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Abstract

The hydroconversion ofi-decane has been investigated over bifunctiondMEtM-41//MgAPO= (n = 5,11) composite catalysts
consisting of PtMCM-41 as the metal function and different Mg-containing aluminophosphates MgAR®-the acidic function.
Hydrocracking is dominant over the catalysts containing MgAPO-5, while the isomerization selectivity is high over composite catalysts
containing MgAPO-11. The higher isomerization selectivity of the latter catalysts is explained in terms of shape selectivity. The acid site
density was varied by adding different quantities of MgAR®@s the composite catalyst without changing the overall metal content. The
highest selectivity fom-decane isomerization is found for a/&0 physical mixture of 1.0PMCM-41 with MgAPO-11. The distance
between the two catalytic functions was varied by mixing of different sized pellets. It was found that the particles with diameters ranging
from 1 to ca. 250 um can be mixed without significant decrease in catalytic activity. The results of this study confirm that the classical
bifunctional mechanism for isomerization and hydrocracking-afkanes is operative under our experimental conditions.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction importance ofn-alkane isomerization for improving mo-
tor fuel properties, including environmentally benign high-

Bifunctional catalyst consisting of metal clusters sup- octane gasoline with a limited content of benzene and other
ported on acidic zeolites are used in various industrial aromatics, high-cetane diesel fuel with low pour and cloud
processes, viz. isomerization o§/Cs alkanes, dewaxing, points, and high viscosity lubricant base stocks with low
and isomerization of £aromatics. The hydroconversion of  pour points is growing. However, the practical application of
n-alkanes is achieved over bifunctional catalysts containing this process has only been confined #y Cs alkanes [3-5],
highly dispersed noble metal clusters on a support which because the isomerization of long-chain alkanes is usually
contains Brgnsted acid sites. During the reaction, the nobleaccompanied by undesirable cracking. Catalysts with a suf-
metal catalyzes hydrogen transfer reactions (hydrogenation-ficiently good balance of metal and acid functions under
dehydrogenation), while isomerization and hydrocracking suitable reaction conditions are generally needed to sup-
occur on the Brgnsted acid sites [1]. The well-accepted (clas-press cracking in order to achieve high isomerization selec-
sical) reaction mechanism afdecane isomerization pro- tivity for long-chain alkanes. Platinum and palladium ion-
ceeds via several steps, viz. (i) dehydrogenation on the no-exchanged zeolites are known to give high isomerization
ble metal, (ii) protonation of the-alkene on the Brgnsted yields at medium conversion. However, due to faster crack-
acid site with formation of a secondary alkylcarbenium ion, ing of the branched isomers, hydrocracking becomes domi-
(iii) rearrangement of the alkylcarbenium ion via formation nant at high conversion levels. The exact value of the isomer-
of cyclic alkylcarbonium-type transition states (PCP mech- ization maximum is expected to be dependent on the balance
anism), (iv) deprotonation, and (v) hydrogenation [2]. The between the two catalytic functions, viz. the density and the

strength of the Bragnsted acid sites and the nature, amount,
— . and dispersion of the metal.
Corresponding author. . . . .
E-mail address. hartmann@rhrk.uni-kl.de (M. Hartmann). Composite catalysts (viz. a physical mixture of two cat-
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that the admixture of a protonated zeolite to AFO, cata- of sodium silicate was added dropwise. After 30 min,
lyst enhances itg-alkane isomerization activity. Assuming 2.4 g of concentrated sulfuric acid in 10 g water was
that the classical bifunctional mechanism is operative, Weisz added. The gel formed was homogenized by shaking for
[9] already showed in 1962 that the two catalytic functions about 20 min. The resulting gel was kept at 2@0for
can be well separated. However, a sufficiently close proxim- about 24 h. MgAPO-5 was synthesized with triethylamine
ity of metal and acid sites is an important factor for the per- (EtzN) as the template using the following gel compo-
formance of catalysts in the isomerizatiome#élkanes. This sition: 1.0AbO3:1.0R05:0.7E8N:20.3H0:0.05MgO. The
concept was recently questioned by Fujimoto et al. [10,11] amount of 38.9 g of pseudoboehmite (75 wt%, Condea)
who suggested that hydrogen spillover plays an importantwas dispersed in 100 g of distilled water for 1 h. There-
role in alkane activation and the stability of intermediates. after, 66.6 g of orthophosphoric acid (Merck, 85%) was
Silicoaluminophosphates (SAPOs) have been studied foradded dropwise into the mixture and 3.0 g of magnesium
n-alkane isomerization [12—-17]. However, most studies fo- acetate (Aldrich, 98%) in 15 g of water was added. After
cus on the isomerization ofg@o Cg n-alkanes, while only  stirring for 1 h, 26.4 g of triethylamine (Fluka, 99.5%) was
one paper deals with the isomerization iofdecane over  added. Then the mixture was allowed to stir for 2 h. The
Pt/MgAPO-n with AEL, AFI, and AFO structures [18].  resulting gel was crystallized at 20Q for 36 h. MgAPO-
A new molecular sieve process using/8APO-11 for 11 was synthesized as follows using a gel composition
lube dewaxing by wax isomerization was described by of 1.0Al03:1.25R05:2.37DPA:1.8HF:156H0:0.05MgO.
Miller [19]. Pt/SAPO-11 shows both a high selectivity for Aluminum hydroxide (15.5 g, Aldrich) was mixed with 40 g
wax isomerization and a low selectivity for secondary hy- of distilled water and stirred for 1 h. Thereafter, 28.8 g of or-
drocracking. Moderate acid activity and the one-dimensional thophosphoric acid diluted with 50 g of distilled water was
nature of the 10-ring pores appear to contribute to its perfor- added dropwise. The mixture was again stirred for 1 h fol-
mance. lowed by the addition of 0.53 g of magnesium acetate in 25 g
In this work, the acid sites of the catalyst have been gener-of water. After 30 min under stirring, 24 g of dipropylamine
ated by isomorphous substitution of magnesium into the alu- (DPA) was added and the gel was stirred for another hour.
minophosphate framework [18]. In the present study, the be- Finally 8.5 g of HF (Riedel-de Haen, 40%) diluted in 20 g
havior of PYMCM-41//MgAPO-n composite catalysts to- of water was added. After 2 h under stirring, the gel was
ward the hydroconversion of-decane is investigated. We transferred into an autoclave and kept at 1@5for 18 h.
have explored the possibility of utilizing MgAPO-5 [AFI  The obtained solid was calcined at 34D in a flow of ni-
(structure code of the International Zeolite Association), trogen for 18 h and subsequently in air for about 4 h. The
dp =0.73 nm] and MgAPO-11 [AELdp = 0.63 x 0.39 nm] materials were characterized by X-ray powder diffraction
as acid function. The effect of varying metal content on the (XRD), nitrogen adsorption, and atomic absorption spec-
isomer yield has already been given attention [20]. Here we troscopy (AAS). The density and strength of the acid sites
change the number of acid sites by adding different amountsof MgAPO-5 and MgAPO-11 were studied by temperature-
of MgAPO-n to the composite catalyst without changing programmed desorption of pyridine. A 10 mg portion of the
the overall metal content. The maximum isomer yield is calcined material was placed in a quartz reactor and activated
found over the 1.0PMCM-41//MgAPO-11(5Q'50) cata- overnightin a flow of nitrogen at 35@. Thereafter, the ma-
lyst. The formation of multibranched isomers is suppressed terial was saturated with pyridine vapor at*8D for about
over MgAPO-11, which, in turn, reduces the cracking rate, 15 min. After purging with nitrogen for 3 h, the tempera-
and, hence, results in a higher isomer yield. ture was increased to 68C at a heating rate of 82/min in
The influence of the spatial distance of the two catalytic a nitrogen flow. The pyridine concentration in the purge flow
functions has been studied by mixing (monofunctional) was analyzed by gas chromatography.
particles with diameters ranging from 1 to 355 um. It is The calcined pure silica MCM-41 materials were re-
found that particles with diameters ranging from 1 (powder) peatedly ion-exchanged with ammonium nitrate af@0
to 250 um can be mixed without a significant decrease To allow the mixing of different ratios of PMCM-41
in catalytic activity. The results of this study allow the and MgAPO# without changing the overall metal content
design of novel bifunctional composite catalyst where the (0.5 wt%), catalysts with different platinum loadings (2.0,
two catalytic functions can be tuned separately in order to 1.0, 0.67, and 0.5 wt%) were prepared employing the im-
obtain well-balanced catalysts exhibiting high selectivities pregnation method using Pt(NHCI; as the precursor. The
for isomerized or cracked products. required amount of metal precursor was dissolved in 50 ml
of distilled water and the obtained solution was added drop-
wise to 1.5 g of the molecular sieve slurred in 50 ml of dis-
2. Experimental tilled water. After stirring the resulting solution for 2 h at
40°C, the water was removed in a rotary evaporator &G0
Pure silica MCM-41 was synthesized by dissolving 32 g under vacuum. Thereafter, the samples were dried overnight
of tetradecyltrimethylammonium bromide {&TMABT) in at 100°C. Finally, the two catalytic components (RICM-
115 g of water in a polypropylene bottle. Thereafter, 37.4 g 41 and MgAPOr) were physically mixed together in the
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powder form, pressed without binder, crushed, and sieved to —O0— MgAPO-5
obtain particles with a diameter of 250 to 355 pm. In one —A— MgAPO-11
set of experiments, the two catalytic components were pel-
letized separately and pellets with different sizes were mixed
to evaluate the influence of the distance of the two catalytic
functions. The catalytic experiments were carried out in a
fixed-bed flow-type apparatus with on-line gas chromato-
graphic analysis of the reaction products. The experiments
were conducted at a hydrogen pressure of 1 MPa and the
pressure of tha-decane was adjusted to 10 kPa. The modi-
fied residence tim& / F;,-gecane@mounted to 400 g h mot.

Prior to the catalytic experiments, the catalysts were dehy-
drated in a flow of argon at 25, calcined in oxygen at
300°C, then flushed with argon at 40Q, and finally re-
duced in hydrogen at 32@ for 4 h. The conversion was mm
varied by varying the reaction temperature. P S R SR RAPRN SR B

0 100 200 300 400 500 600 700
Temperature / °C

ppyridine / ppyridine, in

3. Resultsand discussion
Fig. 1. Temperature-programmed desorption curves of pyridine of
The structure and crystallinity of MgAP®@-and the MgAPO-5 (O) and MgAPO-11 ).
structural order of MCM-41 were checked by powder X-ray
diffraction (not shown). The textural properties of the em- of these sites employing IR spectroscopy following pyridine
ployed MCM-41 and MgAPQ: materials are summa- adsorption is currently underway. The apparent absence of a
rized in Table 1. The MgAPO-5 and MgAPO-11 micro- high-temperature peak in MgAPO-11 is probably related to
porous molecular sieves possess specific surface areas dhe lower magnesium content of the sample.
380 and 230 rfyg, respectively. Theivg/nal ratio was Fig. 2 (left) shows the conversion efdecane over bi-
determined by AAS to 0.02 and 0.01 for MgAPO-5 and functional composite catalysts composed of NP\EM-41
MgAPO-11, respectively. The results show that the AEL as the metal function and MgAPO-5 as the acid func-
structure (MgAPO-11) has a lower tolerance toward the in- tion, denoted PtMCM-41//MgAPO-5, mixed in differ-
corporation of magnesium as compared to the AFI structure ent ratios without changing the overall metal content. For
(MgAPO-5). Similar findings have also been reported in a comparison, the monofunctional catalysts 0/3RfCM-41
recent study [21]. (Pt supported on pure silica MCM-41) and MgAPO-5 are
The substitution of aluminum by magnesium in the also displayed. In comparison to the monofunctional cat-
neutral AIPQ-n framework creates a negative charge in the alysts, the bifunctional composite catalysts show signif-
framework which is balanced by a bridging proton imparting icantly higher catalytic activity. For the composite cata-
Brgnsted acidity in the MgAP@-samples [22]. The density  lysts,n-decane conversions start at 2@Dand almost com-
and the strength of these acid sites has been probed byplete conversions are reached between 340 and®G50
temperature-programmed desorption of pyridine (Fig. 1). The catalytic activity increases with increasing number
Both samples exhibit a sharp maximum at ca. AG0while of acid sites, viz. with increasing fraction of MgAPO-
for MgAPO-5 a second maximum at 500 with a shoulder 5 in the composite catalyst. At a reaction temperature
at 580°C is observed. The low temperature peak appears atof 300°C, the conversion ofi-decane over the catalyst
the same position for AIP5 and AIPQ-11 and has been  2.0PYMCM-41//MgAPO-5(2575) amounts to 65%, while
assigned to surface hydroxyls [23]. The high-temperature for 1.0PYMCM-41//MgAPO-5(5¢/50) and 0.67PtMCM-
peak shows a distribution of strong Brgnsted acid sites 41//MgAPO-5(7525) the conversion reaches ca. 55 and
and/or Lewis acid sites. A more detailed characterization 30%, respectively. Over the monofunctional catalyst Pt
MCM-41, the conversion is below 5%. However, only a low
Table 1 isomer yield Fiso. < 10%) is found (Fig. 2 (right)), when
Textural properties and chemical composition of the employed catalysts ~MgAPO-5 is employed as the acid function. A similar low
isomer yield is also observed for 0.3R#1gAPO-5, which

Catalyst Specific surface Pore diameter nmg/nal (AAS)

area (M/g) (nm) is ascribed to fast cracking of the formed multibranched iso-
MgAPO-5 380 063 x 0.39 0.02 mers [18]. _
MgAPO-11 230 0.73 0.01 In Fig. 3 (left), the results ofn-decane conversion
MCM-41 910 2.8 - over PYMCM41//MgAPO-11 composites are depicted. The

a Determined from the nitrogen adsorption isotherm using the BJH PYMCM-41//MgAPO-11 composites exhibit almost sim-
method. ilar catalytic activity compared to composites containing
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Fig. 3. Conversion ofi-decane (left) and isomer yield (right) as a function of the reaction temperature over diffefti€Nt41//MgAPO-11 composite
catalysts. Reaction conditions wepg, = 1 MP&; p,-decane= 10 kPa;W/F =400 gh mot L.

MgAPO-5, but a significantly higher isomer yield of above as a function ofz-decane conversion. At low conversion,
35% (Fig. 3 (right)) is observed. The experimental results are monobranched isomers are formed exclusively. With in-
in complete agreement with the well-known reaction mecha- creasing overall conversion, the content of dibranched iso-
nism for isomerization and hydrocrackingiofilkanes [24]. mers increases monotonically at the expense of the mono-
With increasing conversion, the isomer yield passes throughbranched isomers. In principle, the consecutive formation
a maximum, indicating that the branched hydrocarbons areof an increasing number of branching in the feed mole-
consumed by hydrocracking. In essence,tbdecane feed  cule is in agreement with the proposed reaction mecha-
is isomerized (i.e., branching is created) until a configuration nism. Over 1.0PtMCM-41//MgAPO-5(5(¢/50), a low se-
is reached at which hydrocracking (i.e., cleavage of carbon-lectivity for dibranched isomers is observed, while tri-
carbon bonds, so called iongzscission) occurs. branched isomers are practically not formed. This is at-
The isomer distribution over PWMICM-41//MgAPO- tributed to the fast hydrocracking of the di- and tribranched
mixed in equal amounts (360) is depicted in Fig. 4 isomers over MgAPO-5. The 1.0MiCM-41//MgAPO-
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Fig. 5. Distribution of methylnonanes over 1.0MiCM-41//MgAPO-11(50'50) (left) and PtMCM-41//MgAPO-5(5(¢/50) (right) as a function of conversion
of n-decane.

11(50/50) composite catalyst exhibits an even lower se- tion of methylnonanes is 33.3% 3-methylnonane, 33.3%
lectivity to multibranched isomers. A similar behavior has 4-methylnonane, 16.7% 2-methylnonane, and 16.7% 5-
also been found for 0.5AIgAPO-11 and ascribed to the methylnonane [25]. In contrast to the theoretical distribu-
hindered formation of multiply branched isomers in the tion, only a low yield of 4-methylnonane is observed exper-
10-membered ring channels of MgAPO-11 [18]. In addi- imentally over 1.0PtMCM-41//MgAPO-11(5Q'50) (Fig. 5
tion, it could be assumed that the diffusion of the mono- (left)). This is probably due to the restricted formation of
branched isomers out of the narrow pores of the molecu- the 4-methyl non-5 cation in the 10-membered ring chan-
lar sieves is faster than the diffusion of the more bulky di- nels of MgAPO-11, which leads to the formation of 4-
or tribranched isomers. Similar results are observed with methylnonane. Bifunctional catalysts based on other 10-
the composite catalysts having a lower or higher number membered ring molecular sieves, viz. ZSM-5, ZSM-11, and
of acid sites, viz. 0.67PMCM-41//MgAPO-11(7525) and ZSM-22, also exhibit a similar molecular shape selectivity

2.0PYMCM-41//MgAPO-11(2575). in the conversion ofi-decane [26,27]. A typical feature of
Fig. 5 shows the distribution of the methylnonanes as 10-membered ring zeolites is the suppressed formation of
a function ofn-decane conversion over the 1.0MCM- di- and tribranched isomers and the decreased rate of 4-

41//MgAPO-11(50'50) catalyst and the 1.0MICM-41// methylnonane and 5-methylnonane formation as compared
MgAPO-5(5(0/50) catalyst, where the relative distribution to 2-methyl branching due to steric constraints. Moreover, it

of methylnonanes approaches thermodynamic equilibrium has been found that only minor amounts of dibranched iso-
at high conversion (Fig. 5 (right)). Assuming that the for- mers desorb from 10-membered ring zeolites such as ZSM-5
mation of the methylnonanes proceeds over protonated[28]. Based on the relative distribution of methylnonanes, a

cyclopropanes (PCP mechanism), the theoretical distribu-refined constraint index Cwas defined as the yield ratio of
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Table 2
Distribution of the cracked products at a cracking yiglg of 15%
Catalyst Number of molg400 mol cracked
2.0PYMCM-41// 1.0PYMCM-41// 0.67PfMCM-41 2.0PfMCM-41// 1.0PYMCM-41// 0.67PYMCM-41//
MgAPO-5(2575) MgAPO-5(5050) MgAPO-5(7525) MgAPO-11(2575) MgAPO-11(5¢50) MgAPO-11(7525)
Cy 0 3 7 21 15 11
Co 0 2 5 6 7 8
C3+Cy 9 33 50 52 57 62
Cs4+GCs 106 102 90 84 76 75
Cs 84 65 52 46 39 39
Cg 0 1 4 4 5 5
Cq 0 1 1 4 7 6
Total 199 207 209 217 216 206
% iso
Cy 799 66.8 482 275 109 6.5
Csg 86.8 753 487 318 145 87
® 50— R 80—
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Fig. 6. Distribution of the cracked products over 1,0€M-41//MgAPO-11(50'50) (left) and 1.0PAMCM-41//MgAPO-5(5¢/50) (right).

2-methylnonane to 5-methylnonane at 5% isomer yield. The Pt/MCM-41//MgAPO-11 composite catalysts, the distribu-
refined constraint index for the 1.0R{CM-41//MgAPO- tion of cracked products is distinctly different (Fig. 6 (left)).
11(50/50) composite catalyst is found to be 3.8. This is in A higher fraction of G and G alkanes is formed so that
agreement with the Clobserved for other 10-membered no clear maximum of the cracked product distribution is ob-
ring molecular sieves such as ZSM-5 {Gt 4.5), ZSM-11 served. Weitkamp et al. [28] reported an analogous distri-
(2.8),ZSM-22 &14) [29,30], and MgAPO-11 (3.6) [18] and  bution over PtZSM-5, which also possesses 10-membered
confirms that the isomerization takes place in the channels ofring channels. The slightly higher amount of methane for-
MgAPO-11 in the PtMCM-41//MgAPO-11 composite cat- mation as compared to systems containing MgAPO-5 is at-
alysts. tributed to hydrogenolysis.

Table 2 summarizes the cracked product distribution ex-  Table 2 also depicts the amount of branched isomers
pressed in moles of cracked products formed per 100 mol ofin the G, and G fraction as a function of-decane con-
n-decane. The distribution of the cracked products, in par- version over the composite catalysts employed in the present
ticular the absence of methane and ethane, is indicative ofstudy. For composites containing MgAPO-5, the &nd
ideal hydrocracking with an ionic mechanism of cleavage. Cs products are mainly branched and their relative amount
Pure primary cracking occurs when the number of moles changes only slightly with the degree of conversion. In
formed from 100 mol feed does not exceed 200 [25]. In par- contrast, over MgAPO-11 composites mainkisomers are
ticular, over PtMCM-41//MgAPO-5 composites the for- formed at low conversion levels, while the formation of
mation of methane and ethane is observed only to a small ex-branched isomers increases with conversion. The observed
tent, which shows that hydrogenolysis on the platinum clus- high selectivities for linear cracking products probably
ters plays only a minor role. However, the higher amount involves hydrocracking of methylnonanes via typege
of C3 and G alkanes in the product compared t@ &nd scission [28]. Cracking of monobranched alkenes proceeds
C7 alkanes indicates that the formed alkanes undergo fur-through a type C mechanism (which involves two secondary
ther cracking to yield g and G alkanes (secondary crack- carbenium ion intermediates) and results in the formation
ing) (Fig. 6). Secondary cracking is often observed over cat- of two linear alkanes. Dibranched alkenes undergo cracking
alysts without well-balanced acid and metal functions. Over through type B1 or B2 mechanisms (one secondary and one
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tertiary carbenium ion) and equimolar amounts of branched ca. 1 pm (i.e., the PMCM-41 and MgAPO-5 powders are
and linear products are formed. Finally, tribranched alkenes mixed) to ca. 106 to 250 pm;decane conversionis decreas-

are cracked via type A8-scission (two tertiary carbenium
ions) and result in the formation of branched isomers.
Type D B-scission via primary carbenium ions is typically
not observed over zeolites. Type A cracking is much faster
than type B which is again faster than type C cracking.

ing only slightly, which confirms that the two catalytic func-
tions are in sufficient intimacy. The observed product mix-
ture exclusively consists of-decane isomers and cracked
products. The formation of-decene or other olefins i®t
observed. Further increase of the particle size to ca. 250

Therefore, over MgAPO-5 composite catalysts the cracked to 355 um results in a sharp decline ofdecane conver-

products are predominantly formed via typegAscission,
which accounts for the high selectivities for branched
isomers [31]. However, over mixtures containing MgAPO-
11 lower selectivities for branched isomers may be attributed
to contributions from type B (B1 and B2) and type C crack-
ing mechanism.

In order to avoid that the reaction rate is limited by
alkene transport, the two catalytic functions need to be at
sufficiently short mutual distances (intimacy criterion). The
intimacy criterion has been proposed by Weisz in 1962 [9]:

poDo
T-dN/dt @)

In this expressionpg (in MPa) andDg (in m?s™1) de-
note the partial pressure and the diffusion coefficient of the
intermediate alkene, respectivel. (in K) is the reaction
temperature R (in m) is the radius of the catalyst parti-
cles (which is a measure for the spatial separation of the
two functions) and & /d (in mols 1 m=3) is the intrinsic
reaction rate of the acid-catalyzed alkene conversion. The
realization of sufficient intimacy in a composite catalyst is
critical because of the slow micropore diffusion of the hy-
drocarbons and the high catalytic turnover numbers of the
acid sites [32]. In this context, we have explored the possi-
bility of varying the distance between the two catalytic func-
tions by changing the particle radius of two different catalyst
particles in a series of experiments. Fig. 7 shows the con-
version ofn-decane over PMCM-41//MgAPO-5(5(0/50)

R2<12x10°

sion, which shows that the two catalytic functions are too
far apart under the prevailing reaction conditions. A sim-
ilar decline of catalytic activity with particle size is ob-
served for PtIMCM-41//MgAPO-11(50'50) composite cat-
alysts (Fig. 8). In addition, the complete absence of olefins
in the product suggests that the reaction proceeds over the
classical bifunctional mechanism exclusively yielding iso-
merization and cracking products. The results presented here
also confirm that the two catalytic functions can be well sep-
arated (ca. 200 um) im-decane conversion over bifunctional
catalysts based on AMICM-41 and MgAPO=. This allows
using different supports for the acid and metal function, re-
spectively, without significant decrease in catalytic activity.
Moreover, in the light of the recent criticism of the classical
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sizes have been mixed. With increasing particles size from catalyst as a function of particle diameter.
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bifunctional mechanism [10,11,33,34] our work is reminis-
cent of the earlier work of Weisz [9], who studied mixtures
of Pt/SiO, and silica—alumina. Their observation that the
mixture was much more reactive ferhexane isomerization

than each of the individual components supported the con-
cept of a bifunctional catalyst, and, hence, the results were
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