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Pure and transition metal (Co, Fe) containing aluminophosphate molecular sieves
were synthesized ionothermally by using a series of imidazolium-based ionic liquids as
both solvent and structure-directing agent. Adopting this novel method, a large number
of volatile organic solvents can be avoided, and the synthesis can be operated at near
atmospheric pressure. Thus, the preparation becomes simple and safe compared with
hydrothermal and solvothermal method. And, the recycling of ionic liquid can make
the industrial synthesis process more efficient and environmental. The powder XRD
patterns and FT-IR spectra displayed that all the synthesized samples were with soda-
lite structure. Crystal data for Co-substituted analogue: cubic, Pm-3n, a 5 9.0192 Å,
and magnetic property analysis showed weak antiferromagnetic interactions between
Co ions. The influences of synthesis conditions such as P2O5/Al2O3 ratio, crystallization
temperature, and the variety of ionic liquids on the character of the products were sys-
tematically investigated. In addition, the recycling of ionic liquid was studied based on
the NMR and TGA. � 2007 American Institute of Chemical Engineers AIChE J, 54: 280–288,
2008

Keywords: ionic liquid, molecular sieve, SOD, crystallization, recycling

Correspondence concerning this article should be addressed to S. Zhang at
sjzhang@home.ipe.ac.cn.

� 2007 American Institute of Chemical Engineers

AIChE JournalJanuary 2008 Vol. 54, No. 1280



Introduction

Molecular sieve porous materials with special channel or
cavity are widely used in many fields such as catalysis, gas
adsorption, and separation.1–3 The most well-known zeolite
molecular sieves are the aluminosilicate zeolites and the
microporous silica polymorphs. Since the discovery of alumi-
nophosphates in 1982 by Wilson et al.,4 a new family of mo-
lecular sieves with rich compositional and structural varieties
have been prepared.5–8 Especially, the molecular sieves with
isomorphous substitution of metal (Cr31, Co21, Fe31, Mg21,
etc.) into framework have been of particular interest over the
years because of their redox and catalytic properties in indus-
trial processes.9–12

Traditionally, molecular sieves are synthesized mainly by

hydrothermal or solvothermal systems. In those systems, var-

ious organic amines or quaternary ammonium were used as

structure-directing agents, and vast volatile organic solvents

were imported. Also the reactants were placed in a sealed

autoclave and heated to 423–473 K resulting in an autoge-

nous pressure. Recently, a novel green method, ionothermal

synthesis13–19 has been developed for preparing aluminophos-

phate molecular sieves, using ionic liquids (ILs) as both sol-

vent and structure-directing agent. Generally, ILs, a kind of

organic molten salt with melting point below 373 K, have

been studied extensively as promising solvent candidates for

clean technologies, owing to their special properties such as

extremely low vapor pressure, wide liquid range, strong sol-

vent power for organic or inorganic compounds, and high

thermal stability.20 Compared with hydrothermal or solvo-

thermal methods, using ionothermal synthesis can avoid the

introduction of volatile organic solvents, allow the reactions

taking place at near ambient pressure eliminating the safety

concerns, and lead to new framework potentially. The essen-

tial distinction between this new method and hydrothermal or

solvothermal one is that the former relies on the solvent

being predominantly ionic, but the latter takes place mainly

in molecular solvent. And the most important feature of ion-

othermal synthesis is the removal of competition between

template-framework and solvent-framework interactions

which presents in hydrothermal or solvothermal synthesis.13

By using this method, some new topological aluminophos-

phates13–17 were synthesized by Morris and coworkers that

cannot be prepared from hydrothermal or solvothermal sys-

tem. Also, Tian and coworkers18 and Xu et al.19 studied the

effects of amines and microwave heating on ionothermal syn-

thesis of molecular sieves.
The group of materials with sodalite (SOD) structure is

very fascinating, because the SOD cage is the basic structural
building block of commercially important zeolites A, X, and
Y, and has potential technological applications.21,22 In previ-
ous studies, the microporous aluminophosphate with strong
distorted SOD cage (AlPO-SOD) was synthesized in a quasi-
nonaqueous medium using dimethylformamide as solvent
and template.23,24 The pure aluminophosphate and various
metal substituted analogues of MIL-74 family M3Al6
(PO4)12�4tren�17H2O (M5 Na, Zn, Fe, Co, Mg, Mn) were
hydrothermally synthesized using tris(2-aminoethyl)amine
(tren) as structure-directing agent.25–29 And the magnetic sus-
ceptibility of iron(II)-substituted aluminophosphate was
measured, which indicated that Fe(II) was not magnetically

coupled in the compound.28 Recently, Parnham and Morris
reported the synthesis of cobalt-substituted aluminophos-
phates using 1-ethyl-3-methyl imidazolium bromide
(EmimBr) as both solvent and template.15 However, it was
difficult to prepare pure phase samples in their studies. And
previous work on ionothermal synthesis concentrated on a
few sorts of ILs. In fact, incorporating transition metal ions
into aluminophosphates framework is rarely reported by
using ionothermal synthesis.

Therefore, the ionothermal system was chosen in an attempt
to explore the application of ILs in the synthesis of metal-sub-
stituted aluminophosphates. In this paper, the synthesis of pure
and transition metal (Co, Fe) containing microporous alumino-
phosphates was studied using a series of ILs including 1-ethyl-
3-methylimidazolium bromide ([Emim]Br), 1-butyl-3-methyli-
midazolium bromide ([Bmim]Br), 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim][BF4]), and 1-butyl-3-methylimidazo-
lium hexafluorophosphate ([Bmim][PF6]). The synthesized
aluminophosphates were characterized by X-ray single crystal
diffraction, powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive analysis with X-rays
(EDAX), and Fourier transform infrared spectroscopy (FT-IR).
The crystal data of Co-substituted analogue displayed that it
was cubic, a 5 9.0192 Å and described as Pm-3n. The influen-
ces of synthesis conditions on crystallinity of the samples were
systematically discussed. Moreover, the recycling of IL
and magnetic property of Co-substituted analogue were also
studied.

Experimental

Synthesis

A series of imidazolium-based ILs were prepared using
standard methods.30,31 Simply, N-methylimidazole was
reacted with a little excess of 1-bromobutane (or bromo-
ethane) in a round-bottom flask at room temperature for 5 h
to produce [Bmim]Br (or [Emim]Br). For ILs [Bmim][BF4]
and [Bmim][PF6], [Bmim]Br was reacted with equal mole of
sodium tetrafluoroborate (NaBF4) or sodium hexafluorophos-
phate (NaPF6) in aqueous solution. The obtained ILs were
extracted by dichloromethane, and then dried under vacuum
at 343 K for 2–3 days before being used.

The typical synthesis procedure of aluminophosphate was
as follows13: IL, Al[OCH(CH3)2]3, H3PO4 (85% in H2O),
CoCl2�6H2O or Fe (NO3)3�9H2O, and HF (40% in H2O) were
added if required to a 23-ml stainless-steel reactor with Tef-
lon liner. The autoclave was heated in an oven to required
temperature for several days. Then the autoclave was cooled
to room temperature and the product was filtered and washed
with ethanol. The filtrate was evaporated to eliminate water
and ethanol. Then the concentrated IL was washed with ethyl
acetate and dried under vacuum. Therefore, IL can be recy-
cling used. In this paper, pure and Co (Fe)-substituted alumi-
nophosphates were synthesized. Reaction conditions and
characters of obtained samples were listed in Table 1.

Characterization

The X-ray single crystal data collection for Co-substituted
aluminophosphate was performed on a Bruker Smart 1000
CCD diffractometer, using graphite-monochromated Mo Ka
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radiation (k 5 0.71073 Å). Semiempirical absorption correc-
tions were applied using the SADABS Program. The struc-
ture was solved by direct methods and refined by full-matrix
least square on F2 using the SHELXTL-97 program.32 The
crystallographic data were listed in Table 2 and atomic coor-
dinates and equivalent isotropic displacement parameters in
Table 3. The XRD patterns of synthesized aluminophos-
phates were recorded on an X’Pert MPD PRO diffractometer
(Panalytical) with Cu Ka radiation (k 5 1.54059808E).

A JSM-6301F SEM integrated with an EDAX system for
elemental analysis was used to confirm the presence of cobalt
or iron in the compounds. The morphologies of crystals,
observed by SEM, were shown in Figures 1 and 2. FT-IR
spectra in the regions (400–4000cm21) were recorded by
KBr pellet technique using 0.5 mg of sample and 100 mg of
KBr on a Thermo Nicolet 380 spectrometer. The thermal
gravimetric analysis (TGA) was conducted on a TGA 2050
system from TA Instruments at an advancing heating rate of
10 K/min from 293 to 633 K under N2, and

1H NMR spectra
were recorded on a BRUKER DPX (400 MHz) in D2O.
Magnetic measurement of Co-substituted aluminophosphate

was performed on Quantum design SQUID MPMS XL mag-
netometer with a magnetic field of 1000 Oe and operated
between 5 and 300 K.

Results and Discussion

Structure analysis

The well-shaped blue rhombdodecahedron of Co-substi-
tuted aluminophosphate was synthesized ionothermally by
keeping the molar composition to Al2O3:5.0P2O5:3.6HF:3.0
CoCl2�6H2O:40[Emim]Br at 463 K for 5 days (Table 1, No.
10). This crystal-shape feature, observed by SEM (Figure 1),
was previously reported for the M-aluminum/gallium analo-
gous solids with SOD structure.25,28 The crystallographic
data were given with cubic crystal system, a 5 9.0192 Å
and space group Pm3n in Table 2. In the framework, alumi-
num, cobalt, and phosphorus were all in tetrahedral coordina-
tion (Figure 3). Owing to the lower Co occupancies of Al
sits, the metal tetrahedra were denoted with TO4 (T 5 Al or
Co). In the compound, PO4 tetrahedra shared all of their cor-
ners with the TO4 tetrahedra, leading to strict T��O��P alter-
nation. The average T��O and P��O distances in tetrahedra
were 1.732 and 1.489 Å, respectively. The crystal exhibited
a three-dimensional SOD framework by connecting the build-
ing unit T2P2 containing two tetrahedral PO4 species and two
tetrahedral TO4 ones (Figure 3). The four-member rings and
six-member rings were formed by connecting the central
atoms of the tetrahedra. A truncated octahedron cage [4668]
packed by six 4-member rings and eight 6-member rings
were illustrated in Figure 4. The smaller water molecules
were embedded in the cages.

Table 1. Synthesis Conditions and Characters of the Obtained Products

No. Molar Composition of Reagent T (K) Product Characters Time (d)

1 Al2O3:1.8P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Amorphous phase 5
2 Al2O3:2.0P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Amorphous phase 5
3 Al2O3:2.8P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Brown prolate spheroid 5
4 Al2O3:3.0P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Brown rhombohedron 5
5 Al2O3:5.0P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Brown polyhedron 5
6 Al2O3:6.0P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Amorphous phase 5
7 Al2O3:8.0P2O5:3.6HF:3.0Fe(NO3)3�9H2O:40EmimBr 443 Amorphous phase 5
8 Al2O3:5.0P2O5:3.6HF:3.0CoCl2�6H2O:40EmimBr 423/433 Amorphous phase 3/5
9 Al2O3:5.0P2O5:3.6HF:3.0CoCl2�6H2O:40EmimBr 443/453 Blue prolate spheroid 3/5
10 Al2O3:5.0P2O5:3.6HF:3.0CoCl2�6H2O:40EmimBr 463 Blue rhombohedron 3/5
11 Al2O3:5.0P2O5:3.6HF:3.0CoCl2�6H2O:40EmimBr 473 Blue prolate spheroid 3
12 Al2O3:3.0P2O5:3.6HF:3.0CoCl2�6H2O:40 EmimBr 463 Blue rhombohedron 3
13 Al2O3:3.0P2O5:3.6HF:3.0CoCl2�6H2O:40 BmimBr 463 Blue rhombohedron 3
14 Al2O3:3.0P2O5:3.6HF:3.0CoCl2�6H2O:40BmimBF4 453/463 Blue prolate spheroid 3
15 Al2O3:3.0P2O5:3.6HF:3.0CoCl2�6H2O:40BmimPF6 463 Amorphous phase 5
16 Al2O3:3.0P2O5:3.6HF:40EmimBr (or BmimBr) 463 Colorless transparent rhombohedron 3/5

Table 2. Crystal Data and Structure Refinement for
Co-Substituted Blue Rhombohedron

Empirical formula H0.67Al0.73Co0.27O4.33P
Formula weight (g mol21) 136.58
Crystal system Cubic
Space group Pm-3n
a (Å) 9.0192 (8)
a (deg.) 90
Z (calculated density, mg m23) 6, 1.855
V (Å3) 733.68 (11)
Temp (K) 293 (2)
Absorption coefficient (mm21) 1.473
Reflections collected/unique 3085/155 [R (int) 5 0.0288]
k (Mo Ka) (Å3) 0.71073
Final R indices [I[2r(I)] R1 5 0.0980,

wR2 5 0.2955
R indices (all data) R1 5 0.1001,

wR2 5 0.2985
Limiting indices 211 � h � 7, 211 � k � 11,

211 � l � 7
Refinement method Full-matrix least-squares on F2

Goodness-of-fit on F2 1.301

Table 3. Atomic Coordinates (310
4
) and Equivalent

Isotropic Displacement Parameters (Å2 3 103) for
Co-Substituted Crystal

x y z U (eq)*

P(1) 5000 5000 0 27 (2)
Al(1) 2500 5000 0 21 (2)
Co(1) 2500 5000 0 21 (2)
O(1) 3669 (11) 34,779 (12) 0 109 (8)
O(2) 0 0 0 49 (8)

*U (eq) is defined as one-third of the trace of the orthogonalized Uij tensor.
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Actually, incorporation of transition-metal atoms into alu-
minophosphate-based zeolite analogue has been succeeded in
many systems, but no more than 38% of the Al sites can be
replaced.33 In this crystal, element Co-substituted 27% of Al
sites, and the atom ratio of Co/Al is 0.37, [Al 1 Co]/P is 1
from crystallographic data (measured 0.44 and 0.85 from the
EDAX analysis). Figures 5 and 6a showed the powder XRD
patterns of Co-substituted analogue from single crystal data
and experiment, respectively. As revealed by the identical
powder XRD patterns, the synthesized sample obtained by
ionothermal method was well crystallized without impure
phase.

Fe-substituted aluminophosphates were synthesized with
the compositions of Al2O3:3P2O5 (or 5P2O5):3.6HF:3.0Fe
(NO3)3�9H2O:40[Emim]Br at 443 K for 5 days (Table 1,
Nos. 4–5). The SEM images of the samples with brown
rhombododecahedron and polyhedron were shown in Figures
1 and 2, respectively. At the very similar compositions with-
out addition of any metal (Table 1, No. 16), the pure alumi-
nophosphate (AlPO) with colorless transparent rhombdodeca-
hedron was obtained too. The powder XRD patterns of AlPO

and Fe-substituted analogues were shown in Figures 6b–d.
From Figure 6, it was observed that all the powder XRD pat-
terns were in accordance with the simulated powder XRD of
Co-substituted analogue, which indicated that all the products
were with pure SOD phase. In the Fe-substituted analogues,
molar ratios of Fe/Al were 0.62, 0.47, and those of [Fe1Al]/
P were 0.81:1 and 0.85:1 from EDAX, respectively. Different
Fe/Al ratios indicated that the element iron substituted the
sites of Al at different extents. And the molar ratios of
[Fe1Al]/P were almost equal to that of [Co1Al]/P, namely
M/P (M 5 Fe1Al, Co1Al) ratios were identical in the dif-
ferent compounds, which showed that all of them adopted
metal substituting for Al mechanism.34

Figure 1. SEM image of AlPO and Co (Fe)-substituted
analogues with rhombododecahedron.

Figure 2. SEM image of Fe-substituted analogue with
polyhedron.

Figure 3. Polyhedral view of [TO4] and [PO4] in Co-sub-
stituted analogue.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4. The cage [4668] of Co-substituted analogue.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The FT-IR spectra of AlPO and Co (Fe)-substituted ana-
logues with SOD were displayed in Figure 7. Generally,
absorptions below 1400 cm21 are attributed to the lattice
vibration of molecular sieve framework. As described in
Figure 7a, for the as-synthesized AlPO, bands at 1489.29
cm21 could be assigned to the bending vibrations of O��H.
Absorptions at 1070.89 cm21 and 722.83 cm21 were referred
to internal asymmetrical and symmetrical stretching vibra-
tions of AlO4 and PO4 tetrahedra. Additionally, two bands at
624.70 cm21 and 572.07 cm21 were due to the distortion
vibrations of four-membered ring and six-membered ring.
The band at 485.55 cm21 was attributed to the bending
vibration of Al��O. The Co (Fe)-substituted compounds
exhibited similar patterns of IR spectra in Figures 7b–c, and
the band shift was observed due to the incorporation of
cobalt or iron. Those results were consistent with previous
studies35–38 and further proved that the three compounds
were with the same structure.

Effects of synthesis conditions on crystallinity
of the aluminophosphates

A series of experiments were operated to investigate the
influences of synthesis conditions on product crystallinity,
including the mainly factors such as P2O5/Al2O3 ratio, crys-
tallization temperature, and the type of IL. And the synthesis
conditions were listed in Table 1.

In order to investigate the effect of P2O5/Al2O3 ratio, molar
compositions of Al2O3:xP2O5:3.6HF:3.0Fe(NO3)3�9H2O:40
[Emim]Br (x 5 1.8–8) were analyzed at 443 K for 5 days (Ta-
ble 1, Nos. 1–7). As displayed in Figure 8, the crystallinity
increased initially with the increase of P2O5/Al2O3 ratio, and
prefect Fe-substituted crystals were obtained at the P2O5/Al2O3

ratios of 3:1 and 5:1. But with the increase of P2O5/Al2O3 ra-
tio, the crystallinity decreased and amorphous phase was
formed at the P2O5/Al2O3 ratio of 6:1. According to the change
of the crystallinity, we attributed the reason of crystal deterio-
ration to the improper pH value. Generally, the crystallization
of the molecular sieves was mostly influenced by the pH of

Figure 5. Powder XRD pattern simulated from single
crystal structure data of Co-substituted
analogue.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 6. Powder XRD patterns of the samples: (a) Co-
substituted analogue; (b) pure aluminophos-
phate; (c) Fe-substituted analogue with rhom-
bohedron; (d) Fe-substituted analogue with
polyhedron.

Figure 7. FT-IR spectra of the samples: (a) as-synthe-
sized aluminophosphate; (b) Co-substituted
analogue; (c) Fe-substituted analogue.

Figure 8. Effect of P2O5/Al2O3 ratio on relative crystal-
linity of Fe-substituted analogue.
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reaction system.39,40 And the acidity of reaction composition
was mainly decided by the content of H3PO4, while keeping
HF acid constant. As we knew, the concentration of H3PO4

controlled the hydrolyzing rate of aluminium triisopropoxide
and affected the formation of Al��O��P chains and the pri-
mary units of the molecular sieve. But excessive H3PO4 would
introduce larger quantities of water, which would affect the
ionothermal condition. Therefore, there existed an optimum
P2O5/Al2O3 ratio for the formation of perfect crystals. The

aforementioned analysis indicated that a slightly lower concen-
tration of orthophosphoric acid was favorable to grow well-
shaped crystals.

The influence of reaction temperature on the crystallinity
was studied by keeping the starting composition to
Al2O3:5.0P2O5:3.6HF:3.0CoCl2�6H2O:40[Emim]Br from 423
to 473 K, with the interval of 10 K for 3 days (Table 1, Nos.
8–11). As seen in Figure 9, the crystallinity was very low,
and an amorphous phase appeared at 423 K. When increa-
sing reaction temperature, the crystallinity increased and per-
fect blue rhombdodecahedron morphology was obtained at
463 K. With the increase of temperature, the crystallinity
decreased and prolate spheroid was formed at 473 K. These
results suggested that higher reaction temperature was benefi-
cial to the crystal formation reaching the optimum at 463 K.
It was attributed to the lower viscosity of IL and higher
growth ratio of crystal at higher temperature.

In the experiments, the synthesis of Co-substituted alumi-
nophosphate was studied at the composition of Al2O3:3.0
P2O5:3.6HF:3.0CoCl2�6H2O:40IL. ILs were used including
[Emim]Br, [Bmim]Br, [Bmim][BF4], and [Bmim][PF6]
(Table 1, Nos. 12–15). Under the similar condition, the Co-
substituted analogue was formed in ILs [Emim]Br,
[Bmim]Br, or [Bmim][BF4], but not in [Bmim][PF6]. That
may be due to the special property of [Bmim][PF6] IL. Gen-
erally, ILs [Emim]Br, [Bmim]Br and [Bmim][BF4] are
hydrophilic, but ILs containing [PF6]

2 anion are hydropho-
bic. Moreover, [PF6]

2 undergoes hydrolysis easily to produce
HF and [PO4]

32 in the presence of a small quantity of

Figure 9. Effect of crystallization temperature on rela-
tive crystallinity of Co-substituted analogue.

Figure 10. 1H NMR spectra of EmimBr: (a) freshly made; (b) after first use; (c) after fourth use.
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water.41 The introduction of water in reaction is inevitable
because of the addition of H3PO4 (85% in H2O) and HF
(40% in H2O). The minim water may affect the content of
HF, namely making the control of pH difficult in the system.
It is possible that large amounts of HF may break up the imi-
dazolium cation and impair the function of IL as structure-
directing agent. Hence the crystal cannot be obtained by
using [Bmim][PF6]. The similar behavior was also observed
by Morris.42

Recycling of IL

The properties of freshly made and recovered EmimBr IL
after the reaction was examined using NMR spectroscopy
and TGA. Co-substituted aluminophosphate with SOD was
selected to explore the recycling of IL by keeping the molar
composition to Al2O3:5.0P2O5:3.6HF:3.0CoCl2�6H2O:40
EmimBr at 453 K for 3 days (Table 1, No. 9). Figure 10
showed the 1H NMR of the freshly made and used IL, which
indicated that there was no obvious change of this EmimBr
IL after the first or fourth recycling. To assess the degrada-
tion of EmimBr after the reaction, TGA curves of freshly
made and used ILs were given in Figure 11. Although there
was a little difference at the onset thermal decomposition
temperature between the freshly made and used IL, EmimBr
was quite stable at the reaction temperature (453 K). And the
TGA curves of the first and fourth used IL were almost iden-
tical in the entire measurement range. Figure 12 displayed
the powder XRD patterns of the Co-substituted aluminophos-
phate obtained using the freshly made and recycled ILs, and
the powder XRD patterns corresponded well with each other.
Thus, the IL was not degraded at the reaction temperature
and could be recycled. Moreover, there was no change in the
structure of the Co-substituted aluminophosphates.

Magnetic property

The powder magnetic susceptibility for Co-substituted alu-
minophosphate has been measured at a field of 1000 Oe
from 5 to 300 K. The vM and vMT versus T plots for the

compound were shown in Figure 13. Upon cooling, vMT
decreased steadily over the range of 300–50 K, and then
decreased fast from 50 to 5 K, which should be mainly
attributed to the zero-field splitting of Co ions. The magnetic
susceptibility of the compound obeys the Curie–Weiss law,
with the Weiss constant y 5 23.01 K and the Curie constant
C 5 0.822 m3 mol21 K at measured temperature. These
results suggested weak antiferromagnetic interactions
between Co ions.

Conclusions

Pure and Co (Fe)-substituted aluminophosphates were
synthesized ionothermally using imidazolium-based ILs
including [Emim]Br, [Bmim]Br, and [Bmim][BF4] at near
atmospheric pressure without addition of any volatile organic
solvents. The powder XRD patterns and FT-IR spectra indi-
cated that all the resulting microporous materials were with
SOD structure. The optimum synthesis conditions were found
to be at lower concentration of orthophosphoric acid and

Figure 11. TGA curves of freshlymade and used
EmimBr ionic liquid.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Powder XRD patterns of Co-substituted
analogue synthesized using (a) freshly
made EmimBr; (b) recycled EmimBr.

Figure 13. Plots of the temperature dependence of vM
(n) (m3 mol21) and vMT (&) (cm3 mol21 K)
for Co-substituted analogue.
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higher temperature in the range of 443–463 K. High product
selectivity and large intact crystals were obtained by using
ionothermal synthesis under the optimized conditions.

IL could be recycled in ionothermal system and the
obtained Co-substituted analogue displayed an antiferromag-
netic behavior. EDAX analysis indicated that metal ions suc-
cessfully substituted sites of Al in the framework at different
extents. And it confirmed that the ionothermal synthesis was
suitable for preparation of transition metal-incorporated
frameworks which were widely applied in a variety of indus-
trial applications such as heterogeneous catalysis, gas adsorp-
tion, and separation.

In summary, this work confirms that the novel ionothermal
approach is a simple and safe method for synthesis of vari-
ous microporous molecular sieves, with a number of advan-
tages such as avoiding introduction of volatile organic com-
pounds and allowing the preparation at ambient pressure.
And the recycling of IL makes the synthesis of molecular
sieves more efficient and environmental. Therefore, it is
expected that this new method will become an effective way
for large-scale production of molecular sieves and other po-
rous materials in the future.
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Grenéche JM, Férey G. Tetrahedrally coordinated Iron(II) incorpora-
tion in the super-sodalite aluminophosphate Fe3Al6(PO4)12�4tren�
17H2O (MIL-74). Chem Mater. 2003;15: 4590–4597.

29. Loiseau T, Beitone L, Taulelle F, Férey G. Divalent metal incorpo-
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