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ABSTRACT

Membranes composed of zeolite crystals, in which gas molecules are transported by
surface diffusion, are promising for gas separation applications. Since this mode of mass
transfer mechanism is controlled by synergistic adsorption and diffusion phenomena, the
separation of gas mixtures is not solely dependent on molecular size. However, undesirable
defect pathways in zeolite membranes are often present due to factors such as incomplete
crystal growth and/or thermal stresses during membrane synthesis and calcination. These
pathways cause molecules to bypass the selective zeolite crystal layer and adversely affect
membrane performance. Since the fabrication of defect-free zeolite membranes is very
challenging, their widespread adoption for industrial processes has been impeded.
Quantification of defects in zeolite membranes is therefore important to improve synthesis

protocols of these membranes.

In this research, zeolite membranes composed of silicalite crystals have been
fabricated using the pore plugging method, and their performance was evaluated by
developing a method that can be used to describe the selective and non-selective channels
that are present in any zeolite membrane. Unlike the other destructive and sophisticated
methods, which already exist to discern this information, the proposed method requires
only a limited number of in-situ permeation experiments to be conducted using He — a non-
adsorbing gas, and N2 — an adsorbing gas. With this method, the volume fraction, effective
length, and size of the selective and non-selective channels of multiple membranes have
been quantified, and these parameters were used to predict membrane performance at
untested conditions, as well as with untested gases such as CH4 and CO.. In addition, by
separating surface diffusion from the flow through the defects in gas separation tests with
CO2/N2mixture, the respective transport diffusivities and exchange diffusivity coefficients,
which account for mass transfer in zeolite crystals were determined using the Maxwell-
Stefan model. These determined exchange diffusivity coefficients are not equal to each
other and challenge the Vignes correlation. In addition, transport diffusivities determined
in mixed gas permeation experiments at University of Ottawa have then been validated by

large single crystal transport diffusivities for mixed gases that were determined from



molecular uptake experiments conducted at University of Leipzig in Germany, using Infra-

Red Micro-imaging.



RESUME

Les membranes qui sont composees de cristaux de zéolithe, dans lesquels les
molécules de gaz sont transportées par diffusion superficielle, sont prometteuses pour les
applications impliquant la séparation des gaz. Puisque ce mécanisme de transfert de masse
est contr6lé par des phénomenes synergiques d’adsorption et de diffusion, la séparation des
mélanges gazeux ne dépend pas uniquement des dimensions moléculaires des gaz en
question. Cependant, des voies défectueuses et indésirables a travers des membranes en
zéolithe sont souvent présentes en raison de facteurs tels que la croissance incompléte des
cristaux et les stress thermiques qui ont lieu au cours de la synthése et calcination des
membranes. Ces voies indésirables font en sorte que les molécules contournent la couche
sélective de zéolithe et affecte la performance de la membrane de maniere négative. Puisque
la fabrication des membranes en zéolithe sans défaut est trés difficile, 1’application de ces
membranes aux procédés industriel a jusqu’a date été trés limitée. La quantification des
défauts dans les membranes en zéolithe est alors importante afin d’améliorer les procédures

de synthese de ces membranes.

Dans cette recherche, des membranes en zéolithe composées de cristaux de silicalite
ont été fabriquées par méthode de synthese “bbcage des pore (pore plugging)”, et leur
performance a été évalué en développant une méthode qui permet la description des voies
sélectives et non-sélectives dans n’importe quelle membrane en zéolithe. Contrairement
aux autres méthodes destructives et sophistiquées déja existantes, la méthode proposée
nécessite seulement un nombre limité de tests de perméation in situ en utilisant un gaz non-
adsorbant (He) et un gaz adsorbant (N2). En appliquant cette méthode, la fraction
volumique, la longueur effective et les autres dimensions des voies sélectives et non-
sélectives de plusieurs membranes ont été quantifiées. Ces parametres ont par la suite été
utilisés afin de prédire la performance des membranes sous des conditions non testées, ainsi
qu’avec des gaz non testés tel que le CHs et le CO.. De plus, en séparant la diffusion
superficielle et 1’écoulement a travers des voies défectueuses lors de la séparation des
mélanges CO2/N2, le modele de Maxwell-Stefan a été utiliseé afin de déterminer les
diffusivités de transport et les coefficients de diffusivité d’échange pour les gaz purs. Ces

paramétres représentent le transfert de masse qui a lieu dans les cristaux de zéolithe. Les



coefficients de diffusivité d’échange qui ont été déterminées contestent la corrélation de
Vignes. Les diffusivités de transport qui ont été determinés par les expériences de
permeéation utilisant des mélanges gazeux a 1’Université d’Ottawa ont été validées par des
diffusivités de transport dans des larges cristaux individuels. Ces valeurs ont été
déterminées en effectuant des expériences d’absorption moléculaire avec des mélanges

gazeux a I’Université de Leipzig en Allemagne, en utilisant la micro-imagerie a infra-rouge.
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Figure 4.1. Schematic diagram showing the experimental setup used for uptake rate
measurements. The sample cell containing a single silicalite crystal is located
on the stage of the IRM, and the absorbance of IR light by the sample is
analyzed by the FTIR. P1 — P4 are pressure transducers with different
operating ranges, and T1 is a thermocouple. V-101 — V-109 are gate valves.
R-101 and R-102 are stainless steel reservoirs and P-101 is the vacuum pump.
Regeneration furnace is not shown.

Figure 4.2. Images of rectangular parallelepiped crystals of (a) MFI-1 and (b) MFI-
2 taken using the IRM in optical mode. MFI-1 has average X, Yy, and z
dimensions of 493 um, 445 um, and 910 pm respectively. MFI-2 has average
X, Y, and z dimensions of 510 pum, 490 pum, and 1200 pum respectively.

Figure 4.3. Equilibrium isotherms for CO on (a) MFI-1 and (b) MFI-2 at
different gas mixture compositions for CO2 and N2. Experiments were
conducted at a temperature of at 299 + 2 K for MFI-1, and 305 + 2 K for
MFI-2. Total pressures were between 0 and 270 kPa.

Figure 4.4. Transport diffusivities for CO- as a function of total concentration in
the adsorbed phase for (a) MFI-1 and of (b) MFI-2. Experiments were
conducted at total pressures between 0 and 100 kPa using a range of mixture
compositions. CO2 concentrations are the average amounts of CO; adsorbed
between the initial and final uptake conditions. The temperature was 299 + 2
K for MFI-1 (ax = 246 um, ay = 222 um) and 305 + 2 K for MFI-2 (ax = 245
pm, ay = 255 pm).

Figure 4.5. Representations of the channel directions a, b, and c that are present in
an un-twinned coffin shaped MFI crystal [18]. (a), and a twinned MFI crystal
which is made up of three segment types labelled I, Il and 111 (b).

Figure 5.1. A schematic showing the experimental setup used in this investigation.
MFC1 and MFC2 are mass flow controllers, P1 and P2 are pressure
transducers, M is the module containing the membrane, T1 is a temperature
thermocouple, and F1 — F2 are bubble flow meters.

Figure 5.2. Experimentally determined permeances for M1 (a) and M2 (b). Hollow
and filled points denote permeances determined from permeation experiments
conducted prior to and following membrane calcination respectively.
Permeation experiments were conducted at a temperature of 295 + 2 K.
Membrane length and area were 6.0 + 0.1 cm and 10.5 + 0.1 cm?, respectively.
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Figure 5.3. Ideal selectivities determined using the permeances shown in Fig. 5.2
for M1 (a) and M2 (b). Hollow and filled points denote ideal selectivities
determined from permeation experiments conducted prior to and following
membrane calcination respectively. Permeation experiments were conducted
at a temperature of 295 £ 2 K. Membrane length and area were 6.0 £ 0.1 cm
and 10.5 + 0.1 cm?, respectively.

Figure 5.4. Experimentally determined and predicted permeances of He and N>
through uncalcined M1 and M2. Parameters x and d, as required to predict

permeances have been determined using the 170 kPa ( ), 300 kPa
( ), and 450 kPa (purple) feed pressure data values shown in Table 5.3.
For defect permeances by Knudsen flow, the dotted, dashed, and dash-dotted
lines denote predictions determined using the 170 kPa, 300 kPa, and 450 kPa
feed pressure data values shown in Table 5.3 respectively.

Figure 5.5. Schematic diagrams showing zeolite crystal occupancy configurations
inside membrane support pores of pore plugged membranes. The molecular
pathway is denoted by the line. Fig. 5.5a shows a continuous defect pathway,
and Fig. 5.5b shows the pathway through a continuous zeolite layer made up
of zeolite crystals which have a thickness less than the thickness of the
membrane support pores. Through the zeolite crystals the molecular pathway
line becomes dashed.

Figure 5.6. Experimentally determined and predicted permeances of He and N
through calcined M1 and M2. Parameters x, d,, y, and D, as required to

predict permeances have been determined using the 170 kPa ( ), 300 kPa
( ), and 450 kPa (purple) feed pressure data values shown in Table 5.3.
For silicalite permeance predictions, the dotted, dashed, and dash-dotted lines
denote predictions using the 170 kPa, 300 kPa, and 450 kPa feed pressure data
values shown in Table 5.3 and Table 5.4 respectively.

Figure 5.7. Experimentally determined and predicted permeances of CO2 and CH4
through calcined M1 and M2. Parameters x, d,, y, and D; as required to

predict permeances have been determined using the 170 kPa ( ), 300 kPa
( ), and 450 kPa (purple) feed pressure data values shown in Table 5.3
and 5.4. Permeate side pressures have been assumed to be 101.325 kPa.

Figure S.5.1. Experimentally determined He, N2, CO2, and CH4 feed pressure pn,
and permeate pressure p; for M1 and M2. Unfilled points denote uncalcined
membrane permeances, and filled points denote calcined membrane
permeances. Permeation experiments were conducted at a temperature of 295
+ 2 K. Membrane length and area are 6.0 + 0.1 cm, and 10.5 + 0.1 cm?
respectively
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Figure S.5.2. Experimentally determined and predicted permeances of CO2 and
CHa through calcined M1 and M2. Parameters x, d,, y, and D; as required

to predict permeances have been determined using the 170 kPa ( ), 300
kPa ( ), and 450 kPa (purple) feed pressure data values shown in Table
5.3. Permeate side pressures as required for predictions have been calculated
using the linear relationships shown in Figure S.5.1.

Figure 6.1. Process flow diagram showing the setup that has been used in this study
to conduct gas permeation experiments. MFC1 and MFC2 are mass flow
controllers, P1 and P2 are pressure transducers, T1 is a thermocouple, and F1
and F2 are bubble flow meters. V1 is a 3 way ball valve, and V2 is a metering
valve. M is the module housing the membrane, and GC is the gas
chromatograph.

Figure 6.2. Schematic diagram showing the four characterization steps and their
dependencies. These characterization steps are the determination of
membrane characteristics, the determination of pure MS diffusivities, the
determination of flow regime characteristics, and the determination of
exchange diffusivities. The procedure to determine membrane characteristics
was described previously and uses pure He and N> gases [12].

Figure 6.3. Schematic diagram showing the three flow regimes of viscous,
Knudsen, and surface diffusion flow which describe the transport of gas
molecules through an assumed rectangular membrane system. The feed and
retentate stream flow rates are denoted Qr and Qg, and the permeate stream
flow rates are denoted Qpv, Qrk, and Qpsp, for Viscous flow, Knudsen flow,
and Surface Diffusion flow contributions to total permeate flow Qp
respectively. Their compositions are Xr, Xr, Yv, Yk, Ysp, and yp respectively.
Feed and permeate side pressures are denoted P and P) respectively. 6, is the
loading at position n, where subscripts n refer to segments in the radial
direction for surface diffusion flow.

Figure 6.4. Schematic diagram showing the steps and dependencies between
parameters to calculate MS exchange diffusivities, B, and b,, .

Figure 6.5. Gas mixture separation performance of membranes M1 and M2. A feed
mixture composed of 15.0 % + 0.5 % CO: in a binary gas mixture with N
was used, at a total flow rate of 3.00 + 0.05 L-min. Feed side pressure was
controlled, and permeate side pressure was between 109 kPa and 170 kPa and
found to increase with permeate flow rate. Experiments were conducted at a
temperature of 295 + 2 K. Both membranes have a length of 6.0 £ 0.1 cm, and
an area of 10.5 + 0.1 cm?.
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Figure 6.6. Pure and binary gas mixture surface diffusion permeances of CO, and
N2 through membranes M1 and M2. Defect contributions to membrane
permeance have been discounted using the characteristic parameters shown
in Table 6.3 in combination with experimental data to calculate these
permeances. For binary gas mixture permeation experiments, a feed mixture
composed of 15.0 % £ 0.5 % COz in a binary gas mixture with N> was used
at a flow rate of 3.00 + 0.05 L-min’. Feed gas flow rate was increased as
required at the start of each pure gas permeation experiment to maintain a
stage cut less than 50%. Feed side pressure was controlled, and permeate side
pressure was found to increase with permeate flow rate between 109 kPa and
170 kPa. Pressure differentials were as indicated. Experiments were
conducted at a temperature of 295 + 2 K. Both membranes have a length of
6.0 0.1 cm, and an area of 10.5 + 0.1 cm?, 163

Figure 6.7. Upper bound correlation for CO2/N2 with the CO> permeability and
CO2/N2 permselectivity from [28] with surface diffusion transport
contributions for M1 and M2 added. For binary gas mixture permeation
experiments, a feed mixture composed of 15.0 % = 0.5 % CO> in a binary gas
mixture with N, was used at a flow rate of 3.00 + 0.05 L-min™. Feed gas flow
rate was increased as required at the start of each pure gas permeation
experiment to maintain a stage cut less than 50%. Feed side pressure was
controlled, and permeate side pressure was found to increase with permeate
flow rate between 109 kPa and 170 kPa. Experiments were conducted at a
temperature of 295 £ 2 K. Both membranes M1 and M2 have a length of 6.0
+0.1 cm, and an area of 10.5 + 0.1 cm?, 164

Figure 6.8. (a) Pure component MS diffusivities of CO2 and N2, and (b) exchange
coefficients for CO2/N2 and N2/CO> determined for binary gas system using
surface diffusion gas permeation data from experiments conducted using
membranes M1 and M2. Defect contributions to membrane permeance have
been discounted using the characteristic parameters shown in Table 6.2 in
combination with experimental data to calculate these diffusivities and
exchange coefficients. For binary gas mixture permeation experiments, a feed
mixture was composed of 15.0 % £ 0.5 % COz in a binary gas mixture with
N, was used at a flow rate of 3.00 = 0.05 L-min™. Feed gas flow rate was
increased as required at the start of each pure gas permeation experiment to
maintain a stage cut less than 50%. Feed side pressure was controlled, and
permeate side pressure was found to increase with permeate flow rate between
109 kPa and 170 kPa. Pressure differentials were as indicated. Experiments
were conducted at a temperature of 295 £ 2 K. Both membranes have a length
of 6.0 + 0.1 cm, and an area of 10.5 + 0.1 cm?, 166
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Figure 7.1. Effect of precursor solution molar composition on permeances of He
and N2. Both membranes were tested using module 1 with the high and low
pressure sides of the membrane sealed using a generic epoxy. (a) He and N2
pure gas permeances of membrane PP 12 0.3 (3) which was fabricated using
the precursor molar composition ratio 1 : 0.5 : 27.8 for SiO2 : TPAOH : H20.
(b) He and N2 pure gas permeances of membrane PP 14 0.3 (4) which was
fabricated using the precursor molar composition ratio 1 : 0.45 : 27.8 for SiO-
: TPAOH : H0. 188

Figure 7.2. Effect of number of interruptions during hydrothermal synthesis on
permeances of He and N.. Both membranes were tested using module 1.
Membrane PP 30 0.45 (1) was sealed using generic epoxy, whereas PP 31
0.45 (3) was sealed using Torrseal. (a) He and N2 pure gas permeances of
membrane PP 30 0.45 (1) which was fabricated using the precursor molar
composition ratio 1 : 0.45 : 26.4 SiO; : TPAOH : H20 and 1 interruption
during hydrothermal synthesis. (b) He and N2 pure gas permeances of
membrane PP 31 0.45 (3) which was fabricated using the precursor molar
composition ratio 1 : 0.45 : 26.4 SiO; : TPAOH : H20 and 2 interrupted
hydrothermal synthesis rounds. Both membranes were tested using module 1. 190

Figure 7.3. Effect of autoclave fill level on permeances of He and N». Both
membranes were tested using module 3 with Aremco 617 glazed ends. (a) He
and N2 pure gas permeances of membrane PP 33 0.45 (1) which was
fabricated using the precursor molar composition ratio 1 : 0.45 : 27.8 SiO; :
TPAOH : H20, 1 interruption during hydrothermal synthesis, and an
autoclave fill level of more than 99%. (b) He and N2 pure gas permeances of
membrane PP 32 0.45 (4) which was fabricated using the precursor molar
composition ratio 1 : 0.45 : 27.8 SiO2 : TPAOH : H20, 1 interruption during
hydrothermal synthesis, and an autoclave fill level of 94%. 193

Figure 7.4. Pictures showing the autoclaves that have been used in this research.
Figure 7.4a (top left) shows the Parr Instruments model 4748 autoclave. This
autoclave utilizes Belleville spring washers which are compressed by cap
screws to ensure that the Teflon liner of the autoclave remains sealed during
heating and cooling. Chamfered Teflon lid and Teflon liner not shown.
Figures 7.4b — d (top right, bottom left, and bottom right), show the rupture
disc, vent valve, and pressure gauge assembly (b top right), the assembled
custom autoclave inside the oven prior to hydrothermal synthesis (¢ bottom
left), and the Teflon O ring sealed Teflon liner, Teflon membrane cradle, and
gold plated tube which leads to the assembly shown in 7.4b (d bottom right). 195

Figure 7.5. Influence of custom autoclave on permeances of He and N.. The
membrane was tested using module 1, and was sealed using generic epoxy.
He and N2 pure gas permeances of membrane PP 28 0.45 (3) which was
fabricated using the precursor molar composition ratio 1 : 0.45 : 26.4 SiO; :
TPAOH : H2O and 1 interruption during hydrothermal synthesis. 196
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Figure 7.6. Picture showing how the membrane and stainless steel supports
assembly is inserted into membrane module 1. Teflon ferrules and Swagelok
fittings are used to separate the permeate stream from the feed and retentate
streams. The membrane shown in this picture has been attached to the
stainless steel tubing of the feed and retentate lines using generic epoxy.

Figure 7.7. Picture showing a membrane attached to the stainless steel tubing of the
feed and retentate lines using epoxy.

Figure 7.8. Effect of time on permeances of He and N». This membrane was tested
using module 1 and generic epoxy. He and N. pure gas permeances of
membrane PP 14 0.2 (2) determined in May 2014 and May 2015. He and N>
pure gas permeances of membrane PP 14 0.2 (2) which was fabricated using
the precursor molar composition ratio 1 : 0.45 : 27.8 SiO2 : TPAOH : H.O
and 1 interruption during hydrothermal synthesis.

Figure 7.9. Picture showing a membrane attached to the stainless steel tubing of the
feed and retentate lines using Torrseal.

Figure 7.10. Picture showing how the membrane and stainless steel supports
assembly is inserted into membrane module 2. Teflon ferrules and Swagelok
fittings are used to separate the permeate stream from the feed and retentate
streams. The membrane is also been attached to the stainless steel tubing of
the feed and retentate lines using Swagelok fittings and Teflon ferrules.

Figure 7.11. Details of membrane module 2. (a) Schematic showing the faces where
an impermeable coating needs to be applied to membrane supports that are
used with module 2. The coated areas are shown in green. (b) A picture of
Aremco 617 coated membranes. Their coated ends appear glossy and a
different colour in comparison to the middle of the membrane supports.

Figure 7.12. Effect of modules 1 and 2, as well as changes to membrane fabrication
method over time on permeances of He and N2. PP 21 0.8 (1) was tested using
module 2 and sealed using Aremco 617 and Teflon ferrules, whereas PP 14
0.8 (1) was tested using module 1 and was sealed using generic epoxy. (a) He
and N2 pure gas permeances of membrane PP 21 0.8 (1) determined in March
2016. This membrane was fabricated inside the custom made autoclave, using
the precursor molar composition ratio 1:0.47:29.3 SiO> : TPAOH : H20 and
with 1 interruption during hydrothermal synthesis. (b) He and N> pure gas
permeances of membrane PP 14 0.8 (1) determined in August 2013. This
membrane was fabricated inside the Parr autoclave, using the precursor molar
composition ratio 1:0.45:27.8 SiO : TPAOH : H>O and with 1 interruption
during hydrothermal synthesis.
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Figure 7.13. Picture showing membrane PP 25 0.3 (1) whose end faces have been
coated with silicon rubber on top of Aremco 617. The right hand side picture
shows the vertical line where a Teflon ferrule cut at the silicon rubber.

Figure 7.14. (a) Picture showing membrane PP 26 0.8 (1) whose end faces have
been coated with Tremclad after being exposed to 250 °C for 48 hours. (b)
Membrane PP 26 0.8 (2) which had been exposed to 300 °C for 4 hours).

Figure 7.15. (a) Picture showing the assembled module 3. (b) Picture showing the
incorporation of the membrane and gaskets into the membrane module 3,
7.15b (right).

Figure 7.16. Effect of modules 1 and 3 on the permeances of He and N». The
membrane was tested with module 1 using Torrseal epoxy, and also with
module 3 using Aremco 617 glaze with graphite gaskets. He and N2
permeances of membrane PP 33 0.45 (2) which was fabricated using the
precursor molar composition ratio 1 : 0.5 : 27.8 SiO2 : TPAOH : H,0 and 1
interruption during hydrothermal synthesis.

Figure A.2.1. Schematic showing the iterative procedure used to calculate the self
and exchange diffusivities for two gases separated using an adsorptive
membrane using the MS model.

Figure A.3.1. A schematic showing the experimental setup that was used in this
method. P1 — P4 are pressure transducers, and T1 is a K type thermocouple
which can be used to measure room temperature in the vicinity of the quartz
cell. V-101 - V-109 are gate valves. R-101 and R-102 are stainless steel
reservoirs, and P-101 is a vacuum pump. The regeneration furnace is not
shown. The pressure transducers are made by Pfeifer (Asslar, Germany) and
have operating ranges of 0.1 — 1100 kPa (APR 266), 1 x 10 — 1.1 kPa (CMR
363), 1 x 102 — 110 kPa (CMR 361), and 5 x 10 — 100 kPa (PKR 251) for
P1 — P4 respectively. The gas reservoirs R-101 and R-102 are made from 316
stainless steel, and have capacities of 0.473 L and 3.785 L, respectively.

Figure A.3.2. Calibration curve describing the relationship between experimentally
determined IR absorbance spectra which were integrated between
wavelengths of 3550 and 3740 cm for CO,, and the amount of CO, adsorbed
on silicalite. IR absorbance spectra were determined from experiments that
were conducted at pressures between 0 kPa and 250 kPa using pure CO2. The
amounts of CO; adsorbed on silicalite have been taken from the isotherm data
obtained by Li and Tezel [8]. Temperature effects have been accounted for by
utilizing the temperature dependent Sips model for isotherm data at a
temperature of 32 °C.
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Figure A.3.3. Amount of CO, adsorbed at equilibrium on a single crystal of
silicalite when present as a pure gas, and in binary CO, and N2 mixtures, as a
function of total pressure (a), and partial pressure (b). All of these experiments
were conducted at 32 = 2 °C. 269

Figure A.3.4. CO. transport diffusivities expressed as a function of CO:
concentration. Concentration in this figure refers to the average amount of
CO, adsorbed between the initial and final pressures of the uptake experiment.
Experiments were conducted at a temperature of 32 £ 2 °C and pressures
between 0 and 100 kPa using a range of mixture compositions. The crystal
was assumed to be cuboid shaped and infinitely long in order to determine
transport diffusivity by regression analysis. The height, width, and length
dimensions of the crystal were 510 um, 490 um, and 1200 um respectively. 270
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Chapter 1

Global Introduction
1.1.0 INTRODUCTION

As our global population increases, so too does our demand for energy. This energy
is used for heating our homes, manufacturing the goods we use in our daily lives, and
transporting the food we eat to the cities we live in. Most of this energy comes from the
combustion of fossil fuels (coal, oil, and natural gas), which produces useable energy and
a gas mixture called flue gas. Flue gas contains the greenhouse gas carbon dioxide (CO3),
and is typically released to our atmosphere. If this widespread practice of releasing flue gas
to our atmosphere continues at the forecasted rates however, there will be catastrophic
global warming and climate change in our lifetimes [1]. Also, since natural gas has a lower
environmental impact in comparison to oil and coal, there is growing interest in utilizing
natural gas for more processes. Natural gas is a mixture of components, and one of these is
the greenhouse gas methane (CHa4). Many processes require a high purity of CHg4, and it is
therefore necessary to upgrade natural gas by removing the undesirable components.

One of the ways to address these issues is to utilize membranes to divide gas mixtures
into two separate product streams with different compositions. Membranes are able to do
this by preferentially transporting one of the components in a gas mixture across a semi-
permeable layer. For the gas mixture of flue gas fed to a membrane, one of the product
streams therefore contains a greater proportion of CO> than the original gas mixture. In this
situation, the CO2 rich product stream can then be processed or sequestered more
economically than the original gas mixture, and the other stream can be released to the
atmosphere. The rate at which each gas is transported across the membrane is dependent
on the partial pressures at either side of the membrane layer, as well as the properties of the
membrane [2]. When this rate of molecular transport is normalized with respect to the
partial pressure difference and membrane area, the resulting parameter is referred to as
permeance P [mol-m2-s-Pa!]. For gas mixtures, the ratio of permeances of two

components is then referred to as the permselectivity a [-].
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In comparison to other processes that can separate gas mixtures, such as cryogenic
distillation, amine absorption and adsorption swing processes, membrane processes contain
fewer moving parts, and respond to upstream process disturbances more quickly [3,4].
Because of these benefits, the operating costs of membrane processes can potentially be
lower than cryogenic distillation, absorption and adsorption swing processes depending on
the product recovery and purity requirements of the process [5]. A wide variety of
polymeric, inorganic, and mixed matrix membranes (MMM) have therefore been
developed to potentially realize these benefits for a range of different applications [6,7].

In polymeric membranes, which are composed of organic polymers, gases are
transported by the solution-diffusion mechanism. More specifically, gas molecules first
sorb into the membrane at the high pressure side, then diffuse towards the lower pressure
side of the membrane, before finally desorbing at the low pressure side [2,8]. Polymeric
membranes can be made into hollow fibres or flat sheets to meet the separation
requirements of many chemical processes, however, the polymers used to make these
membranes are susceptible to chemical attack under harsh conditions, and thermal
degradation. Inorganic membranes by comparison are made up of porous inorganic
materials such as zeolites, metal organic frameworks (MOFs), and activated carbons, which
are generally able to withstand harsher conditions and higher temperatures than polymers
[5]. Gas transport across them depends on the properties of the gas molecules, and the
inorganic material’s pores. Depending on the pore size, gas transport through these
membranes proceeds by Knudsen or surface diffusion flow [2,9,10]. MMMs combine both
organic and inorganic membrane attributes as they are composed of porous or nonporous
inorganic particles dispersed in a polymeric phase. In doing so, a compromise between the
typically observed high selectivity, and lesser permeance of polymeric membranes, with
the lower selectivity but higher permeance of inorganic membranes can be realized
[2,11,12]. The chemical and thermal stability of MMMs is however limited to that of the
polymeric phase. In this research, zeolite type membranes have therefore been investigated
due to their superior durability, as well as their high permeances, which are suitable for

processing flue gas and natural gas mixtures.
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Zeolite type membranes are predominantly fabricated by two methods. These are
commonly referred to as the secondary growth method, and in-situ method, which is also
known as the pore plugging method. In the secondary growth method, zeolite crystals are
first grown in an autoclave, and are then dispersed onto a porous membrane support to
become seed crystals. Next, the seeded membrane supports are immersed in zeolite pre-
cursor solution, and the seeded support is subjected to a second crystal growth phase. In
this method, a fairly thin and uniform layer of crystals is produced on top of the membrane
support. In the pore plugging method, an unseeded membrane support is immersed in a
zeolite precursor solution, and subjected to a crystal growth phase. In this method,
numerous abutting zeolite crystals are synthesized inside the porous region of the
membrane support [2,7]. For both fabrication methods, it is also necessary to remove the
template molecules (which direct the growth of zeolite crystals), from the pores of the
fabricated membranes through calcination. During this process, it is possible to form
defects due to differences in the thermal coefficients of expansion between the membrane
support and zeolite crystals [13,14]. Although the typically thinner nature of secondary
growth membranes results in greater permeances of gases, any defects that are present in
these membranes significantly affect membrane performance due to their 2 dimensional
crystal arrangement. In pore plugged membranes however, defects may be limited to
regions inside the membrane support which do not form a continuous pathway between the
high and low pressure sides of the membrane. Consequently, the presence of a limited
number of defects in pore plugged membranes may not significantly affect the integrity of
the membrane layer. Given this relatively lesser sensitivity to defects, and its simpler
fabrication procedure which is easier to control and reproduce, the pore plugging method
has been used to fabricate the membranes used in this research.

The zeolite crystal type that was chosen to make membranes with in this research is
silicalite-1, henceforth referred to as silicalite. This zeolite is composed of orthosilicate
(SiO4) tetrahedra, which form pentasil units composed of 8 x 5 member rings. These
pentasil units then combine to create pentasil chains, and these chains create the 3
dimensional porous structure of silicalite. This porous structure is made up of straight and
zig-zag channels which have the size of 5.5 A, and are slightly larger than the greenhouse
gases COz and CH4. Consequently, silicalite has a large internal surface area that is suitable

3
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for the adsorption of CO. and CH4 gases, and has been studied and characterized for these

purposes by others [15-18].

Despite these numerous advantages for inorganic membranes to be used for the
separation of greenhouse gases from gas mixtures, they have not been adopted by industry
for gas separation applications. Their implementation is principally impeded by the fact
that it is very challenging to create zeolite membranes that do not contain defects, which
compromise the performance of the membrane. Additionally, the process of characterizing
newly fabricated membranes to evaluate their quality is also challenging. The two most
common methods of characterizing membranes are permporometry analysis, and ideal
selectivity measurements using a small molecule type gas (e.g. He, Hz), and a large
molecule, which is excluded from or blocks the zeolite pores (e.g. SFe). Unfortunately these
methods can damage the membrane, or irreversibly reduce its performance [13,19]. These
two challenges are also linked, as without accurate knowledge of the structure of newly
fabricated membranes, changes that have been observed in membrane performance cannot

be attributed to changes in the synthesis conditions.

The first objective of this thesis is therefore to fabricate silicalite membranes that are
defect free. In this work, defects are defined as pathways through the active layer of the
membrane , which bypass the zeolitic pores of the synthesized silicalite crystals. These
defect pathways are non-uniform in size, and gas transport through them proceeds by
regimes other than by surface diffusion. A summary of the different experimental
conditions that were investigated in pursuit of this objective are summarized in Table 7.1
(Chapter 7). Although a procedure to consistently produce membranes of good quality was
developed, the objective to fabricate defect free membranes is still in progress. Given these
findings, the second objective of this thesis has arisen, to characterize zeolite membranes
containing defects and quantitatively describe their structure based on a limited number of
in situ pure gas permeation tests. This objective was achieved, and the characterization
method, which was developed, is presented in Chapter 5. Although others have developed
their own methods to similarly characterize zeolite membranes [20-22], the method in this
thesis quantifies the characteristics of both the defect and zeolite pores in a non-destructive
way for the first time. Since the characterization method in Chapter 5 was not developed
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when the manuscripts based on of Chapters 2 and 3 were published, an alternative definition
for defects was used. Although contrary to the definition for defects stated for objective 1,
pathways through the active layer of the membrane support were not considered to be
defects if He was transported through them according to the regime of Knudsen flow. This
definition is acknowledged incorrect, but was used as Knudsen flow of He through the
pores of silicalite crystals could not at the time be distinguished from Knudsen flow of He
through defects. In addition to the second objective, a sub objective of this thesis is to
determine the diffusivity and amount of adsorbed CO: in the presence of N inside a single
crystal of silicalite using Infra-Red Microimaging (IRM). This objective has been achieved
for CO. at different temperatures, mixture compositions, and pressures with IRM for the
first time, and is presented in Chapter 4. These single crystal characteristics have then been
compared for validation purposes to the characteristics found using the method proposed
in Chapter 5 for membranes. The final objective of this thesis is to use the characterization
method from Chapter 5 with the well-established Maxwell-Stefan (MS) model to determine
characteristic MS diffusivities and MS exchange diffusivities of defect containing
membranes [23-25]. This objective was also achieved, and is presented in Chapter 6.
Typically, the MS model is used to characterize newly fabricated membranes by assuming
that all molecular transport across a novel membrane occurs through the pores of the zeolite
crystals, which is only reasonable for defect free membranes. The research conducted in
this thesis continues and builds upon the work of Muhammad Tawalbeh [26]. In Dr.
Tawalbeh’s thesis, silicalite membranes were also fabricated by the pore plugging method,
and characterized using the MS model using binary gas mixtures containing CO2 and No.
From the results obtained by Dr. Tawalbeh, it was reasonably assumed that defects were
not present, or did not contribute significantly to the performance of the silicalite
membranes used in his work. An important distinction between the previous work, and the
work in this thesis, is therefore the consideration of defects in the characterization methods
used in this thesis. The development of the characterization method in Chapter 5, as well
as the application of the MS model in Chapter 6 based on the characteristic parameters
determined using the method in Chapter 5 are thus distinguishable contributions to original

knowledge.
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The research conducted in this thesis has therefore advanced our understanding of
zeolite membrane fabrication, characterization, and membrane process design. Although
defect free membranes have not been fabricated, several important experimental parameters
have been identified, which may help researchers achieve this objective in the future. The
characterization method developed in this study can be used to evaluate membrane quality,
and complement existing models to fabricate better membranes. Finally, the scope of this
thesis, which includes single zeolite crystals, zeolite membranes, and characterization
method development, lays the foundation to unify intrinsic zeolite characteristics with
membrane performance data. From this foundation, future researchers will be able to
characterize single crystals of a zeolite or MOF, and design entire membrane processes

based on the approach developed in this work.

1.2.0 THESIS STRUCTURE

This thesis is composed of 8 chapters and 5 appendices. This current chapter is the

first chapter, and it covers the context for this research.

In Chapter 2, the permeances and effective diffusivities of He, N2, CO, and CHa
through a silicalite membrane containing no viscous flow sized defects are presented. This
chapter demonstrates the expected behavior of silicalite membranes, which contain few
defects. This chapter has been published as a manuscript in the Journal of Fluid Flow Heat
and Mass Transfer [27]. It was also presented as an oral presentation at the First

International Conference on Fluid Flow Heat and Mas Transfer (Ottawa, ON, 2014).

In Chapter 3, the influence of support pore size on silicalite membrane performance
for pure and binary gas mixtures has been investigated, and is presented. For membranes
fabricated by the pore plugging method, membrane support pore size plays an important
role since crystal growth can be limited by both crystal growth rates, and precursor solution
diffusion rates to replenish consumed molecules. From the results of this investigation,
membrane support pore sizes of 0.45 um and 0.8 um were found to most consistently
produce the best membranes, and were used to fabricate subsequent membranes. This

chapter has been published as a manuscript in the Canadian Journal of Chemical
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Engineering [28]. It was also presented as an oral presentation at the 63 and 64" Canadian
Chemical Engineering Conferences (Fredericton, NB, 2013 and Niagara Falls, ON, 2014).

In Chapter 4, the diffusivities and amounts of adsorbed CO> when present as a pure
gas and in a binary mixture with N2 inside a single crystal of silicalite have been measured
using Infra-Red Microimaging (IRM), and are presented. This study has been conducted to
correlate the observed adsorption and diffusion behavior of CO> inside membranes with its
single crystal behavior, and was done at the University of Leipzig in Germany. This chapter

was submitted as a manuscript to the Journal of Microporous and Mesoporous Materials.

In Chapter 5, the development and demonstration of a novel method to describe the
structure of viscous and or Knudsen sized defect containing zeolite membranes are
presented. This method utilizes permeances determined using pure He and N gases before
and after membrane calcination, which can be determined using the graphite sealed module
that is described in Chapter 7, but not the epoxy sealed type module. With this method, the
size, volume fraction, and path length of the defect and zeolite channels can be determined.
Additionally, the proposed method has been evaluated by comparing predictions of
untested gas permeance at different operating pressures with the results of experimental
data. This chapter will be submitted as a manuscript to the Journal of Membrane Science.
It was also presented in different forms as the model was developed as an oral presentation
at the 65" Canadian Chemical Engineering conference (Calgary, AB, 2015), and the 2017
American Institute of Chemical Engineers Annual Meeting (Minneapolis, MN, USA,
2017). It was also presented as a poster at the 2017 International Congress on Membranes
and Membrane Technology (San Francisco, CA, USA, 2017), and the 2018 Euro-

membrane Conference (Valencia, Spain, 2018).

In Chapter 6, the MS model has been used to characterize CO, and N> transport
through the defect containing silicalite membranes presented in Chapter 5. In doing so, the
MS diffusivities for pure CO2 and N2, and MS exchange diffusivities for their binary system
have been calculated. Unlike most studies, which use the MS model to characterize newly
fabricated membranes, the contributions of defects to total membrane permeance have been
quantified, and excluded from analysis using the MS model in this study. The results from

this research are therefore suitable for comparison with zeolite crystal data from uptake
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experiments. This chapter will be submitted as a manuscript to the Journal of Membrane
Science. It was also presented in different forms as the method was developed as a keynote
oral presentation at the 64" Canadian Chemical Engineering Conferences (Niagara Falls,
ON, 2014), as a poster at the 6™ Diffusion Fundamentals conference (Dresden, Germany,
2015), and the 12" Fundamentals of Adsorption conference (Friedrichshafen, Germany,
2016).

In Chapter 7, the various challenges that were faced while preparing membranes and
evaluating their performance are presented. There are two main sections in this chapter. In
the first section, the various investigations that were conducted to optimize membrane
fabrication, including those that were unsuccessful, are presented. The second section deals
with the process of designing a module, and integrating an inorganic membrane into this
module with hermetic seals to separate the high and low pressure sides of the membrane.
This chapter is intended to be a guide for people who are interested in conducting research

in preparing inorganic membranes.

In Chapter 8, conclusions given the results found in the preceding chapters are

presented, as well as recommendations, and the contributions of original work.

In Appendix 1, the error analysis for the determination of permeances, as well as the

characteristic parameters from Chapter 5 are presented.

In Appendix 2, the Maxwell Stefan equations for a binary gas mixture through a
zeolite membrane have been derived and are presented. These equations were derived by
Muhammad Tawalbeh [26], and these same equations have been re-derived and used in this

work. These equations are featured in this appendix for the convenience of the reader.

In Appendix 3, the experimental method that was used to determine the diffusivities
and amounts of CO; adsorbed in silicalite using IRM are presented. This chapter was

submitted as a manuscript to the MethodsX journal.

In Appendix 4, the abstract for a screening study to evaluate the permeance of
silicalite, SAPO-34, and ZIF-8 fillers in Matrimid MMM is presented. This study has been
published as a manuscript in the Journal of Membrane Science [29], and does not achieve

any of the objectives of this thesis.
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In Appendix 5, the abstract for a study to investigate the performance of three
different commercially available polymeric membrane films, and their suitability for being
used to separate and concentrate ammonia (NH3) as ammonium sulfate (NH4SO4) from
anaerobic digester digestate is presented. This study has been published as a manuscript in

the journal Desalination [30], and does not achieve any of the objectives of this thesis.
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research to be the more concise final version shown in Chapter 4.



Chapter 1 - Global Introduction

Chapter A4 has Dr. Halil Kalipcilar as a co-author, who helped with the interpretation
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experiments were conducted at Middle East Technical University (Ankara, Turkey) using

their equipment and resources.
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1.4.0 NOMENCLATURE
o [-] Permselectivity
P [mol'm?s*Pa?] Permeance

Abbreviations

CHs Methane

CO2 Carbon dioxide

H2 Hydrogen

He Helium

IPCC International Panel on Climate Change
IRM Infra-Red Microimaging

N2 Nitrogen

NH3 Ammonia

NH4SO4 Ammonium Sulfate

MS Maxwell-Stefan

MOF Metallic Organic Frameworks
MMM Mixed Matrix Membrane

SFe Sulfur Hexafluoride
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SiO4 Ortho-silicate
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Chapter 2

This chapter is based on:

Characterization of Inorganic Silicalite-1 Membrane to be used for the Separation

of Greenhouse Gases

David Carter', Dean Kennedy?, F. Handan Tezel', Boguslaw Kruczek!

tUniversity of Ottawa, Department of Chemical and Biological Engineering,
161 Louis Pasteur, Ottawa, Ontario, Canada K1N 6N5

In: Journal of Fluid Flow, Heat and Mass Transfer (JFFHMT) 1 (2014): 43-47.

The following chapter is based on the manuscript with the same title published in 2014,
and has been modified in accordance with the definition for defects stated in Chapter 1.
These changes are in response to the findings of the method in Chapter 5, which suggest

that Knudsen sized defects may be present.
ABSTRACT

A Mordenite Framework Inverted (MFI) type silicalite-1 membrane, which does not
contain a significant amount and/or number of defects, has been fabricated inside a tubular
TiO- ceramic support to be used for the separation of greenhouse gases. In this work, single
gas permeance experiments have been conducted. The results of which in conjunction with
adsorption isotherms for each gas investigated have been used to calculate the effective
diffusivities of N2, CHs, and CO,. The permeances at 22 °C and 1 atm of pressure
differential for He, N2, CO, and CHa, were found to be 4.38 x 107, 7.71 x 107, 1.35 x 10-
6 and 1.64 x 10 mol-m2-s1-Pa?, respectively, giving permeance ratios for the separation
of CH4/N2, CO2/N2, and CH4/CO; equal to 2.13, 1.75, and 1.22, respectively. These
permeance ratios are comparable to those found in other studies reported in the literature,
whereas the permeances are typically 1 to 2 orders of magnitude greater than those found

in the literature at similar conditions.
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Keywords: Inorganic membranes, Silicalite, characterization, Diffusivity, Surface

diffusion, Adsorption, Carbon dioxide, Methane, Nitrogen.

2.1.0 INTRODUCTION

In order to mitigate the effects of global warming, a variety of carbon capture
technologies are required which are economically favourable [1]. Inorganic membranes
and MFI type silicalite-1 membranes in particular can tolerate extremely acidic conditions,
and can withstand high pressures which make them suitable for the separation of CO2 and

CHs4 from gaseous process streams [2].

The inorganic membranes used in this study are fabricated by impregnating silicalite-
1 crystals into the pores of TiO, membrane supports up to a depth of approximately 10 pm
to create a thin selective layer. By minimizing the thickness of selective layer, a membrane
is produced which has a high permeance, and is able to process large volumes. There exists
a trade-off between permeance and permselectivity, the preferential interaction of one
component with the membrane. The trade-off can be modelled and used to design
membranes for specific processes by characterizing various inorganic membranes [3]. To
this end, an understanding of the transport of gas molecules through MFI type silicalite-1

membranes is required, which is investigated in this study.

2.2.0 THEORY

The silicalite-1 crystals synthesized in this study have zeolite type structure. That is,
they contain a uniformly distributed network of pores that in this case have a single pore
size with no pore size distribution. This 3D lattice structure results in a large internal
surface area, with an internal pore size of 5.5 A. This pore size is less than twice the kinetic
diameter of the gases investigated in this study: 3.3 A, 3.6 A, and 3.8 A for CO2, N2, and
CHa, respectively, and so it is assumed in this study that monolayer, and not multilayer

adsorption is occurring, and that the main mechanism of gas transport at room temperature
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is surface diffusion. By this mechanism, gas molecules are adsorbed inside the pores of the

silicalite-1 crystals, and move in the direction of decreasing surface occupancy.

For monolayer adsorption of N2, CH4, and CO: into active sites inside a single pore
of silicalite-1, a randomly oriented monolayer, similar to a single file system is generated,
and in this case, diffusion can be described by Fick’s laws [4]. A version of Fick’s law has
therefore been used to calculate the effective diffusivity using the following equation, and

is reasonable for defect free membranes.
J=D,(q, -q,)A 1)

In this equation, J represents the membrane flux [mol-m?2s?], De is the effective
diffusivity [m?s™], and A is the constant parameter for a single membrane which takes into
account the physical characteristics of the membrane including membrane thickness and
tortuosity. gr — gp represents the driving force, which has been calculated as the gradient of
surface occupancy, or working capacity of silicalite-1 from the feed side membrane
pressure to the permeate side membrane pressure. Given the dependence of gr and gp on
temperature, volumetrically determined adsorption capacities found by Li & Tezel [5,6]
were modified using the Temperature Dependant Sips model as described by Ahmadpour
et al. [7] for the estimation of the adsorption capacities at room temperature. The equations

for the Temperature Dependent Sips model are as follows:

q = qs (bp)ﬁ 1 (2)
1+ (bp)n
_ Q (To _
b=h, exp{ RT, (T 1}} 3)
1 1 T,
H:n—o-i'a(l—?j (4)

Q. =, exp[z[l— TLH (5)
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Where p represents pressure [atm], gs iS the adsorption capacity at saturation
[mmol-g* of adsorbent], and q is the adsorption capacity at a pressure
p [mmol-g? of adsorbent]. b and n are constants which have units of [atm™] and
[dimensionless], respectively. T [K] is temperature, and To [K] is the reference temperature
at which parameters gso [mmol-g™* of adsorbent], bo [atm™], and no [dimensionless] apply.
Q [kJ-mol™] is the isoteric heat of adsorption, and a [dimensionless] and y [dimensionless]

are constants.

The pressure gradient normalized flux is referred to as permeance, and has the units

of [mol-m2-s*-Pal].

2.3.0 EXPERIMENTAL
2.3.1 Membrane Fabrication

The interrupted pore plugging method was used to synthesise MFI type silicalite-1
membranes on TiO2 ceramic membrane supports as reported by Miachon et al. [8]. Some
modifications to the reported procedure were made, and are as follows:

e Following centrifugation of the precursor solution, supernatant liquid is added to the
Teflon beaker, and topped up after a period of 3 hours instead of 10 minutes in order
to ensure that the membranes’ supports have absorbed as much precursor solution as
possible at room temperature and pressure.

e For hydrothermal synthesis, the oven was not preheated, and was instead heated up to
170 °C at a rate of 1 °C-min’! with the autoclave module inside the oven from the start.

e The reported standard calcination procedure was used with a heating up rate of 1
°C-mint instead of 1.7 °C-min.

2.3.2 Single Gas Permeation Experiments

Before commencing each single gas permeation experiment, the membrane was
purged with He at a flow rate of 100 cc(STP)-min* and a feed side pressure of 2 atm for

16 hours. Each gas was then investigated in turn for successively greater feed pressures
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between 1 atm and 5 atm. The gases of interest were tested in order of increasing adsorption
capacity on silicalite-1 as found by Li & Tezel [5,6], which is N2, CH4, and COa.

2.4.0 RESULTS AND DISCUSSION
2.4.1 Adsorption Isotherms for N2, CH4, and CO:2

As described in the previous section, adsorption isotherms were generated using the

Temperature Dependent Sips model for N2, CHas, and CO2 on silicalite-1 at a temperature
of T=22°C.

3.0

q [mmol-g!]

Figure 2.1. Adsorption isotherms for gases on silicalite-1 at T = 22 °C generated using the

Temperature Dependent Sips model and the data from Li & Tezel [5,6] as described
by Ahmadpour et al. [7].

Figure 2.1 shows the expected order of increasing adsorption capacity g for the gases

studied in this paper. He gas is assumed to be not adsorbed in silicalite-1. The reported
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isotherms from which these isotherm curves were generated are for particles and not

membranes, however, the constant A in Equation 2 is assumed to account for this variation.
2.4.2 Single Gas Permeances for He, N2, CH4, and CO:2

The single gas permeances for He, N2, CHa, and CO2 were found for a silicalite-1

membrane on a 0.8 pm TiO2 support and are shown in Figure 2.2.

The presence of defect pathways through the membrane active layer, and their
influence on the performance of the membrane has been considered by analysing the
permeance of He and N as a function of pressure differential, which is shown in Figure
2.2. For gas transport at room temperature through silicalite membranes containing no
defect pathways, He is transported by Knudsen diffusion through the pores of silicalite,
whereas N2 adsorbs inside silicalite’s pores, and is transported by surface diffusion. In the
presence of numerous and/ or large defects, the contribution of surface diffusion to N
permeance becomes less significant, and either viscous flow or Knudsen diffusion through
defects dominates. It should be noted that the experimental procedure used in this study
does not allow for the distinction between transport of He by Knudsen diffusion through
defects and the pores of silicalite. The presence of Knudsen sized defect pathways therefore
cannot be ruled out. In the case of gas transport due to viscous flow, permeance is directly
proportional to the average pore pressure, which is not the case as we see that permeance
of He and N2 is independent of pressure. Knudsen diffusion however is independent of
pressure, and could be considered present if only He or N2 permeance is given. It is for this
reason that the permeance of both He and N> have been measured. In the case where
Knudsen diffusion through defects dominates, the contribution of surface diffusion of N>
through silicalite’s pores is reduced, and we would expect to see the He permeance to be
greater than that of N». This is not the case, which shows that the membrane contains few
defects, and Knudsen diffusion through the defects that are present do not significantly
contribute to the pure He or N2 permeances of the membrane. The He and N» permeance
has been measured at 3 pressure differentials including the extreme pressures of interest as
this number of points is sufficient to prove that there is no viscous flow through any defects

that are present, and verify the trend in permeance for both He and N>. In the case of CH4
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and COz, more points are needed to verify the trend in permeance, and so more intermediate

pressure differentials were investigated.
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Figure 2.2. Single gas permeances of He, N2, CO., and CH4 as a function of pressure
differential following exposure to each gas in turn followed by a regeneration period
of 16 hours during which time the membrane is purged with He at room temperature
and a pressure of 2 atm.

The decreasing permeance trends shown by CO. and CHas in Figure 2.2 can be
explained in terms of the shape of their respective isotherms shown in Figure 2.1. More
specifically, in the range of the experimental feed and permeate pressures, the CO and
CHy isotherms are convex (in contrast to the N2 isotherm which is approximately linear).
Thus, the adsorption capacity gradient, which represents the driving force for surface
diffusion, is not directly proportional to the pressure gradient. In turn, since the permeance
is the pressure gradient normalized flux, in the absence of defects in the membrane

structure, permeances of CO, and CH4 are expected to decrease with increasing feed
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pressure. In other words, the fact that experimentally observed permeances of CO2 and CHa
decrease with feed pressure provides additional confirmation that if any defects are present,
they do not significantly contribute to the permeance of gases through the membrane.
Using the same argument, since the N isotherm is approximately linear in the range of the
feed and permeate pressures, its permeance was expected to be independent of the feed

pressure.

The permeances shown in Figure 2.2 at a pressure differential of 1 atm for He, N,
CO2, and CHzare 438 x 107 +1.0x 10°,7.71 x 107" + 2.8 x 10°, 1.35x 10% + 5.5 x 10,
and 1.64 x 10% + 5.1 x 10° mol-m?s'-Pa* respectively. These values are greater than the
single gas permeances reported in other studies for silicalite-1 membranes at 25°C. For He,
N2, CO», and CHg, at 25 °C, pressure unspecified, Soydaz et al. [9] found values of 0.75 x
107, 2.1 x 10-7, 3.5 x 107, and 4.8 x 107" mol-m%s*-Pa respectively. For N2 and CHa,
Lovallo et al. [10] found values of 5.0 x 10 and 7.0 x 10® mol-m?-s*-Pa’* respectively.
For N2, Miachon et al. [8] found a value of 2 x 10 mol-m%-s®-Pa’l. Higher single gas
permeances for N2, CO», and CH4 were found by Algieri et al. [11], at a pressure differential
of 40 kPa, and are 4.6 x 10, 4.3 x 10, and 6.4 x 10°® mol-m2-s-Pa. Wirawan et al. [12]
was also able to find a greater permeance, but only for CO: at a lower pressure differential.
For He and CO; at a pressure differential of 80 kPa, values of 3.06 x 10, and 1.25 x 10°

mol-m2-s1-Pa’! were found.

From the permeances shown in Figure 2.2, the permeance ratios for CH4/N2, CO2/Nz,
and CH4/CO: at a pressure differential of 1 atm are 2.13, 1.75, and 1.22. These permeance
ratios are within 50% of the permeance ratios found by the authors of the studies mentioned
previously. The separation of CH4 and N2 is a particularly difficult separation that is
relevant to a range of natural gas upgrading processes, and many research teams are
investigating membranes to be used for this separation process [13,14]. The combination
of this membrane’s comparatively high permeance ratio, and high permeance are therefore

indicative that this membrane should be further investigated for this purpose.

22



Chapter 2 — Characterization of Inorganic Silicalite-1 Membrane to be used for the

Separation of Greenhouse Gases
2.4.3 Effective Diffusivities for N2, CHs, and COz2

The effective diffusivities have been calculated as a function of the membrane
specific constants A using the trends found from the single gas permeances shown in Figure
2.2, and using Equation 1.

0.7
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Figure 2.3. Effective diffusivity multiplied by constant A as a function of feed pressure for
N2, CO2, and CHa.

By using the adsorption capacities shown in Figure 2.1, Equation 1 was used to
calculate the effective diffusivities of CO2, N2, and CH4 as a function of the physical
properties of the membrane, represented by A. The effective diffusivity ratios for the
separation of CH4/CO2, N2/CO> and CHa4/N; are calculated, and decrease from a feed side
pressure of 1 atm to 5 atm as follows, 1.54 —1.38 £ 0.007, 1.44 — 1.32 + 0.007, and 1.08 —
1.05 + 0.004 respectively. The shape of the effective diffusivity curves agree with Figure
2.1 in that as the pressure increases, surface occupancy increases, and so the number of
interactions between adjacent molecules increases too. Due to the increased number of

interactions, it follows that diffusivity would also increase as shown in Figure 2.3.
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Interestingly, the order of increasing effective diffusivities, CO2, N2, and CHjs is not
the same as the order of increasing permeance which is N2, CO, and CHa4. According to
Equation 1, flux is directly proportional to both the effective diffusivity and the working
capacity. In other words, the permeance does not solely depend on the effective diffusivity
or the working capacity, but is a combination of both. It should be emphasized that unlike
polymer membranes, single gas permeances of adsorbent membranes cannot be used to
accurately predict the mixed gas permeation performance. With the limited number of
adsorption sites, the molecules having a greater affinity towards the membrane may block
access to the pores of those molecules having lower affinity towards the membrane. This
blocking effect has been reported in the literature previously for binary mixtures involving
CO2 [15]. To this end, mixed gas permeation experiments will be conducted for membranes

of the type used in this study, and their performance will be reported in the near future.

2.5.0 CONCLUSIONS

Single gas permeance experiments for He, N2, CH4, and CO> were carried out with a
fabricated silicalite-1 membrane inside a tubular TiO2 ceramic support. Their permeances
were found to be 4.38 x 107, 7.71 x 107, 1.35 x 10®, and 1.64 x 10°® mol-m?s?-Pa?!,
respectively at a pressure differential of 1 atm and a temperature of 22°C. Given the pore
size of silicalite-1, the greater permeance of N> over He, and none of the permeances
increasing as a function of pressure, surface diffusion is considered to be the dominant
mechanism for gas transport through this silicalite-1 membrane. Although the presence of
Knudsen sized defects cannot be ruled out based on these results, their contribution to the
permeances of gases through the membrane is not significant. Effective diffusivities were
also calculated for the membrane based on the adsorption capacity of each gas on silicalite-
1, and the experimentally determined single gas permeances. For the separation of CH4/N2,
CO2/N2, and CH4/CO. the permeance ratios were found to be 2.13, 1.75, and 1.22
respectively. In order to better understand this behaviour and characterize membranes

accordingly, future experiments will be conducted using binary gas mixtures.
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The following chapter is based on the manuscript with the same title published in 2018,

and has been modified in accordance with the definition for defects stated in Chapter 1.

These changes are in response to the findings of the method in Chapter 5, which suggest
that Knudsen and/or viscous flow sized defects may be present in the analyzed

membranes.

ABSTRACT

In this study, we present a detailed synthesis procedure and characterization of
porous inorganic silicalite-1 membranes. The membranes were synthesized in-situ using a
pore plugging method with the inclusion of a 12 hour thermal break promoting secondary
growth within the active layer pores of the tubular TiO2 supports. The effect of the support
pore size on membrane performance was examined with pore sizes ranging from 0.3 pm
to 1.4 um. Characterization using Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS) analysis confirm the penetration and formation of
silicalite-1 crystals within porous supports up to a depth of 10 — 12 um for all membranes.

With the exception of the membranes synthesized on the support with 1.4 um pore size, all
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membranes were more permeable to probe gas N> compared to He. The highest ideal N2>/He
selectivity of 2.3 + 0.5 was observed for the membranes synthesized on supports with 0.8
pm pore size. Single gas permeance for the membranes were high, ranging between 3.7 x
107 and 1.3 x 10° mol-m2.s.Pa’l, and was independent of gas kinematic diameter with
the order of permeation being CH4> CO2> N2 > He. Binary equimolar CO2/N2 separation
experiments show better membrane CO2/N2 permselectivity compared to the ideal
selectivity calculated from the single gas experiments. Comparing the observed membrane
gas diffusivity and the adsorbate gas uptake rate within the zeolite material alone shows
that these favourable selective properties are the result of adsorption surface diffusion and
that Knudsen diffusion is minimised.

Keywords: CO2/N> separation, gas permeation, inorganic zeolite membranes, silicalite-1,

porous membranes, effect of support pore size

3.1.0 INTRODUCTION

The development of separation processes using membrane technologies is promising
due to the potential operational efficiency and predicted flexibility and ease of
implementation into a broad array of systems and fields [1]. A current application that has
seen great interest in recent years is post-combustion capture and separation of CO2 from
the industrial flue gases. In order to be viable, the addition of separation and sequestration
technologies to fossil fuel based processes should not contribute to more than a 35%
increase in generation costs [2]. Several different competing gas separation methodologies
have been proposed for this application. The most notable of these include: adsorption
based separations (temperature and pressure swing adsorption processes), chemical and
physical absorption processes, and membrane based processes [1,3-7]. While
monoethanolamine (MEA) absorption is the current accepted practice for CO> capture, this
method is very energy intensive due to multiple process units required for solvent
regeneration [8]. Additionally, the potential health and environmental impact of the release

of fugitive MEA emissions into the atmosphere is also a major subject of concern for this
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application [9,10]. Among the competing alternative CO capture methods, membrane
based separation technologies are considered an attractive approach based upon the simple

modular design and limited regeneration requirements [1,3].

Inorganic zeolite membranes have a high potential to be suitable for separation of
gaseous process streams such as for post combustion CO2 capture. These types of
membranes can operate under a wide range of temperatures and pressures and have good
solvent stability compared to polymeric membranes [11]. While recent progress with
mixed matrix membranes to combine the advantages of polymer and inorganic membranes
is promising, the fabrication of robust and defect free mixed matrix membranes is very
difficult due to weak polymer — particle adhesion and potential particle agglomeration [12].
Zeolite membranes are generally characterized as a thin layer of crystalline silicates or
aluminosilicates formed on the surface of a porous support. Membranes of this type are
usually prepared via a seeded or secondary growth method. Different from the traditional
seeded approach, zeolite membranes may also be synthesized within the pores of a support
via an in situ pore plugging synthesis technique, resulting in a thin composite zeolite layer
within the pores of the support [13-17].

The use of Mordenite Framework Inverted (MFI) type zeolites such as ZSM-5 and
silicalite-1 have been of great interest due to a three dimensional lattice structure with an
internal pore size of 5.1 A t0 5.6 A (1A = 0.1nm) [18,19]. The pentasil structure of silicalite-
1 leads to a large internal microporous network with high surface area which is conducive
to favourable adsorption capacity. The internal aperture of silicalite-1 is larger than the
kinetic diameter of the studied gases: 2.6 A, 3.3 A, 3.6 A, and 3.8 A for He, CO2, N, and
CHas respectively [20]. Therefore, gas separations may be achieved by exploiting
differences in the equilibrium adsorption potential of the adsorbate gases and their
differences in the diffusivity within the zeolite pores [21]. These properties are influenced
by the electrostatic dispersion within the pore network and energies of adsorption as
governed by differences in the dipole moment, quadruple moment, and the molecular
polarization energy of the different gases [22]. Adsorption potential for the studied
adsorbate gases occurs in the following increasing order for silicalite-1: He << N2 < CHg4

< CO2. The maximum for CO- is attributed to high polarizability and a strong quadrupole
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interaction with the adsorption sites [23-26]. CH4 has stronger polarizability compared to
N2 contributing to increased adsorption potential. Table 3.1 presents the different molecular

properties of the studied adsorbate gases [27-29].

Table 3.1. Molecular properties of the studied adsorbate gases.

Gas Molecular Kinetic Polarizability Quadrupole
Weight Diamter (X105 cm?] moment
[g-mol?] [A] [x 10%9cm?]

CO2 44.01 3.3 29.1 -13.41

CHa4 16.04 3.8 25.9 0

N2 28.01 3.6 17.4 -4.91

He 4.00 2.6 2.05 0

MFI type zeolite membranes have a larger uniform pore aperture which allows for
comparatively greater flux compared to smaller pore sized zeolite membranes such as
SAPO-34, DDR, and zeolite T [19]. The ability to achieve both a higher flux and a
significant separation is an advantageous property of MFI type zeolite membranes, which
make them desirable for investigations into bulk industrial separations that require high gas
throughputs. Unlike other MFI type zeolites, such as ZSM-5, the silicalite-1 zeolite does
not possess any alumina ions (AI**) imbedded in the lattice structure of the crystal. This
means that silicalite-1 zeolites contain no counterbalancing cations and exhibit more
hydrophobic properties compared to their equivalent ZSM-5 type zeolites [15]. Along with
zeolite type, the separation performance of the zeolite membrane depends largely on the
continuity and thickness of the active zeolite layer. Most of the reported zeolite membranes
have been synthesized using alumina in the active layer of the supports, which could lead
to the possible incorporation of AI®* ions into the final structure of zeolite membrane.
Therefore, the final product would not exhibit the properties of a true silicalite-1. Titanium

oxides are more chemically stable than alumina and have been the focus of previous studies
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[15,30]. However, little has been investigated regarding the effect of pure TiO active layer

pore size on silicalite-1 membrane performance.

The purpose of this study has been to determine the effect of support pore size on the
development of high performing silicalite-1 membranes for gas separations. This was
achieved by using a pore plugging synthesis method with a thermal break. Silicalite-1
crystals were synthesized within different tubular TiO; active layer supports forming thin
composite structures. The effect of support pore size on the resultant membrane physical
characteristics and gas permeation properties was examined. The physical properties of the
membranes were analysed using SEM and EDS. Single gas permeation experiments were
performed on all of the membranes using He and N, as probe gases to establish the
contribution of non - zeolitic pores to gas transport. Single gas permeation behaviour of
He, N2, CO., and CH4 gases was studied for the membrane with the best No/He ideal
selectivity and the performance was compared to the literature for other silicalite
membranes. This membrane was also tested with an equimolar binary CO2 - N2 gas

mixture.

3.2.0 EXPERIMENTAL
3.2.1 Membrane Fabrication

A silicalite-1 membrane synthesis protocol using the pore plugging method with an
11 hour synthesis interruption was applied in this work [15-17,30,31]. The membranes
were fabricated on commercially available ceramic porous tubes with an approximately 10
pm thick active layer containing only TiO> purchased from TAMI Industries (Nyons,
France). The tubes were 6 cm in length with an outside diameter of 1 cm and thickness of
2 mm. The inside surface of the tube contained the TiO; active layer. A range of active
layer pore sizes; 0.3 um, 0.45 pum, 0.8 um, and 1.4 um, were investigated. A total of 9
membranes were synthesized in three different batches (batch A, B, and C, respectively)

under similar experimental conditions to establish repeatability.
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Precursor Solution Preparation

In a Teflon (polytetrafluoroethylene (PTFE)) lined beaker under magnetic stirrer,
9.61g of fumed silica (SiO2) (Sigma-Aldrich, Oakville, ON, Canada), used as a silicone
(Si) source, was dissolved in 72 mL of 1 M tetrapropylammonium hydroxide (TPAOH)
solution (Sigma-Aldrich, Oakville, ON, Canada), and 8 mL of deionized water was added.
The resultant solution consisted of 2.0 M SiOz and 0.90 M TPAOH giving an overall molar
ratio of 1 SiO2 : 0.45 TPAOH : 27.8 H2O. The solution was left under magnetic stirring for
3 days at room temperature of 295K * 1K in the Teflon beaker that was covered to prevent
any evaporation of the solution. The solution was then centrifuged for 30 minutes at 4000
rpm to remove any undissolved particulates that may act as undesired seeds for zeolite

crystallisation.
Hydrothermal Synthesis

The silicalite-1 nanocomposite membranes were prepared using an in situ
hydrothermal synthesis pore plugging method and temperature controlled crystallization
[16,17]. Hydrothermal synthesis was performed in a 125 ml Teflon beaker, inserted inside
a Parr model 4748 stainless steel autoclave (Parr Instrument Co., Moline, IL, USA). A
programmable Neytech Vulcan 3-550 furnace purchased from Cole-Parmer Canada
(Montreal, QC, Canada) was used for this step. For each batch, 4 ceramic tubular supports
were covered with a thin layer of Teflon tape on the external surface to prevent the
formation of zeolite crystals on the outside surface. The ceramic supports were inserted
into the beaker vertically and were held in place by a home-made cradle to hold them in a
vertical position to prevent shifting during the synthesis process. The zeolite precursor
solution was poured into the beaker containing the supports until the supports were
completely immersed in the solution. The supports were submerged vertically in the
solution for 6 hours before hydrothermal synthesis, ensuring sufficient penetration time of
the solution into the pores of the support. The autoclave was closed, ensuring that there

was less than 1 cm of free height between the solution and the lid of the autoclave.

A standardized temperature program was used during the hydrothermal synthesis
procedure. The autoclave was inserted into the programmable oven and heated to 170 °C
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at a rate of 1.0 °C-min! and remained at that temperature for 12 h. To promote secondary
growth, a thermal break of 11 hours was used. This was achieved by cooling the mixture
in the same oven with the door closed over a period of 8 hours, until the temperature of the
mixture reached 50 °C. Following this step, the oven was opened fully until the mixture
temperature reached 30 °C over a period of 3 hours. During the period of the thermal
interruption, the cooler temperature gives the precursor solution an opportunity to diffuse
within the porous network. Replenishing the available precursor solution within the pores

promotes further MFI crystal growth and supports pore plugging [17].

Afterwards, the hydrothermal synthesis resumed with a heating rate of 1.0 °C-min™*
until the system reached 170 °C, then the temperature was held constant for an additional
72 h, except for batch C which was for 75 h. At the end of the hydrothermal synthesis step,
the autoclave was cooled gradually to room temperature within the oven over a period of
12 h. The membranes were removed from the autoclave, rinsed and submerged in distilled

water for 24 hours. The washed membranes were then dried at 100 °C for 24 h.

The remaining zeolite solution was collected from the beaker, was washed with
distilled water, and was poured into an evaporating dish. The remaining H.O and TPAOH

was evaporated in air inside a fume hood, resulting in a powder.
Calcination

The dried membranes were then subjected to a calcination step performed at 500 °C
for 4 h using a programmable oven (Vulcan 3-550) with a heating and cooling rate of 1.0
°C-min’t [15,16,30]. The rate of temperature change should be minimized given the
difference in the thermal expansion between the silicalite-1 and the support to prevent the
formation of defects [32]. After the membranes were removed from the oven, they were
placed in a desiccator until use. The collected zeolite powder was also calcined in the same
fashion and kept for subsequent characterization. The properties of synthesized zeolite
powder were considered to be same as that of the zeolite synthesized within the supports

regardless of the pore size of the active layer.
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3.2.2 Membrane and Material Characterization
Membrane Morphology and Particle Microstructure Experiments

A Micromeritrics ASAP-2010 volumetric adsorption analyzer (Micromeritics,
Norcross, GA, USA) was used to analyse the zeolite powder in terms of the Brunauer-
Emmet-Teller (BET) specific surface area and the Barrett-Joyner-Halenda BJH pore
volume and pore size distribution using N2 adsorption-desorption at 77K [33,34]. All
samples were degassed under vacuum conditions and heated at 383 K prior to the analysis.
The crystallinity of the synthesized silicalite-1 crystals was verified using powdered x-ray
diffraction analysis (XRD). The powdered samples were examined at room temperature
using a Rigaku Ultima IV powder diffractometer in Bregg-Brentano geometry, using Cu
Ka radiation (A =1.5418 A). The 20 range of 2° to 90° was covered with a 0.02° step width

and 6 °-min! scan speed.

Scanning electron microscope (SEM) and Electron dispersive spectrometer (EDS)
analyses were performed using a JEOL JSM-7500F Field Emission Scanning Microscope
(JEOL, Tokyo, Japan) with a Tracor-Northen Series Z-II spectrometer (Zeiss,
Oberkochem, Germany) installed. SEM and EDS analyses were used as compositional and
morphological verification of the active layer cross section of the synthesized membranes.
The synthesized tubular membranes were fractured, and small sections of the membrane

cross section were mounted on a specimen holder prior to the analysis.
Single Gas Adsorption Uptake and Equilibria Experiments

Single gas adsorption isotherms and adsorption kinetic behaviour were determined
for the synthesized powder using a microgravimetric analyser purchased from VTI Corp.
(Hialeah, FL, USA) equipped with a high sensitivity Cahn microbalance with a weighing
resolution of £ 1 pg. Single gas adsorption isotherms were conducted at a temperature of
295 K for CO», CH4, and N2 gases. All gases were purchased from Linde Canada Ltd.
(Ottawa, ON, Canada) and were of 99.995, 99.99, and 99.999 % purity respectively.
During the adsorption isotherm experiments, the temperature of the system was maintained
using a programmable isothermal water bath. The analysed adsorbent sample weight

ranged between 30 and 40 mg to minimize adsorption heat and kinetic mass transfer effects.
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Samples were regenerated at 573 K under vacuum conditions at approximately 10 atm
for about 1.5 hours. The equilibrium adsorption isotherms for each gas were evaluated at
increasing pressures from 0 to 5 atm. For each isotherm point, equilibrium was determined
when there was less than a 0.015% sample weight change over a 15 minute period. A
buoyancy correction was performed using helium gas at similar pressures and temperatures

as silicalite-1 has negligible adsorption capacity for helium.

To elucidate the effect of the intracrystalline diffusion on the rate of gas permeance
across the silicalite-1 membrane, the single gas adsorption uptakes on the silicalite-1
powder were also measured. The transient Kinetic behavior was analysed under isothermal
conditions for constant pressure step changes: (0.5 to 1 atm, 1 to 2 atm, 2 to 4 atm, and 6
to 8 atm). For each gas, the adsorption uptake response curve to a pressure step change was
determined as the fractional uptake at different times before adsorption equilibrium was

achieved for the silicalite-1 powder.
Single Gas Permeation and Binary Gas Separation Experiments

Single gas permeation and binary gas separation experiments were used to
characterize the membrane performance for a feed side pressure between 1.5 atm and 5
atm with the permeate side open to atmosphere at ambient temperature (295 K). For the
single gas permeation experiments, the gases that were studied were He, N2, CHs, and CO..
Pure gases He and N2 were used as probe gases to examine the permeation properties of
non-adsorbing small gas (He) and adsorbing larger gas (N2) on the membrane performance.
For the binary gas separation experiments, an equimolar mixture of CO2 and N> gases was
used as the feed. Prior to commencing each single gas and binary gas permeation
experiment, the membranes were regenerated under helium purge at ambient temperatures
(295 K) with a feed side pressure of 2 atm overnight. Single gas permeation experiments
were performed in order of increasing gas affinity for the silicalite-1, which is He < N2 <
CH4 < CO2 [24-26].

The tubular membranes were attached to tubular stainless steel supports on both ends
using epoxy resin. A quick setting epoxy was used initially to fix the tubular supports in
place. After 1 hour the membrane was firmly bound to the tubular supports. With the
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membrane spinning, a second layer of epoxy was used to form an airtight joint between the
membrane and the stainless steel support. The epoxy was left to set for a minimum of 2
hours. The spinning motion allowed the epoxy to thinly coat the membrane evenly, which
produced smooth rounded joints. The membrane was installed within a custom made
membrane module. The dead volume of the permeate side of the membrane module was
approximated to be 200 cm®. One of the main benefits of silicalite-1 membranes is the
ability to achieve a high gas flux across the membrane, so that no sweeping gas was
required for this setup. The experimental apparatus outlined in Figure 3.1 was used to carry

out the single gas permeation and binary gas separation experiments.
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Figure 3.1. Single gas permeation and binary gas separation experimental setup (MFC:
mass flow controller, P1: feed side pressure transducer, P2: permeate side pressure
transducer). The tubular permeation cell is shown in the top right.

The feed gas flow rate and composition were controlled by two mass flow
controllers: MFC 1 and MFC 2. Feed pressure was controlled manually using a needle
valve. The feed and permeate pressures were measured using electronic pressure
transducers P1 and P2, respectively. Permeate flow was measured manually using a 100

mL soap film flow meter. For the binary gas separation experiments, both the feed and
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permeate gas composition were measured using a Hewlett Packard 5730A gas
chromatograph (GC) equipped with a PoropakTM-Q packed column and a thermal
conductivity detector (TCD). To measure the mixture gas composition, 1 ml gas samples
were injected into the packed GC column with He gas as the carrier gas. The column
response to the sample injection was monitored with the TCD, and the corresponding peak
areas for the different components were compared to ascertain composition. Prior to the
binary gas separation experiments, the feed composition was verified. During the
experiments both the feed and permeate side pressures, flow rate, and composition of the
permeate were monitored. After approximately 3 hours, the system reached steady state
and the feed and permeate side pressures, and the composition and the molar flux of
permeate were recorded. A total of 6 consecutive permeate flow measurements were

recorded and the average value was used to calculate the molar flux of the permeate.

The membrane performance was evaluated by means of the single gas N2 and He

permeances, which are measures of the membrane productivity as described in Equation
(1.
P :(_)Ji M
pi,F - pi,P
where P, is the permeance of gas i, Ji is the total measured steady state flux of i in the

permeate, and pir, and pip, are the partial pressures of i at the feed and permeate side of
the membrane, respectively. For the single gas permeation experiments, pir, and pip, were

simply equal to the absolute total feed and permeate pressures.

The ideal selectivity a; ; Is an estimation of membrane separation performance for

a particular gas pair using only the pure gas permeances. It is defined as the ratio of single

gas permeance of gases i and j. (Equation (2a)).

ai; [ == (2a)
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The permselectivity «;; refers to membrane separation performance when the feed

gas is a gas mixture (Equation (2b)).

Qiyy = 4or (2b)

The membrane performance was evaluated by comparing the N2/He ideal selectivity
and the measured single gas permeance through each membrane. The best performing
membrane having the highest No/He ideal selectivity was then selected for further analysis
using single gases CO2 and CH4, and an equimolar binary mixture of N2 and CO; gases.

The corresponding permeance and permselectivity values were then determined.
3.2.3 Membrane Transport Characteristics

Gaseous transport through porous membranes involves the contribution of pore
flow (viscous flow (Poiseuille flow) and Knudsen flow) and surface flow based on micro-
pore diffusion in the silicalite pores and adsorptive surface interactions with the gas
adsorbate (Equation (3)) [35-37].

JiZJiPJF‘]iS 3)
Where J; is the flux from pore flow, and J;° is the flux from surface flow.

Pore flow consists of both Knudsen flow and viscous flow. The contribution of both
of these factors to the total flux from pore flow is expressed in Equation (4) for a

homogenous pore structure [35,37].

p__i Vis Kn %
3¢ - [0+ o |2 @

Where, ¢ is the membrane porosity, 7 is the tortuosity factor, R is the universal gas constant,
T is the temperature, pi is the pressure of component i, and x is the coordinate along the

membrane corresponding to the thickness.

Both the viscous flow parameter D and the Knudsen diffusive parameter D" are
affected by the defect pore size of membrane. However, D"is influenced by the molecular
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weight of the diffusing gas, whereas D is independent of this value as defined in

Equations (5) and (6) [37]. Viscous flow is thus non selective, whereas selectivity from

Knudsen flow is limited to the difference in the molecular weight of the diffusive species.

2r
prr =5 [8RT )
3\ M,
“p
D=2 P ©
n

Where rp is the pore radius of the membrane, M; is the molecular weight of component i

and # is the viscosity of the diffusive gas (or gas mixture), and p is the total pressure.

Ideally, the contribution of pore flow to the overall membrane flux may be minimized
such that surface flow is the dominating transport mechanism. An advantage of the pore
plugging membrane synthesis approach over other methods is that the pore size of the
support serves as the maximal size of a potential membrane defect or crack. Therefore, the
contribution of pore flow to the total membrane flux may be limited, and surface flow

would be dominating the overall mass transport across the membrane.

In considering an ideal zeolite membrane formed through pore plugging synthesis,
the dominating transport mechanism is attributed to micro-pore diffusion in the form of
surface flow and not pore flow [38,39]. For surface flow, the difference in equilibrium
surface coverage between the high pressure feed side and the low pressure permeate side
across this membrane is the driving force behind gas transport across the membrane. Gas
molecules are adsorbed on the active sites within the micropores of the adsorbent crystals
and move in the direction of decreasing surface occupancy, which corresponds to the
concentration profile across the membrane [40]. Mass transfer resistance is attributed to
the intracrystalline diffusion resistance between the active sites along the length of the
membrane [41]. For non-interacting gases such as He, gas transport is governed primarily
by activated gaseous diffusion or Knudsen diffusion through the mesopores of the
silicalite-1 adsorbent [42]. Since the presence of He permeation across an ideal porous

membrane is indicative of Knudson diffusion, the contribution of this transport mechanism
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for interacting gases such as CO2, CHa4, N2, cannot be fully ignored. Since Knudsen
diffusion takes place in mesopores of the adsorbent, which in the case of silicalite-1 can
easily accommodate not only He, but other, larger gas molecules, it is likely that Knudsen

flow will contribute to gas transport regardless.

The affinity of the gases within the pore network of the zeolite membrane plays an
important role in the evaluation of membrane performance. With this in mind, it is
necessary to quantify both the equilibrium adsorption and the diffusion characteristics of
the adsorbent material composing the membrane to effectively describe the gas transport
behaviour of the combined sorption and diffusion processes across the membrane. The flux
from surface diffusion is derived from Fick’s first law in relation to the surface coverage
difference across the membrane which represents the driving force for transport (Equation
(7)) [35,43,44]. In the case of an ideal defect free membrane, the effective membrane

diffusivity, D,', is calculated from the rearrangement of Equation (7), using the
experimentally determined membrane flux, J°, and the physical characteristics of the

membrane.

D" A6, IP1-0) |1
J.S =—p(1- sat e =Y Dm — i i
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Where, p is the skeletal density of the adsorbent, ¢ is the porosity of the adsorbent, and q;

is the saturation adsorption capacity of component i. Aé. is the difference in absolute

adsorption surface coverage of component i, between the high pressure feed side and low

pressure permeate side across the length of the membrane. | is the thickness of the

membrane, and the 6, was calculated as the average surface coverage across the

membrane.

The Sips isotherm model is used to represent the experimental isotherm data to

calculate the surface coverage related to the single gas adsorption behavior [21,22].

_4q4 _ Bp’ g
0= 1+ (ap) ©
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Where, @i is the amount adsorbed of component i, i is the affinity constant, and n is the
constant parameter. The Sips model parameters may be optimized from the minimization
of the sum of the squared residuals between the model fit and the experimental data for the

pure component adsorption isotherms.

The membrane effective diffusivity may be determined from single gas permeation
experiments. However, due to the variability between different membrane sets composed
of composite materials, it is difficult to determine this value appropriately [35,41].
Therefore the transport performance properties of the zeolite membrane may be evaluated

by comparing the effective diffusivity of the membrane, D,", with the effective adsorption

transport diffusivity evaluated from the zeolite material alone D,. This link between the

gas adsorption behaviour of the zeolite material and the membrane permeation experiments

establishes the performance parameters for an ideal zeolite membrane.

The adsorption mass transfer rate can be approximated using the Linear Driving
Force (LDF) model proposed by Glueckauf and Coates and discussed in the literature
[22,45-48] (Equation (9)).

gt_q =Kior (qe - Q(t)) ©)

In this model, the single gas adsorption uptakes are determined experimentally and
the amount adsorbed is monitored at different times as q(t). The change in g as a function
of time gives the slope, dg/dt, that is plotted as a function of q(t) for different times. Since
the ge value is known as the amount adsorbed at equilibrium, the slope of this plot would

give the value of k_pr according to Equation (9).

The LDF diffusion model is valid in the uptake region of q(t)_—qo >0.6 [49] or 0.7

e ™o
[22]. The kinetic rate constant mechanism as shown with the LDF model only considers
the surface resistance as a barrier to mass transfer. In reality the silicalite-1 crystals are
known to be microporous with a characteristic cuboid shape. To reflect the contribution of

diffusion limitation within the micropores of the adsorbent, the LDF model may still be
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employed when considered as the reduced form of the Fickian Diffusion model for the

isothermal diffusion gradient through a homogeneous spherical crystal, thus relating the

effective intracrystalline transport diffusion term, D,, to k.or [22,48].

15D,
Kioe = RZ (10)

Here D,is the effective transport diffusivity, and R; is the radius of the crystal. The

inverse of kipr is the diffusion time constant.

While the crystal size may be approximated to a certain degree of accuracy using
SEM micrographs, it may not be directly correlated to the actual path length of the diffusing
species within the membrane. Depending on the tortuosity of the micropores and the
orientation of the zeolite crystals formed within the porous membrane support, these values
may be different from the crystals formed in the free volume during the hydrothermal
synthesis. As such, the values of the diffusion time constant of the adsorbing silicalite
material alone, and the effective membrane transport diffusivity calculated from the
permeation experiments may not be explicitly compared. However, an implicit comparison
may be drawn from the selectivity ratios of De and De™ between the individual components
i and j (Equation (11)).

m

An ideal zeolite formation within the porous membrane support is thought to have
the same diffusivity characteristics and gas selectivity ratios as the zeolite material alone
since surface diffusion would be dominant. The contribution of pore diffusion from non

zeolitic pores results in reduced effective membrane transport diffusivity selectivity.
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3.3.0 RESULTS AND DISCUSSION
3.3.1 Morphological and Compositional Analysis

The XRD patterns obtained (Figure 3.2) on the zeolite powder collected from the
bulk solution in the autoclave following the hydrothermal synthesis and calcination,
correspond well to the XRD patterns of MFI type zeolite previously reported in the
literature [15,50-52], therefore confirming successful formation of silicalite-1 zeolite.
Analysis of the N2 volumetric adsorption measurements at 77 K showed an average BET
surface area of 471.5 m?.g™X. The BJH micropore area and the micropore volume were

21.89 m?-gt and 0.302 cm?-g%, respectively. These values correspond well with literature

values for silicalite-1 crystals [53-56].
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Figure 3.2. XRD patterns corresponding to the silicalite-1 powder recovered from the
synthesis solution. The intensity response is equivalent to the characteristic XRD
patterns for randomly orientated MFI type silicalite-1 crystals reported in the
literature [15, 50-52] represented by the lines at the base of the chart.

The extent of membrane formation through silicalite-1 pore plugging synthesis was
examined using SEM (Figure 3.3) and EDS (Figure 3.4) analysis of the cross section for
four different support pore sizes. Cross-sectional analysis of the membrane is an effective
assessment of the formation of the zeolite selective layer via pore plugging synthesis, since

the formation of a zeolite film on the surface is not the goal of this approach. With respect

43

0 35 40 45 50 55 G0


https://wol-prod-cdn.literatumonline.com/cms/attachment/c0958651-1a96-48e8-b554-06eb369c3df1/cjce23095-fig-0002-m.jpg

Chapter 3 — Pore Plugging Synthesis and Characterization of Silicalite-1 Membranes Using
Tubular TiO, Supports: Effect of Support Pore Size on Membrane Performance

to the pore plugging method, the idea is that a nanocomposite silicalite-1 membrane

structure is formed within the pores of the support active layer, as such only a non-selective

layer of randomly oriented crystal outgrowth is present on the surface.

SUPPORT CROSS SECTION

Surface

unfilled
pores

Surface

Incomplete

silicalite-1 pore
filled pores plugging of
silicalite-1
(channefling)

Surface

Figure 3.3. Cross-sectional SEM images of membrane supports (top) and synthesized
silicalite-1 membranes (bottom) for supports with pure TiO- in the active layer and

pore sizes of 0.3, 0.45, 0.8, and 1.4 um (magnification 4000%). The dashed line is the
membrane surface in contact with the feed gas.
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In Figure 3.3, the bottom part of each figure represents the surface of the tubular
membrane that is exposed to the feed gas. Following hydrothermal synthesis, the pore
network is occupied by zeolite crystals inter-grown within this porous active layer. This is
evident by the lower observed porosity for the synthesized membranes compared to the
supports. Pore plugging is observed for the three membranes synthesized within the 3
smallest support pore sizes as indicated by a fairly continuous active layer agglomeration
composed of composite silicalite-1 crystals formed within the pores of the support. The
membrane synthesized on the support with a pore size of 1.4 um shows incomplete pore
blocking by the silicalite-1 crystals grown within the pores as evident by distinct voids

forming visible channels within the pores of the support.
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Figure 3.4. Cross-sectional EDS analysis showing SiO2 and TiO2 composition as a function
of distance from the top membrane surface for synthesized silicalite-1 membranes on
supports with TiO2 in the active layer for support pore sizes of 0.3, 0.45, 0.8, and
1.4 pm.
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Compositional analysis of the composite membranes’ cross section determined using
EDS shows the SiO2 and TiO> composition as a function of distance from the membrane
surface (Figure 3.4). Since silicalite-1 zeolite is composed of SiO4 tetrahedra, the presence
of SiO> serves to quantitatively support the visual observations from the SEM imagery with
respect to zeolite crystal growth. Crystal outgrowth is observed in the first top layers less
than 2 um from the membrane surface as the Si content is about 60% and 80% in this region
for the membranes with support pore sizes of 0.3 and 1.4 um, respectively. The variable
thickness is consistent with other studies in the literature which report crystal outgrowth in
the range of fractions of a micrometer to tens of micrometers [15,57-59]. The EDS analysis
in Figure 3.4 supplements the SEM observations. Silicalite-1 penetration of approximately
30% up to the first 10 - 12 pum is observed within the composite TiO2 layer for membranes
with support pore sizes of 0.3, 0.45, and 0.8 um. A consistent layer of SiO2 within the first
10-12 pum from the membrane surface is observed, and is indicative of the presence of
silicalite-1 crystals occupying the pores of the membrane active layer. A more uneven
distribution of SiO: is observed in the active layer for the membrane with a support pore
size of 1.4 um, which is indicative of incomplete pore plugging and the presence of defects

within the membrane as supported by the SEM imagery [17].

Not depicted on the SEM images is porous alumina support that begins
approximately 30 um from the membrane surface. EDS analysis showed only the presence
of SiOz and TiO: at a distance of up to 20 um from the membrane surface. While the
accuracy of EDS does not completely capture the presence of very small quantities of AI**,
it is important to mention that no AI** was detected within this range. The absence of
alumina within the support active layer indicates that it is likely that only silicalite-1 zeolite
was synthesized within the active layer of the support. This observation is in agreement
with previous studies supporting the development of pure silicalite-1 membranes with no
significant incorporation of AI** from the porous alumina support into the membrane active
layer [15].
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3.3.2 Silicalite-1 Single Gas Adsorption Isotherms and Diffusion Kinetics

Single gas adsorption equilibrium isotherms for CO2, CH4, and N2 gases on the
synthesized silicalite-1 powder were determined and are shown in Figure 3.5a. The
adsorption capacity for COz is the highest, followed by CH4 and N>. This is expected due
to the strong quadrupole moment and greater polarizability of CO. contributing to
increased adsorption potential [23,29]. The adsorption isotherms are in agreement with
previous studies in the literature for the adsorption of these gases on silicalite-1 [15,24,25].
Using the adsorption equilibrium isotherms, the corresponding ideal adsorption selectivity
for CO2/N2, CO2/CHa, and CH4/N2 gases were determined from the ratio of the equilibrium
adsorption capacities, and the results are presented in Figure 3.5b. The ideal adsorption
selectivity is the highest for CO2/N2 which approaches values greater than 25 and the
lowest for CH4/N> at 3.5 as pressure approaches 0 atm. However, from the perspective of
membrane gas permeation and separation, 1 atm total pressure is the limiting value for the
permeate side for a practical membrane. At that pressure, ideal CO2/N2 and CHa/N;
selectivity values are 9 and 3, respectively. Although the adsorption capacities for all the
gases increase with pressure, the rate of increase gradually decreases for both CO> and
CHa. This compares to a relatively steady increase in N2 adsorption capacity. As a result,
this leads to a decrease in the ideal selectivity for CO2/N2 and CH4/N; at increasing
pressures. The ideal selectivity presents the equilibrium separation potential of silicalite-1
zeolite. However since molecular transport of these gases may occur by means of
adsorptive surface diffusion within the pores of zeolite, the diffusivity of the gases must

also be a considering factor for evaluating the separation potential [40].
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Figure 3.5. (a) Single component adsorption equilibrium isotherms and Sips model fit for CO2, N2, and CH4 at 295 K for the synthesized
silicalite-1 powder. (b) Ideal adsorption selectivity for CO2, CHa, and Nz gases as determined from the single component
adsorption equilibrium isotherms in Figure 3.5a.
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The experimental single gas uptake curves were modelled with the LDF model and
effective diffusivity for different pressure steps have been determined from Equation (9).
These effective diffusivity values are shown for different gas loadings in Figure 3.6. CH4
has the fastest uptake on the silicalite-1 zeolite, and it has the highest transport diffusion
time constant, followed by N2, and CO>. Interestingly, this means that although CO> has
the highest adsorption capacity on silicalite-1 as shown in Figure 3.5a, it also has the
highest resistance to intracrystalline transport diffusion within the micro-pores. As
expected, the observed transport diffusivity values increase as loading increases for all
three gases. The effective diffusivity in the order from the highest to the lowest is: CHs >
N2 > CO2 which is in agreement with the trends previously reported for silicalite-1 [60,61].
This behaviour is consistent with the fact that microporous materials initially induce a
resistance on the movement of gas particles to the adsorbent sites due to the small porous
structure. At higher loadings, the transport of the gases tends to increase due to increases
in the frequency for both intermolecular and surface interactions with the zeolite due to

higher molecular concentrations.
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Figure 3.6. (a) Single component N2, CHs4, and CO. gas uptake curves on synthesized silicalite-1 powder for a pressure step change of
50 kPa to 100 kPa at 295 K. (b) Experimental transport diffusion time constants as a function of adsorption surface loading on
synthesized silicalite-1 at 295 K for pressure step changes of 50—100 kPa, 100-200 kPa, 200—400 kPa, and 600-800 kPa.
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3.3.3 Single Gas Membrane Permeation

Single gas permeation experiments were performed using N2 and He gases to
characterize the membrane performance with respect to effective pore plugging of the
synthesized silicalite-1 inside the pores of the TiO> active layer. Four TiO active layer
pore sizes were studied: 0.3 um, 0.45 um, 0.8 um, and 1.4 um. A total of 9 membranes
were fabricated from 3 different batches under similar conditions (batch A, B, and C,
respectively). He and N2 gases are of interest for characterization purposes as He is
assumed to have little or no interaction within the zeolitic pores, whereas N2 has some
affinity to the silicalite-1 zeolite as observed from the adsorption equilibrium capacities
shown in Figure 3.5. If the pores of the membrane support are sufficiently plugged with
zeolite, N2 gas transport across the membrane would occur by surface diffusion and to a
lesser extent by Knudsen flow. However, the transport of the non-adsorbing He gas is
limited to only Knudsen diffusion. For the surface diffusion, the driving force is the
gradient of surface occupancy within the zeolite membrane caused by a pressure
differential. This is why it was expected that N> gas, which has a higher adsorption capacity
compared to He, would have a greater flux than He gas despite having a significantly larger
kinetic diameter (3.6 A for N2 vs. 2.6 A for He).

The single gas permeance values of He and N2 gases are presented in Figure 3.7 as a
function of the pressure differential across the different synthesized silicalite-1 membranes.
He permeances were observed to be between 2 x 107 and 2 x 10 mol-m-s-Pa, whereas
N permeances were observed to be between 4 x 107 and 2 x 10° mol-m2.s*-Pa. In all
cases, the permeance values for N are higher than those for He, with the exception of the
membranes synthesized using the 1.4 um pore size support. Since this is the case, it can be
concluded that the membranes with support pore sizes of 0.3 um, 0.45 pm, 0.8 pum are
indeed sufficiently plugged with silicalite-1 zeolite, suggesting that the presence of defects
has been minimized to the extent that surface diffusion is the dominant transport
mechanism. The higher N2 permeance over He is attributed to the interaction of N2 with
the silicalite-1 adsorption sites within the membrane. The relative linearity of the pure
component adsorption equilibrium isotherms for N2> (Figure 3.5), reinforces the fact that

the gradient in pressure contributes to the adsorption driving force across the membrane
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through surface flow. He is an inert gas and is assumed to not interact with the zeolite,
therefore the contribution of surface diffusion as a means of gas transport is quite small
and Knudsen flow is the dominate transport mechanism for this gas. This results in N2

selective membranes for the three smallest support pore sizes.

Figures 3.8a and 3.8b show the average single gas He and N2 permeance and
corresponding ideal N2/He selectivity as a function of the support active layer pore size for
all of the prepared membranes. The average single gas permeances ranged between 3.7 X
107 and 1.3 x 10° mol-m2.s.Pa® with N2 gas being more permeable than He gas (with
the exception of the membranes synthesized on the 1.4jum pore size support where He gas
was more permeable). This observation is consistent with previous studies that reported the
likelihood of the MFI crystals’ plugging the pores being inversely proportional to the
support pore size [15,17]. The membranes synthesized within the 0.8 um support show

both the lowest gas permeance and the highest N2/He selectivity.
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Figure 3.7. Single gas He (left) and N2 (right) permeances as a function of differential pressure for synthesized silicalite-1 membranes
with pure TiO2 in the active layer with support pore sizes of 0.3, 0.45, 0.8, and 1.4 um. Experiments were performed at 293 K with
the permeate side open to atmospheric pressure.
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Figure 3.8. (a) Average single gas He and N2 permeances as a function of active layer pore size for synthesized silicalite-1 membranes
with pure TiO2 in the active layer. (b) Average single gas N2/He permeance ideal selectivities as a function of active layer pore
size for synthesized silicalite-1 membranes compared to the unsythesized supports. Experiments were performed at 293 K with a
feed pressure range of 150-500 kPa and the permeate side open to atmospheric pressure.
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The permeance of N2> and He gases for the non-synthesized supports were also
examined as a reference and are shown in Figure 3.9. The average permeance of the porous
supports with no membrane is in the order of 1.0 x 10 mol-m2-s*-Pa* with He being
more permeable than N2. With respect to Knudsen flow, the square root of the inverse ratio
of the molecular weights gives the ideal separation factor, whereas mass transfer through
viscous flow is not selective at all [62]. The experimental permeance measurements for the
supports correspond to an ideal He/N2 selectivity ranging from 1.25 to 1.53 (corresponding
to the numbers shown in Figure 3.8b as the inverse of the ideal No/He values from 0.8 to
0.65 for the supports). This value is lower than the He/N. selectivity of 2.65 expected for
gas transport by Knudsen diffusion alone suggesting a significant contribution from

viscous flow.
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Figure 3.9. Single gas He (filled points) and N2 (unfilled points) permeances as a function
of differential pressure for membrane supports only, with pure TiOz in the active
layer with pore sizes of 0.3, 0.45, 0.8, and 1.4 um. Experiments were performed at
293 K with the permeate side open to atmospheric pressure.
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The TiO; active layer pore size influences the amount of precursor zeolite solution
diffusing into the support active layer during the pore plugging synthesis. Intuitively, the
smaller support pore sizes are thought to be more conducive to easier pore plugging.
However, because of lower penetration of the precursor solution within the pores following
the initial nucleation step, the formation of the final zeolite active layer may actually be
inhibited due to the smaller pore size. Conversely, larger pore sizes may result in a more
consistent composite membrane structure up to a certain pore size, at which point zeolite
crystal growth may not be sufficient to completely fill the pores, leading to an increased
presence of defects [15,63]. Previous studies have shown that the formation of the silicalite-
1 zeolite crystal size and orientation is highly dependent on the synthesis parameters such
as: temperature, solution concentration, and length of the synthesis time [16,17,64]. While
the zeolite crystal properties may be modified by altering these conditions, as can be
observed with the apparent lack of N2/He selectivity for the 1.4 um membranes, there likely
exists a maximum physical limitation of support pore size in order to achieve effective pore

blocking.

As can be seen in Figure 3.8a and 3.8b, for the 1.4 um membranes, He permeance is
higher than N2 resulting in similar No/He selectivity as the unsynthesized supports. This
indicates that for the 1.4 um membranes, gas transport through the non zeolitic pores is the
primary means of permeation across the membrane. These results support the initial
findings from the SEM and EDS analysis, which indicated the likely presence of defects
due to incomplete pore plugging, allowing alternative pathways for gas transport.

The average ideal selectivity approaches a maximum value of 2.3 = 0.5 for the
membranes synthesized on the support with the pore size of 0.8 um. The observed N2/He
ideal selectivity ratios are comparable to the values reported in the literature which range
from 1.6 to 3 for MFI type membranes reported in the literature [61,65-69]. However, the
corresponding N2 and He permeances in this study are substantially higher than most other
membranes of this type, with the exception of Hedlund et al., where N2/He ideal selectivity
was reported to be about 1.59 [66].

Silicalite-1 membranes synthesized using the supports with 0.8 um pore size showed

the highest N2/He ideal selectivity indicating the most effective pore plugging and minimal
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defects amongst the membranes studied. Therefore, additional single gas permeation
experiments for He, N2, CHas, and CO> were performed on this membrane type, and results
are given in Figure 3.10. As expected, the He and N2 permeances remained relatively
consistent with previous experimental results in this study and those reported in the
literature [61,70,71]. Unlike He and N2, the permeances of CO and CH4 decreased with
increasing pressure difference. Adsorption diffusion across the membrane is the main
mechanism for gas transport as these observations can be explained in terms of the shape
of their respective isotherms shown in Figure 3.5a. The silicalite-1 adsorption capacity
gradient (i.e. the slope of the adsorption isotherms) for CO2 and CHs decreases with
increasing pressure; this gradient represents the driving force that facilitates adsorptive
surface flow across the membrane. In the absence of defects in the membrane structure, the
permeance of CO, and CHa are expected to decrease with increasing feed pressure. On the
other hand, since the N isotherm has a more linear tendency, the permeance is expected to
remain constant with increasing pressure differential. As can be observed from Figure 3.10,
the decrease in permeance for CO>, as the pressure difference increases is more than that
of CHa4. This is due to the fact that the CO; isotherm is more rectangular which results in a

greater decrease in isotherm slope as pressure difference increases compared to CHa.
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Figure 3.10. Single gas permeance of He, N2, CO2, and CH4 gases as a function of pressure
differential for the synthesized silicalite-1 membrane with pure TiO2 in the active
layer and support pore size of 0.8 um from Batch A. Experiments were performed at
293 K with the permeate side open to atmospheric pressure.

Figure 3.11 compares the diffusivity ratios D, and D." for the different gases
CH4/CO2, N2/CO2, and CH4/N2. D, was determined from the silicalite powder adsorption

uptake experiments (Figure 3.6b). The D, values were calculated from the single gas
permeance data presented in Figure 3.10, and the membrane parameters shown in Table
3.2. While the absolute value of the different diffusion coefficients (D, and D;") for each
gas may not be directly compared, comparing diffusion selectivity ratios shows the
effectiveness of silicalite formation within the membrane pores compared to an ideal case
where a membrane is assumed to be a single crystal. As expected, the increased surface
occupancy at higher average pressures results in increased diffusivity in all cases due to an

increase in the number of interactions between adjacent gas molecules [31]. It follows that
the order of the diffusivity ratios are in the order of increasing selectivity: CH4/N2 < N2/CO>
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< CH4/CO, and are the same for both methods. However, in all cases, the D," gas

diffusivity ratios are lower than that of the D, ratios. This indicates that while adsorption

surface flow through the zeolite material is present in the membrane, there is still a sizeable

contribution to flow through the non-zeolite pores.

Figure 3.12 presents the single gas permeance as a function of gas kinetic diameter
for the studied gases observed at 293K for a pressure differential of 1 atm in this work
compared to those reported in the literature under similar conditions [61,65-67,71-74]. It
is evident that the pore plugging method used in this study results in high gas permeance,
while maintaining favourable gas permeation ratios consistent with the results from the
literature (Table 3). Comparison with our previous work [15] shows that the gas permeation
rate is significantly higher. The experimental single gas permeance is not related to the gas
kinetic diameter. Since the pores of the silicalite-1 membrane are greater than the Kinetic
diameter of all of the studied gases, if adsorption diffusion was not a mechanism of gas
transport, smaller gases would be expected to have a higher permeance. However, this is
not the case as CHa4 is the most permeable (even though it is the largest) followed by CO3,
N2, and He, which is indicative of adsorption surface flow across the membrane. It should
be stressed that both the diffusivity and the equilibrium capacity for adsorption play key
roles in determining the permeance of the components through the zeolite membrane. As
such, this explains that although silicalite-1 has a lower equilibrium adsorption capacity
for CH4 compared to CO> (Figure 3.5a), the transport diffusivity for CH4 gas across the
membrane is higher compared to CO: as indicated by the effective diffusivity values shown
in Figure 3.6b. The experimental observations show combined high gas permeance and
good ideal selectivity compared to the previous results in the literature. This is indicative
of the ability to achieve synthesis of highly ordered silicalite crystals within the pores of
the support, thus resulting in productive membranes in terms of both flux and separation
potential, which are imperative to applications in industrial gas separations. The CO2/N>
and CO2/CHg ideal selectivity are 1.77 and 1.23, respectively, these values are comparable

to other silicalite-1 membranes reported in the literature (Table 3.3).
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Figure 3.11. Single gas diffusivity coefficients determined from (a) the single gas adsorption uptake experiments for pure N2, CO, and
CHa gases on synthesized silicalite-1 shown in Figure 3.6 and (b) the single gas permeance of N2, CO2, and CH4 gases shown in
Figure 3.10. (c) Comparison of the experimental diffusivity ratios.
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Table 3.2. Sips adsorption isotherm parameters determined in this study at 295K for
silicalite-1 for single gas CHa4, N2, and CO>; and estimated membrane parameters

used for calculating the single gas diffusive property of the membrane, D,".

Sips Model
Parameters CHa N2 €Oz
et (mmol-g?) 2.426 2.325 3.605
B (atm™) 0.180 0.076 0.870
n (dless) 0.955 0.997 0.592
membrane thickness (x) (um) ~10-127
silicalite-1 skeletal densit .
() y (g-cm™d) 1.785
Silicalite-1 porosity (&) 1] (dless) 0.428
1 the membrane thickness was estimated from EDS analysis of the membrane cross
section given in Figure 4.
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Figure 3.12. Single gas permeance of He, N2, CO2, and CHas gases at 100 kPa pressure
differential as a function of gas kinetic diameter for a synthesized silicalite-1
membrane with pure TiOz in the active layer and support pore size of 0.8 um
compared those reported in the literature [15,61,65,66,71-74]. Experiments were
performed at 293 K with a 100 kPa pressure differential and the permeate side open
to atmospheric pressure.
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Table 3.3. Comparison of single gas permeance and ideal selectivity with literature for a silicalite-1 membrane synthesized with pure
TiOz in the active layer and pore size of 0.8 um. Experimental conditions for this work were evaluated at 293 K with a 100 kPa
pressure differential and the permeate side open to atmospheric pressure.

Reported Synthesis Support T (K) X Permeance P’ [x 107 mol'm%st-Pal] Ideal Selectivity a* [-]

Description type [um] Ref.
H- He CO; N2 CH, N./He COy/N, CO,/CH4

Pore plugging and TiO; layer, a- 293 ~12 - 442 1350 76.3 166.0 1.72 1.77 0.81 This

secondary growth Al;O3 tube work

pore plugging TiOo/ZrO; layer, 296 5 - 35 - 11 - 3.14 - - [10]

a-Al,O3 tube

seeded growth a-Al,O3 disc 298 10 2.9 15 5.9 14 3.6 0.93 4.20 1.80 (58]

seeded growth a-Al,O3 disc 298 0.5 210 81 - 129 - 1.59 - - 59

steam-assisted a-Al,O3 tube 298 5.5 - 1-18 - 0.43-20 - ~1 - - [61]

crystallization

unseeded growth a-Al,O; tube 300 10 44 26.7 - 15.6 - 0.58 - - [60]

unseeded growth SSdisc 300 50-60 25 0.8 3.0 1.3 3.8 1.62 2.31 0.79 [55]

seeded growth a-Al,O3 disc 298 17 86 - 80 39 90 - 2.05 0.89 [64]

in situ nucleation and  a-Al,O3 tube 298 2 79 - 43 46 64 - 1.07 0.67 [65]

secondary growth

unseeded growth SS disc 298 50 25 - 31 15 4.0 - 2.06 0.78 [67]

pore plugging TiOJ/ ZrO; layer, 293 6.5 - - 0.5 0.4 - - 1.20 - [24]

o-Al;O3 tube

secondary growth a-Al,03 disc 298 3 0.96 - 0.86 - 1.3 - - 0.66 [68]

secondary growth SSdisc 303 20 - - 2.3 - 0.7 - - 3.28 [35]

seeded growth a-Al,O3 disc 300 10 - 14 - - - - - - [36]
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3.3.4 Mixture Gas Membrane Permeation

The single gas permeance of zeolite adsorbent membranes cannot be used to
accurately predict mixed gas permeation performance. This is due to the fact that zeolites
have a finite number of adsorptive sites which results in changes in zeolite mixture
selectivity when compared to the single gas behaviour. Permeation experiments for the
membrane with a support pore size of a 0.8 um synthesized in batch A were carried out
using an equimolar binary CO.-N> feed. The results are presented in Figure 3.13. The CO>
permeance observed from the binary mixture is similar to the single gas permeance values
shown in Figure 3.10. The N2 permeance is lower for the binary CO2-N> system at 1.8 x10
" t0 2.0 x107" mol-m?-s*-Pa! compared to the single gas system at 8.0 x10" mol-m2.s°
L.Pal. The CO./N; permselectivity ranges from 3 to 9 (Figure 3.13b) and decreases with
increasing pressure differential which is consistent with the trends observed with respect
to the ideal adsorption selectivity given in Figure 3.5b. CO2 has a much greater affinity
towards the zeolite compared to N», therefore it will be preferentially adsorbed to a site
which may block access to N». This is favourable for increasing CO2/N2 permselectivity
compared to the single gas CO2/N. ideal selectivity. These results are consistent with
results that have been reported in the literature for binary mixtures involving CO2 and N
on silicalite-1 pellets [26], and MFI type membranes [30,75]. The permeance of N2 in the
mixture is affected much more than the permeance of CO, compared to their pure
component permeance. Therefore, the presented permselectivity values for the mixtures
are much higher than the ideal selectivity.
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Figure 3.13. (a). Permeance and (b) CO2 /N2 permselectivity of CO2 and N> as a function of total pressure differential for a synthesized
silicalite-1 membrane with pure TiO2 in the active layer and support pore size of 0.8 um. Experiments were performed at 293 K
with the permeate side open to atmospheric pressure using an equimolar binary CO2-N; feed.
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3.4.0 CONCLUSIONS

Silicalite-1 membranes have been successfully synthesized in-situ within tubular
supports with TiOz in the active layer using a modified pore plugging synthesis method
with a thermal break of 11 hours. SEM and EDS analyses confirm the synthesis of silicalite-
1 membranes with a thickness of approximately 10 - 12 pum with no AI®* detected within
the membrane composite structure in the active layer. The permeation properties of the
membranes show that the potential for gas transport across the membrane through surface
flow is governed by both the surface occupancy of the components and the resistance to
gas transport. These characteristics can be determined using the adsorption equilibria and
diffusion measurements obtained from the zeolite material alone and compared to the
performance of the membrane. Evaluating the adsorbent material with respect to adsorption
equilibria and diffusion kinetics may serve to establish the upper limit of membrane surface

flow diffusivity, particularly for porous membranes formed from adsorbent materials.

Single gas He and N2 permeation experiments confirm the minimization of defects
for membranes synthesized on supports with pore sizes of 0.3um, 0.45um, and 0.8 pum,
with calculated membrane permeances ranging from 3.7 x 107 and 1.3 x 10 mol-m2-s’
L.Pal. Ideal No/He permeance ratio was observed to be the highest at 2.3 + 0.5 for the
membranes with the support pore size of 0.8 um which is equivalent to other MFI type

membranes.

Single and mixed gas permeation experiments show that adsorption surface diffusion
is the primary method for gas transport across the synthesized membranes. He and N>
permeances were observed to be constant, whereas single gas CO2 and CH4 permeances
decrease with increasing pressure differential across the membrane. Permeance was shown
to be independent of gas kinematic diameter, with CH4 being the most permeable (although
it is the largest), followed by CO», N2, and He.

The effect of competitive adsorption within gas mixtures and surface diffusion was
shown to induce favourable separation of CO2 over N2 with actual mixture permselectivity
higher than the ideal gas selectivity calculated from the pure component data. A CO2/N:
permselectivity value as high as 9 was attained for an equimolar CO2 — N2 feed mixture.
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High gas permeability (calculated to be equivalent to about 33000 Barrer for CO2 using the
membrane thickness of about 10 — 12 um determined from the EDS and SEM analysis)
were observed which results is a similar material performance as described by the Robeson
upper bound for COo/N2 separations for polymeric materials [76]. The CO2/N:
permselectivities of these membranes are lower than reported equilibrium selectivities of
competing adsorption based separations involving zeolite 13X or activated carbons [77].
However, the observed high permeances of these membranes coupled with the thermal and
chemical stability silicalite-1 zeolite may show potential as an initial bulk separation step
following industrial flue gas treatment, where polymeric materials are thought to be less

stable and are subject to rapid physical aging.

3.5.0 NOMENCLATURE

Anm Membrane area [m?]

D, Effective transport diffusivity [m?-sY]

D Effective membrane diffusivity [m?-sY]
DX Knudsen diffusivity parameter [m2.s]
D Viscous flow parameter [m2.s]

J Membrane flux [mol-m?2.s!]
KLpF Kinetic rate constant [sY]

I Thickness of the active layer of the membrane [m]

n Dimensionless Sips model parameter [dless]

M Molar mass [9-mol?]

p Pressure [atm] (1atm =101325 Pa)
=3 Permeance [mol-m?-sPa]
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q
qaq)

de

sat

X

Greek Symbols

& B

Abbreviations
BET
BJH

EDS

Adsorption capacity [mmol-g? of adsorbent]
Amount absorbed at time t [mmol-g* of adsorbent]
Adsorption capacity at equilibrium [mmol-g? of adsorbent]
Adsorption capacity at saturation [mmol-g* of adsorbent]
Universal gas constant [m3-Pa-K*-mol?]
Radius of crystal [m]
Time [s]
Temperature [K]
Membrane thickness [wm]
Permselectivity [dless]
Ideal selectivity [dless]
Adsorption affinity constant [atm™] (latm =101325 Pa)
Porosity of the silicalite in the membrane [dless]
Adsorption surface coverage of component | [dless]
Skeletal density of the adsorbent [g-cm™®]
Tortuosity factor [dless]

Brunauer-Emmett-Teller
Barrett-Joyner-Halenda

Energy dispersive spectroscopy
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GC Gas chromatograph

LDF Linear driving force model
MEA Monoethanolamine

MFC Mass flow controller

MFI Mordenite Framework Inverted

PTFE Polytetrafluoroethylene

SEM Scanning electron microscopy
TCD Thermal conductivity detector
TPAOH  Tetrapropylammonium hydroxide

XRD X-ray diffraction spectroscopy
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ABSTRACT

Large crystals of silicalite (0.1 - 1 mm) were synthesized and used to study the
kinetics and equilibrium of CO. adsorption (at room temperature), both as a pure
component and as a binary mixture with nitrogen, using Infra-Red Microscopy (IRM)
coupled with Fourier Transform Infra-Red (FTIR) Spectroscopy. The use of such large
crystals permits the measurement of fast intra-crystalline diffusion processes, beyond the
range normally accessible by macroscopic techniques. As expected, the effect of N2 on the
CO:2 equilibrium was minimal but the effect on the intra-crystalline diffusivity was
significant. Diffusivities (at 300 K) range from 4 x 10° to 4 x 10® m?.s* for CO,

decreasing with increasing total concentrations of CO, and N2 in the adsorbed phase.
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Keywords: Silicalite, adsorption kinetics, binary adsorption isotherms, carbon dioxide

adsorption, adsorption equilibrium.

HIGHLIGHTS

o Silicalite crystals with side lengths from several 100 um up to 1 mm were synthesized.
e Adsorption and diffusion characteristics of CO> in mixtures with N2> were measured.

e The diffusion of CO- in silicalite was slowed down in the presence of Na.

4.1.0 INTRODUCTION

This paper reports the results of an experimental study of adsorption and diffusion of
CO:z in large silicalite crystals, both as a single component and in the presence of N2. This
system is of practical interest since silicalite is one of only a few hydrophobic CO; selective
adsorbents, making it potentially useful for the capture of CO, from humid stack gas. This
study was carried out at room temperature using infra-red microscopy (IRM) and Fourier
transform infra-red (FTIR) microscopy to follow the uptake of CO; in large single crystals
of silicalite, thus avoiding any intrusion of both inter-particle diffusion and heat transfer

resistances on the kinetics.

4.2.0 EXPERIMENTAL

The large silicalite crystals were synthesized by Reddy Marthala (FAU Erlangen) and
David Carter (U.Ottawa / U. Leipzig) according to the procedure described by Kida et al
[1]. The largest and most regularly shaped crystal from each of these synthesis batches
(designated respectively as MFI-1 and MFI-2) was used for the present study.

The schematic diagram of the apparatus used for the uptake rate measurements via
IR microscopy (IRM, see ref [2]) is shown in Fig. 4.1. Gas mixtures of pre-set composition
were prepared by mixing the pure components in the stainless steel reservoirs and then
delivered at a pre-set pressure to the sample cell of the IRM, thus exposing the pre-
conditioned crystal to a well defined step change in CO2 pressure. The transient uptake
curve and the final equilibrium loading were then determined from the intensity of the IR
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absorbance over the frequency range 3550 — 3740 cm™. The calibration procedure for this
method has been described elsewhere [3]. The equilibrium isotherms were determined
from the end points of the uptake curves and diffusivities were determined by matching the
uptake curve to the appropriate solution of the transient diffusion equation for a system
with a constant diffusivity.

The images of crystals taken using the IRM in optical mode are shown in Fig. 4.2.

[
Gas V-101 V-105 @

V-102 %
( <] ><] ><] Q
V-109 %
R-101 V-103 X V-106 X @ % %
\ V-104 V-108 IRM FTIR
J - &
V-107 P-101

R-102

Figure 4.1. Schematic diagram showing the experimental setup used for uptake rate
measurements. The sample cell containing a single silicalite crystal is located on the
stage of the IRM, and the absorbance of IR light by the sample is analyzed by the
FTIR. P1 — P4 are pressure transducers with different operating ranges, and T1 is a
thermocouple. V-101 — V-109 are gate valves. R-101 and R-102 are stainless steel
reservoirs and P-101 is the vacuum pump. Regeneration furnace is not shown.
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(b)

Figure 4.2. Images of rectangular parallelepiped crystals of (a) MFI-1 and (b) MFI-2 taken
using the IRM in optical mode. MFI-1 has average X, y, and z dimensions of 493 um,
445 um, and 910 pm respectively. MFI-2 has average X, y, and z dimensions of 510
pum, 490 um, and 1200 pum respectively.

4.3.0 RESULTS AND DISCUSSION
4.3.1 Adsorption Isotherms

The adsorption isotherms for CO- are shown in Fig. 4.3 for different compositions in
the gas phase. The Henry constants K (mol-kg*-kPa™) derived from the initial slopes are
summarized in Table 4.1. The single component CO- isotherms and the binary CO2 —N>
isotherms are similar to those previously determined by gravimetric, volumetric,

piezometric and chromatographic methods [4-9].

It is evident that the isotherms for both samples (MFI-1 and MFI-2) are very similar
and the presence of nitrogen has only a very minor effect on the CO isotherm. This is
confirmed by the Henry constants (derived from the initial slopes) which are summarized
in Table 4.1. The minimal effect of N2 on the CO; isotherms is to be expected since nitrogen
is adsorbed much less strongly than CO. — see Supplementary Material 4.7.1. This was also
observed by others in the literature [9].
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Table 4.1. Summary of Henry Constants (mol-kg*-Pa™) for CO; in Silicalite at 300 - 305

K.

Mole Fr. CO2 MFI-1 MFI-2

0.15 2.47 x 10° 1.77 x 10°

0.3 1.85x 10° 1.61 x 10°

05 1.64 x 10° 1.55 x 10°

0.7 1.54 x 10° 1.55 x 10°

0.85 1.52 x 10° 1.48 x 10°

1.0 1.60 x 10° 1.45 x 10°
Graham and Hughes [8] (Pure CO) 3.1x10°
Rees, et al. [7] 2.5x 10°
Vidoni [10] (Pure CO2) 3.4x10°
Vidoni [10] Theoretical (DFT) 2.63x 10°

Also included in Table 4.1 are the Henry constants for CO> predicted from density
functional theory (DFT) for an ideal silicalite structure as well as the values measured
experimentally in several studies using polycrystalline samples of small silicalite crystals
(= 10 um) [10]. Vidoni’s measurements were carried out with three different samples with
different hydroxyl contents. The CO: isotherms for the three samples showed significant
differences in the saturation loading but the Henry constants were essentially the same and
close to the theoretical value. The Henry constants for the present samples are somewhat
smaller but show no obvious trend with N2 pressure. The isosteric heats for Vidoni’s three
samples are all very similar ( = 24.5 kJ-mol™) and essentially independent of loading (at
least up to 1.5 mol-kg?). Graham and Hughes’s data, determined from experimentally
measured isosteres, show similar trends but with a slightly smaller value for the isosteric
heat (23 kJ-mol?) [8]. They also measured isotherms for nitrogen and for CO2 — N2
mixtures on the same silicalite sample and showed that the mixture isotherms conform to
the ideal adsorbed solution theory (IAST).
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Figure 4.3. Equilibrium isotherms for CO, on (a) MFI-1 and (b) MFI-2 at different gas mixture compositions for CO2 and Na.

Experiments were conducted at a temperature of at 299 + 2 K for MFI-1, and 305 £ 2 K for MFI-2. Total pressures were between

0 and 270 kPa.
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4.3.2 Transport Diffusivities

It is well established from previous studies that diffusion in the longitudinal direction
(2) is much slower than in the transverse directions (x,y) [11]. Considering the dimensions
of the crystals it is therefore logical to assume that the uptake rate is controlled by diffusion
in the x and y directions (perpendicular to the long axis of the crystal). The transport
diffusivity Dt (m%s™?) was therefore determined by matching the uptake curve to the
solution of the transient diffusion equation for an infinite rectangular parallelepiped [12]:

”'f;t Lli(Zr C12+ L (2s _1)2}}

2
a'y

(1)

exp{—
M, 64 <&

-/t 1=

M., ! Z;‘Zl: (2r —1)° (25 —1)°

where Mi/M is the fractional uptake at time t (s), and ax (m) and ay (m) are half thicknesses

of the crystal in the x and y directions, respectively.

The resulting diffusivities are shown in Fig. 4.4. Since the data show that the
diffusivity decreases with increasing concentration of both CO> and N2, we have plotted
the diffusivity as a function of total concentration (CO2 + N>) in the adsorbed phase. The
COz concentration in the adsorbed phase was measured directly but the N2 concentration
at each point was estimated from the Extended Langmuir model as shown in
Supplementary Material 4.7.1, assuming the ratio of Henry constants given by Rees et al.
[7], as specified in the figures. It appears that the retarding effect of N2 is stronger than that
of CO2 and the magnitude of this effect appears to be too large to be explained by errors in
the estimation of the nitrogen concentration. The trends are similar for the two samples but
the diffusivities for MFI-2 are approximately double those for MFI-1.
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Figure 4.4. Transport diffusivities for CO- as a function of total concentration in the adsorbed phase for (a) MFI-1 and of (b) MFI-2.
Experiments were conducted at total pressures between 0 and 100 kPa using a range of mixture compositions. CO2 concentrations
are the average amounts of CO» adsorbed between the initial and final uptake conditions. The temperature was 299 + 2 K for MFI-
1 (ax = 246 pum, ay = 222 pm) and 305 * 2 K for MFI-2 (ax = 245 pm, ay = 255 pum).
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The diffusivities (= 108 m?-s1) are similar to the values derived by Babarao and Jiang
[13] from Molecular Dynamic (MD) simulations and slightly larger than the self-
diffusivities reported previously for small molecules in silicalite [11]. The variation with
loading is similar to that observed previously for self-diffusivites — see for example Caro
et al. [14]. Transport diffusivities at room temperature for CO. and N2 in silicalite at low
loadings (1 - 2 molecules per unit cell) have been measured by Papadopoulos et al. using
the coherent Quasi Elastic Neutron Scattering (QENS) technique [15]. Their values (0.9 x
108 and 0.5 x 10 m?.s respectively, for N, and CO>) are about half the values obtained
in this study. Self-diffusivities for CO2 in HZSM-5 at low loading, measured by Ké&rger et
al. [16] by PFG NMR, are even smaller (2.2 x 10° m?.s?). This difference is probably
attributable to the difference between silicalite and ZSM-5. The presence of small amounts

of Al in ZSM-5 has been shown to retard diffusion significantly [17].

Large crystals of silicalite have a complex twin-structure — see Fig. 4.5 [18]. The
agreement between the present transport diffusivities and the values determined by other
techniques, notably coherent QENS which measures over a length scale of a few unit cells,
strongly suggests that the transport process in these large crystals does indeed reflect
diffusion within the intra-crystalline pores. However, the difference in diffusivities
between the two crystals is significant and this suggests that there may be some
contribution from rapid transport along the twin planes (which would reduce the effective

crystal size thereby increasing the apparent diffusivity).
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Figure 4.5. Representations of the channel directions a, b, and c that are present in an un-
twinned coffin shaped MFI crystal [18]. (a), and a twinned MFI crystal which is made
up of three segment types labelled I, Il and 111 (b).

4.4.0 CONCLUSIONS

The equilibrium data obtained from the IR measurements confirm that, except at
high loadings (> 1.5 mol-kg™), competitive adsorption of N2 has only a minor effect on the
COz isotherms, in accordance with previous studies carried out by classical methods.

Transport diffusivities for CO- in these large silicalite crystals at room temperature
are in the order of 10® m?.s™ which is consistent with short range measurements by
coherent QENS and MD simulations as well as with self-diffusivities measured by PFG
NMR. This implies that the complex twin structure has only a minor effect on the transport

rate.

The transport diffusivity decreases with loading of both CO2 and N2. We did not
calculate thermodynamically corrected diffusivities, but as the correction factor increases
with the loading of both components, one can say that the corrected diffusivity will
decrease even more with increasing loading. The effect of N in reducing the diffusivity of
CO- appears to be stronger than that of CO; itself. That might suggest that N> molecules

are preferentially located in the channels while the longer CO2 molecules prefer the channel
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intersections. Of course, without more direct evidence, any such suggestion is highly

speculative.

With respect to the possible application of silicalite in carbon capture, it appears
that the competitive adsorption of N2 is unlikely to be a serious issue. Under the relevant
conditions the impact on the equilibrium is minor. Although the effect on the intra-
crystalline transport diffusivity is significant, intra-crystalline diffusion is still very rapid
and is unlikely to be rate limiting in small commercial crystals. The limited equilibrium
capacity for CO; at the relevant partial pressures for post combustion flue gas applications

iS a more serious issue.
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4.7.0 SUPPLEMENTARY MATERIAL
4.7.1 Competitive Adsorption of Nitrogen

Graham and Hughes [8] have shown that the adsorption of CO2 — N2 mixtures on
silicalite conforms to the Ideal Adsorption Solution Theory (IAST). Furthermore Vidoni
[10] has shown that the equilibrium isotherms for CO2 on an ideal crystal of silicalite
conform closely to the Langmuir model, with a saturation capacity of 3.5 mol-kg™. One
may therefore assume that, at least at low fractional loadings, the equilibrium isotherms
can be represented by the Langmuir model. This model is shown by equation S.1 for a pure
gas system containing component A, and by equation S.2 for binary mixtures composed of

components A and B.

Aa _ _DaPs (S.1)
qs  1+b,p,
Ta__ DaPa (5.2)

gs  1+Db,p,+Dbypg

Similar expressions can be written for component B. ga (mol-kg?) is the amount adsorbed
for component A, gs (mol-kg™) is the amount adsorbed at saturation for component A, and
o’a, (mol-kg™) is the amount of component A adsorbed when it is present in a mixture with
B. b (Pa?) is the adsorption affinity constant. p (Pa) is pressure for pure gas sytems, and

partial pressure for gas mixtures with subscripts A and B indicating the components.
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The ratio of adsorbed phase concentrations for Langmuir model is therefore given

by equation S.3.

ﬁ _ qubA Pa KA Pa (83)

s QebePs  Kgpg

where K (mol-kg™-Pa?) is the Henry constant.

For such a system, at a given partial pressure of component A, the ratio of the

loading of A in the presence of B to the loading of A as a single component is given by

equation S.4.
Qa_  4bapy 140D, (S.4)
Qn  1+b,p,+byps 1+bApA[1+beBj
bApA

The effect of competitive adsorption of nitrogen will be the most severe when the pressure
ratio of N2/CO> has its highest value. For the present system (A = CO2, B = N) for the
highest N2 partial pressure (85% Nz2), ps/pa = 5.67 and with ba/bg = 17.2 (from data of Rees
etal. [7]) Eqg S.2 reduces to:

9 _ 1+b,p, (S.5)

q, 1+1.329b,p,
The maximum fractional loading of CO> present in a mixture of 15% CO> and 85% N at
a total pressure of 1 atm is about 0.2 (which corresponds to an amount of adsorbed CO> of
0.7 mol-kg™ as shown in Fig. 3) corresponding to b, p4 = 0.25 so, over the relevant range,
the minimum value of the ratio ¢ 'A/ga will be about 0.94 (at the highest CO. loading).
Under the experimental conditions competitive adsorption of nitrogen is therefore expected
to lead to a reduction of the nitrogen loading by less than 6%. This is of the same order as
the experimental uncertainty and would not be noticeable. However, competitive
adsorption would be expected to become evident at higher loadings and this has indeed

been observed in a previous study [9].
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ABSTRACT

Synthesis of defect-free zeolite gas separation membranes is challenging. In addition to the
desired transport by surface and Knudsen diffusion through the zeolitic pores, the undesired
transport by Knudsen and viscous flows through the defects are typically present to
different extent. In this paper, we propose a method to assess the extent of the undesirable
defect-transport in zeolite membranes, which is important for fine-tuning of membrane
synthesis protocols. In addition, knowing the contribution of the undesirable defect
transport allows determining intrinsic transport properties of the zeolite crystals
incorporated in the membrane. The proposed method is based on single gas permeation
tests with He and N before and after calcination of the membrane, and the knowledge of
the adsorption isotherms of these gases on the zeolite crystals incorporated into the
membrane. The validity of the parameters, which characterize the crystal and defect
transport can be verified at two different levels. First, by comparing the experimental and
predicted permeances of He and N2 before and after membrane calcination at different
pressures. Secondly, knowing surface diffusivity ratios CO2 and CHa4 with respect to Na,
evaluated in parallel dynamic adsorption experiments, the experimental and predicted
permeances of CO, and CHj4 at different pressures can also be compared. In this case,
agreement between the experimental and predicted permeances is indicative that the

membranes have been characterized accurately. The application of the proposed method is

92



Chapter 5 — In-Situ Characterization of Inorganic Membranes Subject to Viscous, Knudsen

and Surface Diffusion Flow Regimes

demonstrated using two silicalite zeolite membranes prepared by a pore-plugging method

inside porous TiO2 support.

Keywords: Zeolites, Silicalite, Membranes, Knudsen flow, Surface Diffusion

HIGHLIGHTS

e Quantification of crystal and defect transport contributions to total gas transport in
zeolite membranes.
e Prediction of single gas permeances of He, N2, CO, and CHa at different pressures.

e Determination of gas transport properties of defect containing zeolite membranes.

5.1.0 INTRODUCTION

Zeolite particles have an extraordinary ability to separate gas mixtures due to
differences in the adsorption-diffusion behaviour of guest molecules inside their highly
ordered pore networks at modest temperatures and pressures [1]. For the continuous
separation of gas mixtures, zeolites can be used as membranes, and the general advantages
of separating mixtures using membranes realized, if a thin and continuous layer of zeolite
crystals can be assembled [2,3]. Despite these advantages, a significant barrier to the
adoption of zeolitic membranes is that their performance is compromised by the
unoccupied regions which surround the zeolite crystals of the membrane. These regions
are henceforth referred to as defects, and can be attributed to experimental factors such as
incomplete zeolite crystal growth, or the different rates of linear expansion for zeolite

crystals and the membrane support during heating and cooling.

Both the number of defects and the size of defects affect membrane performance,
and therefore numerous techniques have been developed to quantify these characteristics
in novel membranes. These techniques have been summarized recently by Maghsoudi [4],

and include polymer sphere permeation experiments, the bubble point method, and

93



Chapter 5 — In-Situ Characterization of Inorganic Membranes Subject to Viscous, Knudsen

and Surface Diffusion Flow Regimes

permporometry. These techniques require exposing the membrane to solid and or liquid
materials, as well as dedicated equipment, and consideration of the regeneration conditions
that are required to restore membrane performance for gas separation applications.
Although these limitations can be overcome at the lab scale, they are often not scalable for
larger membranes. Technological advances in 3D laser microscopy show promise to be
used as an alternative method to determine defect characteristics, however, the resolution
of this technology is not yet sufficient to discriminate between differently sized Knudsen
defects [5,6].

The simplest parameter that can be determined experimentally to describe membrane
performance is ideal selectivity «. This characteristic parameter is determined by

conducting pure gas permeation experiments with 2 different gases, and dividing the

permeance of the more permeable gas () by the permeance of less permeable gas (P, ):

(1)

Q
I
OO

The two gases that are used to determine « are typically a small molecule, which can
pass through the narrow channels of the zeolite (such as He, Hz, or N2), and a larger
molecule, which is excluded from or blocks the zeolite’s pores (such as SFg). Membranes
containing few defects will therefore be highly selective for the smaller gas molecule,
which will be able to permeate through both defects and the zeolite channel network,
whereas the larger molecule will be transported through the defects only. For silicalite
membranes, selectivities of a(N2/SFs) up to 108 at 298 °K, and a(H2/SFs) of 136 and 155
at 298 °K have been found by others [7-9]. Although ideal selectivities can be used to
effectively rank newly fabricated membranes, they do not quantify the change in membrane
structure that has occurred by changing the membrane fabrication conditions. Furthermore,
adsorption of SFe by silicalite crystals has been found to induce crystal expansion, which
affects the physical structure of the membrane [7,10]. Given this behaviour, characterized
membranes may not have the same properties as they did prior to characterization.

Novel membranes can also be characterized with the Maxwell-Stefan (MS) model,

which does not require the use of dedicated materials or equipment as required for
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permporometric or bubble point characterization methods. In the MS model, the diffusivity
of gas molecules is determined with consideration of adsorption phenomena and isotherm
data, which can be used to predict the performance of membranes at untested conditions.
This model and its variations have been used for a number of different gas and membrane
combinations by several research groups [11-13]. The Maxwell-Stefan model does not
however discriminate between the transport of gases through defects and the selective layer
of membranes. Therefore, MS diffusivities are the most reliable when the contributions of
defects to membrane performance have been excluded. Consequently, Maxwell-Stefan
diffusivities can be used to compare different membranes of the same type, but they cannot
be used to reliably describe defective membranes. A simpler model that can be used in
combination with transient permeation values to determine MS diffusivities has been
proposed by Gardner et al. [14]. Like the MS model however, this model could only be
used to more simply compare different membranes of the same type. Kangas et al. [15]
have alternatively proposed characterizing defective membranes with the MS model in
combination with permporometric analysis, however, this type of investigation is very

rigorous.

Some noteworthy alternatives to the MS model have been developed by other
researchers and are pertinent to this study. Caravella et al. [16] proposed a model which
combined surface diffusion and Knudsen flow transport through the zeolitic pores of NaY
membranes, and was followed up by Zito et al. [17] for silicalite membranes. This model
does not however allow the characterization of defects that are present in addition to the
zeolite crystals which make up the membrane. Also, Jareman et al. [18] combined defect
sizes determined by permporometry with flux equations which take into account substrate
effects. The resulting model is well suited for applications where substrate effects are likely
to be present and permporometry analysis can be conducted, but is less desirable for

applications where this is not possible.

Recently, we have characterized silicalite zeolite membranes, prepared by a pore
plugging method on titanium dioxide supports, by a combination of single gas permeation
tests with He, N2, CH4 and CO. at different feed pressures, and dynamic adsorption

experiments on zeolite crystals collected from an autoclave in which the zeolite membranes
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were synthesized [19]. Based on the fact that permeances of He and N2 were independent
of pressure we concluded that the membranes were either defect-free, or the defects were
very small so that viscous flow through the defects was negligible. Using single N2, CH4
and CO: permeances along with the respective isotherms of these gases on silicalite
crystals, the effective diffusivity coefficients of N2, CHs and CO: in the synthesized
membranes were determined. These effective diffusivity coefficients were subject to
unquantified morphological attributes of the membrane structure, and so the magnitude of
the effective diffusivity coefficients could not be compared with diffusivities determined
by others. The resulting N2/CHs and N2/CO> diffusivity coefficient ratios are however
normalized with respect to the morphological attributes of the membrane structure, and so
were compared with the respective values determined from dynamic adsorption
experiments. Since the ratios determined from gas permeation experiments were slightly
smaller than those determined from the dynamic adsorption experiments, it was concluded
that not all gas transport proceeded through the zeolite crystal channels of the membrane.
From the permeance trends as a function of pressure for the gases tested, the reduced ideal
selectivity could be attributed to some of the gas transport occurring through defect
channels by Knudsen diffusion. However, the contribution of defect transport to the total
gas transport through the membranes could not be evaluated.

The objective of this paper is to develop a method to distinguish between the crystal
and defect transport in zeolite membranes based on single gas permeation experiments in
conjunction with adsorption experiments on zeolite crystals incorporated into the pores of
the support for the zeolite membranes. Knowing the contribution of the undesirable defect
transport will help in determining intrinsic transport properties of the zeolite crystals. The
proposed method is based on single gas permeation tests with He and N2 before and after
calcination of the membrane, and the knowledge of the adsorption isotherms of these gases
on the zeolite crystals. The validity of the proposed method is verified by comparing the
experimental and predicted permeances of He and N> before and after membrane
calcination at different pressures. In addition, using the surface diffusion coefficient ratios
of N2 with CO. and CHys, the experimental and predicted permeances of CO2 and CHa at

different pressures can also be compared. The application of the proposed method is
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demonstrated using two silicalite zeolite membranes prepared by a pore-plugging method

inside porous TiO2 support.

5.2.0 THEORETICAL BACKGROUND

The transport of gas molecules through zeolite membranes proceeds through two
pathways. These pathways are firstly the defined pore network of the zeolite crystals, and
secondly defects, which surround the zeolite crystals. In the former transport pathway, gas
molecules are transported by surface diffusion or Knudsen flow, subject to the physico-
chemical properties of the gas molecules and the zeolite’s pore characteristics. In the latter
transport pathway, gas molecules are transported by Knudsen and/or viscous flow subject
to the size of the defect pathways in comparison to the size of the gas molecules.

In the regime of surface diffusion, gas molecules are adsorbed into the zeolite’s pores
as described by their isotherms at the experimental conditions, and diffuse in the direction
of decreasing surface occupancy (i.e. decreasing pressure) by continuously adsorbing and
desorbing through the zeolite pore network [20,21]. The separation of gas mixtures by
surface diffusion is therefore a function of both adsorption and diffusion phenomena, and
can be responsible for significant separation selectivities. Transport by Knudsen flow is a
result of more frequent collisions between gas molecules and pore walls, leading to the
separation of gas mixtures based on molecular mass differences [20,21]. When gas
molecules collide more frequently with other gas molecules than they collide with pore
walls, the regime of viscous flow occurs, in which all gas molecules move with the same

velocity.

The proposed method is based on single gas permeation tests performed before and
after calcination of the membrane. The key assumption of the proposed characterization
method is that before membrane calcination, zeolite crystalline pathways are not accessible
to penetrating gas molecules because they are filled with a template used in the synthesis
of the zeolite membrane [8,22-25]. Consequently, before calcination gas molecules can
only permeate through the defects, in which gas transport occurs by a combination of
Knudsen and viscous flows. The contributions of each transport mode depend on the pore
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size of the defects. The size of the shape of defects are not uniform; however, for the
modelling purposes the defects can be assumed to be straight cylinders of diameter (d,)
and the effective length (1,). There are n defects per unit volume of the membrane so that

the volume fraction of the defects in the membrane &q is simply:
T
gy =n=d’l 2
d 4 d'd ( )

It can be shown that the total gas flux through an uncalcined membrane, that is the defect

flux (J4), is given by Eq. (3) [26]:

& (p +p) & 1 8
3 =l g2\Pth) &y L 8 () 3
d {Id d 64,RT +|d 93V MRT (pn pl) (3)

where: p,and p, are the pressures at the high and low pressure sides of the membrane,
respectively, T is the absolute temperature, R is the universal gas constant, and & and M

are the dynamic viscosity and the molecular weight of the gas, respectively. Dividing Eq.

(3) by the pressure gradient leads to:

Pd:PdYV+Pd'K:8_dd2(ph—+pl)+g_dd 1 L (4)

“ 64uRT 1, °3VaMRT

ly

where P, is the total defect permeance, which is the sum of the defect permeance due to

the viscous flow (P, ) and the defect permeance due to the Knudsen flow (P, ). There
are three unknowns in Eq. (4): &4, d,, and |,. Combining ¢,and |, into a lumped term

x= g4/, Eq. (4) is re-written to:

Pd :de (ph+ pl) d 1 8 (5)

64 LRT 43\ ZMRT

Therefore, performing single gas permeation tests with two different gases at the same
conditions (T, p,, P, ) should allow determination of d, and x. One could choose any two
gases differing significantly by the molecular weight, but we selected helium and nitrogen
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as the test gases. Knowing d, and x determined at a given T, p,,, P, one should be able to

predict J, at any other T, p,, p,. Out of these three operating conditions, the easiest to
control is pn. Therefore, the validity of the proposed method can be verified by comparing

the experimental and calculated J, (or P,) at different p, while keeping p, and T constant.

After membrane calcination, it is assumed that the precursor is completely removed

from the pores of zeolite crystals and these pores become accessible to permeating gases.
Moreover, it is assumed that calcination does not affect &, . The advantage of using He as

one of the testing gases comes from the fact that it is practically not adsorbed by zeolites
at ambient temperature [27-29]. Therefore, the transport through the zeolite pores is

governed exclusively by Knudsen diffusion. Consequently, the total helium permeance of

after calcination (P, ) is given by:

PP, +P, —ixgz PP g 18 1) 8
d e 641, RT  ° 3\ M RT 3\ M RT

where B, ; and P, , are the helium permeances due to transport through the defects and
zeolite, respectively, d, is the effective zeolite pore size and y is the equivalent to x for the
zeolite pores, i.e.y =¢&,/1, in which &, is the volume fraction of zeolite pores and |, is
the effective length of zeolite pores. Normally, for a given zeolite d, is known. Therefore,
knowing x and d, from single gas permeation tests of the uncalcined membrane and using

a reliable value for d, allows to determine the lumped parameter y from Eqg. (6).

It is important to note that if in addition to He, another non-adsorbing gas were used
(e.g. hydrogen) to test the membrane after calcination, it would lead to another independent
equation in the form of Eq. (6), which would allow the determination of d, experimentally.
However, in the proposed method the second gas to be used for membrane testing is to be
adsorbed on a zeolite. For molecular sieve silica membranes which are similar to the

silicalite membranes characterized in this work, this assumption was found to be reasonable
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for N2 [30]. Then, it can be shown that the total permeance of an adsorbing gas in the

calcined membrane is given by:

P=P,+P = {xdj —(&;RQL xd, % /—EMBRT }+ y[—g“ :?)' JpDT (7)
h |

where q is the surface loading, D; is the transport diffusion coefficient in zeolite crystals
and p is the zeolite density. Eq. (7) requires the adsorption isotherm, q = f(p), of the

permeating gas on zeolite crystals incorporated into the support of the membrane, which
can be determined in parallel adsorption experiments, or can be taken from the literature.

Then, knowing x and d, from gas permeation experiments with uncalcined membrane, y

from the gas permeation experiment with He after membrane calcination, Eq. (7) can be

used to determine D; or alumped pD;, if p is not available.

The transport diffusion coefficient, which is normally determined from a dynamic
adsorption experiment using a packed bed of crystals of known size range, requires the
characteristic length for diffusion in zeolite crystals. Since the sizes of each individual
crystal in the packed bed can vary, the characteristic length for diffusion can be associated
with a considerable uncertainty. On the other hand, although the absolute individual
transport diffusion coefficients are uncertain, their ratios should be accurate, because of
cancelation of the characteristic length [19,31]. In turn, knowing the ratio of transport
diffusion coefficients for a pair of gases, one of which is the absorbing gas used in the
proposed characterization method, the permeance of the other adsorbing gas can be
predicted from Eq. (7) and compared with an experimentally determined value. This
provides another level for the verification of the proposed method. Moreover, if the

proposed method is correct, the experimentally determined D; (or pD;) might be more
accurate than D; from a dynamic adsorption test. This is because D; (or pD;) determined

from a membrane does not depend on the knowledge of the characteristic length, and it is
also decoupled from any geometrical parameters, which are lumped iny =¢,/1,. The

diffusion coefficients determined from dynamic adsorption tests by comparison are

calculated as a lumped parameter with the crystal size, which is subject to uncertainty for
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packed beds of crystals as mentioned previously. In other words, the proposed
characterization method takes into account the complex morphology of the membrane layer

and calculates D, (or pD,) based on average geometrical parameters, which lead to the

observed results.

5.3.0 MATERIALS AND METHODS

The selection of a system to demonstrate the validity of the proposed characterization
method follows from our previous work, in which the synthesized silicalite membranes
were characterized by a combination of membrane single gas permeation tests and dynamic
adsorption experiments on silicalite crystals incorporated into the support of the
membranes [19]. New silicalite membranes were synthesized and tested, while the
previously published adsorption data was used along with new permeance data.

5.3.1 Membrane Fabrication Procedure

Silicalite zeolite membranes were synthesized using the pore-plugging method
[21,32,33] on 6 cm long on Filtanium™ tubular ceramic membrane supports (TAMI
Industries, Nyons, France). The membrane supports’ active layers were composed of TiOz,
and contained an active layer pore size of 0.45 pm. Before the zeolite synthesis, both axial
faces and the outer surface of the membrane support 1 cm from each end were glazed using
the Aremco 617 glaze solution (Aremco Products Inc, Valley Cottage, NY, USA). After
applying a layer of the glaze solution, the support was dried at 573 K for 2 hours, followed
immediately by curing at 1148 K for 1 hour, with 1 K-min heating and cooling ramps. A

total of 5 coats of glaze were applied.

Silicalite zeolite membranes M1 and M2 were fabricated inside the active layer of
the glazed membrane supports according to the interrupted hydrothermal synthesis method,
which has been reported by Miachon et al. [32]. The molar composition of the solution, as
well as the temperatures and hold times for the procedure are shown in Table 5.1. The
precursor solution was composed of 99.8% purity silicon dioxide (SiO2), 20 wt%
tetrapropyl ammonium hydroxide (TPAOH), and deionized water (H20). SiO2 and
TPAOH were purchased from Sigma (Oakville, ON, Canada). The only difference between
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membranes M1 and M2 was the free volume in the autoclave above the solution (i.e. the
volume in the autoclave not occupied by the precursor solution) during the hydrothermal
synthesis. For a given temperature, as the free volume in the autoclave decreases, the
pressure during the hydrothermal synthesis increases. In turn, crystal growth during
hydrothermal synthesis depends on the temperature and pressure, which affect the
solubility and diffusivity of solute molecules [34].

Table 5.1. Selected properties of the synthesis parameters for the membranes M1 and M2
that have been fabricated in this study. Interruption time begins when the oven starts
to cool down at the end of hold time 1, and ends when the oven commences heating
up to the hold temperature for hold time 2. After synthesizing silicalite crystals, each
membrane was dried at 373 K for 20 hours, and calcined at 773 K for 4 hours. The
heating and cooling rates for drying and calcination were 1 K-min™,

Pr«_acursor Hold
solutlon_ molar |Heating | Cooling | Hold Time Interruption| Hold | Free
Memb. ratio ramps ramps | Temp. 1 Time |Time 2 |Volume
Si: TPAOH:H>0
[mol] [K-min™]| [K-min™] | [K] | [h] [h] [h] [%]
M1 1:0.45:27.8 1 1 443 12 11 72 <1.0
M2 1:0.45:27.8 1 1 443 12 11 72 5.6

5.3.2 Gas Permeation Experiments

A process flow diagram (PFD) showing the experimental setup used to conduct gas
permeation experiments is shown in Fig. 5.1. The heart of the testing system is a membrane
module, which connects the glazed ends of a tubular ceramic supported membrane with
stainless steel process lines. In the present study, a gas tight seal between these materials
has been achieved using single use compressible graphite gaskets. These gaskets are
positioned concentrically over the glazed ends of the tubular membrane, and form a
hermetic seal when they expand radially due to axial compression from the membrane
module flanges. The membrane module shown in Fig. 5.1 has been made in house at the
University of Ottawa, using stainless steel stock, brass flange bolts, and compressible

graphite from McMaster Carr (Elmhurst, IL, USA). In comparison to epoxies, and
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elastomeric or fluorinated polymers, the graphite used in this study contains practically no
solvents which could outgas and poison the zeolite crystals, and can be heated up to

temperatures greater than 750 K.

The configuration of the experimental setup allows pure gases to be fed to the
membrane at chosen constant feed flow rates using mass flow controllers MFC1 and
MFC2. For feed flow rates below 1,000 mL(STP)-min*t, MFC1, the mass flow controller
made by Bronkhorst (Burlington, ON, Canada) was used, whereas MFC2, the mass flow
controller made by MKS (Andover, MA, USA) with a range of 0 — 10 L(STP)-min™* was
used when higher feed flow rates were required. The flow rates of the permeate and
retentate streams were then measured using bubble flow meters F1 and F2.The pressures
on the feed (high pressure side) and the permeate (low pressure side) side were measured
with pressure transducers P1 and P2 respectively. The pressure transducers were made by
Cole Parmer, (Montreal, QC, Canada) and have operating ranges of 0 — 250 psig and 0 —
10 psig for P1 and P2, respectively. Additionally, the gas temperature was measured in line
using a K type thermocouple T1 made by Omega (Laval, QC, Canada). He with a purity
of 99.999%, N> with a purity of 99.998%, CH4 with a purity of 99.99%, and CO> with a
purity of 99.99% used as test gases were purchased from Linde (Missisauga, ON, Canada).

P2
€

'y

~
Gas MFC2 > F2

Figure 5.1. A schematic showing the experimental setup used in this investigation. MFC1
and MFC2 are mass flow controllers, P1 and P2 are pressure transducers, M is the
module containing the membrane, T1 is a temperature thermocouple, and F1 — F2
are bubble flow meters.
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Pure gas permeation experiments were conducted at three different absolute feed
pressures of 170, 300 and 450 kPa absolute. The permeate side of the membrane was open
to atmosphere. However, since some of the gases needed to be vented into the fume hood
for safety considerations, the permeate side pressure was greater than the atmospheric
pressure, ranging from 109 kPa to 175 kPa absolute depending on the gas permeation rate.
Unlike, the feed pressure, which was controlled, the permeate pressure could not be directly

controlled, but nevertheless it was carefully monitored.

The membranes were tested with single gases before and after calcination. Before
calcination the membranes were tested with pure He and N2 at the three feed pressures
listed above, and after calcination they were retested with pure He and N2 as well as with
pure CH4 and CO at the same feed pressures. The testing with calcined membranes were
carried out in the following order: He, N2, CH4, CO2. Then a test with He at one pressure
was repeated, in order to rule out potential contamination of the membranes with residual

impurities of tested gases, in particular CHsand CO..
5.3.3 Parameters for the Proposed Method

In addition to experimentally measured gas permeances of uncalcined and calcined
zeolite membranes, the proposed characterization method relies on adsorption parameters,
which can be determined by independent adsorption experiments, or are available in the
literature. In this paper we rely on the adsorption parameters of silicalite zeolite powder

determined experimentally in our lab and reported previously [19,35,36].

Single gas adsorption isotherms of N2, CH4 and CO- on silicalite zeolite crystals are
adequately described using the Langmuir model [36,37]:

s bp

Trbp ©)

q=q

where q is the equilibrium adsorption capacity of zeolite at pressure p, q°is the maximum

adsorption capacity of zeolite, and b is the affinity constant [19]. The values of these

constants for the gases considered in this study are summarized in Table 5.2. In addition,
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Table 5.2 lists the ratios of the transport diffusivity of CO. and CHa with respect to N2, as

well as other properties of gases required by the gas transport equation.

Table 5.2. Constant parameters required for demonstration of the proposed characterization
method using silicalite zeolite membranes at temperature 295 K. The adsorption and
diffusion properties are taken from Ref [19].

Property He N2 CHa CO2
M [kg-mol?] | 0.004 0.028 0.016 0.044
H [Pasl] | 1.973x10° | 1.755x 10 | 1.096 x 105 | 1.473 x 10
q° [mol-kg™] - 1.930 2.303 4.490
b [Pal] - 0.072 0.194 0.301
Dy / Dy, [-] - 1 0.65+0.06 | 0.35+0.01

5.4.0 RESULTS AND DISCUSSION

5.4.1 Experimental Pure Gas Permeances

The single permeances of membranes M1 and M2 at different feed pressures before
and after membrane calcination are presented in Figs. 5.2a and 5.2b, respectively. The
corresponding permeance ratios (ideal selectivities) for No/He before and after membrane
calcination, as well for CH4/N2 and CO2/N: after calcination for M1 and M2 are shown in
Figs. 5.3a and 5.3Db, respectively. Uncertainties associated with gas permeances, calculated
using standard error equations in combination with the dimensional variation of each
membrane and instrument sensitivities, were less than 9% of the respective reported values.

The details of uncertainty calculations are presented in Appendix 1.

It can be noticed that before calcination both membranes are permeable to He and No,
which means that M1 and M2 are not defect-free. The corresponding defect permeances
(P4) of He and N increase with pressure, and at a given feed pressure, M2 is more
permeable than M1, which indicates more defects in M2 than in M1. The fact that defect
permeance of both membranes increases with pressure suggests that the first term in Eq.

(5) is not negligible. In other words, the transport through the defects must include the

105



Chapter 5 — In-Situ Characterization of Inorganic Membranes Subject to Viscous, Knudsen

and Surface Diffusion Flow Regimes

viscous flow, which is proportional to p, + p, . In addition, for both M1 and M2 the defect

permeance of He is greater than that of N2, which indicates that in addition to the viscous
flow, there must also be Knudsen flow through the defects; the latter favors the transport
of the lighter He molecules over the heavier N2 molecules as can be seen in Eq. (5). The
difference between the defect permeances of He and N2 is greater for M1 than for M2.
Consequently, before calcination the ideal N2/He selectivity of M1 is slightly smaller than
that of M2 as can be seen in Fig. (5.3). The ideal No/He selectivity of both M1 and M2
slightly increases with feed pressure while remaining less than unity. This is consistent

with Eq. (5) which indicates that the contribution of non-selective viscous flow to the total
transport through the defects increases with increase in p,, + p, . On the other hand, since
Knudsen flow is independent of pressure, its contribution to the total flow must decrease

with increasing p,,.

As expected, the He and N. permeances of both M1 and M2 increase significantly
after calcination. This is because calcination removes the template from the zeolite crystals,
thus opening additional pathways for the transport of He and N2 through the calcined
membranes. As expected, the increase of N> permeance is much greater than that of He,
and as a result the calcined membranes become N»-selective, i.e. the ideal N2/He selectivity
for both M1 and M2 becomes greater than unity. Although He is smaller than N it is
practically not adsorbed by the silicate crystals and its transport through the zeolite pores
is limited to Knudsen flow. The fact that N> permeance of the calcined membranes is
several times greater than that of the uncalcined membranes indicates that permeation
through the calcined membranes is dominated by transport through the zeolite crystals.
Comparing M1 and M2, it can be noticed that the increase in N2 permeance after calcination
is greater for M1 (Fig. 5.2a) than for M2 (Fig. 5.2b). Therefore, the ideal N2/He selectivity
of the calcined M1 (Fig. 5.3a) is greater than that of M2 (Fig. 5.3b). The observed results
suggest that the contribution of the transport through zeolite crystals to the total transport
is greater in M1 than in M2. Assuming that calcination removes all templates from the
silicalite crystals, one could conclude that during the hydrothermal synthesis more silicalite

crystals were formed in the active layer of M1 than in the active layer of M2 even though

106



Chapter 5 — In-Situ Characterization of Inorganic Membranes Subject to Viscous, Knudsen

and Surface Diffusion Flow Regimes

both membranes were prepared using the same support. This suggests that increasing the
pressure in the autoclave by increasing the volume of the precursor solution (i.e. decreasing
the free volume in the autoclave), while maintaining the same temperature, favors diffusion
of the zeolite precursor components into the pores of the membrane active layer, which
promotes the formation of more zeolite crystals. This finding may support the work of Li
et al., which found that diffusion of the zeolite precursor components into the pores of the
membrane support active layer during an interruption in hydrothermal synthesis plays a

key role in growing sufficient crystals to plug the pores of the active layer [38].

Considering the effect of feed pressure on the ideal N2/He selectivity of the
uncalcined and calcined membranes, one can observe in Fig. 5.3 that the ideal N2/He
selectivity of the uncalcined membranes increases with feed pressure, while the opposite
is true for the calcined membranes. In both cases, pressure-dependence of the ideal
selectivity is a result of an increasing contribution of non-selective viscous flow to the total
transport at higher pressures. At higher feed pressures, more viscous flow occurs, which
reduces the relative contribution of selective transport through zeolite channels. Although
the trends are opposite, in both cases the ideal selectivity at higher pressures is closer to
unity than at the lower pressures.

For both M1 and M2, the CO2 and CH4 permeance of the calcined membranes is

greater than the N2 permeance, and P, <P, which is in agreement with the findings of
others [39-42]. It is interesting to note, that unlike P of the calcined membrane, which
increases with pressure, B, and P, are either approximately constant (Fig. 5.2b), or

decrease with p, (Fig. 5.2a). Moreover, the effect of feed pressure appears to be a little bit
stronger for Ry, than for P, .These qualitative observations can be explained based on

the transport mechanism through the pores of zeolite crystals. The transport of adsorbing
gases such as N2, CH4 and CO- occurs by surface diffusion, which the driving force is a
surface occupancy gradient across the membrane. In turn, the surface occupancy for a
given gas is directly related to its adsorption isotherm. In the pressure range of interest,
the N2 isotherm is linear while those of CO2 and CHj4 are both concave. Moreover, the CO2

isotherm is more concave than the CH4 isotherm (i.e. the slope of the isotherms increases
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in the following order: CO2 < CHa < N). If there were no viscous flow, P of the calcined
membranes would be independent of pressure, while the P, and R, would decrease
with increasing pressure. However, since calcination does not eliminate the contribution of
viscous flow, Py ~of the calcined membranes increases with pressure. Meanwhile,
relatively constant B, and P, are influenced by the combined effects of a decreasing

contribution of surface diffusion while there is an increasing viscous flow contribution with

feed pressure.

Despite a greater affinity of COx to silicalite crystals compared to CHg, i.e. for a given
feed pressure the driving force for CO> diffusion is greater than that for CHa, the permeance

of COz is less than the permeance of CHas, P, <P, . This order of permeance can be

attributed to the greater diffusivity of CH4 in comparison to CO; in silicalite crystals, which
is related to permeance and the surface loading at the high and low pressure sides of the
membrane as shown in Eq. (7). The surface diffusion coefficient of CHs in silicalite pores
must therefore be greater than that of CO2, which is consistent with the data given in Table
5.2 and the work of others [19,39-43].
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Figure 5.2. Experimentally determined permeances for M1 (a) and M2 (b). Hollow and filled points denote permeances determined from
permeation experiments conducted prior to and following membrane calcination respectively. Permeation experiments were
conducted at a temperature of 295 + 2 K. Membrane length and area were 6.0 + 0.1 cm and 10.5 + 0.1 cm?, respectively.
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Figure 5.3. Ideal selectivities determined using the permeances shown in Fig. 5.2 for M1 (a) and M2 (b). Hollow and filled points denote
ideal selectivities determined from permeation experiments conducted prior to and following membrane calcination respectively.
Permeation experiments were conducted at a temperature of 295 + 2 K. Membrane length and area were 6.0 £ 0.1 cm and 10.5 £
0.1 cm?, respectively.
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5.4.2 Quantification of the Defect Transport
As discussed in the previous section, a non-zero permeance through the uncalcined
membranes indicates the existence of defects in both M1 and M2, and the transport through

the defects occurs by both viscous and Knudsen flow. These qualitative observations can

be quantified using the proposed characterization method. Using experimental P, and

Py, of the uncalcined membrane for a given p, and the corresponding p, into Eg. (5) for

He and N separately, which results in a system of two independent equations and allows

the determination of x = ¢,/1,, and d,.

Table 5.3 presents the calculated values of x and d, determined at low (170 kPa),

medium (300 kPa) and high (450 kPa) feed pressures along with the corresponding
confidence ranges. The latter were determined by combining standard error analysis

equations for sums and products as necessary to the independent equations used to calculate

x and d,. A sample calculation for determining these confidence ranges is shown in
Appendix 1. In principle, for a given membrane the values of x and d, should be
independent of the feed pressure. On the one hand, considering the confidence ranges
associated with x and d,, one could argue that both x and d, are independent of the feed
pressure, but on the other hand, the dependence of x and d, on the feed pressure is quite
evident. More specifically, for both membranes M1 and M2, as the feed pressure increases,
x increases while d decreases. According to Eq. (5), an increase in either x or d, increases
P,. Therefore, the opposite effect of the feed pressure on x and d, may suggest that these

two parameters are coupled.

The values of d, in Table 5.3 range from 1.6 um to 3.8 pm. Since the pore size of

the active layer of the support provided by the manufacturer is 0.45 um, the calculated d,
appear to be very large. On the other hand, the pore size distribution of the active layer is
unknown. It is possible that the active layer, in addition to small regular pores, may contain
some large pores, which in turn would be difficult to plug during the hydrothermal

synthesis.
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The calculated &4/1, in Table 5.3 ranges from 0.39 m™ to 0.96 m™. Assuming that
|, has a magnitude comparable to the thickness of the active layer, which has been found

to be approximately 10 — 12 pm previously [19], the corresponding &, is in the order of

10, In other words, according to the results reported in Table 5.3 the uncalcined
membranes contain very few, but relatively large defects. In turn, this suggests that the vast
majority of regular pores in the active layer of the support were adequately plugged during

the hydrothermal synthesis.

Table 5.3. Comparison of characteristic values for M1 and M2 when different data sets are
used. Permeation experiments were conducted at a temperature of 295 + 2 K. Both
membranes had a length of 6.0 + 0.1 cm and an area of 10.5 + 0.1 cm?,

Characteristic parameter
Feed
pressure x=&4/ly [m] d [um]
[kPa]
M1 M2 M1 M2

170 058+0.20 | 0.39+0.21 | 21+0.8 | 3.8+21
300 076 £0.25 | 0.63+0.29 | 1.8+06 | 29+13
450 096+0.34 | 090+046 | 1.6+06 | 24+1.1

The values of x and dq at a given feed pressure, can be used for the prediction of P,
of He and N at the other feed pressures. The predictions of P, of He for M1 and M2 are

shown in Figs. 5.4a and 5.4b, respectively, while the predictions of P, of N for M1 and

M2 are shown in Figs. 5.4c and 5.4d, respectively. In addition to the total defect

permeance, which is indicated by the solid line, the dotted line shows the corresponding

contribution of the Knudsen permeance (P, ). Thus, the difference between these lines
represents the viscous permeance (P, ,). Different line types in Figs. 5.4a — 5.4d
correspond to different sets of x and d, used (i.e. low, medium, or high pressure sets) for
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the prediction of defect permeances. It should be emphasized that as indicated by Eq. (5)

the prediction of defect permeance requires permeate pressure, which was not constant.

However, for a given membrane and gas, P, increased linearly with p,. The respective
relationships between p, and p, for He and N2 using M1 and M2 are shown graphically

in Fig. S.5.1. These empirical relationships were used to predict P, of He and Nz in Fig.

5.4.

Despite the variation of x and d, with feed pressure, the predicted P, based on
different sets of xand d are remarkably close to each other, in particular for N2. Moreover,

the predicted P,s are very close to the experimental values. Any discrepancies between

the experimental and predicted permeances are within the 9% experimental uncertainty
that has been mentioned previously. Although the total defect permeances based on

different sets of x and d, are very close to each other, the Knudsen and viscous
contributions to the total permeance depend on the set of x and d, used for the predictions.
The Knudsen contribution to the total permeance of the uncalcined membranes is the
highest when using x and d, determined at the high feed pressure and the lowest when
using x and d, determined at the low feed pressure. For the viscous contribution to the
total permeance, the situation is exactly the opposite. As previously observed, for both
membranes x increases whereas d, decreases with increasing feed pressure. While the two
parameters are coupled, a decrease in d, increases the contribution of the Knudsen flow to

the total flow through the defects, which follows from Eq. (5).
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Figure 5.4. Experimentally determined and predicted permeances of He and N2 through
uncalcined M1 and M2. Parameters x and d, as required to predict permeances
have been determined using the 170 kPa ( ), 300 kPa ( ), and 450 kPa
(purple) feed pressure data values shown in Table 5.3. For defect permeances by
Knudsen flow, the dotted, dashed, and dash-dotted lines denote predictions

determined using the 170 kPa, 300 kPa, and 450 kPa feed pressure data values
shown in Table 5.3 respectively.
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5.4.3 Quantification of the Zeolite Transport

Assuming that calcination does not introduce any additional defects but only opens
the zeolite pores, the previously determined x and d, values can be used to calculate the
defect transport contributions to total membrane permeance through the calcined
membranes. Thus, Eq. (6) can be used to determine y =&, /1, based on the experimental
total permeance of the non-adsorbing gas (He). Then knowing y, Eq. (7) can be used to
determine D, of the adsorbing gas (N2) based on the experimental total permeance of that
gas. Table 5.4 presents the calculated values of y and Dy, determined at low (170 kPa),
medium (300 kPa), and high (450 kPa), feed pressures along with the corresponding
confidence ranges, for which a sample calculation is shown in Appendix 1. Similarly to the
values of x and d,, y should be independent of feed pressure, but as shown in Table 5.4, it
actually increases as feed pressure increases. This increase; however, is very small
compared to the changes in x and d, with feed pressure and is well within the

corresponding confidence range. Based on experimental single gas permeances presented
in Fig. 5.2, we concluded a greater contribution of zeolite transport in M1 compared to M2.
Since at a given feed pressure, y for M1 is greater than y for M2, this parameter can be used
to quantify the transport through the zeolite pores and ultimately the quality of the pore-

plugged membranes. Considering Dy , which should be constant, it also slightly increases

with feed pressure. While this increase is well within the corresponding confidence range,

it nevertheless might indicate the actual dependence of Dy, on pressure. An increase in

transport diffusivity of adsorbing gases such as N2 in zeolites with pressure was reported

previously [20]. Irrespective of this, for a given feed pressure, Dy, in M1 and M2 are

similar to each other. This is because at given conditions, Dy, should be a property of the

silicalite-1 crystals and should not depend on the contribution of surface diffusion to the

total permeance of the calcined membranes. Considering the values of Dy in Table 5.4,

which range from 0.8x10° and 1.2x10® m?-s, they are in agreement with the values that
have been determined by others [17,39,44].
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In comparison to x = &,/1,, the values of y =¢,/1, are more than four orders of

magnitude greater (see Tables 5.3 and 5.4). As previously discussed, &, is in the order of
10, On the other hand, &, should much greater than this. More specifically, in the limiting

case when the pores of the active layer are completely plugged with zeolite crystals, & is
the product of the silicalite’s porosity (7.5%) [45], and the membrane support’s porosity
(23%, as given by TAMI), which is equal to 1.7%. If the pores are not completely plugged,

& < 1.7% In addition, while |, should be comparable to the thickness of the active layer

of the support, |, could be a small fraction of that. This is illustrated in Fig. 5.5, which

presents the examples of a defective pore (Fig. 5.5a) and a selective pore (Fig. 5.5b) in a

pore-plugged membrane.

The pore is selective as long as there is a continuous layer of zeolite crystals within
the pore, which could be much thinner than the thickness of the active layer of the

membrane support. On the other hand, if there is no continuous layer of zeolite crystals,
permeant molecules will bypass the zeolite crystals, and in this case |, must be at least

equal, or more likely greater than the thickness of the active layer. With the limiting value

of & =0.1725, |, estimates of 1.7 um and 2.3 um are obtained for M1 and M2 when values

of y equal to 10,000 and 7,600 (from Table 5.4) are used, respectively. Therefore, indeed
for our experimental data, I; is only a fraction of the thickness of the active layer of the
membrane. It should be emphasized that such estimated I, likely overestimate the actual
effective thickness of the zeolite layer within the pores, because in reality membranes are

not defect free as previously discussed.

The values of y at a given feed pressure were substituted into Eq. (6) to predict the

total helium permeance of M1 and M2 at the other pressures. Similarly, the values of y and
Dy, at a given feed pressure were substituted into Eq. (7) to predict the total nitrogen
permeance of M1 and M2 at the other feed pressures. Fig. 5.6 presents the comparison of
these predicted and experimental permeances. In addition to the predicted total permeance,

which is indicated by the solid line, the dashed and dotted lines shows the corresponding

predicted contribution of the Knudsen permeance of He through zeolite pores (Figs. 5.6a
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and 5.6b for M1 and M2, respectively), and the corresponding predicted surface diffusion
permeance of N> through zeolite pores (Figs. 5.6¢ and 5.6d for M1 and M2, respectively).
It should be emphasized that as indicated by Eq. (7) the prediction of the total permeance
requires permeate pressure, which was not constant, but rather increased with feed pressure
(Fig. S.5.1). Consequently, although the adsorption isotherm of N in silicalite crystals is
practically linear in the pressure range of interest [19], the predicted surface diffusion

permeances of N2 in Figs 5.6¢ and 5.6d decrease with increasing feed pressure.

Considering predictions of the total He permeance of the calcined M1 and M2
(Figs. 5.6a and 5.6b), it can be noticed that the three lines are very close to each other. This
is because the predicted Knudsen permeance in zeolite crystals depends solely on the value
of y, which as shown in Table 5.4 was not very sensitive to the feed pressure. The total
predicted He permeances are very close to each other, as well as to the experimental values.
In case of the total predicted N2 permeances of the calcined M1 and M2 (Figs. 5.6¢ and
5.6d) the three lines are further apart from each other than those for He in Figs. 5.6a and

5.6b. This is because in addition to y, the predicted total N> permeance also depends on

Dy, and both y and Dy, increase slightly with increasing feed pressure. This is why the
prediction of the total N2 permeance is sensitive to even small variation in y and Dy .

Despite this sensitivity, the experimental total permeance of N> at a given feed pressure is
generally well predicted based on y and Dy determined at other feed pressures.
Considering the predicted permeances of M1 and M2, it can be noticed that total permeance
of N2 is slightly better predicted for M2 than for M1. This is because the contribution of

the defect permeance, which can be very well predicted (Fig. 5.4), to the total permeance

is greater for M2 than for M1.
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Table 5.4. Comparison of characteristic values for M1 and M2 when different data sets are
used. Permeation experiments were conducted at a temperature of 295 + 2 K. Both
membranes have a length of 6.0 + 0.1 cm, and an area of 10.5 + 0.1 cm?.

77 Zeolite crystals

Feed Characteristic parameter
Pressure y=g,/1, [m?] D, [ m2-s7]
[kPa] M1 M2 M1 M2
170 9600 + 2300 7600 + 5800 | 1.0+ 0.3x107 | 0.8+0.7 x107
300 10000 + 2700 | 7600 + 6600 | 1.1+0.3x107 | 1.0 +1.0 x10”
400 10600 + 3500 | 8200 +9100 | 1.2+0.5x107 | 1.1 +1.4x10”
(a) (b)
Membrane
Thickness

v
. Impermeable support

Figure 5.5. Schematic diagrams showing zeolite crystal occupancy configurations inside
membrane support pores of pore plugged membranes. The molecular pathway is
denoted by the line. Fig. 5.5a shows a continuous defect pathway, and Fig. 5.5b shows
the pathway through a continuous zeolite layer made up of zeolite crystals which
have a thickness less than the thickness of the membrane support pores. Through the
zeolite crystals the molecular pathway line becomes dashed.
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Figure 5.6. Experimentally determined and predicted permeances of He and N2 through
calcined M1 and M2. Parameters x, d,,y, and D, as required to predict permeances
have been determined using the 170 kPa ( ), 300 kPa ( ), and 450 kPa
(purple) feed pressure data values shown in Table 5.3. For silicalite permeance
predictions, the dotted, dashed, and dash-dotted lines denote predictions using the
170 kPa, 300 kPa, and 450 kPa feed pressure data values shown in Table 5.3 and
Table 5.4 respectively.
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5.4.4 Validation of the Proposed Method

In addition to the prediction of the total permeance of the probe gases (He and N2),
the proposed method allows predicting the total permeance of any adsorbing gas, provided
the ratio of its transport diffusivity over that of N2, and its adsorption isotherm is known.

We have recently reported Dy, /Dy and Dy, /Dy , determined in dynamic

adsorption experiments [19], and these ratios are listed in Table 5.2. A comparison of the
predicted permeances of an adsorbing gas with experimentally determined values
represents the ultimate verification of the proposed method.

The respective total permeances in M1 and M2 were calculated using Eg. (7), as well

asx, dy,yand Dy, summarized in Tables 5.3 and 5.4, along with the ratios Dy, /Dy,
» Drco, /Dry, and adsorption isotherm constants for CO2 and CHs listed in Table 5.2. As

previously noted, calculation of the permeance requires the pressure gradient ( P, — P,),
which should be an independent variable. In our testing system, however we could directly
control p, but not p,. Consequently, the experimental data generated to verify the
proposed method was also used to determine a relationship between p, and p,,. As shown
in Fig. S.5.1, for a given gas and membrane P, appears to be directly proportional to p, .

Knowing the empirical relationship between p, and p, has allowed generating Fig. 5.7,

which presents the predicted permeances of CHs (Figs. 5.7a & 5.7b) and CO> (Figs. 5.7¢
& 5.7d) in M1 and M2 as a function of feed pressure, and compares them to the respective

experimental permeances. For a given gas and membrane, there are three theoretical lines

representing the predicted permeances, each corresponding to different set of x, d,, y and

Dy, values determined from low (170 kPa), medium (300 kPa), and high (450 kPa) feed

pressure data. The difference between the theoretical lines for different sets of x, d,, y
values in Fig. 5.7 is greater compared to Fig. 5.6. While for M1, the difference between the
theoretical lines appears to be independent of p, (Figs. 5.7a & 5.7c), for M2 (Figs. 5.7b &

5.7d) the theoretical lines are getting closer to each other at higher feed pressures. As the
feed pressure increases, the contribution of defect transport, to the total transport increases.
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Moreover, as previously concluded, the proportion of the defect transport is greater in M2
than in M1.

The theoretical permeance lines, in particular for M1, show a greater dependence on
the feed pressure (a decrease with increasing feed pressure) than the experimental values;
the latter show only a little variation with feed pressure. On the one hand, as the feed
pressure increases, the surface diffusion permeance decreases, because of the shape of the
CO2 and CH4 adsorption isotherms (As pressure increases, the slope of the isotherm
decreases, which decreases the surface diffusion permeance). On the other hand, as the
feed pressure increases the viscous permeance through the defects increases. In the case of
the experimental permeances, these two opposite effects appear to counterbalance. This is
not the case for the theoretical permeances, which decrease with feed pressure. There are
two possible explanations, (1) the theoretical permeances underestimate the viscous

contributions, and/or (2) D; /Dy, are not constant as assumed, but rather decrease with

feed pressure. However, despite different shapes of the theoretical and experimental
permeances, the experimental CO. permeances, determined at different feed pressures fall
on the corresponding theoretical lines, in particular in case of M1. On the other hand, the
experimental CH4 permeances are greater than the theoretical values at the corresponding

feed pressure. This could indicate that the value of Dy, /Dy, ratio not only depends on

feed pressure, but is also greater than the value listed in Table 5.2.
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Figure 5.7. Experimentally determined and predicted permeances of CO, and CH4 through
calcined M1 and M2. Parameters x, d,, y, and D; as required to predict permeances

have been determined using the 170 kPa ( ), 300 kPa ( ), and 450 kPa
(purple) feed pressure data values shown in Table 5.3 and 5.4. Permeate side
pressures have been assumed to be 101.325 kPa.
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5.5.0 CONCLUSIONS

The ultimate goal of this study was to propose a method that could be used to

characterize zeolite membranes containing defects, and extract parameters, which quantify

their intrinsic properties. These parameters have been denoted x, d,, y, and Dy, » which

describe the channel network of defects, the effective diameter of the defects, the zeolite
crystal channel network, and the transport diffusivity of No. From these parameters, a set
of equations which describe molecular transport in terms of simultaneous Knudsen and
viscous flow through defects, as well as surface diffusion or Knudsen flow through zeolite
channels (subject to the physicochemical properties of the zeolite and gas molecules) was
developed. To demonstrate this model, two silicalite membranes, M1 and M2 were
hydrothermally synthesized inside autoclaves with different liquid levels. These
membranes were then characterized using the proposed method, which included measuring
the permeances of He and N2 gases in turn through each membrane at three different feed
pressures, before and after calcination of the membrane.

Comparative analysis of permeances predicted using characteristic parameters from
each feed pressure data set showed that the defect parameters x and d, are coupled, and

that their exact values were subject to uncertainty when they had been determined using
the proposed method. As long as their relationship was maintained however, good
predictions for defect transport at all pressure differentials were determined for He and N>

gases. Zeolite parameters y and Dy, by comparison were more similar between

membranes M1 and M2, and predicted He and N2 transport through the calcined zeolite
crystals of the membrane layer within experimental uncertainty at all pressure differentials.
To evaluate the suitability of the proposed method to describe the molecular transport of
gases which were not tested during membrane characterization, CH4 and CO> permeance
experiments were additionally conducted, and model predictions of their permeance
compared to experimental permeances. These predictions did not perfectly describe the
experimentally observed behaviour, however, they did show that the elements of the
proposed equations are sufficiently detailed for practical purposes. Additionally, the
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parameters which describe CO; transport were found to be more sensitive to the feed

pressure than those which describe CH4 transport.

To summarize, the proposed method can be used to quantitatively describe the
structure of zeolitic membranes given a limited number of in-situ gas permeation
experiments. Further modifications to the proposed method would improve its accuracy,
however, the current form of the proposed method can reasonably describe defective
zeolitic membranes, and is sufficiently versatile that it is well suited for characterizing a

wide variety of zeolite membrane types.
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5.7.0 NOMENCLATURE

b [Pa?!] Langmuir isotherm constant
d [m] Channel size

D, [m?s] Transport diffusivity

J, [mol'-m?s?] Defect flux

I [m] Effective length

M [kg-mol™] Molecular weight

n [-] Number of defects per unit volume
P [mol-m2.s1.Pal] Permeance of gas i

P, [mol-m2.s1.Pal] Defect permeance

P, [mol-m2.s1.Pal] Zeolite permeance

Py [Pa] Pressure at the high pressure side of the membrane
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Subscripts

z

Greek letters
a
£
U
Yo,

Abbreviations

CHs
CO2
F-
Ha
H20

and Surface Diffusion Flow Regimes

[Pa]

[mol-kg™]
[mol-kg™]
[m3-Pa-K™t-mol™]

[K]

[m™]

Pressure at the low pressure side of the membrane
Surface loading
Maximum surface loading

Gas constant
Temperature

Lumped parameter describing defect porosity over
defect effective length &, /I,
Lumped parameter describing zeolite porosity over

zeolite effective length &, /I,

Gas component identifier

Defect
Viscous flow
Knudsen flow

Zeolite

[-]
[-]
[Pa-s?]

[kg'm™]

Methane

Carbon dioxide
Bubble flow metes
Hydrogen

Water

Ideal selectivity
Volume fraction
Dynamic viscosity

Zeolite density
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He

M1, M2
MFC-
MS

N2

NaY
NSERC

PFD
SFe
Si
SiO2

TiO>
TPAOH
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Helium

Membrane identifiers
Mass flow controller
Maxwell-Stefan
Nitrogen

Sodium Y Zeolite
Natural Sciences and Engineering Research Council of Canada
Pressure transducer
Process flow diagram
Sulfur Hexafluoride
Silica

Silica dioxide
Thermocouple
Titanium dioxide

Tetra-propyl ammonium hydroxide
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5.9.0 SUPPLEMENTARY MATERIAL
5.9.1 Feed and Permeate Side Pressures for He, N2, CO2, and CHa4

Due to the varied dimensions and characteristics of the defect and zeolite channels that are unique to each membrane, the
relationship between feed pressure and permeate pressure varies from membrane to membrane. For each of the gases tested in this
investigation, these relationships are shown in Fig. S.5.1.
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Figure S.5.1. Experimentally determined He, N2, CO2, and CH4 feed pressure pn, and permeate pressure p; for M1 and M2. Unfilled
points denote uncalcined membrane permeances, and filled points denote calcined membrane permeances. Permeation
experiments were conducted at a temperature of 295 + 2 K. Membrane length and area are 6.0 + 0.1 cm, and 10.5 + 0.1 cm?
respectively.
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5.9.2 CO2 and CHa4 permeance predictions including permeate side pressure effects
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Figure S.5.2. Experimentally determined and predicted permeances of CO, and CHs
through calcined M1 and M2. Parameters x, d,, y, and D; as required to predict

permeances have been determined using the 170 kPa ( ), 300 kPa ( ), and
450 kPa (purple) feed pressure data values shown in Table 5.3. Permeate side
pressures as required for predictions have been calculated using the linear relationships
shown in Figure S.5.1.
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ABSTRACT

Although the goal of all membrane studies is to fabricate membranes without defects,
to do so is very challenging. Newly fabricated membranes must therefore be characterized
with consideration of their defects, which is also challenging due to the effects of different
flow regimes through these defects on membrane performance. In this paper we therefore
propose a method which allows discounting of defect flows in order to obtain the actual
Maxwell-Stefan (MS) diffusivities and MS exchange coefficients from experimental results
for defect containing zeolite membranes. These parameters describe the transport of gas
molecules through zeolitic channels with consideration of adsorption phenomena and
intermolecular interactions, which significantly affect gas mixture transport through zeolite
membranes. To demonstrate the proposed method, the MS diffusivities and MS exchange
coefficients of CO. and N2 have been determined for two defect containing silicalite
membranes. With the proposed method, we were able to observe a 44% decrease in the
permeance of N2 present in a binary gas mixture with CO. in comparison to pure N>
permeance for gas transport through the zeolitic channels by surface diffusion only. When
these binary surface diffusion permeances were used to determine CO> permeability and
CO2/N2 permselectivity, a permeability of 91000 barrer, and permselectivity of 17 [-] were
determined at the lowest total feed pressure investigated. These characteristics are notably

above the Robeson upper bound. MS diffusivities of COz2and N2; By and B, , were
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found to be 7.26 — 8.33 x 108 m?-s?, and 1.17 — 1.95 x 10® m?-s%, respectively. Lastly,

By, co, and By, exchange coefficients were determined, and B, ., Was found to be
at least 1.38 times greater than B, for both membranes, which challenges the Vignes

correlation that is commonly used to describe exchange coefficients required to predict
membrane performance using the MS model. The calculated performance characteristics
are suitable for comparison of intrinsic properties of different types of zeolite membranes.

Keywords: Zeolites, Silicalite, Membranes, Surface Diffusion, Maxwell-Stefan

HIGHLIGHTS

e Silicalite membranes have been characterized using the Maxwell-Stefan model.

e Defect channel contributions to membrane performance have been excluded from the
analysis.

e Maxwell-Stefan diffusivities and exchange coefficients for N> and CO: in silicalite

membranes have been determined.

6.1.0 INTRODUCTION
6.1.1 Background

The incorporation of membrane technology for the separation of gas mixtures
provides several opportunities for improving process efficiencies, flexibility, and control in
comparison to other technologies such as cryogenic distillation and absorption [1]. Due to
their modular nature, membrane processes can also be easily scaled to grow with processing
plants, are mechanically simple as they do not contain many parts, and can respond quickly
to changes in upstream or downstream conditions. The range of gas separation processes
which can utilize membranes is similarly diverse and includes biogas or natural gas

upgrading, flue gas treatment, and air separation.
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Several different membrane types have been developed in response to the unique
challenges posed by each separation application, and include polymeric, inorganic, and
mixed matrix type membranes. In this manuscript, inorganic type membranes composed of
zeolite crystals are of interest due to their higher thermal and chemical stability in
comparison to the other membrane types [2]. The two most common ways to make zeolite
membranes are the secondary growth method, and the pore plugging method, which have
been described by others [1]. Membranes fabricated by the secondary growth method are
composed of a uniform and selective zeolite crystal layer on top of a membrane support,
and are fabricated in three stages. Firstly, zeolite crystals are grown in an autoclave. Next,
these crystals are deposited onto the surface of a porous membrane support. Finally, the
seeded membrane support undergoes hydrothermal synthesis of the zeolite crystal layer.
Membranes fabricated by the pore plugging method are conversely made up of abutting
zeolite crystals inside microporous ceramic membrane supports, which do not require
seeding, and are grown in a single hydrothermal synthesis step. This simpler fabrication
procedure is easier to reproduce than the more complex procedure for secondary growth
membranes. Another important difference between membranes fabricated by the two
methods is how they respond to changes in temperature, which occurs during membrane
calcination to remove the template molecules from the zeolite crystal pores. Due to the
different expansion coefficients of the membrane support and zeolite crystals, cracks in the
membrane layer can be formed during this process, which are henceforth referred to as
defects [3,4]. For pore plugged membranes, the consequences of defect formation can be
less significant than for secondary growth membranes due to their 3D structure. In this way,
defect pathways can be limited to a region of the selective membrane layer which does not
necessarily create a continuous defect pathway across the membrane layer. So in order to
realize the many beneficial attributes or pore plugged membranes, it is necessary to
consider both the defect and zeolite pathways to characterize them and predict their

performance.

To quantify the characteristics of zeolitic and defect channels in membranes,
techniques such as permporometric and bubble point analyses have been developed by
others. Although these techniques have been shown to accurately describe zeolitic

membranes, they can be destructive to the membrane being analysed, and / or require
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specialized equipment which is not suitable for characterizing large membranes in-situ [5].
Alternatively, mass transport models have been proposed as they can be used to predict
membrane performance based on a limited number of in-situ permeation experiments
without destroying the membrane, and be applied to membranes of any size [6-8]. The
most well known and proven model of this type is the Maxwell-Stefan (MS) model which
has been well described by Krishna et al. [9]. In the MS model, the diffusivity of gas
molecules, and exchange coefficients which describe molecular interactions can be
determined with consideration of adsorption phenomena and isotherm data. Diffusivities
are fundamental properties of molecular mass transport, and have been determined for
different gases through various zeolites by others [9-11]. The MS model is therefore
applicable to characterize defect-free zeolite membranes. On the other hand, the presence
of defects in zeolite membranes is practically unavoidable. To address this limitation of the
MS model due to a lack of reliable experimental data, a method has been proposed by the
authors previously to quantify the physical characteristics of the defect and zeolite
pathways. This method which has been included in this thesis is based on a limited number
of in-situ, pure gas permeation experiments, and can be used to describe pure gas

permeation through zeolite membranes [12].

In this study, the previously developed method has been used to characterize zeolite
membranes based on CO2/N; gas mixture separation experiments by assuming applicability
of the MS transport model through the membrane’s zeolite crystals. To demonstrate the
proposed method, binary gas permeation experiments were conducted using a mixture of
15% CO2 and 85% N2 (which is similar to post combustion flue gas), using silicalite
membranes. The contributions of viscous and Knudsen flow through defects to the
experimentally determined performance have then been quantified, and excluded from the
MS characterization analysis to account for structural differences between the two
membranes. The binary gas mixture permeation experiments have also been conducted at
different pressure differentials. In doing so, a range of operating conditions can be
evaluated to test the limitations of the Vignes correlation. According to this correlation, MS
exchange coefficients pairs are assumed to be equivalent to each other, which may
significantly affect MS predictions when strong intermolecular interactions affect the
transport of gas mixtures [13]. The Vignes correlation has therefore been challenged for

137



Chapter 6 - Maxwell-Stefan Model Characterization of Silicalite Membranes Containing
Viscous and Knudsen Sized Defects with CO; and N, Gas Mixtures

some adsorbent-adsorbate systems such as using SAPO-34 and MFI by others, as these
systems can sometimes exhibit phenomena where binary gas mixture separation

performance is not well predicted by pure component behaviour. [14,15].
6.1.2 Molecular Transport Through Zeolite Membrane

To describe trans-membrane transport, it is necessary to consider the defect and
zeolite channels separately as they are governed by different mass transfer mechanisms.
Within each transport pathway, the permeance (pressure normalized flux) of each gas is
dependent on the characteristics of the defect or zeolite pores, as well as the properties of
the gas molecules.

For transport through defects, if the defects are sufficiently small in comparison to
the mean free path of the gas molecules, Knudsen flow takes place. In this regime, gas
molecules more frequently collide with the defect pore walls than other molecules, and
lighter molecules in binary mixtures are preferentially transported over the heavier ones.
For defects, whose pore size is greater than the mean free path of the gas molecules, and
thus gas molecules collide more frequently with other gas molecules than with the defect
wall, viscous flow dominates. In this regime, the molecular transport of each component is
subject to the viscosity of the mixture, and there is no preferential transport of a molecular
type. Both Knudsen and viscous flow occur simultaneously inside defect pores. Viscous

and Knudsen flow permeances of component i, P, ;, and P, can be described using

equations 1 and 2, respectively [1].

g P, +PR

P, =,—f’d§—( i) &)
d 64uURT

PK,i =T_ddd l L (2)
d 3 7Z'|V|W’iRT

where g,, |,, and d, are the defect porosity, effective path length in the defects, and the
effective defect pore size, respectively. p and M,, are the viscosity and molar weight,
respectively. P, and P, are the total pressures at the high and low pressure sides of the

membrane, respectively. T is the temperature, and R is the gas constant.
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Due to the varied physico-chemical properties of gas molecules and zeolite pores,
each type of gas has a different affinity for each type of zeolite crystal. Consequently,
molecules with a greater affinity for the zeolite crystals of the membrane will be
preferentially adsorbed, and transported in the direction of decreasing surface occupancy
in accordance to Fick’s law of diffusion [16]. Transport through zeolite crystals therefore
proceeds according to the regime of surface diffusion, which is a function of synergistic
adsorption and diffusion phenomena. In this investigation, it has been assumed that surface

diffusion permeance of component i, Py,;, can be described as the product of the zeolite

crystal characteristics, adsorption capacity difference driving force, and transport

diffusivity D;; as shown in equation 3 [1,12,17]. This relationship is analogous to the

solution diffusion model for gas transport across polymeric membranes, which describes

permeance as the product of solubility and diffusivity.

& (qh,i =0 ) D

Ppi=—p

IS s (Ph _ P|) T (3)

where q,;,and q,; are the amounts of component i adsorbed at the high and low pressure
sides of the membrane, respectively. &, and | are the silicalite channel porosity, and
effective silicalite path length respectively. |, includes tortuosity effects through the varied
channel sizes and varied direction inside the porous zeolite structure. p,, is the density of

the silicalite adsorbent.

To determine MS diffusivity, it is necessary to determine the thermodynamic factor
contribution to diffusivity from the Fickian diffusivity [16]. To this end, equation 3 can be

re-written as a function of MS diffusivity B, as shown in equation 4 for the transport of a

pure gas.

T‘s (qh,i _ql,i)D _ & (qh,i 0, )D d In(P)) 4

Popi=—ps DL == p i
> sp (Ph_PI) Isp (Ph_PI) dln(qi

where B, isthe MS diffusivity of i, and I; is the thermodynamic factor.
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For the pure gas transport of component i across a membrane, it is reasonable for
many zeolite and gas types to assume that monolayer adsorption of gases occurs due to the
narrow size of the zeolite’s pores. The amounts of gas adsorbed can therefore be described

by the Langmuir model which is shown in equation 5.

sat Ki Pl

=g 5
=9 P ()

Equation 4 can be multiplied by the pressure differential to convert permeance to
molar flux J; to yield equation 6 for adsorbed molecules.
dIn(P)

&, ~_\dIn(P)
J; :IPsDi(Qh,i ql,i)d In(qi) (6)

sat

where Q;

Is the saturation adsorption capacity for component i, and K, is the Langmuir

adsorption isotherm constant for component i. The values of K; and g can be obtained

from pure component isotherms.

The general MS model equation for multicomponent gas transport is shown in
equation 7 [18]. In this equation, the driving force for molecular transport is shown on the
left hand side of the equation, and is expressed as the change in chemical potential of

component i, g, at two boundaries of the membrane. The first term on the right hand side

of the equation represents the transport of component i subject to interactions with the
channel walls only, and the second term represents the transport of component i subject to
molecular interactions with other components in the mixture. This final term contains the

exchange coefficient B., which is a measure of the resistance exerted on component i, by

ij?
component j. For the case of surface diffusion through a pore channel, displacement of
adsorbed molecules is required for molecular transport in the direction of decreasing
surface occupancy, which imparts resistance and slows down the rate of adsorption too.
Given these phenomena, MS exchange coefficients can be interpreted as inverse drag co-

efficients [18].
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u —u,

~Vu =RTL4RT Y g, )
Di j=1, ji i
where u; is the velocity of i. 4, is the fractional zeolite occupancy for component i.
Fractional coverages is expressed as follows:
g

i qsat (8)

Velocities can be expressed in terms of the respective fluxes as follows:
J. J.
U = — ' (9)
PA6 pa,

When equation 7 is multiplied by 6, /RT , and equations 8 and 9 are substituted into

equation 7, equation 10 is obtained.

6. 1 J. s qJ‘Jl _QI‘JJ
- Vyu = 4 _ 10
RT Iul (q, atD JlZJ# qlsatqjatD ( )

These equations have been described in detail by Krishna [18,19]. When the MS
model is applied in this way to describe molecular transport across membranes, it is

necessary to assume that the diffusion parameters B; and D; do not vary along the

direction of feed flow. This assumption is reasonable when the stage cut (ratio of permeate
flow rate over feed flow rate) approaches to zero. The chemical potential gradient driving
force can be related to fractional zeolite loading and a matrix of thermodynamic factors as
shown in equation 11 for the transport of i that is present in a gas mixture with other
components. The general equation for the elements of the thermodynamic factor matrix for
the adsorbate-adsorbate interaction is shown in equation 12. If the amounts adsorbed for a
binary mixture are assumed to be described according to the extended Langmuir model,
which is shown in equation 13, the matrix of thermodynamic factors is given by equation
14 [18].

——V,u, Zr Vo, (11)
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Hzaﬂﬂﬁﬂ (12)
do,
sat Kl pl sat K2 p2
_ g, = 13
O Ko, T K p + Ko, =
1-0, 0,
|19-6, 1-6,-9,
r="% o (14)

1-6,-6, 1-6,-6,

Combining equations 10 and 11, and substituting equations 12 and 13 leads to
equations 15 and 16 after rearrangements. To distinguish between pure and binary gas
mixture fluxes, the binary gas mixture fluxes of components 1 and 2 have been denoted N,
and N, [mol-m2.s1]. It should be emphasized that equations 15 and 16 are applicable for

zero stage cut conditions, and that greater uncertainty is introduced at stage cuts greater
than 0.

I, + 6D, I+ b, L, VO,+|T,+ 4, I, + 4, r, V6,
& sat 21 12 by b,
N, =——p0;" D,
IS 1_{_@4_@
i) b,

(15)

(Fﬂ + 0,0, I, + 6,0, FQlJV 6, + (Fzz + 6,0, I, + 0,0, T, jV 0,
at D DZl DlZ DZl DlZ
2

L 6P, 6D,
DlZ D21

& s
N, = _I_Spsqz
s 1

(16)
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6.2.0 EXPERIMENTAL
6.2.1 Membrane Fabrication Procedure

To demonstrate the proposed characterization method, tubular Filtanium™ supports
from TAMI Industries (Nyons, France) were used to synthesize silicalite membranes by the
pore plugging method. These supports are composed of TiO2, have an active layer that is
approximately 10 pm thick, with an average pore size of 0.45 um. The membranes that
have been used in this investigation, as well as details of the membrane fabrication
procedure and support preparation steps have been described in more detail previously [12].
Two membranes have been fabricated and characterized in this study, which are referred to
as M1 and M2.

To accommodate the synthesized membranes inside the membrane module that has
been used during permeation experiments, the ends of the unfilled membrane supports have
first been glazed with Aremco 617 from Aremco Products Inc (Valley Cottage, NY, USA).
To fabricate the membranes, silicalite crystals have then been hydrothermally synthesized
inside the active layer of the glazed membrane supports using a Teflon lined autoclave. The
precursor solution that is required for the hydrothermal synthesis of silicalite is composed
of 99.8 mol % purity silicon dioxide (SiO2), 1 M tetrapropyl ammonium hydroxide
(TPAOH), and deionized water (H20). The molar ratios of each component in this
precursor solution are described in Table 6.1. After hydrothermal synthesis of the
membranes, they were dried at 373 K for 20 hours, and calcined at 773 K for 4 hours. The
heating and cooling rates for drying and calcination were 1 K-min™. Table 6.1 shows that
these membranes were fabricated identically, except for the free volume above the
precursor solution in the autoclave during the hydrothermal synthesis, which was greater
for M2 than M1. Although this free volume varied, both membranes were completely
submerged during hydrothermal synthesis. SiO> and TPAOH were purchased from Sigma
(Oakville, ON, Canada).
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Table 6.1. Selected properties of the synthesis parameters for the membranes M1 and M2 that have been utilized in this study

[12].
) ) . Synthesis )
Hydrothermal Synthesis Preparation Synthesis Round 1 ) Synthesis Round 2
Interruption
Precursor solution| ) ) ) )
. Stirring| Free Volume [ Heating | Hold | Hold ) Cooling [ Heating | Hold [ Hold [ Cooling
Membrane molar ratio ) ) ] Time ]
_ time |in Autoclave| ramp [ Temp. | time ramp ramp | Temp.| time ramp
Si: TPAOH : H:0
[% of total ) ) ) )
[mol] [h] [K:min] | [K] [h] [h] [|[K:min]|[K-min?t]| [K] | [h] |[K-min?]
volume]
M1 1:045:27.8 72 <1.0 1 443 12 11 1 1 443 72 1
M2 1:045:27.8 72 5.6 1 443 12 11 1 1 443 72 1
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6.2.2 Gas Permeation Experiments

To evaluate the performance of the membranes fabricated in this study, in-situ gas
permeation experiments have been conducted using the experimental setup whose process
flow diagram is shown in Figure 6.1. In this setup, tubular silicalite membranes are
contained inside a stainless steel module M that has been built in house at the University of
Ottawa. With this module, a gas tight seal between the module and the membrane is created
by axially compressing graphite gaskets, which then expand radially to completely cover
the glazed ends of the membrane. Pure gases, or gas mixtures, can then be fed to the
membrane inside the module at defined flow rates using mass flow controllers MFC1 and
MFC2. The pressures of the retentate and permeate streams are measured using pressure
transducers P1 and P2, respectively, and a pressure gradient as required for permeation
across the membrane is induced by closing the metering valve V2. Feed flow rates can
therefore be controlled using the mass flow controllers, and feed pressure is increased or
decreased by opening or closing V2. The permeate stream is vented to a fume hood at
approximately atmospheric pressure. The composition of the feed or permeate stream is
determined using the Gas Chromatograph GC, and the stream of interest is directed to the
GC as desired by valve V1. The flow rates of the permeate and retentate streams (or feed
stream if directed by V1), are measured using bubble flow meters F1 and F2. Temperature
has been controlled and set below room temperature by placing the system inside a fridge
whose temperature is controlled with a digital thermostat control unit manufactured by
Johnson Controls (Ottawa, ON, Canada). The in-line gas temperature has been measured
using thermocouple T1. The composition of the retentate stream can be determined by mass
balance as required.

To conduct pure gas permeation experiments, constant feed flow rates up to 10
L(STP)-min are set using one of the mass flow controllers MFC 1 or MFC 2, which are
then fed to the membrane. Feed side pressures from 170 kPa up to 450 kPa were then
induced by closing V2, which resulted in permeate side pressures between 109 kPa and 170
kPa. At steady state, permeate flow rates were measured using F1. For the characterization

method proposed in this study, pure gas permeation experiments have been conducted using
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He and N2 gases in turn prior to membrane calcination, and He, N2, and CO; following

membrane calcination.

To conduct binary gas mixture permeation experiments, feed flow rates of 3 + 0.05
L-min"t were used, and the gas mixture composition was maintained at 15 % + 0.5 % CO>
in a binary gas mixture with N2. The total feed side pressures between 170 kPa and 450 kPa
were also used, and permeate side pressures between 109 kPa and 170 kPa resulted. Feed
flow rates and composition were measured at the start and end of each experiment. During
experiments, permeate flow rates, permeate compositions, as well as feed and permeate
side pressures were measured as a function of time. The experiments ended when all the

measured operating conditions were constant.

He with a purity of 99.999%, N> with a purity of 99.998% and CO. with a purity of
99.99% have been used and were purchased in gas cylinders from Linde, (Missisauga, ON,
Canada). The mass flow controllers have operating ranges of 0 — 1000 mI(STP)-min‘*
(MFC1) and 0 — 10 L(STP)-min* (MFC2), are of Bronkhorst and MKS make, and were
purchased from Hoskin (Burlington, ON, Canada), and MKS (Andover, MA, USA),
respectively. The pressure transducers are of Cole Parmer make (Montreal, QC, Canada),
and thermocouple was purchased from Omega, (Laval, QC, Canada). The gas
chromatograph is made up of an HP 5730A oven temperature programmer (Ottawa, ON,
Canada), and a Gow Mac 40 series detector (Bethlehem, PA, USA).
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Figure 6.1. Process flow diagram showing the setup that has been used in this study to
conduct gas permeation experiments. MFC1 and MFC2 are mass flow controllers, P1
and P2 are pressure transducers, T1 is a thermocouple, and F1 and F2 are bubble flow
meters. V1 is a 3 way ball valve, and V2 is a metering valve. M is the module housing
the membrane, and GC is the gas chromatograph.

6.2.3 Procedure for MS Characterization of Zeolite Membranes

The proposed characterization method draws upon literature data, as well as the

results from in-situ gas permeation experiments to determine MS diffusivities B, and b,
for pure components, as well as MS exchange coefficients B,, and D,, for the components

of a binary gas mixture. To determine these parameters in the proposed method, it is

necessary to first determine the parameters ¢, /I, , dy, &/l , and D;;, which describe

characteristics of the membrane, and the characteristics of each flow regime that contributes
to gas mixture transport across the membrane. These flow rates for viscous, Knudsen, and
surface diffusion regimes are referred to as Qev, Qpk, and Qpsp, respectively. In

characterizing these regimes, the compositions of each regime are also determined.

In the proposed method, the following assumptions have been made, which are in
common with the study conducted by Carter et al. [12]. Firstly, it has been assumed that
the tubular membranes used in this study are analogous to flat, rectangular membranes.

This assumption is reasonable as the thickness of the active layer of both membranes is
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approximately 10 um, which is several orders of magnitude less than the diameter of the
whole tubular support which is 0.55 £ 0.01 cm. The defects are modelled as uniformly sized

cylindrical pores with an effective diameter that is equal to d,, and the internal pore

network of the silicalite crystals is assumed to be inaccessible to gas molecules prior to
membrane calcination. He is therefore assumed to not be adsorbed by silicalite, which has
been tested by others [20-22]. It has also been assumed that for the transport of adsorbing
gases such as N2 and COg, their transport is dominated by surface diffusion. This
assumption has been found to be reasonable for CO. and N2 by Shelekhin et al. [23] inside
molecular sieve silica membranes, which have a structure similar to the silicalite
membranes used in this work. Also, the gas mixture composition on the high pressure side
of the membrane is assumed to be the arithmetic average of the feed and retentate

compositions.

The schematic diagram showing the steps taken in this study for the characterization
of the membranes and their dependencies to each other is shown in Figure 6.2. In this

method there are four characterization steps, which are described in following paragraphs.

The physical characteristics of the membrane are first determined based on the results
of pure gas permeation experiments conducted at the same feed pressure using He and N>
prior to, and following membrane calcination. The feed pressures are chosen to be as close
as possible to the feed pressures that will be used in the binary gas mixture permeation

experiments. After the determination of He and N2 permeances for pure gas systems, P,
and P, respectively before calcination, equations 17 and 18 are solved simultaneously

using the constants shown in Table 6.2 to determine the unknowns ¢, /I, , and d,, from

the results of the uncalcined He and N2 permeation experiments.
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EXPERIMENTAL MEMBRANE REFERENCE DATA
PROCEDURES CHARACTERIZATION FROM LITERATURE
Fabricate
Membranes

Vv

Dry Membranes

Determine Membrane

Pure Gas Permeation Characteristics
Experiments |j|> & &
(=*, d,, f,and D)

Physical Constants
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Figure 6.2. Schematic diagram showing the four characterization steps and their
dependencies. These characterization steps are the determination of membrane
characteristics, the determination of pure MS diffusivities, the determination of flow
regime characteristics, and the determination of exchange diffusivities. The
procedure to determine membrane characteristics was described previously and uses
pure He and N2 gases [12].
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Equations 19 and 20 give the permeances of He and Ny, respectively, after calcination
of the membrane. For He, viscous flow and Knudsen flow in defect pores and Knudsen
flow in silicalite pores are considered, since He is assumed to be not adsorbed in silicalite
pores. For N2, viscous flow and Knudsen flow in defect pores and surface diffusion in
silicalite pores are considered, since N2 is adsorbed by silicalite. After the determination of
pure gas permeations of He and N after calcination, equation 19 is solved to determine

d, , and equation 20 is then solved to determine D, [12].

p —fogz(PtR) ey 1] 8 17
Id 64“HeRT Id 3 ﬂMWHeRT
_ &4 42 (Ph"'Pl)+5_d 1,8 (18)
. ly ‘ 64, RT |y "3 My, RT
p _fugz (R*R) oo dl/ TR - (19)
Id 64“He RT d 3\ My RT I 3V M RT
P P+P) & . 1 8 & i~
Nz_|_dddzé4h |)+_d = —+—ps(h’—") ™, (20)
d My, RT I 3\ My, RT , (Ph B P')

For membranes M1 and M2, equations 17 - 20 have been solved and reported by
Carter et al. [12] as shown in Table 6.3.

Table 6.2. Constant parameters required for demonstration of the proposed characterization
method using silicalite zeolite membranes at temperature T = 295 + 2K. The
adsorption and diffusion properties are taken from [24].

Property He N2 CO2
My [kg-mol] 0.004 0.028 0.044
H [Pa-sY] 1.973x10° | 1.755x 10° | 1.473x 10°
g [mol-kg™] - 1.930 4.490
K [Pa™] - 0.072 0.301
Dr /Dy, [-] ] 1 0.35+ 0.01
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Table 6.3. Characteristic values for membranes M1 and M2 when experiments have been
conducted at a feed pressure of approximately 300 kPa [12]. Permeation
experiments were conducted at a temperature of 295 + 2 K. Both membranes have
a length of 6.0 +£ 0.1 cm, and an area of 10.5 + 0.1 cm?.

Characteristic Parameter

b, dy dg Dr i,

Membrane

M1 0.76 +£0.25 | 1.8 0.6 x 10° | 10000 + 2700 | 1.1+0.3 10"
M2 0.63+0.29 | 2.9+1.3x10°| 7600+6600 | 1.0+1.010°

After determining the fluxes for pure gas experiments, and knowing the values of

g/l , and the pure gas adsorption isotherms, pure MS diffusivities B, and B, were

determined using equation 6. These pure gas experiments have been carried out at feed
pressures between 170 kPa and 450 kPa for N2 and CO; after membrane calcination. Then,

values of B, and B, have been correlated with average fractional coverages determined

from the high and low pressure side conditions using equations 5 and 8. The adsorption

parameters required for these equations are shown in Table 6.2.

To determine the flow regime contributions to binary gas mixture transport, it is
necessary to divide the total membrane into subsegments for viscous, Knudsen, and surface
diffusion flow, which occur simultaneously as shown in Figure 6.3. The retentate flow rate

Qg and retentate composition xr, are determined by mass balance from the measured flow
rates Q- and Q,, and compositions X and y of the feed and permeate streams,

respectively. Fluxes for each gas are determined next using equation 21.
N, = Qpy (21)
A,

where A, is the membrane area.

151



Chapter 6 - Maxwell-Stefan Model Characterization of Silicalite Membranes Containing
Viscous and Knudsen Sized Defects with CO; and N, Gas Mixtures

Viscous Knudsen Surface
Flow Flow Diffusion
+ + 9(17:1)
Opys Yy Opk» Vi Opsns Vs H(N)
e
FEED P RETENTATE
b >
O Xp O, =0, -0, x,
p PERMEATE
: Qp=Qpv+ Qprk + Qpsp , Yp

Figure 6.3. Schematic diagram showing the three flow regimes of viscous, Knudsen, and
surface diffusion flow which describe the transport of gas molecules through an
assumed rectangular membrane system. The feed and retentate stream flow rates are
denoted Qr and Qr, and the permeate stream flow rates are denoted Qpv, Qrk, and
Qpsp, for Viscous flow, Knudsen flow, and Surface Diffusion flow contributions to
total permeate flow Qp respectively. Their compositions are xr, Xr, Yv, Yk, Yso, and yp
respectively. Feed and permeate side pressures are denoted Pn and Py respectively. 6,
is the loading at position n, where subscripts n refer to segments in the radial direction
for surface diffusion flow.

The Knudsen permeances of gases 1 and 2 are then determined using equation 2 with
g4/l and d, from Table 6.3, and the ideal Knudsen selectivity a;i/j is determined using
the general ideal selectivity equation 22. To calculate the Knudsen flow contribution, first
transport equation 23 for component 1 is divided by transport equation 24 for component
2, and then the resulting equation is re-arranged resulting in the quadratic form for y, as
shown in equation 25. In this form, the pseudo permeate composition for Knudsen flow y,

can then be solved for explicitly, given the Knudsen ideal selectivity, high and low side
total pressures, and the experimentally determined high pressure side retentate composition

Xr. Knudsen fluxes for components 1 and 2 can then be determined by multiplying their
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Knudsen permeances by their respective partial pressure differences given y, as shown in

equation 26.
Gz = - (22)
QPK Yk =PA, [Ph Xg — R Yx ] (23)
QPK(]'_ yK):PKzAn[Ph(l_XR)_Pl(l_yK)] (24)
{1 “K]/z} { [1+x (O‘sz )]+ “;J/Z —1}yK +{— a;w%xR}:O (25)
I
Ny, = Kl[PhXR - P|y|<] (26)

The viscosity of the gas mixture at the high pressure side retentate composition X; is

then calculated from tabulated values at the experimental temperature, and then the viscous
permeance of both gases 1 and 2 are determined using equation 1. As was the case for
Knudsen fluxes, viscous fluxes can be determined by multiplying the viscous permeances

by the partial pressure difference for components 1 and 2 where vy, = X5, since viscous

flow is non-selective.

By mass balance and method of differences between the overall, Knudsen, and
viscous fluxes, surface diffusion fluxes for components 1 and 2 can be determined. The
pseudo permeate composition for surface diffusion transport ysp can then be found using

equation 27.

N
Voo = 12— @)
SD NSDl + NSDZ

To determine the MS exchange coefficients B,, and B,, for the components of a
binary gas mixture, the procedure shown in Figure 6.4 is followed. In this procedure,
appropriate adsorption isotherms are first used to determine the average fractional
coverages of components 1 and 2 at the high and low pressure sides of the membrane using
equation 8. For the non-ideal CO2-Nz-silicalite system, models such as the extended

153



Chapter 6 - Maxwell-Stefan Model Characterization of Silicalite Membranes Containing
Viscous and Knudsen Sized Defects with CO; and N, Gas Mixtures

Langmuir and IAST are unreliable. It has however been shown that the adsorption of CO;
in this system is practically unaffected by the presence of N, at all gas mixture
compositions, whereas the amount of N2 adsorbed at equilibrium in the presence of CO> is
significantly reduced [25,26]. The amounts of adsorbed CO. have therefore been
determined assuming pure component adsorption behaviour with the Langmuir model
where partial pressures of CO> replace total pressures. The amounts of adsorbed N have
then been determined using the binary adsorption isotherms published by Kennedy and
Tezel, [26]. It should be noted that these binary adsorption isotherms have not been used to
describe the amount of adsorbed CO> since they were determined at a greater temperature
than the experimental permeation experiments (299 K in comparison to 295 K). This
difference in temperature does not significantly affect the adsorption behaviour of N2, but
it does affect CO> due to the relatively greater amount of adsorbed molecules, and heat of

adsorption of CO..

Next, an iterative method is used to change initial guesses for B,, and B,, , such that
the average fractional coverages at the high and low pressure sides of the membrane are
described by equations 28 and 29, which are obtained from equations 15 and 16 subject to
the constants A — F shown in equations 30 — 35. Note that V4, and V&, in equations 15
and 16 are re-written as d6,/dl and d6,/dl in equations 28 and 29, where the membrane
thickness | is divided into N segments of fixed thickness dl. Starting at the high pressure
side of the membrane which corresponds to the first segment where n = 1, equations 28 -
35 are used to calculate the change in surface occupancy through each segment n as shown

in Figure 6.3. In these equations, values of B, and B, for pure components are used that

correspond to the average amount adsorbed for components 1 and 2, respectively, as
described by the relationship between fractional occupancy and B determined previously
using equations 5, 6 and 8. The changed surface occupancies of the segment n are then used
as the input surface occupancies for subsequent segment, n+1. These surface occupancy
changes are determined for all segments until the low pressure side surface occupancies

have been calculated.
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T -A
do, F
= 28
d |5 CE (28)
F
D—E%
a0 _ 1~ —d (29)
dl F
Where dl [m] is the thickness of radial segment n.
N2[1+92E?1+01EE))2J
A= by )
JoX o b O
g-_1"% 0, b, _1-6 |, 0, b,_ 4 (31)
1-6,-6, b,1-6 -6, b, 1-6 -6,
co O [pB 6 ) [,B 1-0, @)
1-6,-06, b,1-6 -6, b, 1-6-6,
N1(1+92§1 HlEE))Zj
D= ap (33)
JoXs bt O
E— 91 T 0192 91 + 01&1_—91 (34)
1-6,-6, b, 1-6 -6, b,1-6,-6,
Fo_1% 6, b, 126, |, 6, D, % (35)
1-6,-6, b, 1-6,-6, b,1-6,-6,

The fractional coverages obtained at the low pressure side of the segment which have
been determined by using equations 28 and 29 are then compared to the same fractional
coverages that were determined experimentally. The differences between these fractional

coverages are then minimized by changing the guessed values of B, and b, , and

repeating the iterative procedure as shown in Figure 6.4.
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Figure 6.4. Schematic diagram showing the steps and dependencies between parameters to
calculate MS exchange diffusivities, B,,and B,, .
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6.3.0 RESULTS AND DISCUSSION
6.3.1 Experimentally Determined Permeation Performance

The overall permeances of CO2 and N2, as well as the permeate compositions that
have been determined from the binary gas permeation experiments at various pressure
differentials are shown in Figure 6.5 for both membranes M1 and M2. From these
permeances and permeate compositions, the effects of viscous, Knudsen, and surface
diffusion flow can be evaluated to compare the performance of the different membranes in

general.

From Figure 6.5, similar component permeances for both CO2 and N2 gases through
M1 and M2 can be observed. CO, permeances between 1.49 and 7.09 x 10° mol-m2.s*-Pa-
1 and N2 permeances between 1.81 and 2.26 x 10 mol-m2.s.Pa™! were observed. It was
also observed that the permeance of CO: is greater compared to N> through M1 than M2,
whilst the permeance of N2 is practically the same for M1 and M2. Consequently, the
overall membrane selectivity Qco,/n, is greater for M1 than M2. Since CO: is
preferentially transported over N2 only in the regime of surface diffusion for silicalite
membranes, total membrane permeance must be dominated by surface diffusion transport
through zeolite crystals. Since the membrane supports are similar for M1 and M2, this
means that a greater volume of silicalite crystals must be present inside M1 compared to
M2. In this situation, the available pathways for gas transport by surface diffusion are
increased, and the defect pathways are simultaneously reduced. This behaviour agrees with

values of d 4 shown in Table 6.3, which is greater for M1 than M2, and the findings of

the study using pure gases only [12]. With respect to the reduced permeance of CO; that
can be observed as a function of partial pressure differential, this behaviour agrees with
equation 3 for membrane transport dominated by surface diffusion flow. For surface
diffusion transport across silicalite membranes, the driving force is the adsorption capacity
difference between the high and low pressure sides of the membrane. Due to the non-linear
shape of the CO- isotherms in silicalite, the surface occupancy gradient decreases with
increasing partial pressure difference across the membrane. This causes the decrease in

permeance for that gas with increasing partial pressure differential.
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Since the adsorption isotherm for pure N2 is practically linear at the experimental
temperature, N2 permeances should be independent of pressure differential. The observed
increase in permeance of N2 as partial pressure differential increases can therefore be
attributed to the contributions of defect transport by viscous flow, which increase with

pressure differential.

From Figure 6.5b, distinctly greater permeate compositions have been determined
experimentally for M1 in comparison to M2. For both membranes, a maximum CO>
concentration in the permeate can be observed at a pressure differential of approximately
190 kPa for both membranes. This maximum can be attributed to viscous flow contributions
to total flux becoming more dominant than surface diffusion flux at higher pressure
differentials, since viscous flux is non-selective and increases with pressure differential.
The experimentally determined maximum concentration of CO; in the permeate is 23.7 and
20.2 mol% CO, for M1 and M2, respectively, for a feed mixture of 15 mol% CO..

6.3.2 Analysis of Calculated Surface Diffusion Permeances and Diffusivities

The characteristic parameters shown in Table 6.3 have been used in combination with
equation 3 to first determine the pure N2 and CO- surface diffusion permeances for M1 and
M2, and they are shown in Figure 6.6a. The characteristic parameters shown in Table 6.3
have then been used to determine the Knudsen and viscous flow permeances of N2 and CO>
in binary gas mixtures using experimental binary gas permeation data and equations 22 —
26. The surface diffusion permeances of N2 and CO: in binary gas mixtures have then been
determined by subtracting the Knudsen and viscous flow permeances from the
experimental data, and are shown in Figure 6.6b. From these permeances, MS diffusivities
and MS exchange coefficients can be calculated. They are expected to be similar for the
two membranes studied since the structure of zeolite channels does not vary between

different membranes.
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Figure 6.5. Gas mixture separation performance of membranes M1 and M2. A feed mixture composed of 15.0 % + 0.5 % CO-
in a binary gas mixture with N2 was used, at a total flow rate of 3.00 + 0.05 L-min’*. Feed side pressure was controlled, and
permeate side pressure was between 109 kPa and 170 kPa and found to increase with permeate flow rate. Experiments
were conducted at a temperature of 295 + 2 K. Both membranes have a length of 6.0 + 0.1 cm, and an area of 10.5 £ 0.1
cm?,
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It should first be mentioned that although 3 binary gas mixture permeation
experiments have been conducted using membranes M1 and M2, only 2 of the surface
diffusion permeances for M1 are shown in Figure 6.6b and in subsequent plots. We were
unable to determine the characteristic parameters for the lowest pressure differential

investigated due to the strong dependence of gco, on pressure below pressures of 150 kPa.

At the pressure and composition conditions for this data set, the surface occupancy of CO>
at the high pressure side of the membrane has been calculated to be less than the surface
occupancy of CO- at the low pressure side. This would not happen in reality, and so any
results that would be generated from this incorrect prediction has not been presented. Due
to the greater contribution of defects to membrane transport for M2 than M1, the surface
diffusion contribution to total membrane permeance is lower for M2 in comparison to M1.
Consequently, the permeate composition is also lower for M2 in comparison to M1, and
the partial pressure differences for CO, through M2 are lower than the partial pressure
differences for M1 at equivalent total pressure differences. For M1, the average feed side
compositions were found to be 15.0%, 14.3% and 13.6% when the total feed side pressures
were 170 kPa, 300 kPa, and 450 kPa. For M2, the average feed side compositions were
found to be 14.9%, 14.4%, and 14.0% when the total feed side pressures were 170 kPa,
300 kPa, and 450 kPa.

From the binary gas mixture surface diffusion permeances shown in Figure 6.6b,
CO2 permeances can be seen to increase as partial pressure difference is minimised as
observed in Figure 6.5a. CO2 permeance of M1 in Figure 6.6b is greater than that of M2,
however, it can also be seen that N> permeance is significantly reduced for M1 in
comparison to M2. This difference can be attributed to the differences between the defect
and zeolite channels of M1 and M2. By discounting Knudsen and viscous flow, the N2
permeances of M1 and M2 shown in Figure 6.6a are no longer as similar as they are in
Figure 6.5a, as more N2 is transported by Knudsen and viscous flow through M2 than ML1.
This relative trend is of practical use for evaluating novel membranes, but also
demonstrates a way to quantify the contributions of defects to membrane permeance, which

enables more reliable prediction of membrane performance.
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The pure gas surface diffusion permeances of CO. and N are shown in Figure 6.6a
for M1 and M2. For both M1 and M2, the permeances for CO> are reasonably similar for
pure and binary gas mixtures, whereas the permeances of N> for binary gas mixtures are
smaller than the permeances of pure N.. This difference in N2 permeances can be attributed
to pore blocking phenomena, which has been described qualitatively by others previously
[27]. Pore blocking occurs for binary gas mixture adsorption systems when one component
is more strongly adsorbed than the other, but has a much lesser diffusivity. Consequently,
the more mobile but less strongly adsorbed species is excluded from adsorption sites more
than would be expected based on Langmuirian adsorption phenomena. Unlike other
studies, the permeances demonstrated in this study attempt to quantify the effects of pore
blocking on the permeance of the more weakly adsorbed but more mobile species, in this
case N. To this end and according to Figures 6.6a and 6.6b, the binary permeances of N
have decreased as much as 44% and 31% for M1 and M2, respectively, in comparison to

pure gas permeances.

To determine gas permeabilities and CO2/N. permselectivities, the binary gas surface
diffusion permeances have been multiplied by the crystal pathway lengths of 1.7 um and
2.3 um for M1 and M2, respectively, as determined by Carter et al. [12]. This information
has then been used to place the performance of both membranes at each set of operating
conditions on the Robeson plot shown in Figure 6.7. The CO2 permeabilities of M1 and
M2 are notably among the most permeable of all membranes plotted by Robeson [28] at
the operating conditions tested. The permselectivities that have been determined based on
these permeabilties all fall below the upper bound line, except for one point which has been
determined using M2 at a total feed pressure of 170 kPa. The CO2 permeability and CO2/N>
permselectivity for this data point are 91000 barrer and 17 [-], respectively. The exceptional
position of this data point above the upper bound line can be attributed to CO2 blocking the
zeolite pores and therefore limiting the transport of N2 to a significant extent. The resulting
data point exceeds the upper bound where the others do not due to the much lower partial
pressure of CO> in comparison to N2. Consequently, the surface diffusion permeance of

COz2 in the presence of N2 is maximized to a greater extent than N2, as shown in Figure
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6.6b. Similarly, exceptional CO2 permeability and CO2/N; permselectivity for M1 would

be expected at the lowest total pressure given surface diffusion permeance results.

The other membranes in the Robeson plot which are limited by the upper bound are
predominantly polymeric membranes, and transport through them is described by the
solution diffusion model. In this model, no intermolecular interactions are considered [1],
and therefore, similar phenomena to pore blocking do not exist which could result in
similarly excellent CO, permeability and CO2/N2 permselectivity like M2. It should be
mentioned that the pathway lengths used to determine CO2 and N2 permeabilties assume
that the active layer of the membrane support is completely plugged with silicalite crystals,
which contradicts the observed presence of defects. M1 and M2 do however show clear
selectivities for CO2 over N2, which is indicative that the defect pathway flow regimes of
Knudsen and viscous flow have been overcome by the silicalite pathway flow regime of
surface diffusion. The volume fraction of the active layer occupied by silicalite crystals
therefore approaches complete plugging, and the assumption of complete plugging is
reasonable to determine the maximum silicalite pathway length given the experimentally
determined results. As this assumption becomes less valid due to greater volume fractions
of defects, the estimated membrane thickness and resulting permeabilities are over-

estimated.
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Figure 6.6. Pure and binary gas mixture surface diffusion permeances of CO, and N2 through membranes M1 and M2. Defect
contributions to membrane permeance have been discounted using the characteristic parameters shown in Table 6.3 in
combination with experimental data to calculate these permeances. For binary gas mixture permeation experiments, a feed
mixture composed of 15.0 % + 0.5 % CO; in a binary gas mixture with N, was used at a flow rate of 3.00 + 0.05 L-min™.
Feed gas flow rate was increased as required at the start of each pure gas permeation experiment to maintain a stage cut
less than 50%. Feed side pressure was controlled, and permeate side pressure was found to increase with permeate flow
rate between 109 kPa and 170 kPa. Pressure differentials were as indicated. Experiments were conducted at a temperature
of 295 + 2 K. Both membranes have a length of 6.0 + 0.1 cm, and an area of 10.5 + 0.1 cm?.
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Figure 6.7. Upper bound correlation for CO2/N2 with the CO2 permeability and CO2/N>
permselectivity from [28] with surface diffusion transport contributions for M1 and
M2 added. For binary gas mixture permeation experiments, a feed mixture composed
0f 15.0 % + 0.5 % CO2 in a binary gas mixture with N2 was used at a flow rate of 3.00
+0.05 L-min’. Feed gas flow rate was increased as required at the start of each pure
gas permeation experiment to maintain a stage cut less than 50%. Feed side pressure
was controlled, and permeate side pressure was found to increase with permeate flow
rate between 109 kPa and 170 kPa. Experiments were conducted at a temperature of
295 + 2 K. Both membranes M1 and M2 have a length of 6.0 £ 0.1 cm, and an area
of 10.5+ 0.1 cm?.

Figure 6.8a shows a very strong trend between the MS diffusivity, and the average
amount of adsorbed CO2 and N.. MS diffusivities have been plotted in this way so that
amounts adsorbed at the binary gas permeation experiment boundary conditions can be
correlated with these results, which were determined using pure gas permeation data. There

does not appear to be a significant difference between the MS diffusivities determined using
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M1 and M2 at similar conditions, which is expected since MS diffusivities are intrinsic

properties of zeolite crystals. It should be mentioned that there is a notable 25% difference

in the value of d 4 for M1 in comparison to M2. This finding suggests that the proposed

method effectively takes into account the varied physical structure of different membranes.
For the purposes of characterizing novel membranes, MS diffusivities can therefore be
determined easily for surface diffusion flow through membranes given the parameters and
equations described in this study. From these results, the trend in MS diffusivity of CO. as
loading approaches 0 cannot be extrapolated with a high degree of certainty, although the
MS diffusivities of N2 suggests that this extrapolation is reasonable. Figure 6.8a also shows
that the MS diffusivity of N2 is greater than that of CO; at all investigated conditions, which
is consistent with the results of others in the literature. The range of MS diffusivities; 7.26

-9.33x10®°m*s?, and 1.17 - 1.95 x 10® m*s™ for B, and D,_, respectively, are within

an order of magnitude of the intrinsic diffusion coefficients and corrected diffusivities
reported elsewhere [17,29,30]. It should be noted that the diffusivities reported by others
have not been corrected with consideration of adsorption phenomena and isotherm data.
However, they are most similar to the MS diffusivities calculated in this study as zeolite
loading approaches 0 [17,29,30]. Diffusivities are strongly dependent on temperature and
pressure conditions, as well as the presence of intra-crystalline defects, and therefore

variation within an order of magnitude is reasonable.

165



Chapter 6 - Maxwell-Stefan Model Characterization of Silicalite Membranes Containing Viscous and Knudsen Sized Defects with
CO: and N2 Gas Mixtures

10 _‘% (a) Pure gas

® M1D,,

O M2 B,

MS Diffusivitiy [m2-s-1]
=

® M1D,

S M2

8

Se

MS Exchange Diffusivity [m?2.s1]

10” ;
0 1

2

Average amount adsorbed [mol/kg]

10 7 : :
(b) Binary mixture ® M1 D
O M2 DCOZ/NZ
® M1 Dy o,
R O OM2 By o,
10 3
1 2
L 4
OO0 o ¢
© 0
10_9 T T T
0.00 0.25 0.50 0.75 1.00

Average amount adsorbed [mol/kg]

Figure 6.8. (a) Pure component MS diffusivities of CO2 and N2, and (b) exchange coefficients for CO2/N2 and N2/CO; determined
for binary gas system using surface diffusion gas permeation data from experiments conducted using membranes M1 and
M2. Defect contributions to membrane permeance have been discounted using the characteristic parameters shown in
Table 6.2 in combination with experimental data to calculate these diffusivities and exchange coefficients. For binary gas
mixture permeation experiments, a feed mixture was composed of 15.0 % £ 0.5 % CO: in a binary gas mixture with N>
was used at a flow rate of 3.00 + 0.05 L-min. Feed gas flow rate was increased as required at the start of each pure gas
permeation experiment to maintain a stage cut less than 50%. Feed side pressure was controlled, and permeate side
pressure was found to increase with permeate flow rate between 109 kPa and 170 kPa. Pressure differentials were as
indicated. Experiments were conducted at a temperature of 295 + 2 K. Both membranes have a length of 6.0 + 0.1 cm,
and an area of 10.5 + 0.1 cm?,
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Figure 6.8b shows the MS exchange coefficients B, ,, and By, as functions of
the average amount of adsorbed molecules between the high and low pressure sides of the
membrane for CO2 and N, respectively. High exchange coefficients are indicative that
intermolecular interactions significantly affect molecular transport. For B ., , this would
mean that the transport of N2 is subject to significant resistance from molecules of CO..
On the one hand, it has been shown in many studies that the resistance imparted between

different types of molecules on each other is equal, and can alternatively be expressed as

b,, =b,,. For adsorbent-adsorbate systems, which do not exhibit pore blocking
phenomena, and whose multicomponent adsorption behaviour can be described by the
extended Langmuir model, this assumption is reasonable and is known as the Vignes
correlation. For the present investigation; however, the MS exchange diffusivities shown
in Figure 6.8b challenge the Vignes correlation.

Figures 6.8a and 6.8b show that diffusion of N2 in the mixture, By ., , is much
smaller than the diffusion of N2 in a pure system, B, . This reduction between the pure

component and binary mixture diffusivities is much more pronounced for N2 than the

reduction for CO2 (B, y, relative to B, ). These relationships show that the presence of

CO2 blocks the pores of silicalite, and slows down N2, which in turn leads to reduced N2
permeances. This pore blocking by CO, and a reduction in the permeance of N2 can be
observed and quantified, whereby greater selectivities of CO2 over N2 are realised in binary
gas mixture experiments, relative to studies using pure gases.

Figure 6.8b shows that for both M1 and M2, the exchange coefficients B ., are

greater than B, , for all experiments except in the lowest pressure differential

experiment that has been conducted using M2. The observed discrepancy in this trend by
M2 could be attributed to the sensitivity of the proposed method when the concentration

gradient of CO> is minimized, as the exchange coefficient By . is consistent with the
values determined at higher pressure differentials. The exchange coefficient B, , at

higher pressure differentials however, is not. When this data set is excluded, the greatest

exchange coefficients for M1 are 6.66 and 2.81 x 10° m?s* for By, jco, and Doy,
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respectively. For M2, the greatest exchange coefficients are 2.43 and 1.76 x 10° m?-s* for

By, jco, and B¢y jy, , respectively. These coefficients should be similar to each other as

they both describe transport by surface diffusion flow only, however, this discrepancy can
be attributed to the assumptions made to determine the characteristic parameters shown in

Table 6.3. As the variation between the exchange coefficients By ., and Bg,

increases, intermolecular interactions can be considered to more significantly affect the

transport of gas molecules. For M1 and M2, By, Wwas found to be 2.37 and 1.38 times

greater than B, , . respectively. These variations between exchange coefficients are

therefore indicative of significant intermolecular interactions, and challenge the Vignes
correlation, where the MS exchange diffusivities of the components of a binary mixture

are assumed to be equal i.e B, =D,, .

Based on the limited number of characteristic tests that were conducted in this study,

as the average amount adsorbed tends to zero, By ., and B, ,, appear to perhaps

converge. These results suggest that the Vignes correlation could be reasonably used when
the average amount adsorbed approaches to 0. However, the average amount adsorbed
approaches to 0 at high temperatures, and when pressure is reduced. Neither of these
conditions are suitable for separating gas mixtures by surface diffusion through zeolite
membranes. Therefore, predictions based on Vignes correlated conditions are of limited

practical use for separating CO2 and N2 gases using silicalite membranes.

These exchange coefficients additionally indicate that as a greater proportion of flow
proceeds according to the regime of surface diffusion, intermolecular interactions play an
increasingly important role in predicting membrane performance. This reasoning is
straightforward and has been made qualitatively in the past. However, the present study for
the first time, to the best knowledge of the authors, has quantified these interactions for
defect containing membranes at different operating conditions. In previous studies, it has
simply been assumed that exchange coefficients are an intrinsic property of the zeolite
crystals, even though there has been no way to distinguish between effects caused by
variations in zeolite crystal packing, and the influence of defects. For defect free

membranes, which contain uniform selective layer thicknesses, this assumption is
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reasonable. For pore plugged membranes which contain varied amounts of zeolite crystals
in their selective layer, the structural complexity of the selective membrane layer almost

unequivocally rejects this assumption.

Since only surface diffusion transport through silicalite channels is shown in Figure
6.8b, these findings can be compared with adsorption and diffusion studies using single

crystals. To this end, the greater exchange coefficients of B ., incomparisonto B¢,

can be related to the reduction in transport diffusivities of CO; as a function of loading that
have been measured by Carter et al using Infra-Red Microimaging with a single crystal of
silicalite [25].

6.4.0 CONCLUSIONS

In the present study, MS diffusivities and exchange coefficients, which describe the
transport of a binary mixture of CO2 and N2 through two silicalite membranes containing
Knudsen and viscous sized defects have been characterised. This has been achieved by
firstly discounting the Knudsen and viscous flow contributions to binary gas mixture
permeation using mass transport equations, and the characteristic parameters which
describe the structure of these membranes as determined in a previous study. The
remaining surface diffusion contribution to binary gas mixture permeation have then been
plotted on a Robeson plot, and used in combination with the MS model to determine MS

diffusivities B, and B, for pure components, as well as the exchange coefficients

By, /o, and By, in the binary system.

For the silicalite membranes that have been characterized in this study, the surface
diffusion permeances of CO> present in a binary gas mixture with N2 were found to be
similar to those found for pure CO,, whereas the permeances of N2 present in a binary gas
mixture with CO2 were observed to decrease as much as 44% compared to those found for
pure N2. The adsorption of N2 in silicalite is therefore significantly reduced in the presence
of CO; [26]. The surface diffusion permeances that have been determined in this study

therefore demonstrate that the proposed method can be used to quantify the effects of pore
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blocking phenomena for non-ideal adsorbent membrane systems. Furthermore, when these
surface diffusion permeances are converted into CO; permeability and CO2/N2
permselectivities, the greatest values obtained were 91000 barrer, and 17 [-] respectively.
This performance is above the Robeson upper bound, and reflects the significance of pore
blocking phenomena at low total feed pressures for this system of CO2, N2, and silicalite.
The MS diffusivities of CO2 and N2 in the absence of Knudsen and viscous flow
contributions were also determined, and found to be 7.26 — 9.33 x 108 m?s?, and 1.17 —
1.95x10® m*s™ for B, and B, respectively. Thus, the utility of the proposed method
for characterising defect containing membranes has additionally been demonstrated.
Finally, exchange coefficients have been determined which quantify the intermolecular

interactions between N2 and CO; at the conditions investigated in this study. The results

observed reject the Vignes correlation as B, Wwas found to be more than 1.38 times
greater than B, , for both membranes. Although the exchange coefficients that were
determined for the two membranes did not have similar values, B ., was found to be
greater than B, . for both membranes, which is indicative that the diffusivity of Nz is

more significantly affected by the presence of CO- than CO: is by the presence of No.
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6.6.0 NOMENCLATURE

ABC,DEF [] MS model constants
A, [m?] Membrane Area
D, [m2.s] Transport diffusivity
d, [m] Effective defect size
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phl

pll

o8

[mol-m2.s]
[Pa]

[m]

[m]

[m]
[kg-mol]
[mol-m2.s]

[-]

Flux of pure component i

Langmuir adsorption isotherm constant

Effective defect path length

Effective silicalite path length

Membrane thickness

Molecular weight

Flux of component i in a binary gas mixture

Number of radial segments

[mol-m2.s.Pa!]Knudsen permeance

[mol-m2-st.Pa!] Surface diffusion permeance

[mol-m2.s.Pa!] Viscous permeance

[Pa]
[Pa]

[Pa]

[Pa]

[mol-s]

[mol-kg™]

Total pressure at high pressure side of membrane
Total pressure at low pressure side of membrane

Partial pressure at high pressure side of membrane of

component 1

Partial pressure at low pressure side of membrane of

component 1

Flow rate
Amount of molecules adsorbed at the high pressure

side of the membrane
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q,

sat
i

Subscripts

d

SD

[mol-kg™] Amount of molecules adsorbed at the low pressure side

of the membrane
[mol-kg™] Amount of component i adsorbed at saturation

[J-molt-KY] Gas constant

[K] Temperature

[m-s?] Velocity

[-] Mole fraction of CO in the high pressure side of
the membrane

[-] Mole fraction of CO; in the low pressure permeate

side of the membrane

Defects
Feed side
High pressure side

Components

Knudsen

Low pressure side

Radial segment identifier
Permeate side

Retentate side

Silicalite

Surface diffusion
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\ Viscous

Greek and Latin letters

o) [-] Ideal selectivity

& [-] Silicalite volume fraction

& [-] Defect volume fraction

0 [-] Fractional zeolite occupancy

ol [kg-m?] Density of silicalite

I [-] Thermodynamic factor for pure component i

u [Pa-s] Viscosity

7] [Pa-s?] Chemical potential of component i

b, [m2.sY] Maxwell-Stefan diffusivity of i

b, [m2.sY] _MS Exchange coefficient for resistance imparted by

component 2 on component 1

Abbreviations

CO2 Carbon Dioxide

F- Bubble Flow Meter

GC Gas Chromatograph
H20 Water

He Helium

M- Membrane Identifier

MFC- Mass Flow Controller
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MFI

MS

N2
NSERC
P-

PFD
SAPO-34
SiO»

T-

TiO2

TPAOH

Mordenite Framework Inverted
Maxwell-Stefan

Nitrogen

National Sciences and Engineering Research Council of Canada
Pressure Transducer

Process Flow Diagram
Silicoaluminophosphate Zeolite
Silica Dioxide

Thermocouple

Titanium Oxide

Tetra-Propyl Ammonium Hydroxide

Valve
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Chapter 7

This chapter is based on:

Optimization of Silicalite Membrane Fabrication Procedure, and Gas Permeation

Module Design and Development

ABSTRACT

Although the fabrication of perfect membranes should be the objective of every study
that investigates the performance of novel membranes, it is also important to ensure that
the procedures that are used to evaluate membrane quality are robust, and repeatable. In
this research, silicalite membranes composed of abutting zeolite crystals whose
nanoporous channels are of a similar size to gas molecules have been synthesized inside
microporous ceramic membrane supports using pore plugging method. It is therefore of the
utmost importance in this research to be certain that gases permeating through the
membranes that have been fabricated proceed predominantly through the zeolite crystal
pores of the selective membrane active layer, and that this layer is not bypassed. In pursuit
of ensuring that the method used to characterize newly fabricated membranes is robust and
reproducible, three different types of membrane module have been fabricated, and the
sealing method of integrating membranes into the module is carefully investigated. These
modules have utilized polymer epoxies, teflon fittings, specialty glazing compounds, and
specially cut graphite gaskets. The best membrane performance has been found using a
module which utilizes Torr seal epoxy to integrate the ceramic membrane into the module,
however, this type of arrangement cannot be regenerated, and slowly poisons the
incorporated membrane with time. On the other hand, the most reproducible membrane
module utilizes a specialty glazing solution in combination with graphite gaskets, but this
arrangement results in bypassing of the membrane layer from consumption of the glaze on
top of the membrane support due to the harsh chemical conditions involved during
membrane synthesis in the autoclave. Although changes to the membrane module have

been implemented throughout this research, the best membrane fabrication procedure was
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found to include an interruption during hydrothermal synthesis, and a minimized headspace

above the synthesis solution in the autoclave during membrane fabrication.

Several challenges exist for researchers to address in this field. The most important
one among them is how to combine the best attributes of the different module and different

membrane sealing methods, and that has been the focus of the present investigation.

7.1.0 OPTIMIZATION OF MEMBRANE FABRICATION

By modifying the membrane synthesis conditions, it is intended to fabricate
membranes which contain a layer of zeolite crystals that is both thin, and continuous. Such
membranes contain no defect pathways through which gas transport may occur according
to Knudsen or viscous flow regimes. This lack of defect pathways maximizes the
selectivity of the membrane. By minimizing the zeolite membrane thickness, the resistance
to gas transport is minimized, and gas permeance is maximized [1]. When both objectives
are met, highly selective and permeable membranes can be fabricated, which reduces the

number of membranes that are required for a separation process.

There are two methods, which are commonly used to fabricate zeolite membranes, 1)
the secondary growth method, and 2) the in-situ crystallization method, also known as the
pore plugging method. In the pore plugging method, zeolite crystals are intergrown inside
a microporous support in a single synthesis step to create a selective layer of abutting
zeolite crystals. With the secondary growth method however, seed crystals are grown
separately, deposited onto a porous membrane support, and finally subjected to a second
growth step, which aims to create a continuous crystal layer on top of the microporous
support [2]. Defect pathways which compromise membrane performance can be created in
both membrane types, and have different characteristics due to the configuration of the
crystal layer. In secondary growth membranes, continuous defect pathways across the
membrane are likely to be formed. In pore plugged membranes however, defect pathways
proceed around the zeolite crystals and membrane support pores. In this situation, defect
pathways in pore plugged membranes may not necessarily create a continuous pathway

across the membrane. The selectivity of pore plugged membranes is therefore, less
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sensitive to the presence of defects in comparison to secondary growth membranes. All

membranes in this research were synthesized by the pore plugging method.

To hydrothermally synthesize silicalite crystals inside the pores of a membrane
support, a precursor solution composed of a silica source, water, and a templating agent
are combined with membrane supports inside an autoclave. A cradle was designed to keep
the tubular supports in an upright position. 4 tubular supports were used in each batch of
synthesis in the autoclave. The autoclave is then sealed, and the temperature of the
autoclave is increased using an oven. This caused a pressure increase in the sealed
autoclave. As temperature and pressure inside the autoclave increase, molecules of Silica
and the templating agent begin to diffuse into the active layer of the membrane support.
Molecules of Si and O2 then form SiOg tetrahedra, which are attracted to each other and
form pentasil units made up of pentasil rings. These pentasil units grow around templating
agents to become pentasil chains, and eventually crystals of silicalite [3]. Although crystals
of silicalite are formed on all exposed surfaces of the membrane support, a selective layer
of abutting crystals is readily formed in the membrane support’s active layer since the pore
size of this layer is the smallest, and requires the least and smallest number of crystals to
become plugged. Temperature and pressure therefore contribute to the rate of crystal
growth, and therefore the size and the number of crystals inside the membrane support as
synthesis time increases [4-7]. For pore plugged membranes, the size of crystals is
furthermore limited by the size of the active layer pores. Given the objective is to plug the
membrane support pores completely, it is desirable to fabricate many small crystals to
minimize the total volume of unfilled regions of the membrane support. Temperature,
pressure and time must therefore all be optimized with consideration of the non-uniform
pore structure of the membrane supports to fabricate the best possible membranes. These
complex relationships are particularly difficult to study due to the caustic and volatile
nature of the template solution molecule, tetra-propyl ammonium hydroxide (TPAOH) that

is used to direct the synthesis of silicalite.

A summary of the different conditions that have been investigated are shown in Table
7.1. To fabricate the most defect free membranes as much as possible in this study, different

membrane support pore sizes, molar compositions of the precursor solution, and number
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of interruptions during membrane synthesis were varied. Also, it was attempted to measure
the autoclave fill level, as well as the pressure during membrane synthesis using a custom
made autoclave to investigate how these variables affect membrane structure. These two
characteristics have not been investigated at the temperatures and pressures used in this
study to the best of our knowledge. The effect of membrane support pore size is notably
absent from this chapter, as it is described in detail in Chapter 3.

In addition to the membrane characteristics and synthesis parameters that were
investigated for each membrane batch, the permeation tests that have been conducted with
each membrane are summarized by corresponding coloured cells. Blue cells indicate that
pure gas permeation tests have been conducted with the membrane, and orange cells
indicate that binary gas mixture permeation tests have been conducted with the membrane.
Not all of the permeation test results have been featured in this thesis. Therefore, the
membranes whose results have been presented are identified by green cells, and the

corresponding chapter has been identified in the adjacent column.
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Table 7.1. Summary of membrane fabrication conditions undertaken in this research. Membrane batch codes PP 19, 20, 23, and 24 are

a part of a different study and so are not shown.

Membrane details

Synthesis conditions

Support Experiments Featured in Precursor solution
pore size conducted Thesis composition [mol]
Autoclave : Autoclave
Code ID Interruptions ;
Type fill level
[um] Pure Binary Chapter
SiO2:TPAOH:H,0O
0.3 (1) 3
CONTROL 045 (2) 3 N/A N/A N/A N/A
0.8 (3) 3
1.4 4) 3,7
0.3 (@)
PP12 0.3 (2) Parr 4748 1:0.5:27.8 0 80 - 100%
0.3 (3) 7
0.3 4
0.2 (1)
PP13 0.3 (2) Parr 4748 1:0.5:27.8 0 80 - 100%
1.4 (3)
0.8 1) 3,7
PP14 0.2 (2) ! Parr 4748 1:0.45:27.8 1 80 - 100%
0.14 (3)
0.3 4) 3,7
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Membrane details

Synthesis conditions

Support Experiments Featured in Autocl Precursor solution Autocl
Code poresize | ID conducted Thesis utoclave composition [mol] Interruptions utociave
Type fill level
[um] Pure Binary Chapter Si02:TPAOH:H20
0.45 (@) 3
PP15 0.3 (2) 3 Parr 4748 1:0.45:27.8 1 80 - 100%
0.8 (3) 2,3
1.4 4 3
0.3 (@) 3
PP16 045 (2) 3 Parr 4748 1:0.45:27.8 1 > 95%
1.4 (3) 3
0.8 4
0.8 (1)
PP17 14 (2) Parr 4748 1:0.45:27.8 1 > 95%
0.45 (3)
0.3 (@)
PP18 0.45 (2) Parr 4748 1:0.45:27.8 1 >99%
0.8 3)
1.4 4
0.3 (3) Custom
0.45 (2) Autoclave
- has gold . .
PP21 0.8 1) 7 fitti 1:0.47:29.3 1 ~ 30%
itting
and
1.4 (4) tubing
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Membrane details

Synthesis conditions

Support Experiments Featured in Precursor solution
Code | poresize | ID | conducted Thesis Autoclave | - ;omnosition [mol] | Interruptions | AUteclave
Type fill level
[um] Pure Binary Chapter Si02:TPAOH:H20
0.3 (3) Custom
0.45 (2 Autoclave
PP22 0.8 (1) - soln 1:0.45:25.6 1 ~ 30%
exposed
to internal
1.4 4 fitting
0.3 (1) 7 Custom
03 @ Autoclave
PP25 ' - soln 1:0.45:27.6 1 ~ 30%
0.3 (3) exposed
to internal
0.3 4 fitting
0.8 (1) 7 Custom
0.8 ) 7 Autoclave
PP26 045 | (3) - soln 1:0.54:34.1 1 ~ 30%
exposed
to internal
0.45 4 fitting
0.8 (1) Custom
PP27 08 | (2) Autoclave | 4. 45976 1 ~ 38%
0.45 (3) - new
0.45 (4) beaker lid
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Membrane details

Synthesis conditions

Support Experiments Featured in Autocl Precursor solution Autocl
Code poresize | ID conducted Thesis utoclave composition [mol] Interruptions utociave
Type fill level
[um] Pure Binary Chapter Si02:TPAOH:H.0
0.8 (1) Custom
0.8 (2) Autoclave A A  aq0
PP28 0.45 3) 7 - new 1:0.45:26.4 1 38%
0.45 (4) beaker lid
0.8 (1)
0.8 (2) . . ~ 800
PP29 0.45 3) Parr 4748 1:0.45:27.8 1 80%
0.45 4)
0.45 (1) 7
0.45 (2) P ano
PP30 08 3) Parr 4748 1:0.45:26.4 1 80%
0.8 4)
0.45 (1)
0.45 (2) 0 AE- ~ QEQ
PP31 0.45 3) 7 Parr 4748 1:0.45:26.4 2 85%
0.45 (4)
0.45 (1)
0.45 (2) . . ~ 040
PP32 0.45 3) Parr 4748 1:0.45:27.8 1 94%
0.45 4) 56,7
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Membrane details

Synthesis conditions

Supp(_)rt Experiments Feature_d in Autoclave Precursqr_ solution _ Autoclave
Code pore size ID conducted Thesis composition [mol] Interruptions .
Type fill level
[um] Pure Binary Chapter Si02:TPAOH:H,0
0.45 (1) 56,7
PP33 0.45 (2) ! Parr 4748 1:0.45:27.8 1 > 99%
0.45 (3)
0.45 4)
0.45 (1)
PP34 82: g; Parr 4748 1:0.45:27.8 1 ~97%
0.45 (4)
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7.1.1 Molar Composition of Precursor Solution and Interruptions During

Hydrothermal Synthesis

The molar composition of the precursor solution has been studied by many other
researchers in the literature [8-11]. Therefore, it has not been investigated in this thesis to
a great extent. To effectively plug membrane support pores, a precursor solution
composition is required which allows for 1) seeding and growth of zeolite crystals, and 2)
diffusion of template and zeolite building block molecules into the membrane support
pores to replenish the consumed molecules. According to Li et al. [12] this optimum
precursor solution molar ratio is 1 : 0.45 : 27.8 for SiO2 : TPAOH : H20, and has been
predominately used in this work as shown in Table 7.1. The molar composition that was
used for membranes in the first 2 batches; PP 12 — PP 13, was used by the previous student,
who worked on this project, and is 1 : 0.5 : 27.8 for SiO2 : TPAOH : H20 [13]. In the
following 5 batches; PP 14 - 18, the molar ratio of 1 : 0.45 : 27.8 for SiO; : TPAOH : H.0
was used. The difference in performance that was observed when switching from the

former to the latter molar composition is shown in Figure 7.1.

Figure 7.1 shows that the He permeance of PP 12 0.3 (3), which was fabricated using
the molar ratio of 1 : 0.5 : 27.8 for SiO. : TPAOH : H20 is slightly less than the He
permeance of PP 14 0.3 (4), which was fabricated using the molar ratio of 1 : 0.45 : 27.8
SiO2 : TPAOH : H20. The N2/He selectivity of PP 14 0.3 is remarkably different in
comparison to PP 12 0.3 (3) in that the former is selective to N2 while the latter is selective
to He. These observed permeances are indicative of comparatively less crystal growth in
PP 12 0.3 (3). It should be mentioned however, that membrane PP 12 0.3 (3) was quenched
to cool the autoclave following hydrothermal synthesis. Therefore, it is likely that by
cooling the autoclave quickly in this way, defects were formed due to the different rates of
thermal expansion of the silicalite crystals and the membrane support. Subsequent
membranes were therefore fabricated using the molar ratio of 1 : 0.45: 27.8 SiO, : TPAOH
: H20. It was hoped that a larger support pore size would make better membranes if the
procedure was repeated. This investigation has been described in detail in Chapter 3.

187



Chapter 7 — Optimization of Silicalite Membrane Fabrication Procedure, and Gas Permeation Module Design and Development

1 -5 1 -5
0 1 (a) PP12 0.3 (3) with 0 1 (b) PP 14 0.3 (4) with
”&s 1:0.5:27.8 (SiO, : TPAOH : H,0) E 1:0.45:27.8 (SiO, : TPAOH : H,0)
PO N,
—_ -6 - -6
i 10 : N, g 10 ]
o 5
£ =
& g
107 . . . 107 ' ' '
0 1 2 3 4 0 1 2 3 4
Pressure differential [atm] Pressure differential (atm)

Figure 7.1. Effect of precursor solution molar composition on permeances of He and N.. Both membranes were tested using module 1
with the high and low pressure sides of the membrane sealed using a generic epoxy. (a) He and N2 pure gas permeances of
membrane PP 12 0.3 (3) which was fabricated using the precursor molar composition ratio 1 : 0.5 : 27.8 for SiO2 : TPAOH : H20.

(b) He and N2 pure gas permeances of membrane PP 14 0.3 (4) which was fabricated using the precursor molar composition ratio
1:0.45:27.8 for SiO, : TPAOH : H20.
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In addition to optimizing the precursor solution for hydrothermal synthesis, Li et al.
have reported that an interruption during hydrothermal synthesis results in improved
plugging of the membrane active layer [12]. During an interruption, hydrothermal synthesis
IS paused by reducing the autoclave temperature and therefore pressure partway through
synthesis, thus slowing down the rate of crystal growth. Sufficient time is then allowed for
zeolite crystal reactants to diffuse into the spaces between the recently formed zeolite
crystals. When the autoclave temperature and hydrothermal synthesis then resume, it is
expected that rapid growth of small crystals will begin again, plugging any unoccupied
regions of the active layer with zeolite crystals. Membranes fabricated in batches PP 14
and onwards have therefore included an interruption to improve zeolite packing density

inside newly fabricated membranes.

A comparison of the permeances of membranes fabricated with 1 interruption (batch
PP 30) and 2 interruptions (PP 31) are shown in Figure 7.2.

Figure 7.2 unexpectedly shows no N2/He selectivity for PP 31 0.45 (3), even though
its He permeance is similar to the He permeance of PP 30 0.45 (1). These results are
indicative that significant defect pathways are present in the active layer of membrane PP
31 0.45 (1). Since the most significant difference between membranes fabricated in batch
PP 30 and PP 31 is the second round of hydrothermal synthesis, the much poorer selectivity
was likely caused by the additional heating and cooling process between rounds of
hydrothermal synthesis. In this case, additional defects can be attributed to the different
thermal coefficients of linear expansion for the zeolite crystals and the membrane support.
Consequently, small defect pathways may have been formed during membrane heating,
which are not closed during the cooling phase. This explanation is supported by the
presence of viscous flow through PP 31 0.45 (3), which causes both He and N> permeances

to increase with pressure.
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Figure 7.2. Effect of number of interruptions during hydrothermal synthesis on permeances of He and N2. Both membranes were tested
using module 1. Membrane PP 30 0.45 (1) was sealed using generic epoxy, whereas PP 31 0.45 (3) was sealed using Torrseal. (a)
He and N2 pure gas permeances of membrane PP 30 0.45 (1) which was fabricated using the precursor molar composition ratio 1
: 0.45 : 26.4 SiO2 : TPAOH : H20 and 1 interruption during hydrothermal synthesis. (b) He and N pure gas permeances of
membrane PP 31 0.45 (3) which was fabricated using the precursor molar composition ratio 1 : 0.45 : 26.4 SiO» : TPAOH : H.0
and 2 interrupted hydrothermal synthesis rounds. Both membranes were tested using module 1.
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Alternatively, there may be an effect caused by sealing the membrane PP 31 0.45 (3)
with Torrseal as opposed to the generic epoxy for PP 30 0.45 (1). Since this was the first
batch of membranes to be sealed with Torrseal, the application procedure was not very well
refined when PP 31 0.45 (3) was sealed. This membrane may still be a good membrane,
but if the axial faces of this membrane support were not completely sealed, the membrane
may be bypassed during permeation experiments.

Now that graphite gasket containing membrane module has been developed (and is
described in the next section), future membranes can be tested using this module, and
characterized using the characterization method in chapter 5. Since this method requires
testing uncalcined membranes, it is too late to test the membranes from batches PP 30 and
31, but a future study could take untested membranes, subject them to conditions which
are expected to cause defects, and then be re-characterized.

7.1.2 Autoclave Fill Level

During hydrothermal synthesis, as the autoclave is filled with a greater volume of
liquid, the headspace inside the autoclave is reduced, and any vaporized liquid will have a
reduced volume to occupy. According to the ideal gas law and other equations of states,
this means that pressure inside the autoclave will increase more in that case with
temperature. At the same time, as pressure increases, the solubility of gases inside liquids
increases, and their equilibrium concentration at a given temperature changes. Some
studies have mentioned the autoclave fill level that was used, but these studies do not
investigate the effects of different fill levels on membrane performance [8,11-13]. It has
therefore been hypothesized that greater autoclave fill levels promote zeolite crystal
formation inside pore plugged membranes, which improves their performance. This
hypothesis is supported by the N2 permeance trends shown in Figure 3.7 in Chapter 3 that
were observed for membranes fabricated in batches PP 14 — PP16. In Chapter 3 membrane
batches are denoted as A, B, and C for PP 14, PP15, and PP 16, respectively. Figure 3.7
shows that membranes fabricated in batch PP 16 (batch C) generally exhibit greater N>
permeance in comparison to membranes fabricated in batches PP 15 and PP 14 (batch B
and A, respectively). Cross referencing these results with Table 7.1 shows that although

the autoclave fill level was not measured accurately for these membranes, it was more
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certain and likely greater for batch PP 16 (batch C, > 95%) in comparison to batches PP 14
and PP15 (batch A and B, 80 — 100%).

After these observations, the hypothesis that autoclave fill level affects membrane
performance has been tested by fabricating three batches of membranes using different
autoclave fill levels, which were more reliably measured for the first time with batch PP
32. The permeances of membranes fabricated at the highest measured autoclave fill level
of more than 99% (PP33) and lowest measured autoclave fill level of 94% (PP32) are

shown in Figure 7.3.

It should be emphasized that by increasing the autoclave fill level, the potential for
an explosion becomes greater, and therefore this investigation could inherently be
dangerous. In this study, the risk has been minimized by conducting the synthesis inside
an oven, which is inside a fume hood with its sash lowered. This way, in the event of an
explosion the vapors will be vented safely, and both the oven door and fumehood sash will
protect any passers by from injury. The autoclave that has been used has also been
inspected prior to each use to ensure that its structure is not compromised, and that it is in

good working order.

Figure 7.3 shows that the permeances of N> at all feed pressures are greater for
membrane PP 33 0.45 (1) in comparison to membrane PP 32 0.45 (4). Conversely, it shows
that the permeances of He at all feed pressures are slightly greater for membrane PP 32
0.45 (4) in comparison to membrane PP 33 0.45 (1). The permeances of both gases increase
as a function of feed pressure, which indicates that viscous flow contributions to membrane
permeance are present in both membranes. Due to the presence of viscous flow, the greatest
N2/He selectivities are found at the lowest feed pressure, and are 1.83 and 1.44 for of PP
33 0.45 (1) and PP 32 0.45 (4) respectively. Although the permeances of each membrane
are approximately similar, their varied selectivities indicate that there are fewer and/or
smaller defects in PP 33 0.45 (1) in comparison to PP 32 0.45 (4). Since these two
membranes were fabricated and tested at similar conditions, their varied performance can
be attributed to their only distinguishing synthesis parameter, which is the autoclave fill

level.
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Figure 7.3. Effect of autoclave fill level on permeances of He and N2. Both membranes were tested using module 3 with Aremco 617
glazed ends. (a) He and N2 pure gas permeances of membrane PP 33 0.45 (1) which was fabricated using the precursor molar
composition ratio 1 : 0.45 : 27.8 SiO2 : TPAOH : H20, 1 interruption during hydrothermal synthesis, and an autoclave fill level of
more than 99%. (b) He and N2 pure gas permeances of membrane PP 32 0.45 (4) which was fabricated using the precursor molar
composition ratio 1 : 0.45 : 27.8 SiO2 : TPAOH : H20, 1 interruption during hydrothermal synthesis, and an autoclave fill level of
94%.
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As shown in Table 7.1, the autoclave fill level is greater for batch PP 33 in comparison
to batch PP 32. Since greater N2 permeances and higher No/He ideal selectivities indicate
more complete pore plugging of membrane support pores, the results shown in Figure 7.3
support the hypothesis that autoclave fill level promotes better zeolite crystal formation
inside pore plugged membranes.

7.1.3 Parr Autoclave and Custom-made Autoclave

To the best of our knowledge, there are no published studies where the autoclave
pressure during hydrothermal synthesis of silicalite membranes is measured. This is
understandable as the introduction of a gauge or sensor to an autoclave also introduces
additional complexity to the autoclave design, and possible places for the autoclave to leak
at high pressures. Instead, a commercially available autoclave with a Teflon beaker insert
is generally utilized, and the pressure inside the autoclave is reported as being autogenous.
The autoclave that was used in this study to synthesize membranes was a model 4748 Acid
Digestion bomb made by Parr instruments, and is shown in Figure 7.4a. To better describe
and understand the synthesis conditions however, it was desired to measure pressure during
hydrothermal synthesis, which could not be done with this autoclave. An alternative custom
made autoclave was therefore designed and tested which contained few wetted stainless
steel parts and is shown in Figures 7.4b-d. In addition to a Teflon O-ring sealed Teflon
beaker insert, this autoclave contained a gold plated tube which was in contact with the
synthesis solution, but allowed a connection to be made to a cross fitting which was
connected to a pressure gauge, valve, and a rupture disc. Although a port for a pressure
gauge could alternatively be integrated into the lid of the autoclave, the wetted parts of the
pressure gauge would come into contact with the hydrothermal synthesis solution.
Integrating a pressure gauge in this way would therefore result in simultaneously corroding

the gauge and contaminating the synthesis solution.

Minor modifications to the custom autoclave were made following initial tests using
water. It was found that the O-ring seal for the Teflon liner would compress excessively
and leak vapour due to the combination of the high pressure and temperature inside the
autoclave. A double O-ring design was therefore created. This design also leaked, and after

several uses it was observed that the Teflon liner lid had compressed since Teflon is prone
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to creep at high temperatures when under stress. It was then necessary to replace the lid,
and it became obvious that the gold plated tube connecting the autoclave to the pressure
gauge would need to be replaced with the autoclave liner lid after every few batches.
Although gold plating was good for chemical resistance reasons, it was impractical. The
next model had a chamfered Teflon lid, which could be replaced easily and sealed with the
Teflon beaker insert like the Parr 4748 autoclave. Instead of a gold plated tube connecting
the autoclave to the pressure gauge, a Teflon fitting attached to a stainless steel line was
used instead. For comparison with the permeances of PP 30 0.45 (1) shown in Figure 7.2a,
the permeances of PP 28 0.45 (3), are shown in Figure 7.5. PP 28 0.45 (3) was fabricated
using the custom autoclave with a similar precursor solution molar ratio to membranes

fabricated in batch PP 30 with the Parr autoclave.

Figure 7.4. Pictures showing the autoclaves that have been used in this research. Figure
7.4a (top left) shows the Parr Instruments model 4748 autoclave. This autoclave
utilizes Belleville spring washers which are compressed by cap screws to ensure that
the Teflon liner of the autoclave remains sealed during heating and cooling.
Chamfered Teflon lid and Teflon liner not shown. Figures 7.4b — d (top right, bottom
left, and bottom right), show the rupture disc, vent valve, and pressure gauge
assembly (b top right), the assembled custom autoclave inside the oven prior to
hydrothermal synthesis (c bottom left), and the Teflon O ring sealed Teflon liner,
Teflon membrane cradle, and gold plated tube which leads to the assembly shown in
7.4b (d bottom right).
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Figure 7.5. Influence of custom autoclave on permeances of He and N2. The membrane
was tested using module 1, and was sealed using generic epoxy. He and N2 pure gas
permeances of membrane PP 28 0.45 (3) which was fabricated using the precursor
molar composition ratio 1 : 0.45: 26.4 SiO, : TPAOH : H20 and 1 interruption during
hydrothermal synthesis.

The permeance of He and N through PP 28 0.45 (3) shown in Figure 7.5 is similar
to PP 30 0.45 (1) shown in Figure 7.2a. Although reproducing the membrane performance
is a good achievement, the ideal selectivity of these membranes is only 1.7, and fabricating
membranes with this autoclave was not very reproducible. Since the membranes fabricated
using the custom autoclave were not as selective as the membranes fabricated using the

Parr autoclave, the custom autoclave was therefore abandoned.

Several lessons have been learnt by fabricating and testing the custom autoclave,
which do not need be repeated by another student wishing to investigate the effects of the
autoclave further. In a future study, it would be worthwhile to minimize the volume of
tubing and therefore headspace above the autoclave. Additionally, autoclaves with ports
are commercially available, and although their wetted parts are stainless steel and not
Teflon, it may be worthwhile using such an autoclave to determine the saturation pressure

curve as a function of temperature for the precursor solution used to fabricate silicalite

196



Chapter 7 — Optimization of Silicalite Membrane Fabrication Procedure, and Gas

Permeation Module Design and Development

membranes. This curve would be subject to error as the caustic TPAOH would react with
the stainless steel parts of the autoclave, but it would give a place to start from.
Alternatively, a disposable autoclave liner could perhaps be used inside such an autoclave.
Advances in single use bioreactors are becoming more sophisticated in the pharmaceutical
industry (DisTek for example already sells disposable liners for bench scale bioreactors).
This could perhaps be adapted to zeolite membrane manufacturing. Also, a Belleville or
other spring washer should be implemented in a future autoclave design. This feature
allows the lid of the autoclave to remain compressed and sealed against the lip of the Teflon
insert when the stainless steel autoclave body expands more than the liner, and is a part of
the Parr 4748 autoclave, likely for this reason.

7.2.0 MEMBRANE MODULE DESIGNS AND SEALING

Even with significant forethought and consideration, an iterative process was
required to come up with a membrane module design that was able to form a gas tight seal
between a ceramic membrane module and stainless steel tubes. Many examples of
membrane modules are presented in the literature, which should theoretically make the
choice of module design straightforward [14-21]. However, these investigations rarely
discuss the intricacies of their membrane module designs. Furthermore, and to the best of
our knowledge, these literature examples have never compared different membrane

modules or disclosed the limitations of their membrane module.

During this research, a total of three different membrane modules, and several
different sealing methods have been investigated and are compared to each other. It is
therefore hoped that the knowledge presented here will save the time of others and be of
assistance to them when they are selecting a membrane module and sealing method to meet

their processing needs.
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7.2.1 Module with Teflon Ferrules on Stainless Steel Tubing (Module 1)

Figure 7.6 shows a picture of the expanded membrane module 1, which utilizes
Teflon ferrules to separate the high and low pressure sides of the membrane using Teflon
ferrule fittings on stainless steel tubing. The module is made up of Swagelok fittings, which
utilize stainless steel ferrules, except the connections to the membrane feed and retentate
pressure lines, which utilize Teflon ferrules. In this way, the same module can be used with
different membranes. The tubing, which is to be connected to the ceramic membrane
support with a sealing method is made up of convoluted tubing welded to stainless steel
adaptors and then tubing. Since convoluted tubing is flexible, a large axial face is made
available for applying sealant, and it is not necessary to perfectly align the ceramic
membrane support and stainless steel tubing for them to be concentric. These attributes
mean that it is very easy to create a gas tight seal between the ceramic membrane support

and stainless steel process lines for the connections to the rest of the set up.

Although Teflon ferrules creep and are deformed when subjected to repeated stresses,
they can be replaced periodically. In doing so, the integrity of the seal formed between the

Teflon ferrules and stainless steel tubing can be relied upon.

Figure 7.6. Picture showing how the membrane and stainless steel supports assembly is
inserted into membrane module 1. Teflon ferrules and Swagelok fittings are used to
separate the permeate stream from the feed and retentate streams. The membrane
shown in this picture has been attached to the stainless steel tubing of the feed and
retentate lines using generic epoxy.
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Generic epoxies

To attach the ceramic membrane support to the convoluted tubing of the feed and
retentate pressure lines, 2-Ton epoxy made by Devcon (Danvers, MA, USA), and then
Perma Poxy made by Permatex (Solon, OH, USA) were used. The brand of epoxy was
changed midway through the research as a vendor, which sold 2-Ton epoxy could not be
found once our supply ran out. Figure 7.7 shows what the epoxy looks like when cured.
Perma poxy was purchased as it is similar to 2-Ton’s epoxy, although it is recognized that
the two epoxies are likely to have differences in their exact composition. In this context,
the similar epoxy was made up of a “hardener” component, and a “resin” component, which
are to be mixed for a few minutes before application to the surfaces to be bonded. The
composition of the epoxies made by each manufacturer are protected as trade secrets, but
it can be seen in the following plots that this information is irrelevant as the performance
of membranes attached to stainless steel supports using such an epoxy changes with time.
Any experiments that have been conducted using membranes, which have been subjected
to such an epoxy therefore, cannot be reproduced, and use of such epoxy is not
recommended. Since these generic epoxies are however able to effectively attach ceramic
membranes to stainless steel tubes, they were used exclusively for testing membranes in
batches PP 12 — PP 16. These epoxies were then used sporadically to test membranes in
batches PP 17 — PP 30 as a reference in comparison to the other attachment methods that

were investigated.

Epoxy was first applied onto the convoluted tubing and membrane support’s axial
faces, and the two axial faces were then brought into contact with each other. In this way,
a mechanically weak bond was created to concentrically align the convoluted tubing with
the membrane as well as possible. After a few hours had elapsed, the membrane and
stainless steel tubes were set to rotate radially, and more epoxy was applied to the
membrane support and convoluted tubing joint, while the assembly spun at less than 30
rpm to create a more lasting bond. This spinning action was responsible for the even coating

of epoxy that can be seen in Figure 7.7.
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Figure 7.7. Picture showing a membrane attached to the stainless steel tubing of the feed
and retentate lines using epoxy.

Figure 7.8 shows the permeances of He and N that were measured using membrane
PP 14 0.2 (2) which was attached to stainless steel feed and retentate pressure lines using

epoxy, and were determined 12 months apart.

From this figure it can be seen that the permeance of He as well as N> for PP 14 0.2
(2) have decreased substantially between May 2014 and May 2015. Additionally, the ideal
selectivity of N2/He has decreased slightly in this time from 2.75 to 2.70. The simultaneous
reduction of the ideal selectivity and the permeance could indicate that the pores of the
silicalite crystals, which make up the membrane, have become blocked. In this scenario,
the surface diffusion contribution to overall permeance would have decreased, and the
defect transport contribution to overall permeance become more significant. Thus, the
N2/He ideal selectivity has reduced in the direction of Knudsen selectivity, which favours
He over N». The cause of this blockage is reasoned to have come from the evaporated epoxy
solvent, which is used to dissolve the polymers in both the Perma poxy and 2 Ton epoxies.
Although the exact solvents, which have been used in the epoxies are protected trade
secrets, solvents are typically long chained molecules with significant dipole moments.
Such attributes are clear indicators that adsorption would occur with silicalite, and would
additionally be very strongly bonded. Although the rate of evaporation of off-gassed
solvents from the epoxy is very small, it would accumulate inside the crystals of the
silicalite membrane and eventually become significant. As the silicalite crystal layer is only

10 microns thick, a large amount of solvent would not be required to poison the membrane.
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Figure 7.8. Effect of time on permeances of He and N». This membrane was tested using
module 1 and generic epoxy. He and N2 pure gas permeances of membrane PP 14 0.2
(2) determined in May 2014 and May 2015. He and N pure gas permeances of
membrane PP 14 0.2 (2) which was fabricated using the precursor molar composition
ratio 1 : 0.45 : 27.8 SiO2 : TPAOH : H20O and 1 interruption during hydrothermal
synthesis.

Torrseal

Given the simultaneous reduction in the permeance and selectivity when the generic
epoxy was used, an alternative epoxy has been investigated. When selecting a second type
of epoxy to test, it was additionally considered that the epoxy would off-gas a significantly
lesser amount of molecules, and would be able to be regenerated at as high a temperature
as possible. From these criteria, Torrseal epoxy which is made by Agilent (Santa Clara,
CA, USA) was identified. Torrseal is commonly used in low pressure vacuum conditions
where low off-gassing is required, and can be heated up to 120 °C. This epoxy has been
used to attach the membrane support to the stainless steel tubing as shown in Figure 7.9.
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Figure 7.9. Picture showing a membrane attached to the stainless steel tubing of the feed
and retentate lines using Torrseal.

Similarly to the 2 Ton and Perma poxy epoxies, the Torrseal hardener and resin
polymers were mixed for a few minutes before Torrseal was applied to the membrane. As
for the other epoxies, Torrseal was then applied to the membrane and convoluted tubing
axial faces, which were then brought into contact with each other, and left to cure for
several hours which created a mechanically weak bond. Additional Torrseal was later
applied to the outer faces of the convoluted tubing and membrane support to reinforce the
bond between the two materials while the pieces were stationary. Since Torrseal is much
tackier than the other epoxies, it could not be set to spin, and its bond is less smooth than
for the other epoxies. PP 33 0.45 (2) has notably been tested using module 1 with Torrseal,
as well as the most recently developed module, and is discussed in section 7.3.0. Other
membranes in batches PP 31 — PP 34 have also been tested using module 1 with Torrseal,

although their results are not all shown in this thesis.

To thermally regenerate a membrane that has been exposed to moisture or other
compounds, and therefore discount contamination of the zeolite crystals in future trials, the
membrane and module should be be heated up to the minimum purge temperature. For
zeolite 5A, which is similar to silicalite, the minimum purge temperature for moisture and
air is is 300 °C [22]. This temperature is therefore recommended for regenerating silicalite

membranes, and is unfortunately beyond the 120 °C melting point of Torrseal.

For applications that do not require high temperature regeneration, Torrseal was
found to be an ideal material for binding ceramic to stainless steel and creating a gas tight
seal. In this study, the regeneration of the membranes between experiments for different

adsorbing gases were carried out by He purge at room temperature.
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7.2.2 Module with Teflon ferrules on Ceramic Membrane Support (Module 2)

Figure 7.10 shows a picture of the expanded membrane module 2, which utilizes
Teflon ferruled fittings to bond the high and low pressure sides of the membrane tubing to
the ceramic membrane support. The module is made up of Swagelok fittings, which utilize
stainless steel ferrules, and similar to module 1, utilizes Teflon ferrules for the connections
to the membrane feed and retentate pressure lines so that the same module can be used with

different membranes.

Figure 7.10. Picture showing how the membrane and stainless steel supports assembly is
inserted into membrane module 2. Teflon ferrules and Swagelok fittings are used to
separate the permeate stream from the feed and retentate streams. The membrane is
also been attached to the stainless steel tubing of the feed and retentate lines using
Swagelok fittings and Teflon ferrules.

For the ceramic membrane support to be sealed by the Teflon ferrules inside module
2, it is necessary to apply an impermeable sealant to the axial faces of the membrane
support, as well as approximately 1 cm of the outside face. A schematic illustration of these
faces is shown in Figure 7.11a. In doing so, no gas should bypass the selective zeolite
membrane layer. The types of sealant, which have been used for this purpose can either be
applied prior to membrane synthesis, or after membrane synthesis. In the case of sealants
applied prior to membrane synthesis, it is necessary for the sealant to withstand
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temperatures up to 500 °C, the temperature of membrane calcination, as well as the caustic
conditions inside the autoclave during hydrothermal synthesis without leaching.
Alternatively, sealants applied after membrane synthesis do not need to withstand the
conditions inside the autoclave during hydrothermal synthesis, but do need to withstand
temperatures up to 500 °C to be characterized according to the method described in chapter
5. Prior to 2017, the standard operating procedure for characterizing membranes did not
require conducting permeation tests before membrane calcination, and so sealants applied
after membrane synthesis were evaluated to withstand regeneration temperatures up to 100
°C, which is sufficient to dry the membrane. It is recognized that a regeneration temperature
below 300 °C is less than ideal, but in combination with a purge gas stream of He it was
hoped that a temperature of 100 °C would be sufficient to desorb most contaminants from

the zeolite pores.

One of the most durable and impermeable seal types is glass, which can be coated
onto ceramic membrane supports of any shape and size as glass particles suspended in a
solvent solution. Once applied to a membrane support, the solvents can be evaporated, and
the glass particles fuse together at a sufficiently high temperature. A picture of a membrane
whose ends have been glazed is shown in Figure 7.11b.

()

Figure 7.11. Details of membrane module 2. (a) Schematic showing the faces where an
impermeable coating needs to be applied to membrane supports that are used with
module 2. The coated areas are shown in green. (b) A picture of Aremco 617 coated
membranes. Their coated ends appear glossy and a different colour in comparison to
the middle of the membrane supports.
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Aremco 617, with and without silicon rubber

Aremco 617 which is made by Aremco (Valley Cottage, NY, USA) is a special type
of laboratory grade glazing compound, which has been used in other inorganic membrane
studies when membranes have been subjected to harsh chemical conditions [23,24]. This
glaze solution contains suspended glass particles in several different solvents such that the
glaze solution can be diluted in water as needed to be applied to the membrane support
evenly, and then cured at varied temperatures to fuse the glass particles together. These
curing temperatures go as high as 875 °C. Therefore, Aremco 617 must be applied prior to
membrane synthesis since the thermal stability of silicalite is between 700 °C and 1100 °C
depending on the quality of crystals fabricated [25]. Since the solvents of the Aremco 617
solution are removed when the glaze is cured, off-gassing inside the membrane is not
possible for Aremco 617 coated membranes. Additionally, it is necessary to apply several
thin coats of Aremco 617 to form an impermeable glaze layer to minimize the formation
of gas bubbles inside the glaze, which would otherwise crack during curing. In this
investigation, 2 coats were found to be satisfactory for creating an impermeable seal. This
was determined by covering all outside faces of an unfilled non-selective membrane
support with Aremco 617, and measuring He permeance at multiple pressures. The results
of this investigation are shown in Table 7.2. Several membranes from batches PP 17 — PP

25 were tested using module 2 and Aremco sealing, with and without silicon rubber.

Table 7.2 firstly shows that a membrane sealed inside Module 1 with a generic epoxy,
or module 2 with no glaze or additional sealant on its ends can be used to measure the
permeance of an unfilled membrane support within 5% of each other. This variation is
within the experimental error of 9% for permeances as shown in Appendix 1. Given this
result, permeances measured using module 2 can be reasoned to be similar to those
measured using module 1. The observed reductions in He permeance of Aremco 617 coated
supports can therefore be attributed to the number of coats of Aremco 617 that have been
applied to the membrane support. Table 7.2 shows that when a single coat of Aremco 617
is applied to an unfilled membrane support, He permeance decreases by an order of
magnitude in comparison to an unfilled membrane support without any Aremco 617

application. When two coats of Aremco were applied, He permeance was then below the
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minimum detectable permeance value of 10° mol-m2.s.Pa!, which is indicative that the
membrane support was impermeable. These experiments were considered to be successful,
and subsequent membranes were coated with 3 coats of Aremco 617 prior to membrane
synthesis to achieve good membrane coverage, despite the increased time and labour

requirement.

Table 7.2. He pure gas permeances of unfilled membrane supports with a pore size of 1.4
um. Module 1 with the generic epoxy (2-Ton) over the axial membrane support faces,
and module 2 with up to 2 coats of Aremco 617 over the entire outer surface of the
membrane support have been used to incorporate the membrane supports into the

module.
He Permeance
Module Sealant [mol-m2.sT.Pa]
Generic Epoxy

1 _ 8.29x 10°
(axial faces only)

2 None 8.99 x 10°
1 x Aremco 617

2 5.83x 10

(axial faces and outer surface)

2 X Aremco 617
2 ) <10°
(axial faces and outer surface)

The permeances and selectivities of membranes that were tested using module 2 were
not however, as favourable as the membranes that were fabricated previously. Figure 7.12
shows the He and N> permeances of membrane PP 21 0.8 (1), which was tested using
Module 2 with Aremco 617 sealing, and membrane PP 14 0.8 (1) which was tested using

module 1 and the generic epoxy.
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Figure 7.12. Effect of modules 1 and 2, as well as changes to membrane fabrication method over time on permeances of He and N». PP
21 0.8 (1) was tested using module 2 and sealed using Aremco 617 and Teflon ferrules, whereas PP 14 0.8 (1) was tested using
module 1 and was sealed using generic epoxy. (a) He and N pure gas permeances of membrane PP 21 0.8 (1) determined in March
2016. This membrane was fabricated inside the custom made autoclave, using the precursor molar composition ratio 1:0.47:29.3
SiO2 : TPAOH : H20 and with 1 interruption during hydrothermal synthesis. (b) He and N2 pure gas permeances of membrane PP
14 0.8 (1) determined in August 2013. This membrane was fabricated inside the Parr autoclave, using the precursor molar
composition ratio 1:0.45:27.8 SiOz : TPAOH : H>O and with 1 interruption during hydrothermal synthesis.
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Figure 7.12 shows that although the He and N2 permeances are greater for PP 21 0.8
(1) in comparison to PP 14 0.8 (1), its selectivities are less. Furthermore, Figure 7.12a
shows that both He and N2 permeance through PP 21 0.8 (1) increase with feed pressure,
which is indicative of viscous flow and larger defects, which were not typically observed
for membranes fabricated previously. Such performance is undesirable and was unexpected
given the results of the pure gas permeation experiments conducted using completely
sealed membrane supports as shown in Table 7.2. It was soon discovered that the Teflon
ferrules had creeped due to the induced stress of the module fittings. Therefore the number
of times the Teflon ferrules were re-used was reduced, and the ferrules were inspected prior
to use to make sure that they were still sufficiently well shaped. Despite this precaution,
subsequently tested membranes which were coated with Aremco 617 glaze showed viscous
flow contributions to membrane permeance. Although the autoclave type, module, sealing
method, and precursor molar composition are all different between PP 21 0.8 (1) and PP
14 0.8 (1), the continued observation of viscous flow in subsequently tested membranes
using module 2 suggested that the sealing method was more significantly responsible for

viscous flow.

A silicon rubber was then applied over the Aremco 617 coating to create an additional
barrier to viscous flow permeation due to an improper seal between the Teflon ferrules and
the Aremco 617 coated membrane ends. Although silicon rubber is not impermeable like
Aremco 617, such rubbery polymers have much lower permeabilities than zeolitic
membranes. Therefore, their contribution to membrane permeance was considered to be
reasonably negligible. A picture showing membrane PP 25 0.3 (1) coated with silicon
rubber on top of Aremco 617 is shown in Figure 7.13. Both silicon rubber and Teflon can
withstand temperatures in excess of 170 °C, and so the addition of silicon rubber would
not be the limiting factor for membrane regeneration inside module 2. The addition of
silicon rubber did however, present difficulty as its application increases the diameter of
the membrane supports, and if the Teflon ferrules were then forced onto the membrane
support too roughly, the silicon rubber coating would peel off, and thus be rendered useless.
Despite this difficulty in assembling the module when silicon rubber is applied, some
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membranes were tested and found to contain no viscous flow sized defects, and additionally

had reasonably good ideal selectivities for No/He.

A more significant concern was however encountered when the module was
disassembled one day; the compressive stress of Teflon in the radial direction had sheared
off the ends of the membrane through the silicon rubber and Aremco 617. In the membrane
shown in Figure 7.13, a clear line can be seen in the picture on the right hand side where
the Teflon ferrules sheared through the silicon rubber. Although a torque wrench could be
used to tighten the module fittings using only fresh Teflon ferrules to ensure repeated
sealing of the membrane, without shearing off the ends, it was decided that it would be

better to investigate an alternative solution that would be more robust.

Figure 7.13. Picture showing membrane PP 25 0.3 (1) whose end faces have been coated
with silicon rubber on top of Aremco 617. The right hand side picture shows the
vertical line where a Teflon ferrule cut at the silicon rubber.

Minwax

As an alternative to Aremco 617, Minwax Polycrylic which is made by Sherwin
Williams (Cleveland, OH, USA) was investigated as a post calcination treatment for
synthesized membranes. An unfilled membrane support was again completely covered as
was done for Aremco 617, however, only one coat of undiluted Minwax was required to
reduce the permeance of He through the membrane support such that no permeance could
be measured. Although this performance is ideal, Minwax is only stable up to a temperature
of 40 °C, at which point it off-gasses significant amounts of VOCs (including alkyl

propanols, ethylene glycol, glycol ether, and n-methyl pyrrolidone), which would poison
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the zeolite crystals of the membrane. This type of sealing is not a practical solution, and

was not tested with any silicalite membranes.
Tremclad

Tremclad high heat enamel which is made by Rust-Oleum (Vernon Hills, IL, USA)
is sold as a coating for fireplaces, wood stoves, and barbecues, which once cured is claimed
to be able to tolerate temperatures up to 350 °C. It was initially assumed that an enamel for
barbecues must not off-gas significantly, if at all, as the cured sealant is rated for food
exposure conditions. These attributes are ideally suited for sealing the ends of the
membrane supports used in this investigation. Tremclad may furthermore offer additional
strength such that the Teflon ferrules used in module 2 would not shear the ends of a
membrane coated with Tremclad. Pictures showing membranes PP 26 0.8 (1) and PP 26
0.8 (2) whose support ends are coated with Tremclad after exposure to higher temperatures
of different duration are shown in Figure 7.14a and 7.14b, respectively. Given the
observable cracked appearance of membrane PP 26 0.8 (1) which had been exposed to 250
°C, it is not recommended that membranes coated with Tremclad are subjected to such
temperatures. Furthermore, the burn marks that can be observed on PP 26 0.8 (2) from
exposure to 300 °C indicate that Tremclad enamel not only off-gases, but off-gases

components that autoignite above 250 °C, since there were no sparks inside the membrane

module.

(a) PP 26 0.8 (1) (b) PP 26 0.8 (2)

Figure 7.14. (a) Picture showing membrane PP 26 0.8 (1) whose end faces have been
coated with Tremclad after being exposed to 250 °C for 48 hours. (b) Membrane PP
26 0.8 (2) which had been exposed to 300 °C for 4 hours ).
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Since 300 °C regeneration therefore was not possible with Tremclad coated
membranes, they were not investigated further. Given the failure of sealants applied prior
to and following membrane calcination, an alternative module design was therefore

investigated.
7.2.3 Module with Graphite Gaskets on Ceramic Membrane Support (Module 3)

The third and final module to be fabricated was designed after conducting a literature
search to see what types of modules had been used successfully by others, and then
analyzing these designs, given the firsthand knowledge of different module and membrane
sealing techniques that had been learnt during this study. Although some fairly recent
studies were still conducted using epoxied membrane supports, which have been proven to
be undesirable in this investigation, a popular type of membrane — module seal design
utilized polymer O rings in combination with glazing compounds such as Aremco 617
[17,20,21,26]. O ring sealed designs are capable of withstanding temperatures up to 256
°C if Kalrez O-rings are used [17], but are susceptible to burst if the high pressure side of
the membrane axially pushes the O-ring beyond the glazed sections of the membrane
support. In this scenario, there is insufficient friction force induced by compressing the O-
ring radially to prevent the O-ring from bursting. In other studies, compressed graphite
rings are used to seal the membrane, however, it does not seem readily apparent how such
rings would compress to form a seal between the membrane module and ceramic
membrane support as they are made from graphite ribbon that has already been pressed
inside a die at high pressure [14,19]. These module designs however, seemed to be the most
promising, as graphite, unlike polymeric materials, can be heated above 500 °C, and does
not creep or out-gas solvents. A module that was most similar to the module designed by
Gu et al [18] was therefore developed, which utilized graphite gaskets that were purchased
from McMaster Carr (Elmhurst, 1L, USA).

This third module is composed of three main parts; one centre bored tube (also
containing shoulders to accommodate graphite gaskets) with welded stainless steel discs
for flange mounts, and two outside flange pieces, which compress the graphite gaskets
when tightened into the flange mounts with bolts. Each of the three parts contains a 1/8”
Swagelok compression fitting so that the feed, retentate, and permeate sides of the
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membrane module can be easily connected to the permeation setup shown in Figure 5.1, in
chapter 5. The seal between the membrane module and ceramic membrane support notably
do not use Swagelok fittings. The graphite that is used to form a seal with the ceramic
membrane support is a compressible graphite that can be purchased in sheets from
McMaster Carr (Elmhurst, IL, USA). From these sheets of graphite, gaskets, which fit
snugly on top of the membrane support, and inside the specifically cut out space for them
inside the centre bored module section have been fabricated using a CNC milling machine.

This module is shown in Figure 7.15.

(a) (b)

Figure 7.15. (a) Picture showing the assembled module 3. (b) Picture showing the
incorporation of the membrane and gaskets into the membrane module 3, 7.15b

(right).

Aremco 617 without silicon rubber

To create a seal between the ceramic membrane support and the graphite gaskets, it
was necessary to seal the membrane faces as shown in Figure 7.11a, and so Aremco 617
was used for this purpose as before. No silicon rubber is needed, as when the graphite
gaskets are compressed in the axial direction by tightening the flange bolts, the gaskets
expand in the radial direction to form perfect seals over the glazed sections of the
membrane support. To prove that this type of sealing arrangement is reproducible, several
different membranes have been subjected to pure gas permeation experiments using He at

the range of conditions shown in Table 7.3. As well as membranes PP 32 0.45 (4) and PP
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33 0.45 (1) which are featured in Table 7.3, other membranes fabricated in batches PP 32

— PP 34 have been tested using Module 3 and Aremco 617 without silicon rubber.

Table 7.3. He permeances at 295 K for PP 32 0.45 (4) and PP 33 0.45 (1) at a feed pressure
of 170 + 2 kPa and permeate side pressure of 100 + 2 kPa before and after exposure
to the indicated gases, and the indicated thermal regeneration regimes. All permeation
experiments were conducted using module 3, and the graphite gaskets were replaced
in after thermal regeneration process, and prior to the measurement of He permeance
at conditions 4 and 6. Condition 6 was not tested for membrane PP 33 0.45 (1).

He Permeance
Condition [mol'm?stPa?]
PP 32 0.45 (4) | PP 33 0.45 (1)

1) After Drying 9.42 x 107 4.27 x 107
2) After Calcination 1.80 x 108 1.32 x 108
3) After CH4 exposure 1.75x 10°® 1.28 x 108
4) After 300 °C regeneration | 1.95x 10°® 1.32x 10°®
5) After CO; exposure 1.93x 10°® 1.46 x 108
6) After 300 °C regeneration | 1.93 x 10° -

Table 7.3 shows that despite the varied He permeances of each membrane due to their
unique structures, He permeance can be reproduced within experimental error (which is
9% and is detailed in Appendix A.1) following various circumstances using module 3 with
graphite gaskets and membranes whose ends have been sealed with Aremco 617. The
thermal regeneration regimes that are indicated in Table 7.3 were conducted on membranes
that were removed from the module, heated up and cooled down inside an oven, and then
re-installed inside the module using uncompressed gaskets. With this procedure, there are
many opportunities for the membrane structure to be compromised. Most notably,
replacement of the gaskets means that a new seal which may not be as efficient as the
previous seal is made, but there is also adsorption of atmospheric moisture, which occurs
in the time between taking the membrane out of the oven, and installing it inside the
membrane module. Also, every time the membrane is heated up and cooled down, there
are new opportunities for defects to form due to the different thermal expansion coefficients

of the membrane support and zeolite crystals [27,28]. Despite these conditions, He
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permeances remain practically constant as stated previously. Additionally, Table 7.3 shows
that regeneration of the membrane up to a temperature of 300 °C can be carried out with
this module to recover the originally determined permeances of a membrane within the
experimental error. These permeances may in fact have differed due to changes in the
membrane structure as mentioned previously. However, this module has the capability to
test for these changes more accurately than any of the other modules investigated. To this
end, an inline air heater will be installed by the next student to regenerate membranes
without needing to replace the membrane gaskets or expose the membrane to atmospheric

conditions.

7.3.0 COMPARISON BETWEEN RECENTLY FABRICATED AND ORIGINAL
MEMBRANES

Despite all of the modifications to the membrane fabrication and characterization
procedures that have been undertaken throughout this study, there is one very important
question, which has remained unanswered: “Why is the selectivity of newly fabricated
membranes inferior to the membranes fabricated at the start of this research.” The greatest
N2/He selectivity that has been observed was 2.75, which was achieved using PP 14 0.2

(2). Other membranes with similar selectivities are shown in Chapter 3.

This membrane was fabricated early on in this research, and no membrane after batch
PP 16 has since been as selective as that membrane. Of course, since fabricating that
membrane, the generic epoxy has no longer been used, and the characterization method
module and sealing mechanism are likely responsible for the reduced performance.
Although this reduced performance is undesirable, the newly fabricated membranes, which
have been tested using module 3 with Aremco 617 and graphite gaskets have been shown
to perform reproducibly well and can be thermally regenerated, which could not be claimed
for the previously fabricated membrane modules. To test this hypothesis, the permeance of
He and N2 through PP 33 0.45 (2) was first measured inside module 3 with Aremco 617

and graphite gaskets. Then, the membrane was attached to stainless steel tubes using
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Torrseal epoxy and incorporated into module 1. With this module, its He and N2

permeances were re-measured. The results of these tests are shown in Figure 7.16.
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Figure 7.16. Effect of modules 1 and 3 on the permeances of He and N2. The membrane
was tested with module 1 using Torrseal epoxy, and also with module 3 using Aremco
617 glaze with graphite gaskets. He and N2 permeances of membrane PP 33 0.45 (2)
which was fabricated using the precursor molar composition ratio 1 : 0.5 : 27.8 SiO>
: TPAOH : H>0O and 1 interruption during hydrothermal synthesis

Figure 7.16 shows that viscous flow contributes to the permeance of He and N2 when
module 3 with Aremco 617 sealed ends is used. When module 1 with Torrseal epoxy is
used however, the viscous flow contribution to He and N2 permeance can be eliminated.
Permeances of He and N are consequently lower when module 1 with Torrseal epoxy is
used. By eliminating the viscous flow contribution to membrane permeance, the N2/He
selectivity increases from 1.60 to 2.23. This new selectivity is comparable to that of PP 14
0.2 (2) and others in Chapter 3. This behaviour can likely be attributed to the Aremco 617
coatings at the axial faces of the membrane having likely been consumed during

hydrothermal synthesis. When these membranes are incorporated into module 3, gases
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have then bypassed the selective membrane layer by going through the created defects of
the axial membrane faces. This consumption reaction has been observed for many years
and studied well for glass when submerged in other basic and caustic aqueous solutions
[29,30]. Since the hydrothermal synthesis solution that is used to fabricate membranes is
very basic and caustic, it is likely that the cured Aremco 617 glaze has been partially
consumed during hydrothermal synthesis, although no visual observations could be made
to confirm this hypothesis. By using Torrseal, these axial face defects have been plugged,
and so this bypassed contribution to overall permeance is not observed. The newly

fabricated membranes are therefore likely to be well plugged too.

One of the consequences of this finding is that although the permeances of
membranes tested using module 3 are reproducible, their measured performance is subject
to defect contributions to permeance that do not compromise the selective membrane layer.
Therefore, the effects of different experimental techniques to fabricate ideal membrane are
difficult to measure, since although these axial face defects can be plugged with Torrseal,
Torrseal can never be completely removed. Any time effects on membrane performance
therefore, can never be discounted, or reversed if a membrane has been altered using
Torrseal. Of course, characterization models can be developed to describe these additional
defects, however, it is still necessary to eliminate these defects to utilize zeolite membranes

for industrial processes.

Arguably the most important challenge for future research in this area is to therefore
improve the method of integrating zeolite membranes into modules. Module 3 is far
superior to the other modules with respect to reproducibly testing membrane performance.
Therefore the identification of an alternative glaze solution, which can withstand
hydrothermal synthesis conditions, or can be cured at a temperature which the zeolite can
withstand, would be potential solutions. Perhaps a UV cured polymer, which does not off-
gas gases that are poisonous to the zeolite could be used instead of Aremco 617.
Alternatively, a silicon rubber gasket, which covers the axial faces of the membranes and
could be used in addition to, or instead of the graphite gaskets. Silicon rubber can be heated
up to appropriate temperatures for zeolite membrane regeneration, however, its durability

is less than that of graphite, and so its structural integrity would need to be routinely tested.

216



Chapter 7 — Optimization of Silicalite Membrane Fabrication Procedure, and Gas

Permeation Module Design and Development

Silicon rubber can also off-gas VOC’s, which would then require membrane regeneration
to be removed. At the same time, repeated regeneration cycles would make the silicon
rubber become brittle and porous, and so the regeneration regime could be an additional
cause of viscous flow sized defects. Since other researchers have been able to utilize glazes
such as Aremco 617 successfully, maybe it is necessary to fabricate a thicker layer of
Aremco 617. Or, perhaps the consumption of Aremco 617 is accelerated as the autoclave
headspace is reduced due to the increased pressure and saturation pressure of TPAOH
inside the autoclave. In this case, a compromise between zeolite crystal growth inside the
membrane support pores, and sealing of the axial membrane faces would need to be
realized to optimize membrane performance. Alternatively, borosilicate glass could be

investigated, as the borosilicate glass is more resistant to chemical attack.

7.4.0 CONCLUSIONS

Three different membrane modules have been investigated in this research to
integrate microporous membrane supports, which have then been further investigated by
utilizing alternative sealing methods that are compatible with each module. The first
module utilized different epoxies to attach ceramic membranes to stainless steel tubes,
which were then integrated into the module using teflon ferrules. Of the two different
epoxies that were investigated, Torrseal was found to be the best, and was able to integrate
well fabricated membranes to measure permeances of He and N2 which gave an ideal
selectivity for N2/He greater than 2. Unfortunately, this arrangement is incompatible with
necessary in situ regeneration of the membrane at 300 °C. Module 2 required applying a
glaze solution to the membrane support prior to membrane synthesis which was cured at a
temperature of 875 °C. Then upon the cured glaze, Teflon ferrules were applied to integrate
the membrane support into the module. Other alternatives to Aremco 617 were
investigated, however, they either poisoned the membrane with time, or were incompatible
with in situ regeneration of the membrane at 300 °C. Additionally, this module exerted
sufficient force in the axial direction from the Teflon ferrules that the ends of the ceramic
membrane support were sheared off, and so this module is not recommended for future

studies. Module 3 also utilized Aremco 617 to glaze the membrane support, but instead
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utilized graphite gaskets on top of the Aremco 617 layer to integrate the membrane into the
module. This arrangement is compatible with 300 °C regeneration conditions, did not
poison the membrane with time, and can reproducibly measure membrane permeances
following removal of the membrane from the module. The disadvantage of this module is
that Aremco 617 is likely consumed during membrane synthesis, which creates additional
defect pathways for gas transport. Although membrane testing with this arrangement is

reproducible, its results therefore do not reflect true membrane layer performance.

Membrane fabrication was also optimized in this study by investigating the effects
of precursor solution concentration and number of interruptions during membrane
synthesis to a limited extent. It was also intended to measure and control pressure during
this process using a custom made autoclave, however, the autoclave did not function as
well as the commercially available autoclave. Membrane synthesis therefore resumed using
the commercially available autoclave for the membranes fabricated later in this research.
This investigation found that good membranes could be fabricated using the optimized
synthesis solution molar ratio found by others, and that there appears to be a relationship
between autoclave fill level and membrane quality. The mechanism responsible for ideal
membrane performance in this case is unknown since autoclave pressure could not be
measured during synthesis, and there is no saturation pressure data available for TPAOH
at the temperature used to synthesize silicalite membranes to the best of our knowledge.
Regardless, a relationship likely exists which could be limited by the rate of diffusion of
TPAOH into the pores of the membrane support, which is worthy of further investigation.

It is therefore recommended that future research is conducted to combine the
beneficial attributes of modules 1 and 3 so that superior membranes can be reliably
characterized in the future. Also, more fundamental data should be collected with respect
to temperatures, pressures, and solubilities of SiO2 in TPAOH and water. In doing so,
changes in membrane performance can be attributed reliably to hydrothermal synthesis
conditions, and modifications to membrane fabrication methods quickly discounted or
adjusted based on their expected changes to the synthesis conditions. Finally, a rigorous

analysis using membranes fabricated in batches with more varied autoclave fill levels is
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required to prove the hypothesis that autoclave fill level promotes better zeolite crystal

formation inside pore plugged membranes, which is recommended for a future study.

7.5.0 ABBREVIATIONS

H20 Water

He Helium

N2 Nitrogen

02 Oxygen

Si Silica

SiO» Silica dioxide

TiO; Titanium hydroxide

TPAOH  Tetra-propyl ammonium hydroxide
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Conclusions, Contributions to Original Knowledge, and Recommendations for
Future Work

8.1.0 SYNOPSIS

A summary of the contributions of each chapter to achieving the three main

objectives, and one sub-objective of this thesis is as follows.

For the objective to fabricate defect free silicalite membranes, it was necessary to not
only fabricate several different membranes under different synthesis conditions and
evaluate their quality, but also be certain that the measured performance results were
reliable, and reproducible. The work in Chapters 2, 3, 5, and 7 have therefore contributed
to the investigation of this objective. In Chapter 2 (Characterization of Inorganic Silicalite-
1 Membrane to be Used for the Separation of Greenhouse Gases), the performance of a
single promising membrane is presented. This study demonstrates the different transport
phenomena that affect gas transport through silicalite membranes, and therefore establishes
that adsorption and diffusion phenomena should be considered to assess membrane quality.
In Chapter 3 (Pore Plugging Synthesis and Characterization of Silicalite-1 Membranes
Using Tubular TiO2 Supports: Effect of Support Pore Size on Membrane Performance), the
performances of 9 different membranes which were fabricated in three separate batches
were analyzed to identify optimum fabrication conditions. In Chapter 7 (Optimization of
Silicalite Membrane Fabrication Procedure, and Gas Permeation Module Design and
Development), the conditions that were investigated to optimize the fabrication of new
membranes, including those which are not present in Chapters 2, 3, 5 and 6 of this thesis,
have been summarized. Also, the various issues that were encountered to assess the
reliability of the measured performance results due to module and sealing issues are
presented in this chapter. Some of these issues are responsible for creating defects in newly
fabricated membranes. In Chapter 5 (In-Situ Characterization of Inorganic Membranes
Subject to Viscous, Knudsen and Surface Diffusion Flow Regimes), the lessons learned
from Chapter 7 were used to fabricate and test membranes whose performance is
reproducible, despite their less desirable performance in comparison to some of the
membranes in Chapter 3. Although defect free membranes were not fabricated, many tools
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and techniques were developed in this work which other researchers can use to achieve this

objective in the future.

For the next objective to characterize the structure of defect containing membranes
using a limited number of in-situ permeation tests, the method presented in Chapter 5 was
developed. In this method, parameters which describe the structure of the characterized
membrane are determined, from which more complex models can be applied to design
membrane processes. Additionally, these parameters can be used to direct optimization
studies as differences in the structure of fabricated membranes can be related to
crystallization phenomena and membrane synthesis conditions. This characterization
method relies on diffusion ratios that have been determined from uptake experiments using
beds of packed crystals which have been presented in Chapter 3, and the method was
validated by comparing membrane performance predictions with experimental results using
CHs and CO..

For the final objective to determine characteristic Maxwell-Stefan (MS) diffusivities
and exchange diffusivities of defect containing silicalite membranes, the method presented
in Chapter 6 (Maxwell-Stefan Model Characterization of Silicalite Membranes Containing
Viscous and Knudsen Sized Defects with CO2 and N2 gas mixtures) was developed. In this
method, the MS model is used, as well as the method presented in Chapter 5 to firstly
quantify defect contributions to membrane transport, and then exclude them from MS
analysis. In doing so, intrinsic characteristics for membranes composed of silicalite are
determined. To validate this method, the characteristic diffusivities were compared to
experimentally determined diffusivities using Infra-Red Micro-imaging (IRM), which is
described in Chapter 4 (Equilibrium Isotherms and Transport Diffusivities for CO, and
CO2/N2 Mixtures in Silicalite measured by Infra-Red Micro-imaging). IRM has not been
used to determine this information for the system of silicalite-CO2-N2 before, and therefore
this work was a sub objective of this thesis. Although uptake methods using beds of
crystals, and molecular simulation models exist which can alternatively be used to
determine diffusivities, these models are subject to many assumptions in comparison to
IRM analysis using a single crystal. Unlike uptake methods using beds of crystals, thermal

effects, as well as inter-crystal diffusion resistances do not influence the results determined

224



Chapter 8 - Conclusions, Contributions to Original Knowledge, and Recommendations for
Future Work

using IRM and do not need to be discounted. And unlike molecular simulation models,
accurate parameters which describe the force field inside zeolite crystals with complex
geometries are not required with IRM since the uptake of molecules inside the crystal is
measured. As a result of these benefits, meaningful diffusivities were determined with IRM
given a limited number of assumptions, and reasonable agreement between diffusivities
determined using the method in Chapter 6 and IRM. The method developed in Chapter 6
can also be applied to other pore plugged membrane types, with other gas pairs, and is a
powerful method for designing membrane processes.

8.2.0 CONCLUSIONS

The pore plugging method was used to fabricate silicalite-1 membranes inside tubular
TiO, ceramic membrane supports, which had 10-um thick porous active layer with defined
average pore sizes between 0.2 and 1.4 um. Additionally, the effects of autoclave fill level,
precursor molar composition, and interruptions in heat treatments on membrane
performance were investigated. From these experiments the best performance was typically
achieved using membranes whose average pore size was either 0.45 or 0.8 um, using a
precursor molar composition of 1: 0.45 : 27.8 SiO2 : TPAOH : H20, with the autoclave
filled to a level more than 80% of its volume with the solution, and with a single interruption
in heat treatment. At these conditions, ideal selectivities for N»/He were found to be
between 1.8 and 2.8, which indicates that surface diffusion was a dominant transport

mechanism in these membranes.

It was later found that membrane performance deteriorated with time, and therefore,
alternative modules and sealing methods were designed and tested that could withstand
regeneration temperatures between 120 °C and 300 °C. This investigation showed that the
best performance was observed when using Torrseal epoxy to integrate the inorganic
membranes into a metal permeation module, although using Torrseal limits the maximum
regeneration temperature to 120 °C. Alternatively, a different permeation module was
designed, which utilizes graphite gaskets to integrate membranes whose ends have been
glazed. In this thesis, membranes were removed from the module and regenerated at 300

°C inside an oven. This module could however, be used with an inline gas heater to
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regenerate inorganic membranes in-situ, and at temperatures up to 300 °C. Gas permeation
experiments were found to be reproducible following regeneration at 300 °C inside an oven
with this module, however, the ideal selectivities for No/He of membranes tested using this
module ranged from 1.2 — 1.7. The reason for this reduced performance was attributed to
consumption of the glaze compound at the axial membrane faces, which led to gas
molecules bypassing the membrane layer during permeation tests. This behaviour was
proven by first measuring the permeances of He and N2 through a membrane whose ends
had been sealed with Aremco 617 using the graphite sealed module. The membrane was
then removed from the module, Torrseal applied to the glazed surfaces of the membrane,
and the He and N2 permeances re-measured using the Torrseal compatible module. As
expected for membranes whose defects had been covered by Torrseal, He and N2
permeances using the Torrseal compatible module were less than permeances measured
using the Aremco 617 and graphite sealed module, and the membrane was more selective
for N2/He.

In addition to evaluating membrane quality based on ideal selectivities, an alternative
method was developed to describe the volume fraction, effective length, and the size of the
selective and non-selective channels of membranes. This method does not destroy or
contaminate the analyzed membrane, and utilizes a limited number of in-situ gas
permeation experiments before and after membrane calcination using the graphite sealed
module. This method was validated in two ways. Firstly, by comparing permeance
predictions for the gases used to characterize the membrane (He and N3) at untested feed
pressures, with experimental permeances. Then, this method was further validated by
comparing permeance predictions for untested gases (CO2 and CHas) with experimental
ones. In combination with the characterization parameters determined using the proposed

method, the Maxwell-Stefan model was used to determine diffusivities B, , B¢, and
exchange coefficients B ., and B, ,, forsilicalite crystals in membranes containing

defects. In this way, the surface diffusion transport through zeolite crystals was
distinguished from defect transport contributions to total permeance. Additionally, these

predicted diffusivities were compared to diffusivities measured using Infra-Red micro-
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imaging inside a single zeolite crystal at the University of Leipzig, which were in

reasonable agreement with each other.

The research undertaken in this thesis therefore addresses the macro scale challenges
with separating gas mixtures using zeolite membranes, and links their performance to the
physico-chemical characteristics of single zeolite crystals. With this knowledge, the quality
of newly fabricated membranes can be quantified using meaningful characteristics, and

their performance at untested conditions can be predicted.

8.3.0 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

e In this work, a novel method for characterizing newly fabricated zeolite membranes
containing viscous and Knudsen flow sized defects has been developed. Unlike other
characterization methods, this method requires the results of a limited number of in-
situ gas permeation measurements, and does not damage the structure of the membrane
like other existing techniques such as permporometry and polymer sphere permeation
experiments.

e For the first time, defect flow contributions have been discounted from binary gas
mixture permeation results, and the MS diffusivities and exchange coefficients related
to molecular transport through zeolite crystals are calculated.

e For the first time, the diffusivities of pure CO., as well as CO present in gas mixtures
with N2, has been measured using a single crystal of silicalite by Infra-Red Micro-
imaging. Also for the first time, CO> adsorption isotherms of silicalite for CO. present

in mixtures with N2 have been measured using Infra-Red Micro-imaging.

8.4.0 RECOMMENDATIONS FOR FUTURE WORK

e Toenable regeneration of membranes without exposing them to atmospheric gases, an
in situ heater to regenerate membranes at 300 °C should be installed.
e To reduce thermal stress which can cause defects in the membrane during calcination

at 500 °C, the minimum temperature for TPAOH removal should be determined. Also,
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drying and calcining membranes should be carried out inside a convection oven or
tubular furnace, in an atmosphere that is free of moisture to ensure controlled heating
and cooling of the membrane.

To ensure that the selective layer is not bypassed during permeation tests, an alternative
glaze to Aremco 617 should be found which could be used to integrate ceramic
supported zeolite membranes into the graphite sealed module. The ideal material is
resistant to alkali attack at high temperatures, does not off gas polar components (or
off gassed molecules can be removed by thermal regeneration), does not excessively
expand at high temperatures, and creates a hermetic coating. Borosilicate glass,
porcelain, UV cured polymers, specialized cements, or an alternative material that is
already in use by another specialization should be tried. Additionally, a method should
be set up to test these sealants quickly, and without wasting membranes.

To better control the permeate side pressure during permeation experiments so that the
permeance of different gases can be compared at equivalent feed and permeate side
pressures, the length of the permeate stream vent line should be reduced. This could be
achieved by moving the setup into a fume hood if it is desired to continue to test
flammable gases such as CHa, or alternatively, tests could be designed which use non-
flammable gases.

To evaluate the hypothesis that autoclave fill level affects the quality of zeolite
membranes, an autoclave should be developed which contains a port that a pressure
gauge can be attached to. From the measured pressures, correlations between
membrane quality and the consumption of TPAOH to direct zeolite synthesis can be
made. This autoclave should contain a chemically resistant liner, and a hydrophobic
filter between the autoclave and a pressure gauge so that pressure can be monitored
during membrane synthesis without the risk of caustic vapors attacking the gauge
mechanism or reacting with exposed metal surfaces. The autoclave should also include
a mechanism to keep the autoclave sealed during cooling periods, such as a Belleville
or wave spring washer, like commercially available autoclaves.

To link membrane performance with the characteristic parameters determined using
the proposed characterization method, fundamental data to describe the autoclave
conditions during hydrothermal synthesis should also be determined. Ideally, the
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solubility of SiO in mixtures with H,O and TPAOH, and the saturation pressure curve
for TPAOH would be established.

To increase the concentration of the selected component in the permeate stream and
improve membrane performance, gas permeation experiments should be conducted
below room temperature where adsorption affinities are stronger. This will also
increase the surface occupancy gradient across the membrane, which will make it
easier to characterize membranes using the Maxwell-Stefan model. These colder
temperatures exist for several months of the year in Canada, and it would not be
unreasonable for a membrane system to be located outside at a processing plant. The
setup is currently capable of temperatures as low as 4 °C, and immersion cooling of the
feed gas stream using liquid nitrogen cooling could possibly be used to lower the
temperature further.

To further improve the accuracy of membrane characteristics determined using the
Maxwell-Stefan model, and complement low temperature zeolite membrane
permeation tests, binary isotherms for N2 and CO: in mixtures at 3 different
temperatures below room temperature should be determined. Although this data has
been determined near room temperature (26°C), models and assumptions are required
to extrapolate this information to current experimental temperatures of 20 — 24 °C,

which is a source of uncertainty.
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Appendix 1

Error Analysis for In Situ Characterization

The defect characterization model equations are as follows.

Piou =xd§M+xdd1 8 (1)
' 644, RT 3\ M .RT
PN U =Xd§M+del L (2)
2 64, RT 3\ M RT
1 8
P = d2 (ph + pl) d d )= 3
He = X d64,uHeRT+(X ety z)3 M. RT (3)
pooxazPatP) g 18 L faa @
2 644, RT 3\ M RT P, — P,

Where unknowns x, dq, ¥, and Dt are solved for given the experimentally determined
pressure and permeate flow rates (as required to determine permeances) of He and N2 gases

through the membrane before and after membrane calcination.

The uncertainties of each unknown parameter have been determined using standard error

equations, which are as follows.

A(x £ y)=[AX + Ay ()
so1=on (3] + 5]
OG0

A sample calculation for the determination of errors pertaining to the calculation of

characteristic parameters at the lowest pressure differential investigated is shown to

demonstrate the error analysis procedure.
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The experimentally determined parameters are shown in Table A.1.1.

Table A.1.1. Experimentally determined pressure and permeate flow rate values. Pressure
uncertainties are equal to 0.5 psi for t he feed side pressures, and 0.1 psi for the
permeate side pressures. Flow rate time uncertainties are the maximum variation in
times measured in comparison to the mean determined from at least 5 measurements.
All experiments were conducted at a temperature of 295 + 1.5 °K.

Pressures Flow rates
_ Bubble Time for
Zeolite )
Feed Permeate flow meter film to
crystal Gas ) Uncert. ) Uncert. Uncert.
side pn side pi (BFM) cross BFM
state
volume volume
[Pa] | [Pa] [Pa] [Pa] [ce] [s] [s]
) He 171203 | 3447 108461 689 9 13.152 0.1
Uncalcined
N2 171976 | 3447 107992 689 9 16.724 0.1
_ He 170458 | 3447 108516 689 90 43.222 0.1
Calcined
N2 170300 | 3447 108426 689 90 23.556 0.1
Pressure differential uncertainty is therefore:
_ _ 2 2
Ap, — p,)=+/3447% + 689 @®)

A(p, — p,)=3515 Pa

To determine permeances, membrane area Am is also required, which is a function of

membrane diameter D and length L which were measured with calipers, and are calculated

as follows.

D =0.551+0.008cm
L =6.035+0.005cm
A, =7DL =7.0.551.6.035

A =10.447cm’® = 0.001045m?

)
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The membrane area uncertainty is therefore:

A(A,)= 0.001045\/(°-°°8j2 ' (0-005j2

0.551 6.035
A(A,)=1.52.10"° m?

(10)

From the data in Table A.1.1, permeate flow rates can be determined by dividing bubble
flow meter (BFM) volume by the time taken for the film to cross the BFM volume.
Permeate flow rates for He and N2 prior to and following membrane calcination are
therefore as follows.

0.000009 m®

Vo = = = 6.843.107 +6.843.10"
Y 7131524015 13.152 (113)

3
Viyey =6.843.107 £5203.10° T
' S

V,,, = 2000009 Mm% g0 10745381107
z 16 724+0.15s (11b)

Vo =5.381.107 £3.218.10°° m’

S
e (000009 m* _, 105 106 4 9.082.10°¢
432221015 43 222 (110)
V., - 208210 +4818.10° ™
S
3
- 0.00009m” _ 5951 106 +3.821.10°°
* 23556+0.1s 23.556 (11d)

3
V., =3.821.10° +1.622.10° m?

PN2

The permeate flow rates determined using equation 11 can then be converted to standard
temperature values but not standard temperature and pressure (STP) as the pressure at the
permeate side BFM pressure was not measured. If it is reasoned that the permeate side
BFM pressure is 1 psi above atmospheric pressure, and has an uncertainty of 1 psi, the STP
uncertainty can however be calculated. This has been done in equation 12 which follows.
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3
6.843.107 M
V.. = S_273.15K
priel 295.15 K
) I 6895 V¥ (5203.10°) ([ 15 )
Ve = 6.333.107 £6.333.10 + —| + (12a)
108220 6.843.10 295.15
mS
Vi ey =6.333.107 £4.076.10° —
' S
m3
5.381.107 o
V. .= 273.15 K
PNz U 295.15 K
2 9\?2 2
Vv =4.980.107 +4.980.10” ( 6895 j + 3'218'10_7 +£ 15 j (12b)
2 108220 5.381.10 295.15
m3
V,y p =4.980.107 £3.197.10° —
2 S
m3
2.082.10° ——
Ve =——————>273.15 K
295.15 K
2 _9\2 2
Vi =1.927.10° +1.927.10°° ( 6895) 4| 481710 +( L> ) (12c)
108220 2.082.10 295.15
m3
Ve =1.927.107° £1.232.107 e
m3
3.821.10° "
Vi, =—————>273.15K
2 205.15 K
2 g \?2 2
V,y, =3.536.10° +3.536.10° ( 6895) 4| 162210 +( L> j (12d)
2 108220 3.821.10 295.15

3
V,y, =3.536.10° +2.265.10 7 "

PN S

The permeate flow rates can then be converted to molar flow rates, and then fluxes using

equation 13.
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3
6.333.107 M 10001 imol
;o s m® 2241
HeU 0.001045 m?
g\2 5\2
3., =2.706.102 +2.706.102 4'076'1077 L[ 15210 (13a)
* 6.333.10 0.001045
3,y = 2.706.107 £1.790.10° m‘;'
Y m-S
3
49801077 M 10001 dmol
3 s m 2241
Nz.U 0.001045 m?
8\2 5\2
Jyu =2128.107% £2.128.102, 3'197'10_7 + 1.52.10 (13b)
: 4.980.10 0.001045
J . =2128.102 +1.401.10° mg"
z mes
3
1.927.10° M 1000 | mol
;o s m® 2241
He 0.001045 m?
7\2 N2
J, =8235102 +8.235.102 —1'232'1076 [ 152107 (13¢)
1.927.10 0.001045
J,, =8.235.102 £5.400.10" mf'
m-S
3
3.356.10 milloog) I . 1mol
3 s m° 2241
N 0.001045 m?
2\2 5\2
J, =1511.10% +1511.10% ([ 226510 | (15210 ° (13d)
2 3.356.10°° 0.001045
J,, =1511.10" +9.930.10% ™%
m-S

From the fluxes and pressures, permeances can then be calculated using equation 14.
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2.706.102 .M
P - m°s
el 171203 -108461 Pa
2 2
1.790.10°° 3515
P., =4313.107 +4.313.107". +
ey \/[2.706.1on (62743) (142)
P, = 4313107 +3.734.10° M
' m“sPa
2128102 M0
P — m-s
MY 171976 107992 Pa
2 2
1.401.10°° 3515
P, =3.326.107 +3.326.10". + 14
v \/{2.128.102j (63984] (14b)
P, =3326.107 285210 1
m*sPa
8.235.102 .M
P = m-Ss
M 170458 —108516 Pa
2 2
5.400.10°° 3515
P.=132910"°+1.329.10°. || ————— | +| —— 14
He \/{8.235.102] (61942) (14c)
P, =1320.10° +1.153.107 1%
m-sPa
1.511.10% . m‘;'
P - m°s
“: 170300 —108426 Pa
2 2
9.930.10°° 3515
P, =2442.107° +2.442.10°°, || 20| 4| ===
N \/[1.151.101J (61874} (14d)
P, =244210° +2.121.107 1
: m<“sPa

To solve for unknowns x and dq analytically, constants Cy,He, Ck,He, Cvn,, and Ck, are

defined as shown below. Next, equations 1la and 2a are divided by each other to eliminate
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X, and then the resulting equation 15 is divided on both sides by dq to determine dq using

equation 16.

1
CVHe = {64 }
Hye RT

Cop = L = — 0.3232+0.3232 (—
64.1.97.10° Pas 8.314 ™ 2 295.15K
molK
Cove = 032320001612
m®Pa’s
1[ 8
Crie =151 50 B
{3 7z|\/IHeRT}
1 8
Cu "3 kg mPas? m*Pa
3.14.0.004 "9 8.314" %295 15K
mol kg molK
Cyo,. = 0.1697 +0.0009—1
m?Pas
1
Cw, Vo 57
64/, RT
1
Cw, = m*Pa
64.1.76.10 5 Pas 8.314 " © 295.15K
molK
15
C,, =0.3618+0.3618, [ ——>
: 295.15
Cu, =03618+00018 %
m Pa S
1
C _
1 8
Cun "3 kg mPas? m*Pa
3.14.0.028 "9 8.314" 2295 15K
mol = kg molK
Cy, = 0.0642+0.0003—!
: m*Pas

295.15

=0.1697 £ 0.1697 (

=0.0642 +0.0642 [

1.5

295.15

1.5

295.15

;

;
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P —xdz<ph+p')+xd 1/ 8 (1)

‘641, ,RT ~ “3\|2M . RT

He,U

Preu = dez (ph + P )He,U Cure +Xd3Crpe

Pieu =X {dj (ph + P )He,U Cire + ddCKHe} (1a)
PNU:XdEM—}_deE L (2)
: 641, RT  ° 3\ M, RT

Py,u = ng (ph + p|)N2,u CVN2 + deCKNZ

2

Py,u =X {dj (ph + D )NZ,U Cw, +ddCKN2} (2a)
2

I:>He,U _ dd (ph + pl )He,U CVHe +dd CKHe (1&/2&)

PNZ,U ddz (ph + P )NZ,U CVN2 +dd CKNZ

Preu {d; (ph + P )NZ,U Cun, Td4Chy, }: Py, u {ddz (ph + P )He,U Cite +ddCKHe} (15)

Preuds (ph 0 )NZ,U Cwn,  PreuCun, =Py, 04y (ph Y )He,U Cute T Py, u Cre

dd {PHe,U (ph + P )NZ,U CVN2 - PNZ,U (ph Y )He,u CVHe }: PNZ,UCKHe - PHe,UCKNZ

PNZ,U CKHe - PHe,U CKN2

d =
‘ Preu (ph + P )NZ,U Cw, =Py, u (ph + b )He,U Cite

(16)

To simplify the error analysis for dg, equation 16 can be divided into 4 terms; i — iv.
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To' 0.1697 Mol

m?sPa m?sPa

2.852.10° jz +(o.ooog]2

i =P, ,Cype =3.326.10”

3.326.10”" 0.1697

mol 2

m*s’Pa?

mol_ 5 oggp MO
m<sPa m<sPa
3.734.10°° JZ . [o.ooossj2

4.313.10°7 0.0642

i =5.646.10"° +5.646.10° \/(

i =5.646.10° +4.849.10°°

ii = P,y Cyy, =4.313.107

ii=2.767.10°+2.767.10°® \/(

mol?
432 Pa2
iii = Py (P + Py )y, 0 Gy, =4.313.107

ii =2.767.10"° +2.400.10°°

Mol 171976 + 107992Pa)0.3618 " _

m-sPa m®Pa’s

8\? 2 2
iii=0.0438 +£0.0438 —3'734'1077 +( 3515 j + (_0.0018)
4.313.10 279968 0.3618

mol 2
m°s?Pa?

iv="P, , (p, +p, )He'U Cyne =3.326.10°7

iii =0.0438 £ 0.0038

Mol 171203 + 108461Pa)0.3232 M

m-sPa m*Pa’s

-8 2 2 2
iv=0.0300 + 0.0300 \/(M] +( 3515 j +(o.0016J

3.326.10°" 279664 0.3232

mol 2
s?Pa?

iv=0.0300 £ 0. 0026

The subtraction operations for equation 16 can then be conducted as follows for the

numerator 16a, and denominator 16b.

L mol? mol® > >
i —ii=5646.10° "2 _2767.10° "9 1 /(4.849.10° Y +(1.400.10°
m*s?Pa’ m*s?Pa? ‘/( ) ( )
2
i —ii=2.878.10 +5.410.10° %
PaZ

(16a)

238



Appendix 1 — Error Analysis for In Situ Characterization

o mol? mol?
iii—iv=0.0438——— - o.o3oom +/(0.0038)* +(0.0026 )2

°s?Pa

m's (16b)

2
i —iv = 00138+ 0.0046 1O
m°s“Pa

dq can then be determined by substituting 16a and 16b into equation 16.

mol?
P el | m*s®Pa’
“iii—iv mol 2
00138 ¢

m®s?Pa

. 2.878.10°®

d

2.089.107° +2.089.10°° —
2.878.10" 0.0138

5.410.10"° jz +(o.ome}2

d, =2.089.10° £8.056.10 ' m

dd can next be substituted into equation 2a, which once rearranged into equation 2b can

then include lumped terms v and vi, and finally be used to calculate Xx.

x= P (2b)

v=dZ(p, + P)y, Cun, = (2.089.10° ' m? (171976 +107992Pa).0.3618;nT0|2
: 2 m-rFa“s
-7 2 2 2
v=3939.107 £3939.107 [2| 902010 +( 3515 j +(o.oomj
2.089.10 279968 0.3618
v=3939.10" +2.149.10~ -MoL_
msPa
Vi=d,C,, =2.089.10°m.0.0642 TO'
’ m?sPa
73\2 2
Vi=3546.10" +3.546.10°7 [ 202610 +(0-0003J
2.089.10 0.0642
Vi =3.546.10 +1.367.10~ -2
msPa
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vivi=3939.107 MO, 3546.10-7 MO
msPa msPa
V+vi=7.48510"7 +(2.149.107  +(1.367.107 ]
V4vi=7.485.107 « 2.547.10~" ML
msPa

Calculation of x.

mol

3.326.10"7 Y I

P 2 5 7

Yo TN mmsp;a 05764 0.576 \/[2.852.10_7j +(2.547.10_7J
V4V 5 goe g7 MO 3.326.10 7.485.10

msPa

x=0.576* 0.2021
m

To calculate the uncertainty of y, the equation to describe He permeance through the
calcined membrane Py, is calculated by rearranging equation A.3 as follows, and then for

greater clarity, the terms of the resulting equation, equation A.3a have been denoted vii —

ix and analyzed.

P =xdZ ——"1~ (p E
64u M RT 713\ M RT A3

PHe Xd (ph + pl He X

g :dzCKHe d,CueCoute _d

z

1.320.10° MO
vii = Pre _ m“sPa
d.Ce  5510m0.1697 M
m?sPa
-7 2
vii = 14239.031 +14239.03 1'153'10_6 +(0'0009j
1.329.10 0.1697

vii =14239.031+ 1237.6411
m

240



Appendix 1 — Error Analysis for In Situ Characterization

ng(ph + pl )He CVHe

viii =
dZCKHe
0.576£(2.089.10 ) m.m (170458 +108516)Pa 0.3232 —— mol
Viii = m m®sPa?
5510 m 0.1697 !
m*sPa
_7\2 2 2 2
Viii = 2428231 1 2428.231 [O 202} 9 8.056.1076 J{ 3515 ] +(0.0016j +[0.0009]
0.576 2.089.10 278974 0.3232 0.1697
viii = 2428.2314_r1574.859l
m
0.576£2.089.10‘6m 7\2
oo o T m — 2187.753+ 2187.753 (0202} 4| 805610
d, 5510 m 0.576 2.089.10
iX= 2187.753i1140.753i
m
y can then be calculated from vii — ix.
1 1 1

y = Vii —Vviii—ix =14239.031— — 2428.231— — 2187.753— = 9623.048
m m m

y =9623.048 + V1237.641° +1574.859° +1140.371°

y =9623.048 + 2304.861l
m

Similarly to the calculation of y, to calculate the uncertainty of D, the equation to describe
N2 permeance through the calcined membrane P, is calculated by rearranging equation

A.4 as follows, and then for greater clarity, the terms of the resulting equation, equation

A.4a have been denoted x-xiii and analyzed.

pxgz(PitP) 1 8 -G )
: " 64, RT 3\7M RT “(p,-p, : "
PN2 xd (ph+ p|) N, deCKNz
Dy, =—— i
Xl Xi Xl
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Amounts adsorbed gn and q are first calculated, and then the parameter xi which will be

included in the parameters xii — xiv.

b oy 0072 P1a170300 Pa ol
Qin, = qs ﬁ =1.930 K 1 = 0.242k—
Py 9 140.072 = 170300Pa g
Pa
op oy 0072 P1108426 Pa .
O, =qsﬁ=1.930 ” a1 =0.165- -
Py 9 1+0.072-"-108426Pa g
Pa
. 0.2421‘0'—0.165”;(" .
xi=y| =9 |, _9623.048= 9 9 lgoo-9
P, — P, m| 170300Pa —108426Pa m

2 2
Xi =21.556=% 21.556\/[ 2304861) +( 3515 )

9623.048 61874
mol

Xi =21.556 +5.306 7
m”Pa
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mol

2.442.10°° e ”
P 2 7
Xii = —= = m-sPa _1 133107 +1.133.10” (2'121'10_6j +(5'3O62j
Xi o ceg MOl 2.442.10 21.556
m*Pa
2
xii =1.133.107 +2.957.10°
S
Xd(jz(ph+pl)N2CV\N2
Xl = .
Xl
0576 © (2.089.10* ' mm (170300 + 108426)Pa 03618 "0
xiii = m m°sPa
21556 !
m~Pa
2 —7\2 2 2 2
Xiii=1.176.10° £1.176.10" (—O'ZOZJ 4o 800107 +( 3515 J +(0'0018j +(5'3062J
0.576 2.089.10 278726) | 0.3618) ' \ 21.556
2
Xiii =1.176.10° +8.157.10°
S
i c.  05762089.10°m00642
\iy = -KNZ _ m m-sPa
X 21556 M
m”Pa
2 _7\? 2 2
xiv=3584.10° +3584.10° |[ 2202 | [ 8050107 +[0'0003 + 53062]
0576) | 2.089.10 0.0642 ) | 21.556

2
Xiv=3.584.10"° + 2.066.10° M
S

D, can then be calculated from xii — xiv.

2

2 2
D, = xii—xiii—xiv=1.133.10" ™ ~1.176.10° ™ _3584.20°
: S S S

2
D, =9.794.10° ™
2 S

Dyy, =9.794.10° +4/(2.957.10 ) +(8.157.10° f +(2.066.10 ]

2
D,, =9.794.10° +3.074.10°
2 S
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Appendix 2

Derivation of Maxwell-Stefan Equations

The following derivation is for the determination of self and exchange diffusivities
of two components; i and j that are present in a binary mixture, and fed to an adsorbent
membrane using the Maxwell-Stefan (MS) model. A representation of the MS model is
shown in Figure A.2.1. According to this model, the feed side and permeate side
compositions must be single values. To this end, the average feed side and permeate side
compositions from experimental data are used. The most reliable diffusivities are therefore
found at zero stage cut conditions when the deviations from the average composition values
are minimized. This model assumes that there is no back mixing or pressure drop on the
retentate and permeate sides of the membrane, and that the experimental data has been
collected at steady state. Additionally, the surface coverage at the boundary conditions is
calculated by fitting adsorption data from binary adsorption isotherms to the Langmuir
model, and using the Langmuir model as required. More specifically, adsorption capacities
are taken from binary adsorption isotherms at the composition of interest, and are then
plotted as a function of partial pressure. By utilizing binary adsorption isotherms instead
of pure component isotherms, more reasonable characteristic diffusivities are obtained.
Although tubular membranes are used, their diameter is two orders of magnitude larger
than the membrane thickness. The curvature of the membrane has therefore been neglected,
and the geometry of the membrane layer assumed to be rectangular. The following
derivation equations can be found in the PhD thesis of Muhammad Tawalbeh, the previous
PhD student for this project (M. Tawalbeh, Silicalite-1 Membranes Synthesis,
Characterization, CO2/N2 Separation and Modeling, 2013).
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p, [Pa]

p[ [Pa] z

L,[m’(STP)s ]
xf [_]

9!'(2-1) \l’ 6}'(2-1)

dl=1/n

o~ Oy T | Yo

L [m'(STP)s ]
x [-]

ei(FI) ’ 6}(2=1)

Hi(z:n—l) ’ ej(z:n—l)

Hi(Z:n) ’ ej(Fn)

v [-]

p

> -1
Vp [m (STP)s ]

Figure A.2.1. Schematic showing the iterative procedure used to calculate the self and
exchange diffusivities for two gases separated using an adsorptive membrane using

the MS model.

The principal equations to be derived are:

J = Biep.q;
d

|n(1+ Ki Pin j
1+ K;py

CD_ A

j F
g_CE
F

p-g
W_ ~ " d

dl F

Where A, B, C, D, E, and F are as follows:

Nj(1+6?j
ij ji

psq;naXDJ

. b.
i—l_@iij
b. b

A=

1)

()

©)

(4)
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B=I,+ 0, ='T, |+| 6, =T, (5)
1] ] 1] ] ]
b, b;
B, B,
C:Fji+ HjEFji + HJ-D—F" (6)

PG B, )
b. b.
E=T; +{0i—‘rij]+(ei—’r”] (8)
Dji Dij
Pb. Pp.
F:Ei+[Hi_Jriij+(9i_JFjiJ 9)
Dji Dij

Derivation of Eq. 1.

Eq. 1 is used to calculate the self-diffusivities of each gas inside the membrane. This
is equivalent to the diffusivity of gas molecules subject to interactions from molecules of
the same type, as well as with the adsorbent material. The results from single gas

permeance experiments are therefore used.

The general flux of a component i can be written as follows.

where Ji [mol-m-s] is the pure gas molar flux of component i, ui [m-s™] is the velocity of
component i through the membrane, and c¢i [mol'm®] is the molar concentration of
component i. For the membranes used in this study, mass transport proceeds inside the
pores of silicalite, and so density and adsorption capacity can be substituted for c; as

follows.

J, =un0 (11)
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where ps [kg:m™®] is the density of silicalite, and gi [mol-kg™] is the adsorption capacity of

component i.

The driving force for a diffusive process is chemical potential x, and is opposed by
frictional forces. The general diffusive flux of a component i can therefore be written as

follows.

du
fu =——-—+ 12

where f [J-s'mol™*-m?] is a friction coefficient, and xi [J-mol™] is the chemical potential of
component i. dl is the membrane thickness of a segment over which chemical potential is

measure

Given the assumption of ideal gas behaviour, Eq. 12 can be expanded as follows.
d( o
fu, = E(”‘ +RTInp,) (13)

where and % [J-mol™] is the chemical potential of component i at standard conditions;
which is true for the permeate side, R [8.314 J-mol™*-K™!] is the gas constant, T [K] is the
experimental temperature, and pi [atm] is the partial pressure of component i, which is

equivalent to the total pressure for a pure gas.

Eqg. 13 can be rearranged and substituted into Eq. 11 as follows.

! __RTdlInp, »
T (14)
RT dInp,
J =——— L 5.g
1 f dl quI (15)

Since adsorption capacity gi [mol-kg] is a function of partial pressure, and different
at the feed and permeate sides of the membrane, the change can be expressed as shown in
Eqg. 21, and substituted into Eq. 15 as follows.

da;

ding, = (16)
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), RTdhnp dg,

ALl 17
TP ding, dl (17)

where dilnpi divided by dIngi represents the gradient of the equilibrium isotherm in
logarithmic co-ordinates.

Given the following relationships for Fickian transport diffusivity Di [m?s?] and
Maxwell-Stefan (MS) self diffusivitiy Bi [m?-s]; where MS self-diffusivity is equivalent
to the corrected transport diffusivity, Eq. 17 can be re-written as follows.

RT dInp.
D=——-—+- 1
" f ding (18)
RT
Di:T (19)
: In p. do.
3, =—p.p B __,pdinp dd (20)

a7 g, dl

Whereas Fickian diffusivities are a lumped parameter that includes deviation from
ideal gas conditions, MS diffusivities are separate from thermodynamic effects. MS
diffusivities are therefore preferable for characterizing adsorptive membrane performance
as the driving force for gas permeation in an adsorptive membrane is adsorption capacity
difference, which is a function of temperature. The relationship between Fickian and MS
diffusivities is therefore as follows.

din p,
D, =D,—— =D T 21
| I d In ql | ( )

where I" [-] represents the thermodynamic correction factor to MS diffusivity that is
included in the Fickian diffusivity. Given the logarithmic relationship shown in Eq. 16 for

gi, which also applies to pi, /" can be re-written as follows.

F_dlnpi_&%

= = 22
ding;  p; dg, 2

Eg. 22 can then be substituted into Eq. 20 as follows.
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J.=—p.D &%%—_ IS} &%

i S ipi dq, dl - ps ipi dl (23)

For a pure gas, the Langmuir adsorption model is reasonable, and so can be
substituted into Eq. 23 as follows.

sat Kipi
a=4 1+ K. p, (24)
« Kip ) dp,
J =—p P |gt——iF | T 25
1 pS I[ql 1+ Ki plj pldl ( )

where K; [Pal] and g* [mol-kg] are the Langmuir adsorption coefficient and saturation
capacity respectively.

Eqg. 25 can then be integrated from z = 0 to | as follows.

1+ K, py
J =—p gD, In| ———iFn 26
1 quI 1 n(l—'— Ki pli J ( )
where pni [Pa], and pii [Pa], are the feed side and permeate side partial pressures of

component i respectively.

EQ. 26 can then be further developed to account for € [-], the porosity of the membrane
support active layer, and well as t [-], the tortuosity of the pores of silicalite, and | [m], the
membrane thickness. In this form, the MS self-diffusivity for a component i can be
calculated.

‘Ji — Pséql DI In 1+ K| phl (1)
d 1+ K;py

Derivation of Egs. 2 - 9.

MS self-diffusivities alone cannot be used to describe the transport of gas mixtures
through an adsorptive membrane. It is therefore necessary to calculate MS exchange
diffusivities which account for inter-molecular interactions. This is accomplished by fitting
binary gas permeation experimental data to the MS equations using known surface

occupancies at the boundary conditions of the membrane. Once the surface occupancies at
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the boundary conditions have been calculated, the membrane can be divided into a number
of segments z [-], and the surface occupancy profile as a function of membrane thickness
calculated. This is accomplished by assuming that the outputs for a segment are the inputs
for the subsequent segment. By therefore guessing values for MS exchange diffusivities,
and generating the surface occupancy profile, an iterative method can then be used to
change values of exchange diffusivities, and generate new surface occupancy profiles

which converge to the experimentally known permeate surface occupancy.

The generalized MS equation can first be used to describe the mass transport by

diffusion through an adsorptive membrane and is as follows.

4 Y 27)

~Vu, =RT S +RTY 0,
B- j=1

i i i
where V ui [J-mol™], is the isothermal driving force as a function of chemical potential for
component i, 6 [-], is the surface occupancy of component j, and Bj; [m?-sY], is the MS
Exchange diffusivity of component i subject to interactions with component j. The first
term on the right hand side of Eq. 27 represents the resistance to mass transport exerted by
other molecules of component i and adsorbent silicalite. The second term on the right
represents the resistance to mass transport of component i exerted by molecules of

component j.
Eq. 27 can then be rearranged, and multiplied by 6; [-] as follows.

(&

i % Ui —Uu;
RT .

o.u. i
Vu=—"">"+>» 60, ——
ll’ll Di ; 1 ] D

]

(28)

J#1
Given the relationships between adsorption capacity and surface occupancy as shown
below, Eq. 29 and 30 can be substituted into Eq. 28 as follows.

G

i T sat
i

(29)

(30)
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4 qu
— LV = — 31
RT I satD ;q qJ qsatqjatD ( )

J#L

where g [mol-kg™], is the maximum saturation capacity of the adsorbent for component
i.

Given the relationship between surface occupancies and fluxes shown in Eq. 33, Eq
31 can be modified as follows.

=076, = p,au, (32)
u N _ N (33)
P00, pg

0. 1 N, " g;N; —qg;N;
- RT v/ul = satD Z sat satD
Ps G = a4 q; Dy
j#1

(34)

where Ni [mol-m?2.s?], is the molar flux of component i when present in a binary gas

mixture.

Eq. 34 can then be simplified by relating the surface occupancies using a matrix of

thermodynamic correction factors as follows.

vy, Zr 4 (35)

]#l

where 7jj [-] is the thermodynamic correction factor for I in the presence of j, and has the

following relationships with other properties.

r,=0 NP _0 P (36)
20, p; 00,

]

Where the partial derivatives are defined by adsorption equilibrium between pi and

6. Iij can therefore also be represented as follows.

sat
o @
q| pi aqj
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Eq. 34 can then be combined with Eq. 35 as follows.

1 N, < qN_q|
IV, = — + . 38
Z ) gqstqjta (38)

S

Eqg. 38 can then be written for two components as follows.

. N; —q;N
VO +T,VO, = 1{ ';'D Al = atqD '] (39)
q; g0
N, N, —a;N,
Vo +T,Vo, = 1[ até) +qSat ai) J (40)
of g;a;

Eg. 39 and 40 can be solved simultaneously, which is represented by the matrix which

follows.

qJ 1 ql

+ PR . S
rii rij v@i 1 qsatqjatDij qisatDi qsatqjatD Ni (41)
r, r,(ve ) » g g, 1 N,

+ J
q th tDji q thtDji qJ tDJ

Eqg. 41 can alternatively be expressed in vector notation as follows.

-p[r[ve)=[BYN) (42)
where B’ can be represented by the matrix which follows.
9 1 q
qsatqjatD qlatD qsatqjatD

q J q| 1
sat at sat at + sat

(43)

Eq. 43 can then be further simplified by substitution of Eq. 29 and 30 as follows.
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5,1 _6 [12
P, B, B, |[g
B'= ij i ij i 44
G RN N (@4
- e
P. b. D, q;

Eq. 43 can additionally be simplified as follows by utilizing the inverse g matrix as

shown.
[B]=(B]a=]"
(45)

The elements of Eq. 45 are as follows.

4 . 1 _6
b. D b.
Bl=| ®i i i 46
3 4+ =
’E)JI E)J-i ’E)J
1
sat [1 qiSat
o= " = . (47)
q?at

The inverse of matrix [B’] can be calculated as shown in Eq. 48, and then used to

solve for binary mixture fluxes as shown in Eq. 49.

BT =[B]"(a*] (48)
(N)=-p.[B]"[T|VO)
(N)=-p,[a=[B]"["[v0) (49)

The inverse of a general matrix [a] can be found using Eq. 50 and 51 which follow.

Ofl g

aZl a22
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-1 1 Ay —ap
= 50
[a] Det[a] {_ Ay 8y :| 0
Det[a] =8y X8y —ap, X8y (51)

The inverse of [B] can therefore be calculated as required for Eq. 49 and has the

following form.

0 1 )
+7
B, b, 18
o 6 1
D D b
B[* = ! N 52
Bl =~ (52)

6D, 6P,
1
|:D| 0:| DJI Du
0 B, B , 0P
P. Pb.
-1 I 1
R ) e
—+—+1

Eg. 53 can then be substituted into Eq. 49 in order to describe the flux of a two

component system as follows.

6D, 6D,
1+
{isat O}{D, 0} D, B, {r" rij}[vei]
0 q?at 0 Dj 01D| 1+6jDi FJI Fjj VHJ
N, b, o8 5
N, ) 6D, 6,b, >4)
+ +1
b, b

Eq. 54 can then undergo dot matrix multiplication to generate the flux equations for
component i and j as follows as a function of thermodynamic factors, adsorption isotherm

properties, and surface occupancies.
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oD, 0D, oD, 2358
I; + I; + F Vo, + 1"ij + Fij + Fjj V&l
b. . P p.
N, =—p q_satD_X i ij ji ij (55)
i sHi i eiDj ngi
—+—+1
Bj B
0,0 6,D, 6,0 6,D, |
it 5 [ 5 Vo, +| T + L 5 I; V6,
N =—p qgatD_X i Ji ij ii (56)
j st ob,;, 0,b,
B; B;

The thermodynamic factors as required for Eq. 55 and 56 are as defined by Eq. 38.
By then assuming that the single site extended Langmuir model Eq. 57 is applicable, the
thermodynamic correction factors can be expressed as functions of surface occupancies.

The complete list of thermodynamic factors is as follows.

q.a‘K p,

q; = (57)
1+ZKk P,
k=1
[Q.S ] i 0P _ 1-9, (58)
qlsat P aql _Hj
sat
T L (59)
q p| aq] 1 6]
sat q a .
[ SatJ_]a = J 0 (60)
q j 0, - j
sat ) a ) _n
Ly = qiat 414 (61)
q;" )p;oq; 1-6,-6,

Diffusion occurs in the direction of decreasing surface occupancy from the feed to
permeate side of the membrane, the following equations; Eqg. 62 and 63, as well as Eq. 58

— 61, can be substituted into Eq. 55 and 56 as follows.
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v6,-%0.
dl

dg

Vg = —1
G dl

(62)

(63)
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1-0, ob; 1-0, 7328 0, dé 0, 0D, 0, b, 1-09 dé,
+ + - - +
1-6, -0, b, 1-6 -0, b; 1-6-06,)| d 1-6,-0, b, 1-6 -0, b; 1-6-0,)| d
N- =_p q_satD_
i sHi i eiDj ngi
—+—1
Dji ij
(64)
1-6, 0,b, 1-6 0,b, 0, do, 0, 0,b, 0; 0,b;, 1-0, dé,
+ + + +
1-6,-6, | B, 1-6,-6,) | B; 1-6-6, || d |1-6-6, | B, 1-6,-6,) | B; 1-6,-6, )| dI
N:—p q?atD.
e 0D, 0,b,
—+—+1
By By
(65)
Eq. 64 and 65 can then be further simplified as follows.
0D 0D | 1-6, (6D, 1-9, 0D, 6, \|do
N[+ 1741 + + -+
P i 1-6,-0, b, 1-6 -0, b; 1-6-0, )| dl
Il ] L .
- sat =r - (66)
PGB, 6, ob; 6 ob; 1-6 do,
- -
0D 6.D. i 1-6, 0,b, 1-0 0,D, 0, _dé?l
-N, |+l 141 + +
e b 1-0,-0;, | B; 1-6,-6,) | D; 1-6,-0, | di
! ! =4 - (67)
A} D, 0, 0D, 0, 0.0, 1-6, \|de
+ +
1-6,-0, | B, 1-6,-0, ) | B; 1-6,-0, || dl
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where the right hand sides of Eq. 66 and 67 are not matrices.

Eq. 66 can then be re-arranged in order to have the form of an ODE for the change in surface occupancy of component i as

a function of a change in membrane thickness as follows.

N ob; 0,b,
\D; i 0, 6D, o 0D, 1-0 |do,
— + +
do 2.9 D, 1-6, -0, b, 1-6 -0, b, 1-6,-0, )| dl
= (68)
di 1-6, 6D, 1-0, 0D, 6,
+ +
1-6,-0, b, 1-6 -0, b, 1-6, -0,
Eqg. 68 can then be substituted into Eq. 67 as follows.
1-6, 0,b, 1-0 0,D, 0, de, 0, 0,b, 0, 0,b, 1-0,
+ + + + + X
1-6, -0, b, 1-6 -6, b; 1-6 -0, dl 1-6, -0, b, 1-6, -6, b, 1-6 -6,
0b. 0.b,
-N| =+ +1 6D. 6.P.
By By Ni| o+ +1
psq?atD = Dji Dij [ N QD [ Q.DJ 1-6, de,
0.0 D, |1- 0, -0, E)J.i 1-6, -6, b, 1-6-0, )| dl
1-0, . 9, 0,
1-6,-06, D 1 6, — 9 1 6,0,
(69)

where the right hand side of Eq. 69 is not a matrix.
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Eq. 69 can then be written as a function of multiple parameters called A — F in

the format shown as follows.

b do,
de TETE
_A=|B—iiC i (70)
dl F
The parameters A — F can then be written as required for 4 — 9.
. b.
Nj[1+ JDI ijJ
D. D
A= o (4)
pa; B
1-6, b, 1-¢ b. 0.
— |0, || 0, = ' (5)
T1- 0, - 0, E) 1-06, -0, b; 1-6, -0,
0. D) 0. p. 1-6.
C=r—l 4|9 - 0; — : (6)
1-6, -0, b; 1-6, -0, b; 1-6, -0,
_ b
N, 1+¢9ji+9i—‘
b; b,
D= a ()
psqi DI
b ) b )
E = o + gl_l o + g_li (8)
1-6, -0, b; 1-6, -0, b; 1-06, -0,
1-6; b, 1-¢, b, 0,
+ 6 — +| 0, — 9)
19 0, b.1-60 -6 b, 1-6 -0,

Eq. 70 can then be expressed as an ODE for the change in surface occupancy of

component j as the membrane thickness change as required for Eq. 2.
—A= et B | (71)
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do,
—A+C?D=(B—C?Ejd—l’ (72)
CcD
do, ¢ A @
d 5 _CE
F

Eqg. 4 — 9 can also be substituted into Eq. 68 in order to form the ODE for the
change in surface occupancy of component i as the membrane thickness changes as
required for EqQ. 3.

do;

dl F @)
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ABSTRACT

In the following method, the varied regions of Infra-Red (IR) light absorption by
guest molecules inside a zeolitic crystal are measured and quantified to determine
binary adsorption isotherms and transport diffusivities. This has been achieved using a
vacuum capable setup which includes an Infra-Red Microscope (IRM) and Fourier
Transform Infra-Red Spectrometer (FTIR). By utilizing IR light and FTIR
spectroscopy, this method can be used to describe the behavior of low concentrations
of relatively fast molecules inside zeolitic crystals as an alternative to chromatographic
pulse methods. To demonstrate the capabilities of this method, binary adsorption
isotherms and transport diffusivities of CO2 in mixtures composed of CO2 and N2 inside
silicalite have been determined. From the fundamental measurements determined using
this method, complex gas separation processes such as swing adsorption and multi
stage membrane systems can be designed for novel zeolite materials. This method can
also be used to develop models for complex adsorption and diffusion systems, and

validate sophisticated molecular simulation models.
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Keywords: Zeolite Characterization, Silicalite, Infra-Red Micro-imaging, Adsorption,
Diffusion.

A.3.1.0 METHOD DETAILS
A.3.1.1 Equipment and Materials

The experimental setup that was used in this method consists of two stainless steel
gas reservoirs, several pressure transducers, a turbomolecular pump, and multiple gate
valves that were connected to a quartz sample cell containing the zeolite crystal to be
characterized. The quartz cell of this system was placed on the stage of an Infra-Red
Microscope (IRM), which was connected to a Fourier Transform Infra-Red
Spectrometer (FTIR) in order to measure the amount of Infra-Red (IR) light absorbed
by the sample crystal under different experimental conditions. This setup can be seen
in Figure A.3.1. Additionally, convoluted vacuum tubing and VCO type fittings have
been used so that the quartz cell can be removed from the stage of the IRM and placed
inside a portable tubular furnace without disconnecting the quartz cell from the setup.
The IRM and FTIR devices that were used in this method are the Hyperion 3000, and
Vertex 80V models respectively, which are made by Bruker (Ettlingen, Germany). The
portable furnace was a Carbolite MTF 12/38/400 made by Carbolite Gero Ltd
(Neuhasen, Germany), and the turbomolecular pump was a Highcube 80 made by

Pfeifer (Asslar, Germany).
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Figure A.3.1. A schematic showing the experimental setup that was used in this

method. P1 — P4 are pressure transducers, and T1 is a K type thermocouple which
can be used to measure room temperature in the vicinity of the quartz cell. V-101
- V-109 are gate valves. R-101 and R-102 are stainless steel reservoirs, and P-101
IS a vacuum pump. The regeneration furnace is not shown. The pressure
transducers are made by Pfeifer (Asslar, Germany) and have operating ranges of
0.1 — 1100 kPa (APR 266), 1 x 10* — 1.1 kPa (CMR 363), 1 x 10 — 110 kPa
(CMR 361), and 5 x 10 — 100 kPa (PKR 251) for P1 — P4 respectively. The gas
reservoirs R-101 and R-102 are made from 316 stainless steel, and have capacities
of 0.473 L and 3.785 L, respectively.

A.3.1.2 Experimental Method

The following method has been used to characterize various combinations of

zeolite crystals and gas mixtures, and has been developed from the work of Chmelik et
al [1,2].

1.

The zeolite crystal to be characterized was placed inside a quartz sample cell and
connected to the experimental setup. The quartz cell was then placed inside the
portable tubular furnace, valves V-101 to V-109 were opened, and the system
evacuated using vacuum pump P-101. During evacuation, the quartz cell was
subjected to temperature of 400 °C. Once evacuated, the quartz cell was removed
from the portable oven and placed onto the stage of the IRM. V-101 to VV-109 were
then closed.

For pure gas uptake experiments, reservoir R-102 was then filled from the gas

cylinder up to the desired maximum experimental pressure as measured by P1 by
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opening V-101, V-102, and V-104. An additional amount of gas was then added

to R-102 in order to compensate for the system volume at the maximum pressure.

V-101, V-102 and V-104 were then closed. For gas mixture uptake experiments at

room temperature, ideal gas behavior has been assumed, and the partial pressure

of each gas as a fraction of the total gas pressure was manipulated in order to fill

R-102 with a predetermined molar composition. Since there is only one sample

gas port in the setup shown in Figure A.3.1, it was necessary to re-evacuate the

process lines after the second cylinder had been connected to the system. This was
done by opening V-101, V-106, and V-108. Once the process lines were re-
evacuated, V-101, V-106, and V-108 were closed.

3. Gas uptake experiments to determine transport diffusivities were then conducted
according to the following procedure:

3.1. The IRM was first operated in optical mode, and its IR laser was focused on
the zeolite crystal. The IRM was then switched to IR transmittance mode, and
the IR transmittance spectrum of the crystal was determined. This spectrum
was the reference spectrum.

3.2. Reservoir R-101 was filled with gas from R-102 by opening V-103 as well as
V-105, and then slowly opening V-104 until the desired pressure was reached.
V-104 was then closed. For a step change in pressure from 0 to 10 kPa, R-101
was filled with gas from R-102 until the pressure measured by P3 was
observed to be 10.2 kPa (where 0.2 kPa of pressure was required to
compensate for the sample cell volume in order to reach a final pressure of
approximately 10 kPa in the system).

3.3. The FTIR was set to continuously determine IR transmittance spectra of the
bulk gas phase and crystal, which was subjected to a step change in pressure
by quickly opening V-109. Spectra were continuously determined until
equilibrium had been realized, which was confirmed by observing that the IR
transmittance spectra did not change with time. These spectra were analyzed
subject to the reference spectrum determined in step 3.1.

4. The amounts of gas adsorbed by the zeolite crystal at equilibrium were then
determined according to the following procedure:
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4.1. The FTIR was used to determine the IR transmittance spectra of the bulk gas
phase and crystal at equilibrium.

4.2. The IRM was switched back to optical mode, and the quartz cell was
translocated on the IRM stage such that the IRM laser was focused on a region
of the quartz cell where no crystal was present. The IRM was then switched
back to IR transmittance mode, and the IR transmittance spectra of this space,
which describes the bulk gas phase only, were determined. The equilibrium
spectra determined in step 4.1 were analyzed given the reference spectra of
both the crystal as determined in step 3.1, and the bulk gas phase as determined
in this step; step 4.2.

4.3. The IRM was again switched back to optical mode, and the quartz cell was
translocated back to its original location such that the IR laser was focused on
the zeolite crystal as before. VV-109 was then closed.

5. Steps 3 and 4 were repeated for all pressure steps of interest.

A.3.1.3 Analysis of Experimental Data

From the IR transmittance spectra (I) that were obtained in steps 3 and 4, IR
absorption spectra (A) were determined. This has been achieved by dividing the
reference spectrum (lo) by each transmittance spectrum, and then taking its logarithm
in accordance with the Beer-Lambert law [3], as described by Equation 1 [4]. Given IR
absorption spectra, the molecular bonds of guest molecules and zeolitic crystals can be
distinguished from each other according to their different bands in IR absorbance
spectra. These different bands can be observed as IR absorption spectra peaks, and were

quantified by integration.
A =log (170) (@D

In order to determine transport diffusivities from IRM data, the previously
published method by Chmelik et al has been used [1,2]. In this method, time dependent
IR absorbance spectra peaks from step 3 corresponding to the guest molecules of
interest have been integrated. Relative uptake as a fraction of complete uptake was then

determined based on these integrals, and was used in combination with an appropriate
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analytical expression in order to find the transport diffusivity of the guest molecules by
regression analysis. Analytical expressions which describe the diffusion of guest
molecules inside different shapes such as slabs, spheres, and cylinders have been

published by Crank and can be applied to appropriately shaped crystals as required [5].

In order to generate binary adsorption isotherms from experimental data using
IRM, the relationship between guest molecule IR absorbance and molar gas
concentration was correlated to generate a calibration curve. For ideal systems, a single
literature adsorption isotherm value can be used to generate the required calibration
curve in accordance with the Beer-Lambert law, which describes absorbance as a linear
function of path length and concentration [3]. For non-ideal systems, IR absorption
spectra peak integrals pertaining to the guest molecules at numerous pressures can be

correlated to literature isotherms to generate the required calibration curve.

A.3.2.0 METHOD VALIDATION

This method has been validated using a crystal of silicalite with pure CO; gas,
and gas mixtures composed of CO2 and Nz2. In this investigation, the silicalite crystal
was cuboid shaped, and had height, width, and length dimensions of 510 pum, 490 pum,
and 1200 um, respectively. This crystal was fabricated according to a similar method
to the one published by Kida et al using quartz as the silica source [6]. The CO2 and N2
gases that were used for pure gas and gas mixture experiments had purities of 99.998%,
and were purchased from Sigma (Schnelldorf, Germany). Adsorption isotherms and
transport diffusivities were found for CO2 only and not for N2 due to the limitations of
IRM not being able to measure fast diffusing molecules which do not absorb IR light

at room temperature such as N». These results have been published elsewhere [7].

Order of experiments and crystal regeneration conditions for silicalite and
mixtures composed of CO2/N> were as follows:
I.  The zeolite crystal was first regenerated by removing all adsorbed species from its

structure under a vacuum pressure of less than 10 mbar at a temperature of 450
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°C for 11 hours as described in step 1 of the experimental method section. Heating
and cooling temperature rates of 5 °C per minute were used.

Il. A gas mixture composed of 15% / 85% CO> / N2 was prepared, and gas uptake and
amounts adsorbed at equilibrium were investigated for CO; at pressure steps of 10
kPa from 0 — 100 kPa, and then pressure steps of 25 kPa from 100 kPa to 250 kPa.
Pure N2 was not investigated due to its poor absorption of IRM light at the
experimental conditions.

I1l. The zeolite crystal was regenerated at room temperature by removing all adsorbed
species from its structure under a vacuum of less than 10 mbar.

IV. Step Il and then I11 were repeated in turn for gas mixtures composed of 30% / 70%,
50% / 50%, 70% / 30%, 85% / 15% CO2 / N2,and then 100% CO..

Three days were required to characterize the zeolite crystal in this way, and so

the crystal was regenerated as described in step | overnight in between experiments.
Figures A.3.2 — A.3.4 show the calibration curve, binary adsorption isotherms,

and transport diffusivities for CO: inside silicalite at various compositions and

pressures with Ny in silicalite.
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Figure A.3.2. Calibration curve describing the relationship between experimentally
determined IR absorbance spectra which were integrated between wavelengths
of 3550 and 3740 cm™ for CO,, and the amount of CO- adsorbed on silicalite. IR
absorbance spectra were determined from experiments that were conducted at
pressures between 0 kPa and 250 kPa using pure CO2. The amounts of CO;
adsorbed on silicalite have been taken from the isotherm data obtained by Li and
Tezel [8]. Temperature effects have been accounted for by utilizing the
temperature dependent Sips model for isotherm data at a temperature of 32 °C.
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Figure A.3.3. Amount of CO. adsorbed at equilibrium on a single crystal of silicalite when present as a pure gas, and in binary
CO- and N2 mixtures, as a function of total pressure (a), and partial pressure (b). All of these experiments were conducted

at32+2°C.
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Figure A.3.4. CO; transport diffusivities expressed as a function of CO2 concentration.
Concentration in this figure refers to the average amount of CO. adsorbed
between the initial and final pressures of the uptake experiment. Experiments
were conducted at a temperature of 32 = 2 °C and pressures between 0 and 100
kPa using a range of mixture compositions. The crystal was assumed to be cuboid
shaped and infinitely long in order to determine transport diffusivity by regression
analysis. The height, width, and length dimensions of the crystal were 510 pum,
490 pm, and 1200 pm respectively.

A.3.3.0 ACKNOWLEDGEMENTS

This research project was financially supported by German Science Foundation,
the Natural Sciences and Engineering Research Council of Canada (NSERC), and the
University of Ottawa Student Mobility program.

A.3.4.0 NOMENCLATURE

A Absorbance spectra

APR 266 Pressure transducer model

CMR 361, 363 Pressure transducer models

CO2 Carbon Dioxide

FTIR Fourier Transform Infra-Red Spectroscopy
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I Transmittance spectra

lo Reference spectra

IR Infra-Red

IRM Infra-Red Microimaging
N2 Nitrogen

PKR 251 Pressure transducer model
R Reference spectra

T Transmittance spectra
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The following manuscript has been published in the Journal of Membrane Science as

shown below:

Investigation and Comparison of Mixed Matrix Membranes Composed of Polyimide
Matrimid with ZIF - 8, Silicalite, and SAPO - 34

Journal of Membrane Science 544 (2017) 35
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ARTICLE INFO ABSTRACT

Keywords: Mixed Matrix type membranes (MMMs) containing 10 wt% of either silicalite, SAPO - 34, and ZIF - 8 in
Mixed matrix membranes polyimide Matrimid were fabricated and tested for their suitability to separate a number of gas mixtures by
Polyimide matrimid conducting single gas permeation experiments using Hz, CO2, Nz, and CH, gases. The transport of these gases
ZIF -8 through the polymeric and inorganic membrane phases, as well as their interfacial voids, have additionally been
:ﬁl—gu_mm distinguished from each other by fabricating MMMSs containing non-calcined fillers of silicalite and SAPO-34.

The ideal selectivities that have been calculated using the experimentally determined permeabilities can be
attributed to the relative pore size and volume of the fillers in each membrane, as well as changes to the mobility
of polymer chains in the vicinity of fillers. Due to its large pore volume as well as simultaneous reductions of
interfacial voids and polymer chain mobility, ideal selectivities and gas permeabilities that are higher than those
achieved by a neat Matrimid membrane have been achieved using ZIF - 8 containing MMMs. For the ZIF - 8
containing membranes, the largest permeabilities for Ha, CO», N2, and CH, were found to be 51.1, 15.5, 0.64,
and 0.54 barrer, respectively. This H; permeability in particular was found to be the most outstanding out of all
of the membranes that have been tested, and ideal selectivities for the separation of Hz/Nz, and Hp/CH,, were
found to be 80.3 and 102, respectively. The performance of the membranes that were fabricated using un-
calcined silicalite and SAPO-34 also suggest that the structure of the Matrimid phase is altered by the addition of
these fillers as greater selectivities at the expense of permeability were also achieved using these MMMs in
comparison to a neat Matrimid membrane.
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HIGHLIGHTS

« Removal of ammonium sulfate from anaerobic digestate using RO membranes
+ Rejection of ammonium sulfate in excess of 0.99 by GE AG and GE CE membranes
+ Inadequacy of basic solution-diffusion model to explain permeances and rejections

ARTICLE INFO ABSTRACT

Article history: Commercially available thin film composite (TFC) polyamide membrane (GE AG) and asymmetric cellulose
Received 30 October 2014 acetate membrane (GE CE) have been characterized using different concentrations of ammonium sulfate, up
Received in revised farm 27 March 2015 to 40 g-17", in order to determine their suitability for the concentration of ammonium as ammonium

Accepted 31 March 2015

Available online 11 Apri 2015 sulfate from anaerobic digester digestate. At the manufacturer specified pressures of 1550 kPa and 2900 kPa,

the solvent permeances for the GE AG and the GE CE membranes were found to be 2.1 x 10~ and
7.4 % 107 %1-m™%-h~"-Pa~", respectively. These permeances were practically independent of feed concentra-

ﬁm&m‘,sis tion. At the same time, both membranes showed excellent solute rejections, which decreased slightly with
Anaerobic digester feed concentration, but were generally greater than 0.99. Consequently, the lower pressure GE AG membranes
Ammonium sulfate were considered to be more suitable for the separation of ammonium sulfate, and they were further tested at
Polyamide membrane pressures exceeding the manufacturer specified value. These experiments revealed a slight decrease in solvent
Cellulose acetate membrane permeance for up to 17%, as well as a slight decrease in solute rejection, which was 0.97 or greater. Given

these results, both membranes studied in this research are suitable for future investigations; first using multi-
ion aqueous solutions and then pre-treated anaerobic digester digestate,
© 2015 Elsevier BV. All rights reserved.

274



