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Abstract

Lipase, a commercial enzyme, was immobilized onto three different modified palygorskite supports. The palygorskites were modified either by
acid treating, or reacting the surface silanol groups present with 3-aminopropyltriethoxysilane, or treating with a quaternary ammonium compound
(octodecyl trimethyl ammonium chloride), to produce derivatives with suitable functional group for further utilization in the immobilization of
enzyme. The natural palygorskite and their derivatives used were characterized with regard to infrared spectroscopy (FTIR), X-ray diffraction
(XRD), surface area and differential scanning calorimetry thermo-gravimetric analysis (DSC-TGA). The amount of lipase adsorbed was much
larger on the palygorskite modified by octodecyl trimethyl ammonium chloride (Pormac) than that on the acid activated palygorskite (P,) and the
palygorskite modified by 3-aminopropyltriethoxysilane (Paprgs). The amount of lipase adsorbed on the P, was a little smaller than on the Paprgs.
The enzyme activity and activity recovery in the hydrolysis of olive oil was compared. And, the Paprgs showed the highest enzyme activity and
activity recovery in the hydrolysis of olive oil. The enzyme activity and the activity recovery of lipase immobilized on Paprgs was 27.24 U/g and

19.43%, respectively.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lipases are classified as hydrolases that catalyze the break-
down of fats and oils with subsequent release of free fatty acids,
diacylglycerols, monoglycerols and glycerol, at a water—oil
interface in nature [1]. The enzyme is distributed among higher
animals, plants and microorganisms in which it plays a key role
in lipid metabolism. Lipase has been applied in many fields
including the food industry [2,3], chemistry [4], and the pharma-
ceutical industry [5,6]. In order to use them more economically
and efficiently in aqueous as well as in non-aqueous solvents,
their activity, selectivity, and operational stability can be mod-
ified by immobilization. The extent of stabilization depends
on the enzyme structure, the immobilization method, and the
type of support. Numerous supports for the immobilization
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of lipases have been investigated. Comparative studies indi-
cate that dramatic differences in activity are observed among
lipases supported on different materials. Therefore, the sup-
port must be chosen with great care. The support can affect
the partitioning of substrates, products, and water in the reac-
tion mixture, and thereby, influence the catalytic properties of
the enzyme [7]. In previous works, lipases were immobilized
by different methods, including covalent attachment to sup-
ports [8,9], retaining enzyme on the membrane ultrafiltration
surface by filtration [10], cross-linking [11,12], and adsorption
[13].

Most globular proteins, such as enzymes, have a strong
tendency to accumulate at interfaces. This reactive behav-
ior has a key role in enzyme immobilization and stability.
Enzymes are able to be immobilized by clay minerals. Cel-
lulose was absorbed and immobilized on the Avicvel, a soil
sample, illite, kaolinite, montmorillonite, and palygorskite.
Sorbents was coated with hydroxyaluminum [14]. Montmo-
rillonite clay and clay extracted from Elledge Lake basin
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soil were combined with alkaline phosphatase, glucosidase,
protease, and xylosidase solutions to assess adsorption and
the effect of this adsorption on enzyme activity [15]. The
adsorption, desorption, catalytic activity, and susceptibility to
microbial degradation of the enzyme horseradish peroxidase,
on Wyoming montmorillonite homoionic to Na* or Ca?* were
investigated [16]. The enzymatic activities resulting from the
adsorption of Rhizomucor miehei lipase and Candida cylin-
dracea lipase onto three different phyllosilicates (sepiolite,
palygorskite and montmorillonite) were determined [17]. Can-
dida rugosa lipase non-covalently immobilized on bentonite
was given [18]. Natural kaolin as support for the immobiliza-
tion of lipase from Candida rugosa as biocatalyst for effective
esterification was investigated [19]. Activities, stabilities, and
reaction kinetics of three free and immobilized a-amylase,
[B-amylase, and glucoamylase were determined, in which immo-
bilization support was prepared by equal weights of chitosan
and activated clay and were cross-linked with glutaraldehyde
[20].

Functionalization of carriers is always used to increase the
adsorption of protein. The silica sonicated in nitric acid solu-
tion, silanized by boiling it in solutions containing different
silanes were compared [21]. Immobilization of horseradish per-
oxidase via an amino silane on oxidized ultrananocrystalline
diamond was given [22]. Mercaptopropyltrimethoxysilane and
3-aminopropyltriethoxysilane modified silicons as substrates
for protein microarrays were investigated [23]. Esterase immo-
bilization on 3-aminopropyltriethoxysilane bound magnetic
nanoparticles through glutaraldehyde linkage was investigated
[24]. Nanoporous silicas were functionalized for the immo-
bilization of penicillin acylase [25]. The rationale of this
work was to immobilize lipase onto differently modified
palygorskite supports, and to obtain the sorption amount of
enzyme on the support and the resulting immobilized enzyme
activity.

2. Materials and methods
2.1. Materials

The palygorskite used in this work was supplied by Oilbet-
ter Co. (China). Lipase was purchased by the Xueyan Enzyme
Co. (China). 3-aminopropyltriethoxysilane (SapTgs) was a gift
by Shuguang Co. (China). A quaternary ammonium com-
pound, octodecyl trimethyl ammonium chloride (OTMAC) was
obtained from the Feixiang Chemical Co. (China). The chemical
structures of Saptes and OTMAC were given in Fig. 1. Other
chemicals and solvents were obtained from Chinese Chemical
Company and were of A.R. grade.

C2H50\
CoHsO—Si(CHy)z-NH, N*(C15Ha7)(CH3)sCl
C,Hs
S APTES OTMAC

Fig. 1. Chemical structure of Spoprgs and OTMAC.
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Fig. 2. FTIR spectra of natural palygorskite and Paprgs.

2.2. Functionalization and characterization of palygorskite
Supports

For the creation of hydroxyl groups providing hydrophilic
surfaces, the specimens were stirred in dilute HCI solution for
60 min at 50 °C. Excess acid was removed by repeated water
rinsing and the acid treated palygorskites were dried. The acid
treated palygorskite was denoted by P,.

The P, was further modified by 3-aminopropyltriethoxysi-
lane. 10% by volume of 3-aminopropyltriethoxysilane was dis-
solved in water, after which the pH of the solution was adjusted to
3—4 with concentrated HCI. Samples were immersed overnight
at room temperature, removal from the solution over a filter,
rinsed with water and dried in vacuo. The percentage of SApTES
grafted on the palygorskite was 82%. The P, grafted with SopTES
was denoted by PaprEs.

The OTMAC modified palygorskite was prepared according
to the methodology reported previously [26]. And the products
were denoted by Pormac.

The FTIR spectrum of the clay was recorded on a KBr disk,
which contains 2% sample by weight, using a Thermo Corpora-
tion Nexus FT-IR spectrophotometer (USA). Basal spacing was
determined using a Bruker D8S AXS X-ray diffractomer (Ger-
many). The surface area of the clay samples was obtained from
the N»/77K adsorption isotherms by applying the BET method
using a Surface Area and Pore Size Analyzer ST-2000B (Beijing
Pugqi institute of analysis instrument, China). The DSC-TGA
analyses were carried out in the temperature range 25-900 °C
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Fig. 3. XRD patterns of natural palygorskite and PaprEs.

at a heating rate of 10 °C/min by a thermal analyzer SDT Q600
(TA instruments, USA).

2.3. Methods of immobilization

2.3.1. Immobilization on palygorskite supports

Palygorskite supports were added to 40 ml enzyme solution
in 0.1 M phosphate buffer pH 7.5, with a protein content of
1 mgml~!. The adsorption processes were performed over 12 h
at 25 °C with shaking at 110-120 rpm shaking frequency.

2.3.2. Protein content determinations

The protein content in the crude enzyme or immobilized
enzyme preparations was determined by the Bradford method,
using bovine serum albumin (BSA) as the standard (the protein
is, therefore, expressed in BSA equivalents) [27]. The amount of
protein bounded onto the palygorskite support was determined
indirectly from the difference between the initial total protein
exposed to the supports and the amount of protein recovered in
the wash.

2.3.3. Enzyme activity assay

The activity of free and immobilized enzyme was assayed by
titrating the fatty acid with 0.05 M NaOH. The fatty acid was
liberated from the hydrolysis of olive oil under the catalysis of
enzymes in phosphate buffer at 37 °C. Activities of the immo-
bilized lipase were assayed by adding 0.1 g of the immobilized
lipase in the phosphate buffer, using 5 ml 20% (v/v) olive oil
emulsification solution as the substrate, which was obtained after
pure olive oil dispersed in water solution containing polyvinyl
alcohol (4%, w/v). After exact 15 min of incubation at 37 °C,
the reaction was stopped by adding 15.0ml of alcohol solu-
tion (95%, w/w). Finally, the reaction solution was titrated with

0.05M of hydrochloric acid solution. The blank hydrolysis of
olive oil was a same process, except that the alcohol solution was
added at the beginning of the hydrolysis. The fatty acid content
was calculated from the difference between the blank and acid
equation of the titration. One unit of the activity of immobi-
lized lipase was defined as 1 pmol of the fatty acid produced
by the catalysis of 1 g immobilized lipase in 1 h under the assay
conditions.

3. Results and discussion
3.1. Characterization of modified palygordkites

The natural palygorskite, the Pormac, as well as the Paprtgs
were characterized by FTIR and XRD. The FTIR and XRD
characterization as well as their surface area of the natural paly-
gorskite and Pormac has been previously reported [28]. The
FTIR characterization of the natural palygorskite and PApTgs
was shown in Fig. 2. The bands at 985 and 469 cm™! for the
natural palygorskite and Paprgs are associated with the bend-
ing vibrations of OH and Si—O-Si. The band of 985cm™!
for the natural palygorskite was stronger than that for PAoprgs.
The band of 469 cm™! for the natural palygorskite was weaker
than that for Papres. These observations indicated that the
Si—OH of the natural palygorskite was grafted with the 3-
aminopropyltriethoxysilane [29]. The XRD patterns of natural
palygorskite and Paprgs were shown in Fig. 3. The charac-
teristic d spacing of 10.31, 4.43, 4.21, and 3.31 A confirms
that the sample used in this work is palygorskite. After graft
with 3-aminopropyltriethoxysilane, the d spacing for PApTEgs is
10.36, 4.46, 4.24, and 3.33 A [28]. The DSC-TGA curves of
the natural palygorskite and PopTgs were shown in Fig. 4. Four
weight loss steps are observed for the natural palygorskite at
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Fig. 4. DSC and TGA curves of (a) natural palygorskite and (b) PapTEs.

70, 219, 464 and 856 °C. The weight loss steps are observed
for the Papres at 68, 220, 462 and 672°C. It is possible to
speculate that the last weight loss step is changed for the new
structure of the Paptgs. The weight loss for each step is also
changed after modification by 3-aminopropyltriethoxysilane.

According to the results of XRD FTIR and thermal anylsis,
it can be concluded that the texture of the palygorskite is
maintained and the 3-aminopropyltriethoxysilane is only con-
nected with the surface of palygorskite. The surface area value
found to be 182.09 m?/ g for PaprEs. The surface areas of nat-

Table 1
Activity and activity recovery of the immobilized lipases
Loading (mg protein fixed/g support) Percentage immobilized (%) Activity (U/g) Activity recovery (%)
P, 13.0 59.2 399.6 4.96
PAPTES 14.0 63.7 1634.2 19.43

Pormac 20.0 90.9

720.5 6.00
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Fig. 5. Schematic illustrations of palygorskite modification and lipase adsorption on the palygorskite derivatives.

ural palygorskite and Pormac were 63.96 and 167.24 m2/g
[28].

3.2. Enzyme adsorption

The enzyme uptake on various functionalized palygorskite
products was studied. The results showed that the amount of
enzyme immobilized on the support Pormac was higher than
the other two supports (Table 1). The percentage immobilized
on the three supports was also given in Table 1. The percentage
immobilized on the Pormac was 90.9%, which was the high-
est one of the three. The percentage of lipase immobilized on
the palygorskite was lower than 85% reported previously [17].
The support Papres was found to have little higher enzyme
uptake than the P,. The surfaces with hydrophobic properties

were obtained after functionalization of the palygorskites to get
the Papres and Pormac. However, the uptake of the protein
on the Paptes and Pormac was very different. From the lit-
erature, no simple rule with regard to the influence of surface
wettability on protein adsorption can be deduced. One plausi-
ble explanation for the different observations might be based on
the employment of different hydrophobizing reagents produc-
ing similar degrees of wettability but varying in surface density
and orientation of molecule chains which might also be impor-
tant parameters for protein adsorption [21]. Due to the different
nature of the supports used for immobilization, different mecha-
nisms can be expected. Fig. 5 shows the hypothetical illustrations
of palygorskite modifications and lipase immobilized to the three
supports. We can suppose that for P, which are able to pro-
mote cationic exchange through silanol residues, the adsorption
mechanism must be produced through positive charges (proto-
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Fig. 6. Schematic illustrations of lipase immobilized on the support Pormac-
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nated lysines) of the enzymes. For Pormac, the hydrophobic
interaction between the support and the enzymes was supposed
to be responsible for the adsorption. For PapTEs, an interaction
between the enzymatic carboxylate group and the amino group
of the support must be responsible for the adsorption. And the
hydrophobic interaction was also existed between the PapTEgs
and the lipase.

3.3. Activities of the immobilized enzyme

For the preparation of immobilized lipase, the activity of
the immobilized enzymes on the three supports was shown in
Table 1. The activity recovery was also given. The activity recov-
ery of the immobilized enzyme is calculated from the formula:

A
R (%) = il 100 (1)

where R is the activity recovery of the immobilized enzyme
(%), A the activity of the immobilized enzyme (U) and Ag is the
activity of the free enzyme in solution before immobilization
U).

The lipase amount adsorbed on the Pormac was higher
than those on the other two. However, the Pormac immobi-
lized lipase present the lower activity and activity recovery to
the Paprps immobilized lipase. The lower enzyme activities
on Pormac supports is likely ascribed to steric impediments
(as result of the high content of immobilized enzyme or the
longer chain of the quaternary ammonium compound, OTMAC)
and to enzyme conformation changes (as result of the mul-
tipoint attachment of the enzyme to support). And the other
explanation for the lower activity of Pormac could be the
interference between the first layer lipase adsorbed on the
support and the second layer [30]. Fig. 6 shows the illus-
tration of the lipase double-layer adsorption model during
the course of lipase immobilization on the support Pormac-
Moreover, the high content of immobilized enzyme with-
out expressing activity may reflect the immobilization of
low-molecular weight contaminant proteins from lipase prepa-
ration.

4. Conclusions

Three different modified palygordkites are prepared and
characterized. The textures of the three modified palygorskites
are maintained and the modifications only receive the differ-
ent character of the supports surface. For lipase adsorption
experiments and olive oil hydrolysis reactions, we have
found that 3-aminopropyltriethoxysilane modified palygorskite
(PapTES) is a better supports for lipase immobilization than
the acid treated palygorskite (P,) and the OTMAC mod-
ified palygorskite (Pormac). The different nature of the
supports made the different mechanism of lipase immobiliza-
tion, which made the difference activity and activity recovery
of the lipase immobilized on the three products. The higher

enzyme adsorption on Pormac presented lower enzyme activ-
ity.
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