed for improving
the activity of catalyst and to avoid the pressure drops in
the reactor [8—17]. But, this system also suffers from dis-
advantages such as low zeolite to support ratio, single sided
mass transport and leach out of zeolite films with swings of
operation conditions due to the differential thermal
expansions of the support and the zeolite coatings. Going
one step ahead, recent research is focusing on the direct
synthesis of rigid, self-supporting zeolite monoliths consist
of improved porosity created by the presence of inter-
connected macro pore network [18-24]. This is generally
manifested by virtue of continuous and spontaneous for-
mation of the zeolite crystal film on the surface of
templates such as polyurethane foam (PUF) employed
during the hydrothermal synthesis of zeolites [25-27].
Such supports are inexpensive and easy to handle to tailor
the properties of the zeolite. Earlier we have successfully
synthesized monolithic PUF supported silicalite and TS-1
samples exhibiting comparable properties with the corre-
sponding powder samples synthesized by traditional
method [26, 27]. The difference in textural properties of
such zeolite materials with the traditional ones and their
implications on a selected reaction is of prime importance.
The present work is aimed to synthesize the ZSM-5
monolith foam (ZMF) samples and explore their catalytic
applications. Accordingly, the following aspects of the
catalysts have been studied in this work.

1. Synthesis of ZSM-5 foam material with good crystal-
linity at wide range of framework Si/Al ratios.

2. Catalytic applications of such ZMF materials in
methanol conversion as a reaction to see the produc-
tion of olefins and propylene.

3. Any difference in product selectivity when the foam
material is pelletized.

Here we report the successful synthesis of ZMF mate-
rials with wide range of framework Si/Al ratios exhibited
100-300 pum range macro pores created by packed growth

of orthorhombic shaped ZSM-5 crystals of 5 um size on
the surface of PUF struts and their promising applications
as suitable catalysts for the selective production of light
olefins especially propylene from methanol at near 100%
conversion of methanol. At optimized catalytic properties
and reaction conditions, the catalyst exhibited as high as
75% selectivity to C,—C,4 olefins with propylene as major
component (~44%).

2 Experimental
2.1 Synthesis of ZSM-5 Monolith

ZSM-5 monolith foam (ZMF) samples with three different
Si/Al ratios of 140, 250 and 500 were synthesized
according to our previously established method [25, 26].
The molar gel composition used for the synthesis of ZSM-5
foam with Si/Al = 140 is 7.5 TEOS: 1.0 TPAOH: 0.054
aluminum isopropoxide: 330 H,O. In a typically procedure,
aluminum isopropoxide (0.23 g) was first hydrolyzed in a
solution consists of 19.3 mL of tetrapropylammonium
hydroxide (TPAOH, TCI, 20-25%) and 101.0 mL of H,O
followed by addition of 33.9 g of tetraethyl orthosilicate
(TEOS, Acros, 98%). The final gel was stirred for 4 h and
transferred to an autoclave containing the 2.5 g of cylin-
drically shaped polyurethane foam (PUF) template. The air
inside the PUF template was removed by frequently
squeezing the template with a glass rod during introduction
of the gel. The typical volumes of the gel and PUF were
168 mL and 155 cm®, respectively. The hydrothermal
synthesis was conducted at 170 °C for 2 days and the as
synthesized material (ZSM-5 monolith) was successfully
washed with copious amounts of water and acetone fol-
lowed by its drying at room temperature and calcinations at
600 °C for 12 h under air flow. The calcined ZMF sample
(8.5 g) was ion exchanged twice with a 500 mL of 2 M
NH4NOj; solution at 70 °C for 12 h. Then the sample was
washed, dried, and calcined to get H-form at 400 °C for
5h

The synthesis procedure for the PUF template used in
ZMF preparation has been described in our previous paper
[25].

2.2 Characterization of the Catalysts

The XRD patterns of the synthesized samples were recor-
ded on Rigaku D/MAX IIIB X-ray diffractometer with Cu
Ko radiations. The morphology of the ZMF catalyst was
observed with scanning electron microscope (Philips XL
30S FEG microscope). The surface acidity of the samples
were conducted by temperature programmed desorption of
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ammonia (NH3-TPD) using a BEL-CAT PCI 3135 with
TCD detector. In a typical analysis, 0.2 g of the calcined
sample was pretreated to remove adsorbed water at 500 °C
for 3 h and then saturated with ammonia at 100 °C for 1 h.
After saturation, the sample was purged with helium for
30 min to remove the weakly adsorbed ammonia on the
surface of the catalyst. The temperature of the sample was
then raised at a heating rate of 10 °C/min from 100 to
700 °C. The amount of ammonia desorbed from the cata-
lyst was measured by comparing peak areas of standard
sample.

BET surface area and pore volumes were measured
by N, adsorption-desorption isotherm at —196 °C using
TriStar 3000 (Micromeritics). Prior to the adsorption-
desorption measurements, all the samples were degassed at
300 °C in vacuum for 4 h. The compositions of the cata-
lysts were obtained by X-ray fluorescence (XRF) analyses
conducted on a SEA 5120 (Seiko Instruments Inc.).

2.3 Catalytic Activity

Catalytic activity of all the samples towards methanol
conversion was carried out in a fixed bed micro-reactor
(316 stainless steel tubing, I.LD. =1 cm and length =
30 cm) at atmospheric pressure in the temperature range of
300-550 °C. ZMF catalyst was cut to 1-2 mm size and
loaded into the reactor. For comparison purpose, pelletized
ZMF catalyst was prepared by grinding the ZMF to powder
followed by its pelletization and sieving into 0.8—1.15 mm
size particles. The pelletized catalyst was loaded with sea
sand as a diluent in same volume of 2.5 mL with the foam
form catalyst in the reactor. In a typical experiment, prior
to the activity evaluation, the catalysts were activated
for 1 h at 500 °C in a N, flow prior. Nitrogen gas as an
inert diluent was co-fed with crude methanol containing
20 mol% H,O0 at a flow-rate of 130 mL/min (MeOH:N, =
1:9 v/v) and the reaction was carried out under WHSV =
2.55 h™'. Effluent gas from the reactor was analyzed by an
online gas chromatograph (Donam GC 6100) employing
GS-Q capillary columns for hydrocarbons and oxygenates,
respectively, with FID detection. Product compositions
were calculated based on standard gas mixture. The
methanol conversion and product selectivity were calcu-
lated according to the following equations:

Conversion (%) =

(moles of MeOH introduced) — (moles of MeOH unreacted)

3 Results and Discussions

3.1 Morphology and Textural Properties of ZSM-5
Monolith Foam (ZMF)

The photographs of polyurethane foam (PUF) (Fig. la)
template and ZMF (Fig. 1b) have shown in Fig. 1. The
photographs reveal identical appearance of ZMF with the
PUF template (Fig. la) in shape and size. The ZMF
structure does not shrink even after the calcinations at
550 °C indicating the formation of fully-grown monolith.
The cylindrical macro structure of zeolite foam (Fig. 1b)
has cut and analyzed for its topology. The SEM analysis of
the sample indicated the formation of ZSM-5 monolith
exhibiting about 100-300 pm range macro pores (Fig. 1c)
created by packed growth of 5 um size orthorhombic
shaped ZSM-5 crystals on surface of PUF struts (Fig. 1d).
XRF analysis indicated the Si/Al ratio of 153, 223 and 433
for the three ZMF samples synthesized.

X-ray diffraction patterns of all the ZMF samples
exhibited the fundamental band patterns confirming the
MEFI structure of ZSM-5 (Fig. 2). The intensity of lower
degree peaks (below 10°) is increased with the framework
Si/Al ratio due to decreased amount of adsorbed water with
increased hydrophobic nature of the high silica sample. The
samples also exhibited similar type of isotherms in N,
sorption measurements, except a slight increase in pore
volume with Si/Al ratio (Fig. 3). Though, the increase in
particle size is expected with the Si/Al ratio, there is not
much difference in properties viz. surface area and porosity
was observed, indicating minimal differences in the parti-
cle size of the ZMF with the variation in framework
composition. Overall, the ZMF samples exhibited the
comparable values of surface area (410 m*/g) and pore
volume (0.2 cc/g) (Table 1).

The ZMF sample also exhibited two peak acidity pat-
terns in NH3-TPD and the acidity is decreased with the
increasing framework Si/Al ratio of the gel (Fig. 4). The
sample ZMF1 has shown a low temperature desorption
peak at about 170 °C with a high temperature peak at
380 °C correspond to weak and strong acidity, respec-
tively. The intensity of both the peaks decreased with the
Si/Al ratio indicating the decrease in total acidity of the
samples with the decrease in aluminum content.

Hydrocarbon selectivity (mol% C) =

(moles of MeOH introduced)

(moles of C in specific hydrocarbon produced)

(moles of C in total hydrocarbon produced)

@ Springer
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Fig. 1 Morphology and
structure analysis of ZSM-5
monolith foam (ZMF), a
photograph of polyurethane
foam and b ZSM-5 monolith
foam, ¢ SEM images of ZSM-5
foam and d magnified portion of
ZSM-5 foam
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Fig. 2 X-ray diffraction patterns of the ZMF samples, (a) ZMF1 (Si/
Al = 140), (b) ZMF2 (Si/Al = 250), (c) ZMF3 (Si/Al = 500)

3.2 Catalyst Performance in Methanol Conversion

The product obtained in methanol conversion over three
ZMF catalysts at various reaction temperatures has been
given in Tables 2, 3, 4. The products obtained are indicated
with carbon number of hydrocarbons. Emphasis is given to
maximize the formation of C,—C, olefins with special
reference to propylene and C;7/Cj ratio.

The ZMF1 (Si/Al = 140) sample exhibited the light
olefin selectivity of about 58% at 400 °C and the selectivity
is increased with reaction temperature and reached 72% at
550 °C. The main reason for increase in C,—C,4~ at 550 °C
is due to the enhanced cracking reactions prevailed at
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Fig. 3 Nitrogen adsorption—desorption isotherms of ZMF samples

Table 1 Properties of ZSM-5 monolith foam (ZMF) catalysts

Sample Si/Al ratio BET surface Total pore
area (m?/g)* volume (cm*/g)
ZMF1 140 408.4 0.192
ZMF2 250 4143 0.189
ZMF3 500 416.2 0.194

# Measured by N, adsorption at —196 °C

higher reaction temperatures. Decrease in Cs* hydrocarbon
selectivity indeed supports the occurrence of cracking
reactions at higher temperatures. Thus, the selectivity to
C,—C, is also increased with reaction temperature. The
conversion of methanol is always 100% at all the reaction
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Fig. 4 NH5-TPD of the ZMF samples, (a) ZMF1 (Si/Al = 140), (b)
ZMF2 (Si/Al = 250), (c) ZMF3 (Si/Al = 500)

temperatures and no DME formation was observed in the
reaction product of this catalyst. Interestingly, the olefin to
paraffin ratio of Cj is increased with the reaction temper-
ature. Overall, rising of reaction temperature caused
significant increase in C;~ selectivity and moderate
increase in C,~ selectivity with simultaneous decrease in
selectivity of C4~ and Cs" hydrocarbons. Increase in
reaction temperature caused increased in selectivity of Co—
C4~, especially C;™.

Unlike ZMF1, ZMF2 (Si/Al = 250) exhibited higher
C,—C,4~ selectivity of about 73% even at lower reaction
temperature (400 °C) and the selectivity is not much
improved with the reaction temperature (Table 3). Even at

Table 2 Product distribution in methanol conversion over ZMF1*

500 °C, the catalyst exhibited only 75% selectivity to Co—
C4~. There is no considerable change in C;—C, and cst
selectivity on this catalyst with the reaction temperature.
But, the increased olefinicity of the C; hydrocarbon was
observed with the reaction temperature.

ZMF3 (Si/Al = 500) exhibited rather a different prod-
uct pattern with lower methanol conversions at lower
reaction temperature and the conversion is increased from
83% to 97% with the reaction temperature (Table 4).
Surprisingly, about 31% selectivity to DME was observed
on this catalyst at 400 °C, which is decreased with reaction
temperature and it was only 4.3% at 550 °C. Accordingly,
the selectivity to C,—C4 is increased with reaction tem-
perature, being 52% at 400 °C to 74% at 550 °C. This
trend reveals the shifting of product pattern from DME to
light olefins with increasing conversion accomplished by
the raise in reaction temperature. The increase in olefinicity
of the C; hydrocarbon (C37/C; ratio) was also observed in
this case, but the increase is much significant on this cat-
alyst up to 500 °C.

It is interesting to see that the formation of light olefins
is favored on all the ZMF samples. The formation of light
paraffins and oligomerized products (Cs™ hydrocarbons)
are low on these catalysts. This may be due to the improved
diffusion of reaction intermediates facilitated by the pres-
ence of macro pores in the ZMF sample. The well-known
methanol conversion consists of the consecutive reaction
steps of methanol dehydration to form DME and the
equilibrium mixture of methanol and DME undergoes
further dehydration to produce light olefins. The appear-
ance of DME and unconverted methanol in the sample

Temp. (°C) MeOH conv. (%) Product distribution (%)
Cl C2= C27 C3= C37 C47 C4= C2=—C4= C5+ C3=/C37 C3=/C2=
400 100 0.4 12.0 0.1 23.6 4.5 8.8 22.0 57.7 28.6 5.2 2.0
450 100 0.5 11.0 0.2 28.6 3.8 5.2 19.5 59.2 31.2 7.5 2.6
500 100 1.2 16.2 0.3 35.5 3.5 3.1 18.6 69.4 21.6 10.1 2.2
550 100 32 20.9 0.5 36.3 3.0 2.3 14.4 71.6 19.4 12.1 1.7
 Reaction conditions: feed = MeOH/H,0/N, = 1/0.25/11 (molar ratio), WHSV(MeOH) = 2.55 h™!
Table 3 Product distribution in methanol conversion over ZMF2
Temp. (°C) MeOH conv. (%) Product distribution (%)
C, Cy” Cy,” C;5™ C;~ (O C4 C,—C4~ Cs™ Cy7/C5™ Cy7/Cy”
400 100 0.4 13.5 0.0 39.0 2.1 9.3 20.3 72.8 15.0 18.6 2.9
450 100 0.7 11.4 0.0 439 1.9 5.7 20.1 75.4 16.3 23.1 3.9
500 100 1.7 124 0.1 43.7 1.7 4.4 19.2 75.3 16.9 25.7 3.5
550 100 3.0 18.0 0.3 429 2.0 34 17.8 78.7 12.6 21.5 24

@ Reaction conditions: feed = MeOH/H,O/N, = 1/0.25/11 (molar ratio), WHSV(MeOH) = 2.55 h™!
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Table 4 Product distribution in methanol conversion over ZMF3
Temp. (°C) MeOH conv. (%) Product distribution (%)
C, C,y- G G5 C;- DME C4  C4i C,-C,  Cst C537/C3~ G3T/CyT
400 83.0 04 6.6 0.0 307 04 30.8 6.1 14.1 51.6 10.8 76.8 4.7
450 90.8 0.6 54 0.0 396 02 15.3 5.0 20.2  65.0 13.8 198.0 7.3
500 94.8 1.1 6.8 0.0 424 02 8.1 39 217 710 158 2120 6.2
550 97.2 26 95 0.1 417 0.5 4.3 2.7 228 744 15.8 83.4 4.4

2 Reaction conditions: feed = MeOH/H,O/N, = 1/0.25/11 (molar ratio), WHSV(MeOH) = 2.55 h™!

ZMF3 may be due to its lower catalytic activity caused by
high framework Si/Al ratio and lower acidity values. On
the other hand, the strong acidity in ZMF1 may be
responsible for the formation of high C;—C, hydrocarbons
along with the light olefins (C,—C47). In case of ZMF2, the
optimum acidity seems to be responsible for the formation
of high amount of light olefins. Overall, there is an opti-
mum catalytic property that is required for the production
of light olefins over the ZMF catalyst. Presence of strong
acidity and high reaction temperatures on ZMF1 encour-
aged secondary reactions to form light paraffins and
oligomerized Cs" hydrocarbons. On the other hand, the
ZMF2 could give high amount of light olefins at lower
reaction temperatures and the higher reaction temperatures
caused the formation of secondary reaction products. On
ZMF3, the lower reaction temperatures caused relatively
low methanol conversion and the formation of DME
(intermediate species of light olefin formation), and
increase in reaction temperature caused the decrease of
DME with simultaneous formation of light olefins. All
these results suggest the importance of catalyst acidity and
reaction temperatures on the product selectivity that can be
described in the reaction pathways shown below.

Dehydration Dehydration

P = =
MeOH -— DME S EE— C,~-C,

Low acidity Medium acidity

/medium temperature R L
/low temperature Oligomerization

/cracking
Cs" olefins
Strong acidity Hydrogen

/high temperature transfer

Paraffins, aromatics

High acidity is good for light olefin formation, but this
also encourages secondary cracking reactions to produce
ethylene. Decrease of strong acidity is advantageous for
propylene production. Indeed the trend observed from
ZMF]1 to ZMF3 is the increase in C37/C,~ ratio which is
advantageous for the production of propylene with con-
trolled formation of ethylene.

3.3 Performance of Pelletized ZMF

Among the three foam samples, ZMF-2 has exhibited the
best yields of light olefins and propylene selectivity.
Hence, this sample has been considered for further study
to understand the role of porosity created in the foam
catalyst on the product selectivity. For this, the ZMF2
sample is crushed to the powder and pelletized (ZMF-2P)
and the catalytic activity of ZMF-2P is compared with
that of the ZMF2. Purpose of this study is to understand
the role of macro pores created in ZMF on the reaction.
The ZMF-2P also exhibited the typical product pattern of
light olefins and the phenomenon of increased light olefin
formation with reaction temperature (Table 5). However,
the product selectivity of light olefins on the ZMF-2P is
not as high as that on the ZMF2. As shown in Table 5,
pelletization caused decrease in light olefins with simul-
taneous increase of Cs' selectivity at all the reaction
temperatures. This may be due to the decrease in free
diffusion of the olefinic intermediates in the pelletized
sample.

In order to understand the relative selectivities of the
hydrocarbon products on the both the catalysts, the product
obtained at various reaction temperatures has been com-
pared in Fig. 5. The light olefins, especially propylene
selectivity is lower on the pelletized catalyst. However, the
pelletization could increase the formation of Cs* hydro-
carbons. This again reveals the better performance of foam
catalyst before pelletization due to the presence of macro
pores in it. The methanol conversion is near 100% at all
these conditions.

Further studies are conducted to understand the perfor-
mances of these catalysts at lower methanol conversions,
where, the foam (ZMF2) and pelletized catalysts (ZMF-2P)
have been studied at lower reaction temperature (350 °C)
by varying feed flow rate from 1 to 15 WHSYV range. The
product trends given in Fig. 6 clearly suggest the inferiority
of the pelletized catalyst at all the space velocities. The
ZMF?2 exhibited better selectivity in terms of light olefins,
whereas, methanol and DME are relatively low. It is
interesting to see that the difference in product pattern is
much significant at the higher WHSV values. That means,
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Table 5 Product distribution in methanol conversion over pelletized foam catalyst (ZMF-2P)
Temp. (°C) MeOH conv. (%) Product distribution (%)
C, C,- G, Cs™ Cs™ Cy Cy~ C,—C4 Cs* C57/C5~ C57/Cy°
400 100 0.4 9.8 0.1 354 1.7 59 22.9 68.1 239 20.8 3.6
450 100 0.6 104 0.1 41.5 1.8 43 20.8 72.7 20.5 23.1 4.0
500 100 2.1 12.8 0.2 43.8 1.7 31 17.9 74.5 18.7 25.8 34
550 100 3.6 19.5 0.3 43.3 1.9 2.6 16.2 79.0 12.6 22.8 22

2 Reaction conditions: feed = MeOH/H,O/N, = 1/0.25/11 (molar ratio), WHSV(MeOH) = 2.55 h™!
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Fig. 5 Effect of pelletization of the foam on the product distribution
in methanol conversion, filled symbols (foam), open symbols (pellet).
Reaction conditions: feed = MeOH/H,O/N, = 1/0.25/11 (molar
ratio), WHSV (MeOH) = 2.55 h™!
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Fig. 6 Effect of WHSV on the performance of foam (ZMF2) and
pelletized foam (ZMF-2P) catalysts in methanol conversion, filled

symbols (foam), open symbols (pellet), Reaction temperature =
350 °C
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at higher feed flow rates, the absence of macro pores in
pelletized catalyst can decrease the molecular diffusion to
yield less light olefins. These results clearly reveal the
positive role of macro pores in foam catalyst on the product
pattern perhaps through its effective diffusion of the reac-
tion intermediates and products.

Overall, the studies reveal the promising -catalytic
activity of ZSM-5 monolith foam (ZMF) materials for the
conversion of methanol to produce light olefins, where, the
catalyst acidity and reaction temperature play a vital role in
determining the product selectivity.

4 Conclusions

1. ZSM-5 monolith foam (ZMF) materials with various
Si/Al ratios can be successfully synthesized in the
laboratory.

2. The materials find interesting catalytic applications in
methanol conversion and the ZMF exhibits higher
selectivity to light olefins, especially propylene in
methanol conversion.

3. The ZMF catalyst with high macro porosity exhibited
superior catalytic activity compared to its pelletized
form signifies the importance of macro porous struc-
ture of ZMF in facilitating the enhanced mass transport
for the labile diffusion of light olefins.
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