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Abstract This study focuses on the effect of the syntheti@luminophosphate chabazite gives a narrow product dis-
conditions on the stability, particle size, redox chemistry ofribution with a high selectivity to £C4 olefins P, 3].
cobalt into the framework of CoAIPO-34. It seems that thdesides MTO process, these catalysts can also exhibit high
most sufficient pH for the substitution of Co into the Shape selectivities allowing the diffusion of only small or
framework of CoAIPO-34 was pH around 7.5 when the aginéar molecules4].

synthesized bifunctional catalyst has the best redox prop- Many efforts have been made to improve selectivity
erty. The pH of the initial gel has strong effect on thetowards the desired product, by various physico-chemical
particle size of CoOAIPGB4. The substitution of cobalt and modifications of small pore materials. For example, ethy-
redox chemistry were determined by: EXAFS combinedene selectivity (from dehydration of methanol) can be
with XRD, XANES, IR. Stability of the nanoporous cata-improved by incorporating transition metals such as Co,

lyst studied by in situ XRD were also reported. Mn, and Ni into the framework of AIPO-34 an_d SAB@-_
[5]. CoAIPO-34 catalysts also show exceptionally high
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Bifunctional catalyst Nanoporous activity in other DeNQ reactions §, 7].The incorporation

of transition metal ions to the framework sites is of par-
ticular interest since the incorporated paramagnetic metal
1 Introduction species can generate catalytically reactive sites mgndi
MeAIPO materials potentially useful catalysts. Accord-
Since the discovery of nanoporous aluminophosphates, gl information on the redox chemistry and the particle
special interest is devoted to chabazite-type structures. ~ Size of the introduced metal ions in the aluminophosphate
With small pore size of 3.8 A, these molecular sieveg""mewOrk is also of special interest.
display interesting catalytic activities of organic reactions The transition metal focused on within this work was
involving small molecules. In the MTO proced$ [ cobalt. Compared to other first row transition metals,
which usually prefer octahedral coordination geometry,

co?’ preferably adopts tetrahedral stereochemistry with
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2 Experimental

2.1 Synthesis of CoAIPG4 |
Samples were synthesized with different experimental | | 1 k

conditions using Al(OH3, phosphoric acid 85 %, distilled ’ N l“ﬂl R, !
water, Co(Acetate) 2#0 and TEAOH. After the b'.. %!V ‘L‘—-—h—*l 6.5
synthesis, the crystals were filtered, washed with distilled ) LL.___A 7.5

water and dried. Typical gel composition for CoAIPO-34

was 0.9A1:(0.91.5)P:0.1C0:(0.8-1.2) TEAOH: 250. oiets lissisesl 0
2.2 Characterization procedure Fig. 1 XRD patterns of as-synthesized CoAIPO-3wifferent pH

of the initial gel

The samples first will be characterized by XRD collected _
at room temperature using a Siemens D500 diffractometelpeaks at around 2h = 21 and 27 corresponds to the dense

using Cu K radiation ( = 1.5418 A) at room tempera-ture t ridymite type AIPQ phase §]. Although it appears that a

determine the structure and investigate the phaseity raction of the material is transformed to trydimite dense
The samples then were deeper characterized by in simase’ majority of the sample crystallied at pH 6.0 sl

combined EXAFS/XRD. Crystal size, shape and chemicaﬁ osi’ssls Setarl]lfs f/:vl;tlr’? Sc;[:)lithilrJ]:ngirt]d stge ()aftia Str;]c;\;\’io?:: tt:e
analysis of catalysts were obtained by a cluster of thre P P g y sugg 9

. ) ) mite and CHA phase co-exist under these preparation
Scanning Electron Microscopes at Institute of y P prep

N conditions.
Archaeology, UCL, London. XANES examinations repor- Chemical . btained by EDX of h
ted in this paper were all recorded at station BM26-ESRF e dirgrlr?alezogsgosi\l;“eonnisn%;Z;ge y of as-synthe-
Grenoble-France. Combined XRD/EXAFS were coIIectef P g

to investigate the stability of the material during the cal- AS It 1S presentin the starting gel, cobalt is expected to
cination process. substitute exclusively for aluminium. So after the synthe-

sis, the ratio of P should be equal the molar ratio of total
amount (Al ? Co).

3 Results and discussion As seen from the galinitial composition (Table 1), the
P amount is slightly higher than Al ? Co), i.e. [1.0 molar
ratio. The reason for that is that P was used to control the
pH. The expected amount of P to be related to Al is still
1.0 molar ratio. So it can be said that the composition
iven in the table above summarize the degree of cobalt in
he crystal phase (at framework or extra-framework
position). In fact there may be Co species incorporated in
the framework as well as at extra framework positions
L?r’apped in cages or in amorphous phases), shown as a
whole in chemical composition that can not be
distinguished. In addition the error involved in these
measurements may also contribute to the variation seen in
Table 1 Synthetic conditions for the crystallizatiaf CoAIPO-34 the expected composition.

H
inial - Compositions Temperature (C) Time (h)

Al:P:Co:Template:HO

Synthetic conditions

3.1 Effect of the synthetic conditions on the particle
size of nanoporous CoAIPG4

The synthetic conditions and composition of the initial gel ar
summarized in Tabld. XRD of as-synthesized CoAIPO-34
samples were shown in Fid. It can be seen that XRD
patterns of all products showed the materials to be phase pu
related to chabazite structure. However, the XRD of sampl
synthesized at pH 6.0 have some additional

Table 2 Compositions in molar of as-synthesized B@A34s
obtained by EDX

pH Compositions, molar (O:P:Al:Cc
6.0 0.90:1.50:0.10:0.80:25 150 15
6.5 0.90:1.30:0.10:0.80:25 150 15 6.0 2.41:1.00:0.69:0.11
7.0 0.90:1.20:0.10:0.80:25 150 15 7.0 4.16:1.00:0.80:0.11
7.5 0.90:1.10:0.10:0.80:25 150 15 7.5 3.23:1.00:0.78:0.17
8.0 0.90:1.00:0.10:1.00:25 150 15 8.0 3.82:1.00:1.21:0.19

8.5 0.90:1.00:0.10:1.20:25 150 15 8.5 2.56:1.00:0.85:0.19




Figure2 shows SEM images of as-synthesised CoOAIPOstapilized in the gel, the tetrahedral aluminum atoms which
34.In general, SEM showed the as-synthesized samples tare unstable at low pH values will facilitate nanoporous
be composed of crystals with various diameter. phase formation9d, 10]. It has been shown that tetrahe-

However, it can be observed from SEM that in the crystafirally coordinated aluminum originating from the depoly-
phase of samples synthesized at pH 6.0 and 8.5, two differefiterization of aluminum hydroxide is stable in a gel

crystal sizes can be distinguished: crystals with containing amineq]. It is proposed that the amine mole-
size around 10@00Im and few bigger cubic crystals are  cules are bound via the phosphate tetrahedra to the initial
observed with size 36400m. species consisting of AlDand PQ tetrahedraq).

From SEM it can be seen that, in general, the higher pH This arrangement provides a hydrophobic environment
of the initial gel, the smaller the particle size. All thearound the active species, protecting them from the attack
samples were synthesized under the same conditioe$ water molecules and thus stabilizing the tetrahedral
except pH, so it is likely that pH affects the size anctoordination of Al atoms. Thus, the higher pH may
morphology of the crystal. enhance the rate of depolymerization of aluminum

The reason for this observation is related to the nucldiydroxide, which in the presence of a stoichiometric
formed during the crystallization in the gel. As reported, if amount of phosphoric acid and templating amine

pH=85

Fig. 2 SEM images of CoAIPO34s synthesized fromahdels with pH 6.68.5, at 150 LC in 15 h



Data shown in Fig3 was recorded on the HOTWAX
detector (which is scientifically driven by Professor G.
Sankar at the Royal Institution of Great Britain and Dr J. P.
A. Fairclough at the University of Sheffield and in
collaboration with detector group at RAL and Daresbury
Laboratory). The 3D plot of the XRD data of CoAIRa-
(Fig. 3a) reveals that the material is stable upon removal of
= = the template molecule; there was no evidence of the
5 10 15 20 25 30 3 40 Temperature(°C) framework collapsing on removal of the template, or loss

of crystallinity in this process up to 58@L
As shown clearly from 2D-plot (Fig3b), the XRD
intensity changes between 350 and 400 LC which is pri-
Ea— mely due to the collapse of the structure directing organic
350-450°C template that occludes the pores of the microporous sys-
tem. This is consistent with other studies that demonstrated
that the organic template collapsed above 35071.Q7] .

The experiment was then repeated but with the heating
profile increased to 650 LC. Our study shows that the
nanoporous structure of the CoAIPO-34 materials synthe-
sised in this work begin to lose its integrity above 6@ L
and suggest that the catalysis should be performed below
600LC.

Intensity

2theta (degrees)

Fig. 3 Typical stacked XRD data recorded duringcicaltion of

CoAIPO-34 in a 3D plot; b 2D plot 3.3 Effect of the synthetic condition on the redox

chemistry of nanoporous CoAIPO-34 by EXAFS
molecules will stabilize the tetrahedrally coordinated Al
species in the gel. Moreover, the higher pH was controlleﬁihe substitution, the oxidation state and coordination

_by the _increasing amount .Of iemplate. F_or this réasolyvironment of cobalt in the framework of as-synthesized

increasing pH means greatmg more nuclei formed In th'(%0AIPO—34 was investigated by EXAFS during calcina-

gel for the crystallization, thus smaller particles WeTGions. After the calcinations up to 550 LC, the colour of the

formed. samples changed from blue to different green shades: dark
green, light or yellow green.

In many papers and report§, [7, 11, 12], EXAFS
investigation strongly support that the oxidation of transi-
tion metal in general and édto Co*? occurred upon the

. . calcinations. Only the first shell G® was studied in this
The stability of AIPO-34 with CHA framework can be \york; since the primary aim of the study is to understand

assessed from a plot of the XRD, recorded during thge |gcal environment around the central atom cobalt and
calciantion process, as a function of temperature.

3.2 Effect of the synthetic conditions

on the structural stability of nanoporous
CoAIPO-34

Fig. 4 Normalized XAS of 144 0.10
sample synthesized at pH 7.5 | 0.09
before and after calcination up 1.2 0.08
to 550 LC 1 0.07
1.0 0.06
1 0.05
oz Wl 0.04
S o6 0.03
£ 1 108 6 -4 2 0 2 4 6
0.4
0.24 Before calcination
] After calcination
0.0 \ft
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Table 3 The fraction c_)f o_xidized Co(lll) in as-sasized CoAIPO- (a) 2.10
34 samples upon calcinations up to 530 LC ;‘: 2.05
pH of the initial gel Fraction (% ©
2] 2.00
5]
65 > = 195 -
7.0 68 o
75 82 2 190 -
8.5 60 —8
Q 1.85
Q 4
O 1.80
relate them to oxidation state. The shape of the K-edge and 1.75 :

the pre-edge are characteristic for the local symmetry of S0 100 250 300 350 400 450 500 550
the investigated atom and can be used as fingerprints in the Temperature (°C)
identification of its local structurelfl]. Co K-edge XAS (b)

spectra of as-synthesized CoAIPO-34 (Hpexhibits the
characteristic tetrahedral pre-edge resonance, demonstrat-
ing that cobalt cations are incorporated into the tetrahedral
sites. In XAS spectra of the calcined sample, the pre-edge
peak is strongly diminished, indicating that in the process
of calcination, the tetrahedral environment of the metal is

distorted [].

Sankar et al.]] have reported that from the bond dis-
tance, it is possible to calculate the fraction of oxidized
Co(lll) after calcinations procedure, using the Vegard
relationship. The fraction of oxidized Co(lll) in as-syn-

(N)

Coordination number

thesized CoAIPO-34s upon calcinations was calculated 50 100 250 300 350 400 450 500 550
using this relationship and shown in TaBle Temperature (°C)
The change in cobalt coordination number N, the aver{c)
age CeO bond distance R, and the DebWaller factor A ~ .
as a function of temperature for as-synthesized Co8R0O- g 0.040 2
samples are shown in Figa, b, c. S o035y S W
As shown in Fig5a, the best fit bond distance € & gg30. " S L
obtained for the first shell is 2.05 for the sample synthe-g =X
sized at pH 8.5. This value is much larger than thoses 00251 . e
usually reported for CoAIP&n materials I, 13-16], ; 0.0201 =t )
which are generally between 19295 A. This may indi- " 0.015] Ay A4
. . - r
cate the presence of the Coctahedral species in the S 0.010 == o
sample with the CdO bond distance around 2.10 A for a 2 0.005
typical octahedrally coordinated system, which may lead to e
the rise of average €O bond distance. This result agreed 50 100 250 300 350 400 450 500 550
with the changing colour observed for this sample to grey- Temperature (°C)
black after the calcinations. —+— pH=6.5,150°C —=— pH=7.0, 150°C
pH=7.5, 150°C pH=7.5, 160°C

. —%— pH=8.5, 150°C
4 Conclusion

Fig. 5 Changes ad Co-O bond distance) coordination number Ng

It can be seen from the characterization of synthesizegﬂaelci'r?:t?gﬁg"’a”er factor A (Dr’) in CoAIPO-34 samples upon
cobalt-substituted AIPO-34 that the synthetic conditions,

especially pH of the initial gel has obvious effects on the

morphology of samples, substitution of cobalt into theoxidized cobalt, over 80 %. This is a high level compared
framework, the redox chemistry and the crystal size. Theith other reported materials such as CoAIPO-11,
best pH for the substitution of cobalt into the framework ofCoAIPO-36 and similar to the one observed for CoAIPO-

AIPO-34 is 7.5, that produces the highest fraction of 18 and CoAIPO-34 reported previously 5, 11, 16].
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