Grant agreement No. 640979

ShaleXenvironmenT
Maximizing the EU shale gas potential by minimizing its
environmental footprint
H2020-LCE-2014-1
Competitive low-carbon energy

D7.2
Full experimental materials characterisation and fluid
transport data within the engineered materials with
dual porosity
WP 7 – Engineered Materials

Due date of deliverable

28/02/2018 (Month 30)

Actual submission date

20/02/2018

Start date of project

September 1st 2015

Duration

36 months

Lead beneficiary

HIPC

Last editor

Jiří Čejka

Contributors

HIPC

Dissemination level

Public (PU)

This Project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement no. 640979.

Deliverable D7.2

Disclaimer
The content of this deliverable does not reflect the official opinion of the European Union.
Responsibility for the information and views expressed herein lies entirely with the author(s).

History of the changes
Version

Date

Released by

1.0

20-02-2018

Jiří Čejka

Comments

Table of contents
Table of contents .......................................................................................................................... 2
Key word list.................................................................................................................................. 3
Definitions and acronyms ............................................................................................................. 3
1.
Introduction ..................................................................................................................... 4
2.
Methodological approach ................................................................................................ 4
3.
Summary of activities and research findings ................................................................... 5
4.
Conclusions and future steps ......................................................................................... 10
5.
Publications resulting from the work described ............................................................ 11

List of Figures
Figure 1: XRD patterns of calcined samples.................................................................................. 5
Figure 2: SEM images of calcined samples ................................................................................... 6
Figure 3: Argon adsorption isotherms (A) and mesopore size distribution (B). Isotherms were
shifted 50 cm3/g with respect to each other. .............................................................................. 7
Figure 4: Adsorption isotherms of argon over a series of isoreticular zeolites derived from UTL
zeolite............................................................................................................................................ 8
Figure 5: Adsorption isotherms of argon over a series of isoreticular zeolites derived from UTL
zeolite in a logarithmic scale. ........................................................................................................ 9
Figure 6: Isosteric heats of adsorption of CO2 over a series of isoreticular zeolites derived from
UTL zeolite................................................................................................................................... 10

List of Tables
Table 1: Textural properties .......................................................................................................... 6

PU

Page 2 of 11

Version 1.0

Deliverable D7.2

Key word list
Synthesis of micro/mesoporous (hierarchic) zeolites, Fluid Transport Data, Dual porosity.

Definitions and acronyms
Acronyms

Definitions

ADOR

Assembly, Disassembly, Organization and Reassembly

BET method

Brunauer–Emmett–Teller method

DMADH

10-dimethyl-5-azoniaspirodecane hydroxide

DTGS

Deuterated triglycine sulfate detector

FTIR

Fourier-transform infrared spectroscopy

NLDFT

Non-Local Density Functional Theory

SDA

Structure-Directing Agent

SEM

Scanning Electron Microscopy

XRD patterns

X-ray diffraction patterns

PU

Page 3 of 11

Version 1.0

Deliverable D7.2

1.

Introduction

This deliverable has been focused on the synthesis on the synthesis of micro/mesoporous
(hierarchic) zeolites with different portion of mesopores in the crystalline structure. Full
characterization of these materials, in particular, detailed description of their textural properties.
Further we centred our investigations on the characterization of factors controlling CO2 adsorption
in the series of isoreticular zeolites with UTL layers. In that case, the effect of pore sizes and
dispersion forces has been evaluated.

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 selfsupported 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 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 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.
The Iso-Therm thermostat (e-Lab Services, Czech Republic) maintaining temperature of the sample
with accuracy of ± 0.01 K was used for the measurement of carbon dioxide adsorption at
temperatures from 273 K to 333 K. After argon adsorption measurement, adsorption isotherms of
CO2 were subsequently recorded on the same sample at temperatures 273 K, 293 K, 313 K and 333
K. The exact temperature was determined using a platinum resistance thermometer. Zeolites were
degassed before each measurement at 473 K (temperature ramp of 1 K min-1) under
turbomolecular pump vacuum overnight.
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3.

Summary of activities and research findings

Synthesis of Mesoporous 10-ring zeolite ZSM-5
Goal: to prepare micro/mesoporous ZSM-5 zeolite with different mesopore volumes by secondary
templating approach
For this purpose, reaction mixture was prepared in 0.5 L Teflon-lined autoclave at room
temperature. In the typical synthesis, 3.3 g of aluminum nitrate nonahydrate dissolved in 27 g of
water is added to the solution containing 64.6 g of tetraethylorthosilicate and 15 g of ethanol (96 %,
Fluka). The solution is stirred for 1.5 h. Then, 58 g of tetrapropylammonium hydroxide (40 %)
dissolved in 172 g of water is added and the mixture is stirred for another 1.5 h. Later on, 38 g (A, B)
or 25 g (C, D) of carbon black particles are added to the reaction mixture. The final mixture is very
carefully mechanically stirred for 3 h.
 The crystallization was carried out under static conditions at 170 °C for 8 days.
 The resulting solid phase was recovered by filtration, extensively washed out with distilled
water (1 l) and dried at 90 °C overnight.
 Calcination was carried out in air at 550 °C for 24 h (temperature ramp of 1 °C/min).
Four different samples have been prepared according the described procedure (A - SYN3548, B SYN3549, C - SYN3748, D - SYN3749).
All samples were characterized using X-ray powder diffraction (Figure 1), scanning electron
microscopy (Figure 2) and argon adsorption measurements (Table 1, Figure 3).
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Figure 1: XRD patterns of calcined samples.

All X-ray diffraction patterns (Figure 1) clearly show that the samples prepared are pure ZSM-5
zeolites without any presence of other crystalline or amorphous phases. The X-ray diffraction
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patterns fully agree with the patterns in the database of zeolites of the International Zeolite
Association.
This is evidenced also from the scanning electron microscopic images (Figure 2). The images show
just one type of the crystals with rather corrugated external surface due to originally presence of
carbon black pearls, which were removed by calcination.
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Figure 2: SEM images of calcined samples

To characterize the textural properties, argon adsorption isotherms were recorded on Micromeritics
ASAP2020 (Figure 3) and particularly micropore and mesopore volumes were characterized (Table
1).
Table 1: Textural properties

Sample
SYN3548
SYN3549
SYN3748
SYN3749

BET a
(m2/g)
375
270
266
267

VMI b
(cm3/g)
0.17
0.13
0.13
0.13

VTOT c
(cm3/g)
0.36
0.34
0.27
0.30

VMEe
(cm3/g)
0.19
0.21
0.14
0.17

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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High micropore volumes clearly confirm the high quality of the ZSM-5 zeolites prepared and are in
good agreement with XRD patterns. The micropore volumes are at least 0.13 cm 3/g and the
mesopore volumes are in the range 0.14-0.21 cm3/g.
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Figure 3: Argon adsorption isotherms (A) and mesopore size distribution (B). Isotherms were shifted
50 cm3/g with respect to each other.

Investigation of CO2 adsorption over isoreticular zeolites
Goal: to synthesize series of isoreticular zeolites and to investigate the effect of pore sizes on the
adsorption of carbon dioxide
For this purpose zeolite UTL has been synthesized with a high concentration of germanium. The
zeolite was hydrolyzed to get layered IPC-1P material, which was further transformed via ADOR
process to IPC-2, IPC-4, IPC-6 and IPC-7.
Adsorption isotherms of carbon dioxide were measured on a family of IPC-2, IPC-4, IPC-6, and IPC-7
siliceous isoreticular zeolites prepared from UTL germanosilicate having the same structure of
individual layers but gradually reduced channel size of 9.5x7.1 (14-ring), 8.5x5.5 (12-ring), 6.6x6.2
(12-ring), 5.4x5.3 (10-ring) and 4.5x3.6 (8-ring) Å.
Synthesis - UTL zeolite. UTL zeolite was synthesized using 6,10-dimethyl-5-azoniaspirodecane
hydroxide (DMADH) as structure-directing agent (SDA). A gel with the composition of (1-x) SiO2 : x
GeO2 : 0.25 DMADH : 30 H2O was crystallized at 450 K for 6 days under agitation (60 rpm), where x =
0.33 for Ge-rich UTL (Si/Ge = 4.2 according to chemical analysis) and x = 0.17 for Ge-poor UTL (Si/Ge
= 6.0 according to chemical analysis), respectively. The obtained solid product was recovered by
filtration, washed with distilled water, and dried overnight at 363 K. To remove the SDA, the assynthesized zeolite was calcined in a stream of air at 820 K for 6 h with a temperature ramp of 1
K.min−1.
IPC-2 zeolite (OKO). IPC-2 zeolite was synthesized. Calcined Ge-rich UTL was hydrolyzed in 0.1 M HCl
with the w/w ratio of 1/200 at 298 K overnight to produce IPC-1P layered precursor. The product
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was isolated by centrifugation, washed with water, and dried at ambient temperature. 1 g of IPC-1P
was added to 10 ml of 1 M HNO3 solution containing 0.2 g of diethoxydimethylsilane
Si(OCH2CH3)2(CH3)2. The mixture was heated at 175 °C for 16 h in autoclave. The solid product was
separated by filtration, thoroughly washed with water, dried at 333 K and calcined as above.
IPC-4 zeolite (PCR). IPC-4 was prepared. Calcined Ge-rich UTL was hydrolyzed to IPC-1P layered
precursor as above. 1g of IPC-1P was treated with 20 g of neat octylamine at 333 K for 16 h. The solid
was isolated by centrifugation, decantation of the supernatant and drying in an open tube in air at
363 K. The sample was calcined as above.
IPC-6 was synthesized. Ge-poor UTL zeolite was treated with 1.5 M HCl with the w/w ratio of 1/250
at 368 K for 16 h. The sample was calcined as above.
IPC-7 was synthesized. Ge-poor UTL zeolite was treated with 5 M HCl with the w/w ratio of 1/250 at
368 K for 16 h. The sample was calcined as above.

Figure 4: Adsorption isotherms of argon over a series of isoreticular zeolites derived from UTL zeolite.

Figure 4 clearly shows substantial differences in the adsorption isotherms of individual samples of
this isreticular family of zeolites based on the size of the channels. It is even more visible when the
adsorption isotherms were plotted in the logarithmic scale (Figure 5). Figure 5 evidences that the
highest adsorption strength is achieved for IPC-4, which means the zeolite with the lowest pore size,
while the adsorption in UTL zeolites with the largest pores starts at higher pressures.
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Figure 5: Adsorption isotherms of argon over a series of isoreticular zeolites derived from UTL zeolite in
a logarithmic scale.

Isosteric heats of adsorption of CO2 were derevied based on the following equations. Isosteric heat
of adsorption is defined by equation
qst = hg – ha

(1)

where hg is the molar enthalpy of the equilibrium gas phase and ha is the differential enthalpy of
adsorbed phase. Assuming ideal gas-phase behavior and a negligible adsorbed phase volume with
respect to the gas-phase volume the isosteric heat of adsorption, qst can be calculated from the
Clausius-Clapeyron equation according to
qst = R [∂ (ln p) / ∂ (1/T)]a = qd + RT ,

(2)

where qd is the differential heat of adsorption. As the derivative [∂ (ln p) / ∂ (1/T)]a represents the
slope of the adsorption isosteres, equation (2) connects isosteric heat of adsorption with adsorption
isotherm.
The dependences of isosteric heats of adsorption on the amount adsorbed for all investigated
zeolites are shown in Figure 6. The values of qst at near zero-fractional-surface coverage naturally
increase with decreasing size of zeolite channels in the following sequence: UTL (23 kJ/mol) < IPC-7
(25 kJ/mol) < IPC-2 (27 kJ/mol) = IPC-6 (27 kJ/mol) < IPC-4 (29 kJ/mol). Since IPC-n zeolites are purely
siliceous materials without any cations, the interaction between CO2 and zeolite is dominated by
dispersion interactions; it depends mainly on the size of channel or cavity and on the thickness of the
channel wall [33]. As channel walls are composed from silica layers of the same UTL structure, the
size of channels plays the decisive role in the interaction of CO2 molecule with UTL or IPC-n zeolite.
Dispersion interactions between CO2 molecule and framework atoms are maximal when interactions
atoms are at a distance equal to the sum of van der Waals radii and they decay (r-6 in the asymptotic
region) with increasing atom separation. Therefore, the isosteric adsorption heat of carbon dioxide
quickly decreases with increasing size of the channel or cavity.
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Figure 6: Isosteric heats of adsorption of CO2 over a series of isoreticular zeolites derived from UTL zeolite.

The increase in the surface coverage in UTL zeolite (14×12-ring channel system) is accompanied with
decreasing isosteric heat of CO2 adsorption from 23 to 17 kJ/mol (Figure 6). This result agrees with
predominance of CO2 – solid interaction driving adsorption in UTL at low surface coverages (a = 0.5 –
20 cm3/g), which is indicative of unfavorable adsorbate-adsorbate lateral interactions in extra-large
pores [45]. Further increase in the amount of adsorbed CO2 has no impact on the qst reaching the
value 17 kJ/mol, which is close to the heat of CO2 vaporization (16.7 kJ/mol at 273 K – 304 K). It can
be seen that the character of the profile qst vs. a is consistent with suggested explanation of linearity
of CO2 isotherms on UTL zeolite. IPC-2 zeolite with 12×10-ring channel system has similar to UTL
profile of qst vs. a. As its channel width is smaller than that of UTL zeolite, the qst vs. a profile is
shifted to higher values (Figure 6). Lateral interactions and smaller channel width (10×8-ring channel
system) seem playing decisive role in CO2 adsorption in IPC-4 at low adsorbed amounts (at a = 0.5 –
12 cm3/g) because qst attains the value 29 kJ/mol, while became unfavorable at higher coverages (at
a > 12 cm3/g adsorption heat tends to decrease, Figure 6). In contrast to UTL, IPC-2 and IPC-4
zeolites, a profile of qst vs. a of IPC-7 zeolite clearly shows two steps: (1) qst = 25 at kJ/mol at a = 0.5 –
15 cm3/g and (2) qst = 23 at kJ/mol at a = 17 – 30 cm3/g. Therefore, we can speculate it can be
inferred that the first step corresponds to the filling of (12×10-ring) pore system, while the second
one is observed due to the adsorption of CO2 in independent (14×12-ring) system of channels.
Surprisingly, IPC-6 having [(12×10-ring) and (10 x 8-ring)] channel system showed that qst practically
does not depend on the amount adsorbed. The value of qst = 27 kJ/mol at the low surface coverage
illustrates that similarly to the IPC-4 10 x 8-ring channel system play an important role in CO2
adsorption. As interactions CO2– CO2 within (12×10-ring) channel system positively contribute to qst
at high surface coverage, isosteric heat does not decrease and it remains practically constant.

4.

Conclusions and future steps

We have prepared several micro/mesoporous zeolites ZSM-5 using bottom-up approach with
Carbon Black Pearls. After the synthesis and calcination, we characterized in detail the textural
properties of these hierarchical zeolites. These zeolites are now ready to be dispatched for any
testing in the frame of the project.
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The experimental study of temperature dependence of carbon dioxide adsorption provides detailed
information on the interaction of carbon dioxide with siliceous surface of channels. In accordance
with domination of dispersion interactions of carbon dioxide with zeolites under study, determined
isosteric adsorption heats depend primarily at low surface coverages on the channel width. At higher
surface coverages lateral interactions of CO2 molecules contribute to adsorption heat.
Obtained dependences of the adsorption heat of CO2 on the amount adsorbed are more sensitive to
the microporous structure than single adsorption isotherms, i.e. than the dependences of amount
adsorbed on equilibrium pressure. The profiles of adsorption heat facilitate to discriminate channel
systems in the zeolite.

5.

Publications resulting from the work described

A. Zukal, M. Shamzhy, M. Kubů, J. Čejka, The effect of pore size dimensions in isoreticular zeolites on
carbon dioxide adsorption heats, J. CO2 Util. 24 (2018) 157-163
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