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Comparison of Thermal Stability, Acidity, Catalytic Properties and 
Deactivation Behaviour of Novel Aluminophosphate-based Molecular 
Sieves of Type 36 
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2033, Australia 

MnAPO-36, ZAPO-36, CoAPO-36, MAPO-36 and MAPSO-36 with similar molar chemical composition have been 
prepared and characterized. Magnesium-incorporated aluminophosphate of type 36 showed higher thermal sta- 
bility than the manganese- zinc- or cobalt-incorporated aluminophosphates. ln situ IR acidity measurements of 
the type 36 aluminophasphates show the presence of Brsnsted and Lewis acid sites. In the mono-substituted 
aluminophosphates, the concentration of Brsnsted acid sites and the ratio of Brsnsted to Lewis acid sites is 
higher on MAPO-36 than on MnAPO-36, ZAPO-36 and CoAPO-36. Brsnsted acid site density is higher on 
MAPSO-36 (di-substituted aluminophosphate) than on MAPO-36. The results of stepwise thermal desorption and 
temperature-programmed desorption of pyridine indicate that the number of strong acid sites and acid strength 
distribution are strongly affected by the nature of the element substituted in the AIPO,-36 framework. The 
MnAPO-36, ZAPO-36, CoAPO-36, MAPO-36 and MAPSO-36 possess significant catalytic activity in the cracking of 
aliphatic hydrocarbons, conversion of o-xylene and also in the reaction of ethanol to form aromatics at 673 K. In 
the ethanol, pentane, Smethylpentane, cyclohexane, o-xylene and ethylbenzene conversion reactions, MAPSO- 
36 exhibited higher catalytic activity than MnAPO-36, ZAPO-36, CoAPO-36 and MAPO-36. The deactivation 
behaviour of these aluminophosphate molecular sieves in the ethylbenzene conversion reaction was also inves- 
tigated. Results show that the type of element incorporated also strongly affects the acidic and catalytic proper- 
ties of the aluminophosphates. 

Investigations on microporous crystalline aluminophosphates 
with different heteroatoms is of broad interest because of the 
development of new catalysts. Recently, a series of new- 
generation metal aluminophosphate (MeAPO-n), silico 
aluminophosphate (SAPO-n) and silico-metal aluminophos- 
phate (MeAPSO-n) molecular sieves was reported. '-' Type 36 
aluminophosphate, a novel crystalline microporous molecu- 
lar has a unique three-dimensional structure with 
monoclinic symmetry (cell parameters: a = 13.148 A, 
b=21.577 A, c =  5.164 8, and j7=91.84') and contains a 
unidimensional 12-ring elliptical channel system having a free 
aperture between 6.5 and 7.4 8 1 . 5 7 6  

MAPO-36 (magnesium-substituted aluminophosphate) 
shows significant catalytic activity in the aliphatic and aro- 
matic hydrocarbon and alcohol conversion  reaction^^.^ and 
higher acidity than MAPO-5, SAPO-5 and A1P04-5.* Since 
type 36 aluminophosphates are more catalytically active than 
large-pore aluminophosphates of type 5 and 46,3,7,9 it is 
important to understand the changes in the physical and 
chemical properties of this material produced by the incorp- 
oration of different elements into the A1P04-36 framework. 
The acidic and catalytic properties of the aluminophosphate 
are dependent on the type of framework-substituted elements. 
So far, very little information is available on the acidity and 
catalytic behaviour of type 36 aluminophosphates with differ- 
ent elements i n c o r p ~ r a t e d . ~ , ~ * ~  Therefore, the present study 
deals with the thermal stability, surface properties, acidity, 
acid strength distribution, catalystic properties and deactiva- 
tion of MnAPO-36, ZAPO-36, CoAPO-36, MAPO-36 and 
MAPSO-36 molecular sieves. 

Experimental 
The type 36 aluminophosphate material was synthesized by 
hydrothemal crystallization from a reactive aluminophos- 
phate gel containing additional cation(s) [Mn, Zn, Co, Mg, 
(Mg + Si)] and tripropylamine as organic template. The 
typical gel compositions used to obtain pure aluminophos- 

phate of type 36 were as follows: Pr,N-MnAPO-36, 1.95 
Pr,N. 0.17 MnO - 0.92 Al,O, - 1.0 P,O, 40.0 H,O * 0.33 
HOAc; Pr,N-ZAPO-36, 1.90 Pr,N 0.17 ZnO - 0.92 
Al,O,. 1.01 P205 - 40.0 H,O - 0.33 HOAc; Pr,N-CoAPO-36, 
2.0 Pr,N. 0.17 COO 0.92 Al,O, 1.0 P,O, - 40.0 H,O; Pr,N- 
MAPO-36, 1.80 Pr,N -0.17 MgO * 0.92 Al,O, * 1.0 
P,O, * 40.0 H,O - 0.33 HOAc and Pr,N-MAPSO-36, 1.86 
Pr,N * 0.17 MgO * 0.92 Al,O, - 0.085 SiO, 0.962 P,O, - 40.0 
H,O .0.33HOAc. The reactive aluminophosphate-based gel 
was crystallized initially at 378 K for 50 h and finally at 423 
K for 24 h. The sources of Al,O,, P 2 0 5 ,  MnO, ZnO, COO, 
SiO, and MgO were aluminium isopropoxide (Fluka), ortho- 
phosphoric acid [(85%) Merck, FRG], manganese acetate 
(Merck, FRG), zinc acetate (Merck, FRG), cobalt nitrate 
hexahydrate (Merck, FRG), Kieselgel 500 (Merck, FRG) and 
magnesium acetate (Merck, FRG), respectively. The tri- 
propylamine used was synthetic grade (Merck). The pro- 
cedures for gel preparation and catalyst processing are 
already reported. lo The as-synthesized MnAPO-36, ZAPO- 
36, CoAPO-36, MAPO-36 and MAPSO-36 were calcined at 
773, 753, 763, 813 and 763 K, respectively, for 16 h. Details of 
the characterization techniques, aiidity and catalytic activity 
measurements are mentioned elsewhere. lo-' The reaction 
conditions are given in the respective tables and figures. 

Results 
The characteristics of MnAPO-36, ZAPO-36, Co APO-36, 
MAPO-36 and MAPSO-36 are presented in Table 1. Charac- 
terization of these materials by X-ray diffraction (XRD), scan- 
ning electron microscopy (SEM), thermo- 
gravimetry/differential thermogravimetry/differential thermal 
analysis (TG/DTG/DTA), and N,- and H,O-sorption capac- 
ity measurements indicated their highly crystalline nature. 
The elemental composition of these materials obtained by 
atomic absorption spectroscopy (AAS) and chemical analysis 
shows that they do not possess excess of Al, P or the substi- 
tuted element. Morphological investigations revealed that the 
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Table 1 Type 36 aluminophosphate-based molecular sieves and their properties 

crystal 
molecular N, sorption H,O sorption framework charge 

sieve molar chemical composition capacity/mmol g- ' capacity/mmol g- ' shape length/pm (electronr atom) 

MnAPO-36 0.16Mn0 .0.92A1,03. 1.0P,05 5.44 
ZAPO-36 0.16Zn0 .0.92A1,03. l.OP,O, 5.43 

MAPSO-36 0.158Mg0 .0.O82SiO2 ~0.92A1,0,~0.959P20, 5.45 

COAPO-36 0.16C00. 0.92A120,, . l.OP205 5.46 
MAPO-36 0.16Mg0 ' 0.92A120,. l.OP205 5.48 

17.1 T 10 - 0.04 
17.0 T 8 - 0.04 
17.1 T 14 - 0.04 
17.2 T 12 - 0.04 
17.1 T 11-15 - 0.06 

Table 2 Surface and bulk composition of type 36 aluminophosphate-based molecular sieves 

T: Thin, rod-like. 

crystals are thin and rod-like, 8-15 pm in length. Type 36 
aluminophosphates possess higher N2- and H20-sorption 
capacities than type 5 al~minophosphates.~.~ The results of 
the thermal analysis indicated that is an oxidizing atmo- 
sphere, the total weight loss of the as-synthesized MnAPO- 
36, ZAPO-36, CoAPO-36, MAPO-36 and MAPSO-36 
amounts to 14.6, 15.3, 14.4, 14.0 and 14.1 wt.%, respectively. 

The surface composition of the type 36 aluminophosphates 
determined by X-ray photoelectron spectroscopy (XPS) mea- 
surements are listed in Table 2. In the calcined MnAPO-36, 
CoAPO-36, MAPO-36 and MAPSO-36 samples but not 
ZAPO-36, the A1 : P ratio on the surface is higher than that 
in the bulk, which indicates that the concentration of alu- 
minium is higher on the surface of these materials. Compari- 
son of bulk and surface E : P ratios [framework substituted 
atom: phosphorus, i.e. Mn:  P in MnAPO-36, Z n :  P in 
ZAPO-36, Co : P in CoAPO-36, Mg : P in MAPO-36 and 
(Mg + Si) : P in MAPSO-361 indicated that the bulk concen- 
tration of the framework-substituted atom is lower than the 
surface concentration for ZAPO-36, MAPO-36 and 
MAPSO-36. The XPS binding energy data for the alumino- 
phosphates are given in Table 3. The binding energies were 
referenced to Au 4f,,2 at 84.0 eV (precision kO.10-0.15 eV). 
The binding energy measured for A1 2p (74.1-75.4 eV) in the 
type 36 aluminophosphates and Si 2p (102.7 eV) in MAPSO- 
36 are similar to that of the tetrahedrally coordinated A1 2p 
and Si 2p in the low-silica ze01ites.l~ The binding energy for 
P 2p and 0 1s are in the ranges 134.0-135.8 and 532.0-532.8 

eV, respectively. The observed binding energy for Mn 2p,,, in 
MnAPO-36 is 644.8 eV, which is close to that of tetrahedrally 
coordinated Mn in KMnO, .15 The binding energy for Zn 
2p,,, in ZAPO-36 is 1022.6 eV and for Co 2p,,, in CoAPO- 
36 is 782.5 eV. In the case of the MAPO-36 and MAPSO-36 
samples, the Mg 2p binding energy values (50.4 50.3 eV) are 
close to the binding energy of tetrahedrally coordinated Mg 
in the spinel s t r ~ c t u r e . ' ~ ~ ' ~  

Fig. 1 shows the variation in thermal stability of the 
aluminophosphate-based materials with the framework- 
incorporated atom. The crystallinity of MnAPO-36, ZAPO- 
36, CoAPO-36 and MAPSO-36 remains 100% at their 
respective calcination temperature. The crystallinity of 
MnAPO-36, ZAPO-36, CoAPO-36 and MAPSO-36 
decreases above their respective calcination temperature. 
Compared with MnAPO-36, ZAPO-36, CoAPO-36, and 
MAPSO-36, MAPO-36 possesses higher thermal stability. 
The order of thermal stability (expressed in terms of crys- 
tallinity at 825 K) is as follows: MAPO-36 > MnAPO- 
36 > MAPSO-36 > CoAPO-36 > ZAPO-36. The results of 
the thermal stability of the aluminophosphate materials indi- 
cate the dependence of the thermal stability of the material 
on the nature of the framework-substituted element. 

In situ infrared investigations of chemisorbed pyridine on 
the aluminophosphates of type 36 revealed the presence of 
Brsnsted and Lewis acid sites. For these materials, Brsnsted 
and Lewis acid sites were observed in the ranges 1543-1545 
cm-' and 1447-1451 cm-', respectively. The ratio of 

_ _ _ _ ~  

atomic ratio 

surface composition (atom O h )  A1 : Pa E : Pa 
molecular 

sieve A1 2p p 2P 0 1s E bulk surface bulk surface 

MnAPO-36 16.73 18.06 64.80 Mn 2p,/, 0.38 0.92 0.93 0.08 0.02 
ZAPO-36 15.44 17.51 65.12 Zn 2p,,, 1.93 0.92 0.88 0.08 0.11 

MAPO-36 16.77 18.14 61.22 Mg 2p 3.86 0.92 0.93 0.08 0.2 1 
COAPO-36 16.80 17.0 65.10 CO 2p3,, 1.10 0.9 1 0.99 0.08 0.06 

MAPSO-36 15.96 13.28 63.56 Mg 2p 1.50 Si 2p 5.69 0.96 1.2 0.13 0.54 
~~ 

All ratios quoted relative to unity. E, Framework substituted atom@) [i.e. Mn in MnAPO-36, Zn in ZAPO-36, Co in CoAPO-36, Mg in 
MAPO-36 and (Mg + Si) in MAPSO-361. 

Table 3 XPS data for type 36 aluminophosphate-based molecular sieves 

binding energy/eV" 

molecular sieve A1 2p p 2P 0 1s E 
~~ 

MnAPO-36 
ZAPO-36 
COAPO-36 
MAPO-36 
MAPSO-36 

75.4 135.8 532.8 Mn 2p,,, 644.8 
15.3 134.9 532.6 Zn 2p,,, 1022.6 
75.0 134.7 532.0 Co 2p3,, 782.5 
74.1 134.0 532.1 Mg 2p 50.4 
74.7 134.5 532.4 Mg 2p 50.3 Si 2p 102.7 

a Referenced to Au 4f7,, = 84.0 eV. 
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I I 110 

I 

MnAPO-36 ZAPO-36 CoAPO-36 MAPO-36 MAPSO-36 

Fig. 1 Dependence of the thermal stability on the type of 
framework-incorporated atom in AlP04-36 (calcination temperature 
825 K, period 16 h) 

Brsnsted to Lewis acid sites at 473 K is lower on MnAPO-36 
than on the other aluminophosphates (Fig. 2). The order of 
the Brsnsted to Lewis acid sites ratio at 473 K is as follows: 
MnAPO-36 < ZAPO-36 c CoAPO-36 < MAPO-36 < 
MAPSO-36. In the case of the mono-substituted alumino- 
phosphates, the Brmsted to Lewis acid sites ratio indicated 
that the incorporation of Mg into the AlPO,-jo framework 
produces a greater number of Brsnsted acid sites then the 
substitution of Mn, Zn or Co into the framework. In the case 
of MAPSO-36, a disubstituted aluminophosphate, the pres- 
ence of a higher concentration of Brsnsted acid sites than 
that on MAPO-36 is attributed to the additional framework 
negative charge developed by the incorporation of Si into the 
MAPO-36 framework. In the MAPO-36 and MAPSO-36 
samples, the concentrations of magnesium in the alumino- 
phosphate are the same. The ratio of Brsnsted to Lewis acid 
sites revealed that the density of Brsnsted acid sites and 
acidity of the aluminophosphates of type 36 are strongly 
dependent on the type of element incorporated into the 
A1P04-36 framework. 

The site energy distribution obtained from stepwise 
thermal desorption (STD) of pyridine on the type 36 alumino- 
phosphates is shown in Fig. 3. The strength of the site 
involved in the pyridine chemisorption is expressed in terms 
of the desorption temperature (q), which lies in the range of 
temperatures in which the chemisorbed pyridine is desorbed. 
Here, is a measure of the maximum strength possessed by 
the site and corresponds to the temperature at which the 
pyridine chemisorbed on the strongest sites is desorbed. The 
columns in the figure show the strength distribution of the 
sites [equivalent to 0.21 (MnAPO-36), 0.23 (ZAPO-36), 
0.1O(CoAPO-36), 0.10 (MAPO-36) and 0.20 mmol g- '  

0.35 

0.30 

-5 
0.25 * 

c 
? 
C 

0.20 

0.1 5 
MnAPO-36 ZAPO-36 COAPO-36 MAPO-36 MAPSO-36 

Fig. 2 Dependence of the Brcansted to Lewis acid sites ratio 
(nBrmstcd/nLewi$) on the type of framework-incorporated atom in 
AlPO4-36 

I 
n 1 1  

0 1 2 3 4 5 6 7 8  

Fig. 3 Acid strength distribution on (0) MnAPO-36, (m) ZAPO- 
36, (a) CoAPO-36, (Hi) MAPO-36 and (a) MAPSO-36, = 1, 

and 7,673-TX K. 
323-313; 2,373-423; 3,423-473; 4,413-523; 5,523-513; 6, 573-673 

(MAPSO-36)] involved in the chemisorption at the lowest 
temperature of the STD (i.e. 323 K). Sites of strength 673 < 
TJK d T z  were obtained from the amount of pyridine chemi- 
sorbed at 673 K. On the other hand, the sites of strength 

G T2 were obtained from the amount of pyridine 
which was initially chemisorbed at TI, but desorbed by 
increasing the temperature to T2. Fig. 4 shows the tem- 
perature dependence of the chemisorption of pyridine on the 
aluminophosphates. The chemisorption data were obtained 
from the STD data by the procedure described earlier."-13 
The chemisorption of pyridine at higher temperatures points 
to the involvement of the stronger sites. The qi us. T curve, 
therefore, presents a type of site energy distribution in which 
the number of sites is expressed in terms of the amount of 
pyridine chemisorbed as a function of the sorption tem- 
perature. The STD and temperature-programmed desorption 
(TPD) of pyridine investigations have revealed the presence 
of a broad acid strength distribution on the type 36 alumino- 
phosphates. Comparison of the acid strength distribution and 
the chemisorption us. temperature curves for the alumino- 
phosphates of type 36 shows that MnAPO-36, ZAPO-36, 
CoAPO-36, MAPO-36 and MAPSO-36 differ markedly in 
their acidity and acidity distribution. The pyridine STD 
results show that the site energy distribution is less broad and 
very few weak acid sites are present on MAPO-36 compared 
with MnAPO-36, ZAPO-36, CoAPO-36 and MAPSO-36. 
The amount of pyridine chemisorbed above 673 K in the a h -  
minophosphates is as follows: MnAPO-36, 0.012 mmol g -  '; 
ZAPO-36, 0.030 mmol g-'; CoAPO-36, 0.034 mmol g-'; 
MAPO-36, 0.045 mmol g-I;  MAPSO-36, 0.050 mmol g - ' .  
The order of the strong acid sites over the aluminophos- 

< 

v 
0.00 ' 

273  323 373 423 473 523 573 623  673  723 

ternperature/K 
Fig. 4 Temperature dependence of the chemisorption of pyridine on 
(0) MnAPO-36, (0) ZAPO-36, (A) CoAPO-36, (A) MAPO-36 and 
(0) MAPSO-36 
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phates follows the order of the Brsnsted to Lewis acid sites 
ratio. 

In Table 4, the results of ethanol conversion over MnAPO- 
36, ZAPO-36, CoAPO-36, MAPO-36 and MAPSO-36 are 
compared. In the ethanol conversion reaction over mono- 
substituted aluminophosphates, MAPO-36 exhibited a higher 
conversion and yield of aromatics than MnAPO-36, 
ZAPO-36 and CoAPO-36. This is attributed to the presence 
of more strong acid sites on MAPO-36. In the case of 
MAPSO-36 (a di-substituted aluminophosphate), the conver- 
sion of ethanol and formation of aromatics were higher than 
on MnAPO-36, ZAPO-36, CoAPO-36 and MAPO-36. The 
observed order of catalytic activity and aromatics selectivity 
is the same as found for the Brsnsted to Lewis acid sites 
ratio. Current investigations on the acidity and acid strength 
distribution on these materials indicated that the concentra- 
tion of Brsnsted acid sites is higher on MAPSO-36. Also 
TPD and STD of pyridine over these materials showed that 
the amount of pyridine chemisorbed on MAPSO-36 above 
673 K was higher, indicating the presence of stronger acidic 
sites. The aliphatics distribution in the ethanol conversion 
reaction is quite different for the various aluminophosphates. 
MAPO-36 showed lower yields of C, aliphatics and higher 
C3,  C4 and C5 + -yields than MnAPO-36,ZAPO-36, CoAPO- 
36 and MAPSO-36. The distribution of the aromatics formed 
on MnAPO-36, ZAPO-36, CoAPO-36, MAPO-36 and 
MAPSO-36 is also quite different. MAPO-36 gives higher 
benzene and toluene yields and lower trimethylbenzene yield 
than the other aluminophosphates. The yield of xylenes in the 
ethanol conversion reaction is higher on CoAPO-36, while 
the yield of Cg+-aromatics is higher on ZAPO-36. The large 
differences on the acidity and acid strength distribution on 
the aluminophosphates due to incorporation of different 
types of elements in the A1P04-36 framework are responsible 
for the different distributions of aromatics in the ethanol con- 
version reaction. 

The results in Tables 5 and 6 indicate that the catalytic 
activity of the aluminophosphates varies in the pentane and 
cyclohexane reactions. In the pentane and cyclohexane con- 
version reactions, MAPSO-36 showed higher catalytic activ- 
ity and aromatic formation than MnAPO-36, ZAPO-36, 
CoAPO-36 and MAPO-36. Note that the distributions of ali- 
phatics and aromatics in the reaction of pentane and cyclo- 
hexane over the catalysts are different (Tables 5 and 6). The 
order of the catalytic activity and formation of aromatics 
in the pentane and cyclohexane reactions is as follows: 
MnAPO-36 < ZAPO-36 < CoAPO-36 4 MAPO-36 < 
MAPSO-36. In the pentane reaction, the yields of benzene 
and toluene were greater on ZAPO-36, while xylene forma- 

-I 50 1 

COAPO-36 

MAPO-36 
0 

0 
MAPSO-36 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 

strong acid sites concentration/mmol g-'  

Fig. 5 Changes in catalytic activity with the type of framework- 
incorporated atom in A1P04-36: (@) concentration of aromatics, (0) 
conversion 

100 

90 
h 

s 
c 80 

r 

v 

.- 

70 

s 
60 

50 
0 10 20 30 40 

pulse number, n 
Fig. 6 Catalytic activity of (0) MnAPO-36, (a) ZAPO-36, (A) 
CoAPO-36, (A) MAPO-36 and (0) MAPSO-36 in the conversion of 
ethylbenzene as a function of pulse number. Reaction conditions: 
amount of catalyst 100 mg, He flow rate 30 cm3 min- I ,  temperature 
673 K, pulse size 1 mm3. 

tion was greater over MAPSO-36. In the cyclohexane reac- 
tion, the yields of xylenes and trimethylbenzenes were higher 
over CoAPO-36. 

The catalytic activities of the aluminophosphates in the 
pentane and cyclohexane conversion reactions are also 
expressed in terms of the catalytic turnover rates, N ,  and N , .  
NE denotes the catalytic turnover rate per framework- 
substituted atom [i.e. Mn in MnAPO-36, Zn in ZAPO-36, 
Co in CoAPO-36, Mg in MAPO-36 and (Mg+ Si) in 
MAPSO-361. N ,  denotes the catalytic turnover rate per 
strong acid site (i.e. number of molecules reacted per strong 
acid site s-'). In the pentane conversion reaction over the 
catalysts (Table 7), the turnover rate per framework- 
substituted atom (NE) is higher for MAPO-36 followed by 
MAPSO-36 and CoAPO-36, whereas the turnover rate per 
strong acid site ( N F )  is in the order: MAPO-36 > MAPSO- 
36 > MnAPO-36 > CoAPO-36 > ZAPO-36. While in the 
cyclohexane conversion reaction, the turnover rate per 
framework-substituted atom (NE) is higher for MAPO-36 fol- 
lowed by MAPSO-36 and CoAPO-36, whereas the turnover 
rate per strong acid site (N,) is in the order: MAPSO- 
36 = MAPO-36 > CoAPO-36 > MnAPO-36 > ZAPO-36. 

Fig. 5 shows the correlation between the catalytic activity 
of the aluminophosphates in the conversion of 3- 
methylpentane and the strong acid sites. The catalytic activity 
of the aluminophosphate depends on the number of strong 
acid sites and the type of framework-incorporated element. 
The manganese-incorporated aluminophosphate of type 36 
shows a lower conversion of 3-methylpentane and lower con- 
centration of aromatics formed. 

MAPSO-36 showed higher catalytic activity in the o- 
xylene conversion reaction (Table 8) and formation of more 
toluene, trimethylbenzenes and other Cg + aromatics. The 
observed xylene losses (which reflects the selectivity for isom- 
erization in the o-xylene conversion) over the aluminophos- 
phates are as follows: CoAPO-36 (9.2 wt.%), MnAPO-36 (9.6 
wt.%), ZAPO-36 (10.0 wt.%), MAPO-36 (20.8 wt.%) and 
MAPSO-36 (25.8 wt.%). The higher xylene losses over 
MAPO-36 and MAPSO-36 indicate that disproportionation 
is more pronounced than isomerization in the o-xylene con- 
version reaction over these materials. 

Fig. 6 shows the result of ethylbenzene conversion on the 
aluminophosphates. The conversion of ethylbenzene (in the 
first pulse experiment) over MAPO-36 and MAPSO-36 is 
higher than that over MnAPO-36,ZAPO-36 and CoAPO-36. 
The conversion of ethylbenzene decreases with pulse number. 
The influence of pulse number on the fractional ethylbenzene 
activity (x) [where x = (conversion of ethylbenzene for a par- 
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Table 7 Comparison of the catalytic activity of type 36 aluminophosphate-based molecular sieves in the conversion of pentane and cyclo- 
hexane at 673 K 

~~ 

pentane cyclohexane 

molecular sieve NJmolecules per E s - ' N,/molecules per SA s - ' Ndmolecules per E s - ' N,/molecules per SA s - ' 
Mn APO-36 
ZAPO-36 
CO APO-36 
MAPO-36 
MAPSO-36 

0.03 
0.06 
0.07 
0.16 
0.11 

1.39 
1.15 
1.18 
2.48 
2.11 

0.74 
1.77 
3.05 
5.27 
4.35 

34.2 
31.85 
53.15 
78.5 
78.5 

~~ ~~~ 

E, Framework substituted atom(s) [i.e. Mn in MnAPO-36, Zn in ZAPO-36, Co in CoAPO-36, Mg in MAPO-36 and (Mg + Si) in MAPSO-361. 
SA, Strong acid site. 

Table 8 Conversion of o-xylene on type 36 aluminophosphate-based molecular sieves 

product distribution (wt.%) 

molecular conversion trimethyl other C9+ 
sieve (%) aliphatics benzene toluene p-xylene m-xylene o-xylene benzenes aromatics total 

MnAPO-36 40.3 0.2 0.5 2.5 13.0 16.7 60.1 6.1 0.3 100 
ZAPO-36 55.2 0.3 0.4 3.2 20.2 25.0 44.8 5.7 0.4 100 
COAPO-36 70.1 0.3 0.3 3.3 27.0 33.9 29.9 4.3 1 .o 100 
MAPO-36 72.2 0.6 0.8 7.5 22.6 28.8 27.8 10.2 1.7 100 
MAPSO-36 74.3 0.7 0.7 8.6 21.7 25.8 26.7 13.0 2.8 100 

Reaction conditions: amount of catalyst 50 mg, He flow rate 90 cm3 min-', pulse size 5 mm', temperature 673 K. 

ticular pulse)/(conversion of ethylbenzene for the first pulse)] 
of the aluminophosphates shown in Fig. 7, represents the 
deactivation trend. The deactivation of CoAPO-36 and 
ZAPO-36 is more pronounced than that of MnAPO-36, 
MAPO-36 and MAPSO-36. 

In the case of the type 36 mono-substituted aluminophos- 
phates, the overall catalytic activity results indicate that the 
Mg-incorporated aluminophosphate shows higher catalytic 
activity and a lower deactivation rate than the Mn-Zn- or 
Co-incorporated aluminophosphates. Comparing the cata- 
lytic activities of MAPO-36 and MAPSO-36, it is observed 
that the catalytic acitivity of MAPO-36 is enhanced by the 
incorporation of an additional element (Si) in the MAPO-36 
framework. 

Conclusion 
The type 36 aluminophosphates with different elements 
incorporated differ widely in their thermal stability, the con- 
centration of Brransted and Lewis acid sites, site energy dis- 

1.1 

I 

0.7 
0 10 20 30 40 

pulse number, n 
Fig. 7 Effect of the pulse number on the fractional catalytic activity 
of (0) MnAPO-36, (a) ZAPO-36, (A) CoAPO-36, (A) MAPO-36 
and (0) MAPSO-36 in the conversion of ethylbenzene. Reaction 
conditions: amount of catalyst 100 mg, He Aow rate 30 cm' min-', 
temperature 673 K, pulse size 1 mm'. 

tribution, number of strong acid sites, catalytic properties 
and deactivation behaviour. The results of the present study 
show that these properties of the aluminophosphates are 
strongly influenced by the nature of the framework- 
incorporated element. 
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