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Abstract

MnAPO-11 molecular sieves with medium size elliptical pore are synthesized and characterized. Transition state shape-
selective catalysis of these molecular sieves are studied. Methylation of alkylaromatic compounds were efficiently catalyzed
by these molecular sieves while aromatic ethylation was almost negligible. The size of the alkylating agents was the key
factor for the transition state dimension in the aromatic alkylation, not the size of aromatic compounds. The mole fraction of
o-isomer for methylation of alkylaromatic compounds was dependent on the size of the alkyl groups. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction 10-membered ring channels with an elliptical pore
opening of 063nm x 0.39nm [6] while AIPO-5,
Microporous crystalline aluminophosphate molec- SAPO-5 and MeAPO-5 molecular sieves have one-
ular sieves (AIPQs, wheren represents the type of dimensional 12-membered ring channels with a
structure) [1,2] can easily be modified by incorporat- circular pore opening of. @3 nmx 0.73nm [7].
ing heteroatoms such as Si and transition metals at P Heteroatom incorporated SAPO-11 and MeAPO-11
(SAPOM) and Al (MeAPOn) [3,4]. The SAPOr and molecular sieves showed shape-selective catalytic
MeAPOn (Me: bivalent metal cations such as Kifg properties for the skeletal isomerization of butene-1
MnZ*, Co?t, Zn?t) are weakly acidic and have poten-  [8] and hydroisomerization of-paraffins [9]. Butene-
tial catalytic applications in petroleum refining and 1 could be transformed intobutene in the pore of
petrochemical processes [5]. SAPO-11 or MeAPO-11, but dimerization of butene
AIPO-11, SAPO-11 and MeAPO-11 molecular isomers is suppressed. The primary products of hy-
sieves were synthesized utilizing dialkylamine templa- droisomerization ofh-paraffins over Pt/SAPO-11 are
ting agents such as dipropylamine and di-propyl- mono-methyl branched paraffins, while preferential
amine. These molecular sieves have one-dimensionalhydrocracked and multibranched isomer products
have been found for large-pore Pt/SAPO-5 catalyst.
mondmg author. Tels82-42-869-2815: I_n the present wqr_k, we report a synthe_sis, charac_—
fax: +82-42-869-2810. terization and transition state shape-selective catalysis
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2. Experimental (SEM, Philips XL30SFEG) and thermogravimetric
analysis (TGA, Perkin-Elmer TGA-7). TGA exper-

2.1. Synthesis and characterization iments were performed with T@/min increasing

of AIPO-based molecular sieves rate of temperature in the Nflow. Al, P and Mn

contents were determined using inductively-coupled

AIPO-based molecular sieves were synthesized by plasma mass spectrometer (ICP/MS, Hewlett-Packard
the hydrothermal method. Pseudoboehmite (Conoco; HP4500).
71.7% AbO3) or aluminum trit-propoxide (Aldrich;
>98%), o-phosphoric acid (Kanto; 85%) and MnCl 2.2. Catalytic reactions
4H,0 (Aldrich; >98%) were used as Al, P and Mn
source, respectively. Diethylamine (Aldrich; >99.5%),  catalytic tests in a continuous flow were performed
di-n-propylamine (Aldrich; >99%), and tri-propyl- \jth a fixed bed reactor. The catalysts were loaded
amine (Aldrich; >99%) were used as templating n the half-inch stainless steel tube surrounded by
agents. . _ furnace and purged with 20 ml/min Ngas at the

A 10-membered ring pore AIPO-11 was synthesized reaction temperature for 1 h. The flow of the gas and
according to the literature method from rtpropyl- liquid reactants was controlled by thermal mass flow
amine (DPA), pseudoboehmite anaphosphoric  controlier and syringe pump, respectively.
acid [2]. Pseudoboehmite was added to a mixture of Synthesized molecular sieves were calcined at
phosphoric acid and water with vigorous stirring  550°C for 12h to remove organic templating agents
at room temperature for 5h followed by addition  ang were used as catalysts. Aromatic alkylation reac-

of DPA with stirring and the resulting mixture was  tjons were carried out under the following conditions:
stirred for 4h until it became a homogeneous gel.

The molar composition of the gel was determined to ® amount of catalyst: 400 mg;
be 1.3DPA:1.0A405:1.0R,05:40H,0. e aromatic reagents: toluene, ethylbenzanpropyl-
This homogeneous gel mixture was transferred into benzepe, cumene,
Teflon lined stainless steel autoclave, heated in oven® alkylating agents: MeOH or EtOH; _
to 200°C, and then left for 48 h. The products were ® aromatics/alkylating agentiN1/1/5 (molar ratio);
filtered, washed and dried at 120. e reaction temperature, pressure: 400 1 bar;
Eight kinds of MnAPO-11 were synthesized feeding rate: 2/h for toluene as weight hourly space
from different gel molar compositions and denoted  Velocity (WHSV).

MnAPO-11 §DEA) and MnAPO-11 XDPA). DEA The products were trapped with ice bath and ana-

represents diethylamine and the molar compositions |yzed by GC utilizing a HP-FFAP capillary column.
of the MNAPO-11 gels are as follows:

MnAPO-11(xDEA), x =1.3,1.6,19,2.2, xDEA : 0.833MnCb : 2.0AI(O—Pr)3 : 1.0P0s5 : 40H,0
MnAPO-11(xDPA), x =13,1.6,1.9,2.2, xDPA : 0.833MnCh : 2.0AlI(O—Pr)3 : 1.0P,0Os5 : 40H,0

These homogeneous gel mixtures were heated at
200°C for 72h.

A 12-membered ring pore MnAPO-5 was synthesi-
zed according to the literature by using nepropyl- 3. Results and discussion
amine (TPA), pseudoboehmite an¢phosphoric acid
[4]. The molar gel composition and reaction conditions 3.1. Characterization
are as follows: 1.3TPA:0.833MnglL.0Al,O3:1.0
P,0s5:40H,0, 160°C and 48 h. 3.1.1. XRD and SEM studies

Synthesized molecular sieve products were charac- The position of the peaks in all eight MnAPO-11
terized by X-ray diffraction (XRD, Rigaku 3D/Max-C)  was identical to the literature values [10] and the XRD
using Cu kx radiation, scanning electron microscopy patterns of representative four MNAPO-11 are shown
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Fig. 1. XRD patterns of MnAPO-11.

in Fig. 1. The relative peak intensity is very similar
to each other for MNAPO-11 (1.3DEA), MNAPO-11
(1.3DPA) and MnAPO-11 (2.2DPA). However, the
relative peak intensity for 21°00of 20 value in
MnAPO-11 (2.2DEA) is very strong suggesting very
different crystal shape. The X-ray is randomly
diffracted by crystal particles and the intensity of
specific peak is proportional to the exposure proba-
bility of its corresponding crystal plane. The strong
peak for 21.0 of 20 value in MNAPO-11 (2.2DEA),
therefore, is the result of strong and selective XRD
by a particular plane of the crystal suggesting a thin
plate crystal structure for MNAPO-11 (2.2DEA).

135

The XRD pattern of MNAPO-5 was in good agree-
ment with the reported results [11].

SEM images of synthesized MNAPO-11 samples
show different morphology from each other as shown
in Fig. 2. The shape of the crystal is of polycrystalline
thin plate aggregates and the thickness of the plate is
about 0.5um for MNAPO-11 (1.3DEA). The crystal
is of separated thin plate with sizes from 15 to20
for MNnAPO-11 (2.2DEA) and the thickness of the
plate is about lum. The shape of the crystal is of
polycrystalline aggregates for MnAPO-11 (1.3DPA)
and MnAPO-11 (2.2DPA) with the primary particle
size of MNAPO-11 (2.2DPA) being smaller than that
of MNAPO-11 (1.3DPA). The shape of the particle is
closely correlated with the XRD peak intensity con-
firming the thin plate crystal structure for MNAPO-11
(2.2DEA). The peak for 2100of 26 value is matched
to the (002) plane which is perpendicular to the
direction of one-dimensional channel [10].

3.1.2. Chemical composition

The chemical composition of each molecular sieve
is shown in Table 1. The molar ratio of P is slightly
larger than that of Al plus Mn for MNAPO-11. For
MnAPO-5, the molar ratio of P is nearly the same as
that of Al plus Mn. The result indicates that bivalent
Mn is incorporated into the trivalent Al site.

3.1.3. TGA analysis

The AIPO-11 shows one-step weight loss in the
temperature region around 200 while two-step
weight losses in the temperature regions around 200
and 350C are observed in MNAPO-11 (1.3DEA) as
shown in Fig. 3. The weight loss is due to the decom-
position of organic templating agents filling the pore.
The charge of AIPO-11 framework is neutral and the
organic amines are filled physically in the pore which
are removed from the pore at around 20 It has

Table 1
Chemical analysis data (molar ratio)

Catalyst Composition of MpAl,P.O4

X y z x+y/z
MnAPO-11 (1.3DPA) 0.057 0.91 1.03 0.94
MnAPO-11 (1.3DEA) 0.056 0.92 1.02 0.96
MnAPO-5 0.058 0.95 1 1.01
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Fig. 2. SEM images of MnAPO-11.

been reported that bivalent metal-substituted crys-
talline aluminophosphates have negative framework
charge and Lewis acidity (12). The organic amines Ttaple 2
interact strongly with the Lewis acidic framework The yield of methylation of toluene (reaction time: 2 h)
and are removed from the pore at higher temperature 5

Catalyst

(350°C).
AIPO-11  MnAPO-11  MnAPO-5
3.2. Transition state shape-selective — - (1'3?PA) =
Catalytlc reactions Ethylbenzene - >0.1 >0:1
p-Xylene 0.1 5.2 (43 2.1 (28)
3.2.1. Methylation of toluene m-Xylene >0.1 5.6 (43) 3.2 (42)
Table 2 shows the results of methylation of toluene ©-Xylene >0.1 2.3 (17) 2.3 (30)
over AIPO-11, MnAPO-11 (1.3DPA) and MnAPO-5 gt'gtshy'benze”e - & ot
catalysts. AIPO-11 has no acidic site and shows negli- - ) i
gible catalytic activity. On the other hand, MnAPO-11  Conversion (%) 0.1 15.8 10.6

and MnAPO-5 show mild catalytic activity because 3 Fraction of isomers.
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Fig. 3. TGA of AIPO-11 and MnAPO-11.

they have Lewis acid sites generated from the
Mn replacement for Al site [12]. The mechanism
of aromatic alkylations over molecular sieve catalysts
was reviewed by Venuto [13]. The alkylation proceeds
through electrophilic addition of a carbenium ion
generated from alkylating agent. It is well known
that p-/o-substitution is strongly favored oversubs-
titution in the electrophilic alkylation of alkylaroma-
tics because of electron-releasing effect of alkyl group
[14]. The mrisomer is formed fronp- and o-isomers
through isomerization, not by direct alkylation. The
sum of the mole fractions op- and o-isomers for
MnAPO-11 (1.3DPA) is nearly equal to that of
MnAPO-5 and the mole fraction ofrisomer is almost
equal for both catalysts indicating that the isomeriza-
tion reactivity of two catalysts is very similar to each
other. Thep-/o-isomer ratio of MNAPO-5 is 28/30
while that of MNAPO-11 (1.3DPA) is 40/17. The re-
sults can be correlated to the diffusion characteristics
of p- ando-isomer in the micropore. The pore size of
MnAPO-5 is Q73 nmx 0.73 nm which is larger than
the molecular dimension of xylene isomers and the
diffusivity difference of xylene isomers is small. But,
the pore size of MNAPO-11 is.63nm x 0.39nm
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Fig. 4. Methylation of toluene over MNAPO-11.

which is close to the molecular dimension of xylene
isomers and the diffusivity gf- ando-xylene is differ-
ent. The diffusion coefficient gb-xylene in the pore
of AIPO-11 at 90°C is 4 x 10~ 12cm?/s and that of
o-xylene is 2x 10~12cn?/s [15]. Thep-xylene mole
fraction is, therefore, high for MnAPO-11. Benzene
is formed over MNAPO-5 but not over MnAPO-11
(1.3DPA) due to the transition state shape-selectivity.
Benzene could be formed by transalkylation of
toluene. The pore size of MnAPO-11 (1.3DPA) is
not large enough for the accommodation of transition
state but that of MNAPO-5 is.

The extent of conversion and the mole fraction
of p-xylene for the methylation of toluene over
MnAPO-11 (DEA) and MnAPO-11 XDPA) cata-
lysts are plotted in Fig. 4. The catalytic activity of
MnAPO-11 kDEA) was decreased as the mole frac-
tion x of amines are gradually increased while that
of MnAPO-11 &DPA) catalysts was increased. The
differences can be explained by the size and shape of
MnAPO-11 crystallites. As shown in Fig. 2, the crys-
tal size and plate thickness of MnAPO-14DEA)
with largex-values is larger than those of MNAPO-11
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(XDEA) with small x-values. For large crystallite, the Table 4

rate Of Com|ng |n and out Of reactant and product The yleld of methylatlon of ethylbenzene (reaction time: Zh)
molecules to catalytic site in the pore is slow and re- Pproduct Catalyst

action is suppressed. But, the order for crystal size of
MnAPO-11 kDPA) is opposite to that of MNnAPO-11

MnAPO-11 (1.3DPA) MnAPO-5

(XDEA) and the reactivity of MnAPO-11xDPA) Belnzene >0.1 14

with largex-values is higher than that of MnAPO-11 ;;‘;igz 8'; ig
(xDPA) with small x-values. The mole fraction of Ewyitoiuene 11.4 (43.9) 20 (33.3)
p-xylene generated over MNAPO-I400EA) catalysts m-Ethyltoluene 12.5 (47.3) 2.8 (46.7)
were nearly equal regardless wivalues, but small  o-Ethyitoluene 25 (9.5 1.2 (20.0)
for MnAPO-11 §DPA) with large x-values because p'D'?”;‘y'lkLenze”e - 2
additional isomerization tovxylene takes place more g_*gzmb:nn:::: - éi
actiyely for small crysta}llite MnAPO-11 catalysts. The  pimethylethylbenzene 79 06
basic catalytic properties of MNAPO-11 catalysts are oOthers 0.6 0.7
nearly equal regardless of DEA and DPA as templat- ~ . .con %) 34.6 145

ing agents. The reactivity difference of MNAPO-11 - -
(XDEA) and MnAPO-11 ¥DPA) catalysts can be *Fraction of isomers.
attributed to the physical properties such as crystal
shape and size rather than the chemical properties. attributed to the transition state shape-selective catal-
ysis of which a model is shown in Fig. 5. The empty
3.2.2. Ethylation of toluene and methylation w-orbital of carbenium ion formed from alkylating
of ethylbenzene agent (alcohol) overlaps and interacts witielectrons
Ethylation of toluene and methylation of ethyl- of aromatic ring and the aromatic compound is laid
benzene produce ethyltoluene isomers (Tables 3on top of the carbenium ion. The MnAPO-11 has
and 4). The methylation of ethylbenzene is 2.2 times elliptical 0.63nm x 0.39nm size pore which can
faster than the methylation of toluene (Table 2) over accommodate the transition state for methylation
MnAPO-11 (1.3DPA) catalyst. The electron-releasing of aromatic compounds but not for the ethylation
effect of ethyl group is higher than that of methyl because of the large steric hindrance. The size of
group. The activation energy of transition state for- aromatic reactants and products exerts negligible ef-
mation is expected to be lower for ethylbenzene than fect on the reactivity but the size of the alkylating
toluene leading to the higher reactivity for ethylben- agent is the critical factor in the aromatic alkyla-
zene. But, the ethylation of toluene is nearly negligi- tion over MnAPO-11 catalyst. The transition state
ble over MNAPO-11 (1.3DPA) catalyst. This resultis shape-selective catalysis over MNAPO-11 (1.3DPA)
is correlated with the absorbing characteristics. The

Table 3 _ o 0.63nmx 0.39 nm size pore can absorb xylene iso-

The yield of ethylation of toluene (reaction time: 2h) mers and trimethylbenzene isomers which are planar

Product Catalyst but cannot absorb cyclohexane which has non-planar
chair structure with axial hydrogens [15]. The short

AIPO-11  MnAPO-11  MnAPO-5 : )
(1.3DPA) 0.39nm pore dimension cannot accommodate the

transition state for aromatic ethylation as well as

Benzene - - 1.2 .
Ethylbenzene _ 0.05 26 non-planar cyclohexane molecule. The mole fraction
Xylenes 0.05 - 4.1 of o-ethyltoluene over MNnAPO-11 (1.3DPA) catalyst
p-Ethyltoluene - 0.15 6.0 (36.3) (Table 4) is 9.5% which is much smaller than that of
m-Ethyltoluene - 0.1 8.0 (48.8) o-xylene and half of thermodynamic equilibrium mole
gtitehg’s'to'“e”e - - 5'4 (14.6)  fraction value. Thep-/o-isomer ratio of MnAPO-11

_ (1.3DPA) catalyst is 2.4 for toluene methylation and
Conversion (%)  0.05 0.3 26.3 4.5 for ethylbenzene methylation. This result is corre-
2 Fraction of isomers. lated with transition state of the reaction. Ethyl group
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Fig. 5. Transition states for aromatic alkylation.

is larger than methyl group and prefessubstitution
than o-substitution. On the other hand, MnAPO-5
catalyst shows considerable reactivity for both the
ethylation of toluene and the methylation of ethylben-
zene. As shown in Fig. 5, the pore size of MNAPO-5
is 0.73nm x 0.73nm which can accommodate the
transition states for both methylation and ethylation of
aromatic compounds. The ethylation of toluene is 2.5
times faster than the methylation of toluene (Table 2)
probably due to the difference in the rate of the corre-
sponding ethyl and methyl carbenium ion formation.
The ethyl carbenium ion is more stable and formed
faster than methyl carbenium ion. The methylation of
ethylbenzene is 1.4 times faster than the methylation
of toluene (Table 2) probably due to the difference of
electron releasing effect of methyl and ethyl group.

3.2.3. Methylation of n-propylbenzene and cumene

Table 5 shows the results for methylation of
propylbenzene and cumene over MNnAPO-11 (1.3DPA)
catalyst. The methylation ofn-propylbenzene is
slightly faster than methylation of ethylbenzene prob-
ably due to the stronger electron releasing property
of n-propyl group than that of ethyl group. The mole
fraction ofo-isomer in the methylation af-propylben-
zene is 10.0% and very similar to the methylation

of ethylbenzene. The-propyl and ethyl group are pri-
mary alkyl groups and the size effect of alkyl groups
for transition state ob-substitution is similar to each
other. The methylation of cumene is much slower
than methylation ofh-propylbenzene. The reactivity
difference can be explained by the cracking reac-
tions. The formation of benzene is nearly negligible
in methylation ofn-propylbenzne while considerable

Table 5
The yield of methylation over MNAPO-11 (1.3DPA) (reaction time:
2h)

Product Reactant

n-Propylbenzene Cumene
Benzene >0.1 1.4
Toluene 0.3 0.8
Xylenes 0.2 0.4
p-n-Propyltoluene 13.9 (47.9) -
m-n-Propyltoluene 12.2 (42.1) -
o-n-Propyltoluene 2.9 (10.0) -
p-i-Propyltoluene - 5.6 (47.0)
m-i-Propyltoluene - 6.1 (51.3)
o-i-Propyltoluene - 0.2 (1.7)
Others 10.8 13
Conversion (%) 40.4 15.8

2Fraction of isomers.
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in methylation of cumene. The formation of car-
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o-isomer for methylation of alkylaromatic compounds

benium cation is dominant in the methylation of was dependent on the size of the alkyl groups.

n-propylbenzene. On the other hand, cumene and
methanol interact competitively with catalytic sites

and the formation of methylated product is suppressed Acknowledgements

and the formation of cracked product (benzene) is
promoted for methylation of cumene. The mole frac-
tion of o-isomer for methylation of cumene is only

This investigation was supported by the Korea Elec-

tric Power Company endowment fund to the Korea

1.7% and attributed to the very large steric hindrance Advanced Institute of Science and Technology.

effect of secondary-propyl group for the transition
state ofo-substitution. The size of alkyl group at-
tached to aromatic ring is the key factor determining
the o-isomer mole fraction and can be explained by
the transition state shape-selective catalysis.

4. Conclusions

MnAPO-11 molecular sieves with medium size
elliptical pore were successfully synthesized by using
diethylamine and dir-propylamine in highly pure
crystalline state. The shape of crystalline MNnAPO-11
obtained from diethylamine is thin plate form in
which the plane is perpendicular to channel direction
and the thickness of the plate is the length of the
channel formed.

The reactivity difference for the methylation of
toluene over MnAPO-11 catalysts is related with
the size of crystallite. Methylation of alkyl aromatic
compounds was efficiently catalyzed by MnAPO-11
catalysts but aromatic ethylation was almost negligi-
ble. The difference of the reactivity is attributed to
the dimension of the transition state for alkylations
and the size of alcohol molecules is the key factor for
the transition state dimension. The mole fraction of
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