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Key word list
Zeolites, Zeotypes, Synthesis, Characterization, Fluid properties, Molecular modelling.

Definitions and acronyms
Acronyms

Definitions

ZSM-5

Zeolite with MFI structure, MFI = code of International Zeolite
Association

AlPO-5

Zeotype with AFI structure

AlPO-11

Zeotype with AEL structure

Beta

Zeolite with BEA structure

Y zeolite

Zeolite with FAU structure

BET

Brunauer-Emmet-Teller adsorption model

GCMC

Grand Canonical Monte Carlo
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1.

Introduction

Several structural types of zeolites and zeotypes have been synthesized to serve as model
microporous compounds to be investigated in the frame of this project. Zeolites are
important natural crystalline materials having well-defined microporous systems. Based on
that they can serve as realistic models for investigation of their fluid properties in relation to
shale gas treatment.

Deliverable objectives


Five different structural types of zeolites and zeotypes will be synthesized, those will
differ in the structure (size and shape if micropores).



Detailed characterization of these materials will be carried out using X-ray powder
diffraction, scanning electron microscopy, chemical composition, and adsorption
properties.



ZSM-5 zeolite will be investigated by modelling of its fluid properties for methane and
butane.

2.

Methodological approach

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 CuKα radiation in Bragg–Brentano
geometry.
Nitrogen adsorption/desorption isotherms were measured on a Micromeritics GEMINI II
2370 volumetric Surface Area Analyzer 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 surface 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, selfsupported 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
equilibrium pressure 5 Torr, followed by 30 min degassing at room temperature. To obtain
quantitative analysis, the molar absorption coefficients for CD3CN adsorbed on Brønsted
PU
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acid sites (ν(C≡N)-B at 2297 cm-1, ε(B) = 2.05 ± 0.1 cm μmol-1) and strong and weak Lewis
acid sites (ν(C≡N)-L1 at 2325 cm-1 ν(CN)-L2 2310 cm-1, ε(L) = 3.6 ± 0.2 cm μmol-1) were used.
Integral intensities of individual bands were used and spectra were normalized to the wafer
thickness 10 mg cm-2.

3.

Summary of activities and research findings

12-ring aluminophosphate AlPO4-5, IZA structure code AFI (JHI-3327)
Synthesis:


6.3 g Catapal B boehmite was hydrolyzed with 10.7g H3PO4 (85%, Fluka 79620) in 25 ml
deionized H2O, the mixture was stirred at RT for 2 hours.



39 g TEAOH 20% (Aldrich 177806) was added dropwise, the mixture was stirred at RT
for 2 hours.



The mixture was charged into PTFE lined stainless steel autoclave and kept at 155°C
with agitation for 22 hours. The reaction products was recovered by
centrifugation/washing and dried at RT.



Structure direction agent was removed by calcination in air using following program:
2°C/min to 220°C (4 hours), then 2°C/min to 550°C (10 hours).

Figure 1: Difractogram of calcined sample

Figure 2: SEM of calcined sample
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10 ring aluminophosphate AlPO4-11, IZA structure code AEL (JHI-3328)
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10.5 g Catapal B boehmite was hydrolyzed with 18 g H3PO4 (85%, Fluka 79620) in 75 ml
H2O, the mixture was stirred at RT for 2 hours.
7.8 g dipropylamine (Aldrich D214752) was added dropwise, the mixture was stirred at
RT for 2 hours.
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The mixture was charged into PTFE lined stainless steel autoclave and kept at 190°C
with agitation for 22 hours. The reaction products was recovered by
centrifugation/washing and dried at RT.
Structure direction agent was removed by calcination in air using following program:
2°C/min to 220°C (4 hours), then 2°C/min to 550°C (10 hours).

Figure 3: XRD pattern of calcined sample

Figure 4: SEM of calcined sample
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10-ring zeolite ZSM-5, IZA structure code MFI (JHI-3329)
A:

36 g of TEOS (Aldrich 131903)
7,2 g of ethylalcohol absolut
were mixed together.

B:

1.8 g Al(NO3)3.9 H2O (Lachner, p.a.)
in 14.5 ml H2O
Solutions A+B were stirred at RT for 90 minutes.
C:

64.8 g of tetrapropyl ammonium hydroxide solution (20% in H2O, Fluka 88111)
63 ml H2O
To stirred solution C mixed solutions A+B were added and the mixture was stirred for 3
hours at RT. Mixture was poured into PTFE lined stainless steel autoclave and was kept at
170°C for 5 days without agitation.
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Figure 5: XRD pattern of calcined sample

Figure 6: SEM of calcined sample
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12-ring zeolite Beta, IZA structure code BEA (JHI-3330)
A:

59.4 g water
89.6 g TEAOH (40%, Aldrich 86633)
0.53 g sodium chloride
1.44 g potassium chloride - stirred until dissolved

B: (A) + 29.54 g Cab-O-Sil
was stirred until homogenized
C:

20.0 ml H2O +
0.33 g NaOH
1.79 g sodium aluminate (Aldrich 13404) - stirred until dissolved

Mixing B and solution C gives thick gel, which was homogenized by spoon and transferred to
PTFE lined stainless steel autoclave, which was kept at 135°C for 20 hours without agitation.
Figure 7: XRD pattern of calcined sample

Figure 8: SEM of calcined sample
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12-ring zeolite Y, IZA structure code FAU (JHI-3331)
A:

12 g NaOH
15 g sodium aluminate (Aldrich 13404)
100 ml H2O – stirred to form thin gel

B:

110 g Ludox HS-40 (Aldrich 420816)
80 ml H2O

To the solution B stirred with turbine mixer at high velocity (at least 800 rpm) was added gel
A and the mixture was stirred until homogeneous. The mixture was kept in PP bottle at 80°C
for 10 days without agitation until the solid part settled on the bottom.

Figure 9: XRD pattern of calcined sample

Figure 10: SEM of calcined sample
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Table 1: Textural properties

Sample
ZSM-5
FAU- Y
BEA
AlPO4-11
AlPO4-5

Sample code
JHI-3329
JHI-3331
JHI-3330
JHI-3328
JHI-3327

BET a
(m2/g)
429
791
557
195
317

VMI b
(cm3/g)
0.17
0.33
0.24
0.08
0.15

VTOT c
(cm3/g)
0.23
0.35
0.34
0.12
0.18

DMI d
(nm)
0.54
0.71
0.61
0.51
0.64

VMEe
(cm3/g)
-

a – surface area (BET method, p/p = 0.02 – 0.15)
0
b – micropore volume (NLDFT, Ar on oxides at 87 K, cylindrical pores)
c – total pore volume at p/p = 0.99
0
d – average pore diameter (NLDFT, Ar on oxides at 87 K, cylindrical pores)
e – mesopore volume
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Figure 11: Adsorption of nitrogen on prepared zeolites and zeotypes
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Figure 12: Pore size distribution on synthesized zeolites and zeotypes
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Table 2: Elemental analysis (ICP)

Zeolite

Sample Code

Si/Al

ZSM-5

JHI-3329

42.30 Al203 : 84.6 Si02

FAU-Y

JHI-3331

3.10

BEA

JHI-3330

Composition
3.86 Na 20 : Al 203 : 6.20 Si02

11.81 0.31 K 2 0 : 7.4 Na 2 O: Al 2 0 3 : 23.62 Si0 2
P/Al

PU
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Adsorption of water, methane, and ethane
As the second step, we performed the analysis of prepared zeolites/zeotypes by adsorption
of methane, ethane and water.
Because large amounts of natural gas and oil are stored in shale formations, we seek to
better understand the processes that occur during the production of natural gas from shale.
Our task in the frame of the WP 7 is the synthesis of zeolites and other porous materials
with controlled porosity. The main aim is to obtain deep knowledge of the fluid behaviour in
the narrow pore systems typical for shales. The study of adsorption isotherms of selected
adsorptives enables us to obtain contribution of free and adsorbed gas to the productivity of
a shale formation.
Adsorption properties of five samples of molecular sieves were investigated. The samples
SYN-3530-Y, SYN-3438-ZSM-5 and SYN-3536-BEA represent purely microporous
aluminosilicate molecular sieves of the type Y, ZSM-5 and Beta, respectively. The samples
SYN-3581B-AlPO-5 and SYN-3574-AlPO-11 are microporous aluminophosphates.

Adsorption measurement
Adsorption isotherms of argon at 87.4 K, methane at 77.4 K or 293 K and ethane and water
at 293 K on materials under study were determined using an ASAP 2020 (Micromeritics)
volumetric instrument. The instrument was equipped with three pressure transducers
covering 133 Pa, 1.33 kPa and 133 kPa ranges. All the materials were outgassed before
adsorption measurement using a program starting from ambient temperature to 383 K
(heating ramp of 0.5 K min-1) until the residual pressure of 1 Pa was reached. After 1 h delay
at 383 K the temperature was further increased (heating ramp of 1 K min-1) to 573 K. The
sample was outgassed at this temperature under turbomolecular pump vacuum for 8 h.
The temperatures of 87 K and 77 K were maintained using bath from liquid argon and
nitrogen, respectively. The thermostat Iso-Therm (e-Lab Services, Czech Republic)
maintaining temperature of the sample with accuracy of ± 0.01 K was used for the
measurement of water adsorption at 293 K.

Results
The measurements of argon isotherms were performed at the temperature of its boiling
point in order to determine structure parameters of adsorbents under study. To determine
the degree of hydrophilicity or hydrophobicity of these adsorbents, the measurement of
water vapor isotherms was carried out at the temperature which is 20 K above the melting
point of water.

PU
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Thermodynamic constants of all applied adsorptives are listed in Table 3. It follows from
these data that isotherms of methane were measured at temperatures below and above its
critical temperature. Ethane isotherms were measured only at temperature which is slightly
lower than its critical temperature. It is obvious that above critical temperature or in its
proximity both adsorptives behave as non-condensable gases.
Since methane and ethane are the most important components of shale gas, their isotherms
on materials under study were analysed more in detail.

Argon adsorption
Adsorption isotherms of argon are displayed in Figure 13. Evaluated texture parameters are
summarized in Table 4.
The surface area SBET of all samples was determined using the BET theory. This theory is
based on the determination of the capacity of monomolecular layer. (Area effectively
occupied by argon atom in this layer is assumed to be 0.142 nm2). It must be stressed that
the application of the BET theory should not be expected to confirm its validity for
microporous materials. The determined values represent an apparent surface area which
may be regarded only as a useful criterion.
An inspection of adsorption data reveals that five isotherms (SYN-3530, -3581, -3574, -3438,
-3536) belong to type I after IUPAC classification. [2] They are characterized by very low
mesopore volume VME and by broad distribution of their size DME.
Micropore diameter DMI and micropore volume VMI were determined using non-local
density functional theory. Commercial software from Micromeritics was applied. Mesopore
diameter DME and mesopore volume VME was determined using BJH algorithm.

PU
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Figure 13: Adsorption isotherms of argon at 87.3 K

Water adsorption
Adsorption isotherms of water vapor are displayed in Figure 14. (It should be noted that
amount adsorbed of water vapors is expressed in mmol/g in contrast to the adsorption of
gases expressed in cm3/g STP.) Isotherms of water differ from argon isotherms because
water is sensitive not only to the pore structure but also to the surface chemistry. It is wellknown that argon at its boiling temperature forms complete wetting layer on surfaces. On
the other hand, the shape of water isotherms on samples SYN-3536 and SYN-3438 clearly
shows that water does not completely wet the adsorbent surface. This fact is confirmed by
single point volumes (Table 4) which are in case of water lower than in case of argon.
Unusual course of water isotherms on samples AlPO-5 and AlPO-11 documents a high
hydrophobicity of these materials. Due to such property of their surface the adsorption of
water vapor at low pressures increases very slowly; the sudden increase in the adsorption
occurs at relative pressure 0.1 (SYN-3474) or 0.2 (SYN-3581). Total pore volume VSUM was
determined from maximum amounts of adsorbed water at p/p0 ~ 0.95.

Methane adsorption
Adsorption isotherms of methane were measured at temperatures 77 K (i.e. at liquid
nitrogen temperature) and at 293 K. Isotherms at 77 K in Figure 15 are characterized by
rectangular course. As adsorption of methane takes place ca 13 K below the triple point
temperature, the bulk reference state is in doubt. Experimental data show that the layer of
PU
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adsorbed molecules is formed at extremely low pressures lower than 3x10 -5 torr outside
resolving power of measurement.
Figure 14: Adsorption isotherms of water vapor at 293.2 K

As the surface of all adsorbents is fully covered already at pressure of ~ 1x10 -3 torr, the
single point capacity listed in Table 3 is roughly proportional to surface area of samples.
In Figure 16 are depicted methane isotherms at 293 K. Because this temperature is ca. 103 K
above critical temperature, their course can be described by the Langmuir isotherm
a/ao = bp/(1 + bp)

[1]

as shown in Figure 16. In the equation [1] a is amount adsorbed and a0 is Langmuir
adsorption capacity. Adsorption coefficient b is exponentially related to the positive value of
the energy of adsorption, E:
b = K exp(E/RT) ,

[2]

where R is gas constant. b may be regarded as a function of enthalpy and entropy of
adsorption [3]. Determined constants b and ao are listed in Table 3.
The Langmuir adsorption capacity a0 as well as the BET surface area of microporous
materials is an apparent value, which may be regarded only as a mathematical constant in
PU
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the equation [1]. The true adsorption capacity represents single point adsorption aSUM at
equilibrium pressure 750 torr. The data in Table 3 reveal that the samples SYN-3438 and
SYN-3526 are characterized by the highest adsorption capacity towards methane.
In contrast to capacity a0, the constant b in Table 3 demonstrates different adsorption
affinity of materials under study towards methane. The high affinity is observed with
samples SYN-3438 and SYN-3536, i.e. with zeolites of the type ZSM and Beta. Low affinity
characterizes the AlPO sample SYN-3581. It should be noted that a low affinity but a high
capacity characterizes the sample SYN-3530 (i.e. zeolite Y).
Figure 15: Adsorption isotherms of methane at 77.2 K

Ethane adsorption
Figure 17 depicts ethane isotherms at 293 K. The measurement was performed at
temperature, which is only about 30 K lower than critical temperature. As shown in Figure
17, the isotherms are consistent with Langmuir equation as well as the isotherms of
methane. The data in Table 5 reveal that affinity towards ethane and adsorption capacity
has a similar trend as in the case of methane. However, because ethane has molecular
weight nearly two times higher than methane, the constant b for ethane is substantially
higher than that for methane; also single point adsorption aSUM is higher.
PU
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Figure 16: Adsorption isotherms of methane at 293.2 K
Points represent experimental data, solid lines are
calculated using Langmuir equation (1).

Figure 17: Adsorption isotherms of ethane at 293.2 K
Points represent experimental data, solid lines are
calculated using Langmuir equation (1).
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Table 3: Thermodynamic constants of adsorptives

Adsorptive
Argon
Water
Methane
Ethane

Critical
temperature
K
150.7
647.0
190.6
305.4

Triple point
temperature
K
83.8
273.2
90.7
90.4

Melting point
K

Boiling point
K

83.8
273.2
91.2
90.2

87.4
373.2
111.7
184.2

Table 4: Texture parameters from argon isotherms, single point argon and water adsorption

ZEOLITE

Single pointa

Single pointa

SBET

DMI

VMI

DME

VME

VSUM (cm3/g)

VSUM (cm3/g)

m2/g

nm

cm3/g

nm

cm3/g

argon

water

87 K

293 K

SYN-3530-Y

791

0.73

0.388

-

-

0.350

0.295

SYN-3581B-AlPO-5

317

0.63

0.161

4 – 12

0.067

0.178

0.257

SYN-3574-AlPO-11

195

0.52

0.099

4 – 12

0.047

0.119

0.146

SYN-3438-ZSM-5

429

0.55

0.220

4 – 10

0.066

0.231

0.100

SYN-3536-BEA

556

0.60

0.260

4 – 14

0.122

0.341

0.254

a

Single point volume is calculated from amount adsorbed at relative pressure 0.95.
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Table 5: Methane and ethane adsorption

ZEOLITE

SYN-3530-Y
SYN-3581B-AlPO-5
SYN-3574-AlPO-11
SYN-3438-ZSM-5
SYN-3536-BEA

a
b

Single pointa

104 b

a0

(cm3/g

(torr-1)

(cm3/g

aSUM

STP)

STP)

Ratio aSUM/SBET
methane 77 K

methane 293 K

methane 293 K

204.5
0.26
105.4
0.33
47.8
0.25
99.0
0.23
150.6
0.27

0.43

305

1.82

Single

pointb

aSUM (cm3/g STP)
methane 293 K

104 b

a0

(torr-1)

(cm3/g

STP)

Single pointb
aSUM (cm3/g STP)
ethane 293 K

ethane 293 K

ethane 293 K

9.50

26.3

107

70.3

32

3.8

32.4

26

18.5

1.56

66

6.7

99.94

23

20.5

6.46

50

16.3

177.0

48

44.7

5.69

52

15.1

112.3

51

46.3

Single point adsorption is calculated from amount adsorbed at 77 K and absolute pressure 8 torr. Ratio a SUM/SBET is given in the second line.
Single point adsorption is calculated from amount adsorbed at 293 K and equilibrium pressure 750 torr.
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Molecular modelling of C1 to C4 alkanes adsorption on zeolites ZSM-5
Monte Carlo (MC) and Grand Canonical MC (GCMC) were employed to study adsorption of
C1 to C4 alkanes on zeolites ZSM-5. The C1 to C4 alkanes are abundant components of shale
gas. Simulations were performed at 293K and pressures from 0.5bar up to alkanes vapour
pressures. We considered all-silica ZSM-5 as well as alumino-silicate ZSM-5/35 with sodium
ions as cations for charge balancing; Si/Al ratio equals to 35.
Zeolite model
The initial MFI framework structure was taken from the IZA data base [4]. The unit cell was
periodically repeated in the x-, y- and z-directions. Namely, we used 2x2x3 supercells
(4.0180nm x 3.9476nm x 3.9426nm) and they were treated as rigid structures. Since
positions of Al3+ ions in a zeolite framework are generally unknown we used a random
distribution of Al3+ ions under the constrain given by Löwenstein rule: avoid the formation of
Al-O-Al linkages which are energetically highly unfavourable [5]. Each time Si4+ is replaced by
Al3+, zeolite framework becomes negatively charged. To balance the framework charges, Na +
ions were added into the supercell. The zeolites atoms and Al3+ balancing cations were
treated as charged Lennard-Jones spheres with potential parameters given by Vujic and
Lyubartsev [6]. Figure 18 shows as an example ZSM-5/35 supercell used in GCMC
simulations.
Guest gas molecules (methane, ethane, propane, and n-butane) were described using the
united-atom TraPPE force field [7]. At 293K, methane is in supercritical state while ethane,
propane and n-butane are in subcritical states. For methane, ethane and propane, GCMC
simulations were performed for pressures up to about vapour pressure of propane, i.e.,
8bar. For n-butane, the simulations were carried out for pressures up to about its vapour
pressure, i.e., 2bar. Values of the chemical potential inputting to GCMC were determined
using isothermal-isobaric MC simulations employing Widom’s insertion method. Figure 19
displays as an example dependence of chemical potential and fugacity on pressure for
methane.
Figures 20, 21, 22 and 23 present adsorption isotherms of C1 to C4 alkanes, respectively, for
zeolites ZSM-5 and ZSM-5/35 at 293K. Our simulation results are compared with
experimental data of Sun et al. [8]. The following conclusions can be drawn from the
simulation results.
 Simulation results are in very good agreement with the experimental data,
suggesting Vujic-Lyubartsev’s zeolite force field combined with the alkane TraPPE
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force field provide a good molecular-level description of C1 to C4 in zeolites ZSM-5
and ZSM-5/35.
 Adsorption capacity for ZSM-5/35 is lower than that for ZSM-5 due to excluded
volume effect by sodium balancing cations.
 Simulation results confirmed the experimental finding above that adsorption affinity
and capacity of ethane are higher than those for methane (cf. Figures 20 and 21).
Finally, we performed GCMC simulations of equimolar methane/propane mixture at
293K and pressures up to 8bar, and simulation results are shown in Figure 24. Figure 24
shows preferential adsorption of propane due to stronger van der Waals fluid-solid
interactions for propane in comparison with methane, bearing similarity with adsorption
shale gas onto shale rock.
Figure 18: ZSM-5/35: alumino-silicate MFI supercell with sodium ions as cations for charge balancing with
Si/Al=35

Figure 19: Dependence of chemical potential, bulk, and fugacity, f, of methane on pressure P at 293K
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Figure 20: Adsorption isotherms of methane for zeolites ZSM-5 and ZSM-5/35 at 293K

Figure 21: Adsorption isotherms of ethane for zeolites ZSM-5 and ZSM-5/35 at 293K
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Figure 22: Adsorption isotherms of propane for zeolites ZSM-5 and ZSM-5/35 at 293K

Figure 23: Adsorption isotherms of n-butane for ZSM-5 and ZSM-5/35 at 293K
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Figure 24: Adsorption isotherms of equimolar methane/propane mixture for ZSM-5 and ZSM-5/35 at 293K
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4.

Conclusions and future steps

Within the first 18 months of the project we have synthesized 5 zeolites and zeotypes and
performed their detailed characterization by:
- X-ray powder diffraction
- Scanning electron microscopy
- Adsorption of argon, methane, ethane and water
- Chemical analysis using ICP-OES
- Molecular modelling
According to the adsorption data, the properties of materials under investigation appear to
be as follow:
 The aluminosilicate molecular sieves SYN-3530, -3438, -3536 are hydrophilic;
aluminophosphate molecular sieves SYN-3581B and -3574 are hydrophobic.
 Maximum adsorption affinity towards methane is observed with samples SYN-3438
and -3536. The same materials show highest adsorption capacity.
 Similar trends in affinity and adsorption capacity were found out in the case of ethane.
 Adsorption affinity and capacity of ethane are substantially higher than those for
methane.
Outlook – series of zeolites with mesoporosity will be prepared, characterised and their fluid
properties will be assessed both by experiments and molecular modelling.
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