
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 1
5 

M
ar

ch
 2

01
3.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e 
on

 1
9/

09
/2

01
7 

03
:0

6:
12

. 

View Article Online
View Journal  | View Issue
aDepartment of Chemical & Biomolecula

Singapore, 119260 Singapore, Singapore.

6779 1936; Tel: +65 6874 6645
bNUS Graduate School for Integrative Science

Singapore, 117456 Singapore, Singapore

Cite this: J. Mater. Chem. A, 2013, 1,
6081

Received 5th March 2013
Accepted 15th March 2013

DOI: 10.1039/c3ta10928c

www.rsc.org/MaterialsA

This journal is ª The Royal Society of
Room-temperature synthesis of ZIF-90 nanocrystals and
the derived nano-composite membranes for hydrogen
separation

Tingxu Yangab and Tai-Shung Chung*a

Nanocrystals of ZIF-90 have been synthesized at room temperature through a novel procedure and

incorporated into PBI-based nano-composite membranes for hydrogen purification. The physical and

chemical structures of the ZIF-90 nanoparticles have been examined via multiple advanced instrumental

analyses including DLS, XRD, FESEM, NMR and FTIR. The nanocrystals show identical morphology,

crystallinity and chemical structure but a significantly reduced particle size (around 100 nm) when

compared with the ZIF-90 particles in previous studies. The derived ZIF-90–PBI nano-composite

membranes exhibit homogeneous particle dispersion and fine particle–polymer adhesion, as well as

excellent hydrogen purification performance at various testing conditions. The 45/55 (w/w) ZIF-90–PBI

membrane with the highest ZIF-90 volume loading of up to 50.9 vol% possesses the best ideal H2–CO2

separation performance with a moderate H2 permeability of 24.5 Barrer and a high H2–CO2 selectivity of

25.0 in pure gas permeation tests at 35 �C. The membrane also shows promoted gas separation

performance during mixed gas tests at 180 �C with an H2 permeability of 226.9 Barrer and an H2–CO2

separation factor of 13.3 that surpasses the latest Robeson upper bound for H2–CO2 separation. This

work not only expands the field of nano-composite membrane fabrication, but also provides prospects

for interdisciplinary research combining nano-science and chemical engineering for clean energy

development.
Introduction

Hydrogen production is a large and fast expanding industry.
Currently, the scale of hydrogen production is estimated to be
around 500 billion m3 per year, which is approximately equiv-
alent to 3.3 million barrels of crude oil per day or 10% of the
total energy currently consumed for transportation.1,2 As of
2005, the global market value of hydrogen produced is
approximately 135 billion US dollars per year, and the growth
rate is about 10% per year.3 Until now, hydrogen has mostly
been consumed for ammonia production and oil rening, and
has also been utilized in a wide range of other applications such
as chemical production, food processing, metal rening and
electronics manufacturing.4 On the other hand, hydrogen is
being considered as a promising energy carrier for future
sustainability and energy security due to its cleanness, high
energy density, and variety of applications.5

Current commercial sources of hydrogen include steam
reforming, partial oxidation, water electrolysis, coal
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gasication, biological hydrogen generation, photodissocia-
tion, and thermal splitting of water, etc.4 Specically, the largest
sector of hydrogen production involves steam reforming of
hydrocarbons followed by the water–gas shi reaction.6,7 CO2 is
the main by-product of this process and needs to be captured to
meet the hydrogen purity requirement and reduce greenhouse
gas emission. Conventional methods for hydrogen and CO2

separation such as cryogenic distillation, pressure-swing
adsorption, and amine-based absorption are energy intensive
and not environmental friendly.8 Recently, membrane based
separation technology has shown great promise for gas sepa-
ration with the advantages of low energy consumption, clean-
ness, easy operation and small environmental footprint over
conventional technologies.7–12

The gas permeation mechanism in a polymeric membrane is
usually described by the solution-diffusion model,13 in which
the gas pair selectivity is the product of solubility selectivity and
diffusion selectivity. For the separation of H2 and CO2, the
solubility selectivity favors CO2 transportation due to its higher
critical temperature (304 K for CO2 vs. 33 K for H2) while the
diffusion selectivity favors H2 transportation due to its smaller
kinetic diameter (2.89 Å for H2 vs. 3.30 Å for CO2). As a result,
the overall H2–CO2 selectivity of a membrane depends on the
balance of these two components.
J. Mater. Chem. A, 2013, 1, 6081–6090 | 6081
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Fig. 1 Chemical structures of PBI and ZIF-90.
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Generally, membranes made of rubbery polymers are CO2-
selective because of a good CO2 affinity (i.e., high CO2–H2 solu-
bility selectivity) and a high degree of chain exibility (i.e., low
H2–CO2 diffusivity selectivity). CO2-selective membranes possess
the advantages of eliminating H2 recompression, requiring a
smaller membrane area, and no performance reduction under
CO2 induced plasticization at high pressures.14–20 Nevertheless,
this type of membrane is only suitable for operating at ambient
and low temperatures7,21 due to the separation mechanism and
polymer degradation at high temperatures.

In contrast, membranes derived from glassy polymers are
usually H2-selective because the rigid polymer chains are able to
provide a higher H2–CO2 diffusion selectivity. H2-selective
membranes possess the advantage of reducing the cost of syngas
cooling, water removal, and CO2 recompression in subsequent
sequestration, as well as higher thermal stability andmechanical
strength.7,8,22–30 However, most polymeric materials show insuf-
cient thermal stability and can only be used below 150 �C, thus
they are not suitable for high temperature hydrogen purication.
For these reasons, glassy polymeric membrane materials with
both good H2–CO2 separation performance and thermal stability
are in high demand for hydrogen separation. Polybenzimidazole
(PBI) is one of the promising glassy materials for H2–CO2 sepa-
ration because of its remarkable thermal resistance, superior
compression strength and notable intrinsic H2–CO2 selec-
tivity.31–34 However, its low H2 permeability and brittleness due to
rigid and relatively high chain packing limits its broad potential
for industrial H2–CO2 separation.

Mixed matrix membranes (MMMs) consisting of dispersed
inorganic particles in continuous polymer matrices35–37 have been
proposed to overcome the low permeability of PBI while retaining
the high H2–CO2 selectivity. The particle size and dispersion are
critically important for MMM fabrication, especially upon
consideration of the industrially favorable membrane congura-
tions (i.e., hollow bers and spiral wound membranes) with thin
selective layers. Since the thickness of these selective layers is
usually on the scale of several hundred nanometers, the dimen-
sions of the dispersed particle clusters should be smaller than this
in order to take advantage of the separation performance of these
particles and to minimize interphase defects and particle pene-
tration. Besides the particle size, the particle synthesis method
and the particle–polymer mixing procedure also signicantly
affect the properties of the resultant MMMs. Preliminary studies
have demonstrated that the direct-mixing of as-synthesized wet-
state nanoparticles in polymer solutions results in much better
particle–polymer adhesion and more uniform particle dispersion
than the traditional dry-state mixing method.38–41

Recently, zeolitic imidazolate frameworks (ZIF) have been
intensively studied as promising candidates for MMM fabrication
due to their high intrinsic gas and vapor permeability,42–47 good
chemical and thermal stability48 and remarkable affinity for poly-
meric materials.49 Upon comparing common ZIFs such as ZIF-7
and ZIF-8, ZIF-90 offers more chemical versatility due to the extra
aldehyde group on the imidazolate linkers.50,51 Moreover, experi-
mental44 and simulation52 data of ZIF-90 crystalline membranes
have indicated superior H2 permeability, remarkable H2–CO2

diffusion selectivity and excellent thermal and steam stabilities of
6082 | J. Mater. Chem. A, 2013, 1, 6081–6090
this material, which are benecial for high temperature H2–CO2

separation. Existing ZIF-90 particle synthesis methods include
hydrothermalmethods, vapor diffusion,50 and nonsolvent-induced
crystallization.53 These methods produce large particles with sizes
from 0.8 mm to 100 mm, and are not suitable for MMM fabrication.
The normal room-temperature colloidal chemistry route works
well for ZIF-7 (ref. 42) and ZIF-8 (ref. 54–56) particle syntheses,
producing nanocrystals with a narrow size distribution between 40
nm and 100 nm. However, for ZIF-90 synthesis, nanocrystals
cannot automatically form in the solution at room temperature
because the a-hydrogen in the aldehyde group (pKa near 17) is far
more acidic than the C–H bond in the alkyl group (pKa about 50)57

thus the reactivity toward ZIF-90 construction is much reduced.
In this work, we report a novel room-temperature synthesis

method of nanoscale ZIF-90 particles and demonstrate its
applicability by fabricating ZIF-90–PBI nano-composite
membranes for hydrogen purication. The resultant membranes
show homogeneous particle dispersion, high thermal stability,
superior H2–CO2 ideal selectivity and high mixed gas separation
factors at high temperatures. This study indicates the feasibility
of introducing nano-science and nano-technology into advanced
materials development for chemical engineering applications.

Experimental
Materials

Polybenzimidazole (PBI) (inherent viscosity of 1.0 dL g�1) was
obtained fromHoechst Celanese in the formof a ne powder and
the structure of the repeating unit is shown in Fig. 1. The PBI
powder was dried at 120 �C under vacuum for 12 h and stored in a
dry box prior to use. N-Methyl-2-pyrrolidone (NMP) (AR grade,
>99.5%), methanol (AR grade, >99.5%) and n-hexane (>95.0%)
were supplied by Merck. For the synthesis of ZIF-90 nano-
particles, zinc nitrate hexahydrate (Zn(NO3)2$6H2O) (reagent
grade, >98%) and pyridine (anhydrous, 99.8%) were purchased
from Sigma-Aldrich. Imidazole-2-carboxyaldehyde (Ica) (>97%)
was obtained from Alfa Aesar. N,N-Dimethylformamide (DMF)
(AR grade) was supplied by Fisher. All the reagents and solvents
were used as received with no further purication.

Synthesis of ZIF-90 nanoparticles

The crystalline structure image of ZIF-90 from the [111] direc-
tion was drawn using Crystal Maker soware according to the
This journal is ª The Royal Society of Chemistry 2013
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Crystallographic Information Framework (CIF) data provided by
the literature.50 Fig. 1 shows the structure of ZIF-90, with
tetrahedral Zn sites in blue, N atoms in green, C atoms in black
and O atoms in red. H atoms and bonds are omitted for clarity.
The well-dispersed ZIF-90 nanocrystals used in this work were
synthesized at room temperature using an improved method.
Pyridine was added into the synthesis system as a moderate
deprotonation agent in order to facilitate ZIF-90 nanocrystal
formation in the reaction solution. Specically, imidazole-2-
carboxyaldehyde (Ica) (3.379 g, 35.17 mmol) was dissolved in
200 g of DMF while heating at 60 �C followed by ltering with
1.0 mm PTFE syringe membrane lters. Aer the Ica solution
had been cooled to room temperature, pyridine (2.000 g, 25.28
mmol) was added to it, and it was uniformly mixed. Then, the
solution of Zn(NO3)2$6H2O (1.309 g, 4.40mmol) in 200 g of DMF
was quickly poured into the mixture of Ica and pyridine under
vigorous magnetic stirring. The mixture slowly became turbid
and stirring continued overnight to ensure complete reaction.
The as-synthesized ZIF-90 nanoparticles were collected by
means of centrifugation and then were washed using 50 ml of
fresh DMF. Aer being washed with DMF three times, the
particles were re-suspended in about 30 ml of NMP prior to use.
The yield of ZIF-90 in this enhanced process was approximately
30% based on the amount of zinc remaining in the nano-
composite membranes, which was determined using thermog-
ravimetric analysis (TGA) with air purging.

Membrane fabrication

The ZIF-90–PBI nano-composite membranes were prepared
using a typical ring casting method. To prepare the membrane
casting solution, 1.5 wt% of dried PBI powder was rst dissolved
in NMP at 120 �C with continuous stirring for 48 h. The PBI
solution was naturally cooled to room temperature and then
ltered using a 1.0 mm PTFE syringe membrane prior to use.
The ltered PBI solution was mixed with the as-synthesized wet-
state ZIF-90 nanoparticles dispersed in NMP according to the
desired weight ratio. The ZIF-90–PBI solution was placed in a
sonicator for 15 min and then a rolling mixer for 45 min, with
three cycles in total. The casting solution was then poured onto
a silicon wafer sealed with a metal ring in a vacuum oven.
Subsequently, the solution was degassed under vacuum at 45 �C
for 1 h, followed by slow solvent evaporation at 75 �C overnight.
Aer cooling to room temperature, the formed membrane was
peeled off from the silicon wafer and then vacuum annealed at
200 �C for 24 h. The rates for all the aforementioned heating
and cooling steps were xed at 20 �C h�1. To ensure the full
removal of the solvent trapped inside the ZIF-90 cavities, the
dried nano-composite membrane was solvent-exchanged with
methanol at room temperature on a rolling mixer for 24 h, and
subsequently vacuum dried at 120 �C overnight.

The loadings of ZIF-90 in the membrane are indicated as
weight and volume percentages and are dened by the following
equations:

4W ¼ Wparticle

Wparticle þWpolymer

� 100%
This journal is ª The Royal Society of Chemistry 2013
4V ¼ Vparticle

Vparticle þ Vpolymer

� 100%

where 4W and 4V are the particle loadings as weight and volume
percentages, respectively; Wparticle and Vparticle are the weight
and volume of the particles, respectively; and Wpolymer and
Vpolymer are the weight and volume of the polymer, respectively.
Characterization

In order to examine the particle size distribution of the as-
synthesized ZIF-90 nanoparticles in the NMP liquid suspension,
dynamic light scattering (DLS) analysis was conducted using a
Brookhaven 90Plus Particle Size Analyzer operated at 20 �C. The
counting rate was around 200 kcps and ten measurements were
combined for the nal result.

The crystalline structure of the ZIF-90 nanocrystals as well as
the ZIF-90–PBI nano-composite membranes was characterized
using wide-angle X-ray diffraction (XRD) employing a Bruker D8
series, GADDS X-ray diffractor (General Area Detector Diffraction
System, with a Cu X-ray source, wavelength 1.54 Å). For the ZIF-90
nanocrystals, the as-synthesized wet state ZIF-90 particles were
solvent exchanged using methanol for 12 h, which was repeated
twice, followed by drying in a vacuumoven at 120 �C overnight. For
the XRD tests, the dried ZIF-90 powder was pressed into a small
pellet, while the ZIF-90–PBI nanocomposite membranes were cut
into small pieces, and were immediately tested. The diameters of
both the pellet and the membrane pieces were around 5 mm.

The thermal stability of the ZIF-90–PBI nanocomposite
membranes was measured by thermogravimetric analysis (TGA)
using a TGA 2050 Thermogravimetric Analyzer (TA Instru-
ments). The membrane samples were heated from 25 �C to
800 �C at a heating rate of 20 �C min�1 with 100 ml min�1 air
purging. The weight of zinc oxide remaining at 800 �C was
recorded for calculating the weight of ZIF-90 particles in the
membranes according to the stoichiometry. The weight reading
at 200 �C was taken as the initial weight, in order to eliminate
the effect of absorbed water and residual solvent in the samples.

Solid state 13C cross polarization magic angle spinning
(CP/MAS) nuclear magnetic resonance (NMR) spectroscopy
measurements were made at ambient pressure on a Bruker
Avance 400 (DRX400) spectrometer using a standard Bruker
magic angle-spinning (MAS) probewith 4mm(outside diameter)
zirconia rotors. Cross-polarization with MAS (CP/MAS) was used
to acquire 13C data at 100.62 MHz. The MAS sample-spinning
rate was 8 kHz. The 13C chemical shis were referenced to tet-
ramethylsilane as zero ppm.The chemical structure of the ZIF-90
dry powder was also examined by Fourier transform infrared
spectroscopy (FTIR) over a wavenumber range of 800–4000 cm�1

using a Bio-Rad FTIR FTS 135 with 10 ml min�1 N2 purging. The
ZIF-90 powder was mixed with KBr and was pressed into at
pallets and examined under transmission mode.

The morphologies of the dried ZIF-90 nanoparticles and
ZIF-90–PBI nano-compositemembranes were observed using eld
emission scanning electron microscopy (FESEM), JSM-6700F. The
membranes were immersed and fractured in liquid N2 to obtain a
cross-sectional view of the nano-composite membrane. All the
J. Mater. Chem. A, 2013, 1, 6081–6090 | 6083
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samples were coated using a JEOL JFC-1300 Auto Fine Coater (Pt
target, 20 mA for 90 s) prior to loading into the FESEM chamber.
The thicknesses of the lms were around 50 mm, measured by a
precision digital tool for lm measurements (error �1 mm).
Gas sorption measurements

To determine the sorption capacity evolution of the ZIF-90–PBI
nano-composite membranes, carbon dioxide sorption curves
were measured using a Cahn D200 microbalance sorption cell.
Detailed specications of the dual volume sorption cell can be
found elsewhere.58 The membrane samples were measured at
35 �C over a wide pressure range of 0–30 atm. For each
sorption curve measurement, about 80 mg of membrane
samples were punched into small pieces with diameters of
1 cm and then loaded into a quartz sample bowl. Then the
whole system was evacuated for 24 h. During the test, the cell
chamber was fed with CO2 at a certain pressure and the
increase in the sample mass at the equilibrium state was
recorded. The equilibrium gas sorption capacities were
adjusted for the buoyancy force of the samples and empty
bowls. Generally, the dual-sorption model was employed to
analyze the gas sorption in the glassy polymer, as shown in the
following equation:59

C ¼ CD þ CH ¼ kDpþ C
0
Hb

1þ bp

where C refers to the sorbed gas concentration in the polymer
expressed by gas volume (cm3) per polymer volume (cm3), CD

and CH indicate the concentrations of the gas penetrant sorbed
in the Henry sites and Langmuir sites, respectively, kD refers to
the Henry's law constant indicating gas dissolution in the
equilibrium-dened polymer, p (atm) is the feed gas pressure in
contact with the polymer, C 0

H represents the Langmuir capacity
of the polymer, and b is the Langmuir affinity parameter rep-
resenting the affinity of the gas for a Langmuir site. The Lang-
muir capacity can indicate the amount of excess free volume in
a polymer matrix.

The solubility coefficient (S) of a single gas in a glassy
polymer is expressed as the equilibrium gas
concentration divided by the gas pressure, as shown in the
following equation.

S ¼ C

p
kD þ C

0
Hb

1þ bp

The diffusion coefficient (D) of a single gas in the membrane
can be subsequently determined based on the solution-diffu-
sion model13 as shown below.

D ¼ P

S

Evaluation of gas separation performance

Thepuregaspermeationof themembraneswasdeterminedusinga
variable-pressure constant-volume single gas permeation cell.
Detailed specications of the conguration and operating proce-
dure for the permeation cell can be found elsewhere.60Thepure gas
tests were conducted at 35 �C and a feed pressure of 3.5 atm. At a
6084 | J. Mater. Chem. A, 2013, 1, 6081–6090
steady state, the rate of pressure increase (dp/dt) wasmeasured and
the permeability of each gas was calculated from the following
equation:

P ¼ 273� 1010

760

VL

ATð p2 � 76=14:7Þ
�
dp

dt

�

where P is the single gas permeability of themembrane in Barrer (1
Barrer ¼ 1 � 10�10 cm3 (STP) cm (cm2 s cmHg)�1), V represents
the downstream reservoir volume (cm3), L is the membrane
thickness (cm), A represents the effective membrane area (cm2), T
is the operating temperature (K) and p2 indicates the upstream
feed pressure (psia). The ideal permselectivity of a membrane for
an H2 and CO2 gas pair (aH2/CO2

) was determined using the
following equation:

aH2=CO2
¼ PH2

PCO2

¼
�
SH2

SCO2

�
�
�
DH2

DCO2

�

where PH2
and PCO2

represent the pure gas permeability of H2

and CO2, respectively, while SH2
/SCO2

and DH2
/DCO2

represent the
selectivity components from the solubility and diffusion coef-
cients of the gas pair, respectively.

Mixed gas permeation tests were performed using a varia-
ble-pressure constant-volume mixed gas permeation cell.
Detailed descriptions of the setup and operation of the
permeation cell can be found elsewhere.61 The mixed gas tests
were conducted from 35 to 180 �C at 7 atm using a binary gas
mixture of 50 vol% H2 and 50 vol% CO2 as the feed. The
permeability of each gas was calculated using the following
equations:

PH2
¼ 273� 1010

760

yH2
VL

ATð76=14:7ÞðxH2
p2Þ

�
dp

dt

�

PCO2
¼ 273� 1010

760

yCO2
VL

ATð76=14:7ÞðxCO2
p2Þ

�
dp

dt

�

where PH2
and PCO2

are H2 permeability and CO2 permeability,
respectively, p2 represents the pressure (psia) of the upstream
feed gas, and x and y represent the molar fractions of each gas
on the feed and the permeated sides, respectively.

The separation factor for mixed gas tests is expressed as the
mole fraction ratio of H2 to CO2 in the downstream gas divided
by the mole fraction ratio of H2 to CO2 in the upstream gas, as
indicated in the following equation:

aH2=CO2
¼ PH2

PCO2

¼ yH2
=yCO2

xH2
=xCO2
Results and discussion
Characterization of ZIF-90 nanocrystals

In this work, the ZIF-90 nanocrystals were synthesized by a
novel method which was specially developed to obtain ZIF-90
particles with a nano-scale particle size. Fig. 2 shows the
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/C3TA10928C


Fig. 3 An FESEM image of the ZIF-90 nanocrystals (dry state powder).
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apparent particle size distribution aer the 3rd centrifugation
and dispersion in an NMP solvent obtained using dynamic light
scattering (DLS) measurements. About 60 vol% of the ZIF-90
particles are between 85 and 105 nm, while the rest are between
198 and 245 nm.

Fig. 3 shows the FESEM morphology of the ZIF-90 particles
and further conrms their size distribution. The particle sizes
generally fall within the range 80 to 200 nm and these results
are consistent with the DLS results. The as-synthesized ZIF-90
nanoparticles have a typical cubic crystalline morphology,
which is similar to the ZIF-90 particles synthesized via a
hydrothermal method by Morris et al.50 and nonsolvent-induced
crystallization by Bae et al.53

Fig. 4 shows the XRD spectrum between 2.5� and 50� for the
dry state ZIF-90 powder. The ZIF-90 nanocrystals exhibit peaks
that are well matched to the simulated ZIF-90 XRD pattern in
the literature,50 conrming the successful formation of the ZIF-
90 crystalline structure. The structure of the ZIF-90 framework
is correlated to the sodalite (SOD) topology of zeolite, and shows
extended 3-D networks with large pores of 11.2 Å and small
apertures of 3.5 Å in diameter.

Fig. 5 conrms the chemical structure of ZIF-90 using solid
state 13C cross polarization magic angle spinning
(CP/MAS) NMR. The NMR spectrum displays resonances at
178, 150, and 130 ppm from the aldehyde carbon atom, the
2-carbon atom of the imidazolate ring, and the symmetrically
equivalent 4- and 5-carbon atoms of imidazolate ring, respec-
tively.50 The NMR spectrum is consistent with the expected
structure.

Fig. 6 shows the FTIR spectrum of the ZIF-90 dry powder in a
KBr pallet tested under transmission mode. The spectrum
shows peaks identical with those in a previous report,50

providing further evidence for the correct chemical structure.
The most representative band at 1668 cm�1 as indicated by the
arrow corresponds to the aldehyde stretch of the imidazole
ligands. The weak peaks at 1258, 1095, and 656 cm�1 can be
attributed to residue solvents inside the cavities.
Fig. 2 The particle distribution pattern of the as-synthesized ZIF-90 nanocrystals
measured by DLS.

This journal is ª The Royal Society of Chemistry 2013
Characterization of the ZIF-90–PBI nano-composite
membranes

The weight loadings of ZIF-90 in the nano-composite
membranes were measured by TGA analysis under an atmo-
sphere of air. The ash content was obtained from the residual
weight of the zinc oxide powder at 800 �C, and the weight of the
ZIF-90 nanoparticles was calculated from this according to the
stoichiometry. As listed in Table 1, the exact weight loadings of
the ZIF-90 nanoparticles in the 10/90 (w/w) ZIF-90–PBI, 25/75
(w/w) ZIF-90–PBI and 45/55 (w/w) ZIF-90–PBI nano-composite
membranes were 9.8 wt%, 24.5 wt% and 43.7 wt%, respectively.
Subsequently, the volume loadings were estimated from the
weight loadings and the density data. According to the litera-
ture, the density of PBI is 1.30 g cm�3 based on experiments33

and the density of ZIF-90 is 0.974 g cm�3 based on atomically
detailed calculations.52 Thus the volume loadings of the above
three membranes were calculated to be 12.7 vol%, 30.2 vol%,
and 50.9 vol%, respectively.

Wide-angle XRD measurements between 2.5� and 50� were
conducted to determine the crystalline structure inside the
45/55 (w/w) ZIF-90–PBI nano-composite membrane. As shown
in Fig. 4, the diffraction pattern of the membrane shows ZIF-90
crystal peaks matching well with the pure ZIF-90 particles,
Fig. 4 XRD spectra of the ZIF-90 powder and ZIF-90–PBI nano-composite
membrane compared with literature data.

J. Mater. Chem. A, 2013, 1, 6081–6090 | 6085
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Fig. 5 The solid state 13C CP/MAS NMR spectrum of the ZIF-90 nanocrystals.

Fig. 6 The FTIR spectrum of the pure ZIF-90 powder.

Table 1 ZIF-90 particle loadings of the nano-composite membranes determined
from TGA

Sample ID
Ash content
weight (%)

ZIF-90 weight
(%)

ZIF-90 volume
(%)

Pure PBI 0 0 0
10/90 (w/w) ZIF-90–PBI 3.1 9.8 12.7
25/75 (w/w) ZIF-90–PBI 7.8 24.5 30.2
45/55 (w/w) ZIF-90–PBI 13.9 43.7 50.9

Fig. 7 FESEM images of the 45/55 (w/w) ZIF-90–PBI nano-composite
membrane.
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indicating that the ZIF-90 crystalline structure remained
unchanged aer being incorporated into the PBI matrix.

Field emission scanning electron microscopy (FESEM)
measurements were conducted on the ZIF-90–PBI membrane
with the highest ZIF-90 loading to determine the particle
dispersion state. Fig. 7 clearly shows that the ZIF-90
6086 | J. Mater. Chem. A, 2013, 1, 6081–6090
nanoparticles are uniformly dispersed in the 45/55 (w/w) ZIF-
90–PBI membrane. At a magnication of �100 000 neither
particle agglomeration nor interphase voids can be observed in
this membrane. This homogeneously dispersed morphology
proves the excellent interphase affinity between ZIF-90 nano-
particles and the PBI polymer matrix, and also indicates the
feasibility of fabricating defect-free asymmetric hollow bers
and thin lm composite membranes using the ZIF-90–PBI
nano-composite material.

Pure gas transport properties at ambient temperature

The single-gas permeability and ideal selectivity for H2 and
CO2 of the ZIF-90–PBI nano-composite membranes were
measured at 35 �C with a 3.5 atm trans-membrane pressure
and the results are listed in Table 2. Both H2 permeability and
H2–CO2 ideal selectivity show signicant improvements with
increasing ZIF-90 loading. In particular, the 45/55 (w/w) ZIF-
90–PBI membrane with the highest ZIF-90 loading shows
the best performance with an H2 permeability of 24.5 Barrer
and an H2–CO2 ideal selectivity of 25.0. The increase in the H2

permeability is due to the high porosity of the ZIF-90
particles and the sub-nano transportation channels formed at
the PBI–ZIF interphase.38 Compared with previous studies on
ZIF-8–PBI nano-composite membranes,39,40 the ZIF-90–PBI
membranes show extremely high ideal selectivity, mainly for
the following reasons: (1) ZIF-90 exhibits a much higher
H2–CO2 diffusion selectivity according to the atomically
detailed simulation results;52 and (2) the aldehyde group in
ZIF-90 is more acidic in its enolate form62 and thus interacts
with the N-3 atom on the PBI imidazole ring, which exhibits
alkalinity.63 The enhancements in both the permeability and
selectivity become more notable with increased ZIF-90
loading because of superior particle dispersion in the polymer
matrix.

To understand the contributions of the solubility and
diffusivity changes to the overall permeability, CO2 sorption
curves for pure PBI and the ZIF-90–PBI nano-composite
membranes were measured at 35 �C from 0 to 30 atm. Fig. 8
shows the sorption curves, and Table 3 lists the relative
transportation parameters calculated from the sorption
results. In comparison with pure PBI, the ZIF-90–PBI
membranes exhibit an enhancement in CO2 solubility such
that it is increased approximately threefold because of the high
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Pure gas separation performance of pure PBI and the ZIF-90–PBI nano-composite membranes at 35 �C

Sample ID ZIF-90 weight%

Permeabilitya (Barrerb)

Selectivity (H2–CO2)H2 CO2

Pure PBI 0 4.1 � 0.1 0.46 � 0.01 8.9 � 0.2
10/90 (w/w) ZIF-90–PBI 9.8 12.7 � 0.7 0.87 � 0.06 14.6 � 0.3
25/75 (w/w) ZIF-90–PBI 24.5 18.3 � 0.4 0.89 � 0.09 20.6 � 1.7
45/55 (w/w) ZIF-90–PBI 43.7 24.5 � 0.5 0.98 � 0.24 25.0 � 4.9

a Single gas tests were performed at 3.5 atm, at 35 �C. b 1 Barrer ¼ 1 � 10�10 cm3 (STP) cm (cm2 s cmHg)�1.

Fig. 8 CO2 sorption isotherms of pure PBI and ZIF-90–PBI nano-composite
membranes.
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porosity and CO2 adsorption capacity of the ZIF-90 parti-
cles.50,52 However, the diffusivity of CO2 decreases slightly in
the ZIF-90–PBI nano-composite membranes. This decrease
phenomenon is unique because other ZIF based nano-
composite materials usually show an increase in CO2 diffu-
sivity with increasing ZIF loading.40,41,64,65 The reduction in the
CO2 diffusivity may indicate a narrowing of gas transport
pathways due to the special interaction between the ZIF-90
particles and the PBI chains.

Mixed gas performance at high temperatures

Fig. 9 shows themixed gas permeation results of the 45/55 (w/w)
ZIF-90–PBI membrane from 35 to 180 �C using a 50/50 (mol/
mol) H2–CO2 binary gas mixture as the feed gas. At 35 �C, the
membrane obviously shows a reduced gas selectivity compared
with the pure gas data. This phenomenon may be due to plas-
ticization by the more condensable component (CO2 in this
study) and competitive sorption.66–68 The CO2 in the gas mixture
Table 3 P, D and S coefficients of CO2 in pure PBI and ZIF-90–PBI nano-composite

Sample ID
Permeability
(Barrer)

Pure PBI 0.46
25/75 (w/w) ZIF-90–PBI 0.89
45/55 (w/w) ZIF-90–PBI 0.98

This journal is ª The Royal Society of Chemistry 2013
may plasticize the membrane, decrease the diffusivity selec-
tivity, and decrease the gas pair selectivity. Both H2 permeability
and H2–CO2 selectivity increase signicantly with an increase in
temperature. At 180 �C, the membrane shows an impressive
mixed gas separation performance with an H2 permeability of
226.9 Barrer and an H2–CO2 separation factor of 13.3.

The permeation of H2 or CO2 across the ZIF-90–PBI
membranes is a thermally activated process. The temperature
dependence of gas permeability can be described by the
Arrhenius–van't Hoff equation:66

P ¼ P0exp

��Ep

RT

�

where P represents the gas permeability, P0 represents the pre-
exponential coefficient, Ep represents the apparent activation
energy in the permeation process, R is the gas constant, and T
stands for the absolute temperature. Based on the solution-
diffusion model, Ep can be expressed in terms of two
contributions:
Ep ¼ ED + DHS

where ED represents the activation energy of diffusion and is
always positive, while DHS represents the enthalpy of sorption
and is usually negative. For strongly size-sieving membranes, ED
is larger than the absolute value of DHS, thus the total value Ep is
positive and the gas permeability increases as the temperature
increases.

Fig. 10 shows the temperature dependence of individual gas
permeability (P) across the 45/55 (w/w) ZIF-90–PBI nano-
composite membrane by means using the Arrhenius–van't Hoff
equation and mixed gas data. The activation energies (Ep) of H2

and CO2 permeation through the 45/55 (w/w) ZIF-90–PBI
membrane are 15.4 and 8.4 kJ mol�1, respectively, indicating a
strong size-sieving effect for both H2 and CO2 gas molecules,
which is consistent with the results of the diffusion coefficients.
membranes at 35 �C and 3.5 atm

Solubility (cm3 (STP)/
cm3 atm)

Diffusivity
(�108 cm2 s�1)

4.65 0.0753
12.52 0.0541
13.84 0.0539

J. Mater. Chem. A, 2013, 1, 6081–6090 | 6087
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Fig. 9 H2–CO2 mixed gas permeation results for the ZIF-90–PBI nano-composite
membranes.

Fig. 10 Temperature dependence of gas permeability (P) in the 45/55 (w/w)
ZIF-90–PBI nano-composite membrane.

Fig. 11 H2–CO2 separation performance of ZIF-90–PBI nano-composite
membranes compared to the Robeson upper bound:C pure PBI, 35 �C, pure gas;
: 45/55 (w/w) ZIF-90–PBI, 35 �C, pure gas; - 45/55 (w/w) ZIF-90–PBI, 35 �C,
mixed gas;A 45/55 (w/w) ZIF-90–PBI, 180 �C, mixed gas;+ 45/55 (w/w) ZIF-90–
PBI, 400 �C, mixed gas (predicted).
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The activation energy of CO2 permeation is lower than that of
H2 because CO2 exhibits a far more negative enthalpy of sorp-
tion (DHS) in the membrane. As a result, the H2 permeability
increases faster than that for CO2 as the temperature increases,
thus the H2–CO2 selectivity becomes higher with increasing
temperature. The gas separation performance of the 45/55
ZIF-90–PBI membrane at 400 �C can be therefore predicted
from their individual activation energies and gas permeabilities
at 180 �C. The predicted H2 permeability is 864.6 Barrer while
the calculated H2–CO2 selectivity is 23.8 at 400 �C.

Fig. 11 compares the pure gas and mixed gas permeation
results of the 45/55 ZIF-90–PBI nano-composite membrane with
the latest Robeson upper bound69 for H2–CO2 separation. The
ideal H2 permeability and H2–CO2 selectivity at 35 �C of the
45/55 (w/w) ZIF-90–PBI has surpassed the upper bound.
Although the mixed gas result at 35 �C drops signicantly
compared with the pure gas results, an encouraging perfor-
mance recovery is shown when the membrane is tested with
mixed gases at elevated temperatures.
6088 | J. Mater. Chem. A, 2013, 1, 6081–6090
Conclusions

In this work, we have successfully synthesized ZIF-90 nano-
crystals via a specially designed route in order to keep the
particles small and maximize the separation performance of
ZIF-90–PBI nano-composite membranes for H2–CO2 separation.
Investigations on the properties of the ZIF-90 nanoparticles and
the derived nano-composite membranes were carried out using
advanced instrumental analysis and gas permeation tests. The
following conclusions can be made from this study.

(1) Compared with the ZIF-90 particles in previous studies,
the ZIF-90 nanoparticles in this study exhibit identical
morphology, crystallinity and chemical structure, but with a
signicantly reduced particle size (around 100 nm). As a result,
no visible particle agglomeration is observed and the derived
ZIF-90–PBI nano-composite membranes possess homogeneous
particle dispersion and ne particle–polymer adhesion as
observed by FESEM.

(2) The incorporation of ZIF-90 nanoparticles into PBI-based
membranes increases CO2 solubility coefficients while reducing
CO2 diffusion coefficients. This transition may indicate an
increased H2–CO2 diffusion selectivity which explains the
enhancement of the ideal H2–CO2 selectivity. The 45/55 (w/w)
ZIF-90–PBI membrane achieves the highest ZIF-90 volume
loading of up to 50.9 vol%. This membrane possesses the best
ideal H2–CO2 separation performance with a moderate H2

permeability of 24.5 Barrer and a high H2–CO2 selectivity of 25.0
in pure gas permeation tests at 35 �C.

(3) Mixed gas permeation results show that the 45/55 (w/w)
ZIF-90–PBI membrane suffers a signicant performance drop,
possibly due to competitive sorption and plasticization
phenomena in strongly size-sieving glassy polymeric
membranes. Nevertheless, the membrane still possesses an
impressive mixed gas separation performance with an H2

permeability of 226.9 Barrer and an H2–CO2 separation factor of
This journal is ª The Royal Society of Chemistry 2013
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13.3 at 180 �C. Based on activation energy calculations, the
membrane may have an H2 permeability of 864.6 Barrer and an
H2–CO2 selectivity of 23.8 at 400 �C. The experimental and
calculated mixed gas data for the 45/55 ZIF-90–PBI nano-
composite membrane surpass the latest Robeson upper bound
for H2–CO2 separation.
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