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Abstract

Three types of metal-containing molecular sieves with AFI, AEL and CHA structuresM@o, Mn, Cr and V) were synthesized
hydrothermally and characterized by XRD, XRF, TG, TPR,sNHPD and FT-IR. It was revealed that metals were incorporated into the
framework of molecular sieves and induced the presence of charge centers. Both cobalt and manganese in the framework of AIPO-5, AIPO-11
and SAPO-34 were not reducible before the structure collapse. The redox behaviours of these catalysts in cyclohexane oxidation at 403 K using
O, as oxidant were examined. CoAPO-11 exhibited best activity and good selectivities for the monofunctional oxidation products (88.5%).
Cyclohexanol was the major product over most catalysts, whereas for Cr-containing molecular sieves, high selectivity of cyclohexanone was
observed. Investigation of reaction mechanism based on CoAPO-11 and CrAPO-5 catalysts indicated that the decomposition of cyclohexyl
hydroperoxide (CHHP), the intermediate in cyclohexane oxidation, followed the pathway: cyclohexanGiHP — cyclohexanol—
cyclohexanone.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Metal-containing molecular sieves have attracted great
interests as catalysts since their appearance due to their
Catalytic partial oxidations of hydrocarbons using oxy- acidity, redox, shape-selectivity and recyclable properties
gen or air as oxidant are significant and economical to the [4,5]. Up to now, many porous metal-containing molecular
chemical industry1,2]. Among various alkanes oxidation, sieves with various structures have been synthesized and
the selective oxidation of cyclohexane is much attractive used as catalysts such as MeAPO, MeS-1 and MeMCM-41
because its products are the intermediates for the manufac{Me = Co, Mn, V, Cr, Fe, Ti, etc.]6]. Information about
ture of Nylon-6 and Nylon-6-6§3]. Homogeneous catalysis the transition metal ions in molecular sieves would be ben-
using soluble transition metal salts (such as cobalt naph-eficial to the understanding of their catalytic behaviours.
thenate) is the only technology, which had actually been A variety of works have been done to characterize the
developed until now. Since the cyclohexanol and cyclo- metal-containing molecular sieves, but the conclusions are
hexanone products are substantially more reactive than thestill controversial. For example, the presence ofCin
cyclohexane reactant, high selectivities (>80%) to the sum the calcined state and the formation of bridged GOH-P
of cyclohexanol and cyclohexanone only could be observed hydroxyl groups after reduction in CoAPO-18 were sug-
at low cyclohexane conversior:6%). Moreover, it is very  gested by Chen et dl7]; From the studies of UV-vis—NIR
difficult to separate the catalysts from reaction mixture in spectra, Sponer et gB] concluded that cobalt was present
the homogeneous system. Therefore, the development ofas C8* in cobalt-containing aluminophosphate molecular
effective recyclable solid catalysts could offer advantages. sieves and did not change its valence during calcination.
Liu and Weng[9] first reported the use of CoOAPO-5 as
heterogeneous catalysts for cyclohexane oxidation in acetic
mspondmg author. Tel+86 411 84685510; acid as solvent. Ur_n‘ortunately, _further investigatift] re-
fax: +-86 411 84691570. vealed that unavoidable leaching of cobalt from the frame-
E-mail addresses: liuzm@dicp.ac.cn, zml@dicp.ac.cn (Z. Liu). work with the use of acetic acid contributed to the observed
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results. Thomas and co-workgtsl,12] published interest- The metal content in the molecular sieves was measured
ing works using MeAPOs as effective catalysts for the se- by XRF (Philips Magix).

lective cyclohexane oxidation. They found that the structure TG analysis was recorded on Perkin Elmer Pyriss TGA
of molecular sieves influenced the metal valence in the cal- with a heating rate of 5 K/min from 323 to 973 K under air
cined samples and caused different alkane oxidation activity. (35 ml/min).

In this paper, we prepared pure and highly crystalline  TPD of NHz and TPR experiments were carried out with
MeAPO-5, MeAPO-11 and MeAPSO-34 molecular sieves Autowin 2910 equipment (Micromeritics). All the samples
(Me = Co, Mn, Cr and V). Many methods such as TG, (40-60 mesh) were first activated at 873 K (10 K/min) for
TPR, TPD of NH and FT-IR were used to investigate the 30 min under 20 ml/min of He (for TPD) or Ar (for TPR).
nature of metals in those samples. Their catalytic behavioursFor NHs-TPD, ammonia was injected to saturate the sample
in cyclohexane oxidation without the use of a solvent were at 383 K. The measurement of desorbedsN¥és performed
studied in detail using molecular oxygen as oxidant. from 383 to 823K (10 K/min) under He (40 ml/min). For

TPR, H/Ar mixture (Ho/Ar molar ratio of 0.1 and a total
flow of 40 ml/min) was used and the reactor was heated from

2. Experimental room temperature to 1023 K (10 K/min).
FT-IR spectra of pyridine adsorption were recorded
2.1. Synthesis on a Bruker EQUINOX55 with a resolution of 2crh

Self-supporting wafers of about 5mg/érwere first acti-

MeAPO-5, MeAPO-11 and MeAPSO-34 were synthe- vated in situ in an IR cell at 773K in high vacuum for 4 h.
sized hydrothermally according to the literatur@s,14] Pyridine was admitted into the cell at room temperature and
The aluminium, phosphorus and silicon sources were pseu-after 10 min equilibrium, pyridine was desorbed at 298, 423
doboehmite, PO, (85%) and silica sol (25 wt.%), respec- and 573K under high vacuum during 1 h. All the spectra
tively. Cobalt (1) acetate, manganese (Il) acetate, chromium were recorded at room temperature.
(1 nitride, vanadyl acetate, iron (1) sulphate and titanium
(IV) sulphate were used as metal sources. The templating2.3. Catalytic reaction
agents were triethylamine for MeAPO-5 and MeAPSO-34
and n-dipropylamine for MeAPO-11. The synthesis condi- Cyclohexane oxidation was carried out in a 100 ml auto-
tions were given iMable 1 As-synthesized molecular sieves clave lined with polytetrafluoroethylene (PTFE). Typically,
were calcined in air at 823 K for 5 h to remove organic tem- 189 cyclohexane, about 0.7 g catalyst (0.195 mmol metal)

plate. and 0.04 g tetrabutyl hydroperoxide (TBHP, used as initia-
tor) were introduced into the reactor. After charged 1.1 MPa
2.2. Characterization of Oy, the reactor was heated to 403 K under stirring within

half an hour and hold at this temperature for 3h. When the
XRD measurement was carried out using Rigaku X-ray reaction was finished, 20 ml ethyl alcohol was added into

diffractometer (Model D/MaxyB) with Cu Ka radiation. the cold reactor to dissolve carboxylic acids. The catalyst
Table 1
Gel compositions and metal content in the molecular sieves
Sample Gel compositions Crystallization Me (wt.%)
R Al,03 P,0s SiO, MeO H,O Time (h) T (K)
AIPO-5 1.2 1 1 0 0 50 40 448 -
CoAPO-5 1.2 1 1 0 0.05 50 40 448 1.62
MnAPO-5 1.2 1 1 0 0.05 50 40 448 1.76
CrAPO-5 1.2 1 1 0 0.05 50 40 448 0.95
VAPO-5(1) 1.2 1 1 0 0.05 50 40 448 0.37
VAPO-5(2) 1.2 1 1 0 0.25 50 40 448 1.07
FeAPO-5 1.2 1 1 0 0.05 50 40 448 1.82
TIAPO-5 1.2 1 1 0 0.05 50 40 448 0.49
AIPO-11 1.0 1 1 0 0 50 40 473 -
CoAPO-11 1.0 1 1 0 0.05 50 40 473 1.14
MnAPO-11 1.0 1 1 0 0.05 50 40 473 1.25
CrAPO-11 1.0 1 1 0 0.05 50 40 473 1.08
VAPO-11 1.0 1 1 0 0.05 50 40 473 0.66
CoAPSO-5 12 1 1 0.2 0.05 50 40 448 1.58
CoAPSO-11 1.1 1 1 0.2 0.05 50 72 473 1.62
CoAPSO-34 3 1 1 0.2 0.08 50 48 473 2.2
MnAPSO-34 3 1 1 0.2 0.05 50 48 473 1.32
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was separated by centrifugation. The reaction products were0.025 to 0.125 (se€able 1), in agreement with the work of

analyzed on a Varian CP-3800 gas chromatograph equippedlasco et al[16].

with an FFAP capillary column (0.53mm 25m) and an

FID detector. The conversion was calculated based on the3.2. Thermal analysis

starting cyclohexane. As cyclohexyl hydroperoxide (CHHP)

partially decomposed upon injection, its concentration was  Fig. 2 illustrates the thermogravimetric (TG) curves of

estimated by double analysis, before and after reducing MeAPO-5 and MeAPO-11. The TG curves of AIPO-5 and

CHHP to cyclohexanol with Py [15]. AIPO-11 are shown irFig. 2 for comparison. Three-step
weight losses could be observed in the 323-373, 373-523
and 523-893 K temperature ranges for MeAPO-5 and in the

3. Results and discussion 323-373, 373-543 and 543-893 K temperature ranges for
MeAPO-11. The initial step corresponded to water desorp-
3.1. XRD studies tion and the second one to template desorption. The third

step weight loss was ascribed to the combustion of some

The typical XRD patterns of as-synthesized molecular organic species occluded in the channels of MeAPOs. The
sieves are shown iffig. 1L MeAPO-5 with AFI topology results of weight losses for each step are collect@ébie 2
belongs to the 12-member ring group with one-dimensional It can be seen that the water conterB(2 wt.%) and or-
circular channel system. It has large pore opening of ganic template content{8.5wt.%) in all MeAPO-5s and
0.73nm. MeAPO-11 with AEL structure and elliptical AIPO-5 samples remained nearly the same. The template
channel (0.65nmx 0.4nm) is a medium pore molecular amount corresponded te1.3 molecules of TEA per unit
sieve. MeAPSO-34 with three-dimensional channel has cell. However, careful examination revealed that the ratio of
smaller pore (0.38 nm) and a structure similar to the one of the template removal in the second step to that in the third
natural chabazite (CHA). step was very different between AIPO-5 and MeAPO-5s.

The XRD patterns illustrate the rather high crystallinity of About 3/4 of the total template was removed during the sec-
all samples. No extra peak related to transition metal oxidesond step in AIPO-5, whereas only 1/2 in this step for all
appeared, indicating the purity of the products. MeAPO-5s. As the charge of AIPO-5 framework is neutral

The synthesis conditions and metal amounts in the molec-and the organic template is filled physically in the pores,
ular sieves are displayed Fable 1 Most molecular sieves it is expected that most of the template could be elimi-
had metal contents in the products close to those in start-nated at lower temperatures. The increased weight loss of
ing gels despite some variation. But for VAPO-5, TIAIPO-5 metal-containing AIPO-5s at higher temperatures clearly in-
and VAPO-11, the metal contents in the products were un- dicated that there existed strong interactions between the
expectedly low. The low Ti content may be due to the use of framework of MeAPO-5s and the template, which made
inorganic titanium precursor in the starting gel. The V con- TEA molecules strongly bonded in MeAPO-5s. Other au-
tent in VAPO-5 could be enhanced from 0.37 to 1.17 wt.% thors [16-18] have also observed the similar experimen-
by increasing the V/P molar ratio in the synthesis gel from tal results for metal-containing aluminophosphate molecular
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Fig. 1. XRD patterns of (a) CoAPO-5, (b) MnAPO-5, (c) CoAPO-11, (d) MnAPO-11 and (e) CoAPSO-34.
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Fig. 2. TG curves of as-synthesized metal-containing aluminophosphate molecular sieves.

TG results of MeAPO-5, 11

Sample Weight loss (wt.%) Template weightTotal weight
loss (wt.%) loss (wt.%)
1-Step 2-Step 3-Step
AIPO-5 3.3 6.2 21 8.3 11.6
CoAPO-5 3.2 4 4.2 8.2 11.2
MnAPO-5 3.0 3.9 4.6 8.5 115
CrAPO-5 3.1 4.5 4.6 9.1 12.2
VAPO-5(2) 3.7 3.6 43 7.9 11.6
AIPO-11 0.3 6.5 0.7 7.2 7.4
CoAPO-11 0.5 4.7 3.9 8.6 9.1
MnAPO-11 0.6 4.6 43 8.9 9.5
CrAPO-11 1.2 5.3 3.3 8.6 9.8
VAPO-11 1.2 5.2 25 7.7 8.9

results (se€lable 3. However, the difference of template
removal in the second and third steps between AIPO-11
and MeAPO-11s was similar to that between AIPO-5 and
MeAPO-5s. It can be inferred that transition metals (Me
Co, Mn, V, Cr), at least large amount of them, incorporated
into the framework during hydrothermal synthesis and in-
duced the appearance of the charge deficiency.

3.3. Temperature-programmed reduction

The TPR profiles of Co- and Mn-containing samples are
given in Fig. 3. The two peaks centred at 633 and 833K
on Co/AIPO-11 (1.6 wt.% Co) were due to the reduction of
Co304 and CoO (or Co species interacting strongly with
support), respectively19-21] For CoAPO-5, CoAPO-11

sieves (Me= Co, Mn, V, etc.). This is usually taken as a and CoAPSO-34, no peak was detected at lower tempera-
proof that charge deficiency had been induced in the frame-ture and H consumption only occurred after 973K, which
work by isomorphous substitution of transition metals.
For AIPO-11 and MeAPO-11s, more template molecules and aluminium species, formed after the collapse of molec-
were occluded in MeAPO-11s than in AIPO-11 from TG ular sieves structureR?2]. The difference of TPR curves

H, consumption (a.u.)

CoAPO-11

H, consumption (a.u.)

400 500 600 700 800 900 1000
Temperature (K)

could be caused by the reduction of non-framework cobalt

Mn/AIPO-11

I~ ]

MnAPO-5

—
MnAPO-11

MnAPSO-34

1 L 1 L 1 L 1 L 1 L 1

400 500 600 700 800 900
Temperature (K)

Fig. 3. TPR results of MeAPO-5, 11, MeAPSO-34 and Me/AIPO-11.
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between supported and synthesized Co-containing sampledable 3 N
demonstrates that cobalt species existed in the framework ofB_/L acid sites on Co and Mn containing AIPO-5 and AIPO-11 molecular

all Co-containing molecular sieves and were not reducible, ¢'¢°

in agreement with the above TG results and the work of Sample Bronsted/Lewls

Berndt, who studied TPR of CoAPO-5 and CoAPO-44 and 423K 573K

obtained the similar resul{21]. COAPOS 027 043
The supported sample Mn/AIPO-11 (1.6wt.% Mn) \naro-5 0.26 0.36

presented one reduction peak with maximum at 633K, coAPO-11 0.36 0.48

whereas no Bl consumption appeared on MnAPO-5, 11 MnAPO-11 0.24 0.44

and MnAPS_O'34 pefor.e 973K. This indicates that man'. agLleg * 1.13, using extinction coefficients by Guisnet et[a4].
ganese species existed in the framework and were not easily

reduced, with the same behaviour as CoAPO-5, 11 and ) . )
CoAPSO-34. 573K are presented ifig. 5. Generally, in the case of pyri-

dine sorption, bands at 1548 and 1450¢nare indicative

of Brgnsted and Lewis acid sites, respectively. The band at
1490 cnt! is associated with both Brgnsted and Lewis acid
sites. The ratio of Brgnsted/Lewis (displayedTable 3

can be estimated using the relative surfaces of the Brgnsted
and Lewis bands and the molar absorption coefficients of
these two sites calculated by Guisnet ef2d] (g = 1.13,

e = 1.28 cmumol™1).

All samples exhibited bands at 1548 and 1450¢m
even after desorption at 573 K, suggesting that there existed
strong acid sites (both Brgnsted and Lewis acid) in Co-,
Mn-containing AIPO-5 and AIPO-11. After desorption at

3.4. TPD of ammonia

NHs3-TPD was used in order to characterize the acidity of
Co, Mn-containing AIPOs. The results are showrfig. 4.
The comparison of the TPD curves of MeAPOs with that of
AIPO-5 indicated a increase of the acid strength and amount.
The peak with maximum at about 473 K, found for all sam-
ples, was due to weakly bonded ammonia (physisorbed am-
monia, ammonia adsorbed on weak Lewis sites and terminal
P-OH groups)23]. The high temperature peak centred at
around 653 K, which was not detectable on AIPO-5, could X
423K, all four samples presented a large proportion of

be ascribed to ammonia desorbed from strong acid sites "_ewis acid sites. The distribution of acid sites at 573K was

MeAPOs. The presence of the high temperature of ammo- not significantly modified, except for a slight decrease of the
nia desorption suggests that charge centres (Brgnsted and/or 9 y ' P 9

. A ) . . ..~ “peak intensities. It confirms, as already noticed insNIHPD
Lewis acid sites) existed in the calcined Co, Mn-containing ) : o
S . studies, that charge centres (Brgnsted and Lewis acid sites)
AIPO-5, 11. The strength of acid sites decreased in the existed in the calcined Co- Mn-containing AIPO-5 and
following order: CoAPO-11 > MnAPO-1% CoAPO-5 > AIPO-11 ' 9
MnAPO-5 > AIPO-5. '

3.5. FT-IR spectra of pyridine adsorption 3.6. Cyclohexane oxidation
The catalytic activity of metal-containing AIPO-5, 11 and
SAPO-34 had been studied in cyclohexane oxidation using
molecular oxygen as oxidantable 4presents the oxida-
tion results. All Co-, Mn-, Cr- and V-containing molecular
sieves showed catalytic oxidation activity, whereas TiAPO-5
and FeAPO-5 gave as low reactivity as AIPO-5 catalyst.
CoAPO-11 and MnAPO-11 exhibited best activity and all
MeAPO-11 catalysts showed better activity than corre-
sponding MeAPO-5s and MeAPSO-34s. Compared with
MeAPO-5 and -11, MeAPSO-34 only possesses smaller
© pore openings so that cyclohexane molecule cannot access
(d) its inside. The transition metals on the external surface of
MeAPSO-34 maybe contributed to the observed activities.
(©) L : o
Good selectivity of monofunctional oxidation products

The FT-IR spectra of pyridine adsorbed on Co-,
Mn-containing molecular sieves after desorption at 423 and

NH3 released (a.u.)

®) (cyclohexanol, cyclohexanone and cyclohexyl hydroperox-

(@) ide) was observed on CoAPO-11, although it had high-

s s s s s est cyclohexane conversion of 7.8%. Cyclohexanol was the
400 500 600 700 800 preferable product on most catalysts except for CrAPO-5
Temperature (K) and -11. High selectivity of cyclohexanone was observed

Fig. 4. NH-TPD of (a) AIPO-5, (b) CoAPO-11, (c) CoAPO-5, (d) On Cr-containing catalysts, in agreement with the work of
MnAPO-11 and (€) MnAPO-5. Chen and Sheldof25]. They investigated the cyclohexane
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Fig. 5. FT-IR spectra of pyridine adsorption on MeAPO-5 and MeAPO-11 molecular sieves (a) desorption at 423K and (b) desorption at 573K.

oxidation on CrAPO-5 and found low ratios of cyclohexanol  The kinetic studies were performed on CoAPC-( 6).
to cyclohexanone regardless of reaction temperature andBecause small amount of TBHP was added into the reac-
time. Both VAPO-5 and -11 showed the ability of deep oxi- tion mixture, no induction time was observed. Cyclohexane
dation due to the low selectivity of monofunctional oxidation conversion and selectivity of cyclohexanone increased with
products. Therefore, both metal types and structure of molec-time during the reaction time of 3 h. The ratio of cyclohex-
ular sieves had influence on reaction activity and selectivity. anol/cyclohexanone, the selectivity of cyclohexanol, CHHP
Acidic CoAPSO-5 and CoAPSO-11 were also tested and the monofunctional oxidation products decreased fol-
as catalysts and gave much lower conversion than corre-lowing the reaction time.
sponding CoAPO-5 and CoAPO-11 (skable 4. This was Itis reported that CHHP is the intermediate of the cyclo-
possibly due to the increased interaction between the acidhexane oxidation and its formation is the rate-determining
channels and the polar oxidation products, which causedstep[26]. Two mechanisms exist for CHHP rapid decompo-
the slow diffusion and the poor catalytic behaviour. sition: heterolytic (CHHR- cyclohexanone) and homolytic

Table 4
Cyclohexane oxidation on MeAPO-5, -11 and MeAPSO0-34 at 403K fdt 3h

Catalyst Conversion (%) TON (M@bstrateh™ MOlmetai 1) Product distribution (mol%%)
A B CHHP Others B/A

CoAPO-5 5.0 18.3 38.1 44.6 4.2 13.1 1.2
MnAPO-5 3.1 11.4 26.2 46.5 16.4 10.9 1.8
CrAPO-5 5.9 21.6 61.0 19.9 5.0 14.1 0.3
VAPO-5(2) 2.9 10.6 24,5 31.8 0 43.7 1.3
FeAPO-5 0.7 2.6 12.4 31.3 51.4 4.9 2.5
TIAPO-5 0.5 1.8 19.1 36.8 17.6 26.5 1.9
CoAPO-11 7.8 28.6 43.6 43.1 1.8 115 1.0
MnAPO-11 7.6 27.8 33.6 43.9 3.8 18.7 1.3
CrAPO-11 6.1 22.3 58.5 17.1 8.4 16.0 0.3
VAPO-11 4.3 15.8 42.0 35.5 0 22.5 0.8
CoAPSO-34 2.9 10.6 25.0 43.8 22.2 9.0 1.8
MnAPSO-34 2.8 10.3 24.4 45.2 23.7 6.7 1.9
CoAPSO-5 2.5 9.2 18.0 46.4 27.4 8.2 2.6
CoAPSO-11 2.7 9.9 17.0 39.2 34.6 9.2 2.3
AlIPO-5 0.7 - 10.9 46.4 25.0 17.7 4.3

aCatalyst (0.195mmol metal), 18 g cyclohexane, 0.04g TBHP, 1.1 MRa4GBK, 3 h.
b A: cyclohexanone, B: cyclohexanol and CHHP: cyclohexyl hydroperoxide.
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around 45 and 83% on CoAPO-11 and CrAPO-5, in or-
der to reach cyclohexanol/cyclohexanone ratios of 1.2 and
0.2. However,Table 5shows that cyclohexanol gave only
10.9 and 19.6% yield of cyclohexanone on CoAPO-11
and CrAPO-5. These values were much lower than ex-
pected. Therefore, pathway (2) should be more reliable,
that is, both heterolytic and homolytic mechanisms existed
during CHHP decomposition. The difference between the
two catalysts was that homolytic mechanism of CHHP
decomposition occupied a large proportion on CoAPO-11,
whereas heterolytic mechanism occurred predominantly on
CrAPO-5.

4, Conclusion

The present work demonstrated that TG, ;NFPD and
TPR could be used as effective methods to characterize the
metal-containing molecular sieves. The characterization re-
sults confirmed that metals existed into the molecular sieves
framework and charge deficiency was created by the incor-
poration of metals. Co and Mn were not reducible before
973K in the lattice position.

In cyclohexane oxidation, all MeAPO-11s had better
activity than corresponding MeAPO-5s and MeAPSO-34s.

Comparison of cyclohexane and cyclohexanol oxidation in the presence CoAPO-11 exhibited the best activity and good selectivity

Table 5

of solvent

Catalyst Solvent  Substrate ConversionYield  ol/oné
(%) (%)

CoAPO-1f CH3CN Cyclohexane 8.4 - 1.2

CoAPO-1F CH3CN Cyclohexanol 10.9 105 -

CrAPO-5 CH3CN Cyclohexane 7 - 0.2

CrAPO-3  CH3CN Cyclohexanol 19.6 172 -

Reaction conditions: 403K, 3h, MeAPO (0.195mmol metal), TBHP
(0.039g), Q@ 1.1 MPa.

aYield of cyclohexanone.

b Ratio of cyclohexanol/cyclohexanone.

¢ Cyclohexane (10 g)- solvent (10 g).

d Cyclohexanol (0.36 g+ solvent (18 g).

(CHHP — cyclohexanol). In addition, cyclohexanol is more

active than cyclohexane under reaction conditions and can

of monofunctional oxidation products. Acidic molecular
sieves had negative effect on the oxidation reaction. Both
heterolytic and homolytic mechanisms existed in the de-
composition of CHHP on CoAPO-11 and CrAPO-5.
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