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Abstract

Zeolites of different structures and textural mesoporosity (ZSM-5, mordenite, Beta and MCM-41) were investigated as catalysts in liquid phe
isomerization of alpha-pinene at 373K and in methanol conversion. The morphological characterization of the samples was fulfilled before «
after the reaction by XRD, SEM, BET and temperature programmed desorption of ammonia.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction steps and it is established that the reaction could be applied as a
model for determination of the acid-base properties of various
The technological application of zeolites is based upon thaolid catalysts[7—10] and zeolites[11-13] In view of the
behavior of hydrocarbons within their framework structure anddifferences reported on the zeolites’ catalytic behavior, we tried
is governed by two factors: the zeolite acid strength and the por® follow the role of zeolite structural disorder and mesoporosity
size. It is well known that the former factor is related to both theon the nature and distribution of the catalytic acidic sites. Thus,
Bronsted acid sites (catalyst protonation ability) and the bridgby controlling the catalysts properties the reaction of alpha-
ing hydroxyl groups (the present aluminum ions). A correlationpinene isomerization has been carried out either to camphoric
has been proved between the acidity of sites and the aluminufa valuable product used in the pharmaceutical industry),
content, as the greatest acidity is achieved by zeolites witlr to bulky hydrocarbons (used in production of polymeric
relatively low aluminium content. Besides, it was found thatcompounds).
zeolite acidity reaches an optimum value at given aluminium
content for some zeolite typg4—3]. This value depends on
the procedure used for zeolite preparation and activgids]. 2. Experimental
In this paper, the aforementioned effects are examined on a
series of ZSM-5, mordenite, Beta and MCM-41 molecular2.1. Materials and characterization
sieves. The relative weight of factors, such as the pores size, the
framework irregularities, and the strength of the Brgnsted sites The investigated H-forms of the samples were prepared from
has been evaluated by comparative catalytic stufiesThe = commercially available ZSM-5(90) (SudChemie) and morden-
acid catalysed conversion of methanol to hydrocarbons and thite (Leuna) as well as from those synthesized in hydrothermal
isomerization of the bulky alpha-pinene molecule are studiedconditions ZSM-5(27), Beta and MCM-4B,14]. The amor-
The isomerization of alpha-pinene yields a complex mixture ofphous silica—alumina type “Houdry” with SgOAl>O3 ratio of
monoterpenes, bi- and tricyclic products in parallel irreversiblel0 was also used for comparison. The morphological characteri-
zation of the samples was performed before and after the reaction
by various methods. XRD studies were done on a Philips PW
* Corresponding author. Fax: +359 2 8700225. 1840 diffractometer, equipped with a PW 1830 generator. The
E-mail address: zeolab@orgchm.bas.bg (R. Dimitrova). SEM microphotographs were taken on Philips XL 30S-model
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scanning electron microscope. The surface areas and the pde Results and discussion

volumes of the samples were obtained from the nitrogen adsorp-

tion isotherms measured at 77 K in a static volumetric apparatus XRD patterns and SEM microphotographs of the samples
(Coulter Omnisorp I00CX) up t&/P, ~ 95. Nitrogen adsorp- show that growth and crystallinity were satisfactory and in accor-
tion data were evaluated as the monolayer surface area and hdtince with the literature data. Slight variation in the intensity of
width of pores were calculated by using Langmuir and Dubinin-the commercial and synthesized ZSM-5 sampleg at 23 were
Astakhov (D-A) methods. Sample acidity was determined byobserved [tig. 1A), most probably due to the particles shape
temperature programmed desorption of ammonia (TPDA) in §Fig. 2A). The observed dislocation of the XRD peaks for the
conventional flow reactor supplied with a thermal conductivitypure silica MCM-41 Fig. 1B, line 1) and the Al-doped MCM-

detector. 41 gave evidence for the existence of tetrahedral aluminium
(Fig. 1B, line 2)[15].
2.2. Catalytic tests The scanning electron microscopy revealed that the synthe-

sized ZSM-5 particles were spherical in shape with dimensions

The alpha-pinene isomerization was carried out at atmoabout 700 nm, whereas the commercial ZSM-5 had particles
spheric pressure with 0.5 g of catalyst and 25 ml of alpha-pineneith sponge structure with dimensions less than 100Fim @A
(Acros) at 100C under a nitrogen atmosphere. Samples wer@and B). According to the SEM data the micrographs of the
taken periodically during the course of the reaction and anaBeta zeolites display ball-like discrete particles in the range of
lyzed with a gas chromatograph (Hewlett-Packard 5980/2 witt100 nm. There are obviously not single Beta monocrystals but
25m and 0.32mm id. HP-FFAP capillary column) equippedclusters of spherical particles.
with flame ionization detector (FID). Temperature programming Physicochemical characteristics of the samples differ
(increase at a rate of°Z/min from 333 to 403K and onwards significantly as it was seen form the data presentethble 1
at a rate 3C/min until 500 K) was applied for separation at The values for the BET surface areas and total acidity were in
[ ml/min N2 flow. agreement with the literature data. The total acidity was less

The methanol catalytic experiments were perfomed in a fixedor samples with greater amorphisation (MCM-41, Beta) in
bed reactor at atmospheric pressure. The catalysts (0.1 g) witomparison with the well crystallized ones (ZSM-5 and mor-
particle size of 0.2—0.8 nm was diluted with a three-fold amountienite). It should be noted that we found low Lewis/Brgnsted
of glass. The methanol conversion was studied in a temperaturatio (0.4-0.7) for the samples, determined from the the integral
range from 400 to 800 K, a methanol partial pressure of 1.57 kPmtensity of the band at 1455crh for the Lewis acidity
and argon used as a carrier gas. The on-line gas chromatographied from the integral intensity of the band at 1546¢m
analysis was done on 2 m Porapak Q and 2 m Durapak columnfar the Brgnsted acidity in the IR spectrum of adsorbed
The products yields were calculated using an absolute carbqguyridine.

base calibration. Major divergences were observed for the values of samples
total pore volume above 1 nm. For MCM-41, ZSM-5(90) and
2.3. Quantum-chemical calculations Beta(55) the percent of the pores between 10 and 20 nm was

predominant. The external surface areas (meso-macro pores)

The semi-empirical method INDO had been applied for evalwere also found to be the greatest for Beta(55) and MCM-41
uation of catalysts performance, based on the knowledge of trmamples. The differences of the physicochemical characteristic
reactive site. A cluster approximation of a proton zeolite sitewere perceived in the catalysis.
was used for the computation and the evaluation of the tran- The average sample pore width was large enough to allow
sition state geometry and sorption energy of the intermediateethanol diffusion, so its conversion was expected to reveal the
state. The series of computation involve: (A) 124 atom frag-nature of the acid centres. The mechanism of methanol decom-
ment of the zeolites with its specific T-sites. The 124 atomposition involves the formation of surface methoxy groups, as a
cluster of ZSM-5 is represented with one coordinatively unsatufirst step, which was more or less stable. The stability of these
rated T-aluminium atom; the Beta zeolite cluster is depicted witlgroups depends on the strength of the Brgnsted acid sites. The
two coordinatively unsaturated T-aluminium atoms and for thesorbed carbon atom interacts by nucleophilic attack at the methyl
MCM-41 three OH groups are coordinated to the T-aluminiumgroup of a second methanol molecule, leaving water coordinated
atom. (B) A cluster of 41-45 atoms cut from the 124-atom clus+to the framework defect site. Thus, the defects in the vicinity of
ter saturated with hydrogen atoms. The geometry of the smalléhe Brgnsted acid center have a major influence on methanol
clusters did not produce great divergences of th®FSibonds  conversion. It was shown that the reaction course depended on
angles and FO or Si-O bond distances. So, we considered itthe samples total acidity=(g. 3). For comparison the methanol
a sufficiently large fragment of the infinite crystal. The dan-conversion over amorphous silica—alumirkag( 3, line 5) is
gling bonds were saturated with hydrogen atoms, as shown cshown as well.
Fig. 4(C) Clusters comprising alpha-pinene attached to a clus- On Beta(20) and MOR(23), the methanol conversion began at
ter acid center. The relative energies of the optimized geometrgbout 425 K and reached high values (98—75 wt.%, respectively)
the charge of the attached carbon atom and the environmentaith a temperature increase of about 150/g( 3, lines 1 and
acidic oxygen atoms have been derived and are presented ). The dimethylether (DME) was the only observed product,
Table 6 proving the existence of strong Bragnsted sites. At temperatures
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Fig. 2. SEM pictures of: (A) ZSM-5(27); (B) ZSM-5(90); (C) Beta(20); (D) MCM-41.

Table 1

Catalysts characteristics

Samplé BET® (m?/g) Desorbed ammonia  Total pore volume % of pores between Aext-plot)
(mmol/g) >1nm (cn¥/g) (m?/g)

5and 10nm 10 and 20nm 20 and 30 nm

ZSM-5(27) 469.1 0.88 0.0357 22 9 5 64.37

ZSM-5(90) (commercial) 467.2 1.21 0.3761 25 43 22 114.49

MOR(23) 288.9 1.50 0.0201 24 19 8 16.86

Beta(20) 400.7 1.00 0.0632 17 25 37 43.3

Beta(55% 612.9 0.86 0.7431 22 52 7 227.7

MCM-41 1030.8 0.50 0.1338 10 27 10 1542.1

MCM-41(24) 772.2 1.01 0.4349 24 28 4 701.44

2 The number in the brackets shows the 8,03 ratio.

b At P/P,=0.983.

¢ Calcined at 823 K in an oven before transformed in hydrogen form.
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temperature, K pinene isomerization, as it is a larger molecule (1448A

Fig. 3. Conversion of methanol over: Beta(20)—line 1; MOR(23)—line 2; than methanol. The data of alpha-pinene total conversigh (
ZSM-5(27)—line 3; MCM-41(24)—line 4; amorphous—line 5; range of 400— at a reaction temperature of 373K and a catalyst loading of
800K. 42.9 (defined as g alpha-pinene/g catalyst) are compared in
Table 3
As seen in the Table, sample activity was in an order:

above 500 K, light olefins were identified in the reaction productBeta(55) > MCM-41(24) > ZSM-5(90) > Beta(20) > MCM-41 >
over all samples. A considerable increase in methane productidfSM-5(27) > MOR(23). An increase of alpha-pinene con-
in the order Beta(20) < MOR(27) <ZSM-5(27) < MCM-41(24) version was shown to occur in presence of zeolites with an
at temperatures above 600K was also observed. It had bedéncreasing Si@/Al,O3 ratio (ZSM-5(27) and ZSM-5(90),
concluded that the decrease of the amount of strong Brgnsten Beta(20) and Beta(55)). An explanations of this effect
sites (due to coke formation) and the framework disorder, dueould be due to: (i) an increase in the hydrophobicity of the
to the alumina and silica tetrahedral arrangement, seemed to Bamples at higher SiDAl,O3 ratios, causing high adsorption
a factor in methane or olefin formation. of alpha-pinene; and (ii) existence of low number but stronger

As the MCM-41 structure was known to be of significant acid sites per gram of zeolite (based upon the desorbegl NH
disorder, comparative experiments had been carried out witmeasurements given ifable J). Acidic sites exist on the exter-
amorphous silica—alumina. The similarity in the acidic sites ofnal surface of the catalysts where the isomerization could take
the amorphous silica—alumina and of the molecular sieves gflace as well. Thus, the low conversion of alpha-pinene over
MCM-41 type has been previously described18]. Table 2  samples ZSM-5(27), MOR(23) and Beta(20) could be related to
shows the product distribution at high temperatures (660—-760 Ktheir low external surface areataple ). The low conversion
for both catalysts. The conversion of methanol catalyzed byegistered in presence of MCM-41, despite its large external
MCM-41 began at temperatures above 660K and significardrea, is related to its low total acidity. A conversion of about
yields of methane and olefins were identified as reaction prodt00% was observed in presence of sample Beta(55), which
ucts. DME was the main product in the entire temperature rangpossessed an appropriate combination of strong acidity (about
in presence of the amorphous sample. Thus, the alumina—sili@a9 mmol/g) and high percentage of wide pores (about 52%
tetrahedral arrangement and consequently the acid site distribaf pores between 10 and 20 nm). The presence of wide pores,
tion were necessary factors in the methane or alkene formatiadmowever, favored the formation of limonene, terpinenes and

from methanol. terpinolenes. Furthermore, heavy products were obtained from

Table 3

Alpha-pinene conversiork(,), product yields (%) and selectivity at 373K

Sample Xo Camphene yield Limonene yield Camphene selectivity Limonene selectivity Selectivity ratio of
camphene/(camphene +
limonene)

ZSM-5(27) 1.8 0.015 - 0.80 - 100

ZSM-5(90) 14.5 3.53 0.41 24.32 2.83 89.58

MOR(23) 0.4 0.04 - 9.98 - 100

Beta(20) 6.6 2.69 2.435 41.03 37.1 52.52

Beta(55) 99.24 26.78 - 26.99 - 100

MCM-41 2.9 0.76 - 26.35 - 100

MCM-41(24) 44.7 19.797 17.04 44.25 38.09 53.74

Amorphous silica—alumina 73.9 29.40 25.36 39.79 34.32 53.69
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Table 4

Reaction products (wt.%) after 3h

Sample LRTP Alpha- Camphene o-Terpinene p-Cymene Limonene a-Terpinolene i-Terpinolene Terpinden WP HRTF®
pinene

ZSM-5(27) - 96.49 0.24 - - - - - 0.38 - 2.90

ZSM-5(90) 0.6 84.04 4.10 4.31 0.71 0.40 0.24 - - 5.59 -

MOR(23) - 99.37 0.28 - - - - - - - 0.35

Beta(20) - 93.07 3.08 - - 2.43 - - 0.44 0.99 -

Beta(55) 8.16 0.74 27.58 9.60 5.94 - 3.77 0.44 5.25 6.81 31.71

MCM-41 - 85.88 2.14 - 0.62 1.76 - 0.38 - 3.2 6.02

MCM-41(24) - 53.17 20.81 1.04 3.73 16.65 0.71 - - 3.11 0.78

Amorphous 0.54 25.26 30.11 3.31 7.28 24.73 0.81 - - 5.75 2.21

silica—alumina

2 Products with a retention time lower than alpha-pinene (low retention time products).
b Products with a retention time in the range between alpha-pinene and terpinolene (unidentified products).
¢ Products with a retention time higher than terpinolene (high retention time products).

disproportionation of terpinenes or terpinolenes. Recycling ofin increase in aciditjl1] and the transformation of limonene
the catalysts did not change its physico-chemical characterist@and alpha-pinene into heavy products was six times greater on
and the product distribution significantlyable 4 shows the
product distribution after a reaction time of 3 h.

It was seen, that the highest amount of HRTP (high retention Based on the published data and our experimental data, it

mesoporous amorphous aluminosilicate than over dealuminated
mordenite[13].

time products) was registered using Beta(55). The camphermuld be concluded that alpha-pinene isomerization is a complex
selectivity was found to be in an order: MCM-41(24) > amor- reaction, in which zeolite framework irregularities, mesoporos-
phous >Beta(55), and the camphene/(camphene +limonen#y and acid site dispersion have a major influence. However,
selectivity was found to be: Beta(55)>MCM-41(24pmor-  the acidity seemed to be the governing factor for alpha-pinene
phous. Inthe literature, similar experiments have been describagomerization.

with zeolites[11,12](Table 5. Unfortunately, no detailed cata- In our experiments, a Gaussian distribution is obtained
lyst characterization was provided, for accurate comparison withegarding the time dependence of alpha-pinene conversion. The
our results. It was shown, that the overall conversion of alphaGaussian distribution was usually caused by the difference in
pinene, as well as, the formation of camphene increased witthe strength of molecule adsorption in the transition state. The

Table 5

Alpha-pinene isomerization over zeolites given in referefitgs13]

adsorption strength, on the other hand, was closely related to
the electron density of the site. Using quantum-chemical calcu-
lations, useful information could be obtained about the reactions
intermediate. IFig. 4, two clusters with Brgnsted sites are pre-

Catalyst BET (m/ C ion of : L

i (o) algﬂ\;?;?rlm(:;g(%) sented for the ZSM-5 zeolite. The clusters were optimized by

the semi-empirical method INDO/1.

H-MOR (6.99) 350 349 Clusters comprising a protonategtpinene intermediate
D-MOR(7.70) 440 302 . . .
D-MOR(29.7) 442 173 (Fig. 5 were S|mulat§d and opt|m|;eg.
D-MOR(49.2) 463 790 The relative energies of the optimized geometry, the charges
D-MOR(66.4) 439 192 of the sorbed C atom, Al atom and its environmental acidic oxy-
D-MOR(186) 426 3.67 gen atoms are comparedTable 6 As is seen from the data in
Amorphous 120 98.9

silica—alumina (SA)

the table, the protonation of alpha-pinene, which occurred in the
transition states, was mostly favored in presence of Beta zeolite,

Catalyst Conversion of
alpha-pinene (%)  as seen from the values of the relative substitution energy (ER).
The latter was estimated as a difference between the energy of the
ZSM-5(35) 90.0 i N .
ZSM-5(235) 43.6 a-pinene cluster and the initial zeolite cluster of the same geom-
H-MOR 77.0 etry. More stable pinene intermediate complexes were formed
HBeta(10) 75.0 on cluster “A” and on Beta type zeolite. The formation of the

@ The number in the brackets shows (Si/Al) bulk; reaction conditions:
temperature—393 K, reaction duration—21h, catalyst loading—17.24{g

menthenyl cation was favored on the Beta and ZSM-5 samples,
while on MCM-41 pinyl and isobornyl cations were energeti-

pinene/g catalyst). D-MOR—dealuminated mordenite; (SA) contains 13wt.%cally favored.

alumina.

P The number in the brackets shows (248,03 ratio), reaction conditions:

temperature—373 K, reaction duration—S5 h, catalyst loading—10.7.

¢ The number in the brackets shows (Si/Al ratio), outer surface dealuminate

The measured angles in the ZSM-5 clusters varied sig-
nificantly (107-113), revealing a significant tension in the
[ransition state (most probably due to the dimensions of the

sample, reaction conditions: temperature—329 K, reaction duration—5 h, catélpha-pinene molecule), while the angles for Beta and MCM-41

lyst loading—0.45.

are equal and about 109The differences suggest steric
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(a) Cluster

(b) Cluster

Fig. 4. Schematic presentation of equilibrium structure of ZSM-5 clusters.

SHISEPS

p-menthenylcarbonium ion

pinylcarbonium ion

isobornylcarbonium ion

Fig. 5. Schematic presentation@fpinene carbocations.

hindrance in the transition states over the different zeolites41. The positive charge of the Al-atom strongly effects the
Additional information for the cluster properties was gained byelectron density of its neighboring oxygen atoms and the joined
considering the atomic charge distribution. The positive charg€ atom. It is worth mentioning the negative charge of some
of the Al-atom diminished in the order ZSM-5 > Beta > MCM- Cads atoms which gives evidence for the strain in the transition

Table 6

Relative substitution energ¥g) and atomic charges of equilibrium structures

of the intermediate state

Models E% (kcal/mol)  Net atomic charges
Al-atom G, Oacid

MenthenylA_ZSM-5 —8360.4062 0.8308 0.182 —0.2961
MenthenylB_ZSM-5 —7673.6626 0.5779 0.048 —0.2039
Pinyl_LA_ZSM-5 —9779.6465 0.3913 0.2052 —0.4155
Pinyl.B_ZSM-5 —9163.0293 0.4899 0.096 —0.2036
IsobornylA_ZSM-5 —9525.4736 0.4870 0.037 —0.1861
IsobornylB_ZSM-5 —9056.9258 0.5225 0.213 -0.2263
MenthenylA _Beta —10506.6631 0.2492 -0.0536 —0.2022
MenthenylB_ Beta —9909.2354 0.3878 0.1709 —0.2732
Pinyl_A_Beta —9680.3262 0.4238 —0.0350 —.04423
Pinyl_.B_ Beta —9266.1494 0.4506 —0.0245 —0.2458
IsobornylA_ Beta —9831.4268 0.3652 0.0101 —0.4876
IsobornylB_ Beta —9424.2383 0.4934 -0.1985 -0.4113
MenthenylA_MCM-41  —9149.4189 0.1025 -0.0118 -0.1403
MenthenylB_MCM-41  —9062.7637 0.4467 0.1697 —0.2695
PinylLA_MCM-41 —9271.5166 0.5137 0.0034 —0.2921
Pinyl.B_. MCM-41 —9490.6084 0.4296 0.0970 —0.1244
IsobornylA_ MCM-41 —9237.2988 0.4923 0.0919 —0.1653
IsobornylB_ MCM-41 —9473.1797 0.4514 -0.1387 —0.2366

state, so that cations could easily rearrange. The effect was
more pronounced in the presence of Beta structure.

4. Conclusions

Due to zeolite framework irregularities, the @isted sites

are not unique. Its acid strength and dispersion were shown
to be the governing factor for zeolite activity in the case of
proton catalyzed reactions as methanol conversion and alpha-
pinene isomerization. For the latter, a major effect was due to
the existence of pores about 10—20 nm in size which provided
easy access of the bulky alpha-pinene molecule to the acid site.
The cluster approximation of the protonated zeolite site could be
used for computation of transition state geometry and provided
additional information in support of the experimental data.
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