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Separation membranes with high performance can potentially
be made by incorporating zeolites (or other nanoporous molecular
sieves) in polymeric membranes. Such ‘mixed matrix’ membranes
combine the processability and mechanical stability of polymers
with the molecular sieving function of zeolites.1 However, prepara-
tion of high-quality mixed matrix membranes has been hampered
by poor adhesion between the inorganic crystals and the polymer
and by inadequate dispersion of the inorganic particles. Well-known
compatibilization approaches such as organic functionalization of
zeolites with silane coupling agents2 have led to poor membrane
permeability2a,d and/or selectivity,2b which have been attributed to
the rigidification of polymer chains at the interface. Furthermore,
the use of coupling agents is usually limited to specific polymer/
zeolite pairs. In a different approach, Shu et al. reported that a
Mg(OH)2 whisker-like nanostructured surface could be created on
the surface of zeolite A via a halide/Grignard route.3 This highly
roughened surface provided enhanced polymer/zeolite adhesion via
the adsorption and presumed entanglement of polymer chains in
the whisker structure and yielded mixed matrix membranes with
significantly improved separation performance. However, the halide/
Grignard method utilizes a complicated procedure and sensitive
reactants. To enable a large-scale impact of mixed matrix mem-
branes, it is important to develop rational methods to create such
nanostructures on molecular sieve surfaces, using more benign
chemistry that is amenable to scale-up. Several studies demonstrate
synthesis of Mg(OH)2 particles in solution by precipitation,4

hydrothermal,5 or solvothermal processes.6 Here we report a facile,
more general, high-yield, and inexpensive solvothermal process for
controlled deposition of Mg(OH)2 nanostructures on a pure-silica
zeolite. The permeation characteristics of mixed matrix membranes
fabricated using the surface-modified materials transcend the upper
bounds on polymeric membrane performance.

Pure-silica zeolite MFI crystals of different sizes (5 µm, 2 µm,
300 nm, and 100 nm) were synthesized hydrothermally (Figure S1).
Solvothermal deposition of Mg(OH)2 was performed at 160 °C in
a solvent mixture of ethylenediamine and a MgSO4 aqueous
solution. For control studies, surface treatments were also performed
using the Grignard route after seeding the zeolite surfaces with
NaCl.7 Figure 1 shows the morphology of the MFI crystals after
solvothermal deposition. Well-defined whiskers with high surface
density formed on 2 and 5 µm MFI crystals, which provide a large
planar surface for nanocrystal nucleation and growth and/or
deposition. The morphology of the solids deposited on the 300 nm
MFI particles was different, and the particles had the appearance
of ‘cotton balls’. On the other hand, the 100 nm MFI particles were
coated with a much finer layer of Mg(OH)2 and no whisker structure
could be seen. X-ray diffraction (XRD) showed that the zeolites
maintained the MFI structure (Figure S4). The solvothermally
created surface nanostructures were identified as Mg(OH)2 by

energy-dispersive spectroscopy (EDS) and XRD (Supporting
Information).

The surface roughness of the MFI crystals was quantified by
external surface area measurements, and the results are summarized
in Table S3. The surface roughness increased significantly after
the surface treatment, and the solvothermally treated MFI crystals
showed higher surface areas than Grignard-treated crystals, con-
sistent with our SEM observations of both types of materials
(Figures 1 and S2). To examine the effect of solvothermal treatment
on the micropore structure (∼0.55 nm diameter) of MFI, the
micropore volumes of untreated and surface-treated 100 nm MFI
crystals were measured by N2 physisorption. The results were
normalized by the mass of MFI (SiO2) crystals, which is accurately
calculated from the overall composition of the surface-treated
crystals as obtained by ICP-AES. The micropore volume decreased
marginally from 0.15 cm3/g MFI (untreated) to 0.13 and 0.12 cm3/g
MFI after Grignard or solvothermal treatment, respectively. These
results indicate that Mg(OH)2 deposition only marginally affects
the porosity of MFI. The ICP-AES measurements also show that
at least 96% of the Mg2+ in the reactant solution is deposited on
the MFI crystal surfaces, thus verifying the high deposition yield.

Figure 2 shows cross sections of mixed matrix membranes made
with poly(etherimide) (Ultem, SABIC) and MFI crystals. All
membranes made with untreated MFI crystals showed voids at the
zeolite/polymer interface. These undesirable “sieve-in-a-cage”
morphologies have been reported previously.2a,8 Smaller MFI
crystals also form clusters, resulting in a nonuniform distribution
of the molecular sieve. Membranes made with solvothermally
modified MFI crystals were uniformly free of interfacial voids and

Figure 1. SEM images of solvothermally treated pure-silica-MFI. (a) 5
µm, (b) 2 µm, (c) 300 nm, and (d) 100 nm crystals.
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demonstrated a highly uniform distribution of MFI crystals in the
polymer (especially 300 and 100 nm particles, Figure S8).

Table 1 summarizes pure-component CO2 and CH4 gas perme-
ation properties of mixed matrix membranes made with solvother-
mally modified MFI. High-quality membranes of this type would
give large increases in throughput without sacrificing selectivity.
Ultem/20 wt % MFI membranes showed a 60% enhancement in
CO2 permeability along with a 15% increase in CO2/CH4 selectivity
compared to pure Ultem. The use of 30 wt % MFI also showed a
higher selectivity and a much higher CO2 permeability than that of
pure Ultem. Matrimid (Vantico)/35 wt % MFI membranes showed
a dramatic enhancement in CO2 permeability and a modest
selectivity enhancement over pure Matrimid as well as a substantial
selectivity enhancement over membranes made with untreated MFI
(Table S4). To show more rigorously that the enhanced gas
separation performance is due to the high quality of the polymer/
modified-MFI interface, we performed gas permeation measure-
ments with nonporous (uncalcined) MFI crystals, employing O2

and N2 as probes. Table 2 shows O2 and N2 single-component
permeabilities of mixed matrix membranes fabricated with imper-
meable MFI crystals. In this case, the Maxwell model1,2a accurately
predicts the permeability of a mixed matrix membrane of the desired
ideal morphology (i.e., well-adhered and well-distributed crystals,
and no polymer rigidification near the interfaces) without any fitting
parameters.

Experimental results from membranes made with solvothermally
treated MFI (e.g., Figure 2d) are well matched with the theoretical
prediction, indicating excellent adhesion and no significant inter-
facial polymer rigidification. The latter is also confirmed by DSC

results (Supporting Information). On the other hand, membranes
made with untreated MFI (e.g., Figure 2b) show considerably higher
permeability than that of the ideal microstructure, with no positive
effect on selectivity. This result is consistent with modified Maxwell
model predictions that account for voids at the polymer/zeolite
interfaces,8 but the highly nonideal microstructure of Figure 2b
cannot be rigorously described by the model. Our overall results
clearly show that the solvothermal deposition process substantially
enhances polymer/particle adhesion and is a promising route for
processing functional inorganic crystals for membrane applications.

Our method uses an inexpensive inorganic salt as the metal ion
source and a recyclable organic solvent. This method can be applied
to other surfaces (such as aluminosilicates) and generalized to other
hydroxides. We have formed Mg(OH)2 nanostructures on zeolite
LTA surfaces. Ca(OH)2 nanostructures were also formed on MFI
surfaces, and the functionalized materials showed improved adhe-
sion with Ultem (Figure S11).
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Figure 2. SEM images of cross sections of mixed matrix membranes made
with pure-silica-MFI and Ultem. (a) 5 µm untreated MFI, (b) 300 nm
untreated MFI, (c) 5 µm solvothermally treated MFI, and (d) 300 nm
solvothermally treated MFI.

Table 1. Pure-Component Gas Permeation Properties of Mixed
Matrix Membranes Containing 300 nm Solvothermally Treated MFI
Crystals at 35°C and 2 atm Upstream Pressure

membrane CO2 permeability
(Barrer)

CH4 permeability
(Barrer)

CO2/CH4

selectivity

pure Ultema 1.4 ( 0.1 0.036 ( 0.001 38 ( 1
20 wt % in Ultem 2.2 ( 0.1 0.051 ( 0.001 43 ( 3
30 wt % in Ultem 2.0 ( 0.1 0.044 ( 0.001 45 ( 2
pure Matrimida 7.6 ( 2.3 0.21 ( 0.07 35 ( 1
35 wt % in Matrimid 31 ( 2 0.78 ( 0.04 39 ( 4

a Averaged values from the literature.3a,9

Table 2. Pure-Component Gas Permeation Properties of Ultem
and Ultem/MFI Mixed Matrix Membranes at 35°C and 4.5 atm
Upstream Pressure (Uncalcined MFI Crystals Used in the
Membranes)

membrane O2 permeability
(Barrer)

N2 permeability
(Barrer)

O2/N2

selectivity

pure Ultem 0.43 ( 0.01 0.055 ( 0.002 7.8 ( 0.2
treated MFI/Ultema 0.35 ( 0.01 0.041 ( 0.002 8.5 ( 0.6
treated MFI/Ultemb

(theoretical prediction)
0.35 0.044 7.8

untreated MFI/Ultemc 0.43 ( 0.02 0.056 ( 0.003 7.5 ( 0.7

a 20 wt % of solvothermally treated 300 nm MFI in the membrane.
b Maxwell model; 20 wt % of 300 nm MFI in the membrane.1,2a c 20 wt
% of untreated 300 nm MFI in the membrane.
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