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g of grain boundary defects in
high-flux zeolite membranes by coking†

D. Korelskiy, * P. Ye, M. S. Nabavi and J. Hedlund
Commercial application of zeolite membranes has been hindered by

the challenge of preparing defect-free membranes. Herein, we report

a facilemethod able to selectively plug grain boundary defects in high-

flux MFI zeolite membranes by coking of iso-propanol at 350 �C. After
modification, the permeance via defects was reduced by 70%,whereas

that via zeolite pores was reduced by only 10%.
Membranes are one of the most promising alternatives to the
conventional energy-intensive separation technologies, such as
distillation, evaporation or absorption due to high efficiency,
sustainability and low energy demand.1,2 In addition,
membrane separation processes are one-phase, simple contin-
uous processes requiring a minimum of process equipment
easily adjustable to both small- and large-scale operation. In
order to be favourable for a certain separation application,
membranes should be cost-effective and have high perme-
ability, high selectivity, and high thermal, chemical and
mechanical stability. High permeability is essential for any
industrial application as it implies a lower membrane area
needed for the process, and hence, lower manufacture and
investment costs. High selectivity is desired as it will result in
high degrees of separation enabling single-stage operation and
reducing the energy requirements and capital expenditures.
High membrane stability provides sustainable performance
and a long lifespan of membranes.

Inorganic zeolite membranes are a particularly attractive
membrane type.3,4 These membranes have a well-dened pore
system with pores ranging from 0.3 to 1.3 nm in size. Being
highly porous, zeolite membranes can exhibit much higher
uxes than commercially available polymeric membranes. In
some cases, the ux can be increased further by preparing
oriented zeolite membranes.5–8 Consequently, much lower
membrane areas would suffice for a given separation task. For
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instance, we have recently demonstrated9 that only one module
containing ca. 10 m2 of zeolite membrane area could replace an
entire amine scrubbing system or 20 commercial polymeric
membrane modules for CO2 separation from synthesis gas. In
addition, the chemical and thermal stability of zeolite
membranes may be superior to that of polymeric
membranes.4,10

Despite the advantages, commercial application of zeolite
membranes has been very limited, largely due to the fact that it
is challenging to prepare high-permeance defect-free zeolite
membranes.4 Defects, i.e. pores larger than the zeolite pores,
inevitably form in all zeolite membranes.11 In our recent
studies,12,13 we have shown that even high quality MFI zeolite
membranes can contain defects accounting for as much as 0.5–
0.7% of the membrane area. Among various types of defects,
grain boundary defects and cracks have been reported as the
most common.14 The presence of defects reduces the separation
performance of the membranes. Thus, the defects should be
eliminated.

Over the past few decades, a number of various post-
synthesis15 treatment procedures to block defects in zeolite
membranes have been developed. A comprehensive summary
of the methods has been given in recent reviews by Maghsoudi11

and Kosinov et al.4 In brief, the developed procedures result in
the fabrication of highly selective but poorly permeable zeolite
membranes as the treatments are blocking the majority of
zeolite pores along with the defects. In rare cases,16 when the
reported treatment did not result in considerable reduction of
permeance, the nal permeance was still very low as the
prepared membranes had low permeance from the beginning.
To be economically viable, zeolite membranes should have high
permeance.3 There is thus an urgent need to develop modi-
cation methods resulting in high-permeance membranes with
a low amount of defects. Herein, we report a facile, effective and
selective procedure to block grain boundary defects in ultra-thin
(sub-0.5 mm) high-permeance MFI zeolite membranes. The
defects are blocked by coking using iso-propanol as a coke
precursor. The modication resulted in a reduction of
J. Mater. Chem. A, 2017, 5, 7295–7299 | 7295
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permeance through defects by as much as 70%, whereas the
permeance through zeolite pores was only reduced by ca. 10%,
keeping the membrane permeance high. The zeolite-pore/
defect permeation data were supported by high-resolution
scanning electron microscopy (HR-SEM) data and separation
data.

The morphology of the samples was examined by HR-SEM.
Fig. 1 shows cross-sectional and top-view images recorded for
an as-synthesised membrane. The MFI zeolite lm grown on an
alumina support appears to be even and continuous with
a thickness of about 300 nm. The lm was free of defects such as
cracks and pinholes, but grain boundaries were clearly
observed. We13 have recently shown by HR-SEM and permpor-
ometry that these grain boundaries are open with a width of
about 1 nm (�resolution of the HR-SEM instrument), and that
this type of defect constitutes the majority of defects in the
membranes.

To carefully characterise the size and distribution of ow-
through defects in the membranes, we have signicantly
advanced a non-destructive technique referred to as permpor-
ometry.12,17 In this technique, helium permeance through the
membrane is measured as a function of n-hexane relative
pressure (P/P0). As the relative pressure of n-hexane in the feed is
increased (in a step-wise manner), rst zeolite pores and then
increasingly larger defects are blocked by n-hexane, and,
Fig. 1 Cross-sectional (a, b and c) and top-view (d and e) SEM images
recorded for a non-coked as-synthesised membrane; top-view SEM
image (f) recorded for a membrane coked for 25 h.

7296 | J. Mater. Chem. A, 2017, 5, 7295–7299
therefore, the helium permeance is gradually decreased. The
amount of defects in terms of relative areas can then be esti-
mated from the permporometry data. The evaluation procedure
is described in the ESI.† For this study, a particularly defective
membrane according to permporometry was selected in order
to better investigate the effect of modication. Table 1 shows
permporometry data recorded for the membrane before modi-
cation. For the selected membranes, the helium permeance at
a relative pressure of n-hexane of 0, i.e. the permeance through
zeolite pores and defects, was very high amounting to ca. 130 �
10�7 mol s�1 m�2 Pa�1, which shows that the membrane is
a high-permeance membrane with fully open and permeable
zeolite pores. The high permeance is mainly a result of the very
low zeolite lm thickness. In our previous studies,12,18 we
showed that the helium permeance recorded at a relative
pressure of n-hexane of ca. 2.2 � 10�4 corresponded to the
helium permeance through all defects. For this membrane, the
total helium permeance through defects was unusually high, i.e.
35 � 10�7 mol s�1 m�2 Pa�1, with a total relative area of defects
of ca. 2% of themembrane area (see Table 1), indicating that the
selected membrane was quite defective. By comparison, the
total relative area of defects in our high-quality MFI membranes
is normally less than 0.5%,6,9,19 resulting in the permeance
through defects less than 7 � 10�7 mol s�1 m�2 Pa�1. The main
type of defect in the selected membrane (ca. 99.4% of all
defects) was microporous defects, i.e. defects <2 nm in size, and
these microporous defects are narrow open grain boundaries.
In addition, some mesoporous defects (2–50 nm) were detected
by permporometry, however, in a much smaller amount (ca.
0.01% of the total membrane area). Due to the presence of
various kinds of defects and high initial permeance, this
membrane should be an ideal candidate to study the effect of
the modication procedure on blocking defects in high-ux
MFI membranes.

Aer the permporometry characterisation, any traces of
n-hexane were removed from the membrane by rst ushing
with pure helium at 50 �C overnight and then calcination in air
at 350 �C for 15 h. It should be noted that this specically
designed procedure for the removal of n-hexane from the
membrane results in the same initial helium permeance aer
the permporometry test as it was before the experiment. Hence,
Table 1 Permporometry data recorded for the membrane before
modification

P/P0
He permeance
(10�7 mol s�1 m�2 Pa�1)

Defect
interval (nm)

Relative area
of defectsa (%)

0 128 —
2.2 � 10�4 35 0.71–0.73 0.34
3.7 � 10�4 32 0.73–0.80 0.71
1.1 � 10�3 23 0.80–1.04 0.69
1.1 � 10�2 10 1.04–1.78 0.21
1.1 � 10�1 1.4 1.78–4.22 0.0057
3.5 � 10�1 0.88 >4.22 0.0065

Total: 1.96

a Area of defects per total membrane area.

This journal is © The Royal Society of Chemistry 2017
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no zeolite pores and defects should remain blocked by n-
hexane. Thereaer, the feed was changed to helium saturated
with iso-propanol at 20 �C. Unlike heavier alcohols, iso-
propanol has been shown20 to result in mild coke formation
in MFI zeolites via dehydration at 350–400 �C. The mild coke
formation is preferred, as it should reduce the risk of blocking
the zeolite pores in the membranes. In addition, iso-propanol
was found to dehydrate more rapidly than its linear isomer.20

These factors make iso-propanol an ideal candidate for the
defect-patching method based on coking. The membrane
temperature during the treatment was kept constant at 350 �C
to ensure only mild coke formation. The duration of the treat-
ment was varied between 1 and 25 hours to study the effect of
treatment (coking) time. Aer each treatment, the membrane
was ushed with pure helium overnight and cooled to 50 �C.
Then, the total helium permeance (n-hexane P/P0 ¼ 0) and the
helium permeance through all defects (n-hexane P/P0 ¼ 2.2 �
10�4) were measured. Prior to each new treatment with iso-
propanol, the membrane was again ushed with helium and
calcined in air for 15 h at 350 �C to remove n-hexane and coke
from the previous treatment. It should be noted that unlike
many other defect-patching methods, the developed method
can be readily applied to membranes already mounted in the
modules (in situ modication), resulting in a high practical
value of the method. Fig. 2 shows total helium permeance,
helium permeance through zeolite pores and helium per-
meance through defects as a function of coking time. All per-
meances were decreasing with increasing duration of coking.
However, the permeance through zeolite pores was reduced to
a much smaller extent than the permeance through defects.
Fig. 3 shows relative reduction of helium permeance through
defects and zeolite pores as a function of coking time. As the
coking time was increased to 3 h, the permeance through
defects was reduced by almost 60%. A further increase of the
coking time from 3 to 25 h resulted in a much more gradual
reduction of permeance through defects by about an additional
10%, reaching a total of 70%. This fact indicates that a 3-hour
treatment can be sufficient to block the majority of microporous
defects. Although the permeance through defects decreased
Fig. 2 Total helium permeance, helium permeance via zeolite pores
and helium permeance via defects measured for the membrane as
a function of coking time. The lines are only a guide for the eye.

This journal is © The Royal Society of Chemistry 2017
signicantly, the permeance through zeolite pores was only
reduced by about 10% or less. This demonstrates that the
developed coking procedure is quite selective. Any external
surface of the zeolite, such as the grain boundary, is rich in
silanol groups, ^Si–OH due to the missing ^Si–O–Si^
bonds.21 These groups should have an affinity for alcohol. At
elevated temperature, the silanol groups should react with iso-
propanol, rst forming ^Si–O–C3H7 in a dehydration reaction
and then coke, ^Si–O–R, thereby selectively blocking the
defects, as schematically illustrated in Fig. 4. This mechanism
can also explain the gradual decrease of the permeance through
defects aer 5 h of coking. Most likely, the majority of accessible
silanol groups should have reacted during the rst 5 hours of
treatment, causing a much slower blocking process as the
treatment time increases further. We should also point out that
in the method development stage, benzene, being a common
coke precursor, was also tested for blocking the defects by
coking. However, the results of the modication with benzene
were not as promising as with iso-propanol. For instance, aer
coking with benzene for 4 h, the permeance through defects was
reduced by less than 50%, whereas the permeance through
zeolite pores was reduced by about 20%, most likely due to the
absence of a distinct affinity of the defects for benzene.

Aer the coking experiments were completed, the
membrane coked for 25 h was fully characterised by permpor-
ometry, see Table 2. The amount of both microporous and
mesoporous defects was reduced. However, the amount of
microporous defects was reduced to a much greater extent than
that of mesoporous defects, indicating that the developed
method should be more effective in blocking microporous
defects. We can also note that the total helium permeance (ca.
90 � 10�7 mol s�1 m�2 Pa�1) for the coked membrane
compares well with that for the non-coked membranes with
a similar amount of defects reported by our group earlier.12

Fig. 1 shows the top-view HR-SEM images of a non-coked as-
synthesised membrane (e) and the membrane coked for 25 h (f).
No difference between the two samples could be observed,
indicating that the deposited coke layer should be very thin,
rendering the coked membrane highly permeable. It should be
Fig. 3 Relative reduction (%) of helium permeance through defects
and zeolite pores as a function of coking time. The lines are only
a guide for the eye.

J. Mater. Chem. A, 2017, 5, 7295–7299 | 7297
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Fig. 4 The proposed mechanism of selective blocking of defects
using iso-propanol.

Table 2 Permporometry data recorded for the membrane after
coking for 25 h

P/P0
He permeance
(10�7 mol s�1 m�2 Pa�1)

Defect
interval (nm)

Relative area
of defectsa (%)

0 89 —
2.2 � 10�4 9.5 0.71–0.73 0.17
3.7 � 10�4 7.8 0.73–0.80 0.29
1.1 � 10�3 4.3 0.80–1.04 0.14
1.1 � 10�2 1.7 1.04–1.78 0.015
1.1 � 10�1 1.0 1.78–4.22 0.0034
3.5 � 10�1 0.73 >4.22 0.0053

Total: 0.63

a Area of defects per total membrane area.

Fig. 5 n-Hexane/TMB separation factor as a function of relative area
of defects larger than 0.75 nm. The lines are only a guide for the eye.
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pointed out, however, that a very thin layer of carbon (coke) will
be transparent even in an HR-SEM, and this is probably the case
here. We shall also add that it is well known that coke formation
(deposition) is minimal in high-silica MFI zeolites, as in the
present work (Si/Al¼ 139). One can therefore expect that a lower
Si/Al ratio may cause somewhat greater coke formation in
zeolite pores, resulting in lower permeance through the pores
aer the modication. Gayubo et al.20 studied the deactivation
of high-alumina MFI (Si/Al ¼ 28) catalysts by coke deposition
during the transformation of iso-propanol into heavier hydro-
carbons. The authors found that at relatively low temperatures,
i.e. below 400 �C, as in the present work, the deactivation due to
coke deposition was very low, despite the high density of the
acid sites. This shows that the developed method should also be
applicable to MFI membranes with higher aluminium content.

In order to study the effect of the modication procedure on
membrane separation performance, the membrane coked for
25 h was evaluated for the separation of an equimolar mixture
of n-hexane and 1,3,5-trimethylbenzene (TMB). In our earlier
studies,12,13 we demonstrated that this separation system was an
ideal system to use for studying the effect of defects on the
separation performance. Furthermore, the separation data,
which are also an indication of membrane quality, were in
excellent agreement with the permporometry data. Fig. 5 shows
the n-hexane/TMB separation factor measured for the coked
membrane in the present work. The gure also shows the
separation factor as a function of the relative area of defects
larger than 0.75 nm, i.e. the defects permeable for TMB (TMB
kinetic diameter ¼ 0.75 nm) for three as-synthesised
7298 | J. Mater. Chem. A, 2017, 5, 7295–7299
membranes with different qualities, i.e. amount of defects,
obtained in our previous work.12 From the correlation between
the separation factor and the relative area of defects >0.75 nm
obtained in the previous work, one can see that for a membrane
with a relative area of those defects of 0.46% as for the coked
membrane, the n-hexane/TMB separation factor should be
about 12. In the present work, we measured the separation
factor to be 11.3, indicating a perfect agreement with the
previous data. This should also indicate that the amount of
defects measured by permporometry for the coked membrane
should be reliable as well as the data for the modication
method.
Conclusions

We have developed a facile method for plugging defects in high-
ux MFI membranes. The method based on coking of iso-
propanol is selective, reducing the permeance through defects
by as much as 70%, while keeping the permeance through
zeolite pores high, ca. 90% of its original value. In addition, the
method is very practical as it can be easily adapted for blocking
defects in membranes already mounted in the module (in situ
modication).
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