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Abstract

Prins condensation @-pinene was carried out with paraformaldehyde in the presence of toluene as solvent over mesoporous Zn-Al-MCM-41
catalysts under liquid phase reaction conditions for synthesis of nopol. The influence of various reaction parameters, such as reaction temperatu
time, ratios of reactants and recyclability have been investigated. The catalytic results were also compared with those obtained using Al-MCM-41
HY, HB, H-mordenite and H-ZSM-5 zeolites. Zn-Al-MCM-41(75) is then found to be a highly active and recyclable heterogeneous catalyst for
selective synthesis of nopol. Furthermore, Zn-Al-MCM-41(75) has higher selectivity of nopol than other Zn-Al-MCM-41, AI-MCM-41BHY, H
H-mordenite and H-ZSM-5.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Synthesis of solid acid catalysts; Catalytic activity; Acidity; Recyclability; Conversigipinene; Selectivity of nopol

1. Introduction tunately, the acid strength of MCM-41 resembles that of the
amorphous silica aluminas rather than that of the more strongly
Nopolis an optically active and bicyclic primary alcohol used acidic zeolite$3]. Although the mesoporous material is valuable
by the agrochemical industry in producing pesticides. It is alsdor many organic conversiorjd], enhancement of its acidity is
used in the preparation of various household products includindesirable for extension of its applicability.
soap perfumes. Three general methods have been used to obtainSeveral synthesis methods have been approached to increase
nopol [1]: (1) B-pinene and paraformaldehyde in acetic acidthe acid strength of the mesoporous materials. For example,
solution at 120C yielding nopyl acetate which is saponified to MCM-41 materials had been synthesized using heteropoly acids
nopol; (2) heating a mixture ¢@-pinene and paraformaldehyde (HPA) [5] and sulfonic acid6]. Selvaraj et al. reported the
in the presence of a small quantity of a homogeneous catalysigtails of the synthesis and characterization of some mesoporous
such as zinc chloride at 115-120 for several hours yield- catalysts with increasing acid strength and their catalytic proper-
ing about 57% nopol; (3) autoclaving paraformaldehyde andies for the synthesis of fine chemic§ifs-15]. The synthesis of
B-pinene at 150-230C for several hours yielding a substan- mesoporous Sn-MCM-4fi16] and iron phosphatg 7] molec-
tial amount of pure nopol. However, the monocyclic isomersular sieves had also been reported and used for the synthesis of
and other side products form along with nopol by the abovenopol.
all methods. Moreover, the need for the present day heteroge- Recently, there has been an increasing interest in developing
neous catalysts in processing hydrocarbons with high moleculaatalytic reaction processes with minimal environmental threats
weights has led researchers to better catalyst systems. Themed maximal economical benefits. Hence, there has been a great
limitations were overcome with the discovery of mesoporousiemand to develop highly selective heterogeneous catalyst with
materiald2] which have greatly enlarged mesopores suitable aa large number of Lewis acid sites suitable for mild reaction
catalysts for organic reactions involving bulky molecules. Unfor-conditions without employing toxic materials. To the best of
our knowledge, there are currently no reports on the heteroge-
neous catalytic reaction for the Prins condensatiof-pfnene
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reaction conditions. The catalytic results of Zn-Al-MCM-41 for Nopol selectivity is defined as the percentage of the weight
selective synthesis of nopol are also correlated and compared nopol product obtained divided by the weight of starting

with other solid catalysts, such as AI-MCM-41, USYBHH-  material 3-pinene and paraformaldehyde) consumed. Conver-
ZSM-5 and H-mordenite. sion of B-pinene is defined as the percentage of the weight

of starting material consumed divided by weight of starting
2. Experimental material.

Zn-Al-MCM-41 with differentnsi/(nzn + na) ratios and Al- 3. Results and discussion
MCM-41(21) were synthesized and characterized according
to the published methofl1l]. HB (Si/Al=20, Strem); HY Table 1shows the results based on the physicochemical char-
(SilAI=2.9, PQ); H-mordenite (Si/Al=20, PQ) and H-ZSM-5 acterization. It can be observed that thepacing valueds o)
(Si/Al =30, PQ) were obtained from commercial sources. Thesand unitcell parameterg) of Zn-Al-MCM-41 decreases with
catalysts were then calcined at 5@in air for 6 h before cat- increasing metal-ion content. FT-IR studies show that zinc-ion
alytic reaction. has been incorporated into the hexagonal framework of the

Prins condensation reaction for the synthesis of nopomesoporous materials;the infrared wavenumber of the antisym-
was carried out using3-pinene with paraformaldehyde in metric Si-O—Sivibration bands (1096 cnt) in Zn-Al-MCM 41
the presence of toluene and 0.2g of catalyst under liquids higher than those in AI-MCM-41 (1083 ch) and this shift
phase reaction conditions in a 100 ml round-bottomed (RB}¥hould be attributed to the increase of the mearOSilistance
flask equipped with a reflux condenser and a magnetic stirin the wall caused by the substitution of the small ionic radii
rer. After the reaction, the mixture was extracted with acetonef silicon by the larger ionic radii of zinfl1]. Although the
and analyzed by a Hewlett-Packard 6890 Gas Chromatogragsurface area, pore diameter and pore volume of Zn-Al-MCM-
using an HP-Innowax polyethylene glycol capillary column41(75) are smaller than that of other Zn-Al-MCM-4Tlaple ),
(30mx 320pm x 0.25um) and a quadrupole mass spectrom-however the number of acid sites (total and Bronsted—Lewis
eter equipped with HP 5973 mass-selective detector. As thacid) in Zn-Al-MCM-41(75) is higher than that in other Zn-Al-
percentage of-pinene was higher with Zn-Al-MCM-41(75), MCM-41 due to the increase of the number of protons caused
all other experiments concerning evaluation of the performancky the non-framework aluminium-ions, which were formed by
of the catalyst were carried out only with Zn-Al-MCM-41(75). the introduction of zinc-iongl1]. Thus, the number of Bronsted

Table 1

Physicochemical characterization of Zn-Al-MCM-41

Catalysts Zn contefit Al contenf d-spacind  Unitcell parameter Surface aréa  Pore sizeD°  Pore volumé  Wall Thicknes$
(Wt%) (wt%) A ao® (A) (m?/g) A (cm’/g) A

Zn-Al-MCM-41(75) 0.123 0.220 37.91 43.77 820 22.8 0.852 20.97

Zn-Al-MCM-41(151) 0.060 0.123 38.41 44.35 867 25.6 0.893 18.75

Zn-Al-MCM-41(228) 0.040 0.079 38.91 44.92 912 27.0 0.944 17.90

Zn-Al-MCM-41(304) 0.031 0.060 39.98 46.15 970 29.3 0.963 16.85

Zn-Al-MCM-41(380) 0.020 0.049 41.09 47.44 1071 32.2 0.983 15.20

Al-MCM-41(21) - 0.499 38.41 44.35 830 27.5 0.866 16.85

@ Results obtained from ICP-AES.

b Values obtained from XRD studies.

¢ Values obtained from Nadsorption results.

d Wall thickness 1) = unitcell parameterdag) — pore size ).

Table 2

Bronsted acidity and Lewis acidity of Zn-Al-MCM-41 as characterized by FT-IR—pyridine adsorption and desorption measurements at differaturesngsenell
as by total acidity measured by TPD—pyridine

Catalysts Total acidity from TPD—pyridine Bronsted acidity (wmol pyridine g1) Lewis acidity? (wmol pyridine gt)
measrurement (mmol pyridine §)

Temperature®C) Temperature°C)

25 100 200 300 25 100 200 300
Zn-Al-MCM-41(75) 0.103 27.5 20.3 18.2 13.5 40.3 35.6 30.5 25.3
Zn-Al-MCM-41(151) 0.095 23.4 19.2 16.3 124 38.3 30.3 27.3 235
Zn-Al-MCM-41(228) 0.076 195 17.3 14.2 10.3 25.4 24.5 24.3 20.2
Zn-Al-MCM-41(304) 0.055 17.4 15.4 12.4 6.7 20.6 20.4 20.3 18.3
Zn-Al-MCM-41(380) 0.035 14.3 13.2 9.5 5.3 17.7 15.3 14.5 15.6

@ Values obtained from FT-IR—pyridine studies.
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HB zeolite. In contrast, H-mordenite and H-ZSM-5, in spite

catalyst, 2eq paraformaldehyde H of its strong acidity achieved by several researchers, were
found to be less active in the reaction. The small pore size of
90°C, Toluene H-mordenite (7.14) and H-ZSM-5 (5.4A) zeolites imposes

diffusion control through which the bulky product nopol cannot
diffuse out with the formation of the small amount of the
product probably through a surface reactidralfle J. It is
and Lewis acid sites in Zn-Al-MCM-41(75) is higher than that observed that mesoporous Zn-Al-MCM-41(75), Zn-Al-MCM-
of other Zn-Al-MCM-41, as shown ifiable 2 41(151), Zn-Al-MCM-41(228), Zn-Al-MCM-41(308) and
The Prins condensation @-pinene for the synthesis of Zn-Al-MCM-41(380) show high catalytic activity and selec-
nopol Fig. 1) was carried out with paraformaldehyde in the tivity for the formation of nopol with no diffusional constraint.
presence of toluene over H-ZSM-5(15), H-mordenite(20),The selectivity of nopol in Zn-Al-MCM-41(75) is higher than
HB(20), HY(2.6), AI-MCM-41(21) Zn-Al-MCM-41(75), thatof other Zn-Al-MCM-41 due to the higher number of Lewis
Zn-Al-MCM-41(151), Zn-Al-MCM-41(228), Zn-Al-MCM-  acid sites on the surface of pore walls caused by the increasing
41(308) and Zn-Al-MCM-41(380) catalysts and their results areamount of Zn-iong11]. A decrease ir-pinene conversion
shown inTable 3 The order of catalytic activity for selectivity and nopol selectivity in AI-MCM-41(21) was observed because
of nopol was found to be as follows: Zn-Al-MCM-41(75) > it has less Lewis acid strength on the surface pore walls
Zn-Al-MCM-41(151) > Zn-Al-MCM-41(228) > HY(2.6) > (Table ). Hence, it can be inferred that the non-framework
Zn-Al-MCM-41(308) > H3(20) > Zn-Al-MCM-41(380)>Al-  aluminium-ions existing in the intra-channel space probably
MCM-41(21) > H-mordenite(20} H-ZSM-5(15). Based on increased the catalytic activity by the increased Lewis acidity
the literature results reporting the FT-IR analysis of the[18]. Although the pore size and acid strength of the catalyst
adsorbed pyridine and ammonia—TPIB], the acid strength of plays a major role during the synthesis of nopol—which is a
the catalysts also follow a similar trend except for H-ZSM-5large molecule, however the important relationship is between
zeolite. Zeolite H, which has a 60.498-pinene conversion, is the pore size and molecular size of the reactant/product. The
found to be more active than HY, which has a 58.8%inene  pore size of the catalyst must be accessible to the reactant and
conversion. However, in terms of selectivityphs found to be  product molecules in order to take part in the reaction. Thus,
less selective (63.4%) than HY (75.4%). The higher selectivitythe effect of temperature, time, reactant ratios and recylability
of HY might be attributed to its strong acidity and slightly were studied on Zn-Al-MCM-41(75).
larger pore opening size (7,.54) than H3 (7.6 and 5.4&) as Initially, all MCM-41 catalysts usually suffer from the cat-
geometrical constraints produced by Hlid not allow the alytic activity and hence the catalyst needs to be regenerated
formation of bulkier products in the small channels, and, henc®y calcination. The recycled Zn-Al-MCM-41(75) catalyst was
a higher selectivity of nopol is achieved over HY rather thanwashed four times with acetone and dried at I2@vernight in

Fig. 1. Scheme of nopol reaction.

Table 3

Condensation o8-pinene and paraformaldehyde over various types of catalysts

Catalysts Si/Zn Si/Al B-Pinene conversion (%) Nopol selectivity (%) Nopol yield (%)
Zn-Al-MCM-41(75) 34 41 83.8 100 83.8
Zn-Al-MCM-41(151) 69 82 75.4 94.2 71.0
Zn-Al-MCM-41(228) 103 125 65.6 84.5 55.43
Zn-Al-MCM-41(308) 137 171 55.4 71.2 39.44
Zn-Al-MCM-41(380) 172 208 51.3 62.5 32.06
Al-MCM-41(21) - 21 48.4 56.4 27.29
HY(2.6) - 2.6 58.3 75.4 43.95
HB(20) - 20 60.4 63.4 38.29
H-mordenite(20) - 20 56.3 35.4 19.93
H-ZSM-5(15) - 15 27.2 30.7 08.35
Recycling 2 - - 84.1 100.0 84.10
Recycling 2 - - 83.6 100.0 83.60
Recycling 2 - - 84.0 100.0 84.00
Recycling 4 - - 84.0 100.0 84.00
Recycling P - - 45.1 75.3 23.99
Recycling 2 - - 35.3 65.4 15.95
Recycling 3 - - 21.3 56.3 08.18
Recycling & - - 15.4 43.2 05.62

Absence of catalyst - - - - _

Reaction conditions: 0.2 g catalyst; 0.75 mmg-pinene and 1.50 mmol paraformaldehyde (1:2 mmol ratio) in the presence of 1.25 ml of toluene were introduced
into a reactor; reaction temperature,”@ reaction time, 6 h.

2 Recycling of Zn-Al-MCM-41(75) after exhaustive washing with acetone &QCland drying at 120C overnight.

b Recycling of AI-MCM-41(21) after exhaustive washing with acetone &t@and drying at 126C overnight.
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Table 4 Al-MCM-41(21) with each cycle under the same reaction con-
Condensation g8-pinene over different ratios @-pinene to paraformaldehyde  (itions. This may be due to the decrease of the catalytic activity
over Zn-Al-MCM-41(75) on the surface of the catalyst. The reaction was also performed
B-Pinene/paraformaldehyde  -Pinene Nopol selectivity (%)  in the absence of catalyst, and the result verified that it did not
mmol ratios in the presence of  conversion (%) occur in the absence of cataly3aple 3.
1.25ml of toluene The maximum conversion and selectivity was observed at
11 65.7 88.4 90°C with 1:2 mmol ratio ofB-pinene to paraformaldehyde.
L2 83.8 100 The conversion and selectivity was found to be increased with
21 ig:g g?:i the reactant ratio in this order: 1:2>1:1<2:1 > 3:1 mmol ratios
(Table 4. This may be due to the insufficient quantity of reactants

to react with each other on the catalyst surface.

Furthermore, there is an increase in nopol selectivity over Zn-
) Al-MCM-41(75) with increasing reaction temperature (from 25
order to remove the organics and unreacted paraformaldehyde, go°c as shown iffFig. 22) and time (from 4 to 8 h as shown in
No loss of catalytic activity and metal-ions on the inner side,:ig. 2b). However, when the reaction temperature was increased
surface of pore walls in Zn-Al-MCM-41(75) was observed afterspoye 90°C and the reaction time was increased beyond 8h,
four recycles. Its conversion @-pinene as well as yield and he conversion and selectivity decreased because the number
selectivity of nopol remain constant with each cyclalfle 3. jsomers and other side products increased. The reaction was
However, the conversion, yield and selectivity decreased g, ch faster over Zn-Al-MCM-41(75) than any other catalysts

(Table 3. In short, Zn-Al-MCM-41(75) is shown to be an excel-

Reaction conditions: 0.2 g of catalyst; reaction temperature @) reaction time,
6h.

' ' ' lent catalyst for selective synthesis of nopol.
100+ (a) . 4100
0 90 4. Conclusions
-
__ 8OF o \ 180 The present study shows that Zn-Al-MCM-41(75) is a rel-
& ./ . ] g atively strong mild solid acid catalyst, and is a highly active
R 1"z and recyclable catalyst for the selective synthesis of nopol by
i‘} ol leo g Prins condensation gi-pinene and paraformaldehyde in the
S | 13 presence of a more environmentally benign toluene under mild
50k ‘ _ 130 reaction conditions. Furthermore, the nopol selectivity over
—&— conversion of p-pinene . .
e selectivity of nopol 1 Zn-Al-MCM-41(75) is higher than other Zn-Al-MCM-41, Al-
401 40 MCM-41, USY, H3, H-ZSM-5 and H-mordenite due to the
I 1 higher Lewis acid strength on the surface of pore walls of Zn-
or 1% Al-MCM-41(75).
20 : 4I() ‘ 6:) ’ S(L) I 1 ()l() I 1 2;)
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