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Abstract

Based on pure MCM-22 precursor, MCM-36 was produced by swelling and pillaring with (8il@rs. These materials
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis/differential
scanning calorimetry (TGA/DSC), MAS NMR, and;Ndsorption isotherms. Compared with the MCM-22 sample, the
resulting MCM-36 material contains a mesoporous region between the microporous layers, with a mesopore volume of
0.472 cnd/g, and the surface area increased up to 67/gnLipase fromCandida antarctica B (CALB) was immobilized
on both supports by physical adsorption at equilibrium. Twenty milligrams of CALB/g of MCM-22 was adsorbed on the
external surface of crystals, while only 4 mg CALB/g support was adsorbed onto the mesoporous hybrid material MCM-36.
The mechanism of adsorption was also discussed. The acylation of alcohols (1-butanol and 1-octanol) by vinyl esters (vinyl
acetate and vinyl stearate) was used as a test reaction in order to evaluate the catalytic activity of MCM-36-immobilized
lipase. The test reaction indicated MCM-36-immobilized enzyme as an active catalyst for the acylation and its activity was
approximately two times higher than that of the free lipase (for the vinyl acetate/1-butanol system).
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction experimental data indicated enzymes as very attrac-
tive and useful catalysts for both purposes, because
A distinguishing feature of the recent developments enzymes can accept and transform selectively not only
in organic synthesis is an emphasis upon the selec-natural substrates but also foreign synthetic substrates
tivity. At the same time, in the last years the control in both aqueous solutions and organic solvents under
of stereochemistry, and in particular the formation of mild conditions.
only one optical isomer (enantioselectivity), is one of ~ Among hydrolases, the lipases are often used
the most active areas of research because of its primebecause they are inexpensive and easy to handle for
importance in the synthesis of fine chemicals, mainly synthetic organic chemists. Other reasons for the enor-
for pharmaceutical and agrochemical products. The mous interest with regard to the use of lipases as bio-
catalysts include: (i) they are stable in organic solvents,
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the hydrolysis of esters, but as proved in vitro they are hydrophilic behavior, and electrostatic interactions,
also able of catalyzing the reverse reaction, achieving with the possibility of different ion-exchanged forms,
esterification, transesterification (acidolysis, inter- mechanical and chemical resistance. Additional ad-
esterification, alcoholysis), aminolysis, oximolysis vantages could be mentioned as their ease of water
and thiotransesterificatiofl—4] in various solvents.  dispersion/recuperation, as well as the high water
More than 50 lipases have been identified, separated,uptake capacity. Therefore, the compositional and

purified and characterized until nois], which orig- structural variances of molecular sieves offer a pow-
inate in such natural sources as plants, animals anderful tool for tuning the carrier properties. The main
microorganisms. Lipase B fror@andida antarctica drawback of zeolites consists in their small pore sizes,

(CALB), which was the subject of our study, is one viz. the enzyme cannot enter the inner channels of
of the most popular lipases used in organic synthesis. the zeolite matrix. Later, this inconvenience was sur-

Lipases have been used frequently in the form of a passed by the synthesis of mesoporous materials like
crude protein extract as catalysts for various reactions. MCM-41, FSM-16 or SBA-15. As a consequence, the
However, the use of crude lipases often leads to a immobilization of different enzymes as lipade3,23],
longer time and/or a lower enantioselectivity and even acid phosphatas§l9], cutinase[20,24,26,27] glu-
it may cause the opposite selectivity due to the pres- cose oxidasg22], a-chymotripsin and thermolysin
ence of several contaminating enzyn@s Therefore, [25], tyrosinasg28], penicillin acylasg33], subtilisin
the use of pure enzymes is recommended. In order[34], cytochromec, papain, trypsin and peroxidase
to use lipases more economically and efficiently im- [31,32,34]on such micro- and mesoporous materials
mobilization techniques can be applied. For instance, was reported. Current literature, however, suffers from
the immobilization with hydrophobic silica matrices lack of systematic approach to lipase immobilization
was applicable to lipases from different sources, and on zeolitic materials. As can be seen, few reports are
the activity of immobilized lipases was higher than exclusively dedicated to the lipase immobilization on
that of the commercially available crude enzymes zeolites and related materials.
[7]. On the other hand, immobilization of enzymes  Another interesting approach in this area consists in
greatly reduced the economic difficulties associated the use of lamellar zeolite precursors that are pillared
with biocatalysis: the productivity of the biocatalytic with suitable pillars in order to create a large surface
process increased by concentrating the catalyst onarea and mesopores, which will favor the immobiliza-
the reactional media, it ensured the reusability of im- tion of enzymes. This is the case of the MCM-36 mate-
mobilized lipase and minimized the cost of product rial, which is obtained by Si@pillaring of the MCM-
isolation, it provided operational flexibility, and the 22 precursor. To our knowledge, the use of MCM-36
immobilization also increased enzyme thermal and as a support for enzymes immobilization has not been
chemical stability. Many immobilization techniques reported previously, whereas the MCM-22 zeolite was
have been reported, using synthetic polyni&sli] only used for the immobilization of proteasi®].
or natural polymeric derivative§l2,13] inorganic This paper presents our investigations on the syn-
materials like diatomaceous earth (Celi{@¥—16] thesis of pure MCM-36, a hybrid solid which comprise
controlled-pore glasse$17], silica [16], zeolites two components: alternate layers of microporous ze-
[18-29] phyllosilicates[30], mesostructured oxides olite and silica pillars creating mesoporous domains,
[31-34] layered double hydroxideg35], ceramics and on its application as carrier for CALB. The new
[36], inorganic matrices based on sol-gel processesenzyme-supported material was tested as biocatalyst
[7,37,38]and microemulsion-based gdB9]. for the alcoholysis of two vinyl esters.

On the other hand, immobilization of enzymes by
physical procedures such as adsorption on a solid 5 Experimental
is very attractive because of its simplicity. In this
context, the use of zeolitic materials is of great in- 2.1, Synthesis of the support (MCM-36)
terest. The zeolites and related materials have po-
tentially interesting properties, such as large surface The hydrothermal synthesis of the layered alu-
area (between 200 and1000 nf/g), hydrophobic or minosilicate MCM-22 precursor (MCM-22(P)) was
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carried out by using hexamethyleneimine (HMI, 99%,
Aldrich) as organic template, Sp@Aerosil, Degussa),
NaAlO, (56% Al,O3, 37% NaO, Carlo Erba), NaOH

(98%, Prolabo) and deionized water. Based on the syn-

thesis procedures previously repor{d@—-42] a typ-
ical sample with Si/Al= 50 was prepared as follows.
Sodium aluminate (0.24g) and sodium hydroxide
(0.80 g) were dissolved in 103.45 g of deionized water.
Then, 7.59 of Si@ were added to this solution under
stirring. After 30 min of stirring, the resulting gel was
introduced into a 100 ml Teflon-lined stainless-steel
autoclave which was then rotated at 60rpm, and
heated at 415K for 195 h. After quenching the auto-
clave in cold water, the sample was filtered, washed
thoroughly with deionized water until a pH lower than
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three times. After filtering and drying, the resulting
NH4TMCM-36 was calcined at 773K for 5h in air
to form H-MCM-36.

The resulting zeolitic materials were character-
ized by various techniques. Powder X-ray diffraction
(XRD) patterns were collected to estimate crystallini-
ties and structural types of the synthesized materials
on a Philips PW 1800 diffractometer (CuoKradi-
ation, variable slit openings), as well as on a STOE
STADI-P diffractometer equipped with a curved
germanium primary monochromator and a linear
position-sensitive detector, using CuxK radiation.
Data were collected in thevZrange from 0.0 to 50
The morphologies and crystal sizes of the synthe-
sized specimens were examined by scanning electron

9.0 was reached. Several experiments using different microscopy (SEM) on a PHILIPS XL30 apparatus.

sources of silicon and aluminum were performed.
MCM-36 was prepared according to the method
previously reported40]. The wet cake obtained as
above (25-30% solids) was mixed with cetyltrimethy-
lammonium chloride (CTMAC, 25%, Aldrich) and
tetrapropylammonium hydroxide (TPAOH, Aldrich)
with a relative weight ratio of 1:4:1.2 (MCM-22
precursor/CTMAC/TPAOH). The pH of the solution
was adjusted to 13.5 and the mixture placed in a
three-neck-round bottomed flask, fitted with stirrer,

Solid state?9Si and?’Al MAS NMR spectra were
obtained on a Bruker MSL-300 spectrometer. The
samples were placed in 7 mm zirconia rotors (rotation
speed= 5kHz) and analyzed at resonance frequen-
cies of 78.2MHz for?’Al and 59.6 MHz for 2%Si.
The corresponding acquisition times were 0.172 and
0.049ss, respectively. The recycle delays were 3s for
29si and 0.5s for?’Al, respectively. The chemical
shifts were referenced to tetramethylsilane for silicon
and to 1 M aqueous acidic AI(N§x» for aluminum,

thermometer and reflux condenser. The mixture was as external standards.

hold at 353K for 68 h and at room temperature for
4 h under continuous stirring. The resulting swollen

Thermal analysis (thermogravimetric analysis/
differential scanning calorimetry, TGA/DSC) of the

material was filtered and washed with a small amount as-synthesized samples was performed on a SE-
of distilled water, and dried at room temperature. TARAM TG 111 system. The analyses were carried
Tetraethyl orthosilicate was added as pillaring agent out in a nitrogen atmosphere in the temperature range

to the swollen MCM-22 precursor with a relative
weight ratio of 5:1 (MCM-22(P)/TEQS). The mixture

298-1073 K with a heating rate of 5 K/min.
The nitrogen adsorption measurements were car-

was heated at 353 K for 25 h in a nitrogen atmosphere ried out at 77 K with a Micromeritics ASAP 2100

under continuous stirring, and then the solid material
was recovered by filtration and dried overnight. The
resulting solid was hydrolyzed in water with a 1:10
ratio (w/w, solid/water) at 413K for 6h, and then
filtered and dried at 300K overnight. During the hy-
drolysis, the pH of the mixture was adjusted at 1.92
with 1M HNO;. Finally, the sample was heated at
723K for 3h in nitrogen and at 812K for 6 h in air
(heating rate of 2 K/min).

The calcined zeolitic material was ion-exchanged
with an excess of 1 M aqueous NYNOj3 (liquid-to-
solid ratio of 10crd/g) and stirred continuously
at 353K for 8h. This procedure was repeated for

system. The samples were degassed at 573K and
10-3Pa for 24h prior to the adsorption measure-
ments. The specific surface areas were determined by
the BET method. The micro- and mesopore size dis-
tributions were obtained from the adsorption branch
of the isotherms. The pore volume and the average
diameter of the pores were calculated by ugipdpts.

2.2. Immobilization of lipase on MCM-36
Candida antarctica lipase B was initially purified

from Chirazyme L-2 (Boehring Mannheim) following
a procedure described elsewh§t8].
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Immobilization of lipase by “adsorption” was car-
ried out using 2mg of purified lipase dissolved in
2ml of 0.1 M phosphate buffer (pH 7) to which was
added the MCM-36 support (200 mg). The mixture
was gently stirred for 3h at room temperature. The
resulting lipase-supported MCM-36 or MCM-22
was centrifuged, washed several times with the
same buffer solution and then dried under vacuum
(0.02 mbar, 30C, 20h). After the third washing the
residual water did not exhibit any enzymatic activity
in the hydrolysis ofp-nitrophenyl laurate (0.1 ml of a
3 mg/ml solution in 2-propanol) in 0.02 M potassium
phosphate buffer, pH 7 (0.9 ml). The samples as ob-
tained were labeled as MCM-36/pa and MCM-22/pa
(pa = physically adsorbed), respectively. The enzyme
content of the filtrate solution was determined by
measuring the protein concentration by Bradford’s
method using Bio-Rad Kkit.

Immobilization of lipase by “deposition” on
MCM-36 was carried out as follows. Aliquots of a
0.5 mg/ml solution of purified lipase in 0.1 M potas-
sium phosphate buffer (pH 7) were diluted with the
same buffer to 1.4 ml and added to different samples
(each containing 50 mg) of MCM-36 to obtain a final
lipase/support loading of 0.625, 1.25, 2.5, 5, 8, 11 and
15.5mg/g. The obtained slurry was stirred at room
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oven temperature from 308 to 453K with a heating
rate of 15 K/min, H as carrier gas.

3. Results and discussion
3.1. Synthesis and characterization of support

The first data concerning the synthesis of MCM-22
have been reported by Mobil workers in 198@]. The
structure of MCM-22 has been shown to consist of lay-
ers linked together along theeaxis by oxygen bridges
and contains two independent pore systd#is46]
Within the layers are two-dimensional sinusoidal 10 M
ring channels, and between two adjacent layers are
12 Mring supercages{0.71 nmx 0.71 nmx 1.82 nm)
communicating with each other through 10M ring
apertures. The unusual structure of zeolite MCM-22
is formed from a layered precursor designated as
MCM-22(P) [44], which is able to condensate the
silanol groups present on the layer surfaces by calci-
nation, leading to the 3D structure as showirig. L
This precursor has been also used as starting material
to prepare the pillared structure known as MCM-36.

In our study, we used the lipase adsorption at
equilibrium as technique of immobilization, be-

temperature for 3 h, and then the water was removed cause it provides more accurate information on the

by vacuum (0.02 mbar, 3@, 20 h).

2.3. Determination of the catalytic activity
of immobilized lipase

To avoid possible drying or hydrating effects of
the zeolites the immobilized lipases, the organic sol-

vent (toluene) and the reactants (1-butanol, 1-octanol,

vinyl acetate and vinyl stearate) were separately
pre-equilibrated to the same water activity before
starting the reaction. This was done by equilibration in
sealed containers for 24 h at 25 against molecular
sieves (NaA)ay < 0.1.

For the alcoholysis runs, in a typical experiment
immobilized lipase (10 mg), toluene (80, vinyl
acetate (10@.l, 1.085mmol) and 1-butanol (34,
0.328 mmol) were placed in a 10 ml screw-capped vial
and shaken at 150 shots per min. At different times,
aliquots were withdrawn from the reaction mixture
and analyzed by GC (HP-1 crosslinked methy! sili-
cone gum, 20m). The conditions of analysis were:

enzyme—support interactions. Therefore, the selection
of a suitable support must be preceded by characteri-
zation studies that yield fundamental information on
the solid and surface properties. Consequently, vari-
ous techniques of investigation were applied in order
to characterize both the MCM-22(P) phases and the
final support that will be used for lipase immobili-
zation.

The crystallization of synthesis mixtures with
SiO,/Al,03 ratios of 30, 50 and 100 were inves-
tigated. The sample obtained from the synthesis
mixture with the SiQ/Al,Os ratio of 100 is pure
MCM-22(P). The diffraction pattern of this sample
(Fig. 2 agrees well with those previously reported
(e.g.[47]). The calcined sample gives sharper reflec-
tions than the as-synthesized sample, as shown in
Fig. 2k and the (001) reflection characteristic of the
layered structure of MCM-22(P) disappeared. The
high crystallinity and phase purity of the MCM-22 ze-
olite could be considered as proof for the quality of its
precursor.
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Fig. 1. Schematic presentation of the MCM-22(P), MCM-22 and MCM-36 structures.

The morphology of the MCM-22(P) sample is ers of swollen MCM-22 resulting in at least doubling
shown in Fig. 3a The samples have a platelet or of the platelet thickness.
platelet-like morphology with a diameter of about Since during the zeolite synthesis and/or the calcina-
2-5pm and 0.05-0.4m thickness. Some large parti- tion process, some extra-framework aluminum species
cles are formed by the aggregation of these platelets. could appear, MAS NMR analysis was performed in
The crystals of MCM-22 possess similar morphology. order to provide structural information on the three

By contrast, MCM-36 shows larger agglomerated materials: MCM-22(P), MCM-22 and MCM-36. The
crystallites with diameters varying from 2 toufn, 295j and?’Al MAS NMR spectra are shown iRig. 4
while the distinctive platelet structure has disappeared  29Si MAS NMR analyses on MCM-22 evidenced
completely (seéig. 3b. He et al.[48] attributed this the presence of at least seven peaks, the most impor-
change of morphology to the silica pillars between lay- tant ones about105.2,—110.9,—113.3,—116.0 and
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Fig. 2. Powder XRD patterns of: (a) the MCM-22(P) sample and (b) the calcined sample (MCM-22) synthesized from the mixture with a
SiO,/Al>,03 molar ratio of 100.

—119.8 ppm. These resonances result from the com- sites [49,50] The resonance at 49.2 ppm has been
bined effects of crystallographic site non-equivalence assigned to the aluminum sites on the external and/or
and the number of nearest neighbor aluminum atoms large cavities[50]. Upon calcination, an additional
on the29Si chemical shift§49]. peak is observed at 1.3 ppm, which results from the
The Al MAS NMR spectrum of MCM-22(P) presence of extra-framework aluminum species. For
shows a signal with a maximum at 55.4ppm and MCM-36 this peak is less intense, indicating that alu-
a shoulder at 49.7 ppm, corresponding to two out minum cations are more stable in the zeolite layers of
of three different tetrahedral framework aluminum MCM-36 than those of MCM-22.
specied47]. In MCM-22, the presence of three dif- The formation of the 3D structure of MCM-36
ferent framework species is due to the preferred in- was verified applying various techniques. Firstly, the
corporation of the aluminum atoms into some specific X-ray diffraction pattern was recorded to check the
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Fig. 3. Scanning electron micrographs of the MCM-22(P) sample
synthesized from a mixture with SAl,Oz molar ratio of 100
(a), and the pillared structure MCM-36 (b).

formation of the MCM-36 phase. The XRD pattern of
the MCM-36 sample is shown ifig. 5. All peaks ob-
served correspond perfectly to those of the MCM-36
material reported previousfg4,36].

Compared with the pattern of MCM-22(P)Hiig. 2,
the characteristic 00 2 reflection a# 2 6.6° disap-
pears upon pillaringKig. 5. On the other hand, an
intense low-angle reflection appears attietween 1
and 2, which corresponds to @spacing of 5.9 nm.
This represents the neesparameter of the unit cell.
Thed-value includes both the parameters of the unit
cell of MCM-22 and the spacing distance between
the layers of MCM-36. Therefore, the distance be-
tween two layers in MCM-36 can be calculated by
subtracting the thickness of the layergarameter of
MCM-22 is equal to 2.51 nri45]). The values for the
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The formation of a new structure (MCM-36) from
MCM-22 precursor is also proved by TGA/DSC
curves Fig. 6). With MCM-36, the weight loss
(~23%) in the first step (473-743K) is much higher
than that for MCM-22 £11%). This weight loss is
attributed to the removal of the organic swelling agent
from the zeolitic structure. By contrast, the mass loss
(~8%) above 743K is rather similar to that7%)
for MCM-22.

The textural properties of the calcined MCM-22
and MCM-36 samples were measured by nitrogen
adsorption. The pure MCM-22 sample has a specific
surface area of 465%y and a total pore volume of
0.284 cni/g, which are typical for this type of zeo-
lite [51]. The specific area of the MCM-36 (67 %fu)
sample is higher than that of MCM-22. The total pore
volume is also higher for MCM-36 than for MCM-22,
and an important contribution of a mesopore volume
was established.

Fig. 7 shows N adsorption/desorption isotherms
of the MCM-22 and MCM-36 samples. This figure
clearly evidences the difference between the two ma-
terials. Thus, in the case of MCM-22 about 80% of
its sorption capacity is already used at a low relative
pressured/po < 0.1), due to the zeolite micropores.
In the case of the MCM-36 sample, the noticeable in-
crease of the adsorption capacity upgpo = 0.4
could indicate condensation in mesopores.

Further, the pore volume and the external surface
areas were estimated by usitglots. It was found
for the pillared structure of MCM-36 has a mesopores
volume of 0.472crig, and the surface area in the
mesopores was estimated to about 612@ymAn aver-
age mesopore size of approximately 31 A was finally
estimated, and this value satisfactorily agrees with the
XRD data. As a conclusion, a mesopore region with
~34 A thickness between the microporous layers was
identified. It is worthwhile to note that the pore struc-
ture of the MCM-22 layers stays intact during the
swelling and pillaring process as previously proved by
the sorption characteristics of linear alkaf48].

3.2. Immobilization of CALB on MCM-22
and MCM-36

The immobilization of enzymes onto high surface

obtained sample suggest an average interlayer distancearea of supports by physical adsorption is one of the

of 3.4nm.

simplest methods of immobilization with the added



126 E. Dumitriu et al./Journal of Molecular Catalysis B: Enzymatic 22 (2003) 119-133

ZQSi ZTAI

MCM.-22(P)

e
0 0 50 -100

i ¥ ! MCM-22
MCM2Z  pTT \ﬁmsﬂ %0
PO MCM-36
T T T T T T T T T T T 1 B L e e e
-60 -80 -100 -120 -140 -160 200 150 100 50 O 50 -100 -150
ppm m

Fig. 4. MAS NMR spectra of MCM-22 and MCM-36 samples.

SDDU'M

2500+
2000+

1500

intensity (a.u.)

1000

500

500 1000 4500 2000 2500 3000 3500 4000
two theta degrees

Fig. 5. Powder X-ray diffraction pattern of MCM-36.
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advantage of being inexpensive and “gentle” towards Waals interactions, hydrophobic interactions, hydro-

the enzyme. This method profits from interactions be- gen bonds, ionic bonds. Thus, the enzymes can be
tween the support surface and the outer shell of the simply retained on the surface of the support without

enzyme; the enzyme is immobilized onto the solid forming covalent bonds between the enzyme and the
support by low energy binding forces, e.g. Van der support.
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Table 1
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Transesterification activity of CALB immobilized by physical adsorption on MCM-22 and MCM-36 zeolites

Sample Adsorbed protein Transesterification ratqufnol/min x Transesterification ratqu(mol/min
(mg/mg solid) 1072 per mg catalyst) per mg immobilized CALB)

MCM-22/pa 0.020 5.26 2.63

MCM-36/pa 0.004 3.59 8.98

It is of interest to note that lipases display a statis-
tically significant enhanced occurrence of non-polar

We chose for comparison only the reports where
the immobilization of enzymes has been carried out

residues close to the surface, clustering around the ac-at equilibrium. In the case of the mesoporous ma-

tive site[52]. Consequently, in contrast to the major-
ity of enzymes, which preferably adsorb on materials

terial MCM-36, a good correlation with the results
reported by Diaz and Balku@1] was found. Thus,

which have polar surfaces, lipases are better adsorbedthe protein loading on MCM-41 (pore size40A)

on hydrophobic carriers due to their peculiar physic-
ochemical character.

was 3.8-5.8mg (cytochrome)/g, 4.9 mgpapain/g,
and 3.8-4.7mgtrypsin/g support. The amount

When zeolites are used as support, the enzyme ad-of immobilized enzyme increases with the pore

sorption may occur only on the external surface. In

size: 106-152 mg subtilisin/lg MCM-41 (pore size

the case of the mesoporous materials the adsorption50-68A), but only 15-28 mg subtilisin/g SBA-15
inside the pores is possible if they have pores enough (50-92 A) [34]. The last example also reveals that

large to accommodate the molecules of enzyme.
CALB is a globulara/p type protein with approx-
imate molecular dimensions of.Bnm x 4.0 nm x
5.0 nm, and relative mass of 33273 [&3]. Though
its isoelectric point is 6.(64] we preferred to perform
the immobilization on MCM-22 and MCM-36 sup-
ports by adsorption at pH of 7.0, which is indicated as
optimum for a maximum activity. The results of this
process are shown ifeble 1
Table 1shows that at equilibrium, the MCM-22
zeolite retains a larger amount of enzyme (20mg
CALB/mg support) on its surface than the hybrid ma-
terial MCM-36 (4 mg CALB/g support). We can also

the surface characteristics of mesoporous materials
are critical for the adsorption of enzyme molecules.
As regards the immobilization of lipase on microp-
orous zeolites, the amount of enzyme immobilized on
MCM-22 was higher than those reported for zeolite
NaX (0.12 mg acid phosphatasd/tP]) or for zeolite

Y (8.2 mglipase/d23]).

As expected, the catalytic activity of the MCM-22-
based biocatalyst is higher than that of the pillared bio-
catalyst due to the higher amount of retained enzyme.
However, concerning the specific activity of CALB,
i.e. the transesterification rate per mg of immobilized
enzyme on the surface, the biocatalyst based on MCM-

note that we have not reached the maximum loading 36 support is 3.4-fold more active than the biocatalyst
capacity of the supports. For instance, if we take an based on MCM-22 zeoliteT@ble ). Perhaps the lipase

average diameter of 3y5m and an average thickness
of 0.075um for the disk-like crystallites of MCM-22,

with density of 1.65 and an estimated roughness fac-

tor of 1.5, the support will have an external specific
area of 24.3rf/g. Considering that CALB has an

macromolecules adsorbed on the surface of MCM-36
adopt a more favorable shape/conformation.
Moreover, MCM-36 proved to increase its specific
activity, as function of the enzyme loading, better than
the free lipaseFig. 8 shows that the specific activ-

average spherical diameter of 39.15A, the surface ity of MCM-36 biocatalyst for the transesterification

occupied by lipase molecules (20mg/g zeolite) is
19.17 nt/g, therefore 78% from the external specific
area is covered by lipase. In the case of MCM-36,
if we take into account that its surface is 1.5 times
larger than that of the MCM-22 zeolite, only 4 mg of

of vinyl acetate with 1-octanol was higher than the
equivalent amount of free enzyme. Though positive
effects of the immobilization on the catalytic activ-
ity of lipase (for instancg7]) have been reported,
in this case we believe that the differences mainly

lipase/mg was retained, so the enzyme loading is far result from the methods of preparation of the two

from the maximum coverage.

biocatalysts.
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activity, umol/min

—o—free-CALB
—O— CALB/MCM-36

0 T T

0 0.05 0.1
mg CALB

transesterification

0.15

Fig. 8. Transesterification activity of MCM-36-immobilized
(10mg) and purified CALB with 1-octanol and vinyl acetate as
acylating agent, in 1 ml of toluene &t = 25°C.

The catalytic efficiency of biocatalyst particles
will always depend on the exact method of prepara-
tion. Thus, Rees and Halling4] proved that simple
lyophilized powders often give substantially lower
activity (per enzyme molecule) than the other forms.
Two factors could be taken into the consideration:
(i) the unfolding and inactivation due to the drying
process[55], and (ii) the mass transfer limitation
[54]. Studies on chemical modification of cutinase
suspended im-hexane by acyl chlorides and iodine
[54] revealed that the rate of modification was always
much faster for protein adsorbed to supports (silica or
polypropylene) than for lyophilized powders. Conse-
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factor to their enhanced catalytic efficiency in organic
media.

In order to verify these results we varied the amount
of lipase retained on the surface of MCM-36 support.
Since the enzyme is not soluble in an organic medium,
it is possible to increase the amount of enzyme by
simple deposition, as previously report@d,24,25]
Several samples of supported enzyme were prepared
as described irsection 2in order to obtain various
degrees of loading, from 0.625 to 15.5mgenzyme/g
support. These samples were tested as biocatalysts for
the same acylation reaction (seig. 9).

The catalytic activity first increases with the amount
of deposited enzyme; an optimum is reached at ap-
proximately 10 mg enzyme/g catalyst, and then it de-
creases. The decrease of activity can be explained by
taking into account multi-layered stacking of enzyme
molecules on the carrier surface, hence the internal
layer of enzyme is less accessible for the substrate
molecules[54,56]. The line reflecting the activity
variation versus the amount of deposited enzyme
reaches a plateau around of 2.5mglipase/g hybrid
support and maximum at approximately 11 mg/g. Per-
haps two “steps” occur in adsorption of enzymes on
the heterogeneous surfaces: one operating at low, the
other at higher enzyme concentratigbg]. As it was
suggested57], in the first step the enzyme adsorbs

quently, it appears that access to most of the moleculeson the most favorable surfaces (here, the hydrophobic

in lyophilized powders involves a slow solid-state
diffusion (which differs from the diffusion in pores).

domains) in a fashion that enhanced its “unfolding”
and therefore its activity. The second step would fa-

Solid-phase diffusion is not required for access to most vor the formation of lipase “clusters” on the surface,
support-adsorbed proteins, which is probably a major analogous to the two-dimensional crystal proposed by

3.5
3 4
2.5
2 4

(umol/min)

1.5 4

transesterification activity

e
o [$)] -
1 1

o
[¢)]

10 20

mg enzyme/g support

Fig. 9. Transesterification activity vs. the amount of enzyme loaded by deposition on MCM-36. The activities value were determined by
the reaction of transesterification of vinyl acetate with 1-octanol in 1 ml toluene and using 10 mg of immobilized CALB5°C.
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Fair and Jamiesg®8], thus resulting in an “apparent”
increase in activity that does not well correlate with li-
pase loading (see al$ag. 9). This could be due to the
unfavorable orientation or the activity is affected by
the diffusion through the multi-layer lipase (deposit).
Note that a cluster could be formed before a mono-
layer coverage formation due to the existence of
unfavorable surface regions (e.g. the hydrophilic en-
vironment, the abundance of water). Also, when the
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the two systems of reaction was observed; this could
be partially attributed to the difference of accessibility
towards the active sites of immobilized enzymes that
exists between the vinyl acetate/1-butanol and vinyl
stearate/1-octanol acylation systems due to the differ-
ent size of substrate molecules. In spite of this dif-
ference, the results confirm that in the immobilized
form a facile access for the reactant molecules is as-
sured, because the enzyme is highly dispersed on the

guest molecules are adsorbed inside the pores of thesurface of solid support. This is not the case of the

host matrix, part of the enzyme molecules, which

multi-layered free enzyme.

deeply penetrated in the channels, could be blocked Of course, the most interesting questions are related

inside by the lately entered molecules.

Two different acylation reactions (the 1-octanol acy-
lation by vinyl stearate and the 1-butanol acylation
by vinyl acetate) were used to test the accessibility
of substrates, with different bulkiness, to the enzyme
molecules in the MCM-36 immobilized form, as well
as in the lyophilized formTable 2.

The data indicate that the diffusional limitations
could play an important role. It should be noted that
for both acylation reactions an increase of approxi-
mately 15 times for the amount of lyophilized enzyme
leads to an increase of the catalytic activity of 2.2—3.3

to the mechanism of adsorption of the lipase molecules
on the MCM-36 support and to the enhanced catalytic
activity of the immobilized system. First, it is clear
that the lipase molecules will be adsorbed through a
combination of hydrophobic, Van der Waals and elec-
trostatic forces, hydrogen bonds, etc. These interac-
tions can be altered by solution conditions such as pH
which make the adsorption process reversible.

As concerns the MCM-22 support, we chose a
sample of zeolite with a silica to alumina ratio of 100.
Because of its high Si/Al ratio it is assumed that the
surface of zeolite has some regions with hydrophobic

times, whereas in the case of the immobilized enzyme character, which will promote the adsorption of en-
an increase of only 9 times of the amount of deposited zyme by hydrophobic forces. On the other hand, the
enzyme has as result an increase of 13—16 times ofsubstitution of aluminum atoms in the zeolite lattice

the catalytic activity. It is clear that the immobiliza-

generates negative charges in the framework, which

tion leads to a more advantageous use of the lipase,can promote adsorption through electrostatic forces

though a small difference between the activity ratios of

Table 2

Transesterification activities of MCM-36-immobilized and free
CALB for 1-butanol/vinyl acetate and 1-octanol/vinyl stearate re-
action systems

Sample Transesterification Activity
rate @mol/min per ratio
mg catalyst)

1-Butanol+ vinyl acetate

MCM-36 (0.012 mg) 0.042 16.3
MCM-36 (0.11 mg) 0.680
Free CALB (0.011mg) 0.92 2.2
Free CALB (0.158 mg) 2.04
1-Octanol+ vinyl stearate
MCM-36 (0.012 mg) 0.043 13.1
MCM-36 (0.11 mg) 0.571
Free CALB (0.011mg) 0.32 3.3
Free CALB (0.158 mg) 1.05

through positively charged lysine residues on the
enzyme. At the same time, terminal silanols placed
particularly around the mouth of pores can promote
the adsorption through hydrogen bonding interactions
with the enzyme. Therefore, it is reasonable to as-
sume that the surface of MCM-22 support has both
hydrophobic and hydrophilic properties. It seems that
the hydrophobic feature of the zeolite is more im-
portant, since over 75% from its external surface is
covered by lipase molecules.

By contrast, the pillaring process leading to
MCM-36 will generate large domains with hy-
drophilic character; the gallery of pillars has large
surfaces lined by silanols group&ig. 10. Thus,
the adsorption of lipase mainly depends on the in-
teractions of silanols from the mesoporous regions
with hydrophilic (e.g. serine) residues of the enzyme.
During CALB adsorption onto the hybrid support, a
part of the lipase may be adsorbed onto the exterior,
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pillar
external surface X zeolite layer

OHO H* OH

Fig. 10. Schematic presentation of the lipase adsorption on MCM-36.

perhaps at the entrance of pores, and part of enzyme the polar surface to which they are bonded by
molecules might be retained inside the mesopores of hydrogen bondsHig. 10 medallion B). Thus, a

MCM-36. The presently available data do not allow high concentration of substrate is assured. Also,
a firm conclusion regarding the distribution of the the alcohol molecules accumulated on the polar
enzyme over outer/inner surface. surface of mesopores could create a hydropho-
As concerns the high catalytic activity of the bic barrier by their alkyl chains between the
MCM-36-based biocatalyst, the following hypothesis carrier surface and the enzyme molecules and a
could be taken into consideration: more favorable reactional medium for lipase is
(i) the lipase molecules are highly dispersed on the generated.
surface of MCM-36 support, thus the protein—  The present results may encourage the application
protein interactions are avoided and high flexibil- of MCM-36 molecular sieves as support for lipase
ity is achieved; immobilization. Though the loading capacity was

(i) the physical bonding inside the mesopores fa- relatively small, it could be improved optimizing the
cilitates a favorable orientation of the lipase pillaring process. Also, further studies are required
molecules toward the hydrophobic medium; both in terms of adsorption protocol and of cat-

(iii) the silicarich domain behaves as a “reservoir” for alytic activity. Nevertheless, MCM-36-immobilized
the alcohol molecules; because of the non-polar Candida antarctica B lipase seems to work well as
solvent the alcohol molecules are oriented toward suitable preparation for lipase applications.
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4, Conclusions

MCM-36 was synthesized from pure MCM-22 pre-
cursor. With silica as pillaring material, the surface
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