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Biotechnology is currently considered as a useful altemative to conventional

process technology in industrial and catalytic fields. The increasing awareness of

the need to create green and sustainable production processes in all fields of

chemistry has stimulated materials scientists to search for innovative catalysts

supports. lmmobilization of enzymes in inorganic matrices is very useful in

practical applications due to the preserved stability and catalytic activity of the

immobilized enzymes under extreme conditions. Nanostructured inorganic, organic

or hybrid organic-inorganic nanocomposites present paramount advantages to

facilitate integration and miniaturization of the devices (nanotechnologies), thus

affording a direct connection between the inorganic, organic and biological worlds.

Mesoporous materials not only have highly ordered pore structures with uniform

pore diameters and large surface areas, but they also are liable to chemical

modification and functionalization. These properties, combined with good

chemical stability, make them competent candidates for designed biocatalysts,

protein-separation devices, drug delivery systems, and biosensors Aluininosilicate

clays and layered double hydroxides, displaying, respectively, cation and anion

exchange properties, were found to be attractive materials for immobilization

because of their hydrophilic, swelling and porosity properties, as well as their

mechanical and thermal stability.

In this venture, various inorganic supports with different physicochemical

characteristics were evaluated for the immobilization of the enzyme, Candida

rugosa lipase and to select the most suitable biocatalyst for various
biotransformations. The aim of this study is the replacement of inorganic catalysts

by immobilized lipases to obtain purer and healthier products. The reaction kinetics

and mechanism were investigated. Kinetic studies were carried out to select the

best reaction conditions (water activity, temperature, time) to maximize activity

and operational stability. Synthesized mesocellular silica foams, montmorillonite



K-10 clay as well as the immobilized supports were characterized by various

physicochemical techniques. To obtain a better understanding of the structure

property relationship, the activity of the immobilized enzymes is conelated with

the pore sizes and functionalities of different silica and clay matrices. The aim of

this project is to develop new enzyme-immobilized systems and their use in

adequate environments favoring the desired bioconversions.

With the development of methods like sol-gel, template method, polymer

pyrolysis for the synthesis of oxides with unusual surface properties, the scenario

of enzyme immobilization can be expanded to definite areas. Thus there are

interesting possibilities within the field of immobilized enzymes and it is imminent

that in the fiiture many applications will be replaced by immobilized enzymes and

many more new systems will become technically as well as commercially feasible.
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1.1 General Background

Catalysis is of ciucial importance for the chemical industry, the number of

catalysts applied in industry is very large and catalysts-come in many different

fonns, from heterogeneous catalysts in the form of porous solids over

homogeneous catalysts dissolved in the liquid reaction mixture to biological

catalysts in the form of enzymes

Biocatalysis has many attractive features in the context of green chemistry:

mild reaction conditions (physiological pH and temperature), an environmentally

compatible catalyst (an enzyme) and solvent (often water) combined with high

activities and chemo-, regio- and stereoselectivities in multifunctional molecules.

1.2 Enzymes as catalysts

The enzymes offer a distinct advantage due to their specificity and

stereoselectivity, catalytic efficiency under mild conditions, biodegradability and

limitation of side-products formation. Some criteria must be met for an enzyme to

be a viable industrial catalyst. The enzyme must be both process compatible and

stable. Confonnational changes as well as chemical processes at the level of the

polypeptide chains may be induced, leading to the enzyme inactivation.

Unfortunately, functional stability of an enzyme often limits practical application

of enzymes in medicinal and biotechnological processes. Research over the last four

decades has focused on understanding the modes of enzymatic deactivation, as well as

developing methods to overcome this shortcoming of the biocatalytic approach. A first

approach to prevent deactivation consists of changing the enzyme environment, for

example, by means of soluble additives such as metals, surfactants, polyols, PEGs and

sugars. Stabilizing effects by reducing irreversible unfolding and aggregation is their

immobilization onto a suitable carrier or entrapment within a_ solid matrix. Other

strategies rely on the alteration of the enzyme primary stmcture using one of the

following methods: chemical modification; covalent immobilization; protein

engineering; or directed evolution.

2
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1.3 Immobilized Enzymes: Bona Fide Heterogeneous Catalysis

Immobilization refers to the preparation of insoluble bioeatalytic

derivatives and involves the coupling of enzymes to solid supports that are

either organic or inorganic. There are many advantages to the immobilization

of proteins on a solid support [1, 2].

I Improved enzyme shelf-life (half-life):

I Improved stability in adverse reaction conditions;

I Improved stability in the presence oforganic solvents..

I Separation from product stream;

I Allows for continuous flow operations and repetitive usage; and

I lncrcased enzymatic activity, in few eases.

The main disadvantage is that immobilization creates an extra diffusion

barrier, loss of activity and changes in properties (selectivity).

1.4 Binding Enzymes to Solid Supports

Binding enzymes to solid supports can be achieved via covalent bonds.

ionic interactions. or physical adsorption, although the last two options are

prone to leaching. There are three basic methods for enzyme immobilization;

entrapment, cross-linking and carrier binding [3]. Entrapment is the trapping

of the enzyme within a cage-like, porous network that allows the substrate to

diffuse through. Cross-linking is achieved through intermolecular bonding

between enzyme molecules. Carrier binding involves the formation of

interactions between enzyme and a support. This method can be further

categorized as ionic binding, physical adsorption or covalent binding

depending on the method. Covalent immobilization often proceeds by the

reaction of specific functionalitics at the support surface with amino acid side

chains that are readily available on the enzyme surface. The covalent

coupling may induce drastic changes in the enzymatic kinetics especially

1
Q
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when it occurs near the active site. The different methods of immobilization 

are depicted in Fig 1. 1. 

c) 

Fig.1.I Methods of enzyme immobilization includes (a) Entrapment 
(b) Crosslinking, and physical attachment, by (c) adsorption, 
(d) ionic interaction, and (e) covalent binding 

I.S Upases 

Hydrolases arc the most frequently used enzymes due to their broad 

substrate spectrum and considerable stability. Lipases catalyze the 

hydrolysis/synthesis of a wide range of solub le or insoluble carboxylic acid 

esters and amidcs cata lyse various other types of reactions such as 

esterification, transesterification, polymerization and laetonization [4 , 5]. Their 

broad substrate specificity as well as high regio- and stereospecifi ci ty causes 

their various application: hydrolysis of oils and fats, synthesis of fatty acid 

esters as cosmetic ingredients, surfactants and biofuel, and production of 

intermediates for organic synthesis [6, 7, 8]. The stabi li ty of most lipases 10 

organic solvents pavcs the way for their exploitation in organic synthesis: 10 

esterification, transcsterification , aminolysis and oximolysis reactions [9]. Such 

properties make lipases key players in the industrial enzyme sector [10, 11]. 

The main reason for the use of lipases is the growing interest and demand for 

products prepared by natural and environmentally compatible means. 

4 
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The three main areas of lipase-catalaysed reactions in organic solvents are

(Scheme 1.2): i) Hydrolysis: occurs in aqueous media when there is large excess

of water, ester hydrolysis is the dominant reaction; ii) Esterification: under low

water conditions such as in nearly anhydrous solvents, esterification can be

achieved (improved product yields can be obtained if the water content of the

medium is controlled); iii) Transesterification: the acid moiety of an ester is

exchanged with another one (if the acyl donor is a free acid the reaction is called

acidolysis, whereas the reaction is called interesterification if the acyl donor is an

ester; in alcoholysis, the nucleophile alcohol acts as an acyl acceptor).

Hydrolysis :

2°

OTC

O

- —0Rz +H20 la» R1-('J—OH + R2—OHI

Ester ifllgtliesis;

Q

3°

Orr)

R1-¢f_()H + R2—OH -_-+ - ——OR2 +H2OI

Acidolysisz

R]—C'*OR2 +  if ‘ —OR2 + -—I

O_

O?

5°

Or?)

2°

0:0

Interesterification :

2°

Q76

Oz

O-.:.-U

2°

O-_"@

— —OR2 + R3—C—OR4 iv Rq— —0R2 + - -OR‘,

Alcoholysis :

2°

0:0

Q":-(“J

— ‘*”OR2 + R3——Q]-I ""“*"'—* R]““'“ “OR; + R2—O]'I

Aminolysis:

2°

O:-CI

Orfi

— "‘OR2 -}- R3—NI-I2 '_*“‘_"—," Rli '_NHi°<3 + R2-OH

Scheme 1.2 Various lipase mediated reactions
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1.6 Determinants of Lipase Specificity

Two structural elements came into focus as being major determinants of

lipase specificity: the substrate binding site and the lid.

(a) The Substrate Binding Site

The active site in lipases is buried within the protein structure and substrate

access to it is through a binding site located in a pocket on the top of the central

B-sheet (Fig 1.3).

(b) The Lid: The Concept of lnterfacial Activation

Lipases display a peculiar mechanism of action, “interfacial activation” [12].

Lipases may exist in two different forms. One of them, where the active centre of

the lipase is secluded from the reaction medium by a polypeptide chain called

“lid”, is considered to be inactive (closed form). The other one, presenting the lid

displaced and the active centre exposed to the reaction medium, is considered to be

active (open form) [12, 13].

a b
F ig.l.3 Lipase from Candida rugosa represented in the closed (a) and open

conformation (b) with the lid depicted in black. In the active
conformation (b) the enzyme active site is accessible to substrates,
here represented by an inhibitor (dark grey) and highlighted by the
arrow

6
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Lipase form Candida Rugosa

The success of a lipase in industrial applications is due to its specific properties

and price, which depends on its source. Commercial available lipases are from

pancreas of mammalian or microbial sources [14], the latter easily produced on large

scale by growing fungi or bacteria in a bioreactor. Among the microbial lipases, lipase

fiom Candida rugosa is one of the most attractive commercially available lipases for

the complete hydrolysis of tryglycerols due to its ability to liberate all types of acyl

chains, regardless of their position in the triacylglycerols [15]. It has also been widely

used for several stereoselective esterification reaction in organic medium under mild

reaction conditions. Candida mgosa stands out due to its wide application in oil

hydrolysis, transesterification, esterification and enantioselective biotransformation

[16]. This lipase is fast becoming one of the most industrially used enzymes due to its

high activity and low price [17, 18].

1.7 Ideal Attributes of an Enzyme Carrier

A variety of immobilization materials are available for use in both laboratories

processes with many of these materials based on organic polymers
(ecg.aga1'0sc, dextran, etc.) which fall under the category of “soft gels”. The major

drawback of sofi gels is their low mechanical strength and in some cases low thermal

and chemical stability [19, 20]. Low mechanical strength materials can only sustain a

small pressure drop and thus they are limited to low solution flow rates when operated

as a packed bed reactor (PBR). This can be a major drawback in industrial processes.

The appropriate immobilization matrix is chosen based on several different

properties which affect the production process [3].

" Surface area and porosity: lt is desirable to have materials with high surface

areas (> 100 m2/g), for high enzyme loadings, and high porosity to provide

enzyme access for the substrate. Pore sizes>30 nm are ideal for the diffusion

of enzymes during the immobilization process.

' Surface functional groups
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' Mechanical and chemical stability

' Size and shape:

I Microbial resistance:

' Hydrophobic/hydrophilic nature

Inorganic carrier materials including silica gels, alumina and zeolite possess

high thermal and mechanical stability, non-toxicity, and high resistance for

microbial attack and organic solvents.

1.8 Mesoporous silica supports

Porous materials are used as adsorbents, catalysts and catalyst supports owing to

their high surface areas and large pore volumes. An important characteristic of porous

materials is the diameter of the pores Depending on the predominant pore size, he

porous materials are classified by IUPAC into three classes: (l) microporous, having

pore sizes below 2.0 nm, (2) macroporous, with pore sizes exceeding 50.0 nm, and (3)

mesoporous, with intermediate pore sizes between 2.0 and 50.0 nm [2l].Well known

members of the microporous materials are the zeolites which have the pore sizes in the

range of 0.2-1.0 nm, they provide excellent catalytic properties by virtue of their

crystalline aluminosilicate network- But their small pore sizes» are not suitable for

catalyst immobilization, especially for large catalysts like enzymes. Traditional porous

materials such as silica gels possess a wide range of pore sizes and also being

amorphous, thus limiting their applications in some cases, e.g. shape selective

catalysis.

Mesoporous silicas are in between these two materials, both in pore diameter

and in distribution of pore diameters. Thus, rnesoporous materials with larger pores

and well defined pore structure remain an active and demanding research area. Well

ordered mesoporous silica materials are promising supports for catalysts because they

have pores that are large enough to immobilize molecular catalysts (e.g. metal

complexes) and still the uniformly sized tunable pores have the potential to induce

shape selectivity or hydrophobicity in the local environment of the active center.

8
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It was not until extra large pore mesoporous solids, such as SBA-15 (pore size

up to 8-10 nm), were prepared [22] that more molecules of biological interest really

came into range. At the same time, routes to the organic fllIlCl'lOI1flliZZlIiO1'1 ol

mesoporous solids were developed, giving a family of large pore molecular sieves with

great chemical versatility [23]. According to theoretical calculations maximum

stabilization of proteins can be obtained in spherical cages with a diameter of2—6 times

the diameter of the native protein. Since the average diameter of a hydrated protein is

within the range of l0nm, it is concluded that the use of meso to nanoporous materials

[24] will provide the maximum stabilization for the proteins.

The use of silica in enzyme immobilization can provide several benefits:

" High surface areas (500 - 1000 m2/g) provide the possibility of high

enzyme loadings on the matrix. This would increase the rate oi

reaction, measured as the product produced over time.

I Greater mechanical strength would allow the use of column reactors at

higher flow rates without matrix distortion.

' The silica matrix consists of surface hydroxyl groups that can be

readily used for a variety of surface modifications.

I The hydrophilic silica surface would minimize fouling problems often

encountered with the hydrophobic “soft gels”.

' The open pore morphology of silica gels allows substrates to quickly

move into the interior regions of the paiticle.

' Solvents used in the processing of silica materials are environmentally

benign.

1.9 Mesoporous molecular sieves for bioadsorptionl immobilization and
biocatalysis

(a) Physisorption of enzyme onto silicas

Ordered mesoporous silicas (OMMs) provide excellent opportunities for the

immobilization of both homogeneous and enzyme catalysts via covalent binding because

9
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of the availability of well defined silanol groups [25, 26]. In the early 1990s, OMMs with

uniform pore sizes in the mesopore range (2-50 nm), high surface area (~l00O mz/8), and

large pore volume (~l cm3/ g) were reported [27, 28]. Among the OMMs, FSM-16 [27],

MCM-41 [28], MCM-48 [28], SBA-l5 [29], and MCFs [30] have been extensively

studied for catalyst immobilization. The results of the studies carried out by Takimoto

et al. indicated that the relative pore size of SBA-15 affects the location of cellulase

within the pores and that the enzymatic activity of encapsulated cellulase was highly

retained within SBA-15, which has a pore size slightly smaller than that of cellulose [31].

Vinu et al. [32] and Deere et al. [33] observe adsorption loadings as high as ~5OO mg/ g

for cytochrome c on SBA-15 materials. The work of Takahashi et al. [34] indicates the

importance of a close match between the pore size of a support and the molecular size of

the enzyme. Han and co-workers have found that, during the immobilization of Fe Heme

chloroperoxidase (CPO), the pore size of mesocellularfoam (MCF), MCM-48, SBA-16,

or SBA-15 evidently influences the activity of the immobilized CPO [35]. Very recently,

Deere et al. [36] reported the adsorption and activity of cytochromee (cyt c) on

mesoporous matenals with different pore diameters. They found that cyt c is only

adsorbed in the mesopores of MCM-41 with large pore diameter. The rate of adsoiption

of the enzyme alpha amylase on ordered SBA-15 with different pore diameters

synthesized by post synthesis treatment (PST) hydrothennally after reaction at 40°C of

various pore sizes revealed the influence of morphology, pore diameter, pore volume and

pH in the work done by Ajitha et al. [37].

(b) Adsorption and binding onto functionalized solids

In efforts to overcome the problems of leaching without the subsequent

deactivation by addition of reactive siloxanes, it has been found that organic

modification of the silica surface can strengthen the binding of the enzyme on the

surface via either electrostatic or covalent mechanisms. For enzyme or protein

immobilization, the most potentially usefiil surface functional groups are thiols,

carboxylic acids, alkyl chlorides and amines. Other functional groups such as alkyl,

10
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phenyl and vinyl can be added to modify the enzymc’s environment by increasing

the hydrophobicity ofthe surface.

Wang and coworkers [38] observed that ti-chymotiypsin immobilized on

mesoporous silicas funetionalizcd with trimethoxysilyl propanal exhibited >l000

folder higher half life than the native enzyme, both in aqueous solution and organic

solvents. Yiu et al. [39] employed SBA-l5 materials with different surface

functionalities (—SH, -Ph. Cl, NH;. and —COOH) to immobilize trypsin.

Leaching ofthe enzyme was largely solved by using SBA- l 5 functionalized with —

SH, —Cl, and ~--COOH. PGA physically adsorbed onto the pores of SBA-l5 silica

retains up to 97% of the activity of free PGA, while PGA covalently attached onto

the pores of oxirane-grafted SBA-l5 retains only 60% of the activity. Hudson et al.

[40] measured the adsorption properties of cytochrome c and xylanase on pure

silica SBA-15 and organo-functionalized SBA-l5 carriers. They concluded that

electrostatic forces dominate the interaction between the enzymes and pure silica

SBA-15, while weak hydrophobic forces provide the major interaction between the

proteins and organofunctionalized SB/\- l 5.

1.10 ;\lature’s Clay as Immobilization Support

Of all the clay minerals, smectites are the most chemically interesting for

modification and application. The use of Layered double hydroxides (LDH‘s) has

recently extended to applications in biotechnology such as host materials, pesticides

waste carriers and supports for enzymes. Smectitcs are the only group of clay minerals

that have the ability to swell, i.e. they can absorb water molecules between the layers.

thereby increasing the layer thickness. Among the various inorganic supports used for

enzyme immobilization, clays and related materials have potentially interesting

properties such as hydrophobic/hydrophilic behavior, electrostatic interactions, and

mechanical, chemical and bacterial resistance. Another advantage is the presence of

silanol groups that, after activation by different functional groups [41], act as

attachment sites for bioactive species. Clays possess high specific surface available

between 200 and 800mg./g. The facility of water dispersion- recuperation has three

ll
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kinds of entities: (i) the neutral siloxane surface. (ii) reactive OH groups and (iii) 

pennanent charged sites resulting from isomorphic cationic substitutions. The non

polar portion of larger biological molecules can efficiently bind to this type of surface 

through Van der Waals forces. 

Clays arc amorphous. layered (alumino)silicates in which the basie building 

blocks - Si04 tetrahedra and MO~ octahedra (M=AI1
-. Mg~- . Fe·I . • Fe~· . etc.) -

polymerize to fonn two-dimensional sheets [42]. Onc of the most commonly used 

clays is montmorillonite in which each layer is composed of an octahedral shect 

sandwiched between two tetrahedral silicate sheets (Fig. 1.4). Typically. the octahedral 

sheet comprises oxygens attached to Al.l · and some lower valence cations such as 

Mg 1- . The overall layer has a net negative charge which is compensated by hydratcd 

cations occupying the interlamellar spaces. Natural montmorillonite (MMT) consisted 

of layered silicates canying negative charges that fonned ionic bonds with metal 

cations in interlayer of tile clay [43]. 

12 
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Expandable clays such as smectites have a high affinity for protein

adsorption. The entrapment of biomolecules within clay matrices constitutes an

inexpensive, fast and easy method for the elaboration of enzyme biosensors [44].

Horseradish peroxidase had been successfully immobilized on the A1-PILC and the

immobilized enzyme could be applied over a broader range of pH from 4.5 to 9.3

and had better storage stability. However, the reusability of the immobilized

enzyme was not very satisfactory [45]. Montmorillonite clay and clay extracted

from Elledge Lake basins oil were combined with alkaline phosphatase,

glucosidase, protease, and xylosidase solutions to assess adsorption and the effect

of this adsorption on enzyme activity [46]. Naidja and Huang [47] found that the

large molecules of aspartase (MW 180,000) were intercalated within the

montmorillonite layers. Garwood et al. [48] observed an expansion of 35,3 for the

complex glucoseoxidase (MW l53,000)-Na-montmorillonite. On the otherhand,

Harter and Stotzky [49] reported that the adsorption of catalase onto
Ca-montmorillonite did not result in expansion of the mineral structure. They

concluded that the adsorption is entirely extemal- lt is reported that a high

percentage of laccase activity is maintained after its immobilization on clays

(kaolinite, montmorillonite) [50]. Fusi et al. [51]. reported that montrnorillonite

may adsorb enzyme molecules on both extemal and internal surfaces.

In the continuous operation, the covalently bound glucoamylase on

rnontmorillonite clay (K-10) could be used without any loss in activity for 100 h

while the adsorbed form lost 5% activity after 84 h [52]. In another work done by

Sanjay et al, it is proposed from surface area measurements, that the enzymes

11-amylase, glucoamylase and invertase are situated at the periphery of the clay

mineral particles whereas the side chains of different amino acid residues penetrate

between the layers [53]. The covalently bound invertase on Montmorillonite K-l0

resisted leaching even after l5 cycles at higher loadings due to the stronger bond

between the grafted groups and the enzyme while the adsorbed systems were prone

to leaching [54].

13
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1.11 The immobilization of lipases on mesoporous silica and clay

Immobilized lipases are generally used to perform biotransfonnations of

most interesting industrial applications. Hyperactivation of most lipases is achieved

by the hydrophobic surface of the matrix which resembles" the interface that

induces the conformational change on lipases necessary to enable free access of

substrates to their active centers. The majority of the functionalization compounds

are hydrophobic organic molecules, which will determine an increase of the

hydrophobicity of support surface [55].

Duan et al. [56] achieved the first immobilization of the Porcine Pancreatic

lipase (PPL) in the channels of MCM-41 supports, and to prevent leaching of the

weakly bound lipase, the mouths of the channels were subsequently reduced by

covalent coupling with an organic siloxane. Porcine pancreatic lipase (PPL) has

been successfully immobilized in the mesoporous channels of SBA-15 with

different pore diameters (6.7, 8.0, and 13.0 nm). The amount of enzyme adsorbed in

the channel ofthe supports is found to be related to the pore diameters of SBA-l5 [5 7].

Two different immobilization techniques were used: physical and chemical

adsorption for the immobilization of lipase on SBA-l5 and it was found that

chemical adsorption was suitable in aqueous solvents, while physical

immobilization is sufficient in organic solvents [58]. Lipase from C. antarctica B

was easily adsorbed onto the hydrophobic surface of silica activated with octyl

groups which achieved thermal stabilization and an excellent operational stability

shown by the cycles of esterification reactions [59]. Shaker et al. reported the

preference of organosilica mesoporous materials compared to pure silica as

supports of lipases in tranesterification reaction by immobilizing Rhizopus oiyzae

lipase (ROL) onto SBA-l5 (a pure silica) and PMO (an organosilica with ethane

bridging groups) with different structural chemical composition [60]. A conversion

of 68% with 100% selectivity for p-chlorobenzyl acetate (transesterification of

p-chlorobenzyl alcohol with vinyl acetate) was obtained in I20 min, with CALB

being pre-immobilized on Hexagonal mesoporous silica (HMS) and encapsulated

14
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using CA (CALB/HMS/Encap) [61]. Higher activities were obtained for CALB

lipase immobilized on the hydrophobized supports of MCM4l (MCM4lUM3

(Chlorotrimethoxy silane), PrMCM4l (Propyltrimethoxy silane)) in comparison to

CALB covalently retained on amino functionalised MCM4lwhich were evaluated

in the alcoholysis of ethyl acetate with two alcohols (1-hexanol and l-butanol)

[62]. He et al. [63] reported marked improvement in the activity of lipase

immobilized on vinyl grafted SBA-15 in the hydrolysis of triacetin reaction (an

aqueous system) as compared to the unfunctionalized support.

When clay minerals are used as supports for enzymes, different types of binding

mechanisms are possible, including ion exchange, Van derWaals interactions,

hydrogen bonding, and ion-dipole interactions with metal exchanged ions on the clay

surfaces. Concerning the positions of immobilization, the enzymes can be anchored on

the external surfaces and the edges of the clay sheets, or intercalated within interlayer

space. The hydrophobic properties of clays can be improved by various treatments

[64]. The enzymatic activities resulting from the adsorption of Rhizomucor nu'eher'

Candida _ cylindrace lipase onto three different phyllosilicatcs
1

ygmsfite and montmorillonite) were determined [65]. From the studies it

was concluded that sepiolite and palygorskite would be useful as supports for

immobilisation for proteins of relatively low molecular weight such as Rhizomucor

miehei lipase for fiirther use in biotransformations, while for C. cyiindracea lipase the

immobilisation onto duolite rendered a derivative specially active in the hydrolysis of

ethyl formiate esterasic activity. Immobilization of Candida rugosa lipase onto

modified and unmodified bentonites was carried out and the effect of hydrophilie or

hydrophobic nature of the support, the reuse efficiency, and kinetic behavior of

immobilized lipase were studied [66]. The immobilized enzyme exhibited an activity

comparable to the flee enzyme after storage at 30°C. Natural kaolin was evaluated as a

support for the immobilization of lipase from Candida rugosa as biocatalyst for

effective esterification [67]. Kaolin immobilized lipase exhibited activities higher by

four folds than the native lipase after thermal stability test at 70°C and was found to be
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stable in hexane at room temperature up to 12 days. The catalytic effieiency of lipases,

the lipase B from Candida antaretica and lipase from Burkholderia cepacia on

beidellite supports and the influence of the Si/Al ratio were studied [68]. Lipase was

immobilized onto three different modified palygorskite supports which were

modified by acid treating, with 3-aminopropyltriethoxysilane and treating with

octodecyl trimethyl ammonium chloride. The PAPTES 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 PAPTES was 27.24 U/g and 19.43%,

respectively [69].

1.12 Mesocellular foams (MCF) and related materials as carriers

The pore size of mesoporous silicas is limited by the dimensions of the

micelle templates and, to date, the largest pore size claimed for a well ordered

mesoporous molecular sieves is around 10 nm [70]. With this restriction, only

relatively small enzymes can be immobilized inside the mesoporous channels of

the molecular sieves. The recent discoveries of various mesoporous silicate

materials, such as SBA-l5 [71] (pore size ca. 50-130 A) and mesocellular foam

[72, 73] (MCF, pore size ea.15O—400 A), provide new avenues for
encapsulation/imrnobilization processes.

The discovery of mesocellular foam (MCF) materials in 1999 allows a much

wider choice of enzymes to be studied in this area of research. These materials are

prepared using emulsions as templates and the pore size varies from 15 to 40 nm

[72]. Unlike MCM-41 and SBA-15, which have two-dimensional mesopore

structures, mesocellular silica foams (MCF) is a new class of three-dimensional

(3D) hydrothemially robust materials with ultra-large mesopores (up to 50 nm)

[72, 73, 74]. In terms of the textural and framework structure, the MCF materials

resemble aerogels and are composed of uniform spherical cells interconnected by

windows with a narrow size distribution [73]. Especially given its continuous 3D

mesopore system with ultralarge pore diameters and interconnected windows,

MCF materials have the advantage over their more ordered counterparts such as
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MCM-4l or SBA-15 of better diffusion of reactants and products and thus

overcome internal mass transfer limitations [75]. These mesopores are large

enough to host enzymes and allow an easy transport of substrates into its active

site, and importantly, create an environment most favourable for the expression of

enzyme activity [76, 77]. A schematic of the strut like structure, given in Figure

l.5, shows the cells of the MCF structure framed by the silica stmts.

—--~ Cell

/ I
//I 3! 1/

Strut, f’ Window
bending out ,1’

Strut. bending away

Fig 1.5 Schematic cross section of the strutlike structure exhibited by MC Fs.

The epoxy~functionalized mesoporous cellular foams (G-MCFs) with high

specific surface area (~400 m2/g) and large-size mesopores (~17 nm) with

mesoporous cellular foams (MCFS) and were used as the support for

immobilization of penicillin G acylase (PGA) in the work done by Xue

et al.[78]. The immobilized supports could retain about 91.4% of its initial activity

after the l0th cycle reuse. Lipase from Candida Antarctica B (CALB) was

successfully entrapped in the cage like pores of siliceous mesocellular foam (MCF)

using a pressure-driven method [79]. In the work done by Shakeri et al. Rhizopus

oryzae lipase (ROL) was immobilized on MCF and alkyl-functionalized MCI:

(allcyl-MCF) by physical adsorption and found that the transesterification reaction

activity of (S)-glycidoland vinyl n-butyrate using ROL immobilized on alkyl-MCF

increased with increase in alkyl chain length [80]. The application of siliceous

mesostmctured cellular foams (MCF) with iimctionalisation using different
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organosilanes to immobilize covalently invertase and glucoamylase was studied

by Szyman'ska et al. The glutaraldehyde (GLA)-amino linkage formed by

organosilanes with two amino groups was the most effective system for MCF

bound invertase and that formed by APTS in the covalent immobilization of

glucoamylase. Activity of MCF-based biocatalysts was significantly higher than of

the silica gel and Eupergit C based counterparts [81]. The clear advantage of using

functionalized MCFs as supports for enzymes was first demonstrated for

organophosphorous hydrolase [82] and most recently confirmed in the hydrolysis

of starch using a-amylase [83] and glucose oxidation with glucose oxidase [84].

1.13 Synthesis of mesoporous molecular sieves
(a) Principles of synthesis

The understanding about the synthesis of these materials and the corresponding

mechanism has opened up a new era of molecular engineering. The most outstanding

feature of the preparation of these materials is the role of the templating agents. The

template molecules used are not single solvated organic cations as used in zeolite

synthesis, but a self assembled surfactant molecular array around which the main

structure is built up. Surfactants are large organic molecules having a long hydrophobic

tail of variable length and a hydrophilic head.

(b) Interaction between surfactants and silicate species.

Solubilization of nonionic poly(alkylene oxide) surfactants and block

copolymers in aqueous media is due tothe association of water molecules with the

alkylene oxide moieties through hydrogen bonding [85]. This should be enhanced in

acid media where hydronium ions, instead of water molecules, are associated with the

alkylene oxygen atoms, thus adding long-range coulombic- interactions to the

coassembly process. If carried out below the aqueous isoelectric point of silica,

cationic silica species will be present as precursors, and the assembly might be

expected to proceed through an intennediate of the form (S°ll')(X'l+). The anion may

be coordinated directly to the silicon atom through expansion of the silicon atom’s

coordination sphere. Our goal in this research was to use this structure directing route
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to create highly ordered structures with low cost, non toxic, and biodegradable

nonionic organics under relatively dilute aqueous conditions. in the present work,

inexpensive sodium silicate has been used to synthesize mesoporous silica instead of

expensive teraalkoxy silane. In order to make a comparison, mesoporous silica were

also prepared via sol-gel route using tetra ethoxy ortho silane (TEOS), the pore size of

which was increased by using o-xylene as a hydrophobic swelling agent.

Pinnavaia et al. [86] used nonionic surfactants to synthesize disordered, woma

like mesoporous silica and alumina under neutral pH conditions, and proposed an Solo

mechanism involving hydrogen-bonding interactions between the surfactant and

siloxane species. On the basis of these results, we postulate that the assembly of the

mesoporous silica organized by nonionic alkyl-ethyleneoxide surfactants or poly

(alkylene oxide) triblock eopolymer species in acid media occurs through an (Self)

(XT) pathway. In the synthesis there are three kinds of charged species in solution:

Silica species (I'll +), non-ionic surfactant (S0) and its counter ion (X'). Their

interactions depend on the silicate oligomeric species present because their charge

density is difierent in the degree of oligomerisation. First, alkoxysilane species are

hydrolyzed which is followed by partial oligomenzation at the silica. The EO moieties

of the surfactant in strong acid media associate with hydronium ions,

_ hydrolysis _
S1(0Et),,+ 11H30* $1(OEI)4_,,(OH»+) + nEtOHpH<2 _

H o
REOm+ yHX 2 RE()m_y[(EO).H3O*]y ..... ..YX"

where R ) alkyl or p0ly(propylene oxide) and x‘, cr Br',I', N03‘, n,,so,"’  H_,=PO4'“-"'

These charge-associated EO units and the cationic silica species are

assembled together by a combination of electrostatic, hydrogen bonding, and van

der Waals interactions REO,,,.__,.[(EO),H_,O+]_,....yX'...l'_, which can be designated as

(S°H+)(X'I+). Coordination sphere expansion around the silicon atom by anion

(e.g., Cl') coordination of the form X'.Si-Olly’ may play an important role. During
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the hydrolysis and condensation of the silica species, intermediate mesophases,

such as hexagonal, cubic, or lamellar mesostructures, are sometimes observed.

Further condensation of the silica species and organization of the surfactant and

inorganic species result in the formation of the lowest energy silica surfactant

mesophase structure allowed by the solidifying inorganic network [87, 88].

Alkaline synthesis of mesoporous silica

ll'l alkaline surfactant-silicate assembly equilibrium can be shifted by the presence

of other ionic species in solution. This mean that the salt can effect the screening of the

surfactant charge and hence the structure of the assembly. In the synthesis mixture,

silicate polymerization can occur either at the surfactant/water interface or in solution.

The competition with the X'anions to bind with micelles depends on the relative binding

ability ofsilicate anion species with respect to counter ion.

Acidic synthesis of mesoporous silica

In acidic media (pH<2), the positively charged silica oligomers cannot combine

directly with positive surfactant and for charge balance, there must exist a bridge

counter ion (X") at the interface of silicas and surfactants. In acidic synthesis, the silica

is usually less condensed and the structure order is thus softer and often leads to rich

morphologies (such as fihn, fiber, and gyroid) [89, 90]. In acidic synthesis one can

involve the surfactant mesophase first and then use the structure as a template. Because

of the weaker surfactant-silicate interaction the original liquid crystalline phase can be

preserved when mixing with silica sources.

One of the most unique and useful features of M413 family materials is the

ability to tailor the pore diameter (l5—lO0/\). This can be achieved in three different

ways; (i) by varying the chain length of alkyl groups (from 8 to 22 atoms) in surfactant

molecules [91] (ii) by adding auxiliary chemicals such as 1, 3, 5 trimethylbenzene

[91, 87, 92] which dissolve in the hydrophobic region of the micelles, thus increasing

their size, or (iii) by aging a sample prepared at a lower temperature in its mother

liquor at a higher temperature for different periods of time [93].
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1.14 Synthesis of Mesostructured Cellular Foams.

The Mesocellular foams (MCF s) are formed at a pH below the aqueous isoelectric

point of silica [88]. The acid catalyzed synthesis of nonordered silica has been known to

introduce a large number of residual surface hydroxyl groups [94], which may facilitate

further functionalization of the MCFs. The oil-in-water microemulsions [73, 95]

templating method has been adopted for the synthesis of MCFs.—aq HCI ._ i_.  ‘Y-ii.’

2;00
O O

///“Mr"O0 080°-o OIQ.0Q Q.0's.0

\%///I-\_&

G O Silica
TMBlP123

Stir Bar A Droplets B Composite D oplels Cr

Organic Template Filtration
Pore

Calcination‘L as 
_"‘ Silica Framework ’E D

Fig. 1.6 Schematic of the suggested stages of the MC F formation

The easily prepared microemulsion templates consist of water, Pluronic

P123 (E020-PO70-EOZO), and l, 3, 5-trimethylbenzene (TMB) as the organic

cosolvent (oil). The nonionic block copolymer surfactant P123 forms

expandable aggregates that template periodic SBA-15-type mesoporous silica

in acidic media [96], and is well suited for stabilizing oil-in-water and oil-in

formamide emulsions and oil in-water microemulsions [97]. To the oil-in-water

microemulsions is added tetraethyl oithosilicate (TEOS) as the source of both

silica and ethanol (which acts as a cosurfactant [97]. The cationic silica species

may begin to condense and form a “soft” silica coating through hydrogen

bonding to the Pl23-coated TMB droplets around the hydrophobic templates to

give composite droplets (Fig 1.6). During aging at elevated temperatures in an

autoclave, agglomeration and packing of the composite droplets may occur

while the cationic silica species continue to condense. The precipitated. 21
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aggregates of composite droplets are filtered, dried, and calcined to burn off the

organic templates, thus producing the porous MCF material.

1.15 Formation mechanism of mesocellular silica foams: Hexagonal to
Mesocellular Foam Phase Transition

SBA-15 and MCF materials are synthesized with polymer templates and are

related by a phase transition from a hexagonally ordered cylindrical mesoporous

structure to the mesocellular foam structure. Stucky and co-workers achieved the

assembly of mesostructured cellular foams of silica (denoted MCF silicas) with cell

dimensions in the range of 24-44 nm and pore volumes of 1.0-2.4 cm3/g, depending on

the composition of the microemulsion template and the reaction conditions [73]. In the

low oil concentration regime, the pores were modeled as long straight cylinders (Figure

1.7a) [97, 98]. (Figures 1.7 a-c) show a change in pore morphology in the oil—polyrner

range of 0.2-0.3. The walls of the one-dimensional cylindrical pores begin to buckle

with approximately the same periodicity as the pore diameter, forming spherical nodes

down the length of the pores as illustrated in Figure l.7b. At this point, microemulsion

templating takes over, and spherical, TMB-swollen P123 micelles template the

formation ofthe MCFs.
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Fig. 1.7 Progression of the morphological transition in P123-templated materials

swollen by TMB. The proposed schemes of formation and TEM
micrographs of the mesoporous silicas synthesized at oil-polymer mass
ratios of(a) 0.00, (b) 0.21, and (c) 0.50 are illustrated
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Adding a sufficiently large amount of TMB leads to a phase transformation

from the highly ordered p6mm mesostructure of SBA-15 type mesoporous silicas

to disordered MCFs [95]. SBA-l5-type silicas are obtained at TMB/P123 < 0.2,

mixed phase silica consisting of domains of SBA-15 and MCF is found at

TMB/P123 = 0.2-0.3, and MCFS are synthesized with TMB/P123 > 0.3. The

concentration of TMB plays the major role in determining the ultimate structures

of the mesoporous silicas obtained from P123/T MB templates. For 0.3

<TMB/P123 5 2.5, the size of the spherical cells can be controlled continuously

from 24 to 42 mn by adjusting the amount of T MB added.

1.16 Chemical modification of the carriers

Organic-inorganic composites combine the rigidity of the silica network

with the reactivity of organic functional groups. The silanol groups on the surface

can react with silane compounds with leaving groups. lt is expected that the

increase in the density of functional groups while retaining the open space would

result in a higher activity. Therefore, high loading of functional groups in

mesoporous silicas has received much attention, being reported abundantly

[99, 100]. Organic functionalization of silicates permits precise control over the

surface properties, modification of the hydrophilic/hydrophobic of the surface,

alteration of the surface reactivity, protection of the surface from attack,

modification of the bulk properties of the materials and at the same time stabilizing

the materials towards hydrolysis.

The organo-functionalization of mesoporous silica can be accomplished by

two general routes: (1) the post-modification of silica through the reaction of

organosilanes with surface silanol groups, and (2) the co-condensation of

organosilanes with the silica precursor during gel fonnation [lOl, 102].

In the post-synthesis grafting method, the surface of the pre-fabricated

inorganic mesoporous materials is reacted with organosilane coupling reagents

through the surface silanol groups [IO3]. All amino-organic moieties
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introduced into the silica are anchored on the surface silanol group by covalent

bonds.

Disadvantages of the classical two step method are:

I It is more elaborate because it involves more reaction steps.

I The pore diameter is further decreased during functionalization.

I Advantages of the classical two step method are:

I The templating micelles of the mesoporous material can be removed by

calcination. During a calcination already functionalized organic groups

would be decomposed and the silica framework becomes more stable.

I Only the surface of the mesoporous material is functionalized.

The co-condensation method, also called “one-pot” synthesis, is currently

the most common and direct synthesis route to the introduction of the organic

groups into the silica network [I04]. The co~condensation approach is preferred

because it requires fewer processing steps and the material obtained has a more

uniform, controlled distribution of the limctional group [lO5]. Although both

synthesis routes have been used to prepare ordered, mesoporous silicagcls, the

co-condensation process has generally been shown to yield higher degrees of

surface modification. _
To enhance electrostatic interactions with negatively charged adsorbents,

amine functionalization will introduce positive charge to the silica surface which

would otherwise be positive. Han et al. [106] showed that the post-synthetic

modification of SBA-15 using 3-aminopropyltriethoxysilane could be used to

adsorb anionic proteins at pl-I 7 whereas a carboxy-functionalized surface, which

would give a negative surface charge, readily adsorbed proteins that were cationic

at the same pH. Subsequent modification of the electrostatic interaction, either by

changing pH or strongly increasing the ionic strength, can result in release of the

protein back into solution.
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The inclusion of functional groups also opens up the possibility to tether

molecules covalently. For proteins this can take the form of reactions with

amine, carboxylic acid or disulfide bridges. Such immobilization procedures

have been developed for protein immobilization [I07]. A charged surface can

bind proteins with opposite charge and release the adsorbants by changing the

pH. For permanent binding, the formation of covalent bonds is the obvious

choice. Since, in our view, the advantages of the classical two step method (in

particular its higher flexibility) outweigh the disadvantages, this method was

chosen for all the functionalization reactions performed in this study.

Immobilization of enzyme was carried out using three-step process [108] as

shown in Scheme 1.8. In the first step, alkylamine, 3-aminopropyl triethoxysilane

(APTS), was covalently bonded to silanol groups presenton the surface of

mesoporous silica using organic silanization technique. In the second step,

glutaraldehyde was coupled with amino group of alkylamine through one of

the —CHO groups using derivatives of alkylamines and coupling technique. There

still will be one —CHO group in glutaraldehyde free to chemically react with ~Nl-I3

groups present in enzyme molecules.

$j--QH C0}-|5Q toluene, ‘:00°C 3;-QY reflux \+_ I Hunctionalisation tr‘ g / ii?S|-OH czngo Fzswol 5nun --I\ 25°C, 4 hours
“ “$i\/’\\/“H2 * 0HC\./"\/CH0 MM iiiiii ‘W’ , i _Si\./\\/N:C\/'\./CH0/ 2act|vat|on é, /

.W...W_W_.... ....._ _.B? Q? SQ Q! Q
O O C) C) O‘/

I

*""r_rr"r\prX1jr"
‘.0 Q" Q!
O O- ,0/

I

_ 25’-C. 4 hours ?S|-O\\ H H
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Scheme 1.8. Three steps for immobilization of enzyme on mesoporous silicas.
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1.17 Immobilization in Organic Solvents

‘Even today, enzyme immobilization is predominantly performed in

aqueous media in which the enzyme is completely soluble. ln recent decades

there has been interest in developing non-aqueous enzyme immobilization

techniques. Early in 1970, Brown and co-workers used poly (4-iodobutyl

methacrylate) [I09], prepared by halogen exchange of poly (4-chlorobutyl

methacrylate) with sodium iodide, to immobilize urease. During this work it

was discovered that enzymes could be immobilized not only in buffer but also

in organic solvents such as dioxane. The feasibility of immobilizing enzymes in

organic solvents such as DMF (hydrophilic or hydrophobic) was studied by the

same group [109, 110, 1 ll]. Consequently, it was further established that fixing

of enzymes to a mineral, organic, or organomineral support could be performed

in anhydrous organic liquids at temperatures from 60 to 120°C. Stark and

Holmberg found that the medium used for the immobilization of lipase could

have a large effect on the activity of the lipase in organic solvent but not in

aqueous reaction medium. ln their study, Rhizopus sp lipase was immobilized

on two types of Celite-based carrier activated with tresylate,i.e- with/or without

PEG as spacer, and in three types of media — aqueous, hexane, or micro

emulsion of hexane-buffer. Lipase immobilized in buffer had no
transesterification activity in the organic solvents. In contrast, lipase
immobilized in organic solvent was not only fully active in aqueous medium

but also in organic solvent, suggesting that the immobilization chemistry was

different in two cases [ll2]. The activity of lipase immobilized in organic

solvents is probably ascribed to enlargement of the active site by binding of the

amino acids residues near the active site. The immobilization of lipases in

organic solvents can be explained as a result of opening of the lid of the lipases

in organic solvents during the immobilization. -ln subsequent coupling of the

enzyme to the carrier, the conformation with the opened lid could be restricted

to this open state by binding of the buried amino acids near the active site. In

contrast, the lipase immobilized in aqueous buffer via the lysine groups
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exposed on the protein surface might have difficulty opening the lid in organic

solvents. Moreover, it was demonstrated that introduction of a spacer

significantly improved enzyme activity and stability. Immobilization of enzyme

in organic solvents also has several other obvious advantages, for example:

" many types of reaction that are not favourable for the binding enzyme in

aqueous medium can be used;

' modulation of enzyme activity and structure is possible; and

" polymers that are not water soluble can be dissolved in organic solvent

for binding to the enzyme, and such immobilized enzymes can also be

used in aqueous media.

1.18 Adsorption of Enzyme on to the Carrier in Organic Solvents

lt has recently been repoited that Candida mgosa lipase (CRL) has been

immobilized on poly (styrene—divinylbenzene) in heptane with higher enzyme loading

than in aqueous medium. CR1, immobilized in organic solvent not only had higher

activity in both aqueous media (for hydrolysis) and organic solvent (for synthesis) but

also had higher operational stability in organic solvents [1 13]. Similarly, CRL has been

immobilized by physical adsorption on several inorganic supports using hexane as

coupling medium [l 14]. Lipases from Candida cylindracea, Aspergillus niger, and

Pseudomonas lluoreseens were immobilized by adsorption on anion-exchange resin

and diatomaceous earth using buffer or hexane as a reaction medium. Immobilized C.

cylindracea preparations were more active when hexane was used as the reaction

medium [1 15]. T he solvent used in immobilization has been shown to have a great

effect on the applicability of a covalently immobilized Rhizopzzslipase. Hexane has

been used as a medium in the immobilization of Rhizopus lipases on Celite [l 16].

1.19 Objectives and scope of the present work

One of the important areas of nanotechnology is the development of reliable

processes for the synthesis of nanomaterials over a range of sizes (with good

monodispersity) and chemical composition. The use of layered double hydroxides

an
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has recently extended to applications in biotechnology such as host materials,

pesticides wastecarriers and supports for enzymes. Lipases (triacylglycerol

acylhydrolases, E.C.3.l .1 .3) are versatile enzymes that can catalyze numerous

reactions of interest for several food, chemical and pharmaceutical industries. The

major goal of this research is to immobilize industrially important enzymes (lipase

and glucosidase) on silica and clay and for further applications of these systems in

synthetic organic reactions. Mesostructured cellular foam (MCF) silica with large

pores in the range of 20-50 nm has been successfully synthesized using a

PEO-PPO-PEO triblock copolymer (Pluronic P123), tetraethyl orthosilicate, and 1,

3, 5-trimethylbenzene (TMB) as an organic template, a silica source, and a

swelling agent hydrothermally and via room temperature method. In order to use

mesoporous silica as a supporting material in catalysis, mesoporous silica has been

modified using organic silancs such as 3-aminopropyl-triethoxysilane (APTES)

with a terminal amine group (~NH2) and further with glutaraldehyde.

Our hypothesis was that organically modified mesoporous materials would

be a better host than conventional mesoporous sol-gels for lipophilic biomolecules.

The aim of this study was to compare the hydrolytic and synthetic activities,

biochemical properties and stability of free and immobilized lipase from Candida

rugosa and compared with commercially available immobilized lipases in silica

sol-gel and alumina. The simple but powerful approach of Crosslinked enzyme

aggregrates employed for the immobilization of B-glucosidase in mesoporous

media opens up a new possibility for enzyme stabilization and will contribute to a

variety of enzyme applications in biosensors, bioremediation, and bioconversion.

The advent of large pore mesoporous solids, together with the development oi

routes to functionalize their surfaces to a high degree of ‘sophistication, has

suggested these materials as suitably well defined candidates for enzyme supports.

The effect of the pore size and volume on the activity and stability of the enzyme

were investigated in order to obtain a better understanding of the structure-property

relationship. The major objectives of the present work are summarised as,
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\



§‘enera[introz{uct1'0ri — literature surety, objectiw/cs and scope

To template mesocellular silica foams (MCF) by oil-in-water

microemulsion method hydrothermally and via room temperature.

To immobilize Candida Rugosa lipase onto Montmorillonite K-10 and

mesocellular siliceous silica foams (MCF) via two independent

techniques namely simple adsorption and covalent binding after

filnctionalization with aminopropyl triethoxy silane and using

glutaraldehyde spacer.

To characterize the pure supports and immobilized enzymes via various

physico-chemical techniques like XRD, FTIR, NMR, CHN, thermal

analysis, surface area measurements, SEM, TEM and contact angle
measurements.

To synthesize butyl isobutyrate from n-butanol and isobutyric acid

including the screening of various immobilized lipases and optimization

of reaction conditions such as catalyst loading, effect of mole ratio and

temperature.

To investigate the enzymatic transesterification of ethyl butyrate to butyl

butyrate in non-aqueous media using free and immobilized lipases

To determine the kinetic parameters for esterification and transesterification

reaction using the Ping-Pong Bi-Bi mechanism with substrate inhibition and

to represent it by the Lineweaver and Burk plot.

To assay and compare the properties of the free and the immobilized lipascs

using the hydrolysis reaction of p-nitrophenyl palmitate in aqueous and

organic media. To study the effects of protein concentration, pll,

temperature, activity and stability oiithe immobilized lipases.

To compare the immobilized forms with respect to its catalytic

properties and also with conventional supports.

To study the reusability and storage stability characteristics of these

immobilized systems with respect to free enzyme.

29
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To develop crosslinked linked enzyme aggregrates (CLEA’s) of

B-glucosidase in mesocellular silica foams (MCF) and to evaluate the

reusability and stability of these systems with the adsorbed and

covalently bound ones.
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Catafirsis is sti[[ -very muc/1 a ‘Mack 5o,(’. (Discip[i-ne and cata[yst cfiaracterization

toois fzefp us fooli inside tfzis 6o.(. ’WoriQ in sngface science Has [ed to tlie deuefopinent of

nouef concepts and spectroscopic tecfiniques -wfiicfi fiaoe fiad some impact in catafysis.

Cliaracterization is do-ne on St"U6!'d[ [ea/e[s: On tfie first, tfie macroscopic [e've[ (tlie

reactor [es/el), engineers searc/i for tlie optimaf formulation and operating conditions of

tiie cataljitic process. ‘Tfie second, t/ie mesoscopic [e'0e[, incfudes sugface ana[_ysis and

temperature-programmed tecfzniques (in lieterogeneous cata[ysis as 'we[[ as Qinetic

studies, witfi tfie aim of finding composition/acti"oit_): and structure/activity
rellitionsfiips. (Depending on tlie nature of tfie materiaf 5eing investigated, a suite of

tecfi-niques may 5e utilized to assess its structure and properties. ‘V1/fzereas some
tecfiniques are quafitative, sucli as providing an image of a surface, otfiers yield
quantitative information suc/i as tlie relative concentrations of atoms tliat comprise t/ie

material. Recent teclinofogicafadoances nave a[[o'wedmateria[s scientists to accornpfis/2

soinetfiing tfiat was once tfzougfzt to 5e impossi5[e: to olitain actuaf two
dimensionaf/t/iree dinzensionaf images of atomic positions in a sofid in real time.
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2.1 Introduction

Characterization is an important field in catalysis. Spectroscopy and

microscopy is the fastest-growing area in catalyst characterization. Using a host of

methods (and acronyms), samples are bombarded with photons, electrons, and ions,

giving chemists large amounts of data on what is happening at the catalyst surface.

Three principal types of problems may be distinguished in the application of

molecular spectroscopic techniques in surface chemistry, namely (i) the

characterization of the surface, (ii) the estimatiorr of the type and structures of surface

compounds, and (iii) the obtaining of information required to understand the

mechanisms of the processes proceeding on the surface of a solid- The primary

objective of this chapter is to provide a practical description of the methods used to

characterize a broad range of materials.

Physicochemical Characterization

The materials can be characterized by various techniques, which provide

important information for the understanding of different physicochemical features.

The most extensively used techniques can be categorized into the following:

a) X-ray diffraction (XRD)

b) Nitrogen adsorption measurements

c) Nuclear magnetic resonance spectroscopy (NMR)

d) Scanning electron microscopy (SEM)

e) Transmission electron microscopy (TEM)

t) Fourier transform infrared (FTIR) spectroscopy

g) Thennal Analysis

2.2 Chemicals and reagents used

All chemicals and reagents were used as received without further purification.
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A Tetra Ethyl Ortho Silicate

,' Aminopropyl triethoxy silane, Glutaraldehyde

Poly(ethylene oxide)-poly(propylene oxide)
a poly(ethylene oxide), Pluronic P123

M Trimethyl benzene V
l Cetyl trimethyl ammonium bromide
(CTMABr)

Disodium hydrogen phosphate, sodium
, potassium tartarate

l Sodium acetate, sodium carbonate

Commercial C. rugosa lipase (Type VII)

p-nitrophenyl palmitate (p-NPP)

Gum arabic and Triton X-100

i B-glucosidase from almonds (3.4 Unit/mg),

p-nitropheny]B-D-glucopyranoside (PNPG)

Isobutyric acid, ethyl butyrate, n-heptane

A LiCl, MgCl2, Mg(NO3)2, NaCl and KNO,
calcium chloride (CaC12),

I Magnesium chloride (MgCl2), Manganese
chloride (MnCl;), Ethylenediamine tetraacetic

r acid (EDTA), mercury chloride (HgCl2), cobalt
chloride (CoCl2)

, Iso-octane, toluene, dioxane, molecular sieve
; MS 4A, methanol, dimethyl sulfoxide,
\ Acetone, ethanol, benzene

7 n~butanol, hexane, 2-propanol

Allydrochloric acid

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals

Merck

Merck /
Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

Sigma Aldrich Chemicals,
Bangalore

SD fine chemicals, Mumba

Sisco Research Labs Ltd.,
Mumbai

S.d. Fine Chemicals Ltd,
Mumbai.

Merck

M erck
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2.3 Preparation of Silica Supports

2.3.1 One pot room temperature synthesis of mesocellular silica foams (MCF)
by emulsion mediated method

An aqueous solution was used as a continuous phase and mesitylene or a

monodisperse polystyrene suspension was used as a dispersed phase [1]. Cetyl

trimethylammonium bromide (CTAB) was used as surfactant and tetraethyl

oithosilicate (TEOS) as a silica source.

First, CTAB was dissolved in water under stirring, and then the required

amount of hydrochloric acid was added to this stirred solution to give a colourless

solution. Finally, a mixture of mesitylene and tetraethyl orthosilicate was added

slowly for a period of 30 min under stirring at a fixed rpm. During addition, the

mixture turned opaque. The whole mixture was then stirred for 1 h using a

mechanical stirrer. The mixture was kept at room temperature over night. The

separated solids were washed with de-ionised water several times and dried at 40°C‘

for 6 h. These dried materials were calcined at 650°C for 10 h in air.

2.3.2 Mesostructured cellular foam (MCF) prepared via microemulsion
templating route (hydrothermal synthesis)

The synthesis of MCF was done by following a protocoi of Winkel et al. [2].

The MCF s are prepared in aqueous hydrochloric acid using dilute solutions of the

nonionic block copolymer surfactant Pluronic P123 (poly (ethylene oxide)-bloclv

poly (propylene oxide)-block-poly (ethylene oxide), E030-PO70-E020, Ma.-==5800)

with 1, 3 ,5-trimethylbenzene (TMB)as the organic swelling agent. To control the

pore sizes in the MCFS, the TMB concentration is varied while the amount of P123

is kept constant. In a typical preparation, P123 (2.0g, 0.4 mmol) is dissolved in 1.6

M HCl (75 mL, 120 mmol HC1) at room temperature while being stirred in a

beaker covered with a watch glass. TMB {'2.0g, 17 mmol) and the mixture is heated

to 37-40°C. Following O-65min of stirring, tetraethyl o1thosilicate(TEOS: 4.4g, 21

mmol) is added. After 20h at 37-40°C, the milky reaction mixture is transfeired to

an autoclave and aged at 100 or 120°C for 24 h under static conditions. The
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mixture is then allowed to cool to room temperature, and the white precipitate is

isolated by filtration, dried in air for at least 2 days, and calcined at 500°C for 8 h

in air to produce the MCF materials.

2.3.3 Functionalisation of the supports

The surface of silica and clay samples was amino functionalised by reacting

l g of solid with 50ml of a 2.2 mmol solution of Amino propyltriethoxy silane

(APT ES) in molecular sieve 4A dried toluene (v/v) at 373K for 6h with stirring

[3]. Products were separated by filtration, washed with dry toluene and methanol. It

was also washed with dichloromethane by Soxhlet extraction for 18h and dried at

ambient temperature. Following this, lg of amino functionalized support was

reacted with 25ml of a 2.5% solution of glutaraldehyde in phosphate buffer

(pH = 6.62) for 4h at room temperature. The product was washed exhaustively with

distilled water till all excess glutaraldehyde was removed which was tested by

T0llen’s reagent method and then dried at room temperature.

2.3.4 Lipase immobilization by adsorption

(a) In non-aqueous media for synthetic reactions

Lipase was immobilised by adsorption onto silica and clay using aqueous

and non-aqueous coupling media. Theimethod followed by Oliveira et al. was

adopted for the immobilization in heptane [4].

In non-aqueous environment, 1 g of silica and clay were mixed with 250

and 170 mg of powder lipase. The coupling took place under low stirring for

l6 h at room temperature. Both the derivatives were filtered and washed with

sodium phosphate buffer (20 ml, pH 7.0) in order to assay the non-adsorbed

lipase and dried at room temperature and kept at 4°C for further use.

(b) In aqueous medium

In aqueous environment, the enzyme was dissolved in 100 ml\/l sodium

phosphate buffer (4mg/ml, pH 7.0) and mixed with 100mg of the support. The

immobilization process was carried out at 4°C in a shaking water bath for loh
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under low stirring at room temperature. After this, the supports were thoroughly

washed with PBS (0.1M, pH 7), dried at room temperature and held at 4°C for

further use.

Protein assay

Protein was determined according to Lowry et al. [5] using bovine serum

albumin (BSA) as a standard. The amount of bound protein was determined

indirectly by the difference between the amount of protein introduced into the

coupling reaction mixture and the amount of protein in the filtrates. The

immobilization capacity of the protein on the support was defined as the amount of

protein (mg) per gram of the support.

2.3.5 Activity yield, immobilization Yield, Catalytic efficiency and effectiveness
factor

Immobilization yield (IY) was calculated by measuring the difference

between protein concentration on the supernatant before (Ctn) and after (Ct,)

immobilization {6], according to the following equation:

= CEQCIDC-if;

The amount of protein in the enzyme solution and in the elution solutions

was determined by the Lowry method [5], and the amount of protein (p) bound on

the carriers was calculated from the formula

(ti; - (.31 1*
w

where p is the amount of bound enzyme onto carriers (mg/g), Ci and Cf are the

concentrations of the enzyme protein initial and final in the reaction medium

(mg/ml), V is the volume of the reaction medium (ml), W is the weight of the

carriers (g).

The catalytic efficiency of an enzyme is determined by maximum specific

constant Kc,_.,/Km (M"s‘l).'l‘he values ranges from 105 M"s" to 109 M45" and cluster
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around l07s'1 which is a common factor for most hydroxylases. It reflects both the

affinity and catalytic ability for comparing different enzymes against each other.

The effectiveness factor (EF) was used as a comparison parameter for the

immobilized system. The formula for ‘EF’ [7, 8] is given by

BF: VmaX(i1ntnobilizcd enzyme)/ Vmax(tree enzyme)

If the value of ‘EF’S 1, no diffusion is assumed due to immobilization

process. If ‘EF’ is >1, then the immobilization may have an effect on the substrate

and product diffusion. The ‘EF’ value is usually <1 in the case of immobilized

system that provides a barrier to transport of substrate and product [9].

The activity yield (AY%), immobilization yield (IY%) and active units per

gram of support (U/g) are defined as follows: AY%=_U3d$/Ueqxioo; IY%=U,,c,/Uads x

l0O, where Ueq are the equilibrated enzyme units, Um are the adsorbed units

measured as the difference between Ueq and units remaining in the supernatant, and

Um is the active adsorbed activity.

The relative activity (Ra) of the free and immobilized lipase was calculated

according to the formula:

ms) = ii X100IT!

where Ra is the relative activity of CRL (%); A is the activity of the immobilized

enzyme (Ug_'); Am is the activity ofthe free enzyme in solution (U g' ').

Activity assays of free and immobilized lipase

_2.3.6 Effect of pH on the activity and stability of free and immobilized lipase

The activity of free and the immobilized enzymes was investigated within

the pH range of 6.0—l0.0 with the corresponding substrate as described in the

activity studies. The effect of pH on lipase (B-glucosidase) stability was determined

by incubating the lipase fraction in various buffer solutions ranging from 4.0 to 9.0

for 15, 30, 60 and 120 min at 25°C. After the incubation period, enzyme activity
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was assayed spectrophotometrically at 410 nm using p-NPP (1.65mM and pH 8.0

in the case of lipase and 0.9ml of 5mM p-nitrophenyl [3-D-glucopyranoside

substrate (PNPG) pH 4.8 in the case of B-glucosidase) as substrate.

2.3.7 Effect of temperature on the activity and stability of lipase

The temperature dependence of enzyme activity was measured by

equilibrating the substrate at 20°C, 25°C, 30°C, 35°, 40°C, 45° C, 55°C, 60°C,

65°C, and 70°C for 30 min. The thermostability of the free and immobilized lipase

was studied by incubating the enzyme extract at 50 and 55°C for 30, or 60 and 120

min. At the end of the incubation period the enzyme was rapidly cooled, and the

remaining enzyme activity was assayed.

2.3.8 Effect of various metal ions on enzyme activity and stability

Aliquots of the enzyme were incubated with equal volumes of the various

metal ions at various concentrations at 25°C for 30 min. Appropriate blanks and

control were perfonned for each chemical tested. The residual lipase activity after

the incubation period was assayed with the corresponding substrate and the results

were expressed as percentage of the activity obtained without the chemical agent.

2.3.9 Enzyme activity and stability in organic solvents

The activity and stability of free and immobilized enzymes in various organic

solvents were determined using a modified version of the method by Sztajer et al. [10].

One hundred microliter aliquots of the enzyme was absorbed on a 3mm disc paper, and

incubated at 25°C for l h in the presence of 1.4 ml of the following water immiscible

organic solvents, benzene (log P = 2.0), toluene (log P = 2.5), hexane (log P = 3.5),

n-heptane (log P = 4.0) or isooctane (log P = 4.5). After the incubation period the filter

papers were removed, the solvents were evaporated off, and the filter papers were

incubated in 25mM phosphate (pH 7.8) overnight at 4°C on a shaker. For the water

miscible organic solvents, i.e., dimethyl sulfoxide (log P =-1.35), methanol

(log P =—0.76), iso-propanol (log P =-0.28), and acetone (log P =—0.23) the extract

was incubated directly with the solvent at 25°C for 30 min. The residual activity was
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measured spectrophotometrically using p-NPP (1 .65mM and pH 8.0 in the case of

lipase and 0.9ml of 5mM p-nitrophenyl B-D-glucopyranoside substrate (PNPG)

pH 4.8) as substrate.

2.3.10. Kinetics analysis

Michaelis—Menten (M—M) model (Eq. (1)) was used to describe the

dependence of enzyme activity on substrate concentration for the immobilized

lipases.

v SV=~——‘fi— ...................................... ..1)Km+S (
where Vnm is the highest possible specific lipase activity (U/mg protein), and Km is

the half-saturation constant (mM) determined from substrate concentration that

gives a specific lipase activity of ‘/2 Vmx. The two kinetic parameters (Vmax and Km)

of M—M model were evaluated using the Lineweax/er—Burl< plot by plotting double

reciprocals of initial velocity versus their corresponding substrate concentrations

and linear regression with Graph Pad prism software. The catalytic efficiency

(V,,m/K,,,) for the hydrolysis of the p-NPP or PNPG substrate was also determined.

The assay of kinetic study was carried out using different concentrations of p-NPP

(0.2-l .5mM) and p-nitrophenyl B-D-glucopyranoside (0.25-2.5mM).

2.3.11 Reusability stability

The reusability stability was tested by repeated batch experiments using the

method for activity determination. The initial activity of freshly prepared support in

the first operation was defined as l00% activity.

2.3.12 Storage stability

This experiment was conducted to determine the stabilities of free and

immobilized enzyme preparations after storage in phosphate buffer (l00mM, pH

7.0 in the case of lipase /0.1M pH 4.8 for B-glucosidase) at 4°C for 40 days. The

residual activities were then determined and activity of each preparation was

expressed as a percentage of its residual activity compared to the initial activity.
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2.4 Notation of Catalysts synthesized

The pure silica as well as the functionalized supports synthesized for the

present work is noted below.

1, i jNotafi0,n, _. W M " Catalyst q f _ V
MCF160  Hydrothermally synthesized silica
MHSG Covalently bound silica

i MCF-35  Silica prepared via room temperature ~

K-10G Covalently bound clay
MHI Enzyme adsorbed on MCF-160 Z
MTI  Enzyme adsorbed on MCF-35 ;

KI-10 I H  Enzyme adsorbed on montmorillonitegg pg

2.5 Material Characterization

Spectroscopy, microscopy, diffraction and methods based on adsorption and

desorption or bulk reactions (reduction, oxidation) all offer tools to investigate the

nature of an active catalyst. Depending on the nature of the material being

investigated, a suite of techniques may be utilized to assess its structure and

properties. A host of characterization techniques have been employed in the present

study to determine the structural characteristics of the as synthesized supports,

functionalized ones as well as the enzyme immobilized supports which provide

further support for the difference in activity observed for the supports chosen.

2.5.1 X-ray Diffraction

X-ray diffraction is a very important technique that has long been used to

determine the crystal structure of solids, including lattice constants and geometry,

identification of unknown materials, orientation of single crystals, defects, etc [1 1].

X-ray diffraction (XRD) is used for identifying the crystalline phases and

estimating particle sizes. When there is constructive interference from X rays

scattered by the atomic planes in a crystal, a diffraction peak is observed. Bragg’s
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equation relates the distance between two hkl planes (d) and the angle of diffraction

(29) as: nit = 2dsin9, where, X = wavelength of X-rays, n = an integer known as the

order of reflection (h, k and l represent Miller indices of the indices of the respective

planes) [12].

The intensity of the diffracted X-rays is plotted as a function of the diffraction

angle and the sample orientation. From the diffraction patterns, the uniqueness of

mesoporous structure [12], phase purity [13], degree of crystallinity [14] and unit cell

parameters [13] of the semicrystalline hybrid materials can be determined.

Powder X-ray diffraction (XRD) can readily provide direct information of the

pore architecture and symmetry of mesoporous materials. Microporous solids show

peaks in the 29 range of 5-50° whereas the mesoporous materials exhibit characteristic

peaks in the low angle region between 1.5-10° (29). XRD analysis becomes the

primary methodology in identifying different mesophases, because the different

mesophases exhibit distinct “finger print” XRD diffraction pattems.

The unit cell parameters for Ordered mesoporous materials (OMS) are

related to the distance between the repeating arrangement of the pores (i.e.

hexagonal, cubic, etc.). The diffraction pattern from amorphous materials

(including many polymers) is devoid of the sharp peaks characteristic of crystals

and consists of broad features or halos. Quantitative analysis of XRD data from

amorphous materials is complicated but provides important information on the

local atomic structure (short range order), including the bond lengths, the number

of neighbours, and the extent of atomic range It has been concluded that the pore

walls are mainly amorphous. Thus, XRD is in general not particularly suitable for

the quantitative phase composition determination for most ordered surfactant

templated materials because of noncrystallinity of their frameworks [15].

Conventional mesoporous materials like MCM-41, MCM- 48 or SBA-15 are

amorphous. Nevertheless reflexes are observed in X-ray powder patterns at low 26

angles (0.5° < 20 < 10°). These reflexes are due to the long-range order induced by
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the very regular arrangement of the pores. Because d spacings are rather big for the

mesopores, the reflexes appear at low angles.

The X-rays used are typically from bombarding either copper (Cu) or

molybdentun (Mo) with high energy electrons. The emitted X-rays are then filtered or

passed through a monochromater to produce KG radiation from the respective metal.

CuK0t possesses a wavelength of 1.541 A and MoK,, possesses a wavelength of

0.709 A. Once the X-rays impinge on the sample, they diffiact off of each of the

exposed planes and a detector rotates around the sample recording the intensities of

diffraction at each angle. The angles at which the peaks are observed can be used to

determine the interplanar spacing of atoms (periodicity) or d-spacing for each crystal

plane using Bragg’s Law. For OMS, these values can be used to estimate the unit cell

dimensions of the pore arrangements.

XRD is noncontact and nondestructive, which makes it ideal for in situ

studies. One of the disadvantages of XRD, compared to electron diffraction, is the

low intensity of diffracted X- rays, particularly for low-Z materials. Compared to

TEM, XRD has poor area resolution capability.

Small Angle X-ray diffraction studies (SAXS) of the silica and the immobilized

supports were taken on a Panalytical Xpert PRO MPD model with Ni filtered Cu KG

radiation (X-l .5406 /K) within the 29 range 1-10° at a speed of l°/minute.

2.5.2 IR spectroscopy

The most common application of infrared spectroscopy in catalysis is to

identify adsorbed species and to study the way in which these species are

chemisorbed on the surface of the catalyst [16, l7].

The infrared spectrum is commonly plotted in one of three formats: as

transmittance, reflectance, or absorbance. The energy corresponding to these
-1

frequencies correspond to the infrared region (400(}—400cm ) of the electromagnetic

spectrum. The term Fourier transform (FT) refers to a recent development in the
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manner in which the data are collected and converted from an interference pattem to

an infrared absorption spectrum that is like a molecular "fingerprint" [18]. The

absorption wavelengths represent excitations of vibrations of the chemical bonds and

are specific to the type of bond and the group of atoms involved in the vibration. The

vibrational frequencies of surface groups and probe molecules are identified by

comparing their fingerprints with literature databases. Much of the FTIR work with

silica has been directed to studies of the chemistry of high-surface-area gels and

fumed powders [19, 20, 21]. The high surface area of these silicas enables ease in

detection of surface functionalities from bulk features. The dried powder or fiber is

then usually dispersed with a suitable salt such as KBr and pressed into a disk for

transmission or recorded as a powder using DRIFT.

Reflection spectroscopy

Diffuse reflection infrared spectroscopy (DRIRS)

If the sample is inappropriate for a transmission experiment, for instance if the

supporting substrate is opaque, a reflectance configuration will often be employed.

Numerous oxide systems exist as opaque powdered samples from which light is

reflected nor transmitted. Reflected radiation, in this case, consists of two components:

the specular component reflected from the surface without transmission (mirror or

specular reflection), and the difise component which is absorbed into the sample and

reappears at the surface after multiple scattering [22]. Ln this technique, diffuse

scattered radiation is collected by the sphere or an ellipsoidal mirror and focused on the

detector with the infrared absorption spectrum being described by the Kubelka—Munk

function [23, 24]. The relationship between the intensity of the band due to an adsorbed

substance and its concentration is as follows

F(R) = 1 [ (1/(R-R,.)] = 28/s ...................................... ..(2)

Theoretical studies indicate that diffuse reflection spectroscopy is more

sensitive than transmission spectroscopy if the effectively scattering

components are investigated [25]. This method allows the direct investigation

of powdered materials contained in cells of small volume. Therefore, it has
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significantly simplified sample preparation, as well as pretreatment techniques

and the obtaining off the spectra, particular at low temperatures.

FTIR is a sensitive technique to probe into the secondary structure of
- 1

proteins in the 1400-1700 cm region which provides information about the

presence of —CO- and —NH- groups [26, 27].

The LR spectrum of the samples was obtained using a JASCO FTIR

spectrometer. The resolution and acquisition applied were 4 cm'l and 60 scans

respectively. The spectra were obtained in the wavelength range from

400 to 4000 cm--I for evaluation of the immobilization procedures, in accordance

with Soares et al. [28].

2.5.3 Nitrogen Adsorption

The most widely used gas adsorption measurement for the characterizing of

the surfaces of solid materials is nitrogen physisorption. To obtain accurate

adsorption measurements the amount of adsorbed gas should be high and the

temperature constant. Therefore nitrogen physisorption measurements are often

performed at liquid nitrogen temperature (-l95.8°C = 77.35 K). In this technique,

the amount of gas adsorbed onto the solid surface is directly correlated to the

material’s surface area and pore structure [29].

In ordered mesoporous materials the multilayer adsorption reaches a state where

additional adsorptive molecules do not interact with a flat layer of adsorbate any more

but with a curved surface. The adsorption on curved surfaces is more favorable. That

can be expressed mathematically with the so-called Kelvin equation (eq. 3, PfP0 is the

relative vapor pressure over a curved surface, 7 is the surface tension, u is the molar

volume of the liquid and rk is the radius of curvature. The Kelvin equation shows that

the smaller the pore radius, the lower the vapor pressure, P, in the pore

P 21"/‘—= -—- ..................................... .. atpo em rK*RT) ("
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Isotherms

To facilitate the interpretation of the isotherms the shape of six physisorption

isotherms was defined by TUPAC (Fig. 2.1) [30].

The reversible Type 1 isotherms are given by microporous solids having

relatively small external surfaces. The reversible Type 11 isotherms is the normal

form of obtained with a non-porous or macroporous adsorbent. Characteristic

features of the Type I V isotherm are its hysteresis loop, which is associated with

capillary condensation taking place in mesopores. The Type V isotherm is

uncommon, and is obtained with certain porous adsorbents. The Type V1 isotherm,

in which the sharpness of the steps depends on the system and the temperature,

represents stepwise multiplayer adsorption on a uniform non-porous surface.'2 A ,
, .

>_ Q. ~. li

dilaurbrd --H-'-rv

.. \E
Q ta

; : J‘_
.wx~-.v..u:-.1-i»___________________ _,____ _ _ H,“

Fieldiiw pressure -1---I»

Fig 2.1 Type of physisorption isotherms. Point B, the beginning of the almost
linear middle section of the lSO'El'l8ITl1, is taken to indicate the stage at
which monolayer coverage is complete and multilayer adsorption is
about to begin [31].

Hysteresis appearing in the multiplayer range of physisorption isotherms is

usually associated with capillary condensation in mesopore structures. TUPAC has

classified the various hysteresis loops that are observed experimentally as types H1,

H2, H3 and H4 as shown in Figure 2.2 and their interpretation is given in the Table 2.1
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Table 2.1 Characteristics and interpretat ion of hysteresis loop types
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Hysteresis loops do also occur in mesoporous materials with pore geometries

other than cylinders. Then the pore geometry can also influence the shape (i.e. the type

of hysteresis loops) or the difference between adsorption and desorption branch.

Specific surface area (BET method)

The method was established by Brunauer, Emmet and Teller [32]. In the

BET method the isotherm is linearized with the so called BET equation (eq. 4, Va

is the adsorbed volume at a P/PO, Vm is the volume adsorbed in a monolayer and C

is an empirical constant that is related to the difference between the heat of

adsorption on the naked surface (El) and on the following layers (EL).

p 7: 1 +g§—1*p
V.4(p0_p) Vm*C Vrn*C p0

...................................... ..(4)
Q

C ~ e 2'--——l~:—’
RT

As long as only multilayer adsorption occurs the BET plot is linear. From

the slope (s = (C-1)/(Vm><C)) and the intercept (i = 1/(Vm><C) of this straight line V",

and C can be derived. With Vm and the area of a single adsorbate particle on a

certain surface (16.2mn2 with N2 as adsorptive on silica surfaces) the specific BET

surface area can be calculated. The weight of the degassed sample was used in the

surface area calculations. To obtain the surface area, the results were fitted into the

equation, SBET = V", x N x Am where, V,,, is the monolayer volume, N is the

Avogadro number and Am is the crosssectional area of the adsorbent.

Specific pore volumes

The specific pore volumes were determined with two different methods. Ln

the first it is assumed that all pores are filled at a relative pressure
P/P0 = 0.97. From the volume adsorbed at that pressure the pore volume was calculated

directly. This very simple method gives correct results if (1) the investigated material

has a low external surface area and (2) no macropores are present that cause

condensation in this pressure range. Since both requirements are fulfilled in ordered
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mesoporous materials this method was mostly used. Altematively, a more sophisticated

approach based on the so called t-plot method [33] was used.

This method was developed for the characterization of the porosity of a

material. In the so called t-plot the measured adsorbed volumes are plotted against

the statistical layer thickness t.

Pore diameter distributions and average pore diameters

BJH Method

The pore size distribution and pore diameters were calculated using the Barret

Joyner-i-Ialenda (BJH) model based on the Kelvin equation, corrected for multilayer

adsorption [31]. The above model was chosen since it has been derived for

nonintersecting cylindrical pores (as in MCM-41 type materials) [34]. The emptying of

the filled pores with decreasing relative pressure is incrementally evaluated to obtain a

pore diameter distribution. From this value and the volume difference before and after

the increment the volume of emptied pores in that increment is calculated. The pore

size is divided into three categories based on diameter: I11lCI'Op0I‘CS (< 2 nm),

mesopores (2 — 50 nm), and macropores (> 50 nm). Assuming cylindrical pores, which

is the case for most OMS (Ordered mesoporous silica), and using parameters

developed in 1997 by Jaroniec et al. [35] the pore size distribution can be estimated.

Mesopores of size >30 nm are ideal for materials used in enzyme immobilization due

to improved access of the interior surfaces [36].

Overall Pore Size Distribution

The mesopores size distribution is usually expressed as a plot of AVp/Arp versus

rp, where Vp = mesopore volume, and rp = pore radius. lt is assumed that the

mesopores volume is completely filled at high p/pg. This plot will represent the relative

abundance of the pores of various radii in the solid. Specific surface areas Sm; were

determined by the BET method in the 0.05-0.35 relative pressure range, single-point

total pore volume Vp was detemiined at P/Po = 0.99 and average pore diameter Dp was

calculated on the basis of 4 Vp/SBET [31, 34].
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A Micromentics 2000 surface area analyzer was used to measure the nitrogen

adsorption isothenns of the samples at liquid nitrogen temperature. Prior to the

measurement the silica samples were degassed at 200°C and the immobilized samples

were degassed at room temperature overnight in nitrogen flow. Functionalized materials

with organic material bound to the surface of the silica were degassed at 80°C.

Solid-State Nuclear Magnetic Resonance Spectroscopy (SS-NMR)

2.5.4 Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR)

NMR technique reflects the short-range ordering of structure and is very

sensitive to the local environment _of’ nuclei. Among characterization
spectroscopies, magnetic resonances are liable to produce specific analyses of bulk

and interface of solid powders, fibers, or composites. Such methods need the

presence of atoms with a magnetic moment or electrons belonging to a probe

molecule (spin label). The same is true for '3 C (l .l percent), which is a component

of the organic molecules adsorbed or grafted on the surface.

NMR instrumentation consists of three chief components: a magnet, a

spectrometer console, and a probe. The sample is in the magnetic field, and is

placed inside an inductor of a radiofrequency circuit tuned to the resonance

frequency of the nucleus under observation. The magnetization present at time is

then detected by applying a short, intense (100-1000 W) radiofrequency pulse

(typically l-10 ps) in a direction perpendicular to B9. The oscillating magnetic

component of the radiofrequency pulse stimulates transitions between the magnetic

states and tips M0 into the plane perpendicular to the direction of the magnetic field

(90° pulse). It thereby induces an ac voltage signal in a coil, which is amplified,

digitized, and acquired over a typical period of several ms. Fourier transformation

of this free induction decay (FID) signal then results in the NMR spectrum, a plot

of absorption intensity versus frequency. The area under a spectral peak is directly

proportional to the number of nuclei contributing to the resonance, and can be used

for quantification purposes.
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Averaging does not occur in the solid state, so that spectra are normally more

complex, but also contain more information. The use of a combination of two

techniques can however remove or decrease these interactions to such an extent that

NMR spectroscopy of solid samples becomes possible. These two techniques are

called cross polarization (CP) and magic angle spinning (MAS): in combination,

these are thus called CP-MAS. Magic angle spinning (MAS) is a useful

line-narrowing technique in solid state NMR spectroscopy, in which the sample is

mechanically rotated rapidly on an axis that makes an angle of 54.7° relative to the

direction of the static magnetic field. Consequently, MAS converts broad powder

patterns into highly resolved sharp resonances that can be straightforwardly assigned to

individual sites [37]. In the cross-polarization (CP) approach, spin polarization from a

more abundant spin set that has a larger nuclear magnetic moment (IH) is transferred

via a double-resonance method to a less—abundant spin set that has a smaller nuclear

magnetic moment (13 C) [38].

Therefore, the sensitivity of “C will increase. Modem high-resolution solid

state NMR spectroscopy allows to elucidate the chemical and structural

environment of several atoms (e.g. BC, 7'7Al, 29Si, HP, “V etc.) in a solid matrix

like that of porous materials [39].

Sufficiently rapid MAS bring about the coherent averaging of
inhomogeneous line broadening effects, such as the chemical shift anisotropy and

inhomogeneous magnetic dipole-dipole interactions. With solid state NMR, the

characteristic time of cross polarization was analyzed as a function of the position

of the carbon along an alkyl chain.

Solid State "c NMR

The BC CPMAS NMR spectra of as-synthesized molecular sieves give us

information about the incorporation of intact organic structure directing agents

inside the channels of these materials. I3 C CP/MAS NMR is a valuable tool to

interpret the surfactant organization in Si-MCM-48 [40]. The situation for carbon-13
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is however completely different. Here spectra are normally recorded with complete

proton decoupling, so that a series of single lines are obtained; in addition the

chemical shift range is around 200 ppm. Magnetization transfer from protons to

carbon-13 leads to an increase of signal intensity by a factor of up to 4.

Solid-State "st NMR

Lippama et al. showed that 29Si MAS NMR spectra are very sensitive to the

nature and chemical environment of the atoms [41]. 29Si solid-state NMR

spectroscopy has been used extensively to elucidate the molecular enviromnent in

silicate materials [42].

29Si solid-state NMR spectra of the s0l—gel solids show signals

representative of various substructures of the T1, and Q,, silane moities. Spectra

displaying Qn (n < 4) peaks indicate that the condensation of the silicon alkoxide

precursor is incomplete [42]. As the degree of condensation increases, the ii]. and

Qn peaks are shifted to higher field in the NMR spectrum. Tn peaks are

representative of silicon atoms in the sol-gel matrix directly bonded to an organic

species. An increase in the Tn species, the number of organic species bonded to a

silicon atom decreases.

Solid State MAS NMR experiments were cam'ed out over a Biuker DSX-300

spectrometer at a resonance frequency of 75.4MleIz. For all measurements a standard

4 mm double- bearing Bmker MAS probe was used. The number of scans collected

was 1024. The 27Al spectra were extemally referenced with respect to a dilute solution

of AlCl3 and recorded at room temperature. XWIN NMR software was employed to

acquire and retrieve data.

2.5.5 Thermogravimetric Analysis

Therrnogravimetric analysis (TGA) is the measure of change in sample weight

with increasing temperature. This measurement allows us to detennine the degree of

surface modification through comparison of the percent weight loss. A derivative

weight loss curve can be used to tell the point at which weight loss is most apparent.
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DTA and DTG study are useful in evaluating the thermal properties of molecular

sieves [43}.

The shape and splitting of the endothenns (low temperature) helps to identify

the location of water molecules and also helps in studying the kinetics of

dehydration.TGA is commonly employed in research and testing to determine

characteristics of materials such as polymers, to determine degradation temperatures,

absorbed moisture content of materials, the level of inorganic and organic components

in materials, decomposition points of explosives, and solvent residues. The technique

can analyze materials that exhibit either mass loss or gain due to decomposition,

oxidation or loss of volatiles (such as moisture).

The analyzer usually consists of a high-precision balance with a pan (generally

platinum) loaded with the sample. The pan is placed in a small electrically heated oven

with a thermocouple to accurately measure the temperature. The atmosphere may be

purged with an inert gas to prevent oxidation or other undesired reactions. A computer

is used to control the instrument.

The thermoanalytical technique has been widely used to get information

on the thermal stability of niicroporous and mesoporous molecular sieves.

Both TGA and DTA provide important information about the following: (i)

temperature programmed desorption (TPD) and removal of physisorbed water

below 150°C, (ii) oxidative decomposition of the occluded organic materials,

accompanied by one or several exotherms within 150°C and 600°C, and (iii)

dehydroxylation occurring from condensation of adjacent silanol groups to

form siloxane bonds at or above 600°C [44]. Further, DTA can also detect

phase transitions.

TGA/DTG was done on a TA INSTRUMENTS Q50, thermal analysis

instrument at a heating rate of 10°C/min from room temperature to 800°C using

nitrogen as the purge gas.
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Electron microscopy

It is used for detemiining the size, shape, and composition of supported

particles [45]. The transmission mode measures the intensity from an electron

source after it has passed through a transparent sample. In contrast, SEM features

the scanning of an electron beam over selected regions of an opaque sample. The

interaction of the primary beam with the sample provides a wealth of information

on morphology, crystallography and chemical composition.

2.5.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is one of the most widely used

techniques for characterization of nanomaterials and nanostructures. This technique

provides not only topographical information like optical microscopes do, but also

infomiation of chemical composition near the surface.

A scanning electron microscope can generate an electron beam scanning

back and forth over a solid sample. The electron beam is produced by an

electrongun, often based upon a lanthanum hexaboride filament. The beam is

condensed by the first condenser lens and then focused by the second condenser

lens into a thin, coherent beam. A set of coils then scans or “sweeps” the beam in a

grid-like fashion. A fraction of these electrons will be completely backscattered,

reernerging from the incident surface of the sample. These electrons, known as

back-scattered primaries, give information on the surface topography, and on the

average atomic number in the scanned area. The secondary electrons are detected

by attracting them onto a phosphor screen, and measuring the light intensity with a

photomultiplier. The microscope records the secondary and back~scattered

electrons as a function of the beams position. The scan generator is connected to

other components, the magnification module and the cathode ray tube, displaying

the final image. Since the scattering angle depends on the atomic number of the

nucleus, the primary electrons arriving at a given detector position can be used to

produce images containing topological and compositional information [46, 47].
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This image is highly magnified and usually has the look of a “a traditional”

microscopic image but with a much greater depth of field. Because the secondary

electrons originate mainly from the surface, whereas the back-scattered electrons

arise from the bulk, SEM gives a 3D image of the catalyst, albeit at a lower

resolution than TEM. SEM images have a characteristic 3-D appearance and are

therefore useful for judging the surface structure of the sample. Beside the emitted

electrons, X-rays are also produced by the interaction of electrons with the sample.

These can be detected in a SEM equipped for energy dispersive X-ray (EDX)

spectroscopy [48].

Generally the resolution goes down to 20nrn to l nm, which is much lower

than that of transmission electron microscopy (TEM) but SEM has some

advantages compared with TEM. For example a quite large area of the specimen

can be imaged, bulk materials can be used as samples and a variety of analytical

modes are available for measuring the composition and nature ofthe specimen.

The scanning electron microscopy of the samples were carried out on a

JOEL J SM 840 A (Oxford make) model 16211 SEM analyzer with a resolution of

1.3 eV. The samples were dusted on a metal stab and coated with a layer of gold to

minimize charge effects.

2.5.7 Transmission Eiectron Microscopy

Transmission electron microscopy (TEM) is typically used for high

resolution imaging of thin films of a solid sample for microstructural and

compositional analysis. The technique involves: (i) irradiation of a very thin

sample by a high-energy electron beam, which is diffracted by the lattices of a

crystalline or semicrystalline material and propagated along different directions,

(ii) imaging and angular distribution analysis of the forward scattered electrons

(unlike SEM where backscattered electrons are detected), and (iii) energy

analysis of the emitted X-rays [49]. The topographic information obtained by

Tl-“zlvl in the vicinity of atomic resolution can be utilized for structural
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characterization and identification of various phases of mesoporous materials,

viz., hexagonal, cubic or lamellar [50]. TEM also provides real space image on

the atomic distribution in the bulk and surface of a nanocrystal [51]. Using

transmission electron microscopy to make a projection of the sample density is a

routine way to study particle sizes in catalysts.

A transmission electron microscope (TEM) is like an optical microscope in

which the optical lenses have been replaced by electromagnetic ones .ln

Transmission Electron Microscopy (TEM) a thin solid specimen (200 mn thick) is

bombarded in vacuum with a highly-focused, monoenergetic beam of electrons.

The beam is of sufficient energy to propagate through the specimen. When an

electron beam is impinged upon a sample, a black and white TEM image is formed

from the passage of some electrons through the sample untouched, alongside the

combination of interactions between other electrons and sample atoms (e.g.,

inelastic/elastic scattering, diffraction. The optics bring the scattered electrons from

the same point in the sample to thc same point in the image (the so-called bright

field image), in contrast, selection of strongly diffracting regions of the sample,

which would appear brighter than the transmitted beam, is known as dark-field

imaging. A series of electromagnetic lenses then magnifies this transmitted

electron signal. Diffracted electrons are observed in the form of a diffraction

pattem beneath the specimen. The image is recorded by hitting a fluorescent

screen, photographic plate, or light sensitive sensor such as a CCD camera. The

latter has the advantage that the image may be displayed in real time on a monitor

or computer. This information is used to determine the atomic structure of the

material in the sample.

Transmitted electrons form images from small regions of sample that contain

contrast, due to several scattering mechanisms associated with interactions between

electrons and the atomic constituents of the sample. Analysis of transmitted

electron images yields information both about atomic structure and about defects

present in the material.
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One of the major limitations of TEM is the extensive sample preparation,

which makes TEM analysis a relatively time consuming process with a low

throughput of samples.

TEM images were recorded on a PEI Tecnai G2 Twin microscope operated

at 60 kV. The sample was dispersed in toluene through sonication and then drop

casted on a carbon-coated copper grid

2.5.8 C H N contents in solid materials

Organic elemental analysis (C, H, N) was performed on a Elementar

Vario EL Ill apparatus. The organic material in a sample of 2 mg of
functionalized silica material was combusted at l00O°C in a flow of He with

O2. The amount of evolved CO2, H3O, and N2 were used to calculate the content

ofC, H, and N.

2.5.9 Contact angle measurements

T he wetting of a surface by a liquid and the ultimate extent of spreading of

that liquid are very important aspects of practical surface chemistry. Of more

practical and widespread importance is the contact angle of a liquid directly on a

solid. The contact angle may be geometrically defined as the angle formed by the

intersection of the two planes tangent to the liquid and solid surfaces at the

perimeter of contact between the two phases and the third surrounding phase.

Typically, the third phase will be air or vapor, although systems in which it is a

second liquid essentially immiscible with the first are of great practical

importance. The extent of movement will be determined by the competition

between solid-liquid adhesion forces and liquid-liquid cohesive forces [52].

Measurement of the contact angle

(a) Experimental methods

The most common direct methods include the sessile drop (a), the captive

bubble (b), the sessile bubble (c), and the tilting plate.
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The most cormnon method of measuring the contact angle is to observe a

sessile drop with a telescope or microscope. A light source is positioned behind the

drop, which then appears dark. The contact angle is either detemiined directly with

a goniometer or the image is recorded by a video system and the contour is fitted

by a computer by the Laplace equation.

Y0ung’s equation

Young’s equation is the basis for a quantitative description of wetting

phenomena. If a drop of a liquid is placed on a solid surface there are two

possibilities: the liquid spreads on the surface completely (contact angle 9 = 0°) or

a finite contact angle is established. In the second case a three-phase contact line —

also called wetting line —— is formed. At this line three phases are in contact: the

solid, the liquid, and the vapor (Fig. 2-3). Young’s equation relates the contact

angle to the interfacial tensions 31.5‘, yL, and ySL [53]:

'yLCos9 = 7S - w/SL ...................................... ..(5)

If the interfacial tension of the bare solid surface is higher than that of the

solid—liquid interface (yS > ySL), the right hand side of Young’s equation is

positive. Then cos9 has to be positive and the contact angle is smaller than 90°; the

liquid partially wets the solid.
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Fig 2.3 Rim of a liquid drop with a contact angle 9 on a solid surface.
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If the solid—liquid interface is energetically less favorable than the bare

solid surface (1/S < ySL), the contact angle will exceed 90° because cos0 has to be

negative. If the contact angle (9) is zero and the Young’s equation for such a

surface would be:

*/SL = YS - 7L ...................................... ..(6)

In this case, the liquid is fully absorbed by the material

The contact angle that the droplet edge makes with the solid surface is often

used as a comparative measure of a material’s wettability. Some degree of

hydrophilicity will lead to a contac_t angle <90°. If the material surface is

hydrophobic, an energy penalty is associated with the liquid spreading over the

surface. In this case droplet formation occurs, but with an obtuse contact angle [53].

The as produced silica without any organic surface chemical modification

(i.e., without attaching alkyl, ary] or vinyl groups) has a high energy surface and

hence absorbs moisture. But, the surface chemical modification of the silica results

in a low energy surface which repels water. Proteins adsorbed to solid surfaces

alter the original interfacial properties [54, 55]. Evidence of immobilization of

lipase is confinned by contact angle studies.

A sessile drop of water was manually deposited onto the surface of sample. The

drop radius usually was larger than 3 mm. A sequence of images of the drop was then

recorded and analyzed by the Rame-hart contact angle meter at ambient humidity and

temperature using distilled water as the medium.
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RESULTS AND DISCUSSION

3.1 Physico-Chemical Characterization

1 3.2 Fourier Transform infrared Spectroscopy

l 3.3 Thermogravimetric analysis
3.4 Small angle X-ray diffraction

3.5 C H N analysis

3.6 Nitrogen Adsorption Measurements

3.7 Transmission electron microscopy

3.8 Scanning Electron Microscopy

3.9 CPMAS Nuclear magnetic resonance spectroscopy

3.10 Contact angle measurements
3.1 1 Conclusions

‘Tie syntfiesis amt cfia-racten':ati0n of new materials witfz taifi>r-made properties is one of

tfie most important areas in science torflzy. Qfiysicocfie-inicaf cfiaracteiisation requires tiie

sefizction qfanaly-ti'ca[tecIiiiolZ1(gies tliat are quantitative, specific and sensitive. Insigfit in

tfie p/iysico-cfiemicaf processes tfiat pfizy a rofe Juring tlie preparation of cata{yst eagtricates

its essentiaf to design catafysts in a more controffeai way. ‘Ifie main 6iomateria[ reuiterf
researcfi carried out is t/ie syntfiesis, functionafization and immo5i[izati0n cy"e-nzymes and

detaifuf c/iaracterizzation of inorganic or fiy5rii{ siliceous silica and cfiiy supports anrf tfzeir

structuraf cfiaracterization 5y various piiysicocfiemicaf tecliniques. ‘Tiie 0-eeraff aim is to
estaiilisfi a rationaf finfi fietween tfie pfzysicocfiemicaf and structuraf properties of tfie
materiafs and tfzeir Eiolbgicaf activity ancf response to eJ(tema[ parameters sucfi as
temperature anti p?[ Immofiifieeai 5iocata[ysts /iaue 6een cfeuefopeif for a ‘variety Qf
appfications in tfze Qifioratory, foranalyticaf purposes and in enzyme teclinofogy. In orifer to

alflrwfor t/ieir reproJuci5[e use, and to sefect a optimum 5iocata(yst for specflic appfication,

tfiey must 6e ‘weir c/iaracterizedl tfiat is, tlieir essentiaf pliysicocfzemicaf (inctiiding
mecfzanical), Kinetic properties, amt tlieir stafiifity under process conditions must 6e
Jeteimineif in stanJarJpr0ceJur'es. ‘Hie c/iaracterization qftfie immo6ifi::ed'5iocata§ists-amf

especially comparative stuzfies witfi tfie same enzyme immo6i[ized' in ifijferent supports used

for tfie same enzyme process-can provicfe usefuf information on tfie properties of tfie supports

tfiat are important to imprzrue tlie process.
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3.1 Physico-Chemical Characterization

A number of techniques are used to characterize mesoporous molecular

sieves. Among these, X-ray powder diffraction, transmission electron

microscopy (TEM) and adsorption measurements are the essential ones to

identify the structure of the mesoporous molecular sieves. Infrared
spectroscopy, ultra violet spectroscopy, nuclear magnetic resonance

spectroscopy and electron spin resonance spectroscopy have also been applied

to obtain additional structural information about molecular sieves. A complete

characterization of molecular sieves requires information from a number of

physical, chemical and spectroscopic techniques. A combination of X-ray

diffraction, sorption studies and TEM of mesoporous molecular sieves provides

a reasonable idea about the structure of these materials. The applications of

these techniques have been discussed in Chapter l. This chapter summarizes the

results of the physicochemical characterization of montmorillonte K-10 clay

and mesoporous silica foams. The discussion is focused on XRD, thermal

analysis (TG/DTG), N;-adsorption-desorption, transmission electron

microscopy (TEM), scanning electron microscopy (SEM), Fourier Transform

infrared spectroscopy (FTIR), CHN measurements, CPMAS Nuclear magnetic

resonance spectroscopy (NMR) and Contact angle measurements of these

materials. The present results are the full characterization research and

structural comparison between the functionalizedf immobilized samples with the

pure supports.

3.2 Fourier Transform infrared Spectroscopy

The most common application of infrared spectroscopy in catalysis is to

identify adsorbed species and to study the way in which these species are

chemisorbed on the surface of the catalyst. FTIR is a sensitive technique to probe

into the secondary structure of proteins. The interaction between the supports and

lipase molecules can be studied by comparing the IR spectra of the pure silica and

clay, pure lipase, and lipase immobilized on silica and clay.
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The infrared spectra of the calcined MCF samples are present in Fig. 3.1.

The spectra of the pure siliceous MCF showed narrow vibration band at 3476 cm'1

belonging to isolated terminal silanol groups. The corresponding —OH bending

mode around 1634 cm“ correlate very well with the water adsorption property

(hydrophilic property) of the catalysts. The peaks between 500 and I200 cm" are

assigned to framework vibrations. The intense peaks at l038cm'1 with a shoulder at

1220 cm" are due to internal and external asymmetric Si—O stretching modes. The

bands around at 800 and 471 cm" are assigned to symmetric Si—O stretching and

tetrahedral Si—O bending modes. The MCF 35 silica samples (Fig 3.2A) display

bands due to the abundant free OH groups at 3704cm']. The bands at 806cm" is

due to the symmetric stretching vibrations of Si-O-Si bonds belonging to ring

structures. The peak at 968cm‘] is due to the stretching vibration of Si-O (H) bonds.

Figure 3.1 are spectra obtained for umnodified MCF silica, immobilized lipase,

silane binded (MTS) and Glutaraldehyde binded (MTSG). Free lipase showed a

typical spectrum of proteins, with the absorption band associated with their

characteristic amide groups (CONH). Between the wave number range from 1600

to 1700 cm ", there is the amide I band, due to the double bond CO stretching, the

CN stretching and NH bending [l]. The amide II band (1600-1500 cm") results

from a combination of N—H in-plane bending and C—N stretching of the peptide

groups.

The band position of lipase MCF is slightly shifted in comparison with

that of lipase which is attributed to the weak interactions of MCF with lipase

molecule. After loading on the MCFl60, the two absorption flexible peaks shift

to 1634 and 1550 cm"], which may be due to the strong electrostatic

interactions between the charged amino acid residues on the surfaces of the

protein molecules and the silanol groups on the mesoporous structure; these

shifts may also arise from hydrophobic interactions between protein molecules

and the supports. This was further evidenced from an intense OH stretching

band in the range of 345lcm'l after enzyme binding depicting the presence of
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enzyme on the surface of the particles. The -CH stretching band due to the

enzyme groups occurs at 2942cm'i. These results suggest that lipase

immobilized in these matrices retains its native structure and biological

activity. The same observation is observed with MCF 35 and KI-10.

The presence of APTES applied in the functionalization of MCFs was

identified by methylene stretching bands of the propyl chain in the region of

2929 cm_l (Fig. 3.1B and 3.2B), which cannot be observed in the FT-IR spectra

of bare MCFs. The corresponding simple bending vibrations occur at 1407 cm”

for the silane modified supports. At 693 cm_l, a weak peak was observed,

which was due to the bending of N—H bonds. A strong band around l550 cm!‘

associated with the —NH bending vibrations indicate the presence of

aminopropyl functional group in all the silane binded samples [2, 3].

lipase  ‘ 1 5 § l1 N g , °’ MGE " " ir § " l P .y 2 -, =., r /\/”"“/v\J IT ‘A \/W“°“\i/“N
40%“ ssiio '53» ' ziioo ' 2056 '  win  son 4°55 it 35"? '95“ it ?g°l' I 25°?’ '_,";°° i 155° '15“

wavenumber (cm-1) Wavenumber(cm )(a) (b)
Fig 3.1 IR spectra of (a) MCF 160 and immobilized sample (b) siiane,

glutaraldehyde and enzyme binded samples
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As expected, C-H stretching vibration frequency is seen at 2936 cm'} for

all spectra except the pure silica and clay supports with contributions from the

organosilane, glutaraldehyde, and the enzyme [4]. The presence of aldehyde in

MHSG and MTSG is clearly evident from the peak at l720cm" (Fig 3.1B and

3.2B). The amine-glutaraldehyde reaction produces an imine N=C bond,

Schiff-base, seen at 1647 cm" while an ethylenic C=C bond formed by

resonance stabilization of the imine appears at 1563 cm"[5]. A peak at 794cm‘!
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is due to the Si-C bond which demonstrates the incooporation of alkyl groups

into silica.
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Fig 3.2 IR spectra of (a) MCF 35 and immobilized sample (b) silane,

glutaraldehyde and enzyme binded samples

The IR spectra of Montmorillonite K-10 clay (Fig 3.3A) have two

characteristic regions: (i) 4000-3000 cm“ and (ii) 1200-400 cm". The

transmission bands in the first region, which correspond to (O—H), were

assigned to the free surface hydroxyl groups of the layer as well as to the

adsorbed water which indicated that there were an abundance of free hydroxyl

groups on the surface of K-10. The band at 3638cm" is attributed to the

stretching vibration of OH groups bonded to A1 or Mg. The bands in the region

1200 to 400 cm" give more information about the structural characteristics oi

clay minerals and are attributed to lattice vibration [6, 7]. Bands at 1048, 521,

and 688cn1—l originate from the clay lattice Si—O stretching, Al——O—Si vibrations

and coupled A1-O and Si-O out of plane vibrations. The band at 931 cm‘! is due

to A1-A1-OH deformation.
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After immobilization of lipase (Fig 3.3A) there was a shift in the

position of adsorption suggesting that there might be intermolecular

interaction between enzyme and some specific sites of matrix, and apparently

the montmorillonite K-l0 was a good immobilization matrix for enzyme

loading.
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The successful grafting of silane moieties onto clay is evident in the infrared

spectra as shown in Fig 3.3B. A new peak at 2964 cm_' was attributed to

antisymmetric stretching of ethyl group of silane, indicating the existence of silane

in the grafted products. In the region 1400-1720 cm", the spectmm of the silane

binded clay exhibits a strong band 3fO11Hd 1595 eat‘ associated with the —NH2

bending vibrations. In addition a number of bands at lower frequencies attributed to

bending vibrations of CH2 and CH3 units are resolved. The strong band at
1637 cm'1 is due to adsorbed water deformation.

3.3 Thermogravimetric analysis

The thermal stability of enzymes is one of the important criteria for long

teim and commercial application. The activity of immobilized enzyme is known to

be more resistant against heat than that native state. Thennal gravimetric analysis

(TG) provides an important tool for thermal stability studies of macromolecules

[8]. This technique has enabled us to determine the temperature range at which a

heated sample undergoes a major confomiational change by means of monitoring

the thermal weight loss profile. In the case of free lipase and immobilized lipase

derivatives such temperature range can be related to the protein unfolding and thus

to the enzyme denaturation.

- - . . _ , , _ _ _ _ ‘ _ _ _ _ _ _ _ .-,...-.-.--._ _ . . _ _ _ _ _ _ .>. . _ _ _ _ . _ _ _ _ , . _ . . ... (b) (IO)
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Fig 3-4 T6/DTG Spectra of Fig 3.5 TG/DTG spectra of
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Fig 3.9 TG/DTG spectra of functionalized samples of K-10

In order to optimise the calcination condition, TG-DTA analysis (Fig.3.4. and

3.5) for silica synthesized via hydrothennal and room temperature method was

carried out. The presence of peak at 100°C in both samples is probably due to the

loss of adsorbed water. The sample MCF35 displayed a weight loss: at 280°C.

0There is virtually no weight loss above 480°C- The low temperature weight loss is

partly due to loss of mesitylene and CTAB. The steady TG pattern is observed above

550°C. MCFl60 displayed two processes: a weight loss at 50-150 °C due to the

desorption of water and another weight loss from 180 to 370°C is due to the

decomposition of P123 and other organics. The results from TGA/DTA demonstrate

that P123 and TMB are readily removed from the MCF s under mild conditions.

Figure 3.6 (b) shows the TG curve for free lipase which was characterized by

two weight loss peaks. In the first one, at temperature range from 30 to 180°C,

characterized by a low weight loss due to the dehydration of the interstitial water

containing in the free lipase sample. From I80 to 600°C, continuous weight loss was

observed indicating a complete decomposition of the organic structure of lipase [9].

After adsorption oflipase (Fig 3.6 ( c) ), a weight loss is observed at 300° C due

to the decomposition of enzyme moieties which confirms the adsoption of enzyme on

Ml-Il as these peaks are not observed in the case of calcined silica. The lower values

obtained for the weight loss associated with the lipase encapsulated derivatives is the

result of an increased matrix tliemial stability suggesting that a strong interaction
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between enzyme and all tested supports occurred which enhanced the conformation

stability of the native form. Montero et al. [10] have observed similar behaviour after

immobilization of C. cylindracea lipase in poly(propylene). \Vhen TG curves of both

lipase adsorbed on MCF160 and MCF35 are compared a greater amount of enzyme

decomposition is seen on MCFA.

All the functionalized samples exhibited weight loss at 60°-90°C due to the

loss of adsorbed water. In the case of MHS (Fig 3.7), the weight loss which extends

from 190 to 500 °C was substantial, and it is attributed primarily to the removal of

water by dehydroxylation and some loss of organic constituents (C, H, O and N) in

the form of volatiles either present or formed by the beginning of organics

decomposition of silane moieties. This indicates that the silane binded samples are

thermally stable at temperatures below 450°C. Above 500°C, little weight loss

occurred for the immobilised derivatives on functionalized samples. The weight loss

in this region is associated with final dehydroxylation reactions and definitive

carbonisation of organic compounds, including the lipase. A greater weight loss due

to the adsorbed water is observed at 100°C in the case of lipase immobilized on

MHSG. The weight loss which occurs due to the decomposition of the enzyme at

237°C is not observed in any of the functionalized samples which confirm the strong

adsorption of lipase via covalent bonding. ln the case of MCF35 (Fig 3.8), the same

peaks were observed for the fitnctionalized samples and the strong adsorption via

hydrophobic bonding of the lipase is evident from the peak around 500°C.

The DTG cun/e of MK—l0 (Fig 3.6 (a)) displayed peak at 56°C, assigned to

the loss of the physically adsorbed water. There is a weight loss in the region

100-300°C which is due to the decomposition of the adsorbed enzyme (Fig 3.6 c).

The peaks at 69°, 225°C and 429°C are attributed to the loss of the physically

adsorbed water and due to the decomposition of the intercalated silane while the

peak at 533°C is corresponding to the decomposition of the grafted silane as

illustrated in the Fig 3.9 [1 1]. An additional peak was recorded at 225°C which was

due to the desorption from the external surfaces.
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A weight loss is observed at 437°C in the case of K-IOSG (Fig 3.9) which is due

to the decomposition of silane and glutaraldehyde moieties from the functionalized

surfaces. In the case of chemical adsorption of lipase on functionalized surfaces, a single

weight loss is observed at 233°C in the case of MHGE, at 276°C in the case of MTGE

and at 297°C in the case of K-IOGE which is assigned to the decomposition of amino

acid residues of the enzyme as well as the organic groups (silane and glutaraldehyde).

Two stages of weight loss were observed for MTGE at 289°C and 485°C while only a

single weight loss was observed in the case of MHGE which indicated the enhanced

thermal stability of these systems. The weight loss peak is shifted to lower temperature

which depicts the enhanced thennal stability of the covalently botmd enzyme systems. A

much greater loss of water is observed in the case of MHG and K~10G after enzyme

adsorption than MTG which also proves the higher amount of loading of enzyme on

these supports.

3.4 Small angle X-ray diffraction

XRD studies of MCF160 (Fig 3.1 1 (21)) exhibits one strong primary peak in

the range of 26 = 0.88° due to the presence of mesopores. Unlike highly ordered

mesoporous silica materials such as SBA-15 and MCM-41 [12], a certain plane or

space group (e.g., p6mm) or to a lamellar diffraction pattern, cannot be observed in

MCF silica which confirmed that the cells in the MCF materials are spherical and

quite uniform in size. The appearance of single XRD peak in these samples is well

consistent with a previous report [13].

After functionalisation (Fig 3.11 (b and c)) and immobilization (Fig 3.10b)

in MCF160 there is a decrease in d spacing (Table 3.1) and intensity of the peaks

due to the packing of lipase molecules inside the mesopores without affecting the

structural integrity of the adsorbent. The XRD patterns of MCF160 after

immobilization are similar to that before the immobilization, which shows that the

regular mesoporous structure is retained even after immobilization and

functionalisation. The decrease in peak intensities after enzyme binding and

functionalisation may be due to the surface binding of the enzyme as well as the
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functional groups suggesting the indirect evidence for enzyme incorporation in

these particles. The decrease in intensity is probably not due to lower structural

order but to the larger contrast in density between the silica walls and the empty

pores relative to that between the silica walls and the pores filled with lipase
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Surface functionalized materials exhibit XRD pattems at the low-angle

region, as well. As Sayari [15] also observed, the overall intensity of the XRD

peaks decreased after this treatment. In our study, little structural changing was

observed by post-synthesis treatment. Thus, sample functionalized with APTES

(MHS) shows larger peaks reflecting a smaller ordered pore structure.

X-ray diffractograms of MCF35 are shown in Fig. 3.12 (a) & (b). They

all exhibit low angle reflections characteristic of ordering at the mesoscale.

Broad reflections in the low angle region is characteristic of a mesoporous

lamellar silicate phase [16]. After ealcination (Fig 3.12 b) the silicate phase

displays one reflection with a slight contraction of d-spacing. This suggests that

whilst ordering remains at the mesoscale this ordering is less than that of a

lamellar phase. ln other words, the mesophase becomes more disordered upon

caleination. The increase in d spacing (Table 3.1) after immobilization and

functionalisation probably may be due to the disordering of the pores.
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Due to the immobilization of Porcine pancreatic lipase onto the mesoporous

channels of SBA-15, a similar widening and broadening of the peaks as well as shifi to

higher angle was observed [17]. Retention of the hexagonal mesoporous structure of all

SBA-15 as well as C ,6-MCM4l adsorbents after cytc adsorption at different solution

pHs while decrease in intensity of both the lower and higher order peaks with

increasing cyt c concentration were observed in the work done by Vinu et al. [18].

Table 3.1 d-spacing values of the pure, functionalized and immobilized
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XRD is the usual method for measuring the structure of layered silicates.

The Bragg equation based on XRD pattems is generally used to detect layer

expansion of montmorillonites. The basal distances for total dehydrated clays are

expected to be between 9.6 and 10 A [19, 20, 21].
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Fig 3.14 X-ray diffraction pattems of Fig 3.15 X-ray diffraction patterns of

(a) MK-10 (b) Kl-l0 (a) MK-10 (b) K-10S
(c) K_—l OSG

The parent montmorillonite clay gives a distinct peak around 29 equal to 8.88°,

which corresponds to a basal spacing of 9.95/K (Fig 3.14 (a)). Afier grafting with

3-aminopropyltriethoxysilane and glutaraldehyde, (Fig 3.15 b & c) the d spacing for

the same was 9.97A and 9.9413‘ (Table 3.1). Upon immobilization of lipase

(Fig 3.14 b) there was no change in d-spacing which confirmed that the texture of MK

lO clay is maintained and the modification takes place only at the external surface,

further supported by surface area measurements. Thus, the enzyme did not enter the

interlayer space. Mostly lipase inhabited on the extemal surfaces and at the edges of the

interlayer sheets through hydrogen bonding, Van Der Waals and electrostatic force

interactions with hydrophilic residues of the enzyme. According to the results ofXRD,

PTIR and thermal analysis, it can be concluded that the texture of the montmorillonite

is maintained and the 3-aminopropyltriethoxysilane is only connected with the surface

of ciay. After immobilization of Horseradish peroxidase enzyme on aluminum-pillared

interlayered clay (Al-PILC), no change appeared in the XRD pattem. The rough

dimensions of Horseradish peroxidase were far larger than the basal spacing of the
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support, which made HRP diffuse into the Al-PILC galleries impossible [22]. There

was not much change in the basal spacing when lipase was adsorbed onto modified and

unmodified bentonite [23]. There was not much change in the d spacing after APT ES

functionalisation with palygorskite due to functionalisation only on the external surface

[24]. Naidja and Huang [25] found that large molecules of aspartase (MW 180,000)

were intercalated between the montmorillonite layers and expanded the d-spacing of

Ca-montmorillonite from 14.7 to 26.5 A.

3.5 C H N Analysis

Elemental microanalysis results of the enzymatic prepared systems give an

indication of the presence of nitrogen, with respect to the pure support. In order to

illustrate the superiority of enzyme-support complex obtained from heptane, two

set of experiments in aqueous and in heptane were carried out. The carbon,

hydrogen and nitrogen levels of the support, free lipase and immobilized

derivatives ( in both aqueous and organic medium) are presented in Table 3.2.

The nitrogen content of the various immobilized supports in heptane increases in

the order MCFl60>KI-l0>_MCF35. By comparing the results, the nitrogen

incorporation on the iimnobilized derivative obtained from buffer solution was

much lower than the one measured for the preparation obtained from heptane,

which is in agreement with the catalytic activities.

Table 3.2 Elemental (CHN) analysis data of the samples immobilized
in buffer and heptane

_:;.37.,,.,. . ._ _. __,. , __ __ _ ; -" "—* ‘ ' 0  J“ ***'"""‘ § -7 - " i_ .I;%H i3
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Functionalisation of the mesocellular silica foams (MCFl60 and MCF 35)

was carried out in two different solvents (acetone and toluene) in order to find

the better solvent in which maximum functionalization took place. As expected,

calcined silica has no C, H and N. However, on APTS loading, % of C, % of H

and % of N is observed to increase. On further binding of glutaradehyde to

amino functionalised silica, %C and %N are expected to increase whereas

overall %N is expected to decrease which is evident form the CHN data given

in Table 3.3.

These data show that loading of APTS and glutaraldehyde increases in the

order MCFl6O > K-l0 > MCF35. This data along with FTIR, TG, NMR and

surface area results confirmed the incorporation of the amine and the
glutaraldehyde moieties on to silica and clay. It was confirmed from the CHN

results that acetone was a better solvent for fuctionalization OFMCF-160 since the

% of nitrogen incorporated is much greater in this medium. In the case of MCF-35,

toluene was chosen as the medium for functionalisation from the CHN results. In

the case ofK-10 fimctionalisation was carried out in acetone.

Table 3.3 Elemental (CHN) analysis data of various samples after
functionalisation with APTES and glutaraldehyde

.
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3.6 Nitrogen Adsorption Measurements

Fig. 3.16 shows the N2 adsorption isotherm of MCFl60. The material

exhibits a type IV adsorption isotherm with a type-H1 hysteresis loop, which is the

characteristic of mesoporous material [26]. The isotherms show large hystereses,

which suggests that the MCFS possess ink-bottle-type pores in which large cells are

connected by narrower windows [27]. The nitrogen adsorption/desorption

isotherms exhibited steep hysteresis of type H1 at high relative pressures which is

typical for mesoporous materials that exhibit capillary condensation and

evaporation and have large pore sizes with narrow size distributions. The

as-prepared MCF material has high pore volume and large pore diameter. The

sharp rise at high relative pressures (P/P0 near 1) indicates the existence of large

mesopores in this material. These unique characteristics of MCF demonstrate that it

is a favorable host matrix for immobilization of protein.

To know whether the lipase molecules are adsorbed inside the mesopores

of MCF, the adsorbent was characterized by nitrogen adsorption after lipase

adsorption. Nitrogen adsorption measurements were carried out on samples

immobilized in aqueous (pH-7) (Fig 3.l7b) and organic medium (heptane)

(Fig 3.l7c). The amount of nitrogen adsorbed in MCFl60 loaded with lipase

from n-heptane was higher as compared to those from aqueous medium. There

is a shift in the P/P0 to lower value which shows the encapsulation of enzymes

inside the pore in MCP’s, leading to the occlusion of most pores. Second, the

increasing weight of silica after adsorption of CRL can also reduce the pore

volume and specific surface area. Third, the tight packing of CRL molecules

instead of adsorption in the mesopores may also decrease the pore volume and

specific surface area. The shape of the adsorption isotherm curves for MCFl60

(Figs. 3.2b & c) are very similar before and after encapsulating lipase.

The specific pore volume of MCF 160 after immobilization in n-heptane

decreases from 2.49 to 0.99 while in aqueous medium the pore volume
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decreases from 2.49 to 1.25. There is a much greater decrease in pore diameter

for heptane immobilized samples than the aqueous ones which is evident from

the pore size distribution curves [Fig 3.18 (b) & (c)]. The BJH pore size

distributions of MCF 160 and MHI are relatively narrow. Moreover, the

monotonic decrease of specific surface area and pore volume confirms the tight

packing of the lipase molecule inside the mesopores of MCF l60 silica

(Table 3.3). Table 3.3 summarizes the textural properties of the adsorbents

before and after lipase immobilization in aqueous and organic medium. The

sharp peaks in the pore size distribution plots confirm the narrow size
distributions of both the cells and the windows.

Here, the larger pore size in MCF160 undoubtedly enhanced lipase

physical" adsorption and functionalisation. The nitrogen adsorption/desorption

isotherms as well as the pore size distribution (PSD) of the parent MCF

unambiguously reveal the characteristic three-dimensional mesocellular

structure of the MCF support.
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Fig 3.16 Nitrogen adsorption isotherms Fig 3.17 Nitrogen adsorption isotherms
of (a) MCFI 60, (b) MHI (pl-I-7) of functionalized samples of
(c) MIII (heptane) MCFI 60

After functionalisation (Fig 3.17 (a) & (b)) the shape of the hysteresis

shifted from H1 to a H3. A slight pore disordering takes place due to the strain

arising in the pore channels due to the high content organic groups and such

features are common in mesoporous silicas after organic modifications. These
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features are prominent for MCF like silicas due to the flexibility in the pore

walls and to their typical morphological structure. The capillary nitrogen

condensation was shifted gradually to lower relative pressures, and thus

indicating the diminishing of pores size. The surface area decreases from

595 m2/g to 266 m2/g after glutaraldehyde binding (Table 3.5). The decrease in

surface area and pore volume is not supposed to result from the structure

collapse caused by the immobilization of lipase and the following silylation.

The pore diameter decreases from 161 to 126m2/g for silane binded samples

and to 98m2/g for glutaraldehyde samples. The pore size distribution curves of

the silane and glutaraldehyde samples are shown in Fig 3.19 (b) & (c).

The amount of nitrogen adsorbed decreases markedly in the rod-like

silica (from 687 cm3 g-1 to 472 cm3 g-~11) and the vesicle-like silica (from

lQ28 cm3 g-1 to 703 ems g--') upon CRL adsorption [28]. Similar results have

been reported for the adsorption of lysozyme and cytochrome c onto MCM~4l

and SBA-15 [18, 29].

._o.o12l . 5 -9  if WT6- _\ P, _- y <_ 0.025-,. i ‘ 21

m’1g A
PO
-DOL

" 5

3

it ‘T , . J .¢ M V 020 (C).

'5
Mu-'

Ine CIT]P §Zi

2.

uv . I_ ‘ I ~

ITIQO
P
§

-;ll -5+1
l

P
8
UT

vou

f ll 1' 9'
0.000 i '. "4l_ '__l—k'- I ' I ' IT" ll 0  i H  " - _0 100 200 300 400 500 GOO 700 800 9001000 ‘ 0 '  79'  '  '  '

Pore diameter“ IA°l

Fig 3.18 Pore size distribution of Fig 3.19 Pore size distribution of
(a) MCFl6O (b) MHI (pH-7) (a) MCFl60 (b) MHS
(c) MHI (heptane (c) MHSG

FBVOLIdff P0P P§ §__ ~.- L-»

“I
/"' 9

d'ff. Pore° PO
_-8

9’

-9'

Pore diameter [A°)

The N2 adsorption/desorption isotherms curves of MCF 35 are shown in

Fig. 3.20 & 3.21). The MCF35 materials prepared via room temperature method

exhibits a nitrogen adsorption isotherm of type IV with a hysteresis in the region of

0.4 < p/pg < l, which is a direct evidence of the presence of mesopores. MCF35
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exhibited a weak hysteresis indicating a small mesopores. The meso cellular foams

exhibit H2 hysteresis. Type H2 hysteresis is attributed to a difference between the

condensation and evaporation processes occurring in pores with narrow necks and

wide bodies (“ink-bottle” pores). This is consistent with the previous report [30] on

meso-cellular foams formed with windows and cells. After two step functionalization

[Fig 3.21 (a) & (b)] the material gets completely distorted due to the less stability of

the room temperature synthesized sample and thus the insertion of high content of

organic groups inside the pore channels can meaningfully distort its pore structure.

The mesoporosity is gradually getting reduced due to the functionalisation step.

Thus, the materials synthesized under room temperature conditions were not stable

enough for functionalisation while the mesocellular silica foams synthesized

hydrothermally are stable enough for further modification. As a large number of

silanol groups are present on MCF35 compared to MCFl6O a higher degree of

functionalisation takes place on MCF35. But due to the instability of the material

disordered rnesostnictures are obtained. The surface area decreases from 914m2/ g to

506 m2/ g afier immobilization of lipase in heptane while the surface area of aldehyde

functionalized sample decreases from 914 to I48 m2/g (Table 3.5).
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MCF 35 presented a wider pore size distribution (Fig 3.22 a) with a lower pore

volume due to its more disordered nature compared to MFl60. The physical

adsorption of lipase in MCF35 did not significantly change the main pore size, which

remained around 34/X [Fig 3.22 (a) and (b)]. Nonetheless, the surface area of lipase

loaded MCF 35 decreased from 914 to 512 mg/g for heptanc immobilized sample and

514 m2/ g for pH-7 immobilized sample. The maintenance of the pore size in MCF35

suggests that lipase molecules should mainly occupy the external surface of the
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The pore size distribution shifts to higher value after functionalisation with

silane and glutaraldehyde (Fig 3.23 (a) and (b)) which clearly shows that the walls of

MCF35 are very thin and hence gets easily disrupted to form larger pores. This

observation is also supported by XRD studies in which an increase in d spacing is

observed. Table 3.5 summarizes the textural properties of pure silica and the

functionalized samples.

Table 3.5 Textural parameters of firnctionalized samples
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Natural smectite clays display type IV isotherms with a H3 or H4 hysteresis loops.

There is neither a high uptake at high P/P9 values nor a definitive mesoporous region.

The pore size distribution is shifted to smaller pore sizes, and indeed the assignment of

aggregmtes of platelet like paiticles giving rise to slit shaped pores applies to smectites.

The phenomenon arises due to the complexity ofcapiilary condensation in pore networks

with pore blocking eiiects. H4 hysteresis loops arise in systems containing microporous

slit shaped pores. Fig. 3.24 (a) & (b) shows the N2 adsc-iption/desorption isotherms of

parent montmonllonite and the immobilized sample. The steep increase in adsorbed

voiume at low partial pressure is attributed to microporous (pore radius ~10 A)

condensation, while the hysteresis occurring at high partial pressures is attributed to the

mesoporous structures (pore radius of 18-200 A ) [31].
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Fig 3.24 Nitrogen adsorption isotherms of Fig 3.25 Nitrogen adsorption isotherms ol
(a) MK-I0 (b) Kl-10 (heptane) (a) K-I0 (b) K-IOS (c) K-l0 SC

Adsorption isotherm of montmorillonite K-l0 clay belongs to the type ll

in the Brunaucr. Deming, Deming and Teller (Bl)l)'l') classification |32|,

characteristic of nitrogen adsorption on macroporous adsorbents (with less or

no porosity). Furthermore, the hysteresis loops of these isotherms are assigned

to type ls-I4 in the IUPAC classification [33], which is representative of the slit

shaped pores in layered materials. The pore size curves Fig 3.26 (a) shows a

wide pore size distribution.

After adsorption of lipase in heptane the amount of N; adsorbed

decreases while there is not much change in the P/P0 value as shown in the Fig

3.24 (b), which shows that the adsorption is entirely external and no

intercalation is taking place in the clay which is evident form the XRD results.

The surface area of pure montmorillonte K-10 is 246mg/g which decreases to

73 m2/g (Table 3.5) after lipase adsorption while there is not much shift in the

pore size distribution curves (Fig 3.26 (b)). The results of the textural

characterization for the Kl0 clay are similar to those reported in the literature.

Kawi and Yao [34] obtained a surface area of I97 m3/g for this clay. The

K-I0 clay has a low microporosity.

Afier functionalisation with silane and glutaraldehyde, the surface area decreases

from 246 to l33m:/g with no appreciable decrease in the pore diameter and pore volume.
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The !X're size distributions of the pure clay and the functionalized samples are 

shown in Fig 3.27 (a) and (b). There is no intercalation taking place u!X'n 

functionalisation which depicts that the binding of organic groups is entirely external. 

3.7 Transmission electron microscopy 

TEM image (Fig. 3.28) of MCF 35 sample reveals a disordered array of silica 

struts comprising of unifonnly sized spherical cells (20-34 nm) interconnected by 

windows with a narrow size distribution. which is characteristic structural feature of the 

MCF materials. The strut-like structure resembles that of aerogels [30. 35]. TEM 

images of this material exhibited disordered meso!X'res with wonnhole like structure. 

Uni fonnly sized cellular pores is evident from the TEM image. 

Fig 3.28 Transmission electron micrographs of MCF 35 at two different 
magnifications 

Transmission electron micrographs ofMCFI60 are shown in Fig. 3.29.11 can be 

easily seen that the hydrothennally synthesized MCF catalysts present the typical 

three-dimensional and ullra.large pore structures of the pure MCFs. 
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Fig 3.29 Transmiss ion electron micrographs of MCF 160 at two different 
magnifications 

The TEM image illustrates that MCF has a three dimensional mesocellular 

arrangement of the MCF frameworks. Mesopore cells in the sample could be 

observed from the image. 

3.8 Scanning Electron Microscopy 

Since an enzyme is a highly polymeric material. immobili zation on a so lid 

matrix can change the morphology . 

Fig 3.30 Scanning electron micrographs of MCFI60 
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Fig 3.31 Scanning electron micrographs ofMCF35 

Fig 3.32 Scanning electron micrographs of K·I 0 
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Fig. 3.30 and 3.3lshows the SEM images of MCFs prepared via hydrothermal

route and room temperature method. MCFs appear to be bigger particles due to

aggregation. The MCFs exhibit cauliflower-type morphology. After immobilization

(MH1, MTI), the surface was filled by the rounded structure, which is presumably protein

aggregates. Similar enzyme aggregrates of chymotrypsin were also observed on

polystyrene/polystyrenecomaleic anhydride) NFM after covalent binding [36]. After

functionalisation with glutaraldehyde the particles appear to be bigger due to aggregation.

The morphologies of montmorillonite K-10 are displayed in SEM photographs

(Figure 3.32). Generally, both morphologies shown were uniformly layered structures

with a flaky aspect on a smooth surface. The appearance of boulder like structures may

be due to the presence of enzyme and an increase in particle size after immobilization

is observed. A slight porous nature is observed alter functionalization with

glutaraldehyde. The polyhedral particles of KIT-6 samples lost their individual nature

after lipase immobilization due to aggregration into larger entities [37].

3.9 CPMAS Nuclear magnetic resonance spectroscopy

The "st MAS spectrum of the parent MCF 160 (Fig 3.33) exhibits two broad

resonances at -112.3 ppm for a Q4 environment and at -102.6 ppm for a Q3 enviromnent

together with a shoulder at -93.1 ppm ascribable to Q2 species. Alter immobilization of

lipase (MHI), the intensity of Q2 and Q3 sites decreased (Pi g 3.33). The Q3 peak shifted to

-l04.lppm which showed that the enzyme is interacting with Q3 and Q2 sites than Q4.

From specific surface area and 29Si NMR data, the presence of interactions between the

enzyme and the silica network is evident. The solid-state 29Si CP-MAS NMR spectra of

MCF 35 silica showed two chemical shifts at d = -102.5 (Q3), and -92.5 (Q2) ppm due to

the different surroundings (Fig 3.34). There was no Q4 peak detected which means that

there are decreased crosslinked silanol groups or else due to the increased content of non

condensed silanol groups. The explanation is that Q2+Q3/Q4 ratio of the unclacined form

of MCF 35 is 0.09 and it is 1.31 for MCF’s. Upon calcinations this ratio remains the same

in the case of MCF 35 but it decreases to 0.39 for MCF’s. Hence the walls of the MCF’s
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are more strained due to the transformation of Q3 to Q4 by calcination which accounts for

the lower stability of MCF 35.

After functionalisation with aminopropyl tiiethoxysilane (APT ES), MHS

showed a distinctive chemical shift at d =-65 ppm (T3), which was attributed to

APTES grafted on the MCF silica (Fig 3.33). The peak intensity ratio of Q3/Q4 for

MCF 160 silica was higher than that for MAS and Q2 peak observed in the MCF

silica undergoes a shift from -92 to -85ppm. A decrease in intensity of the Q2 peak is

observed. These results indicate that hydroxyl groups of MCF silica reacted with

APTES by covalent bonding. In the case of MTS, in addition to the peaks at

-I Olppm (Q3) and -1 1 lppm (Q4) due to the (Si-O); -SiOH and (Si-O)‘; Si moieties of

silica surface, there Zlpp€£1I‘S two peaks at -59 and -67ppm identified with the silane

silicons that have two Si-O-Si attachments to the silica surface (or to other silicons)

and R-Si slicons with three Si-O-Si linkages [Fig 3.34 (b)]. The presence o1"29Si

peaks due to the specified types of silane silicons attached indicates the grafting of

silane on the surface of silica. The peaks at -6Oppm and -67 ppm are attributed to T2

[R-Si )OSi)2-OH] and T3 silicons [ R-Si (OSi)3].
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The "c NMR spectmm of MHS showed three chemical shifts at

d = 9 (Cl), 24 (C2), and 43 (C3) ppm, while MCF silica exhibited no resonance

peak (Fig 3.38 (b)). The three resonance peaks observed in the MHS were

attributed to different carbon atoms (Cl, C2, and C3) in the APTES. This result

indicates that aminopropyl functional groups were successfully grafted on the

MCF silica. In the case of MTS also, 29 Si NMR gave characteristic peaks due

to the three type of C atoms of APTES at Cl (l0.4ppm), C2 (21.7ppm) and C3

. T‘ a98 \_
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(42.3ppm), which confirmed the grafting of silane onto MCF35 silica. After

immobilization (MAI) (Fig 3.38 (a)) peaks due to CH; groups, C-N bond,

aromatic C, amide and carboxylic acid groups of various amino acids in

enzyme appeared in the spectrum which gives further support for the

information obtained from IR, TG, surface area and CHN results. After binding

with glutaraldehyde (Fig 3.4] (a)(MHG), peaks due to alkane C atom attached

to imine appears at 8, 22, 42, 66, 73 and 145 ppm. The peak due to the imine

groups formed between enzyme and glutaraldehyde appears at 175 ppm and the

aldehydic carbon of glutaraldehyde appears at 214 ppm.

In the case of lipase binded covalently to the functionalized samples

(MHGE) (Fig 3.41 (b)), the BC spectra gives peaks due to alkane C of lysine in

enzyme at 10, 11.8, 40.7 ppm. Peaks due to C-O and C-N groups present in

tyrosine and cysteine appears at 61 and 72 ppm. Aromatic C atoms in tyrosine

appear at 99 ppm. The imine group formed between the enzyme and aldehyde

appears at 174 ppm and also the peaks due to the carboxylic acid groups in

cysteine and lysine appears at 180 ppm.

Clays are aluminosilicates and hence there is ample scope for NMR

analysis due to the presence of two NMR nuelei- 27Al and 29Si. Changes in the

chemical shift environment of Al can be easily visualized with the help of

HA1 NMR. This technique is of particular interest in studying octahedral and

tetrahedral sites in the Al framework and so can be easily applied for the study

of enzyme immobilization on montmorillonite.

”A1 NMR spectra of Montmorillonite K-10 clay (Fig 3.36) showed two

resonances around 0 and 63ppm representing Al in octahedral and tetrahedral

coordination [38, 39, 40]. The 27A} of K-10S (Fig 3.37) appears much broader,

due to the tight binding of organic moieties with the surface of clay. The

octahedral resonance undergoes a shift from Oppm to Zppm and the tetrahedral

resonance undergoes a similar shift from 63.8ppm to 73.2ppm. The§_t=:_shifts



QFQPW-3    _  _ it
confirmed that both the octahedral and tetrahedral sites are involved in binding

with silane.

The “st MAS NMR spectra of montmorillonite K-10 (Figure 3-35 (a))

show a broad resonance line showing several shoulders. This line is centered at

-103 ppm, but ranges from -90 to -113 ppm. This is the chemical shift region

characteristic of Si atoms surrounded by zero, one, two, three, and four

Al atoms. For 29 Si NMR, two peaks originate at ~93 and -103 ppm that is

assigned to Si in Q3 and Q4 states respectively. Additional peaks due to the

presence of APTES were observed at -63ppm due to the T2 species (Fig 3.35

(b). The Q3 peak disappeared after silanisation which means that the isolating

groups are interacting with clay surface. The Q4 intensity increases after

silanisation which may be due to the interaction of silane groups of APTES.

After glutaraldehyde binding the intensity of the peaks decreased with not

much change in the peak position.

Incorporation of silane groups onto clay was confirmed by the presence

of peaks at 10.7, 22.6, 43ppm in the BC NMR spectrum of K-IOS
(Fig 3.40 (a)). The incorporation of glutaraldehyde (K-IOSG) is evident from

the peak at l65ppm and l45ppm due to the imine and C attached to CH=N

group [Fig 3.40 (b)].

3.10 Contact angle measurements

Proteins adsorbed to solid surfaces alter the original interfacial properties

[41, 42]. To show that the modified supports are hydrophobic in nature, we have

carried out the contact angle measurement with the unmodified and modified

surfaces at room temperature (25°C).
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Fig 3.42 ('onl<11.:1 angle photographs of functionalised samples of M('F35 

Fig 3.43 Contact angle: photographs of functionaliscd sampks of MCF 160 
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Fig. 3.42, 3.43 and 3.44 shows the contact angle of the functionalized 

surfaces of all the supports. The contact angles of pure supports MCF·160, 

MCF·35, KI·10 as well as the adsorbed ones remained 0° ( water drops spread 

instantly when placed on the surface of the substrate ) indicating that the surfaces 

are hydrophilic in nature. This is due to the hydroxyl groups of the different 

supports that make it superhydrophilic. 

K-IOS (46') K-IOSG (58') 

K-IOSGE (45') I 

Fig 3.44 Contact angle photographs of the functionalised samples of K·1O 

The contact angle of MCF·] 60 increases from 64° to 85° after glutaraldehyde 

treatment. Adsorption occurring via favorable electrostatic attraction would orient 

hydrophobic regions of the molecule away from the surface. Indeed, the presence 

of these hydrophobic domains leads to a higher water contact angle than that 

measured on bare hydrophilic surfaces (42J. The same increase in pattern of the 

contact angle values was observed for MTS (40°) to MTSG (61 °) and also in the 

case of K·]OS (46°) to K·IOSG (58°). The increase in the contact angle [43) 
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indicated an increase in the hydrophobicity of the chemically modified surfaces

and also the S11CC6SSfill incorporation of the amine and glutaraldehyde moieties on

to the surface. The lower contact angle of MCF-35G compared to other supports

features its wettability nature and results in lower immobilization.

Table 3.6 Contact angles of the pure, immobilized and functionalized samples
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The higher contact angle of MHSG signifies the relative hydrophobic

surface with respect to MTSG and K-1OG.The surface modification of carriers

resulted in the variation of the contact angle (Table 3.5). From the static contact

angle measurements, the water contact angle of the modified MHSG is about 85°

and value decreased to 55° after lipase immobilization, indicating that surface

immobilization has changed the surface property of the support to a more

hydrophilic one which will be beneficial for carrying out the hydrolysis reaction.

The surfaces became more hydrophilic after lipase adsorption in the case of

MTSG and K-10G. The order of hydrophilicity being is MTSG>Ml-ISG >K-IOG

which is also a proof for the higher amount of lipase adsorption. But probably

due to the tight packing of enzyme molecules and also the steric hindrances
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imparted by the organic groups, only on the surface rather than inside the pores

the activity is much less than the other covalently bound immobilized systems in

nonaqueous medium which favors a hydrophobic surface.

Yang et al. [44] used contact angle methods to measure the change in

hydrophilic-hydrophobic balance exhibited by a number of different materials

following adsorption of protein. They found that adsorption of protein rendered

hydrophilic surfaces more hydrophobic and hydrophobic surfaces more

hydrophilic.

3.11 Conclusions

Mesocellular silica foams were successfully prepared via hydrothermal route

and via room temperature. The resulting caniers were evaluated for the

immobilization of Candida rugosa lipase via adsorption and chemical bonding.

Various physico chemical characterization techniques were employed for the

characterization of the pure silica supports and clay and also for the study of

functionalized as well as immobilized samples. The important conclusions from the

characterization studies are:

' Mesocellular silica foams were synthesized by oil-in-water microemulsion

templating route and were functionalized with silane and glutaraldehyde.

" The experimental results from IR spectroscopy and elemental analysis

demonstrated the presence of immobilized lipase and also
functionalisation with silane and glutaraldehyde on the supports.

" A slight broadening and lowering of dspacing values after
immobilization and modification was observed in the case of

MCFl60 and MCF35 but there was no change in the d-spacing in the

case of K-10 which showed that the enzymes are adsorbed only on the

external surface.

' The surface area, pore diameter and pore volume decreased drastically in

the case of MCFl6O due to the incorporation of the organic groups into
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the mesopores. In the case of MCF35 a disordered nature was observed

while in the case of K-10 there was only a decrease in the amount of

nitrogen adsorbed alter functionalisation without any change in pore

diameter revealing that the functionalisation took place on the extemal

surface in conformity with the XRD results.

I The thermal stability of the systems improved after immobilization and

functionalisation when compared to the pure supports.

' SEM micrographs showed aggreration due to protein immobilization.

' TEM micrographs revealed the mesocellular structure of silica foams.

' 29Si NMR of K-10 clay shows broadening after functionalisation which

shows the strain imparted by the organic groups.

" 29Si NMR and BC studies revealed the incorporation of the organic

groups onto the supports which was further confirmed from the

CHN results. There was an increase in contact angle with surface

functionalisation in all the supports which can be correlated with the

increased activity observed for the covalently bound systems. These

studies illustrated that hydrophobicity could explain the difference

of enzyme activity of the functionalized samples.
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4.1 Use of Lipases in the Industrial production of esters

The use of lipases for a variety of biotechnological applications is rapidly

and steadily increasing. The use of immobilized enzymes, in particular lipases, in

organic media rather than aqueous media has several advantages, such as the shift

in thermodynamic equilibria in favor of the product over the hydrolysis reaction,

increased solubility of nonpolar substrate, elimination of side reactions, ease of

enzyme and product recovery, and increased enzyme thermostability [1, 2]. The

lipases are specific towards the ester bond and hence the formation of undesirable

by-products is eliminated [3]. i
Although ester synthesis can be done chemically with acid or base catalysis, the

use of enzyme technology offers the advantages of mild conditions, reduced side

reactions, and specificity. Short-chain esters are compounds with a great application

mainly in food and cosmetic industries. The use of homogeneous chemical catalysts

leads to several problems such as corrosion of equipment, hazards of handling of the

corrosive acids which are not reused, neutralisation ofthe resulting reaction mass leading

to generation of large quantities of dilute dissolved salts, loss of conversion, yield and

selectivity. Esters of short-chain fatty acids and alcohols are extremely important aroma

compounds, which serve as precursors and/or additives for a variety of perfumes and

flavours, pharmaceuticals, agrochemicals, plasticizers and also as solvents. Currently

most of the flavour and fragrance components are produced by traditional methods which

include chemical synthesis and extraction from natural sources [3]. Heterogeneous

catalysts such as zeolites and other acid treated metal oxides, acid treated clays, cation

exchange resins, etc. are exploited to develop green processes.

Butyl isobutyrate is one such important ester [4,5] used as a modifier or

fixative in flavour industry. Isobutyric acid has a very bad smell but when it is

converted in an ester, it possess a fruity odour. Butyl isobutyrate is used as

reminiscent of apple, banana and pineapple flavour. It is occasionally used as a fruity

modifier in lipstick perfumes, in flavour compositions for imitation apple, apricot,
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banana, butter, cherry, ginger, etc [6, 7]. The chemical method for synthesis of butyl

isobutyrate generally encounters the use of excess quantity of n-butanol over

isobutyric acid and a mineral acid catalyst requiring high temperature and corrosive

conditions [7]. Oteral et al. have claimed the synthesis of butyl isobutyrate in

presence of distannoxane as catalysts [8]. The use of enzymes to catalyse such

reactions has become relatively popular because enzymes offer high catalytic

elficiency, specificity and selectivity, which result in the development of purer and

unique product [5]. The reaction is represented by the following equation:

O
O

H+ /\/\OH ____,_/\/U\O/\h +H2OHO

lsobutyric acid n-butanol Butylisobutyrate

For flavour applications, it is desirable to use milder conditions and thus there is

a tremendous incentive to apply bio-catalysis for the synthesis of butyl isobutyrate by

using immobilised enzymes, which would lead to a clean and green process. Therefore,

on account of its hydrolytic and synthetic activities, it is becoming increasingly useful

for chemical and pharmaceutical industries involving hydrolysis of oil and fats, esters

[9], synthesis of fatty acid esters as cosmetic ingredients [10], flavor esters [l l, 12],

amino acid esters [l 3], biodiesel [14, 15].

4.2 Factors affecting lipase-mediated esterification
4.2.1 Nature of Substrate

Steric hindrance (branching, unsaturation and chain length) and electronic

effects of the substrates are the two major factors that determine selectivity. In

esterification reactions, many lipases display high selectivity for long and

medium chain fatty acids rather than short chain or branched ones [16]. Substrate

molar ratio plays an important role in the esterification reaction. The latter can be

improved by increasing the amount of either alcohol or acid present but in most

cases alcohols may be inhibitory and acids may cause acidification of the

microaqueous interface resulting in inactivation of lipases [17].
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4.2.2 Nature of Solvent

When enzymes are directly dispersed in organic solvents they exhibit remarkable

changes in their properties. Differences in enzyme activity in different solvents could be

due to variable degrees of enzyme hydration imposed by the solvents rather than a direct

effect on the enzyme or substrate. Laane et al. [18] quantified solvent polarity on the

basis of log P values. The log P value of a solvent is defined as the logarithm of the

partition coefiicient of the solvent in an n-octanol/water two-phase system. Generally,

biocatalysis is low in solvents of log P<2, is moderate in solvents with a log P value

between 2 and 4 and high in non-polar solvents of log P>4. Hence, polar solvents may

remove the essential water from the enzyme and disrupt the active confnmation [19].

Solvents of log P>2 dissolve to a lesser degree in water, leaving the enzyme suitably

hydrated in its active conformation and hence are able to support product synthesis [20].

4.2.3 Role of Water in Lipase-mediated Catalysis

Water plays a crucial role in the reversible reaction catalysed by lipase [21].

While a critical amount of water is necessary for maintaining the active conformation of

the enzyme, excess water facilitates hydrolysis [22]. Bound water is very important in

stabilizing the confomiation ofa lipase in nonaqueous media.

4.3 Use of lipases in organic synthesis: Esterification processes

The P.s'eud0m0na.s' cepacia lipase (PS-30) immobilized on a phyllosilicate sol

gel matrix was found to be more active than the lipases of Candida zmtarctica and

Thermomyces lanuginosa immobilized on granulated silica. Thermomyces

lanuginosa and Pseudomonas cepacia lipases immobilized on a phyllosilicate sol-gel

matrix were shown to catalyse ester formation (80—90% yield) from greases

containing a range of free fatty acids from 2.6 to 36% [23]. The choice of support

seems to influence the methanolysis of triolein in n-hexane. Pseudomonas

fluorescens lipase was significantly more active when immobilized on polypropylene

EP 100 compared to celite. A conversion of 72.4% was achieved in the fonner case

but only l-5% in the latter [24]. lt should be pointed out that these two supports have
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very different morphological features in terms of surface area, pore size distribution

and chemical nature. CRL immobilised on Accurel with smaller particles and smaller

pore diameters gave higher enantiomeric ratio in the esterification of racemic

2-methylhexanoic acid with l-decanol in organic solvent at a constant water activity

(aw) of 0.76 [25]. In the work done by Dave et al. a ten time increase in thermal

stability was found upon immobilization of Candida rugosa lipase was immobilized

in the polymer of polyvinyl alcohol (PVA), alginate and boric acid. The beads

showed nearly complete retention of activity in reuse upto 10 cycles and also higher

esterification ability as compared to its free counterpart [26].

Although several publications have appeared on enzyme catalyzed reactions in

non-aqueous media, there is a dearth of quantitative information on kinetics and

modeling of some of the industrially relevant reactions. The aim of this work was to

conduct a kinetic study of the enzyme synthesis of butyl isobutyrate in n-hexane by

using immobilised lipases on mesoporous silica and clays with the mechanism of the

reaction. Mesocellular siliceous foams as well as clays were employed as supports for

the immobilization of lipases via physical adsorption and covalent bonding. The

present work also includes the screening of various immobilized lipases and

optimization of reaction conditions such as catalyst loading, effect of mole ratio and

temperature. Degrees of immobilization in aqueous and organic medium and catalytic

properties of immobilized lipases were investigated. Among different lipases,

MCFl60G was found to be the best catalyst with 100% conversion in 7 h at 30°C. The

kinetic data appeared to proceed via a Ping Pong bi-bi mechanism with l-butanol

inhibition. The aim of the present work was to produce an immobilized form of

Candida mgosa lipase with advantageous catalytic properties and stability.

4.4 (a) Experimental procedure

The synthesis of butyl isobutyrate was carried out according to the procedure

carried out by Yadav et al. [27]. A typical reaction mixture consisted of 0.01 mol of

n-butanol and 0.01 mol isobutyric acid diluted up to the volume of 15 ml with heptane

as a solvent. The reaction mixture was agitated at 30°C for 15 min and the required
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amount of enzyme was then added to initiate the reaction. Samples were withdrawn

periodically and analysed by using gas chromatography (GC).

Analytical method

The analysis was performed on a Chemito Gas Chromatograph equipped

with flame ionisation detector. A 2m ><3.2mm_ stainless steel column packed with

10% SE-30 on chromosorb W was used for the analysis. Quantification of data was

done by calibration with standard samples. The unit of enzyme activity is defined

as umol of isobutyric acid consumed (in an esterification reaction with butyl

alcohol) per min per mg of the enzyme [28]:

0 X
Specific enzymatic activity (mmol converted acid /h.g) E (Nml X( 3°)‘

t>< W0

where (Nr/Q0 is the initial minol of acid (mmol of isobutyric acid); (Xm, ), is

the conversion of isobutyric acid at time t (in hours); and w0_ is the total biocatalyst

mass (g). Total biocatalyst mass is the support plus the adsorbed CRL in the case of

immobilized lipase and mass of lipase when CRL is used. The yield per gram of

N ° X
the biocatalysts (rnmol converted acid/g) E (~F") X( 3°)‘

W0

4.5 Physicochemical characterization of the free and the immobilized
biocatalyst

4.5.1 Effect of immobilization medium

Microbial lipase from Candida rugosa immobilised by physical adsorption

onto six different supports via two different coupling media were evaluated:

aqueous solution (sodium phosphate buffer) and organic solvent (heptane). The

choice of the immobilisation medium had a large effect on the synthetic lipase

activities as well as on the immobilized ones. The reaction medium is believed to

govern both, the conformation of protein and the relative reactivity of their

functional groups, thus influencing the immobilization pattern. Table 4.1 highlights

the activity parameters as well as the bound protein of the immobilizates in

aqueous and organic medium.
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The role of the coupling media was investigated in terms of the coupling

yield and esterification activity of the bound lipases. The qualitative evaluation of

he immobilization procedure was carried out by carbon, hydrogen and nitrogen

zontents of the free enzyme, support and immobilised lipase derivatives in buffer

and heptane as coupling media, the results of which confinned the higher

incorporation of enzyme in organic medium. According to our data, the

immobilised lipases prepared from heptane were highly superior to the

zorresponding preparation in buffer. This may be explained by the conformation of

the enzyme molecule which changes according to the medium polarity.

Sample "

I509 V

Medium -.p_1fotei_n  yield

1%
O

=\\|/

/'\
Q

¢$\w/

Table 4.1 Activity parameters of the immobilizates, ‘ 1  1  _ . _ g
i
E

5

F

§

1

In1m0bilizati0nIi *B°‘l“d §C°“p““g is E1st‘*'ill°.“.‘1i° 5 . i
activity .;(mmol/g)i(mm!/hg)  6 9 .

....._'._.'-.;..}.._'

. ..

Yield 0 1

. 7 .

.9-“I ..-i.‘-T»,
l

Free enzyme;

5

i
,__,.,,,_,,_ ,, ..,. ...... ...,_..,..,....._~.............

R~1n1.

t...lS.l.."}.9mi
:fR9667

L

~,.»...~,..~..,

::E§99§[

3

-J’

>

....,>~,.._.... .....:........

a
)
I

I.

3

7

i

s
- \

l

5

s
.

I

5

K

Z

.......... . .......,.._,_.....,,,..,,,-._,,,._,.,,.,_.,,..,..

buffer

buffer
,_,.,.,_ _....,..,. ... -... ‘......-~......~.~.....

-.-.-*3.§.P.E9"<=

...-.buf€a...__
»~»~\-

6-.~..~

4 _ vs
1.................,,.,,.,.,........... ....|..| -...-I--6-1-~-6-------~--»-----------------------  . - -   .‘ .
51.3; 69.9

1
»

4

1

K

2

5
>

i

i

Z

..-‘-1...

72.3  80.4

._-_1__..

o\
5*’
\1

\1
9‘
DJ

heptane..--..M.,-»“-~..------.1-u--u--__._._._,.~. ...-..».

buffer

iIi#aéa§l§§Ifljaé9fif.99@§

hcptane
................._.-.-.- --..--...-i----.9-.-....-v----------- --

heptane

81.6  84.5

__
oo
E”
oo

0
P’
l\>

.nn.~n~u.~¢~n»vp----p.,-._- -- --....... .-l.-..a@-¢~~\»\ona ~-nu-1 I ------ -

¥ 735  806
85.3  89.8

1

5

_.4_i..... ~.§.~..i i
; EI ii E
E -I Qi :1
i E I

75.6  82.8
1- Safl 9 917

_..........,. ...,--~~..~....,.-....“ \IA c.- -. -/---~--~-~-~-- /--A

;—_—;—;-_— ~.—_—.—_—_—.—_ .—.—_  _'.-.'_'_-; “M \ .. ,.- - _ -. - - 0 .. . . \ --“M »- v.»~\-,-.~.- , W -\ ,- \ --.,

i 591
Z

<

4,,,,_,._,,,.,...,.,,~,..,,.....,. .....-.- .---1.-.
<

i

_»-»A~-..~\-H-~,~» 9,.
i
i
E

i

,__.
!

~\.~wT.~ ,-~.v-.

.,..,.,

<

Z

é

4"

é...

i

I
<

4

5

2

9-.2?
0.980.42 i i
1.5

»._.-.... ..... an‘ -._.--—-—-i-

5.5

_...,....   . .. ..---..-------~~.~---

13.2 l3 I
-..... ......-W,-.~.-...,...,~-.-, ~ - -- -----;

6.86 @,_,.,,_.,“.,,“,__.. ._.,-~.,._».~.~'....~»--Iawtwwt-.,

"T i 10.4|
. .......... ,.-.~.»..-A--.-.--6----_-... ............. ..

i

__,_,___,_,,.__,,______,. 5,__,_, ,,, .
I

537.. ‘
39.1 13 .
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MCF silica (hydrothermal), RGM¢F- lipase covalently bound to MCF silica (room

temperature), K-10G- lipase covalently bounded to clay.
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Whereas in buffer solution the enzyme tends to fold so that the more hydrophilic

amino acids become exposed to the coupling solution. In a medium of low polarity the

enzyme should attain a different conformation with the more hydrophobic amino acids

at the surface. Thus it appears that besides the support hydrophobicity, the use of a

solvent which has low polarity (heptane, log. P=4.0) was able to create around the

enzyme a specific microenvironment that might enhance its activity.

The amount of protein adsorbed on each support in aqueous medium was

in the range of 51 to 88% while it was 72 to 92% in the case of heptane

immobilized systems. The best result with respect to protein (93%) and

coupling yield (96%) recovered after immobilization was obtained with HGM(]F

in the case of covalently bound system while it was HMCF in the case of

adsorbed systems. Higher amount of protein adsorbed of 88.4% on MCF 160

was due to the larger surface area and pore diameter as compared to only 72.3%

of protein adsorbed on Rm--F. It is common to compare the esterification activity

for an immobilised enzyme, to that for the hydrolytic activity. The enzyme

activity per mg enzyme was different in each case. Smaller pore sizes restrict

mass transfer and pore penetration of the protein, which limit the protein

interaction with the total surface area of the RMCF silica. In addition for ‘a

successful immobilization by adsorption, an electrostatic interaction is needed

between the enzyme and support. The coupling yield, esterification activity and

yield was higher in the case of heptane immobilized samples with HGMCF

showing the highest among the covalently bound ones and HMCF in the case of

adsorbed systems. The effect of pore size was noted on the esterification

activity that significantly increased for support having larger pores. Free

enzyme gave a yield of 91% while RMCF gave the lowest yield per gram of the

biocatalyst among the immobilized supports.

4.5.2 Effect of various catalyst on esterificafion

Various catalysts were tested were for the determination of activity of the

synthetic reaction (Table 4.2). The highest conversion was obtained using HGM(flJ while
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among adsorbed systems RMCF led to poor conversions (44%) in 7h at 30°C. The lipase

molecules may generally be immobilized on- the surface and within the support as the

protein molecules of lipase replacing the molecules of water in the case of HMCF.

Table 4.2 Butanol conversion with respect to the various catalysts--  4. . . f _ ,  """* *—*- ‘*i—* e
A “ " _Carrier  _ i Conversi0.n_(°/ii) after 7h AHmrfr  58

»_ ~%*_*_w““_.,wot----- -----.~»...--...\..--..-.-~~-..~...._..,.-.-.-.1.-.~......,.~..~...-...-....-..t..-.. - .. ._- _..-.~.~»~~.~.tn.--_-..----.--,__.,.._-..-1-..----.-..-.--.-. -_--»- ~-.---------~.------ ----- ~.| 5‘ 2 l‘ 1i RMCF * 44 *I
F-.i__.-._.i.....-....,~-...-.._......._ ................... .._._...... _____ .-._.-..-..--...- ---- ---._.........-_........... .................................................... .~.-_...- -.......--..- ------ -.._......._._.. ..................... ...._ ...... _..;.....--.---..... Kl-10 .

-l>
O0

ii HGMCF  99 I_|
i--__.b_-_-i—;—_—;—_—;—_—;r;—-————_—;_________;='_j __ _ __  __ ,1, _ __ .i.,_.___..._....~_-.-.-...»..-v.».M~_..~\w.-in-A;-.7,_____  __ __ _ m';';'_-_>_-.-__:_>===—;—;—-¢r:—:;—_~_T:____________________ __ _ __ .
IMCF -‘ 9 I ‘' I._.___.._...._............_...-...-s....-..._...--.-._ ..... ._...___......................,..~.._............_-.,,-...~. .................. ._.-._-........._..........-.....-.c-....._.-_-.._.__.....................i K-10G  98

It is clear that hydrophobic interaction between enzyme and the support

makes enzyme more efficient probably by adoption of a more favourable

catalytic active site. Higher values obtained for the covalently bound systems

during the catalytic reaction indicate the hydrophobicity as a key factor of

lipase activity. Immobilization of lipase, especially onto hydrophobized

supports, increases the catalytic efficiency of lipase. Similar results were

obtained by Dumitriu et cal. for CALB lipase immobilized oniMCM-36

micro-mesoporous material [29]. The activity of the immobilized enzyme was

better than that for the free CALB.

4.5.3 Effect of solvents

Enzyme activity and stability are known to be a function of the properties of

the organic solvent. In aqueous medium, it acts as hydrolysing enzyme whereas in

organic it favours the esteritication reaction. Table 4.3 indicates that the free and

the immobilized lipases showed higher activity in more hydrophobic solvents

except in the case of isooetane. Different solvents such as toluene, heptane, iso

octane, 1, 4-dioxane and hexane were used.
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Table 4.3 Effect of various solvents on the activity of fee and

immobilized lipases
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After 7 h of reaction time, almost 95% isobutyrie acid conversion was

observed for both n-heptane and n-hexane as opposed to only 68% and 73% for

1,4-dioxan and DMSO respectively. Therefore, all further experiments were

carried out in heptane.

The high surface area and pore diameter accounted for the higher

conversion obtained in the case of HMCF while the overcrowding of lipase

molecules on the surface of RMCF lead to denaturation and subsequent loss in

activity. Lipase attached via adsorption onto montmorilonte K-10 could attain a

favourable conformation for its activity due to the negative charge, surface

hydroxyl groups and the attachment via edges and on the extemal surface. Clay

provides good distribution of lipase on mass transfer and prevented lipase

particles from aggregation which facilitated dispersion of lipase in the reaction

media than RMCF. In comparison, native lipase was not easily dispersed. as they

tend to aggregate, thus causing a decrease in their activity.

The lower enzyme activity in polar solvents might be attributed to the

stronger ability of the polar solvents to strip the essential monolayer of water
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surrounding enzyme molecules, which is required for an enzyme to be

catalytically active [30]. Enzymes are more stable when suspended in non-polar

solvents that have low solubility in water [31]. Apolar solvents with high log P

do not distort the essential water layer around the particle, thereby leaving the

enzyme in an active state [32]. These trends are in accordance with the results

by Gandhi et al. [33] on the esterification of lauric acid and oleic acid (with n

propanol, n-butanol, iso-amylalcohol ,n-hexanol, n-octanol, 2—ethyl-1-hexanol,

n-decanol and lauryl alcohol) using an immobilized lipase in a solvent free

system and the data reported by Yadav et al. [34] on the transesterification of

vinyl acetate (with n-decanol, 2-ethyl-1-hexanol, benzyl alcohol, cinamyl

alcohol, I-phenylethyl alcohol and 2-phenylethyl alcohol) using an
immobilized lipase in n-heptane. In both studies straight chain alcohols give

higher conversions than aromatic and branched alcohols and optima for the

activity as a limction of the carbon length of the straight chain alcohols were

observed. ln the case of immobilized enzymes, the support may prevent the

water monolayer from being stripped and maintain the three dimensional

structure of its active protein conformation for catalysis [35]. Therefore,

enzymes may be stable in organic solvents than they are in water and this is the

reason why they are used as reaction medium in enzymatic reaction. The

adsorbed as well as covalently bound systems showed higher activity than the

free enzyme in each solvent.

4.5.4 Effect of catalyst loading

The effect of enzyme amount on synthesis of flavor esters was studied

by varying the free enzyme concentration from 50mg to 150mg. The results

are illustrated in Fig. 4.1. It can be seen that there is a strong correlation

between the concentration of the biocatalyst and both the initial rate of ester

synthesis and the yield of ester after 7 h, which might be due to the increase

in the concentration of catalyst above the substrate concentration. Upon

increasing the enzyme amount further, the reaction rate did not increase
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significantly which may be due to the lack of substrate to access the active

site of enzyme, and/or difficulty in maintaining uniform suspension of the

biocatalysts at higher enzyme concentration [36]. In the case of 15% (w/w)

catalyst-loading conversion did not increase after 5 h, which, in addition,

could have been due to the attainment of equilibrium. All further experiments

were carried out with 10% (w/w) of lipase from C. rugosa in order to reach

maximum initial rate and utilization of enzyme activity.

100

ao -A

so 

40 

20 

COHVQTS on%

0 1 I7}!  if A If ‘ l “ T“ ‘ “'1
12 3 4 5 6 724

time(h)

—O— 50mg —-I— 100mg -—Ar— 125mg —I— 150mg

Fig 4.1 Effect of catalyst loading.

According to Bosley and Peilow [37], at low enzyme loadings, the lipase

attempts to maximize its contact with the surface, which results in a loss of

conformation and, consequently, in a reduced activity. As loading increased,

less area is available for the lipase to spread itself, more of its active

conformation is retained, and the loss in activity is reduced. According to these

authors, the enzyme from Candida rugosa has a structure that is much more

difficult to distort, making it less likely to spread on the support surface

4.5.5 Effect of temperature on the activity of lipase

The effect of temperature on the initial esterification reaction rate is shown

in Fig. 4.2. In most cases, rate of reaction increases with temperature, while the

stability of enzymes declines [38, 39].
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Fig 4.2 Effect of temperature.

The effect of temperature on free lipase was studied at 30, 40, 50, 60 and

70°C and the final conversions after 7 h were as 87, 94, 97, 99 and 24%,

respectively. With an increase in temperature from 30 to 50°C, the_ rate of the

reaction and conversion increased from 87 to 97% in 7 h. Further increase in the

temperature to 70°C, resulted in a decrease in conversion due to thermal

degradation of the enzyme [40]. Temperature affects the enzyme stability [40], and

thus the reaction thennodynamic equilibrium and kinetics. These factors may

interact leading to the observed trend. Therefore, all further experiments with free

and immobilized lipases were carried out at 30°C.

4.5.6 Effect of mole ratio

One of the most frequently utilized ways of increasing the yield of

esterification is performing the reaction with the excess of nucleophile. A

drawback of this strategy is that it is often followed with a decrease of the initial

rate. In order to investigate the influence of the excess of one substrate on the

initial rate of butyl isobutyrate synthesis, reaction was performed at various

substrate molar ratios.

The quantity of isobutyric acid was kept constant at 0.01 mol. The quantity

of n-butanoi was varied as 0.01, 0.02 and 0.03 mol and the total liquid volume was

kept the same with heptane (Fig 4.3). The conversions of isobutyric ac-id were 82,

69 and 41% at 7 h, respectively. The rate of reaction was found to decrease
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marginally with increasing concentration of n-butanol, which could be attributed to

the formation of dead end complex between enzyme and excesses of n-butanol. It

could be due to the substrate getting strongly adsorbed on the enzyme active site or

inhibition of enzyme due to excess substrate. Therefore, all further reactions were

carried out by using 0.01 mol of n-butanol. The results imply that in the synthesis

of butyl isobutyrate by the lipase from C.rugosa nucleophilic substrate (butanol)

acted as inhibitor. Inhibitory effect of alcohol has been previously reported in

several studies, and proposed mechanism of inhibition includes formation of

non-reactive dead-end complex between enzyme and alcohol [27].

100 -—+—, 0.01 —I—0.02 —-h—-0.03 100 _ +°'°‘ +°'°2 +°'°330-3 !
if

Convers on

nverson %
4: av onca o o
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l

l0 -|   | g rs" 0 "ll ‘ i  WT‘Wc"°‘Fi"”*‘"I;‘:”i-0  I  ii1234567 1234567
Time 0-,) Time (h)

Fig 4.3 Effect of concentration of Fig 4.4 Effect of concentration of isobutyric
n-butanol. Isobutyric acid, acid. n-Butanol, 0.01 niol;heptane to
0.01 mol;heptane to make total make total volume to l5 ml;
volume to 15 ml; CRL lipase temperature, 30 QC; CRL lipase,
100 mg; temperature,30 °C; 100 mg; isobutyiic acid-(O) 0.01
speed,. n-butanol(¢) 0.01 mol; mol; ( I) 0.02 mol; (A) 0.03 mol..
(I) 0.02 mol; (A) 0.03 mol.

In another set of experiments, n-butanol was kept constant at 0.01 mol and the

quantity of isobutyric acid was varied as 0.01, 0.02 and 0-03 mol. Once again a constant

liquid phase volume was made by using heptane as a solvent. The conversions were 84,

87 and 89% at 7 h, respectively. It was found that there was an increase in the rate of

reaction with an increase in quantity of isobutyric acid (Fig. 4.4). Thus, it was found that

0.01 mol of n-butanol and 0.01 mol of isobutyric acid are the optimum quantities at 30°C

using heptane as solvent. in the study by Garcia ct al. [4l ], the effect of substrate molar
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ratio on initial rate of cetyl oleate synthesis was investigated and it was found that, an

excess of alcohol accelerated ester synthesis. The highest rates were observed at

acid/alcohol ratio 1:10. A majority of studies on molar substrate ratio was concentrated

on its effect on yield of esterification- In a study of synthesis of amylacetate, excess of

acid drastically decreased yield of esters, while excess of alcohol was beneficial up to

acid/alcohol ratio 1:2 [42]. Similar results were obtained in a study of synthesis of

isoamyl isovalerate, in which optimum acid/alcohol ratio was 1:1 .5 [43]-.

4.5.7 Effect of addition of water

Water has immense importance in lipase-mediated reactions both for the

maintenance of three-dimensional structural integrity and also for optimal catalytic

activity of the enzyme [44]. Water is thought to increase protein flexibility by

forming multiple hydrogen bonds with enzyme molecule in organic solvents. There

appears to be a critical amount of water necessary for enhancing activity.

To study the effect of water on the rate of reaction, the free enzyme as well as

the immobilized lipases was dried at 30°C for 6 h under vacuum. Both the reactants

and the solvent were dried with molecular sieve 4A prior to use and then employed for

the reaction. The effect of water addition to the medium was studied from 100 to 25Op.l

under otherwise similar conditions (Fig 4.5). With increasing water concentration

conversion increased from 78 to 85%. However, further increase in water

concentration up to 250|.tl resulted in decrease in the rate of reaction and conversion

decreased to 65% which could be attributed to shifting the equilibrium towards the

reactant (onset of the reverse reaction) [45]. This implies that the amount of water

initially adsorbed on the silica is sufficient for the enzyme to exhibit highest activity.

When 0.0lml of water was added to the free enzyme, probably a monolayer of water

was placed around the enzyme and consequently the initial rate obtained was much

higher while the conversion percentage was lower (77%). These results suggest that as

the initial addition of water increased, the hydrolysis was accelerated and hence

reduced the conversion percentage gradually. With addition of water beyond a critical

point the silica support as well as clay gets strongly hydrated and the thickness of water
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layer around the enzyme molecule increases. This results in problem in diffusion of the

substrates to the active site of the enzyme disfavoring the esterification reaction [46].

Similar results were reported by Ghamgui etal. [47] for the enzymatic synthesis of

butyl oleate. Mukherjee [48] suggested that low water content favors ester synthesis

over hydrolysis. Lipases from different Rhizopus species have been reported

previously to express maximal activity at relatively low water activity [49]. A similar

effect was observed in the transesterification reaction of triolein with the propanol by

P. fluorescens lipase [50].
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Fig 4.5 Effect of addition of water on free and iimnobilizedlipases

Thus, the activity of the enzyme can depend on induced inactivation or

partition of components between bulk solvent and microenviromnent of enzyme.

Another factor which may influence the conversion percentage is the affinity of the

support for water when the enzyme is immobilized. The high hydrophobicity of the

covalently bound systems could explain why the conversion percentage is high

without addition of water. In fact, when the water was added, the -support was not

strongly hydrated and so was the microenvironment of the immobilized lipase and

hence a higher conversion was observed with increase in water addition. In the case

of adsorbed couter parts, the addition of water causes much hydration at the walls

than the pores and as a result the esterification reaction is disfavored in the case of
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KI-10 and RMCF samples while the enzyme perturbed inside the pores in the case of

Hm; is not much hydrated and hence could esterify the reactants more than KI-10

and RMCF.

4.5.8 Thermal stability

At high temperature, enzyme undergoes partial unfolding by heat

induced destruction of non-covalent interactions. According to Fagain [51],

lipases are easily denatured at high temperature where the peptide bonds and

amino acid side chains are reactive and can participate in deleterious reactions

at high temperature.

In order to assess the thennal stability of the immobilized lipases, the free

and immobilized enzyme were incubated at two temperatures, 50°C and 60°C for

different time intervals and the residual activity determined (Fig. 4.6). Free

enzyme in solution lost more than 80% of its activity after 2h incubation at 60°C.

Free enzyme actually decays with time at faster rate as compared to immobilized

enzyme. The heat stability of the lipase entrapped in silica and clay matrices is

much better than that of the corresponding free enzyme.

Mostly lipase molecules inhabited on sites on the external surfaces,

inside the pores and at the edges of the interlayer sheets through hydrogen

bonding, Van der waals and electrostatic force interactions in the case of

KI-10. In the case of KI-10 the adsorption mechanism must be produced

through positive charges (proto-nated lysines) of the enzymes. For K-10G, an

interaction between the enzymatic amino and the aldehyde group of the

support as well as hydrophobic interactions must be responsible for the

adsorption which accounts for the higher thermal resistance compared to the

KI-10. The lower thermal stability retention in the case of RMCF and RGMCF

samples is likely ascribed to steric impediments (as result of the high content

of immobilized enzyme) and to enzyme conformation changes (as result of

the multipoint attachment of the enzyme to support). The other explanation
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for the lower activity of RGMCF could be the interference between the first

layer lipase adsorbed on the support and the second layer [52].
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Fig 4.6 Themial stability of the free and immobilized lipases at 50° and 60°C

After 2 h, the immobilized lipase, in presence of hexane, did not show

thermal deactivation. The thermal stabilization in the case of HMCF could be

explained by the lipase location inside the mesopores of the support where the

enzyme is protected against alterations of the microenvironment. So, the

inactivation observed with the enzyme in solution should be considered as a

result of lipase denaturation only. Lipase immobilised onto K-10G showed

higher thermal stability by retaining 88% of its activity at 60°C. Although

heat considerably reduces conformational flexibility of native and
immobilized lipase, immobilised lipase is still capable of performing its

vibrational and more complex movement required for efficient catalytic

activity. These include the prevention of auto-proteolysis due to a restriction

of the intermolecular contact in the immobilized enzymes and the protection

of the enzymes from structural rearrangement, due to the likely multipoint

attachments to the support [53]. The increase in thermal stability of the

covalently bound systems compared to adsorbed ones could be attributed to
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an improved physical and mechanical. stability of the lipase arising from the

covalent bonding of lipase on the carriers.

The immobilized lipase, therefore, could be said to have a greater

potential for biotechnological applications than the free one. The ability to

retain enzyme activity at higher temperature expands the range of conditions

suitable for the enzyme function and provides a number of processing

advantages such as reduced risk of contamination, lower viscosity, improved

transfer rates and improved substrate solubility [54] These data confinn

previous findings stipulating that the interaction between the support and the

enzyme improves the enzyme stability [55, 56, 57].

4.5.9 Reusability of catalyst

For any application based on immobilized lipases, the feasibility of

regeneration of the lipase activity (and consequent reuse of the support) provided

clear economic benefits for its industrial use and facilitates product recovery

without contamination.
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Fig 4.7 Reusability characteristics of the free and the immobilized lipases

The activity of native lipase began to decrease dramatically from 100%

to 40 % after it was reused five times (Fig 4.7). The immobilized lipases
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could retain more than 75% activity even after 10 reuses except in the case of

RMCF which retains only 60% activity. This may be also due to the fact that

the butanol (polar substrate) may be accumulated in the aqueous
microenvironment that surrounds the enzyme, reaching a concentration level

sufficient to cause a denaturation of the protein. The covalently bound
supports retain higher activity than the adsorbed ones due to the spacer arm

group attached which prevents the inhibition by alcohol and also the
hydrophobic activation as a result of the binding functionalities which

maintains the lipase’s open state. The decrease in the conversion after several

runs were due to the turnover of large quantities of substrates that resulted in

the production of substantial quantities of water (as co-product) and also due

to the loss of some catalyst during filtration [26].

It is evident that HGMW retained its high activity afier ten cycles, and

K-10G showed the highest operational stability. The higher activity retention shown by

HMU; and HGMCF confirmed that the enzyme is occluded in the inesopores and not on

the extemal surface and hence reduced leaching. These are the main properties that

industrial biocatalysts should fulfill (including a support of low cost), which make the

prospects of these new derivatives very promising.

The same phenomenon was observed during the repeated use of porcine liver

esterase adsorbed onto QAE-sephadex for the enantioselective production of

levofloxacin [58]. Crude Rhizopus oiyzae lipase immobilized on CaCO3 could be

repeatedly used for six cycles without a decrease of synthetic activity in the work

done by Ghamgui et al. [59].

4.5.10 Storage stability

The storage stability of the immobilized enzymes without appreciable

loss of enzyme activity is important for the economic viability of a biosynthetic

process [60].
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Table 4.4 Storage stability of the free lipase and the immobilizatesa _ I i‘ IFree_(;RL , 67  33 »

mi

‘I--I
.@

CD

@
Q)

T _ MCF E( l
\‘ 95  89

.+................ .............

?.
@
@

._.___p__-..l_  .

© I-"5to g 8

KI-10 ,
-1-ivivn-n--—---~~~--—-hi ---------- ---»--.—e-v-~,.~.».~.--t~.~t--t--t-t-----.-- \~.,~-~--v~mm»--avv.~.».~--\.~~uM--.-v|»~»..»\_..--1--_-._1 -.-~---a.“-¢..-Q.--a.._.-..\.|-um .-H.-.-1»H|---H--|.-1-_-.-.-.------.\.-.= .----.----.----.-_.., .§.|\" .How

' ' - re ' 7 ' ' ' ' ' ' ‘ ' ' ‘ ‘ ' ‘ ‘ ' * ' ' * ' ' * ' ' ' ' * ' ' * ' ' ' ' ' ' ' ' ' ' ' ' - - - — - - - ,7, -i — —- - ---w '..—_—_:+, _ _ ' _ _ _ v ::.~_—.-.=-.—.-_~_—;—_—.-; -“Q4 ;—_-,—_—,=,11_r_—:_=—:_-,—_-,=—:,=—,-_= .- :r, .1 ::_ ,  _:~::_~:_:~; ~: -- -vwu '.~_=~_'_=~_;=;-_—_- -_—: -_—.-,—:,-_—:_—_—:_-_—_-_=—_-:,=—:,-_—:_=—_-:;_; _—:_ ::_ _: _—_-_- I-\~ ::::_   At t  it  - iL, Q 980 “mM*MMmmTuMWMfl
The enzymatic activity of various lipase preparations determined after storing

for 30 days at 4°C were summarized in Table 4.4. All lipases showed full catalytic

activity afier storing them at —20°C as commonly practiced in laboratory. However,

only immobilized lipases retained their full catalytic activity when stored at 4°C as at

very low temperatures, lipase is probably locked in its native situation, catalytically

active confonnation. lmmobilized lipases after 60 days storage still showed good

storage stability up to 100% compared to native lipase. A total reduction of 70% in the

relative activity of native lipase was observed after storage for 60 days but only a l0%

reduction for all the adsorbed and covalently bound systems- The stabilization at this

temperature in immobilized enzyme may be due to multipoint attachment of the

enzymes to the supports, creating a more rigid enzyme molecule which prevents any

intennolecular reaction such as aggregation and proteolysis. Hence, disruption of the

active center becomes less likely to occur [61]. llGMC,.- retained 100% catalytic activity

when stored at 4°C even after 60 days storage.

4.5.1 1 Kinetics and mechanism

The thorough knowledge of kinetics is of great importance not only in order to

elucidate mechanism ofthis reaction, but because reliable information about the rate of

product formation and changes in experimental systems are necessary for the design of

suitable reactors and later industrial scale-up. The kinetics of the esterification is scarce.

A range of initial substrate concentrations was examined and the initial rates of
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conversion were detemiined. The kinetics were determined for the industrial fi'ee

Candida rugosa lipase and for the immobilized HGMCF.

(a) Kinetics mechanism of the free Candida rngosa lipase

It is well known that Michaelis constant Km can be used to characterize

approximately the affinity between enzyme and substrate at the beginning of a

reaction or at low conversion phase. Therefore, the concentration—time profiles

were determined to calculate the initial reaction rates from the linear portion of the

concentration-time profiles, respectively; and then analyzed the plots of substrate

concentration versus the initial rate.5— he   0 t 3.0-l *A A A4'-* 2.5 '.. T
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Fig 4.8 Initial conversion rates as a Fig 4-9 Initial Conversion rates 88 £1
function of the mole number of function of the mole number of
n-butanol for free CRL lipase isobutyric acid for free CRL lipase
Isobutyric €1Cid—(El)-O .O025M, n-butanol-(9)-0.0025M,( A)
(O)-0.005M,(A)-0.0075M, 0.05M, (*)-0.00"/‘SM, (0)-0.02M,
( A )-0.01 M,(+)-0.02M, (O)-0.025M, (A)-0.03M
(*)-0.025M,(<>)-0.03M

The kinetics of the industrial CRL powder was studied at 30°C in 15ml of

n-heptane and in a batch reactor with isobutyric acid and n-butanol as substrates.

Hence, for the study on the esterification kinetics mechanism, approximately 100 mg

of industrial CRL powder was used. The mole number of the substrates: isobutyric acid

and n-butanol were 0.0025M, 0.005M, 0.075M, 0.01M, 0.02M, and 0.03M and all

possible combinations between these concentrations for the two substrates were

examined. Reactions were carried out up to 10% conversion and the initial rates (ro)

were determined. The concentration of one of the two substrates was maintained
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constant while the full series of concentration for the second one was investigated. The

results on the initial conversion rates of n-butanol as a function of the mole number of

n-butanol or isobutyric acid with free CRL lipase are presented in Fig 4.8 and Fig 4.9.

The effect of concentration of both the substrates on the rate of reaction was

investigated. It was found that when the concentration of n-butanol (B) was increased,

the rate of reaction increased and reached a maximum at a critical concentration. A

subsequent increase in n-butanol concentration decreased the initial rate. Therefore, it

may be concluded that n-butanol at higher concentration reacts with the enzyme to

form dead end inhibitory complex. There was no evidence of inhibition by isobutyric

acid (A) at any concentrations tested [62]. A mechanism in which the product is

released between the addition of two reactants is called Ping-Pong bi-bi and when one

of these reactants forms a complex with the enzyme that cannot participate in the

reaction is called Ping-Pong bi-bi with dead end inhibition.

Mechanism of the reaction

In this reaction the lipase may react with n-butanol to yield a dead end enzyme

n-butanol complex or it may react with isobutyric acid to yield the effective lipase

isobutyric acid complex. Then the lipase isobutyric acid complex is transferred to an

enzyme—acyl intermediate and water is released. This is followed by the interaction of

the enzymt-:=acy1 complex with n-butanol to form another binary complex, which then

yields the ester and free lipase. The reaction sequence may be given as follows:

_ K1.
l;+A,ET‘l.*.A

. K2 ,]l~;A ;* I1 + P
K-)

pl  I
a

-1 A-1.
L B.-_-"l-:+Q

K4
._ K5

l1: -l- B i EBII _
A _._\
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where A is isobutyric acid, E free enzyme, EA enzyme-isobutyric acid complex,

El- enzyme—acyl complex, B-n-butanol, ElB- binary complex of acyl enzyme and

n-butanol, P- water and Q is butyl isobutyrate. The shape of the graphs in the Fig 4.11

was found to qualitatively correspond to a Bi-Bi Ping-Pong model with inhibition by

n-butanol, according to the various kinetics models detailed by Segel [63]. This

mechanism with competition between the substrates and inhibition by one of them is

characterized by the existence of a maximum in the conversion rate (of n-butanol and

iosbutyric acid) as a function of the mole number of n-butanol (Fig. 4.9). The fitting of

these experimental points with a theoretical model function were achieved with the

data-processing sofiware Sigmaplot 8.0 from SSPS. The equation of the fimction

corresponding to the Bi-Bi Ping-Pong model with inhibition by one of the substrates

[63] is the following:

_{'___, y L tA][B],, q qy p
"m:|x Ki{=\‘|Kni{Bi ‘l’ K|ii{A_llBl + Km(B')lAl + ............................ .-(l)

Lineweaver—Burk equation is obtained as follows for which initial rate data and

concentration are used.

"max(Ki(.'-X) Km(B) ‘l’ Km(A)lB0l

1 ‘l'Km(B)lAOi + [A0]lB0l)i , _ __-v

1'0 [A0l[B0l T T ............................................ .. (2)

where [A0] is the initial concentration of isobutyric acid, [B0] the initial

concentration of n-butanol (mmol/I), Km(A) is the Michaelis constant of

isobutyric acid, Km(B) the Michaelis constant of n-butanol, Ki the inhibition

constant of n-butanol, r0 the initial rate of the reaction, rm, is the maximum rate

of the reaction. Most of the kinetic studies on the lipase-catalyzed synthesis of

esters have considered the direct esterification of alcohols with acids, and have

described a Ping-Pong Bi-Bi kinetic mechanism with inhibition by both or one

ofthe reactants [64, 65].
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Chulalaksananukulet al. carried out ester synthesis using lipase from Mucor

miehei and proposed ping—pong bi—bi model with dead-end inhibition by alcohol

[66]. The same model was proposed by Hazarika etal. for synthesis of ethyl oleate

with porcine pancreatic lipase [67]. On the other hand, in the case of the synthesis

of citronellol laurate the random order bi—bi model with inhibition by lauric acid

was reported [68]. Garcia et al. developed kinetic model for entire course of the

reaction based on ordered bi—bi mechanism of esterification with the inhibition by

both substrates and both products [69]. Similar inhibition effect was also observed

for the Mucor miehei catalysed synthesis of ethyl oleate [70] using immobilised

lipase in n-hexane and in supercritical CO2.

The inverse initial conversion rate of n-butanol is presented as a function of

the inverse mole number of isobutyric acid or n-butanol in Fig. 4.10 and 4.11.

These graphs show typical characteristics of the above equations, as described by

Segel [63]. Fig 4.10 illustrates that, when the mole number of isobutyric acid

increased from 0.0025 to 0.03M, all the plots of l/V1 as a function of ‘l/n ,_,,,,(,,,(,,

(1/B0) converged towards the same lower curve.7 p 7 z"T"' '_ '. - ;i5_ .   1~;' I l
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Fig 4.10. Lineweaver-Burk plots 1/ 1) versus Fig 4.1 1 Lineweaver-Burk plots 1/ v
1/ [But] obtained with free CRL versus 1/ [ls buty] obtained with
lipase at seven fixed concentrations free CRL lipase at seven fixed
ofisobutyric acid.( l)~0.0025l\/I, concentrations ofn-butanol
(A)-0.005M, (A)-0.0075M (O)-0.0025M, (*)-0.005M,
(* )-0.01 M, ( O)-0.02M, (4)4)-0075M, (°)-0-01M,
(4)-0.025M, (0)-0.03M (‘)0-02M, (*r)~0»025M,

(1)-0.03M
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On the other hand when 1/ V1 was plotted as a function of l/n;,obu,y(l/A0)

(Fig. 4.ll), the plots progressively transformed from quasi parallel straight

lines at low n-butanol to lines secant near the vertical axis at high n-butanol.

Once the Ping-Pong mechanism was confirmed, the kinetic parameters

of the Eq. (2) were calculated by a multiple regression fitting of the
experimental data. The results are shown in Table 4.5. Based on the

calculated kinetic parameters, affinity of the enzyme towards n-butanol seems

to be greater than of iosbutyric acid, since Km,“ was lower than Kmisobm. In

other words, the relatively large value of K,,,i,,,bu, shows that the acid inhibition

is much less than the alcohol inhibition. These results agree to a Ping-Pong

Bi-Bi mechanism, which assumes that the acyl donor is the first reactant that

binds to the lipase.

(b) Kinetics mechanism of HGMQF

The kinetics of the same reaction catalyzed by l-lGM(-F was followed in the

same solvent mixture and at the same temperature. The initial rates were

calculated from aliquots taken after 10 min of reaction.
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F ig4.12.lnitial conversion rates as a function Fig 4.13
of the mole number ofn-butanol for
HGM(‘F lsobutyric acid 
(:3)-0.0O25M, (0)-0.0O5M,
(A)-0.0075M, (A )-0.01 M,
(-0.02M, (* )-0.025M, (O)-0.03M
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The mole number of the substrates isobutyric acid and n-butane were

0.0025M, 0.005M, 0.075M, 0.0lM, 0.02M, and 0.03M and all possible
combinations between these concentrations for the two substrates were examined.

As it can be seen from Fig. 4.12 and Fig 4.13, initial rates were higher than in the

experiment with equimolar conditions, but rapid decrease of rate at high
concentrations of substrates indicates that certain inhibition occurs. Since the

initial rates are considerably lower at excess of alcohol, it is plausible inhibition

was caused by n-butanol.

The concentration of one of the two substrates was maintained constant

while the full series of concentration for the second one was investigated. The

inverse initial rate, plotted as a function of the inverse mole numbers of the two

substrates, is presented in Fig. 4.l4 and Fig 4.15. The shape of the graphs again

suggested that the same kinetics mechanism was operating, that is to say the Bi-Bi

Ping-Pong mechanism with inhibition by n-butanol.
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Fig 4.14. Lineweaver-Burk plots 1/ 1) versus Fig 4.15. Lineweaver-Burk plots 1/ 0
1/[But] obtained with HGMCF at versus l./[Is buty] obtained
seven fixed concentrations of with HGMCF at seven fixed
isobutyric acid . (I)-0.0025M, concentrations of n-butanol
(Q)-0.005M, (Y)-0.0075M (0)-0.0O25M, (0)-0..005M,
(0)-0.01M, (>)-0.02M, (A)-0.0075M, (Q)-0.01M,
(~k)-0.025M, (A)-0.03M (I)-0.02M, (E1)-0.03M

Curve fitting with the theoretical kinetics function provided the following

values for the kinetics constant (Table 4.5). It appears that the kinetics constants

KM, and K,,,_,Sbu,y,ic were increased after immobilization except for the inhibition
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constant by n—butanol (Kim) and Vmax which decreased. Km] was also higher

when compared to free enzyme but lower than Kn-Lisbutyfic. The apparent Michealis

Menten constant for CRL lipase was increased afier immobilization.

Table 4.5 Kinetic parameters for the synthesis of butyl isobutyrate by
reaction of n-butanol with isobutyric acid using Candida rugosa
lipase
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The increase in Km value after immobilization could be due to the changes in

structure of the enzyme upon immobilization and the difficulty in diffusion of the

substrate to reach the active site of the enzyme. An increase in KM once an enzyme

has been immobilized indicates that the immobilized enzyme has an apparent lower

affinity for its substrate than that of the native enzyme, which may be caused by the

steric hindrance of the active site by the support, or the loss of enzyme flexibility

necessary for substrate binding. So the Vm, values for HGMCF were lower than that

of the free enzyme indicating a lowering of activity of enzymes on account of

immobilization. This decrease may have been due to steric hindrances imposed by

the support on the macromolecular substrate or to chemical modification [71].

Additionally, the accumulation of reaction products in the enzyme
microenvironment as a consequence of slow diffiision and interactions with

hydrogen ions could have triggered competitive inhibition, decreasing I/,,,,,,,_ The

decrease in Vmx value as a result of immobilization is considered to be associated

with the extemal and intemal diffusional resistances.

4.6 Conclusions

The present work is a comprehensive study on enzymatic synthesis of butyl

isobutyrate through esterification reaction using lipase immobilized onto

mesocellular siliceous foams and montmorillonite K-10 via adsorption and
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covalent binding. Moreover, the irnrnobil-ization does not modify the nature of the

kinetic mechanism proposed which is of the Bi-Bi Ping—Pong type with inhibition

by n-butanol. The immobilized biocatalyst can be commercially exploited for the

synthesis of other short chain flavor esters. The main inferences from the present

study are outlined as:

' The use of a solvent which has low polarity (heptane, log P =4.0) was able

to enhance immobilization in organic medium than that in the aqueous

medium. The activity yield, coupling yield, activity and yield per gram of

the biocatalysts were higher for heptane immobilized systems.

' All the covalently bound systems gave higher conversion than the adsorbed

systems due to the increased hydrphobicity of the supports. The most

efficient systems (HMCF and HGMCF) appear to be worthy of further

application in biocatalysis.

I Increase in water concentration up to 250nl resulted in decrease in the rate

of reaction and conversion decreased to 65% which could be attributed to

shifting the equilibrium towards the reactant (onset of the reverse reaction).

" The thermal stability of the covalently bound systems were higher

compared to the adsorbed and free ones as more than 85% activity was

retained even after 2 h incubation at 55 and 60°C.

' HGMCF could retain high activity even after 10 reuses. All the derivatives

achieved an excellent operational stability.

" All the immobilized lipases could retain more than 90% activity even after

60 days storage at 4°C.

" The rate of reaction was found to decrease marginally with increasing

concentration of n-butanol, which could be attributed to the formation of

dead end complex between enzyme and excesses of n-butanol.
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[11

[3]
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[41

[5]

A model based on Ping Pong Bi Bi with inhibition by n-butanol was found

to fit the initial rate data in the kinetics of lipase-catalyzed esterification in

n-butanol.

Km] was found to be lower in than K,,,_,,bu,y,,,, which showed greater

affinity for the alcohol in both the native and immobilized lipase. The Vmax

as well as the Km, were reduced after immobilization.

Siliceous mesostructured cellular foams show great potentials as carrier

materials for lipase immobilization to give very active biocatalysts, and in

that they are far superior to other carriers.

Natural montmorillonite K-10 showed a promising future of applying

natural resource as support for biocatalyst for various organic syntheses as

it allows easy immobilization of lipase from Candida rugosa through a

simple and inexpensive method.
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Enzymatic catafysis" fins gained consiifltralile attention in recent years as an ejficzent toof in tfie

preparation. of naturaf products, pfiarmaceuticals, fine cliemicals, andfood ingredients. Q)ue to

tlie overwfielining interest in naturaf products, fiiotecfinobgy sfzoufl 5e attractive to produce

flavors of naturaf aroma from naturaf precursors. jl great attraction Qf using organic soft/ents

rat/ier tlian water as a reaction solvent is t/ie afiifity to pegQ>rn2 synt/ietic transfomzations wit/i

reihtivefy inezqrensiue /iydroéitic enzymes. Lipases Iiacoe attracted mucfi attention of organic

c/iemists oecause of tfieir flag/i stafiility in organic soft/ents, and now t/ray are usuaifi treated in

organic media as ca ta.{ysts for agrmmet-ric transesterjications. Lipases flCI'W 6ee-n WCCESM

used to cata[yse esterification and irrteiestenjicatzorz reactions aimed at tfie production of
fliruouring esters for food pfiamzaceuticaf and cosmetics purposes. ‘Transestenfication (£1C‘i££)6lSt.$

or sot7oo@sis) is preferaofi’ to esterfication oecause infzioition 5_y tlie acid or tfie alcoliofdoes not

occur. Organic esters are empagyedas sofvents, fragrance, flit-vors, and precursors in a variety if

industries. ‘Ilie syntiiesis of fiutyf fiutyrate (used as a pineappfirflli-uor) 5y green cfiernilstry is if

immense importance to tfie food industry. ‘Transestergncatio-n of n-5utano[ wit/i et/iyf outyrate

for tfie syntfiesis of5uty[6ut_yrate "was studied at 30 °C as a rnodef reaction fry empfiaying Candida

rugosa lipase and tfze [ipase imniofiifized on mesoceliufitr silica foams and montmonlionite ‘K-10

incfuding kinetic modeling. ‘Hie inffaence of water activity witli different salt fzydrates on tfie

syntfiesis of 5ut_v[ outyrate were also investigated and it was found tfiat tfie ping-pong 5i—5i

mecfianism witfi infiifiition 5)» tfie sufistrate n-liutanoffits tlie datafor transesterfication.
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5.1 Introduction

Lipase-catalyzed acylation is an enzymatic process that has recently gained wide

popularity in organic synthesis, because the reaction can be carried out efficiently in

organic solvents and often proceeds with a high degree of regiocontrol and

stereocontrol. Several acylation procedures such as esterification, transesterification

have been reported in the literature, but, from a preparative point of view, the

transesterification of alcohols is by far the most usefitl and applied method [1].

The term transesterification refers to the process of exchanging acyl radicals

between an ester and an acid-acidolysis, an ester and another ester-interesterification, or

an ester and an alcohol-alcoholysis. Transesterification is accomplished industrially by

heating a mixture of the anhydrous ester and another reactant species at relatively high

temperatures. Altematively, alkali metals or alkali alkylates may be used at lower

temperatures. However, the application of lipases for the modification of fats and oils by

transesterification offers again the advantages of mild conditions, reduced side reactions,

and specificity [2-4]. One example is the production of cocoa butter analogues from

cheaper feedstocks. Enzymatic transesterification processes are more widely used than

esterification reactions in resolution or desymmetrization processes, and the acylation of

alcohols using lipases is currently the most frequently used process in biocatalysis.

Organic esters are employed as solvents, fragrance, flavors and precursors in a

variety of industries. Particularly, aliphatic esters are greatly used in flavor industry,

mainly as fixatives and modifiers, and aromatic esters in fragrance compositions. The

direct extraction of these esters from plant materials involves rather expensive and

low yield processes [5]. However, low yields, decreasing and variable availability of

certain natural sources due to climatic instability have stimulated large investigations

to produce flavors in controlled biotechnological processes. Esters are produced by a

variety of methods among which esterification and transesterification with acid

catalysts under reflux conditions are prominent. The use of biocatalysts provides an

opportunity for carrying out reactions under milder conditions leading to better
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quality products suitable in fiagrance and flavor industry. Also, the product can be

labelled as “natural” [6, 7]. In nonhydrolytic reactions it is often advantageous to use

immobilized lipases. The texture of the carrier also influences the biocatalytic

reaction. The hydrophilic/hydrophobic character of the support is also an important

parameter to consider. Many hydrophobic materials have been used to immobilize

lipases since the large hydrophobic pocket surrounding the catalytic site of lipases

can easily interact with hydrophobic solid supports [8]. Such adsorbed lipases have

been shown to display a hyperactivation due to interfacial activation promoted by the

hydrophobic surface of the support [9].

5.2 Why is water activity control important?

The catalytic activity of an enzyme in organic medium depends on its

hydration state. It is important to remember that hydrolytic reactions can occur as a

side reaction when hydrolytic enzymes are used for transferase reactions

(e.g., transesterification reactions) for biosynthetic reactions. To minimize this,

reaction conditions have to be such that hydrolysis becomes negligible which is

generally obtained in media where the thermodynamic activity of water (aw) is

adjusted to a value that is as low as possible but high enough to keep the enzyme in a

hydrated state that allows its activity [10, ll]. A small variation in water activity can

have a significant influence on the catalytic activity and selectivity of lipase [12].

The therrnodynamic water activity (aw) is the parameter that best reflects

enzyme hydration [13]. aw may be fixed by pre-equilibrating reaction components

with saturated salt solutions through the gas phase [14], a method that does not

prevent aw from changing when water itself is a reactant or a product of the

reaction, by using salt hydrate pairs in situ [15] and very conveniently in the case

of polar solvents, by direct addition of water to the reaction medium [16].

When the biocatalysts are immobilized, the influence exerted by the support on

the availability of water to the biocatalysts to maintain its catalytic activity becomes

more crucial [17]. Apart from water content, water activity (aw), the intrinsic water
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content or the water layer around the enzyme molecule, is considered as a good

measure of the amount of water [18]. There was a clear correlation between the

aquaphilicity of the support material and the enzymatic activity. Support with low

aquaphilicity gave the highest activity. The result can be interpreted as a competition

between the enzyme and the support material for the water. Supports with high

aquaphilicity adsorb a lot of water, so that the enzyme is insufficiently hydrated. When

support materials with low aquaphilicity are used, the enzyme can compete

successfully for the water and therefore show high activity.

5.3 Saturated salt solutions for water activity control

Saturated salt solutions have fixed water activity (at fixed temperature). Such

solutions have been used extensively for water-activity control of enzymatic

reactions in organic media. Generally, it is advantageous to use the water activity

(aw) instead of water content or water concentration to characterize the water

effects in the reaction mixture [14]. One of the most effective activation methods

demonstrated to date involves the inclusion of simple salts during lyophilization, or

freeze-drying, of the enzyme prior to use of the enzyme powder as a suspension in

an organic solvent. Khmelnitsky et al. showed that including excess KC] in an

aqueous enzyme solution prior to lyophilization increased the catalytic efficiency

of subtilisin catalyzed transesterification by 3750-fold [19]. Triantafyllou et al.

demonstrated that adding buffer salts or KCI also increased the catalytic activity of

lyophilized Candida antarcrica lipase four fold over that with no added salt [20].

Awang et al. [21] have reported that water activity ranging from 0.09 to 0.96 did

not have a marked influence on the yields of the synthesized ester in the

esterification of dihydroxy stearic acid with octanol catalyzed by Rhizomucor

miehei and Novozyme 435lipases. The effect of water activity on the synthesis of

dodecyl dodecanoate catalyzed by various lipases has also been reported [22].

5.4 Fixing water activity by equilibration

Equilibration with a saturated solution of an appropriate salt is a convenient

method of obtaining vapor phases of known water partial pressure. The saturated
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solution is normally best used in the form of a solid rich slush. In other words, the

appearance should be of wet solid crystals. The lowest water activity that can be

obtained using salt solutions is around 0.05. The water activity of these saturated

solutions is usually fairly weakly temperature dependent. A selection of salts is

shown in Table 5.1, with water-activity values for 25°C.

Table 5.1 Saturated salt water activities at 25°C

I__. KAC  ....... -_r._0-225  Nacl  0-753i_i......._.._._..4¢.,-...---,“.,.------.- ------------------ -Z.-_. — —  —— — ——__-—_—'—_—_—w~.~--_—_-_—_—_?.—-— i_ ' ' ' ' — I&IA 

3r_l!8Cb i_mn,Q§Z§_ i Kifl it aaQ@@3a
_______  tttttttttttttttttttttttttttttttttttttttttt  nnnnn  ttttttttttttttttt  rrrrrrrrrrrrrrrr  ttttttttttttttttt  _______________________________  ...........ttttttttttt  ttttttttttttttttttttttt t
ttttttttttttttttttttttttttttttttttttttttttt  ttttttttttttttttt  aaaaaa  tttttttttttttttttttttt  ttttttttttttttttttttttttttttttttttttttttt at rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr  ttttttttttttttttttttttttttttttt  aaaaaaaa t

5.5 Pre-equilibration of reaction mixtures using saturated salt solutions

Reaction mixture components can be pre-equilibrated by keeping them in a

closed vessel with the vapor phase in contact with the appropriate saturated salt

solution [23, 24] (Fig 5.1). Wide-mouth screw-cap jars are commonly used. The

salt solutions lush is placed in the bottom of the jar. This particular method of

equilibration was adopted in our work for the attainment of different water activity

levels with Candida mgosa.

~~ Jar with lidT tnnerbeakerI with Sam ple
_$:fl&Hi ____ §__m flu f*"*~rICMfierbeaker
gr§'i%ii:':':ll2iiirrtoati*""i';'l':"'“ r C  Wet s all crystals

Fig 5.1 Equilibration of samples using saturated salt solutions.

5.6 Use of lipases in transesterification reaction

Lipase-catalyzed transesterification of cis- and trans-4-methylcyclohexanols

with vinyl acetate in various organic solvents and the effect of’ solvent on activity and
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stereoselectivity of lipase from Pseudomonas sp. has been investigated in the work by

Nakamura et al. [25]. The composition of the AOT-based microemulsion used to

immobilize enzymes in gels affects the rate of the enzyme catalysed reaction for

ttansesteritieation between vinyl butyrate and racemic 2-octanol and between vinyl

butyrate and raeemic menthol with Candida eylindacea lipase [26]. Pseudotnonas

cepaciae lipase adsorbed onto carbon fiber supports was used to catalyze the

transesterification reactions in the gas phase between vinyl acetate and n-propanol. The

reaction yield of the transestetification carried out at 60°C was higher at 0% relative

humidity as compared to 11% [27]. Highly porous silica aerogels with differing

balances of hydrophobic and hydrophilic functionalities were studied as a new

immobilization medium for two types of lipases from Candida rugosa and

Burkholderia cepacia and activities were compared in a simple tiansesterifieation

reaction of vinyl laurate by l-octanol [28]. Very few studies have reported the kinetics

of lipase-catalyzed synthesis of butyl butyrate. Santos et al. [29] used factorial design

to optimize the lipase catalyzed synthesis of butyl butyrate in heptane, while Lozano et

al. [30] studied the continuous synthesis of butyl butyrate using an active membrane

coated with lipase. Other studies [31, 32, 33] used synthesis of butyl butyrate synthesis

as a model for enzymatic activity and stability of specially treated lipase.

Butyl butyrate has a pleasant aroma. Butyl butyrate is an important flavor in

high demand as a component of pineapple flavor in the food and beverage industry

and/or manufacturing of fragrance and flavor concentrates of all types. The

reaction is represented by the following equation:0 O
OH

H36/\)LO/\CH3 + H36/\/\OH twp H3O/\)l\O/\/\CH3 + H3C_/

A transesterification reaction was chosen for the aim of comparing the activity

of the free and the immobilized enzyme in the presence and absence of water activity.

l-leptane was used as a medium in the immobilization of Candida Rugosa lipase onto

mesocellular silica foams and clay via adsorption and covalent binding- The
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preparations obtained were used for the transesteiification reaction between ethyl

butymte and n-butanol for the synthesis of butyl butyrate. The kinetic parameters for

the transesterification reaction were determined using the Ping-Pong Bi-Bi mechanism

with n-butanol inhibition and represented by the Lineweaver Burk plot.

The influence of water activity on the synthesis of butyl butyrate by

transesterification reaction (alcoholysis) using free and immobilized lipases was

studied. The influence of initial n-butanol concentration and amount of enzyme in

the reaction system was analyzed. The transesterification activity in the presence

and absence of water activity and the influence of different water activity levels on

the transesterification reaction was carried out.

5.7 Experimental procedure
(a) Water activity equilibration and transesterification reaction

The substrate, lipases and organic solvent were separately pre-equilibrated to

known aw in vapour phase in a vacuum-sealed jar. The equilibration process was

carried out for 3 days using salt hydrates of known water activities as described by

Halling [34]: LiCl, (aw: 0.12); MgCl2 .7H2O (aw: 0.33); Mg(NO_;); (aw: 0.54); NaCl

(aw: 0.75) and KNO3 (aw: 0.96).

Transesteriiication was carried out in stoppered conical flasks (25 ml)

containing 0.01M butanol and 0-01M ethyl butyrate in l0 ml of hexane with known

quantity of enzyme (l00mg free enzyme, 500mg of HMCF, RMCF, Kl-10 and 2001ng

of HGMCF, RGMCF, K-IOSG). Flasks were incubated on an orbital shaker at 40°C

for 24 h. Samples were withdrawn at regular intervals and ester concentrations

monitored by Gas Chromatographic analysis [35]. Quantification of data was done

by calibration with standard samples.

(b) Analytical method

The analysis was performed on a Chemito Gas Chromatograph equipped with

flame ionisation detector. A 2m><3.2mm stainless steel column packed with 10% SE-30

on chromosorb W was used for the analysis. Quantification of data was done by
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calibration with standard samples. The unit of enzyme activity is defined as pmol of

ethyl butyiate consumed (reaction with butyl alcohol) per min per mg of the enzyme.

I N ° X
Specific enzymatic activity (mmol converted ethyl but/h.g) E ( FA) X( 39)’

t >< W0

where (NFA)°is the initial mmol of ethyl butyrate (mmol of ethyl butyrate); (Xac ), is

the conversion of ethyl butyrate at time t (in hours); and W9 is the total biocatalyst

mass (g). Total biocatalyst mass is the support plus the adsorbed CRL in the case

of immobilized lipase and mass of lipase when CRL is used. The yield per gram of
0 X

the biocatalysts (mmol converted ethyl butl g) 5 (NM )~ X( “‘° )‘. W0
5.8 Activity of free and immobilized lipases with respect to

transesterification reaction between ethyl butyrate and n-butanol
5.8.1 Effect of various biocatalysts: Progress of alcoholysis reaction in the

presence and absence of water activity

The synthesis of butyl butyrate as a function of incubation time was

investigated at optimum water activity of lipases (Fig. 5.2 (21)) and those in the

absence of water activity (Fig 5.2(b)). The specific activity values for the free and

the immobilized lipases as well as the yield are shown in the Table 5.2.

100 -. (bl100 - ila) _ so3‘ ._ _
gt  _ , F__.# , 0 3 5 _ 10 15 20 2420 24 T|me(h}

Convers on °/

\

\

Convers on °/

8 E -._.

§\\§

\\\it\.. :\

0 3 5 10 15
T""°ih3 -+-cm. —Cl—Hmcf —A——Rmcf

-0-— CRL —D-- Hmcf —A— Rmcf -0- Kl-10 —I— HGmcf ——j— RGmcf —O-— K-1 0G
—I— HGmcf —~—L-— RGmcf —O— K-10G -0- K].1 0

Fig 5.2 Percentage transesteiification (butyl butyratc) at optimum water
activity of free and immobilized lipases as a Function of incubation
time at 0.01M substrate, 100mg (tree), 0.5g (ads), 0.2g (cv) enzyme
concentration at 40°C (a) (aw=O.33) (b) in the absence of water
activity
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Candida rugosa have been reported to be excellent catalysts for

transesterification of short chain alcohols. Free CRL lipase gave 96% conversion

after 24 h. It was reported that C.rugosa displayed the highest transesterification

rates (0.483 pmol/min/mg of enzyme) at 0.33 water activity region [35] and hence

this enzyme was chosen for this study. No transesterification was detected with

dried enzymes. The rate of transestenfication was less in the absence of water

activity as the amount of bound water in the enzyme may cause a denaturation

effect which does not favour the transesterification reaction. The maximum

conversion obtained by C. rugosa for butyl butyrate synthesis in hexane could be

due to high specificity of this lipase for C4 substrates [36].

Table 5.2 Yield and transesterification activity in the synthesis of butyl
butyrate for free and immobilized lipasesi  S ‘f t"  .

W bample *  Y1eld(mmol/g) }
lg Free CRLlipase  4 96rim  1.1 25.3RMQF 0.73 17.6KI-10  0.69 16.7Z How. . 49T.___-._ ...................................   - -  A‘ RGMCF i l.8 43K-l0G  1.9 46.5. _ ..L_ _‘_g ,_ of _  __ N L

to

The covalently bound systems gave higher conversion than the adsorbed

ones both in the presence and absence of water activity as in the case of

hydrophobic supports due to the inclusion of organic moieties. They are less

hydrated and hence the enzyme adsorbed on such supports compete successfully

for water and showed enhanced activity compared to the adsorbed ones. Among

the covalently bound systems HGMCF gave the highest conversion. In the case of

adsorbed systems, RMCF gave higher conversion rather than PIMCF which may be

due to the attaimnent of effective water activity of 0.33 in the case of enzyme
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adsorbed on the external surface of RMCF with high surface area. In the case of

HMCF most of the lipase molecules are occluded inside the pores and hence the

attainment of water activity may not be uniform ad hence a lower degree of

transesterification is observed. The activities on silica and clay were very low when

the immobilization was performed in buffer and the lipase activity disappeared

from the buffer solution. The lipase activities of the immobilized ones from

heptane were higher than those of lipases immobilized from buffer. Hence heptane

was chosen as the immobilization medium of lipases on all the supports for the

transesterification reaction.

The transesterification activity and yield (Table 5.32) was higher for HM(_¢F

samples and RMCF exhibited greater activity than Kl-10. The activity and yield were

much higher for the covalently bound systems.

5.8.2 Effect of lipase concentration and temperature

The result of lipase quantity on transesterilication of ethyl butyrate with

n-butanol is shown in Fig- 5.3. There was an increase in the ester yield with the

increasing lipase quantity. However, further increase in the lipase quantity of 20%

did not have that much effect on ester yield.
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Fig 5.3 Effect of catalyst loading (CRL) , Fig 5.4 Effect of temperature on the
ethyl butyrate,0.0l mol., n-butanol, activity of free and HGMCF
0.01 M ., hexane to make total
volume of Sm], temperature, 40°C.

This leveling-off behavior of transesterification at higher iipase quantity is

typical and has also been reported by other researchers [37, 38]. The addition of
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larger lipase quantity was not practical since the matrix and lipase together made

the solution extremely viscous, so it will not help to further increase the ester yield.

Due to the attainment of equilibrium there was no further increase in ester yield

with increase in enzyme concentration. All further experiments were carried out

with 100mg of the free enzyme.

The effect of temperature was studied in the range of 30 to 80°C, with

0.01 M of each reactant, free enzyme (100 mg), HGMCF (200mg)- and heptane

(l0ml) (Fig 5.4). It was found that the rate of the reaction and conversion increased

with an increase in temperature from 30 to 50°C after which there was a decrease

in both cases. The enthalpic contribution to the enzymatic rate enhancement

suggests that there are important electrostatic and hydrogen-bonding interactions in

the transition state of the enzymatic reaction, which are responsible for increased

rate with temperature. The optimum temperature shifted to 50°C for H(}M(-,.- while it

was 40°C for the free enzyme. lt seemed that hydrophobic groups on the matrix

may be protecting the enzyme against denaturation at higher temperature. The

conversion decreased from 60 to 80°C. This indicated that the enzyme tertiary

structure might have been disrupted causing it to denature at higher temperatures

[39]. Therefore, all further experiments with free and immobilized lipases were

carried out at 40°C.

5.8.3 Effect of solvent on alcoholysis

To investigate the effects of solvents on the reaction, five solvents with

different log P values were chosen to examine their effects on the activity. As

expected, higher conversions were obtained for the reactions using the solvent with

higher log P than others as reaction media. The lipase exhibits higher alcoholysis

activities in a non-polar solvent (hexane) than polar solvents (Table 5.3).

n-Hexane gave the highest conversion both in the case of free and

immobilized lipases. The impairment of polar solvents to enzyme by depriving the

essential water binding to the active site seems to be incontrovertible. In another way,
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the effects of reaction media on the activity of the immobilized lipase might be also

related to the activity of the substrate molecules dissolved in these media as well as

the water activity. While our results seem to suggest that the nature of the carrier

might affect the lipase activity by creating different microenviromnent to influence

the solvation and diffusion of substrate and product in organic media [40].

Table 5.3 Effect of solvents with different log P values on the activity of
free and immobilized lipases
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The protective surface of the support may prevent the water monolayer from

being stripped and maintain the three dimensional structure of its active protein

conformation. In conclusion, the present results suggested that n-hexane appears to

be the most suitable solvent for transesterification reaction.

Solvents with a log P > 4 are known to have a positive effect on enzyme

activity. Solvents with a log P < 2 are known to reduce enzyme activity [41]. The

higher enzymatic activity in the non-polar solvent may be attributed to the minimum

distortion of the hydration layer around the enzyme by the solvent, thereby leaving the

enzyme in an active state whereas the polar solvent, due to its high affinity for water,

might remove the essential hydration layer around the enzyme, thus decreasing enzyme

activity. These trends are in accordance with the data reported by Yadav et al. [42] on

the transesterification of vinyl acetate (with n-decanol, 2-ethyl-1-hexanol, benzyl

alcohol, cinnamyl alcohol, l-phenylethyl alcohol and 2-phenylethyl alcohol) using an

immobilized lipase in n-heptane.
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5.8.4 Effect of water activity

The reaction rate profile of lipase from C. iugosa, and the immobilized

lipases were measured at fixed initial water activity ranging from 0.12 to 0.96 (Fig.

5.5). The free and the immobilized lipases exhibited maximum transesterification

activity at a water activity of 0.33 (MgCl2.7H;O). Water is known to have

inhibition effect on lipase activity in the transesterification reaction. This

phenomenon has also been observed by other researchers [43, 44] and it was

thought to be the inhibitive effect on the lipase activity caused from the negative

effect of existing water in the reaction. The transesterification rate was lower at

higher water activity of 0.96 for all lipases used and similarly lower
transesterification degree was observed with very low aw salt hydrates.

Rate m cromo e
lm'nlmg enzyme)

Q O D O O Q
O '-s io E» In '01 bv_k __l 4

-_
Q

-L " '1 il I To I I i
0 0.1 0.3 0.5 0.7 0.9

water activity (aw)

-+- CRL -0- Hmcf —a— Rmcf -0- Kl-10
-1- HGmcf -A— RGmcf -0- K-10G

Fig 5.5 Reaction rate profile of lipases in alcoholysis as a function of water
activity at 0.01 substrate, 100mg g enzyme concentration, 0.5g ads
lipase, 0.2g covalently bound lipase, at 40°C. Equilibration carried
out with LiCl, (aw: 0.12); MgCl2 /7]-I20 (aw: 0.33); Mg(NO3)2
(aw:0.54); NaCl (aw: 0.75) and KNO3 (aw: 0.96).

At the lowest water activity of 0.33, the conversion of ethyl butyrate achieved

the maximal values in the case of free and immobilized lipases. The covalently bound

ones showed greater transesterification rate in all the water activity levels than the

adsorbed ones. Overall, these results suggest that water activity strongly influenced the

hydration level of the enzyme which in turn affected the transesterification activity. At
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higher water activity (0.96) all the lipases used showed lower reaction rates and this

could’ be due to severe diffusion limitation due to aggregation of enzyme or increased

reverse reaction (hydrolysis) at higher water activities [45].

When the reactions were carried out at a higher water activity level (0.96), the

yield of butyric acid from hydrolysis of ethyl butyrate increased monotonically with

low butyl butyrate ester synthesis. It is known that, in alcoholysis, reaction proceeds

via an acyl enzyme complex, which then reacts with the alcohol substrate. When the

water activity is increased, water can also react with the acyl enzyme complex. As a

result, a change in ratio of the rates of reactants takes place that favours hydrolysis.

However, at low water activity level (0.33), a shift of equilibrium towards synthesis

of butyl butyrate (96%) was observed with reduced hydrolysis. This suggests that the

transesterification reaction occurs probably at two stages and a split water activity

control as suggested by Ujang and Vaidya [46] could be beneficial for maximum

activity. According to this method, during the initial stages of the reaction, higher

level of water activity is required for hydrolyzing the ester (substrate). In later stages,

the reaction is stepped down to lower water activity level for the formation of desired

ester (product). lbrahim and Robb [47] have shown that the activity of silica bound

subtilisn was not restored by hydration afier the essential water has been removed.

The same results were reported by Furukawa et al. [48], who conducted the

esterilication of (-) menthol with butyric acid employing the C. rugosa lipase

deposited on Celite. The authors suggested that the decrease of the activity of

immobilized lipase is related to the higher water content induced deformation of the

activated structure pertaining to the immobilized lipase at lower water activity.

5.8.5 The effect of the reactants concentration on the transcsterification initial
reaction rate

The effect of ethyl butyrate and n-butanol concentrations on the initial

reaction rates with free CRL lipase were investigated by transesterifying various

fixed initial quantities of ethyl butyrate with different concentrations of n-butanol

and vice versa. Fig. 5.6 shows that when the concentration of n-butanol increased,

I56



‘Transrzstenjication Reaction: . . . . . . . . . . . . ...i~mm05ilized'lipases

the initial reaction rate also increased; reaching a maximum at the acid
concentration of 0.03 M. Concentrations above 0.03M did not increase the initial

reaction rate. This behavior can be an indication of inhibition effect of n-butanol on

the enzyme activity. Further, subsequent increase (in ethyl butyrate concentration

(Fig 5.7) led to an increase in the initial reaction rate in the concentration range

studied. This means that ethyl butyrate concentration has no inhibition effects on

the enzyme activity.

1001: 80 _f : sol,_ 60 1 ._ 6040- 40f

Convers on %

Convers on %

2°" 20-,0  I F —| “I | 0 I 1 ~—a '| |—a i -er0 3 5 10 15 20 24 0 3 5 10 15 20 24
Time(h)

Time (min)

_._...0_01 ._'._o\o3 _*_.0_O5 ....._0_07
Fig 5.6 Effect of concentration of Fig 5.7 Effect ofconcentiation of ethyl

n-butanol. Ethyl butyrate, 0.01inol., butyrate. n-butanol, 0.01 mol., hexane
hexane to make total volume of l0 ml, to make total volume of 10ml, 100mg
100mg (CRL)., temperature, 40°C. (CRL)., temperature, 40°C.

Therefore, all further reactions were carried out by using 0.01 mol of
n-butanol.

Similarly, the effect of ethyl butyrate to n-butanol molar ratio i11 the case of

HGMCF is presented in Fig. 5.8 and Fig 5.9. It was found that increasing the

concentration of ethyl butyrate increased the rate and conversion. Thus ethyl

butyrate does not show any inhibitory effect for the concentration range considered

in this study. However, the rate was found to decrease beyond 0.03 mol of

n-butanol (Fig. 5.8). It could be due to a dead-end inhibition complex formation by

11-butanol with the lipase, as described for transesterification of isoamyl alcohol

with ethyl acetate [49].
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Alcohol plays a complex role as an acyl acceptor, enzyme inhibitor and

modifier of the enzyme active center [50]. The alcohol adsorbs to the immobilized

enzyme and blocks the entry of substrates causing the reaction to stop [51]. The

accepted mechanism of inhibition by alcohol is the fomiation of a non~reactive

dead~end complex between enzyme and alcohol [52]. Many previous studies have

also reported inhibition only by alcohol for the synthesis of octyl laurate [53] and

geranyl acetate [54]. For example, Shimada et al. [55] found that immobilized

Candida antarctica lipase was inactivated in a mixture containing greater than

1.5 molar equivalents of methanol in oil in a solvent-free system.

5.8.6 Thermal Stability measurement

From a commercial point of view, the thermal stability of enzymes is one of

the most important features for the application of the biocatalyst. The thermal

stability of both free lipase and the immobilized lipases was investigated by storing

samples for 2 h at 50 and 55°C as shown in Fig. 5.10. The remaining activities

were expressed as relative percentage to the original activities.
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Fig 5.10 Thermal stability of the free and the immobilized lipases at 50 and 55°C

According to Fig. 5.10, all the of adsorbed lipases hold over 55% activity at

2 h, the covalently bound ones retained 75 % of their activity while the free

enzyme retained only 38% of the activity after 2 h at 50°C. The free lipase retained

about 38% and 30% of its initial activity at 50 and 55° C after a 120 min incubation

period. RM“ retained higher activity than Hwy. After a 120 min heat treatment at

55°C, adsorbed ones retained about 43% its initial activity and the covalently

bound ones retained more than 65% of their initial activity. Similar results have

been previously reported for various covalently immobilized enzymes [56, 57].

Excessive heat will break down the tertiary structure of the enzyme, and the weaker

conformation of free lipase was easier to destroy while the support matrices

provided greater thennal stability for the immobilized lipase.

These results indicate that the thermal stability of immobilized lipases is much

better than that of the free one owing to the formation of covalent bond between the

enzyme and the supports, which prevents the conformation transition of the enzyme at

high temperature. The low differences obsen/ed were not very significant but could

perhaps be explained by the different average numbers of links between the enzyme

and the support. The results showed that for the immobilized enzymes, the decrease of

activity is much slower than that of free enzyme, which suggest that afier

immobilization, the enzyme molecules can refold back to its active site after thermal

l59



Cfiapter—5

treatment to some extent while for the fiee enzymes in solution, because of the long

range migration and aggregation, the lipase molecules cannot refold completely after

being cooled down to room temperature, which resulted in irreversible denaturation

and drastic decrease in enzymatic activity. The improved stability of immobilized

enzymes may be related to the prevention of autolysis, thennal denaturation [58] and

an increase in enzyme rigidity [59] by raising the temperature.

5.8.7 Retention of activity by immobilized lipases in continuous cycles

The operational stability of an immobilized enzyme without appreciable loss

of enzyme activity is important for the economic viability of a biosynthetic

process. The operational stability of the immobilized enzyme is the main

characteristic that limits a potential application of immobilizates in industrial scale

[60, 61]. In Figure 5.1 l, the relative activities of native and immobilized lipase are

plotted against the number of reaction cycles. The immobilized catalyst was

filtered off, washed with heptane and reused.
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Fig 5.11 Reusability of the immobilized lipases

It was observed that, Hm; demonstrated more than 70% activity after 6 runs

while RMCF and KI-10 retained 60% activity alter the same. The difference observed is

due to the difference in the structure of the supports. The interaction between lipase and

HMCF would be beneficial to reduce the enzyme deactivation. The biocatalyst
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immobilized on pure-RMCF suffered severe desorption of enzyme, which caused a

decrease of about 54% afier six runs. The reason of the drop in conversion after fourth

cycle for may be the deactivation of lipase due to the washing with hexane, which

could also be a potential inhibitor. Another reason could be the changes in the

composition of the initial reaction mixture. Washing of the supports did not wash out

the product (ester) and substrate completely. The presence of the product in the

reaction mixture shifted the equilibrium in the backward direction (hydrolysis) and it

resulted in overall loss of activity. Among the covalently bound systems, HGMCF

showed residual activity of 85% while RGMCF and K-10G could retain over 75%

activity. This may be explained by the increased stability of conformation of the

enzyme upon binding to the support surface through a longer activating agent. The

activity loss upon reuse could be due to weakening in the strength of binding between

the matrix and enzyme and also due to inactivation of the enzyme upon immobilization

such as product and/or substrate inhibition [62].

The activity loss is high when only (weak) physical bonds are involved,

probably due to enzyme leaching during washings. Operational stability of

immobilized enzyme with glutaraldehyde is much higher. The tight binding to the

support allowed very little leaching of the enzyme. Immobilization can facilitate a

decrease in enzyme consumption as the enzyme can be retrieved and reused for

many repeated reaction cycles [63]. Chen and Hsieh [64] reported a loss of activity

after five reuses when lipase was immobilized on ultrafine cellulose fibers prepared

using an adsorption method. Ye and coworkers [65] studied lipase immobilization

using the covalent bonding method and reported that the residual activity of the

immobilized lipase was 67 % after 10 reuses.

5.8.8 Kinetics of reaction

in order to identify the optimal conditions for the lipase catalyzed

transesterification reaction, it is essential to understand the kinetics of this reaction. Most

of the earlier kinetic studies on lipase-catalyzed tiansesterification considered short chain
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alcohols and long-chain fatty acids, observing alcohol inhibition and described by a Ping

Pong kinetic model with competitive inhibition by the alcohol [66, 67].

Reactions were carried out for different initial concentrations of ethyl

butyrate (0.01-0.1 M) with a constant butanol concentration. The concentration of

one of the two substrates was maintained constant while the full series of

concentration for the second one was investigated. All reactions were conducted

for 24 h with 100mg enzyme loading at 40°C. The kinetics were determined for the

industrial free Candida rugosa lipase and for HGMCF. The kinetic parameters for the

transesterification reaction were determined using the Ping-Pong Bi-Bi mechanism

with substrate inhibition and represented by the Lineweaver and Burk plot. Many

authors also demonstrated that kinetics mechanism for transesterification reaction

was Ping Pong Bi Bi [68, 69].

(a) Mechanism of the reaction

The mechanism for the transesterification reaction was proposed by Vanna at al

[70]. The transesterification for the synthesis of butyl butyrate from ethyl butyrate is

-fir

(:li3(2}{g(:}l3(:()()}{ 4" (3}{3((:}{g)3()I{ +
Butyiic acid(Rl) Butanol(R2)

H20 + CH-,CH2CH2COO(CH2);CH3
wate r( P 1 ) Butyl butyrate (P2)

For the transesterification reaction, ethyl butyrate (R1) binds first with enzyme

to form an ester—enzyme complex. This complex is transformed by a unimolecular

isomerization reaction to give acyl—enzyme intcnnediate complex with release of first

product ethanol (P I ). The second substrate, butanol (R2), reacts with this acyl—enzyme

complex to form a binary complex with enzyme. This binary complex undergoes a

unimolecular isomerization to a butyl butyrat%nzyme complex, which releases

another product, butyl butyrate (P2), and free enzyme.

k+| k+2
-—-—~+ ——""+ Q ————9 2E-|- R] , ERI <1—-— E"‘Pl , E" + P1.1-I'_| k_1
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k+3 k+4e m i)
15* + R2 <_ E*R2<--—EP2 ._ E + P2k_; k_4
The expression of reaction rate for the Ping Pong Bi Bi with alcohol

inhibition as given in Eq. (1)

W. Z  - .. V‘“‘=‘*f.[.CF'][_Q§1?]_u-_--“_--_:

lcaillcnzl + KR2lCR1l (1 + %f§)

+KR‘[CR2] (1 + [1%i<22]) ................................... ..(1)

where V; is the initial reaction rate, Vmax is the maximum reaction rate,

KR1 and KR; are the Michaelis-Menten constant for ethyl butyrate and n-butabol,

respectively. Km is the inhibition constant for alcohol. [Cm] and [CR2] are the

initial concentration for ethyl butyrate and n-butanol, respectively.

(b) The Burke—Lineweaver (double-reciprocal) plot

Fig. 5.12 illustrates that, when the mole number of ethyl butyrate increased

from 0.01 to 0.1 M, all the plots of 1/Vi as a function of 1/[But,ol] converged

towards the same lower curve.

On the other hand when 1/V; was plotted as a function of 1/ne[|])/1 but

(Fig. 5.13.), the lines are parallel to each other at different values of n-butanol,

which shows inhibition of the enzyme by alcohol. This indicated competitive

inhibition by n-butanol, which would imply that the latter formed a complex

with the enzyme that prevented the formation of the active complex that would

lead to the product. No such inhibitory effect was found for ethyl butyrate.

Similar observations were observed when the inverse initial rate, plotted as a
I

function of the inverse mole numbers of the two substrates in the case of HGMCF

presented in Fig. 5.14 and Fig 5.15. The mole number of the substrates ethyl

butyrate and n-butanol were 0.01M, 0.02M, 0.03M, 0.05M, 0.075M, 0.1M and

all possible combinations between these concentrations for the two substrates

were examined.
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concentrations (M) of 0.01 (I), butyrate concentrations (M) of
0.02 (0), 0.03(*), 0.05 (O), 0.075 0.01 (0), 0.02 (*), 003(0),
([3), 0.1 ( r> ) temperature, 40°C. ()_()5 (A), ()_()75 (1), ()_1 (o)

The Michaelis constants are given by Equation (1). A large value ofthese

constants indicates weak substrate binding (that the ES complex is less stable)

while small values of these constants indicate that the enzyme requires only a

small amount of substrate to become saturated. The smaller the value, the

stronger the affinity. The most important factor is the dissociation constant (K, )

for binding inhibitor to enzyme and a high value of this constant indicates that

there is minimal inhibition. The values of the kinetics parameters were

calculated by nonlinear regression using Graph Pad Prism software. The kinetic

parameters, V,,,(,,,_,- , KR], KR; ,K 1R2, obtained fromiEquati0n (l) are listed in Table

5.4. K,,,_Bu, for free lipase was lower than K,,,_Bu, em which indicated higher

affinity for n-butanol and hence the inhibition observed. There was no

inhibition observed with ethyl butyrate due to the higher value of K,,,_Bu, ,,,|,_
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Lineweaver—Burk plot of
reciprocal initial reaction rates
Vs. reciprocal ethyl butyrate at
fixed butanol concentrations:
(0) 0.01 M, (I) 0.02 M,
(0) 0.03 M, (E1) 0.05 M, and
(A) 0.1 M. Reaction
conditions: 0.2 g HGMCF; 40°C
and 10ml hexane

Table 5.4 Kinetic parameters for the synthesis of butyl butyrate from
ethyl butyrate and n-butanol using free CRL and HGMCF

’ Calalygt    Pairan'ieter""_  "'  5 ':':§i-=;w ;Valu__'e'-. I é
0 Free (CRL)  I/um  19.62 mmol min" g"i Kn1ButK mBut eth   \,,,,' I IHGMCF  I/max  10.74 mmol min' g" 5

K mBut ell) l~ II Mpg  KiBut _, 7 H  0¢§9M 0
It appears that the kinetics constants K,,,_Bu, and Kmfiul cm were increased after

immobilization except for the inhibition constant by n-butanol (K;,B,,,) and Vmax

which decreased. K,,,_B,,, was also higher compared to free enzyme but lower than

Km,B,,, em. The apparent Michealis~—Menten constant for CRL lipase increased after

immobilization. Km and 'Vma_\ undergo variations with respect to the corresponding

parameters of the free form, revealing an affinity change for the substrate. These

variations can be attributed to several factors such as protein conformational
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changes induced by the attachment to the support, steric hindrances, variations in

the microenvironment and diffusional effects [71, 72]. The apparent increase in Km

for the immobilized enzyme indicates an alteration in the affinity of the enzyme

towards the substrate upon covalent immobilization on silica or lower possibility to

fonn a substrate—enzyme complex. The reduction in I/max for immobilized enzymes

as compared to free ones is mainly due to their partial inactivation caused by less

favourable conditions of catalysis following the immobilization process.

5.9 Conclusions

The present Work investigated the study of the reaction parameters

governing the enzymatic synthesis of butyl butyrate via transesterification reaction

with free and immobilized lipases on mesocellular silica foams and clay. The

reaction conditions reported in the present study are mild and ‘clean’ as compared

to chemical methods. The key points from the present study are:

' The influence of water activity on the synthesis of butyl butyrate by

transesterification reaction (alcoholysis) using free Candida rugosa and

the immobilized lipases were studied and it was found that the

transesterification rate is lower in the absence of water activity. The yield

and the transesterification activity were higher for the covalently bound

systems.

' The free and immobilized lipase exhibited higher alcoholysis activities in

non-polar solvents.

' A direct relationship between water activity (aw) and reaction rate was

observed. Lipases from C. rugosa was active at aw 0.33. At higher water

activity (aw: 0.96) the reaction equilibrium favoured the hydrolysis of

ethyl butyrate and the equilibrium was shifted to synthetic mode (butyl

butyrate) when operated at low water activity (0.33).

I The decrease in transesterification rate with increasing n-butanol

concentration confirmed the inhibition by n-butanol whereas no such
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effect was observed with ethyl butyrate. This study showed that the

kinetic mechanism Bi-Bi Ping-Pong with inhibition by n-butanol

remained unchanged for the reactions catalyzed by the industrial powder

of Candida rugosa or for the covalently bound HGMC[J.

' The immobilized lipases showed improved thermal and operational

stability compared to free enzyme.

" The Michaelis constant (Km) for n-butanol was lower than Km for ethyl

butyrate which showed the higher affinity for n-butanol. The maximum

reaction velocity (Vmax) decreased after immobilization and Km showed

an increase revealing an affinity change for the substrate or may be due

to the conformational changes of the enzyme resulting in a lower

possibility to form substrate—enzyme complex.

I The properties and stability of the immobilized lipase exhibited

characteristics that may be suitable for industrial biotransfonnations.
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Hydrolysis in Aqueous media

6.1 Introduction

C bnfenfs

6.2 Substrate preparation and lipase assay

6.3 Measurement of lipase activity

‘Tiie steadify gro'wirig interest in [ipases or/er tfie last two decades stems from tfieir
5iotecfinofirgicaf-versatifity and tfie a6i[ity qftfiese enzymes to cataiyze a Eiroad spectrum of

Eioconrrersion reactions wit/i tremendous potentia[ in "various areas sucli as in food

teclinofogy, fiiornedicaf sciences and cfzemicaf industry. £Many of tfiese appfications are

performed witfi irninofiifi.-Zed fipases. ‘Hie immofiifization is an advantageous metiiod tiiat

improves tlie sta6i[ity of tlie 6iocata[yst and provides for its repeated use and tlie easy

separation of tfie catafystfrom tlie reaction medium. Olrviousfy, tlie pro5ll*m ofseiecting t/ie

support matenkd and tfze proper tecfinique is ‘very important and tfzerefore tfie pursuit _/or

suitaiile materials iias not yet 5een ceased ,?Ijj"iriity 5etween supports and enzyme is more

important for tfie eflicient immofiilization of enzyme. In t/ie searcfi for suitalife materuds,

in tliis stuafir mesoceffufiir sifica foams as wed as cfizy were seécted as supports for

adsorption and co-vafiznt oinding of Candida Rugosa fipase. ‘Ifie sefection criteria were 5ased

on t/ie enzyme loading onto tfie support, enzyme activity and immofiilization eIj‘iciericy. ‘Hie

acti-uities of tfie immofidrkates of commerciaf nonspecific Candida rugosa [ipase were

assessed in an aqueous medium and organic medium 5y tlie /iydroiysis of [ong cfiain fatty

esters as a reaction system. }[ere5y, tfiefactors inffuencing tfie course oft/ie fiydrofysils witfi

free and immotiilized enzyme wit/i tlie 5est performances were studied jlmong t/iejactors

investigated were tlie enzyme concentration, tfie pflf and tiie temperature of t/ie reaction

mixture, as wed as tfie reusaoifity and storage sta6i[ity oft/ie immofiifizates.
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6.1 Introduction

Lipases are the hydrolytic enzymes that can catalyze a wide range of

reactions such as hydrolysis, alcoholysis, transesterifications, aminoiysis and

enantiomer resolution. Lipases (EC 3.1.1.3) have gained considerable importance

as versatile biocatalysts for the hydrolysis/synthesis of a wide range of esters and

amides [I-3]. The lipases suffer a conformational change from an inactive state

(closed form) to an active state (open form), exposing the active site to the reaction

medium and increasing its catalytic activity, the presence of hydrophobic surfaces

promotes the stabilization of this open form (the so-called interfacial activation)

and improve their activity during immobilization [4, 5].

Total hydrolysis of ester bonds in triacylglycerols may be accomplished at

high temperatures and pressure in the presence of steam. Fatty acids can

altematively be produced by ambient pressure, saponification or chemically

catalyzed hydrolysis. However, the use of lipases for enzymatic splitting of fats in

the presence of excess water is more appealing since the reaction proceeds under

mild conditions of pressure and temperature with specificity and reduced waste [6].

This technology is currently employed in the production of fatty acids,

diglycerides, monoglycerides, flavoring agents for dairy products and detergents

for laundry and household uses. It is generally accepted that lipase catalyzed

hydrolytic activity does not correlate with its esterification activity or

transesterification activity, because the transfer reaction is carried out in a organic

solvent. Lipase-mediated hydrolysis of vegetable oils or triglyceride in

non-conventional media such as super critical fluids [7, 8],, and organic solvents

[9, 10] has also been attempted. A colorimetric method is convenient as an assay

method for enzyme activity [11]. Hence p-nitrophenyl esters has been focusssed as

a chorogenic substrate for the measurement of hydrolytic activity.

The esterolytic activity of lipases is routinely estimated by employing the

para-nitrophenyl palmitate (pNPP) assay described by Winlder and Stuckmann [12].
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The basis of this assay protocol is the colorimetric determination estimation of

para-nitrophenol (pNP) released as a result of enzymatic hydrolysis of pNPP at

4l0nm.

In many cases the non-orientable immobilized lipases lost catalytic activity

and efficiency to some extent. The properties and microstnlcture of supports have

great impact on the performance of immobilized enzymes. It is, thus, important

that the choice of support materials and immobilization methods for enzyme

should be well justified. Generally, the efficiency of enzyme immobilization is

decided by the support size (or surface area). However, this is questionable in the

case of lipase, because of the explicit structure of the enzyme protein. Literature

reports about the 3D structure of lipases indicate that lipases are fairly hydrophilic

as well as hydrophobic proteins and their main hydrophobic area is the extremely

hydrophobic region surrounding the catalytic site [13].

Lipases immobilized onto various carriers were investigated in terms of their

hydrolytic [14, 15], synthetic activity [16, 17] or both [18, 19]. It was reported that

the hydrophilicity or hydrophobicity of the carriers used in immobilization of

lipase affected the lipase activity [20, 21]. Nanotibrous membranes were fabricated

from poly(acrylonit1ile-co-maleic acid) (PANCMA) by the electrospinning process

and after tethering it with chitosan and gelatin were employed for the covalent

immobilization of Candida rugosa lipase. ln comparison with the immobilized

lipase on the nascent nanofibrous membrane, there was an increase of the Vmax

value for the immobilized lipases on the chitosan and gelatin-modified nanofibrous

membranes. The pH and thermal stabilities of lipases increased upon

immobilization [22].

Microporous poly (styrene—divinylbenzene) copolymer constitutes

excellent support for covalent immobilization of lipase from T. lanuginosu with

85% yield and could retain full activity after 30 days storage and fifteen

repeated batch reactions [23]. Electrospun polysulfone nanofibrous membranes
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containing PVP or PEG as additives were applied to immobilize C.rugosa

lipases by physical adsorption by Zhen et al. Compared with free lipase, the

optimum temperature for adsorbed lipase activity increased, pH value got lower

and thermal stability increased. The I/max and Km values for immobilized

preparations were lower and higher those for free preparations [24]. Lipase

immobilized to chitosan beads by the binary method showed a higher thermal

and storage stability in soybean oil hydrolysis compared to soluble lipase in the

work done by Ting. et al. [25]. High catalytic activity for hydrolysis reactions

was observed when using TEOS as precursor while those prepared with

methyltrimethoxysilane (MTMS) showed low activities in the hydrolysis

reactions in the work done by Soares at al. [26]. Immobilized lipase using dry

and wet chitosan beads retained 78% and 85% of its initial activity after 10

batch hydrolytic cycles and also good storage stability with high resistance to

pH and temperature changes in the work done by Chiou et al.[27].

In this study the catalytic ability of lipase immobilized on six different

supports for the hydrolysis has been evaluated- p-nitrophenyl palmitate (pNPP),

a well known substrate for lipase hydrolysis was selected as the substrate in

this work. The effect of temperature, pH, thermal stability, effect of metal ions

and alcohols, reusability, storage stability and kinetic properties were
investigated.

6.2 Substrate preparation and lipase assay
6..2.1 Activity assay of lipase in aqueous media

A modified version of the procedure by Winkler and Stuckmann [12]

based on the hydrolysis of p-NPP was used throughout this study to measure

lipase activity. The stock substrate solution was prepared as per the method of

Kordel et al. [28] with slight modifications, by dissolving p-NPP was in

2-propanol to obtain a 16.5mM stock solution. One milliliter of the stock

substrate solution was added to 9ml of 0.01M phosphate buffer, containing

0.4% (w/v) Triton X-100 and 0.1% (w/v) arabic gum, pH 7.0. Lipase activity
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was assayed spectrophotometrically by measuring the rate of hydrolysis

p-NPP at 410 nm and 37°C in a UV spectrophotometer. The change in

absorbance at 410 nm and 37°C was read at 60 s intervals for a period of

20 min. The reaction mixture composed of 900ul of freshly prepared substrate

solution and 100p] of the enzyme extract. Enzyme activity was expressed as

unit/ml (U/ml), where one unit of activity was defined as the amount of

enzyme that catalyzed the release of lumol of p-nitrophenol (p-NP) per min

under the assay conditions. The extinction coefficient of p-NP at pH 8.0 was

determined as l7,5O0M_i cm‘! per liter.

6..2.2 Activity assay of lipase in the organic medium

The reaction rate of the free and immobilized lipase preparations in heptane

was determined according to the process described by Pencreac’h and Baratti [29].

In the standard conditions, the reaction mixture was composed of 2mL of

n-heptane containing l0mM p-NPP in an Erlemneyer flask. The reaction was

started by the addition of 10 mg free lipase preparation (or 50 mg immobilized

lipase preparation). T he mixture was incubated at 37°C. After 5 min of reaction,

agitation was stopped, the lipase powder was allowed to settle for 30 s, and the

clear supematant was withdrawn. Fifty microlitres of supematant was immediately

mixed with l.0mL, l0mM NaOH, directly in l.0mL cuvette of the
spectrophotometer. The p—NP was extracted by the aqueous alkaline phase. It

displayed a yellow color because of the alkaline pH. The absorbance was read at

410 nm against a blank without enzyme and treated in parallel. Molar extinction

coefficient of l7.4><l03M_l cm" for p-NP was estimated using the standard

solutions of p-NP in n-heptane. O O0 O_ / Lipase
H3C"(CH2)fiJLO N\< -—g;—C-)—-—+H3C___{CH2)}_4__.lL_OH + HQ N<<O 0
p-nitrophenyl palmitate palmitic acid p-nitrophenol
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6.3 Measurement of lipase activity

6.3.1 Effect of pH on immobilization and activity

It is well known that the procedure of enzyme immobilization on insoluble

suppoits has a variety of effects on the state of ionization and dissociation of the

enzyme and its environment [30]. Immobilization was carried out in different

buffer solutions in order to determine a suitable buffer for the immobilization of

lipase on silica and clay (Fig 6.1). Taking advantage of the structural

characteristics of mesoporous materials, enzyme molecules can be directly

immobilized through the interaction with surface silanol groups by hydrogen

bonding [31] or electrostatic forces [32]. The morphologies of mesoporous silicas

also play an important role in their immobilization performance for enzymes [33].

Relative activity (%)

-Q100 y i;__,,A\ 0so .J  "/__ \,4\ _ I,:11. ~ \v=20 .-i

‘in i ' I ‘* W*“_*l I " “_‘|;_ I
4 5 6 7 8 heptanc

pH

-El— I-lmcf —A— Rmcf —O— Kl-10

—I— HGmcf --A-— RGmcf -C" K-10G

Fig 6.1 Effect of immobilization pl-I on the activity of the immobilized lipase

The optimum pH for the adsorbed systems llM(;,-, RM(__*_]r and Kl-10 were 6

and '7 respectively. The pH at which maximum immobilization took place in the

case of covalently bound systems was 5 in the case of HGM(;F and K-10G while

it was 6 in the case of RGMU. There was decrease in the immobilization

capacity at alkaline side of the pl of the lipase. I-Ieptane was also chosen as
immobilization medium for all the immobilizates but it was found that the
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enzyme bound was less when compared to the immobilization in pH solutions.

In the case of hydrolytic reactions, no marked differences in activity were

found between the coupling media used. The pH-buffering capacity of clay

mineral may protect the adsorbed enzyme from denaturation [34]. Because the

isoelectric point (pl) of CRL is 5 to 6.5, the protein is kept at its most stable

conformation at these pH values. Although the active and the stable

confirmation and the stable conformation of a protein may not be the same, in

this case, the neutral protein surface may enhance the hydrophobic interaction

between the lipase and the modified silica surface.

It has been reported that the maximum amount adsorbed of enzyme

occurs at a pH near the pl of the protein—substrate complex and not at the pl of

the protein [35, 36]. The candidates for the dominant driving forces for the

adsorption of CRL lipase include hydrophobic interactions (a kind of

Van derWaals attraction), electrostatic repulsion and attraction between the

amino acid residues on the surface of CRL and silanol groups on the surface of

the silica walls of the mesoporous materials, the intramolecular cohesive

attraction and repulsion. Hydrophobic interactions are more dominant near the

pl than electrostatic interactions. These hydrophobic interactions originate from

(1) the interaction between the nonpolar side chains of the amino acids residues

on the surface of CRL and surface siloxane bridges or (2) from the CRL-CRL

interactions between the hydrophobic side chains of neighboring CRL

molecules adsorbed on the surface of MCF silica and clay [37]

It is supposed that for silicates, which are able to promote cationic exchange

through silanol residues, the adsorption mechanism must be produced through the

positive charges of protonated lysines of the enzymes. Lipase (from C. Rugosa) has

an isoelectric point of 4.6. The charge effects of the support on the shift in pH are

not observed if the ionic strength in the bulk is high, persumably because of the

compression of the diffuse double layer on the carrier [38, 39].
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At pH 5.0, the enzymatic polarity might be weakened, which could

enhance the lipase binding onto the hydrophobic surface as observed in the case

of HGM¢p, RGMCF and K-10G due to the introduction of the spacer arm groups

onto the support. The hydrophobic and electrostatic interactions between the

enzyme and the support are the important contributions to the adsorption

strength for lipase. When the hydrophobic interaction governs the adsorption

process, the adsorbed protein amount should not be influenced significantly by

the pH changes of the protein solutions for adsorption. However, if electrostatic

forces are important for the adsorption, changing the pH value over the

isoelectric point of the lipase (about 4.6) should have a large impact on the

adsorption [40].

Lipase immobilization on the pure silica and clay occurred by various

binding mechanisms, from simple adsorption by van der Waals or ionic forces.

Best results were obtained when lipase adsorption was conducted near the

enzyme isoeletric point (pl 4.6), due to a favourable charge distribution on the

amino acid residues, which prevented a possible change of enzyme
conformation. As there is no repulsion between the amino acid residues on the

surface of adsorbed lipase molecules near the pl, the lipase molecules are more

densely packed on the adsorbent surface. As a result, the amount of adsorption

increases near the pl of lipase.

Lipase immobilization in pH range of 5.0 - 6.5 provided relatively high

activity values because enzyme conformation, vital for enzymatic activity,

changed with pH. The ionization state of the active site of the lipase molecule

is affected by the pH of the buffer used in the immobilization process and

activity is very sensitive to the pH of the solution during the binding step [41].

Similar results were obtained by other authors [42, 43] when immobilizing

Candida rugosa lipase on poly(acrylonitrile-co-maleic acid) hollow fibre and

Mucorjavanicus lipase on SBA-l5 mesoporous silica. The immobilized lipase

from Bacillus coagulans BTS immobilized on glutaraldehyde activated Nylon-6
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by covalent binding was fairly stable in the pH range 7.5-9.5 with optimum pH

7.5 [44]. The immobilized lipase of C. rugosa was stable in the pH range of 5-8

with optimum pH 9 [45].

It has been seen that there can be a good adsorption between enzyme and

support at a certain pH even when the demand for opposite charges is not

fulfilled (isoelectric point). This indicated that the adsorption is dominated by

hydrophobic/hydrophilic interactions rather than electrostatic interactions. The

same conclusions were drawn by Deere et al. [46].

pH is one of the most influential parameters altering enzymatic activity in an

aqueous medium. Immobilization of enzyme is likely to result in conformational

changes of enzyme resulting in a variation of optimum pH. Commonly, there is a

decrease of enzyme activity after its immobilization.

\/ \//~
60 * ' V .

1ll 940

Relative activity (%)

E5Q
J

20 

0 -1“ it “'7 _  l ‘l"”"'i"”* I it all4 5 6 7 8 9
pH

—U-- Hmcf —A""' Rmcf —O——.Kl-H) —I-— H(}mcf

-5- RGmcf -0- K-10G -4- FREE

Fig 6.2 Effect of pH on the activity of the free and immobilized lipases

This is attributed to the minor modification in the three-dimensional

structure of the enzyme that may lead to the distortion of amino acid residues

involved in catalysis, the presence of random immobilization which causes the
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analytic approach to the active site of the enzyme hindered, and the limitations

imposed by the slow mass transfer of substrate or pr0ducts/ from the active site

of the enzyme. Fig. 6.2 illustrates the effect of pH on the activity of the free

and the immobilized lipases. The maximum lipase activity is exhibited at pH

7.0 by free as well as ]'1M(‘]-‘ indicating the absence of conformational changes in

the enzyme after adsorption. The optimum pH for maximum activity in the case

of RMCF _ HGMCF, RGMCF and KI-10 (K-10G ) was 5 and 6. This behaviour was

expected and is common in the lipase immobilization.

Furthermore, the pH profiles of the immobilized lipases are broader than

that of the free enzyme, which means that the immobilization methods

preserved the enzyme activity over a wider pH range. The free enzyme is

inactivated at lower pH values. The covalently bound systems could retain

higher activity in both acidic and alkaline pH than the free enzyme. It is

believed that the enzymes are adsorbed mainly due to the physical interactions

including electrostatic ones and hydrogen bond formation. This does not

perturb the secondary and ternary protein structure. The adsorption of lipase is

typically determined by electrostatic and hydrophobic interactions (a kind oi

van der Waals attraction) and the cohesive attraction and repulsion of the

amino acids present in the lipase molecule. The shift depends on the method

of immobilization as well as the structure and charge of the matrix. In another

research, investigated by de Castro and co-workers [47], optimum pH for

immobilized lipase on polyvinyl alcohol activated with glutaraldehyde was

found to be 8.8. An optimum pH of 7 was reported by Kang and Rhee [48]

using C. rugosa lipase immobilized by adsorption on swollen Sephadex for the

hydrolysis of olive oil. Recently, Liu et al. [49] used micron-sized magnetic

beads for lipase immobilization and the optimum pl-1 of free enzyme during

olive oil hydrolysis shifted from 7 to 8 after immobilization. Binding of

enzymes to polycationic supports, such as chitosan would result in an acidic

shift ofthe pll optimum [50].
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6.3.2 pH stability studies
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Fig 6.3 Stability of the free lipase and the immobilized systems at pH 6 and 7

Fig 6.3 shows the pH stability of the free and the immobilized lipases at

various pH. Free lipase was inactivated when subjected to prolonged incubation

time in a buffer. The immobilized systems exhibited higher activity at pH 6. The

pH stability of lipase could be enhanced by the immobilization process. It was

attributed to the formation of covalent bonds, which limited the transition of

enzyme conformation, against the change of pH in the case of covalent bound

systems. On the other hand, the results suggested that the immobilized lipases

possessed better pH stability than the free one.

6.3.3 Effect of metal ions and chemicals on the activity of free and
immobilized lipase

Understanding the role of lipase inhibitors may provide a better

perceptive of their mechanism of action [51] and successful identification ot

potent and specific inhibitors have resulted in their application in certain

treatments [52]. The influence of various metal ions on free and immobilized

lipases is summarized in Table 6.l. The effects vary according to the metal ions

and to their concentration. Among the metal ions used in this study, Mn (II)

metal ion increase the activity of the enzyme by almost 126% respectively.

While metal ions Co (II) and Ca (11)) caused a decrease of enzyme activity by
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about 20% and 90% . Hg (II) completely deactivated the enzyme activity. This

is likely due to the proximity of the SH group to the catalytic and interfacial

binding site but spatially remote from the catalytic site, this may have induced

the marked loss of activity [53, 54].

Table 6.1 Stability of the free and the immobilized lipases in the presence
of salts and detergents”"             62
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The enzyme was incubated in the presence of various compounds at 28°C for 1h.
Control, without the addition of any substance.

(1

b Residual activity (%) is the activity obtained ti/ter incubating the enzyme with various
compounds at Z5 °C for 3 0 min compared to control.

The catalytic triad of lipases has been recognized to consist of Ser, His,

and Glu or Asp [55, 56], thus the bulky Hgzi group might cause steric

interference to the approach of the substrate to the active site. Mgzl had no

appreciable effect on lipase activity which was similar to the findings of Aryee

et al. [57]. EDTA (1mM) and Mn2+(lml\/I) activated the enzyme by 23% and

26%, respectively similar to the results of Lima et al. [58].

It was observed that the inhibitory effect of these ions was less

pronounced with the immobilized enzyme. This may be due to the protection of

l82
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the immobilized enzyme by the carrier. This protection may result from the

structural changes in the enzyme molecule introduced by the applied

immobilization procedure and consequently, lower accessibility of these

inhibiting ions to the active site of the enzyme. Similar results have been

reported for other immobilized enzymes [59, 60, 61]. Generally, the

explanations for these various effects lies in the alteration of the enzyme

conformation. As widely reported in the literature [62, 63], enzymes can be

modulated by interaction of metal ions with amino acid residues involved in

their active sites. Such interactions can either increase (positive modulation)

[60] or decrease (negative modulation) of the enzyme’s catalytic activity [64].

Surfactants possess the common property of lowering the surface tension when

added in small amounts to water, and this could affect enzyme catalysis. ln this

study, addition of 1% Triton X-100 activated lipase activity by 29%. An

inhibition effect was observed with Triton X-100 in the results of Aryee at al.

and Lima et al. [57, 58].

6.3.4 Effect of organic solvents on activity and stability of lipase

The stability in organic solvents is an important characteristic of lipases. It can

determine whether the enzyme can be used to catalyze synthetic reactions and also to

predict which solvent would be better to perform the reaction. The selection of organic

solvent for this study was based on their degree of hydrophobicity (or polarity),

denoted by their log P values [65]. The lower the hydrophobicity of the solvent, the

greater its affinity to water and the higher the likelihood of the solvent stripping off the

essential water molecules that surrounds the enzyme. Conversely, increasing

hydrophobicity and decreasing polarity increases the formation of multiple hydrogen

bonds, and exponentially increases the rate of lipase-catalyzed reactions, and resistance

to denaturation [66].

The organic solvent with log P < 2 are unsuitable for enzymatic reactions [67].

Thus, water-miscible organic solvents are “toxic” to the enzymes and exert great
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deactivation effect on the enzymes. In our study a lower concentration (10%) of the

water-miscible organic solvents were employed.

Table 6.2 Stability of free and immobilized lipases in organic solvents
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a tog P value defined as the partition coefficient of any organic solvent between water
and 1-octanol.

b Residual activity (%) is the activity obtained after incubating the enzyme with various
organic solvent as compared to control.

c Control without any organic solvent, taken as 100%.

There was almost Z 90 % retention in activity in the case of isopropanol,

methanol and n-butanol while in acetone (log P =—O.23), there was only 43% remaining

activity after 30 min incubation (Table 6.2). In early trials with acetone as precipitant, a

marked loss of activity was consistently observed and this has been attributed to the

ability of acetone to fonn stronger hydrogen bonds and its subsequent contribution to

augment loss of activity. However, the immobilized enzymes showed much activation

after incubation with the water immiscible organic solvents except in the case ofacetone

and ethanol. There was an inhibition in the case of adsorbed systems while an activation

in the case of covalently bound systems. Most of the activation effects were seen in the
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case of HMCF and HGMCF. It has been suggested that this inhibitory effect results fi'om the

direct contact of organic solvents with enzyme which causes the denaturation and

inactivation of enzyme or may be due to the stripping off the essential water from

enzyme surface.

In contrast, the enzyme was quite stable and active in water immiscible solvents

with 215, 195, 200 and 150 % activities after 30 min of incubation in benzene, toluene,

hexane and heptane respectively (Table 6.2). In the case of immobilized enzymes all

the systems except HMCF showed less activation in water miscible organic solvents.

The HMCF system could maintain 274% and 265% activity after incubation with hexane

and heptane. This was similar to the findings made by Sztaj er et al. [68] and Lima et al.

[5 8]. The solvents may have kept the enzyme in open conformation during incubation

with the water-immiscible organic solvents thus the lid covering the active site

remained open even during the aqueous incubation period, keeping a flexible

confomiation and therefore increasing the activity [69]. An activity enhancement was

demonstrated when F. Oxysporum f. sp. vasinfectum lipase was incubated with

n-hexane [70]. On the other hand, lipase from Bacillus sp was inhibited in the presenceQ. \
Qof n hexane [71]. In studies on the use of lipase for transesteritlcation and synthesis oi

esters, the reactions have previously been carried out in media containing water

immiscible organic solvents and a small amount of water, due to the fact that enzymes

are less susceptible to denaturation in such systems. The effectiveness of enzyme

catalysis in organic solvents improves with increasing log P value, but only up to a

point [72] since the nature of the solvent, and its structure have been shown to greatly

influence solvent effect in non-aqueous milieu catalysis.

6.3.5 Effect of temperature on the activity of immobilized enzyme

The effect of temperature on the activity of free and immobilized lipases for

p-NPP hydrolysis at pH 7-0 in the temperature range of 25—60°C is shown in

Fig. 6.4. The optimum reaction temperature of the free enzyme was at 35°C,and that of

the immobilized lipases HMCF and Kl-10 were heightened to 50°C while that of RMCF

rose to 45°C. in the case of covalently bound systems, the optimum temperature was
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increased to 55°C in the case of HGMCF and K-10G while it was 50°C for RGMCF. This is

consistent with previous findings, indicating that enzymes immobilized on carriers by

covalent bonding could lead to higher stability [73].

ln other words, the immobilized lipases hold much more excellent heat

resistance than that of the free enzyme. At 70°C, the free enzyme lost all of the

activity, whereas immobilized enzyme retained 40% of the initial activity.

Comparing with the free lipase, the relative activity of the immobilized lipases

expressed a slow decrease, however, the relative activity of the fi'ee enzyme was

decreased speedy so that there is only 20% of its relative activity at 70°C, which is

probably due to its thermal denaturation. The increasing temperature would be

suitable for the adjustment of the conformational integrity of the enzyme

immobilized by covalent binding to the carrier materials [74], so the immobilized

lipases still hold over 60% of their relative activities. In fact, upon immobilization,

the interaction between the enzyme and the support can provide a more rigid

external backbone for lipase molecules, the effect of higher temperatures in

breaking the interactions that are responsible for the proper globular, catalytically

active structure which becomes less notorious or a low restriction in the diffusion

of the substrate at high temperature.

The effect of temperature in hydrophobic interaction may also be important

at higher temperatures during the unfolding process, the proteins expose buried

hydrophobic amino acid residues on the surface. Thus the contact area between the

protein and the hydrophobic groups of the matrix should increase, resulting in an

increase in the hydrophobic interaction of the proteins for the adsorbent at higher

temperature.

A similar shift in optimum temperature from 37°C (free lipase) to 55°C was

obtained when Candida rugosa lipase was immobilized by covalent binding on hybrid

matrix of polysiloxane-polyvinyl alcohol chemically modified with activating agents

as glutaaldehyde, sodium metapeiiodate and cabonyldiimidazole [75]. Yang et al.
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reported big shifi in optimum reaction temperature from 37°C for the free lipase to

50°C for immobilized lipase [76]. The optimum temperature of free lipase in the

hydrolysis of olive oil shifted from 37°C to 50°C when it was immobilized onto

micron-size magnetic beads [77].
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Fig 6.4 Effect of temperature on the activity of free and immobilized lipases.

A specific site, where the unfolding process begins during inactivation,

characterizes an enzyme. Immobilization protects this unfolding nucleus only

in one fraction of enzyme molecule, which could block the native unfolding

pathway, resulting in enhanced stability. The second fraction with no

protection behaved like a soluble enzyme.

6.3.6 Thermal stability

From a commercial point of view, the thermal stability of enzymes is one of

the most important features for the application of the biocatalyst. Fig. 6.5 shows

the thermal stabilities of the free and immobilized lipases. Free and immobilized

enzymes were incubated for 2 h at 50°C and 55°C.

According to Klibanov [78], two types of enzyme instability, such as

thermal, should be distinguished. One of them is a heat-induced, cooperative

unfolding usually almost instantaneous and reversible, of enzyme molecules.
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The other is a time-dependent, gradual, irreversible loss of enzymatic activity

on exposure to high temperatures. The first kind was evaluated in the optimum

temperature assays, and the second one was evaluated in the experiments of

thermal stability. It is well known that enzymes in solution are not stable and

their activities would also decrease gradually during use. The increase in

optimum temperature was caused by the changing physical and chemical

properties of the enzyme. The covalent bond formation, via amino groups or

cysteine groups of the immobilized lipase might also reduce the conformational

flexibility and result in higher activation energy for the molecule to reorganize

the proper conformation for binding to substrate [79].
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Fig 6.5 Thermal stabilities free lipase and immobilized lipases at

(a) 50°C (b) 55°C

All the immobilized systems were more thermally stable than the free

enzyme and the highest thermal stability was achieved with HMCF. It can be

seen that the free lipase losses its initial activity within around 120 min, at

50°C and 55°C while the adsorbed systems Kl-10 and HMCF hold over 80%

their initial activities after 2 h heat treatment. RM“ could retain only 30 %

activity after the same thermal treatment probably because of the rapid

denaturation of the enzyme molecules as they are immobilized only on the

external surface rather than inside the pores in the case of HMCF. On the other

hand, the covalently bound systems could retain almost 90% activity after
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120 min heat treatment while RGMCF could retain only 66% activity.

Unexpectedly higher thermal stability (residual activity in 2 h: 88%) was

observed for HGMCF and K-10G, which is inconsistent with other’s conclusion

that the enhanced hydrophobic interaction can increase the thermal stability of

lipase [74]. The chemical interaction between the amino groups and aldehyde

groups provide additional stability to the covalently immobilized systems. The

adsorbed enzyme also exhibits a reduction in mobility but as time proceeds this

reduction in mobility is eliminated due to the weak nature of the enzyme

support bond and therefore the protein unfolds leading to a loss of activity. The

covalently bound lipase onto HGMCF and K-10G present an improved thermal

stability and thus may be attractive biocatalysts for industrial purposes. The

improved stability of immobilized enzymes may be related to the prevention of

autolysis [80].

6. 3.7 Reuse stability of the immobilized lipase

For immobilized enzyme, one ofthe most important advantages is reuse

stability, which can effectively reduce the cost in industry applications.

Fig. 6.6 shows the effect of repeated use on the activities of these
immobilized enzymes. The results may be explained from the support

structure and surface property. Free lipase lost almost all it activity after six

cycles. The relative activity of I--IMCF decreased to 75% after 6 uses while that

of the HGM(-,.- could retain 85% activity. This may be due to the greater

stabilization of the hydrophobic bonds formed between the enzyme and the

support with greater surface area and pore diameter compared to the other

supports. The larger pore size could effectively protect the protein against

conformation changes to less active forms as well as maintain the enzyme

inside the material with lesser leaching than the other materials. Concerning

the physical immobilization, the HMQF material revealed the best residual

activity after live reaction cycles.
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Fig 6.6 Effect of repeated use capability on the activity of free and
immobilized lipase

ln the case of RMCF and KI-10, greater retention in activity was

observed in the case of Kl-10 due to the structural characteristics of clays. As

the enzyme was adsorbed only on the external surface in the ease of RGMQF

the enzyme might have been proned to more leaching effect during the

consecutive cycles leading to a decrease in activity. These results were due to

the inactivation of the enzyme caused by the denaturation of protein and the

leakage of protein from the supports upon use. When the covalently bound

counterparts are compared both the systems retain less activity compared to

the adsorbed ones. These differences may be due to the denaturation of the

enzyme as a result of the lesser number of bonds formed between the support

and the enzyme which could not give a better stability to these supports. In

comparison the activity retention of l‘IGMQ]l' was higher than all the other

supports. Less desorption or leaching of the bound enzyme in case of HGMQF

might be due to very tight binding of the lipase on the hydrophobic supports.

The pore diameter which is about three times higher than the molecular

diameter of the enzyme provided both lowered diffusion limitation and also

increased the specific surface area for enzyme immobilization and hydrolysis

reaction in the case of Hwy and enables free access of substrates to their
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active centers. After 10 reuses, the residual activity of immobilized Candida

rugosa lipase is 55% for the chitosan-modified nanofiber membrane and 60%

for the gelatin-modified nanofiber membrane in the work done by Ye et al.

[22]. The immobilized porcine pancreatic lipase in SBA-15 retained only

40 % activity after five reuses [81] and immobilized PPL on nanoscale

functionalised silica dioxide still retained 56% of their original activities after

the 15 reuses [82].

6.3.8 Storage stability

To determine the change in activity of the immobilized lipase with time, free

and immobilized lipase was stored at 4°C for a period of 40 days and the result is

shown in Fig. 6.7. In the free form, it has a short life and therefore its use is

restricted. After immobilization, the life of enzyme improved and therefore it can

be kept for long term usage.80  I

Re ative activity
(%) __-B O\ Q@ Q ©

an

-' 20—
0 “I I I I I I I ""I"""_I— I

0 510 I5 20 25303540
N0 of days

-9- free —D— Hmcf —A— Rmcf
—I— HGmcf —A—— RGmcf -0- K-10G

—6— KI-10

Fig 6.7 Effect of storage stability on the activity of free and immobilized
lipase

It can be seen from the results that the free enzyme lost more than 70% of its

activity after 25 days storage. The decrease in activity of the free lipase might be

due to its susceptible autolysis during the storage time. Under the same storage

conditions, the activity of the immobilised lipase decreased more slowly than that
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of the free lipase. The activity of the covalently bound systems did not change

significantly even after 40 days and they could maintain more than 85% activity

compared to the adsorbed ones, HMCF and KI—lO which could maintain more than

75 % activity. There was gradual reduction in activity in the case of RMCF after 20

days storage as the enzyme get easily denatured and also due to the leakage of

enzyme in aqueous media. The extended stability of the covalently bound supports

could be attributed to the prevention of structural denaturation as a result of the

covalent bonding of lipase molecules onto the modified supports. The difference

observed in the case of the six immobilized supports could be perhaps be explained

by the different average numbers of links between the enzyme and the support

[83]. These links contribute to the rigidification of the proteins three-dimensional

structure and thus to the stabilisation of the enzyme. Thus, the immobilised lipase

exhibits a higher stability than the free counterpart.

Candida rugosa lipase was covalently immobilized onto silica gel: via

glutaraldchyde (LGAL) and via hydrophobic spacer arm (l,6 diamino hexane) (LSA)

which preserved about 70% and 60% of their initial activities at 5°C while only

54% and 36% of their initial activities at 25°C respectively [84]. Immobilized

Thcnnomyces lanuginosus lipase onto polyglutaraldehyde—activaIcdpoly(styrene

divinylbenzene) (STY-DVB), retained 80 and 75% of its initial activity in 60 and

90 days storage at 4°C [85].
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6.4 Introduction

As biocatalyst, enzymes have been always studied and used in aqueous

medium. However, the discovery that enzymes possess catalytic activity in media

with low water content has made it possible to run enzymatic reactions in

nonconventional media such as organic solvent, supercritical fluid or gas phase

[86, 87]. Lipases are surface-active enzymes because binding to emulsified

triglyceride substrates markedly increases their hydrolytic activity compared with

their activity toward dissolved substrates [55]. One challenge for the use ot

enzymes in organic media is the decreased catalytic activity, which are in genera]

orders of magnitude lower compared to aqueous solution. Several methods to

overcome this disadvantage have been investigated. More recently, the reaction by

itself was investigated as a tool to study enzymatic properties. However, the

activity measurements used preparative reactions which need sophisticated

extraction and separation procedures such as high-performance liquid

chromatography or gas liquid chromatography, which are not always available in a

biochemistry laboratory. Therefore, there is need for a simpler method for the

determination of lipase activity in organic media.

Another parameter which influences the activity of enzyme is the amount oi

water present in the organic solvent. A minimum amount of water on enzyme surface

is necessary to retain its catalytic activity. The necessity of water has been explained in

tenns of introducing flexibility to the protein backbone and the screening of charged

groups at the enzyme surface. This was confirmed by the finding that enzyme activity

193

\

1



Cfiapter-K6, A up
in organic solvents does not depend on the total concentration of water in the reaction

system, but on the number of water molecules on the enzyme surface. The use of

immobilized lipases in organic media, rather than aqueous media, has several

advantages, such as the favorable shifi in thermodynamic equilibrium of the product

over the hydrolysis reaction, increased soiubility of non-polar substrates, elimination of

side reactions, easy recovery of enzyme and product, and increased enzyme

thennostability [88, 89, 90].

The reaction catalyzed in organic media (esterification or transesteiification)

was usually different fiom the one in aqueous media (hydrolysis), which makes these

comparisons difficult because the transfer reaction is carried out in a organic solvent. Ln

organic media, lipases were mostly used for preparative purposes in organic synthesis.

The discovery that enzymes possess catalytic activity in media with low water content

has made it possible to tun enzymatic reactions in mixtures containing an organic

solvent. Among the different systems potentially useful to run reactions in

nonconventional media, the direct dispersion of a solid biocatalyst in an organic

solvent is the most widely used [91]. Direct comparisons of enzyme activity in aqueous

and organic media are scarce in the literature [92].

Lipase from Candida rugosa was covalently immobilized onto (PANCMA)

membrane surface on which the carboxyl groups were activated with l-ethyl-3

(dimethyl-aminopropyl) carbodiimidehydrochlotide/”N-hydroxyl succinimide as coupling

agent. Using the hydrolysis reaction of p-nitrophenyl palmitate in aqueous and organic

media, and it was found that enzyme activity in n-heptane increased due to

inimobilization and also that the residual activity was higher in the organic media

compared to aqueous media [93]. The protein content and the rates of hydrolysis of p

nitrophenyl palmitate (pNPP) in water (soluble enzyme and emulsified substrate) and in

heptane (soluble substrate and insoluble enzyme) were measured for thirty-two

commercial lipase preparations in the work done by G. Penc-reac’h, et al. [94]. it was

found that there was no direct correlation between activities in water and in heptane as

assayed with the same hydrolytic reaction. The reaction rate in n-heptane was found to be

194



9fy¢{ro{'ysz's esters — in aqueous amfogga-ml: media (Q°art—II}{yJr0@sz'.r in Ozyaizic media)

only 0.16% of that in water in the p-NPP hydrolysis in n~heptane by a Lipase preparation

from P seudomonas Cepacia [29].

A simple colorimetric assay for the determination of lipase activity in

organic media using hydrolysis of p-nitrophenyl fatty acids esters were adopted in

this study. The main advantage of this assay is the use of the same hydrolytic

reaction in both aqueous and organic media, which makes the activity comparison

much easier. A relatively hydrophobic solvent (n-heptane) (i.e., with a high value

of log P) was selected to maintain the maximum amotmt of water in the enzyme

solid phase and to obtain a good solubilization of the substrate. Because both the

solvent (not dried before use) and the biocatalyst contained water, no addition was

initially made. The optical absorption of pNP in organic solvent is very low

compared to that in alkaline solutions. Therefore, it cannot be used for an accurate

and sensitive determination of reaction rates in organic media. To increase

sensitivity, an extraction step was introduced in the experimental procedure to get

the pNP in an alkaline aqueous phase.

The properties of the free and immobilized lipase preparations were

compared in aqueous and organic media respectively. Factors affecting lipase

activity were investigated, such as water content, temperature and substrate
concentration.

6.4.1 Effect of various catalysts in organic media

The relative activities of all the immobilized lipascs were found to be greater

in aqueous media then in organic media (Table 6-3). It may come from the fact

that, in organic media, the catalysis is heterogeneous (the lipase in insoluble in the

solvent). Therefore, diffusional limitations may reduce the activity for highly active

lipase preparations yielding to a narrow range of activity. The amount of available

water, which is a substrate of the reaction, could be too low to allow good reaction

rates. The structural flexibility of the enzyme molecules is lower in organic solvent

than in water, which may reduce the activity.
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Table 6.3 Activity of the immobilized biocatalysts in aqueous and organic media.
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6.4.2 Effect of temperature

Effect of temperature on the activity of the free and immobilized lipase

preparations was studied in the temperature range of 20—55°C. The results are shown in

Fig- 6.8. This point is interesting, because enzyme stability is increased at a low water

content which may affect the profile of activity against temperature [95].

The enzyme activity in heptane increased with the temperature increasing

from 20 to 37°C and then kept almost constant from 37 to 55°C. For the

immobilized lipase preparation in both medium there was no change in optimum

temperature but the immobilized preparations could retain higher activity with

increase in temperature from 20 to 45°C and then kept constant at higher

temperature in organic medium- These results demonstrated approximately that the

immobilized enzyme preparations showed their catalytic activities at higher

reaction temperature in both aqueous and organic media compared to the free ones.

It could be attributed to either the creation of conformation limitations on the

enzyme movements as a result of covalent bond formation between the enzyme and

the matrix or a low restriction for the diffusion of substrate at higher temperature.

The activity of both the free and immobilized lipase preparations kept almost

constant at higher temperature in the organic medium than in the aqueous medium

could be due to the low water content which might affect the profile of activity

against temperature.
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6.4.3 Effect of water addition

Water plays a major role of “molecular lubricant” in enzyme resulting in

conformational flexibility of enzyme, which leads to enhanced activity in non

aqueous media. A small amount of water is absolutely essential to obtain a

sufficient enzyme conformational flexibility for enzyme activity by forming

multiple hydrogen bonds with enzyme molecule in organic media. At higher

water content, aggregation of solid particles induces diffusional limitations of

substrate and a reduction in reaction rate is usually observed.

Effect of the amount of water added on the lipase activity is shown in

Fig. 6.9. With no addition of water, a significant hydrolysis rate was observed

but it was lower when compared to other reports. Thus, the amount of water in

the system was enough for high enzyme activity. The relatively low increase

observed in this study may have been related to the high amount of water

already present in the lipase powder. Commercial lipase from Candida mgosa

was used without treatment.
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Fig 6.9 Effect of amount of water added in heptane on the activity of the
free and immobilized lipases. ( A) Ilm-,.\ (0) free lipase (6) llGM(,-it
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With no addition of water, the rate of p-NPP hydrolysis was
0.l43ttmol/min mg for the free lipase preparation, 0.168 pmol/min mg and

0.l82;tmol/min mg for the HMCF and HGMCF preparations. From 25,111, two

liquid phases were clearly seen, with the enzyme being solubilized in the water

phase. Thus, the solid-liquid system became a biphasic liquid-liquid system.

The increase of the hydrolysis rate in this region could be attributed to this

physical change. Similar observations have been reported by others [96].

In addition to this physical effect, water may affect the reaction rate by

its direct participation as a reactant in the hydrolysis reaction. The increment of

the amount of added water from 0.01 to 0.05ml led to an increase in the activity

of both the free and immobilized lipase preparations. This activity increase

could be attributed to the change of lipase conformation, which was more

flexible and easy to access substrate for reaction.

It was observed that the increase of activity was not at the same rate for

the free and immobilized lipase preparations. The increase of activity was faster

for the free lipase preparation than that for the immobilized lipase preparation

with the increment of the amount of water added. This could be explained by

the creation of conformation limitation on the enzyme moments as a result of

covalent bond formation between the enzyme and the matrix.

6.4.4 Reusability studies

The reusability of immobilized enzymes is vital for cost-effective use of

an enzyme. To investigate the operational stability, the immobilized lipases

were washed with n-heptane after any run and reintroduced into a fresh organic

media, this being repeated up to l0 cycles. Table 6.4 shows the activity retained

after l0 reuses in aqueous and organic media. lt was found that the immobilized

enzyme retained higher activity in organic media compared to the aqueous

media. After 10 reuses HGMQ[T could retain the highest activity (80%) compared

to the other adsorbed and covalently bound systems. This may be due to the
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hydrophobic activation of the lipase molecule in solvents with low polarity

(n-heptane) compared to water. The decrease in activity after repeated usage

may be due to the inactivation of the enzyme and the leakage of protein from

the support upon use.

Table 6.4 Reusability characteristics of free and immobilized lipases
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The open confonnation of the immobilized lipases could be retained in -the

organic media with low water content which may be the reason for the higher

retention of activity in the organic medium compared to the aqueous medium. The

lower activity of the immobilized CRL in RMCF is due to the stripping of enzyme

after separation and washing steps employed during the recycling reaction because it

is only weakly attached to the silica surface- The immobilized lipases from Candia

rugosa on PANCMA could retain 62% activity in aqueous media and 67% in organic

media after 10 reuses in the work done by Ye et al. [41].

6.4.5 Storage stability

The effect of storage conditions on the activity of the immobilized enzyme

is an important aspect to ensure that a long shelf life is possible. The free (0.lM,

pH 7.0 phosphate buffer) and immobilized lipase were stored at 4°C and the

activity measurements were carried out in organic medium after a period of 40

days (Table 6.5)- Enzymes are not stable during storage in solutions and their

activities decreased gradually by the time After 40 days, there was a significant
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decrease in the activity of the immobilized and free enzyme in organic medium

compared to the stability retained in aqueous medium. But immobilized enzyme

provided a distinctive advantage in stability over free enzyme at longer durations.

The free enzyme lost all of its initial activity within 40 days in organic media

while the adsorbed systems (PIMQF and KI-10) could retain more than 60%

activity while only 30 % activity in the case of RMCF. The activity retained after

40 days storage in aqueous medium was more than 75% in the case of HMCF and

KI-10. The lower stability observed in the organic medium is due to the low

amount of water present which was not sufficient enough to maintain the

flexibility and also due to the inactivation of some of the lipase molecules. The

covalently bound systems could retain almost 90% activity in aqueous medium

and 80% activity in organic medium. The experimental results indicate that the

immobilization definitely holds the enzyme in a stable position in comparison to

the free counterpart.

Table 6.5 Storage stability characteristics of free and immobilized carriers
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As previously reported, the immobilization of enzymes via
glutaraldehyde coupling on the supports resulted in a significant storage

stability compared to the free counterpart [97]. The enhanced storage condition

of covalently bound systems in both media can be attributed to higher
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conformational stability of enzyme due to binding with the hydrophobic groups

on the surface of clay and silica.

6.4.6 Kinetic parameters of free and immobilized lipase in aqueous and
organic media

Kinetic constants for the hydrolytic activity of the free and immobilized

lipase preparations were assayed at substrate concentration from 0-2 to l.5mM in

the aqueous medium, and from 1 to 50mM in heptane. The kinetic constants Km

and Vmax were calculated from double reciprocal plots. The lineweaver plots of free

and immobilized lipases in aqueous and organic media are shown in

Fig 6.10 and Fig 6.11. The kinetic parameters obtained in both the media are

compared in Table 6.6. Comparison of the Km value for a given free and

immobilized enzyme could provide information about interaction between enzyme

and its support [98].
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The Km value for the immobilized lipases was higher than that for the

free lipase. An increase in Km when an enzyme had been immobilized,

indicated that the immobilized enzyme had an apparent lower affinity for its

substrate than that of free enzyme does, which might be caused by the steric

hindrance of the active site by the support, the loss of enzyme flexibility

necessary for substrate binding, or diffusional resistance to solute transport

near the particles of the support_ The result showed that the affinity of

immobilized lipase for pNPP was smaller than that of the free lipase, namely,

the activity of immobilized lipase was lower than that of the free lipase. The

Vmax value of the immobilized lipases was smaller than that of the free

enzyme.

From Table 6.6, it can be seen that the Km values of HMCF is lower than

that of HGMC-F. This result is largely attributed to the presence of the large

specific surface area ofthe mesocellular silica foams, which can create a more

favorable interface for the mass transfer of substrate or product to or from the

active site of the enzyme. Similarly the Km value of the HGMQ: is lower than

that of RGM¢~;.~ and K-IOG. This is due to the easier conformational transition

to form the substrate-enzyme complex.

The greater hydrophobicity benefit the adsorption of hydrophobic

substrate molecules on the enzyme surface close to the active site of the

enzyme and hence influence the kinetic parameter, Km- Km value for the

immobilized lipase by covalent binding is higher than that by adsorption

which shows the easiness with which the enzyme-substrate complex is formed

in the case of adsorbed systems. Vma, values of the immobilized lipases by

adsorption are higher than that by covalent binding.
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The Km value of free lipase preparation was 0.l72mM in the aqueous

medium and 8.68mM in heptane, respectively. A similar observation in

aqueous and organic media was observed in the case of Candida rugosa lipase

immobilized on PACNMA membrane [41]. The Km value for the free lipase

was nearly 50 folds higher in organic media. The V,,,,,,, value of free lipase

preparation was 44.4 U/mg in the aqueous medium and 0.272 U./mg in

heptane.

The decrease in Vmax value was about 163 fold. Therefore, it was found that

the activity of the free lipase preparation in heptane (0.213 U/mg) was 0.51% of

that in the aqueous medium (41.6 U/mg). There were several hypotheses to explain

the relatively low activity in the organic medium. Firstly, most of the enzyme

might be inactivated by the organic medium, only partial enzyme was active.

Secondly, the diffusion limitation of substrate might considerably increase and lead

to the decrease of hydrolysis rate.

6.4.7 Comparison of activities in aqueous and organic media

Table 6.7 shows the activities of the free and immobilized enzymes

under optimum reaction conditions. It can be seen that the activity yield of

lipase by chemical bonding is higher than that by adsorption. The free enzyme

was 195 fold more active in water compared to that in organic solvent. The

specific activity of covalently immobilized lipases is lower than their

adsorbed counterparts as chemical bonding is a rigorous method which causes

substantial decrease of enzyme activity. However, the amount of immobilized

protein by adsorption is lower than that by chemical bonding. Due to the high

surface area of HMCF the diffusional resistance was markedly reduced by the

reduction of the geometric size of the enzyme support and the catalytic

efficiency was effectively improved compared to the covalently bound

systems.
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The maximum amount of bound protein is obtained with HGMCF which also

has the highest activity yield but with lowest immobilization yield compared with

HMCF. Due to the high surface area of RMCF the amount of bound protein is greater

than that of Kl-10 but the activity yield and immobilization yield is less compared

to Kl-10. This may be due to the denaturation of the enzyme due to overcrowding

on the external surface. The activity yield for all the covalently bound systems is

greater than the adsorbed ones while the iimnobilization yield shows the reverse

trend. Catalytic efficiency is also lower for the free enzyme in organic medium

when compared to the immobilized counterparts. The value is greater for the

covalently bound systems than the adsorbed ones probably due to the interfacial

activation of the lipase in organic solvents. Activity yield of all the immobilized

preparations is higher in aqueous media than that in aqueous medium

The effectiveness factor is lower than l for the immobilized systems in

aqueous medium which depicts that immobilization has some effect on substrate and

product difflision. Activities in organic media were found to be lower than those in

aqueous media, which is attributed to the low amount of water available, the lower

structural flexibility of the enzymes in organic media [99] and the diffusional effects

since it is a heterogeneous catalysis system yielding to a narrow range of activity. This

effect is especially important with lipases for which the opening of the lid covering the

active site is necessary for good activity [I00]. A similar assay has been recently

reported for subtilisin in organic media using amino acids nitrophenyl esters as

substrate [l0l]. The lipase molecules that were located at the surface of the biocatalyst

particles would be active, the others were inactivated by the organic solvent.

Pancreac’h and Barati [94] proposed a method to compare the activity of lipases

towards PNPP in aqueous medium and in n-heptane, using the R Om, which is the ratio

of the activity in organic solvent to the activity in aqueous medium.

It was found that the activity for the free lipase preparation in heptane increased

from 0.213 to 0.239 for HMCF, and the activity yield was 106%. Similar increase is
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observed in the case of all the systems. The increase in activity is much higher in the

case of covalently bound systems. The increase of enzyme activity could be explained

by several hypotheses. Firstly, free lipase aggregated because it was insoluble in the

organic medium, while immobilized lipase scattered on a large surface area could

easily contact with substrates [ 102, 4]. Secondly, the fonnation of covalent bonds

between the enzyme and the support surface increased the stability of the enzyme

conformation against the organic medium.

Thirdly, some properties of the modified supports could benefit the activity of

the immobilized lipase. This hydrophobic interaction can stabilize the “open state”

conformation of lipase and favor the active site accessibility to substrates and the

substrate partitioning may affect activity [l04].

6.5 Conclusions

Lipase from Candida rugosa has been immobilized on mesocellular

silica foams and montmorillonte K-I0 via adsorption as well as covalent

binding via glutaraldehyde on aminated supports. Using the hydrolysis

reaction of p-nitrophenyl palmitate in aqueous and organic media, the

properties ofthe immobilized lipase were assayed and compared with those of

the free ones.

Montmorillonte K-l0 is environmental and solvent—friendly support with

large number of silanol groups and permanent charged sites which facilitate

adsorption of enzymes. MCF sample featured with a well—defined 3D mesoporosity

with ultralarge mesopores are more effective, as demonstrated by their higher

activities observed for this sample. The ultralarge and uniform pore size of MCF

would facilitate the mass transport of substrates, and allow bulky enzymes to be

immobilized within the pores without steric effects. A very promising result of this

work was the observation that the activity of the immobilized enzyme becomes less

sensitive to reaction conditions than that of the free counterpart. The key points

form this study is as follows:
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The maximum activity of CRL lipase has been achieved near the pl or

CRL. The optimum pH for the adsorbed systems I-IMCF, RMCF and KI-10

were 6 and 7. The pH were maximum immobilization took place in the

case of covalently bound systems was 5 in the case of HGMCF and K-1 OG

while it was 6 in the case of RGM(ff‘.

The immobilized CRL holds much more excellent adaptability compared

with free enzyme in the range pH 6.0—9.0.

.The employment of immobilization appeared to markedly improve the

thermal tolerance and stability of the CRL lipase.

The free and the immobilized lipases exhibited marked activation in

water immiscible organic solvents with a log P>4 while a deactivation

was observed in the case of water-miscible organic solvents.

EDTA (1 mM) and Mn2+ (I mM) activated the free as well as the immobilized

lipases whereas complete deactivation was observed in the case of Hg (ll).

The immobilizates distinguished itself not only with acceptable

operational stability but also with good storage stability. The high

operational stability, obtained with the immobilized lipases, indicated

that the immobilized lipase could successfully be used in a continuous

system for the hydrolysis of lipids.

In both medium there was no change in optimum temperature but the

immobilized preparations could retain higher activity with increase in

temperature from 20°C to 45°C and then kept constant at higher

temperature in organic medium.

The increase in the rate of hydrolysis is comparatively lower for the free

enzyme due the high amount of water already present in the lipase powder.

In the reusability studies the immobilized lipases retained higher activity

in organic media compared to aqueous media.
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Free enzyme was completely deactivated in organic medium. The

immobilized lipases retained lower activity in organic media compared

to aqueous media.

Activity yield of lipase by chemical bonding of lipase is greater than that

by adsorption while the immobilization yield shows the reverse trend.

Amount of immobilized protein by adsorption is lower than that by

covalent binding.

Km value for the immobilized lipase by covalent bonding is higher than

that by adsorption. Vnm values for the immobilized lipase by adsorption

is higher than that after functionalization which is corresponding with the

activity yield.

Catalytic efficiency is higher for the adsorbed systems than the

covalently bound ones in the hydrolysis of p-NPP in aqueous medium.

Effectiveness factor is lower than 1 in all cases depicts that
immobilization has some effect on substrate and product diffusion.

The activity of the free lipase in heptane (0.213 U/mg) was 0.51% of that

in the aqueous medium (41.6 U/mg).

The Km value for the free lipase was nearly 50 folds higher in organic

media. The decrease in Vmax in the organic medium was about 163 folds

which may be due to the inactivation of the enzyme in organic medium

and the increased diffusional limitation of the substrate leading to a

decrease in the hydrolysis rate.

The enzyme was 195 fold more active in water compared to that in

organic solvent.

Activity yield of all the immobilized preparations in organic media is

higher than that in aqueous medium.
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' Catalytic efficiency is greater for the covalently bound systems than the

adsorbed ones probably due to the interfacial activation of the lipase in

organic solvents.

' The properties of the supports and stability of immobilized lipases

exhibited interesting characteristics that may be suitable for industrial

biotransformations.
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jfigfucosidase can 5e used 6) tfie food industry to increase t/ie 5z'oa'vai[ci6:'[it_y of tlie
isqffiwones in tlie tiumcm intestine, and 5)’ tlie Eeverage industry to improve tfie aromatic
composition qfjuices and wines. I t is welt Known tfiat gt:ycos1dic compounds are useftd
products in pfzarmaceuticafl food, cosmetic and fine cfiemicaf industnes. In addition, since
(iota tlie iinmooifization procedure and sofid support add to tfie cost iftlie iuso[u5[e enzyme’,

tfiere is a great interest in clieap sutistrates on wfiicfi flgfucosidase can 5e immooifized 6y a

simpfe and economic process. To overcome tfie s/iortcomings as a reszdt of adsorption and

covafent Einding 0]‘ e-nzymes on solid supports, a simple and /iigliév eflrectioe metfiod of
crossliiifiing en:;_y1nes'oza muftipoint attacfzment was adopted in t/iis context wfzicfi invofoes

simple adsorption of enzyme foffivwed 6)» enzyme cr(iss[i:z!{;':zg using g[utaratdefi_yde. ‘Hie

pure supports as welt as tfie crossfinlied supports were cfiaracterized 5)’ 3\/itro(qen adsorption

studies, FUR ‘T§'/®’T§ and IPWMQ jt[[ tfie studies coufirmedt/ze incorporation Qferu-:_yme

as weft as afdefiyde moieties into t/ie support. ‘Hie optimaf immofiilization conditions
(enzyme finding, immo6i[ization time and amount qfg[utara.[a’efz_ye) were eagamined jllso,

tlie operation stafiitities of immooitized enzymes w/ien used repeatedél (temperature, p91;
storage, etc. ) and tlie Kinetic properties were studied and compared witfi t/iose 0)‘ free
enzyme. ant; is cjpracticaf impoitanceforfu-rtfzer appt'ication.s'. We reszdts are promising

for afuture tec/inofogicafappfication tfze i-nimo5z'[i:eder1:y:ne in 'wine-mafiing.
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7.1 Introduction

Flavor compound synthesis by biotechnological processes plays nowadays

an increasing role in the food industry. This is the result of scientific advances in

biological processes, making use of microorganisms or enzymes as an alternative

to chemical synthesis, combined with recent developments in analytical techniques

such as high-performance liquid chromatography (HPLC), gas chromatography

(GC), infrared (TR) or mass spectrometry (MS). Research in this area for new

products and bioprocesses is also enhanced by a growing market and increasing

public concem for the wholesomeness and chemical safety of food ingredients.

I3-glucosidase

Glycoside hydrolases (also called glycosidases) catalyze the hydrolysis of

the glycosidic linkage to generate two smaller sugars. They are extremely common

enzymes with roles in nature including degradation of biomass such as cellulose

and hemicellulose. Glycoside hydrolases are classified into EC 3.2.1 as enzymes

catalyzing the hydrolysis of O- or S-glycosides.

‘-.,,_...O J08 + H29 ---»--¢- \"""‘”‘O: ‘OH + HOR

B-Glucosidase (BG, EC 3.2.1.21) is one of the most interesting glycosidases,

especially for hydrolysis of glycoconjugated precursors, in musts and wines, and

the release of active aromatic compounds. B-Glucosidase (E.C.3.2.l.2l) comes

from many sources including bacteria, animals, and ‘plants, which exhibits wide

substrate specificity and is capable of cleaving B—glucosidic linkages of conjugated

glucosides and disaccharides [1]- It can hydrolyze cellooligosaccharides and

cellobiose into glucose and is capable of hydrolyzing anthocyanins that are the

main coloring agents found in the foods of vegetable origin [2]. The main interest

in this enzyme is related to its, potential applications in food processing industry

(for example, the production of wines and fruit juices) for improving organoleptic

product properties [3, 4].
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The principal reaction catalyzed by this class of enzymes is the hydrolytic

cleavage of [3-glucosdic linkages of low molecular glycosides. Recently this

enzyme was also studied for its potential to liberate aroma rich terpenes. Such

aroma precursor compounds are found in different fruits (mango, passion fruit,

grapes) [5, 6] bonded to glucosides and the [3-glucosidases were more specific and

effective than the acid hydrolysis process for liberating terpenols from

terpenylglucosides.

Mechanism

add enzyme enzyme(eke aoko*l ..» on
X..._ . r. Q

"363-\¢>0a  '"‘8<’>1»-.,~\, + aoaHO‘ O’H HUGH
“‘ 1

$2
'M'\.

K

1-1 --~..._

OQ /i baseenzymiz envzymie
0%‘/OH

i

Fig 7.1 Mechanism for the hydrolysis of glucosides by B-glucosidases

B-glucosidases utilize two enzymic residues, typically carboxylate residues,

that act as acid and base respectively as shown in Fig 7.1.

7.2 Immobilization of B- glucosidasc

The limited half-life of the immobilized enzyme through adsorption, which

is a consequence of it being progressively released in the solution, is a drawback to

its possible practical applications. In order to stabilize enzyme bonding to the

support, B-glncosidase was immobilized by covalent bonding and/or cross-linking.

Utilizing this latter procedure, a considerable enzymic load can be achieved on the

support, as well as an optimum half-life. Electrostatic bonds between the

OH~ groups of silica and the NH2 groups of the enzyme together with hydrogen

bonds and Vander Waals forces are formed during the phase of simple adsorption.

In addition to these bonds, bonds between GA and the enzyme (Schiff bases) are
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also formed during crosslinking. These latter bonds set up a network which

prevents the enzyme from being released.

Immobilization methodologies, of B-GL together with other glycosidases, have

been studied to increase the organoleptic characteristics in food. Immobilization of

[3-glucosidase from different sources had been frequently described using different

supports and methods to bind enzymes and matrices [7- 9]. Equal weights of clay and

chitosan were mixed to prepare the composite beads, in wet (without fieeze-drying) or

dried (with freeze-drying) fonn, which were used as immobilization supports for

[3-glucosidase after cross-linking with glutaraldehyde in the work done by Chang et al.

The immobilized enzymes exhibited good storage stability and exhibited broader

temperature and pH ranges after immobilization of [3-glucosidase [10, ll]. High

immobilization yields and residual activity levels was obtained when B-glucosidase

was immobilized on amine agarose gel via oxidation of its carbohydrate chains [I2].

Glucosidase activity was strongly reduced in the presence of clay minerals

montmorillonte and Al-montmorillonite [13]. This was explained by the strong

adsorption of the enzyme on the clay minerals causing an unfolding of the enzyme on

the clay mineral surface [14]. The stability of [3-glucosidase immobilized on chitosan

after crosslinking with glutaraldehyde, showed good stability in wine and acid buffer in

the work done by Martino et al. [15]. Ln the study carried out by Mathijs et al.

B-glucosidase was immobilized on silica via two different procedures and it was

found that the enzyme coupled with dextran dialdehyde and subsequent attachment

with aminopropyl silica showed enhanced thermostability than the other

counterpart which may be due tothe different number of links formed between the

enzyme and the carrier [16].

Inorganic and organic matrices have been used, the inorganic matrices were

oi and 7 alumina, and bentonite; while the organic matrices were: Eupergit-C®,

Xad 7®, cellulose as such and functionaIized,tamine agarose and chitosan gels.

Sandy alumina showed an excellent immobilization capacity for B-glucosidase in
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the work done by Fadda et al. [17]. An increase in thermal stability and a shift

towards alkaline pH was observed when B-glucosidase was immobilized onto

silioclirome which was modified with APTES and glutaraldehyde [18]. Several

papers have described the immobilization of [3-glucosidase including adsorption or

covalent bonding on silica, alumina, chitin and chitosan [l9-22].

7.3 Cross-Linked Enzyme Aggregates (CLEAs)

The development of robust immobilized biocatalysts that are stable over a

broad range of pH and temperature and are tolerant to organic solvents is a major

challenge in industrial biocatalysis [23]. A major breakthrough in this field was the

development of cross-linked enzyme crystals (CLECs), biocatalysts which

combine the features of essentially pure protein with high specific activity [24, 25]

and high tolerance toorganic solvents [26, 27]. Cross-linked enzyme aggregates

(CLEA) are strictly speaking not immobilised enzymes. Their straightforward

preparation combines protein precipitation followed by cross-linking with a

suitable dialdehyde, usually with glutaraldehyde, without the need for expensive

protein purification [28, 24].

Lipase (LP) was immobilized on the surface of the supporting materials

carboxymethylcellulose (CMC) and diethylaminoethyl cellulose (DEAE-C) by using

cross-linked enzyme aggregation (CLEA) by glutaraldehyde. The activity of enzyme

aggregates coated on DEAE was approximately 2 times higher than that of enzyme

aggregates coated on CMC. This is explained by the fact that enzyme aggregates with

amine residues are more efficient than those with carboxyl residues [29].

Recently, inorganic mesoporous silica materials have attracted much

attention as a host of enzymes because of their controlled porosity and high surface

area [30-33]. at-Chymotrypsin (CT) and lipase (LP) were immobilized in SBA-l5

mesoporous silica via CLEA approach and it was found that the immobilized

aggregratres showed improved stability as well as negligible activity decrease

under harsh shaking condition for one week while the adsorption and covalent
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attachment resulted in more than 50-90% enzyme inactivation under the same

condition [34]. Lipase PS from Burkholderia cepacia was successfully immobilized

in sol—gels under low methanol conditions using lyophilization in order to dry the

gel. The enzyme was also cross-linked with glutaraldehyde to CLEAs without any

additive and were employed for the highly enantioselective acylations of l

phenylethanol (1), 1-(2-furyl)ethanol (2) and N-acylated 1-amino-2-phenylethanol

(3) with vinyl acetate in organic solvents. The CLEA of lipase PS showed a

significant increase in activity upon immobilization (174%) and the lipase PS

CLEA is highly enantioselective in acylation reactions than the sol-gel preparation

which showed better reusability characteristics compared to CLEA’s [35]. The

CLEA approach was employed to adsorb or-chumotrypsin onto Hexagonal

mesoporous silica (HMMS) followed by enzyme crosslinking with glutaraldehyde.

The resulting CLEAs containing ot-chymotrypsin (CLEA—CT) did not show any

activity decrease under rigorous shaking for one month, which demonstrates a huge

success of this approach [36]. Nan0meter~scale CLEAs of a-chymotrypsin (CT)

and lipase (LP) was prepared in HMMS using GA as the crosslinking agent which

demonstrated increased stability under harsh shaking conditions for 2 weeks with

negligible loss of activity and also high loading capacity. This was due to the ship

in-a-bottle approach of CLEAs in HMMS [37]. By crosslinking reactive amine

residues of the enzyme with glutaraldehyde (GA), crosslinked enzymes (CLEs)

[38] and crosslinked enzyme crystals (CLECs) [39] were developed to increase the

operational stability of enzymes and to facilitate their recovery and recycling.

As a possible application of mesocellular silica foams (MCF), we attempted

to immobilize enzyme B-glucosidase in MCF. An extremely effective method as

so-called Cross-Linked Enzyme Aggregates (CLEAs) was employed to immobilize

B-glucosidase onto mesocellular silica foams which employs the adsorption of

enzymes followed by enzyme crosslinking using glutaraldehyde- The schematic

representation of CLEA-GL in MCF is shown in Fig 7.2.
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Fig 7.2 Schematic reprcscntation for CLEAs in MCF (crosslinked enzyme 
aggregates in mesocellular silica foams). 

CLEAs in MCFs exhibit high activity retcntion and stability and can be readily 

recovered and recycled without any loss of activity. The approach of crosslinked 

enzyme aggrcgrates (CLEAs) in mesoporous silica is a simple and effective method for 

enzyme stabilization [40]. Along with the higher specific activity than that of adsorbcd 

enzymes, this CLEA approach is much simpler than that of covalent altachment by 

obviating the tedious processes for silica func tionalization and enzyme attadunenl. The 

multipoint attachment of enzyme molecules is well-known to stabi lize activity by 

preventing enzyme denaturation [41]. This CLEA approach has resulted in 

highly-loaded. stable. and active enzyme immobilization due 10 a ship-in-a-bottle effect 

that takes advantage of the bonle-neck pore structure. 

This si mple but powerful approach of CLEAs in mesoporous media opcns 

up a new possibility for enzyme stabilization and will contribute to a varicty of 

enzyme applications in biosensors, bioremediation, and bioconvcrsion. 

7.4 Immobilization and activity measurements 

7.4.1 Synlhesis of MCF carriers 

The purely siliceous mesocellular silica foams (MCn were prepared 

according 10 the direct hydrothermal method described in [42] using a Pluronic 

PI23 triblock copolymer surfactant with 1,3. 5-trimethylbenzene (TMB) as the 

organic swelling agent with TMBIP123 = I (w/w). 
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7.4.2 Immobilization of enzymes on MCFs

CLEAs of B~GL (CLEA-[5-GL) were prepared according to the procedure

reported by Kim et.al [37]. CLEAs of B-GL (C LEA-GL) were prepared as follows.

MCF (10 mg) was mixed with 2 ml of free B-GL (glucosidase) in a buffer

solution (Zmg/‘ml in sodium acetate buffer, pH 4.8) sonicatcd for 3 s, and incubated

at room temperature under shaking condition. After Shrs of incubation for [5-GL

adsorption, the samples were briefly washed by an aqueous buffer ( 1 00mM sodium

acetate buffer, pH 4.8), and then incubated in the same buffer containing 0.1%

glutaraldehyde (GA). After GA treatment for 30 min, the samples were excessively

washed by a phosphate buffer (l00mM sodium phosphate, pH 8.0). The samples

were washed four times by phosphate buffer ( l0 mM sodium acetate buffer pH 4.8)

and stored at 4°C. The protein amount leached from the silica was done following

Lowry’s method [43]. The final enzyme loading in the silica was calculated from

the difference between the initial [3-GL amount and the leached amount of B-GL

into washing solutions. The optimal GA concentration was found to be 0.1%. At

lower concentrations (0.05 %) enzymic activity was lower due to the release of the

enzyme into the saline washing solution. Optimal performance was obtained with

0.1% GA and a crosslinking time of 4hrs.

Adsorbed GL samples were prepared in the same procedure as that of

CLEA-GL, but no GA was added during the GA treatment step. For covalent

attachment of GL. aminated MCF (10 mg) was incubated in L5 ml of 0.l% GA

solution (l00mM sodium phosphate. pH 8.0) for lh, and washed five times with the

same buffer containing no GA. Then, the aldehyde-funetionalized MCF was incubated

in GL solution (Zmg/ml, sodium acetate buffer, pH 4.8) and stirred for 4h at 4°C.

7.4.3 Measurement of B-glueosidase activity

The activity of free [3-glucosidase in the solution was determined by adding

0.lml enzyme to 0.9mL of 0.1M acetate buffer (pH 4.8), which contains 5mM of

substrate p-nitrophenyl B-D-glueopyranoside substrate [15]. The reaction mixture

">04I-L
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was incubated with stirring at 25°C for 1 min and stopped by adding 2mL of

lMNa2CO3. The absorbance of the final product p-nitrophenol was measured at

400 nm using an UV/visible spectrophotometer and the activity was calculated

based on a molar extinction coefficient of 18,300 dm3/(mol cm). One activity unit

of B-glucosidase is defined to be the amount of this enzyme required for

hydrolyzing lpmo] substrate/min. The activity of B-glueosidase immobilized on the

silica was similarly measured, except that 0.lml of the solution was replaced by

0.lml deionized water and a given amount of immobilized enzyme.

7.5 Results and Discussion

Physicochemical characterization studies

7.5.1 N2 adsorption measurements

Fig 8.3 shows the N2 adsorption and desorption isotherms of mesocellular

silica foams and CLEA-GL. All the samples prepared show type IV isothenns for

nitrogen adsorption at 77K, which is typical [44] of mesoporous solids with H1 type

hysteresis loops at high relative pressures. In the case of MCF, before

immobilization, sharp inflection step is observed. An important loss of adsorbed

volume is observed as well as a shift towards low p/pg values for the mesoporous

uptake curve is seen afier cross linking indicating decrease in the mesoporosity of the

material. The surface area decreases from 595 m2/g to 352 m2/g afier erosslinking

and the pore diameter from 161 A to 47 A which can be mainly attributed to the

binding of CRL and aldehyde molecules into the mesopores (Table 7.1).

Table 7.1 Textural property of MCF and CLEA-GL

l

L

|

l   Surface area  Pore  Pore volume
f __ ii, _  "(B12/g)  (llflmeter("A)  (cn13/g)M_gg= MCF i 595 l6i 2.49

l

The pore size distribution curve shifted to a smaller size alter crosslinking. All

values of pore size, surface area, and pore volume were reduced by forming C LEA-GL

in the pores of MCF’s suggesting that more GL could be loaded in MCFs.

2'25

QLEA-gGLm   g 352   p47  g (l.8g2gmJ
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7.5.2 Thermogravimetry

Fig 7.4 shows the TG/DTG profiles obtained for immobilized B-glucosidase

on silica and that after crosslinking with glutaraldehyde- The typical TG and DTG

cun/es ofM-GL demonstrate the significant weight loss between 200-400°C, which

is attributed to the enzyme decomposition.
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Fig 7.4 TG/DTG curves of (a) MAI (b) CLEA-GL

After crosslinking (C LEA-GL) there is only a single weight loss extending

from 100-650°C which is attributed to the decomposition of the organic groups of

glutaraldchyde as well as the cnzyme moieties which showed that the thermal
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stability of the cross linked [3-glucosidase has increased considerably after binding

with glutaraldehyde.

7.5.3 F TIR studies

The FTIR spectra of adsorbed [3-glucosidase and that of CLEA-GL are

shown in Fig 7.5.
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Fig 7.5 IR spectra ofthe (A) PS (pure silica) and enzyme adsorbed (HM <~,,_)

and (B) CLEA-GL

In addition to the characteristic peaks of MCF silica at 1630 cm--' assigned to

the —OH vibration of physisorbed H20 and the Si—O-Si bands at around

1000-1250, 800, and 475 cm ', the amide 1 (l63Ocm ') and amide 11 (1540 em")

of [3-GL was observed after immobilization which confirmed the retention of native

secondary structure of protein and biological activity. The C-I I simple bending

vibration occurs at l425cm" for free [3-Glucosidase (GL) and with increased

intensity at l4l6cm'l in the case of CLEA-GL which confirmed the presence of

aldehydic group after crosslinking. C-H stretching vibration frequency is seen at

2935 cm" with contributions from glutaraldehydc. The ‘amine-glutaraldehyde

reaction produces an imine N=C bond, Schiff-base, seen at 1647 cm" while an

ethylenic C=C bond formed by resonance stabilization of the imine appears at

l554cm" with increased intensity which confirmed the crosslinking of

glutaraldehyde with enzyme molecule.
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7.5.4 29Si and BC Nuclear magnetic resonance spectroscopy

The 29Si MAS spectmm of the parent MCF sample (Fig 7.6) exhibited two

broad resonances at -112 ppm for a Q4 environment and at -102 ppm for a Q3

environment together with a shoulder at -93 ppm ascribable to Q2 species. After

adsorption of the enzyme and further crosslinking with glutaraldehyde the Q2 peak

almost disappeared reflecting that geminal silanols allowed a better functionalization

than isolated ones. There was a pronounced decrease in the intensity of Q3 peak

compared to Q4. There was a shift in the peak position by lppm due to the strain

imparted on the matrix due to the crosslinking step.
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Fig 1.6 ’°si NMR of (a) MCF16O (b) CLEA-GL
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The "c NMR of CLEA-GL (Fig 7.7) exhibited peaks due to the enzyme

groups at 10, 23, 71 and 101 ppm with decreased intensity. The effective binding

of aldehyde was evident from the peak at 184 ppm.

t

n

‘ >

I F - T - I F". - 1 ~I—- 1 -W-w—'v—i 1 ‘I ‘1200 150 100 50 0
Fig 7.7 "c NMR ofCl;F.A-GI,

7.6 Biochemical characterization of free and CLEA—GL

7.6.1 Stability and activity of various immobilizates

The mesopores of MCF supports were used as a template for the

preparation of CLEAs, which can enhance the enzyme loading by utilizing all the

pore volume, pore diameter and surface area and possibly prevent the enzyme

leaching. It is anticipated that the above characteristics would place a good

resistance against leaching [3-GL from MCF’s.

Figure 7.8 shows the stability of free GL (B-glucosidase), adsorbed GL and

CLEA—GL in aqueous buffer (l On1M sodium acetate, pH 4.8) at room temperature.

At each time point, the residual activity of GL was measured by the hydrolysis of

p-ntrophenyl B-D glucopyranoside in an aqueous buffer ( lOml\/I sodium acetate, pH

4.8), and the relative activity was calculated from the ratio of residual activity to

the initial activity. The enzyme stability of various immobilizates was investigated

by incubating each sample at room temperature and under harsh shaking condition.
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Fig 7.8 Stability of CLEA-GL, Adsorbed GL, covalently bound-GL and
free GL in a shaking condition at 30°C. CLEA+GLs were prepared
with 2mg/ml and 0.1% glutaraldehyde concentration.

In harsh-shaking condition, the activity of free GL rapidly dropped, and

no measurable activity remained after 24 h incubation. ADS-GL in MCF and

CA-GL marginally enhanced the enzyme stability, but the relative activities

after 24h incubation were 50% and 68%, respectively. CA-GL showed a

fairly-good stabilization of enzyme activity by retaining 65% of initial

enzyme activity after 48h incubation. However, CLEA~GL in MCF showed

negligible activity decrease after 48h incubation in the same condition.

CLEA-GL also showed an impressive stabilization of enzyme activity when

compared to other immobilization approaches. This impressive stability under

rigorous conditions demonstrates that the mesocellular pore structure with

interconnected windows was successful in preventing enzyme aggregates in

the main mesocellular pores (16 nm) from being leached out. Most of the

B-glucosidase in the mesoporous channels are crosslinked with CLEAS in

mesocellular pores and do not leach out from MCF’s. The successful enzyme

stabilization via the CLEA approach can be explained by the effective

prevention of enzyme leaching as well as the improvement of intrinsic

enzyme stability via multipoint covalent linkages between enzyme molecules.

230



Crosslinfieat ji - Qfutfosizfase in Slfesocelfufarsificafoams . . . . . . ...jlctivity studies

Table 7.2 Enzyme loadings and activities of various immobilizates
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Table 7.2 shows the results of enzyme loadings via various immobilization

methods: adsorption (ADS), covalent attachment (CA), and CLEA approaches. The

activities of ADS, CA, and CLEA samples are also summarized. The specific

activity of CLEA-GL in MCF was 7.8 iuno]/min per mg enzyme, which was higher

than that of ADS-GL. These higher specific activities ot‘CLEA samples imply that

GA crosslinking prevents the enzyme denaturation and inactivation, leading to a

better substrate transfer by allowing mesopores to be less populated with denatured

and inactivated enzymes and also due to the inhibition of auotolysis. The specific

activity of CLEA sample was lower than that of CA sample. The CA samples of

GL showed higher specific activities presumably due to the fact that the enzymes

are immobilized mainly at the entrance part of pores, facilitating rapid enzyme

substrate reaction.

All the adsorbed samples showed a significant reduction of enzyme

loading while the CLEA samples retained most of initially adsorbed enzymes.

The final enzyme loading amount of ADS-GL and CLEA-GL in MCF were

87 and 139pg/mg silica, respectively. This result revealed the importance of

GA treatment in preventing the leaching of initially-adsorbed enzymes from

MCF. Adsorbed GL places more serious mass-transfer limitations on the

substrate than CLEA—GL, even though the internal porosity of MCF’s with
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adsorbed GL contains smaller amounts of GL molecules than that with

CLEA-GL. This was due to the denaturation and/or autolysis of adsorbed GL

molecules, which leads to an increase of their occupied volume and more
serious mass-transfer limitation for substrates in MCF’s. The combination of

CA approach and subsequent binding of the enzyme with a high aspect ratio

resulted in steric hindrance by the covalently-attached enzyme molecules at the

inlet part of pores against the penetration of other enzyme molecules into the

pores. The CLEA approach does not place this steric hindrance since it starts

with the enzyme adsorption, leading to higher enzyme loading.

The activity yield is higher in the case of CLEA-GL compared to adsorbed

and covalently bound samples. The immobilization yield was lower for the

CLEA-GL than the adsorbed and the covalently bound samples as the enzyme

might have undergone a transition to a less active state upon covalent

immobilization followed by glutaraldehyde treatment. This CLEA approach,

simply crosslinking fully-adsorbed enzymes molecules has resulted in

highly-loaded, stable, and active enzyme immobilization.

7.6.2 Optimisation of glutaraldehyde concentration for crosslinking

Figure 7.9 shows the stability of CLEAs-GL treated with various

concentrations of GA after adsorption of GL (Zmg/ml) into eMCF’s. Treatments

with relatively low GA concentrations (0.01 and 0.05% GA) resulted in a marginal

improvement of enzyme stability and there was still GL leaching observed with the

samples, which was confirmed by the measurement of the leached GL in the

supernatant. Upon increasing the GA concentrations to O.l or 1%, the GL stability

greatly improved. With these samples, there was no measurable decrease in GL

activity detected for 48h incubation period under shaking. The impressive stability

is due to the mesocellular pore structure of MCF’s and the inhibition of autolysis

by glutaraldehyde crosslinking.
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Fig 7.9 Stability of CLEAs-GL-MCF prepared with 2mg/ml GL and
various glutaraldehyde concentration at 30°C.

To prevent the leaching problem, adsorbed GL was treated with various

glutaaldehyde concentrations (0.0, 0.05, 0.1 and 0.5°/ow/w). With this treatment,

the loading capacity of the resulting GI. improved upto GA concentration of0. 1%.

Table 7.3 Loading capacity and activity of C LEA-GL in IVICF prepared
with various GA concentrations

_  1  ’ g g  (0.01%)... (0.15?/0) 3:10.!"/0)gg§_... (0.5%)
r "'7 _ ' "'— ; ""7 ' * - " _ 'i "* _ "' 1  '4 ' 1
ALSAMPLES  GL  u)S_GL  CLEA~GL CLE1§-GL5 CLEA-GU CLEA-GI..lGL loadingi amount in 1 @

MCF(1tg; -  87 118.7  125.2  139 ? 130i inlmg a 1  ‘Specific  Iactivity
yulmol/mini 12.37 i 5.23 ; 8.35 8.26 ; 7.83 ; 4.3}per mg QL)  U g 2  1

The specific activity also showed a gradual increase with increase in aldehyde

concentratic-n but with 0.5% glutaraldehyde, the activity decreased probably due to the

denaturation of enzyme. This may be due to the reticulation among enzyme molecules

favored by the use of a bifunctional 1nolecu.le and therefore affecting the activity.

Another reason for the low activity may be due to a partiai denaturation of enzyme as a

result of “rigidif1cation” of the enzyme molecule or steric hindrance which prevents the
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substrate from reaching the active site. Without GA crosslinking (GA 0%), adsorbed

GL in MCF’s continuously leached out from MCF’s which is evident from the lower

enzyme loading per mg silica and also the lower specific activity compared to CLEA

GL. Thus [3-glucosidase activity was stabilized when the samples were treated with

0.1% glutaraldehyde.

7.6.3 Activity as a function of pH

The pH activity profiles of crosslinked and soluble [3-glucosidase arc shown

in Fig. 7.10. The optimum pH at which BGL binds to MCF while maintaining

maximum activity was determined by performing the immobilization process at

various pH values. Usually, carboxyl and amino groups create a unique ionic

atmosphere, which may be altered by the interaction with the solid support surface

changing the microenvironment at the active site [45].

The relative activity of free enzyme increases and reaches its optimum at pH

6 whereas the optimal pH of the immobilized enzyme exhibited a shift of 0.5 pH

units towards the alkaline zone as compared to the free enzyme (from 6.0 to 6.5).

The immobilized enzyme was more stable in lower and higher pH in comparison to

free enzyme. Free [3-GL deteriorates when pH is increased above 6 and also below

pH 5. The relative activity of CLEA is over 75% in the pH range 4.5—6.0.100~ A 6. K
g 30  ‘,__A"‘*A)[‘60 i ‘/ ‘J.. / ‘
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Fig 7.10 Effect of pH on the relative activity of (0 )f ree and (A) CLEA-GL at 25°C.
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The CLEA’s exhibited a broader pH range with higher activity than the free

BGL. The shift observed in the optimum pH of soluble and immobilized enzyme

was probably caused by the presence of negative charges dominating 011 the matrix

surface. At this pH, the surface of the SiO2 framework of MCF has an overall

negative charge since the isolectric point of SiO2 is pH ~2. Almond B-glucosidase

has isoelectric points of 4.9 and 6.5 [46].

The almond glucosidase isozymes reported so far in literature include:

isozyme A (135 kDa, pl 6.9, two subunits)-] ,isozyme B (l90—20O kDa, p1 4.8, two

subunits, isozymeAB (155 kDa, p1 5.6, two subunits), isozyme C (58 kDa, p14.55,

one subunit), isozyme D (52.5 kDa, pl 4.4, one subunit), isozyme E (52.5 kDa, pl

6.4, one subunit),and isozyme F (90 kDa, pl 4.8, one subunit). The main

component of the commercially supplied almond B-glucosidase (Sigma Co.) was

found to be the isozyme A. The overall net charge of the protein is slightly

positive. Therefore, an electrostatic interaction between the two is expected. When

the pH of the immobilization is increased above pl] 6.5 less BGI. is immobilized.

At pH 7.5, i.e. above the isoelectrie point of BGL, BGL is not immobilized by

MCF, which is likely a result of the net negative charge of both the silicate

framework and BGL. The forces involved in the enzyme-matrix interaction are

mostly of an electrostatic nature. Thus from these results, it is observed that the

isoelectric point of SiO2 and the overall framework charge play important roles in

immobilizing enzymes. The strength of the electrostatic interaction between the

enzyme and the silicate surface is very important in maintaining the overall activity

of the enzyme. Leaching of the enzyme from the CL-EA-GL material was tested

with water by repeatedly washing the immobilized enzymes and measuring the

activity of the washed solution. The activity obtained from the washed solutions

was minimal.

The dried composite beads prepared from ehitosan and activated clay

exhibited higher activity in the pH range 5.0-8.0 than the wet composite and also
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there was a shift in the optimum pH for both the composites to the acidic region

compared to the free B-GL [1 1].

7.6.4 Effect of temperature on the enzyme activity

The effect of temperature on the activity of free and immobilized

B-glucosidase is shown in Fig. 7.11. The optimal temperature was shified from

50°C for free B-glycosidase to 60°C for CLEA-GL. As the case of pH effect, the

immobilized enzymes have a broader tolerance range to heat than free enzymes. In

general, the immobilization support has a protecting effect at high temperatures

when enzyme deactivation occurs. The conformational flexibility of the enzyme is

affected by immobilization. The immobilization step causes an increase in enzyme

rigidity, commonly reflected by an increase in stability towards denaturation by

raising the temperature [47]. Above a certain temperature an enzyme will tend to

lose the compact three-dimensional structure which is required for catalytic

activity.

Yan and Lin [48] also indicated that the activity ofifree B-glucosidase

reaches maximum at 55°C but only 70% of the 55°C activity is obtained in the

temperature range 50—6O°C. This likely indicates a higher thermal stability for

the immobilized enzymes.
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Fig 7.11 Effect of temperature on the relative activity of (0) free and ( A)
CLEA-GL at pH 4.8
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Crichton et al. noted a large difference in thennoresistance between

immobilized |3-GL dextran conjugates and native enzymes attached onto

glutaraldehyde-activated porous silica. They explained the enhanced

thermoresistance by the rigidity of the enzymes which occurs when the enzyme

is linked to a suitable polymer [49]. In contrast, the temperature-activity profile

of the soluble and immobilized B-giucosidase from A. niger remained almost

unaltered. In some cases, both the optimal temperature and the temperature

activity profile change [50, 51] upon immobilization, whereas in other cases they

do not [52].

7.6.5 Thermal stability studies

Fig 7.12 shows the long-term stability profiles for free [3-glucosidase and

CLEA-GL activities at 55°C and 60°C. If the heat stability of an enzyme is

enhanced by immobilisation, the potential utilisation of such enzymes would be

extensive. lt is often found that immobilized enzyme has a higher thermal stability

than free enzyme because of the reduction of conformational flexibility in

immobilized enzyme [53]. Free enzyme was rapidly inactivated at higher

temperatures after prolonged heat incubation, whereas at these temperatures the

CLEA-GL was relatively stable. Because immobilization and cross linking

provided more rigid external backbone for enzyme molecules, the effect of higher

temperatures in breaking the interactions that were responsible for the proper

globular, catalytic active structure, became less prominent, thus increasing the

thermal stability of the immobilized glucosidase.

The thermal stability of the crosslinked enzyme preparations enhanced

considerably, as compared with that, of the native enzyme. Free B-glucosidase

retained less than 30% of its initial activity after treatment at 60°C for 3h while

CLEA-GL retained more than 50% of its initial activity. CLEA-GL retained more

than 60% activity at 65°C while the free enzyme retained only 30 % activity after

3h heat treatment.
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The immobilized B-glucosidase on chitosan—clay composite composites

could retain more than 60% activity at higher temperature when compared to free

enzyme which retained only 30% activity [11]. On the other hand, the high activity

of immobilized enzymes at low temperatures is probably a result of favored

adsorption of enzymes on activated clay [54]. An important increase in thennal

stability was observed when less stable B-glucosidases (from T. reesei, N. crassa

and almonds) were immobilized [55]. The major factor in this contrasting result

was probably related to the different microenvironment for the enzyme provided by

the different supports.

7.6.6 pH stability of free and immobilized enzymes

The stability profiles for free enzyme and the crosslinked enzyme

aggregrates are shown in Figure 7.13. The crosslinked B-glucosidase retained

more than 50% of its original activity at pH values 5.5 and 6 after incubation

for 5h, and it maintained more than 70 % of its activity after lh compared to the

free enzyme which retain only 40% activity after 5h- incubation in the

respective pH solutions. CLEA-GL was less sensitive to pH changes than the

native enzyme. Free enzyme demonstrated maximum activity at pH 6 and hence

its optimum value. The optimum pH of CLEA-GL is 6.5. Extremes of pH will

however cause a time-dependent, essentially irreversible denaturation in the

case of free enzyme.
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Fig 7.13 pH stability of(0) free and (A) CLEA-GL at different pH at 25°C

The stability of the enzyme against higher pH was significantly improved by

immobilization. This is more evident when the enzyme is immobilized since the

support itself may change the pH value around the catalytic site. This effect is

known as the partitioning effect, directly related to the chemical nature of the

supporting material that induces electrostatic or hydrophobic interaction between

the matrix and the molecular species dissolved in the solutions. The resulting

CLEA’s hold excellent adaptability in a wider and higher pH compared with free

enzyme. It is known that polyionie matrices cause the partitioning of protons

between the bulk phase and enzyme microenvironment causing a shift in the

optimum pH value [56]. The adaptability should depend on the method of

immobilization, as well as the structure and charge of the carrier [57, 58],

furthermore, the screen function of the structure would play an important role in

enhancement the adaptability.
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In studying the remaining activities of free and immobilized laccase on

magnetic chitosan microspheres, Jiang et al. [59] have found that the immobilized

laccase is stable in the pH range 5.0-6.0 while free laccase is stable in the pH range

7.0—9.0. This indicates that the immobilization appreciably improves the stability

of laccase in the acidic region.

7.6.7 Effect of various cations and chemicals

To inspect whether metal ions are essential to glucosidases some univalent

and bivalent ions were selected to prepare the reaction buffer. Table 7.4 shows the

effects of metal ions on the relative activity towards PNPG.

PNPG hydrolysis was increased by 10% in the presence of Co2+, Mn2+, Mg 2+.

However, Cazi, Cdzf, Zn2+ and Fe2+ had no effect on the stability of the enzyme. The

enzyme was indeed greatly inhibited by Agi, Cuziand Hg2i. This may indicate that

thiol groups are involved in the active catalytic site. However, MnZ+ did significantly

stimulate enzyme activity. Cu showed an even more pronounced inhibitoiy effect.

CaCl2, ZnCl2, FeCl; and EDTA had little effect on the activity.

Table 7.4 Effect of various metal cations and chemicals on the activity of
B-glucosidase and CLEA-GL
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The enzyme activity depends on the protonation of the amino acids at the

reactive site and that enzyme activity is inhibited by complexation of the reactive

sites by the heavy metal cations. Activation by Ca2+, Cop, Mn2+, Mgzl, may be

explained by stabilization of the enzyme structure [60]. Divalent cations such as

Ca2+ and Mg” at 1mM concentrations in the reaction media almost showed not

much influenced on activity of the immobilized B-glucosidase while at 50 inM,

there was a significant decrease when compared to free enzyme (5OmM) which

may be due to the destabilization effect of metal salts on enzyme structure after

immobilization. There was not much effect on free enzyme with higher

concentration of salts used except in the case of CuCl2, AgNO3 and HgCl2 where

there was complete inactivation.

The mechanisms of the effect of these metal ions on the enzyme activity are not

known. (1-glucosidases and B—glucosidase could catalyze the synthesis of glucosides in

lower yields without metal ion which indicated that metal ions are not essential for

enzymatic synthesis of glucosides in the study carried out by Wang et al.[6l]. KCI and

MgS()4 had little effect on the two B-giucosidases from almond and apple seal at 5mM

concentration while CaCl2, MnCl;, CoCl,; and ZnSO4 inhibited the enzymes to some

extent while heavy metal salts, such as CuSO4 and AgNO3, severely inhibited the

activity [62]. The effects of various cations and reagents on B-glucosidase from

Aspergillus Niger activity were investigated by Riou et al. and it was found that there

significant inactivation with Ag’, Hgzl, Cuzl, Zn2l, and Fell“ and slight stimulation by2+ 2*‘ 21
Mn ' while C o ' and Ca had no activity dependence [63].

7.6.8 Activation by alcohols

The effect of alcohols on the activity of beta glucosidase activity is shown in

Table 7.5. Methanol and ethanol increased the activity of beta glucosidase by

1.1 fold and 1.3 fold while propanol and butanol increased the activity by 1.6 and

2 fold (O.5M). However ethanol, propanol and butanol inhibited the activity of the

enzyme at above 1-2 M.
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Table 7.5 Effect of various alcohols on the activity of free B-glucosidase
and CLEA-GL

3-;::;;;<>;.
-  I   ' .  I-' 3  - 3..-5-1: ':" ::=~ =15‘-I31 .-.-3; =;i.:'\:i.;:'

§<l@l:llAlcblioliii-l  \  ra~=<>* hY¢l¥9l¥$i$i - : - ' - ' I
.§.IFree enzyme  iCL:EA_-GL

,.,\-,~..-.\\_,v\- ' '. .-.-.~..(.,,\.-  . v.. .v\,\,\.~. ..v\,..,. > .
; ;ii 1 Irate} of [hydrolysis (‘_’/<2)

1" Free. enzyme  CLEA;-CGL

Control

Methanol

Ethanol

g Propanol

Butanol
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~---------------.  .................................. .

100 10093 35
115.2  5898 66
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i 109.4 80
i 132.8 89
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111.3
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204.9

218.1

100
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103.3

130.7

170.8

185.4

189.3

A 2 fold increase was observed in the case of pentanol and hexanol at lower

concentrations of alcohol. Activation by alcohols has been observed for

[3-glucosidases from Candida entomophil [64] and fusarium oxysporum [65]. Such

a phenomenon as described by Pamberton et al. [66] is the result of glycosyl

transferase activity. At higher concentrations of alcohols the enzymes were

inhibited probably because of protein denaturation. In the case of CLEA-GL

though activation was observed at low alcohol concentration the increase was

much less when compared to the free enzyme.

As the chain length of the alcohol was increased, the rate of release of

p-nitrophenol also increased. Maximal activity was induced by the presence of

hexanol. Enzyme activation is a function of the length of the alkyl chain. At 70°C

(pH 3.5), an approximately 225% increase in relative activity was observed in the

presence of hexanol when compared to the activity in the absence of alcohol and

around 170% activation at 30°C (pH 7.5) was observed. in the study carried out

by Goyal et al. [67].
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7.6.9 Kinetics of enzymatic reactions

The time changes of product concentration (p-nitrophenol) at different substrate

concentrations, S0 (p-nitrophenyl [3-D glucopymnoside, PNPG) for free [3-glucosidase and

CLEA-GL are shown in Fig. 7.14 and Fig 7.15. The slope of the straight line is the initial

rate of reaction V (mM/min). The relation between the rate of reaction and substrate

concentration can be described by the Michaelis-Menten equation [55, 68].

V _ vniaxs
KM+5

where Vmx is the maximum rate of reaction and KM is the Michaelis constant (mM).

Figure 8.16 shows Lineweaver-Burk plots of data obtained in experiments where

the rates of the reactions catalysed by native and crosslinked B-glucosidases were

monitored at varying pNPG concentrations.

l l K = l I
*. = "'.—- "l"  —ll’, l/nisnt  l"'n1::t1 S

The values of l/mm. and KM by free and immobilized [3-glucosidase at 25°C

are listed in Table 7.6. The reaction follows Michaelis-Menten kinetics over the

range of substrate concentrations studied. The Km values of the crosslinked enzyme

(8.2mM) obtained were higher than those of the free enzyme (5.9mM), suggesting

that the crosslinked network limited the permeation rate of substrate and product.

This means that internal diffusional effects are mainly responsible for the increase

of Michaelis constants- The reduction in affinity of the enzyme may be due to the

conformational changes on immobilization.

Table 7.6 The maximum rate of reaction (V,,,,,.) and the Michaeli’s constant
(Km) using free and immobilized B-glucosidase
(Sr,=0.25-2.5mM PNPG)

T l.samp1¢ip , a%.;¢i§V;..;(mM/min).  T K...(mM)  R2 QFreeenzyme  0.0135 7  775.9 7 0.9989CLEA 0.0120 8.2  0.9970
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On the other hand, the V,,,a_‘ of the immobilised enzyme (0.0l2O mM/min)

was smaller than those of the native enzyme (0.0l35ml\/l/min). The decrease in

specific activity and increase in Km value due to mass transfer and diffusional

limitations has been reported by several authors [69, 70, 71].
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Probably, the change in affinity of the enzyme to its substrate is caused by

structural changes in the enzyme introduced by the immobilization or by lower

accessibility of the substrate to the active sites of the immobilized enzyme. The

reduced Vmac value can be explained by the reduced flexibility and deformation of

[3-glucosidase enzyme molecules after being crosslinked. The increased Km, value

can be attributed to the increased mass-transfer limitation for the substrate in MCF

silica containing CLEA-—GL.
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Fig 7.16 The Lineweaver—Burl< plot of catalytic reaction using
(I) [3-glucosidase and (I) CLEA-GL ..

The Km value found for vanilla B-glucosidase was 3.3 mM for PNPG and a

Vmax =1 l .5 lU mg-I protein) in the kinetics study carried out by Dignum et al. towards

p-nitrophenol [72]. Lineweaver-Burk plots of free and immobilized beta-glucosidase

on chitosan gave Km values of 2><lO“l and 55><l0"'M with PNPG [73]. The Km value

remained the same (O.248><10'3 M) and Van. value was found to be slightly lower in the

case of beta glucosidase immobilized on sandy alumina in the work done by

Fadda et al. [74]. The immobilization of beta-glucosidase on polyacrylamide gel had

no effect no effect on Km values (4-1 5mM) while the Km value increased by a factor O1

1.20 when immobilized in alginate beads. The Vma. values were 51.9% and 35.4%

smaller for the immobilized supports compared to the free enzyme [75].
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7.6.10 Operational stability of immobilized enzymes

Fig. 7.17 shows the activity of free B—and CLEA-GL after repeated use. A

good operational stability is one of the most important criteria for industrial

utilization of immobilized biocatalyst. To evaluate the reuse stability, the

crosslinked systems were washed with sodium acetate buffer (pH 4.8) after any run

and reintroduced into a fresh solution, this being repeated up to 10 cycles. The

crosslinked enzyme aggregrates retained more than 85% activity even after the 10"‘

cycle. Besides that, no activity was found in the buffer solution containing the

crosslinked aggregitaes due to the highly stable and active preparation, which

meant that there was no enzyme released from the support. The higher stability of

the crosslinked aggregrates might be due to the crosslinkingof the enzyme with

glutaraldehye which creates a more stable preparation than the adsorbed couterpart.
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Fig 7.17 Effect of repeated use capability on the activity of ( A) CLEA-GL

The activity of the enzyme immobilized on dried composite is 1.83 and 1.65 times

higher than those on wet chitosan and wet composite after 50-times reuse, and maintains

74% of the activity at the second operation [11]. Bickerstaff [76] reported that

immobilization restricts the movement of the backbone and side chains of the enzyme

molecule thereby preventing intermolecular interaction and unfolding of the polypeptide

chain. This advantage increases the stability of the enzyme and retains its activity after

repeated use. The loss in activity after some cycles is due to the natural inactivation of

enzyme as a result of time dependent denaturation of the enzyme protein.
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7.6.11 Storage stability of free and immobilized enzymes

Fig. 7.18 shows the storage stability of free and immobilized [3-glucosidase

at 4°C for 60 days. More than 85% of the original activity is lost for free enzyme

after 10 days when stored in the optimum buffer solution. Ln the free form, it has a

short life and therefore its use is restricted. After immobilization, the life of

enzyme improves and therefore it can be kept for long- term usage. CLEA—GL

could retain almost 100% activity after 60 days storage. The immobilization

procedure stabilized the enzyme substantially.
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Fig 7.18 Storage stability of (0) free [3-glucosidase and (A) CLEA-GL in
pH 4.8 at 4°C for 60 days

The activities of wet and dried-composite immobilized beta glucosidases are 4.9

and 10.4 times higher than that of free enzyme, respectively. However, the wet and

dried composite beads swell and break apart after being stored for I0 days at 4°C [11].

Ln the work of Cctinus a11d Oztop [77], catalase stored at 5°C‘ was more stable than at

25°C. Free enzyme retained 50% of its activity after 18 days, the immobilized catalase

stored wet (in buffer) retained about 50% of its activity level for 25 days and when

stored dry (at room temperature) retrained about 50% of its activity level for 5 days. In

the word done by Roy et al., immobilized beta-glucosidase on polyacrylamide and

cyanogens bromide activated sepharose gel beads [78], the soluble enzyme lost all its

activity after 6 days storage at room temperature while the immobilized enzymes were

more stable for a long period of time.
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7.7 Conclusions

Mesoeellular silica foams was used as the immobilization supports for

B-glucosidase which was then crosslinked with glutaraldehyde to obtain

Crosslinked enzyme aggregrates (CLEA’s) of B-GL in MCF’s.

The main conclusions from the present study on immobilization of

[3—glucosidase are as follows:

' Mesocellular silica foams was synthesized by microemulsion templating

technique and were used for the successful development of Crosslinked

enzyme aggregrates (CLEA’s ) of beta glucosidase.

I The decrease in specific surface are, pore diameter and pore volume suggests

the incorporation of enzyme and aldehyde molecules into the mesopores. The

incorporation was confirmed from TG, FT 1R and NMR studies.

' lnmiobilization broadened the pH optimum and the temperature dependant

activity profile of the enzyme. The results confirmed that immobilization

of [3-GL on MCF imparts greater resistance to environmental factors such

as pll, temperature etc without appreciable loss of activity.

' CLEA-GL in MCF showed negligible activity decrease after 48h

incubation in harsh shaking condition due to the prevention of enzyme

leaching as well as the enzyme stability attained by multipoint covalent

linkages between enzyme molecules.

' The K", values of the crosslinked enzyme were higher than those of the

free enzyme, suggesting that the there is a diffusion imparted to the

substrates and products by the crosslinked network.

' CLEA-GL exhibited superior operational stability and good storage stability.

' Our approach using glutaraldehyde for the purpose of crosslinking captures

very high enzyme loadings and prevents leaching, providing a more stable
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and active immobilized enzyme system than those obtained by simple

adsorption and covalent binding.

I The immobilized B-glucosidase was found to be very stable and this

system described is an example of the use of a biocatalyst for the flavor

enrichment of beverages that could be employed in industry.

I Siliceous mesostnlctured cellular foams show great potentials as carrier

materials for enzymes to give very active biocatalysts, and in that they well

exceed the most conventional silica gels and perhaps also popular

polymeric carriers which opens up a new possibility for enzyme

stabilization and will contribute to a variety of enzyme applications in

biosensors, bioremediation, and bioconversion.
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8.1 Screening of supports for enzyme immobilization

For enzyme immobilization, it is very important to choose a proper support

since its interaction with enzyme may have a great influence on the stability and

kinetics of the enzyme. There are various supports available for enzyme

immobilization, which can be classified into three general types: inorganic

particles, synthetic polymers and natural macromolecules. The natural

macromolecules, such as chitosan, gelatin, cellulose, agarose and carrageenan, are

biocompatible and non-toxic for enzyme immobilization. Nevertheless, the weak

mechanical stabilities of these natural materials have limited their applications. On

the contrary, the inorganic particles and synthetic polymers, for example, porous

glass, magnetic iron oxide, polypropylene, polyacrylonitrile and nylon normally

possess good mechanical stability, but are relatively non-biocompatible. Therefore,

it is still needed to fabricate perfect supports for enzyme immobilization.

The success and efficiency of physical adsorption on the enzyme on a solid

support depends on several parameters: the size of the protein to be adsorbed, the

specific area of the carrier and the nature of its surface, in terms of functional groups,

porosity, and pore size are crucial. According to some authors, a convenient pore size

is around 100 nm for lipase immobilization [1, 2]. More suitable pores may be in the

diameter range of 50~100 nm because of their excellent comprehensive behavior in

enzyme loading and intemal diffusion coefficient [3]. Catalytic efficiency depends on

the equilibrium of these three parameters: monolayer enzyme arrangement, pore size

(assuming homogeneous distribution) and surface area.

The amount of adsorbed enzyme per amount of support increases with the

enzyme concentration, reaching a plateau at the saturation of the carrier: different

adsorption isotherms are obtained for different enzyme—carrier' systems. Many

supports have been studied including polymers and resins [4], silica and silica

alumina composites [5], and carbonaceous materials [6]. These systems generally

have a low mechanical strength and often exhibit severe diffusion limitations,
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leading to a relatively low enzymatic activity [7, 8]. To minimize the internal

diffusion limitation, porous supports are mostly used in particulate form [9]. Silica

and other inorganic materials with pore diameter of around 8 nm, allow only the

immobilization of small enzymes within the pores. The larger ones can only be

placed on the external surface of the support particles [1 1]. The use of meso

or macroporous supports decreases these unwanted effects and the derivatives

usually retain higher activities and have higher enzyme loading [11].
Mesostructured foam-like silica was more favorable primarily because of its low

diffusion limitations. Featuring with an open porosity and ultra large pore size,

mesocellular silica foams (MCF) have attracted great recent attention as new

promising adsorption and catalytic matelials owing to their highly accessible and

open porosity by providing more favorable conditions for mass transfer compared

to their conventional mesoporous counterparts [10, 1 1]

On account of the relatively high surface hydrophobicity of lipases, simple

adsorption of lipases on suitably hydrophobic supports has been the more popular

strategy over covalent conjugation methods [12, 13]. This method [14] has proven

very usefui to achieve hyperactivation of most lipases: the hydrophobic surface of

the matrix induces the conformational change on lipases necessary to enable free

access of substrates to their active centers.

By choosing different carriers, it could be possible to obtain different effects

on the “open-lid” conformation of the immobilized lipase; discovering the
connection between structure of the carrier and achieved effect is essential to

understand the lipase activation mechanism. Our work was focused on the physical

adsorption of Candida rugosa lipase (CRL), a fungal lipase, on pure mesocellular

silica foams and clay as well as on glutaraldehyde modified supports. On these

basis, we propose the use of a rational approach to obtain immobilized lipase on

mesoceltlnlar silica foams and clay and to compare the binding capacity with the

conventional supports like silica gel and alumina. The present study reveals the
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superior properties of mesocellular silica foams in protein adsorption and

enzymatic catalysis and paves the way to the technological applications.

8.2 Experimental
8.2.1 Immobilization of lipase by adsorption

Lipase solutions (2-20 pg/ml) were prepared by adding appropriate amounts

of lipase powder to phosphate buffer solution (0.1 M, pH 7.0) which were then

added to 100mg of the supports. After this, the supports with the lipase solution are

shaken gently in a water bath at 30°C for 24 h. Finally, the supports were taken out

and rinsed with the buffer till no soluble protein was detectable in the washings.

Protein concentration in the solutions was determined by developing colour

with Folin Phenol Cioca1taue’s reagent [15]. Bovine serum albumin (BSA) was

used as standard to construct the calibration curve. The amount of adsorbed protein

on the membranes was calculated from the protein mass balance among the initial

and final lipase solutions, and the washings.

8.2.2 The leaching at different time intervals

In a typical adsorption experiment, 40mg of silica and clay supports was

dispersed to 20ml lipase buffer solution (2mgml'l) in a vessel covered to prevent

evaporation. The mixture was stirred at 30°C for 24h. The enzyme-leaching test

was performed by subjecting the immobilized enzymes suspended in 0.1M

phosphate buffer at pH 7 in a vessel (covered to prevent evaporation) to harsh

shaking condition [16]. Then, the leaching of enzyme from the mesoporous

supports was measured. The leaching of the immobilized lipase can be determined

by the lipase content of the supematant at different time intervals.

8.3 Lipase adsorption isotherms

To assess the performance of the mesocellular silica foam, some typical

commercial inorganic supports like silica gel and alumina were compared. The

lipase was adsorbed on each of these supports under the same condition- The
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microenviromnent created by amino functionalities activated with glutaraldehyde

was very positive and significant in the preferential binding of lipase.
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Fig 8.1 Adsorption isotherms of lipase onto various supports
-- MCFl60, O-MCFl60G, 4-MCF35G, 0-Kl-10, V-alumina, 0-MT],
0-K-IOG, A-silica gel

It was mainly owing to the hydrophobic surface property in the covalently

bound systems. The study of Bastida et al. [12] indicated that hydrophobic supports

have a purifying function in lipase immobilization through selective adsorption.

The more suitable pore structure also contributes to the enhancement of the

immobilized-lipase activity. For each support, an increment of protein

concentration enhances the driving force for the adsorption and increases the

adsorbed protein amount correspondingly. Furthermore, when the protein

concentration is higher than 20 |Ll'nOl, the increase slows down gradually with

increasing protein concentration.

The absorption capacity of lipase for the various supports is in the order

HM¢;>HGM(¢t-> RGMCF > KI-10> alumina> MTl> K-l0G> silica gel. The grade of

affinity of the enzyme molecules for each carrier was evaluated from the

adsorption isotherms of lipase on clay, mesocellular silica foams and conventional

supports (silica gel and alumina).
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The adsorption efficiency of proteins on the pure and the functionalized

supports were studied. The adsorption isotherms of lipases on various supports are

shown in Fig. 8.1. The maximum amounts of lipase adsorbed on MCF 160, MCF

35, KI-10, MCFl60G, MCF35 G and K-10G were 24, 6.4, 14, 20, 9 and l7umol/g

support. The amount of protein bound onto silica gel and alumina are 4.3 umol/g

and ll umol/g. Silica gel exhibits a very low loading of the protein. In the case of

alumina, due to its surface charge it exhibited higher adsorption capacity than

MCF35. Maximum adsorption was achieved with MCFl60 after 24 h (24 pmol

lipase/g). In agreement with the kinetic studies, in which MCF16O displays a

higher affinity for lipase (24|.|mol/g), the isotherm exhibits a sharp initial rise and

finally reaches a plateau (L-type). Slightly less lipase was adsorbed onto

MCF 160G (20umol/g). As MCF has a pore diameter of l6l A compared to 98 A

for HGM(‘}?, the relative binding is not likely to be limited by the access to the pores

but more related to the available total surface area of mesoporous material.

MCF 160 has a much reduced surface area of 595 m2/g compared to that of

MCF35 with surface area of (915 m2/g). It has been recently reported that the

surface of the pores with smaller pore diameter cannot be utilized in adsorption and

the fractional coverage of the small pore surface may depend on the length of the

diffusion path. In the adsorbent with smaller pores, Rwy, pore blocking may occur

due to aggregation of two or more lipase molecules. Consequently, the long

diffiision path in the small mesopores will result in a greater probability for pore

blocking to occur, and, thus, a smaller loading is obtained in RMCF. Though the

surface area and pore diameter of montmorillonite K-10 is less compared to RMCF it

has greater affinity for lipase and hence had higher adsorption capacity. This may

be due to the different types of interaction which binds the lipase into clay much

more strongly than that of RM(;1=. Each isotherm is characterized by a sharp initial

rise, suggesting a high affinity between the lipase molecule and the adsorbent

surface. However, in the case of HMCF, the large pore diameter facilitates the

diffitsion of the lipase molecules from the mesopore entrance to the interior part of
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the silica, and pore blocking might not occur. Hence, it is tentatively assumed that

the higher lipase adsorption capacity of HMCF silica is due to the larger pore

diameter, which allows full access of the mesopores by the lipase molecules. RMCF

and silica gel showed less affinity for enzymes. Compared with lipase dimensions

(40K), it can be observed that the enzyme was immobilized on the external area of

the support in the case ofMCF 35 and clay.

Fig 8.1 shows that all functionalized samples possess a higher enzyme

loading and a faster adsorption rate than pure—silica supports and clay. The oxides

differ widely with respect to surface character. Silica is an oxide with a weak

Bronsted activity (pKa of Bronsted’s sites of 7) and with a point of zero charge of

3. Alumina is also a material with a weak Bronsted activity (pKa of Bronsted sites

of 8.5) and its point of zero charge is 8. Thus, under the conditions used for the

experiments (pH 7) silica will carry a strong negative ‘charge and alumina will have

a small positive charge. Since the enzyme has a negative net charge under these

conditions (the pKa of the lipase is 3.5), it is reasonable to assume that it will give

an attractive interaction with alumina and a repulsive interaction with the silica.

We, therefore, postulate that the difference in degree of binding that is seen

between alumina on the one hand and silica on the other hand is related to the type

of interaction that the lipase has with the pore walls. When the walls consist of

negatively charged silica, the negatively charged enzyme will keep away from the

walls while for the slightly positively charged alumina it will at least partly be

adsorbed at the wall. Silica gel presented a wider pore size distribution with a

lower pore volume due to its amorphous nature in contrast to MCF materials. So

these biocatalysts gave poorer enzymatic load, catalytic efficiency as well as

residual activity when compared to alumina and other supports.

8.4 Leaching studies

Enzyme leaching is a major concern for immobilized enzymes. In this

study, the amount of enzyme leached out from the supports was also tested

using the method reported by Serri et al. [I7]. They found that the shear forces
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created by the movement of liquid could significantly accelerate the enzyme

leaching from the support. Therefore, the stability of the immobilization could

be rapidly assessed. In this regards, after a certain period of vigorous shaking,

the supematant was collected and tested to determine the amount of enzyme

that had leached out from the support. -Fig 8.2 shows the profile of enzyme

leaching with time for both mesoporous supports. lt is noted that 23% of the

enzyme leached out from RMCF after 120i min reaction, suggesting that the

immobilized lipase leached out off the external surface of RMCF while it was

only 6% for HMCF. It is obvious that the leaching of the immobilized lipase

increases with prolonging of incubation time. The leaching of lipase is possibly

due to the weak interactions between lipase molecules and the silanol groups

Of RMCF.

Fig 8.2 also suggests that the leaching of enzyme mostly occurred in the first

20 min and gradually stabilize after that. lt is noted that the amount ofimmobilized

enzyme leached out from the covalently bound (HGM(_~F, RGMCF, K-10G) was

always lower than that leached out from the pure samples. Evidently, the

functionalization of MCF resulted in the improvement in the physical stability of

lipase immobilization. Lipase that has been immobilized on a solid support might

leach out from the system because of desorption or detachment from the surface

and the subsequent diffusion out of the support material [18]. The detachment is

governed by the strength of the interactions with the surface while the diffusion

process is dependent mainly upon the geometry of the pores. In the case of HGM(~-F,

less leaching of the bound enzyme was attributed to stronger multipoints

interactions between lipase and the functional group on the hydrophobic support

[l9]. Lipase is known to have better affinity towards hydrophobic supports

[17, 20]. Therefore, the presence of hydrophobic functional groups should be

favorable to the immobilization.
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Fig 8.2 Enzyme leaching from the support materials at various shaking durations.

ln the case of modified materials, the possible effect of additional

hydrophobic interactions can also be detected. K-l0G sample was less prone to

leaching when compared to RGMCF. ln the case of K-10 there was a substantial

leaching after 120 min which stabilized after a certain time. HGW-F showed the

highest stability without much loss in the enzyme after 120 min of harsh shaking

condition. When the lipase is occluded in the porous network as in the case of

Him-, it can probably be orientated in an advantageous way, allowing a better

interaction with the silica wall that makes the process more sensitive to all these

factors, thus providing certain irreversibility. In the case of all the functionalized

samples, the difference with respect to its siliceous counterpart can only be

explained by the presence of the organic moieties. Although they are not much

hydrophobic enough to improve the immobilization, they can force the anchoring

of entrapped lipase molecules in certain areas with high density of functional

groups, which together with the bad connectivity of the plane group limits the

leaching. In general, the presence of hydrophobic groups and pore size greater than

40A“ do play a role in the leaching in aqueous media.
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8.5 Comparison with other supports

Table 8.1 summarizes the activity parameters of the synthesized supports

and clay with silica gel and alumina. The activity and the immobilization yields

obtained are also compared with the literature values. It can be seen that the bound

protein is much higher for HMCF due to the larger pore diameter which is higher

compared to adsorption of lipase on MCF [21], SBA~l5, SBA-16, FDU-12 [22]

MCM-22 and MCM-36 [23]. The amount of bound protein is higher in the case of

K-10 in our reports than the previously reported ones with almost similar activity

yield [24, 25]. The activity yield and immobilization yield is higher for alumina

compared to silica gel. Among the support materials, MCF I60 was far superior to

the other conventional supports.

Table 8.1 Comparison of the activity parameters with conventional silica gel(%)' ' ii it ".1i %?:Specificf7iActivi. l - .. ¢ . .
Bound protein , actm ._.yie]d_

<
>

Yield(%) §References
t-Y  Immobilizationi

Kl-l0

500m2/ g, pore diameter
______ __ 67A)

Alumina
(Surface area~241m2/g,

pore diameter-52A)

._ ..... -__ ......... .______- ................ ._ .... ._..  __ _____________ __

92.37  24.6 Z 80.2
50.3  29.3 i 83.8: ', :

2 ' (522.41 i

u--0

CFC

<:\

r—~

lg
|—\

i i EZ I- - - . . . . . . _ - .; ,_ ‘ . 

I

a

l

+

i

:

i

:

~i

< :i 3 :< = E33.7  21.9  86.7

9?‘. §
78.6

91

53

96

REPORTED VALUES
Candida cylindracea on

Montmorilonte

CRL on bentonite
Rhizopus Oryzae lipase

on MCF

(Surface area-475mg/g)
Pore diameter -220A

..l?.‘?I.“LY2.1}!P3.E:0'.§.-331133./.4‘???

CALB lipase on SBA
15, SBA-16, FDU~l2

---.--,».~_..__._._........,-ac. __..__..._..........., __.__ ...............--,

CALB lipase on MCM
22, MCM-36

--.--i-\-..-.._.....----------------.| | ........................-.-....-...........................- ..¢...

'l'v-\ ¢ _..

22.7   87
.“---m-“m---------m. ' .“P§.------m--iH...é-- -E77;
84.3 - i 

I

l

. -------------1-~~._._.-_......... ,. ,,,,,_,_ 4,

44mg/2enzyme,  - -
5mg/g, 28mg/g
20mg enz/g,

4mg/g 7

91 .6

[24]

[351

l 2 1 l

[22]

[23l
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8.6 Conclusions

The aim of this work was to determine the activities resulting from the

adsorption of Candida rugosa lipase onto mesocellular siliceous foams and clay

and comparing the resultant activities with those obtained through the

immobilisation onto silica gel and alumina.

The main inferences from the present comparison study are:

' Of the supports examined, siliceous MCF 160 was shown to be a superior

support to conventional silica gel.

' Alumina showed higher binding capacity than silica gel though it has a

surface area and pore diameter lower than silica gel. This effect is

attributed to the positively charged alumina, but not the negatively

charged silica, adsorbing the lipase, which carries a net negative charge.

' lt has been observed that the lipase adsorption capacities of the

adsorbents depend on the mesopore volume and the pore diameter of the

adsorbent. HMCF showed the highest affinity for lipase. The affinity

shown by Rm-F is less compared to KI-10. N2 adsorption and XRD data

after lipase adsorption reveals that the B-glucosidase molecules are

tightly packed inside the mesopores of MCF1 60.

' Negligible amount of leaching was observed in the case of HGM(-,.- as

compared to HMCF due to the hydrophobic interaction between lipase and

silica that has increased their rigidity, thus avoiding the distortion oi

lipase protein and preventing enzyme from being leached away in

vigorous shaking conditions.

' RMCF was prone to greater leaching with incubation time than all other

supports. The lipase loading in our study was higher in the case of HM“

compared to other literature reports.

' The activity of the lipase immobilized on the silica foam MCFI 60 was

higher than that on some other porous supports. The results may be
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explained from the support structure- and surface property: the unique

three dimensional mesostructure which lowered the diffusion limitation

and increased the specific surface area for enzyme immobilization and

hydrolysis reaction. These results would not be possibly achieved using

amorphous materials, and reveal the relevance of the internal structure

of the supports for enzyme immobilization. These encouraging findings

open novel and interesting prospects for mesoporous materials, and a

new scenario in enzyme immobilization. The stability of immobilized

lipase HGMCF provided interesting solution to its possible industrial

application.
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T/ie discovery of mesoporous moiecufilr sieves /ias eJ(pandeJ tfze avaihtite pore sizes of

zeofites and zeotypes into ttie mesopore range, t/ius opening new possifiifities in tlie

azfsorption of-fizrge nzofitcufes sucii as enzymes. ‘Hie size of tfie protein to Be aiisoroeif as 'we[[

as tfie specific surface area of t/ie carrier materiaf and tfie nature of its surface (type 0]’

porosity, pore size, /zyzfrop/io6ic/iiyd'ropfii[ic nature of surface) are cruciaf parameters for

successfuf inimofiifzfiation. fliizoizg tfie most usezfenzzymesfor indiist1ia[app[1'catiorts [ipases

are one of t/ie most suitaole and sturfieif for immooifizatzon. ‘Hie present 'wo'r@focused' on

ifze piiysicaf t1(£§0I])£tO!2 and covafent Einifing of Ca-nditfa mgosa lipase on montmorifflmite

'K—1O clay anti {Mesa celiufar foams (EMCCF) supports and to compare tfie activities

immofiilizetf enzymes in a Eatcfi reactor. In tlie second part, tfie supports were welt
cliaracterizezf 6y various pfiysicocfiemicaf cfiaracterization tecfzniques. ‘Tfiirzf part of t/iis

worfifocuseti on tlie performance of tfie immo5i[izeJ systems wfiicfi were evaluated anti

compareiwitfi tliefree enzyme using tfzree test reactions: fiydrotysis of esters in aqueous anrf

organic mecfium anti syntfletic reactions in-vofving esterification and transesterfication in

non-aqueous medium. In finai part of tfiis venture, as a possiiite appfication ofS’|/ICT, ‘we

/iave Jevebpetf an ergtrernefl eflective rnetliotf for immofizfizing ff-gfucosidase onto

znesoceffufar sifica foams as so-cafteif Cross-LinI{ed' Enzyme /qggregates (CUE/71 's) wfiicli

eaj/ii6it fzigfi activity retention. and stafiility anti can 6e readily recoverezf and recycled

witliout any loss of activity. ‘I513 cfiapter fiig/ifigfits tfie Qty concfusions of t/ie entire worfi

antfaljso tfze refevance andexpectedfienefits.
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9.1 Introduction

The last ten years have witnessed a remarkable proliferation of

developments in what may be termed ‘solid-phase biochemistry‘. The increasing

awareness of the need to create green and sustainable production processes in all

fields of chemistry has stimulated materials scientists to search for innovative

catalysts supports. Immobilized enzymes have, over the past 20 years, moved from

the laboratory to industry as a method for the commercial production of food stuffs,

pharmaceuticals and fine chemicals. The use of inorganic supports still offers the

researcher many advantages over most organic materials because of the physical

characteristics. Immobilization methods range from binding to prefabricated carrier

materials to packaging in enzyme crystals or powders. A recent use of immobilized

enzymes is in synthetic organic chemistry, an area closely related to enzyme

technology.

The discovery of mesocellular foam (MCF) materials in 1999 allows a much

wider choice of enzymes to be studied in the area of immobilization. Recently

developed ordered mesoporous silica namely meso-cellular foams (MCF) have

large surface area (500—l20Om2/g), uniform sized pores and thermal stability up to

823K and would beinteresting solids for studying enzyme immobilization. Due to

their characteristics (pore diameters, pore volume, specific surface area and ease of

functionalisation), the mesoporous silica materials offer a great opportunity for

immobilized biocatalytical processes. The supports were functionalized using

silane and the coupled with glutaraldehyde which then binds to the amino group of

the enzyme. The various functionalized materials were used as supports for

immobilization of enzyme Candida mgosa lipase via covalent binding. Adsorption

on matrices such as clays was selected due to its chemical inertness, reactive

hydroxylated surfaces, low price, hydrophilic/hydrophobic properties, permanent

charged sites resulting from cationic substitutions and the possibility of enhancing

reaction rates by providing a better distribution of the catalyst. Most of the works

have been carried out with commercially available immobilized enzymes, hence
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use of inorganic supports have to be evaluated for immobilization of lipase and its

subsequent utilization for ester synthesis. Due to the overwhelming interest in

natural products, biotechnology should be attractive to produce flavors of natural

aroma from natural precursors.

These considerations prompted us to propose to synthesize enzyme catalysts

supported in ordered mesoporous host. In the present study the effect of key

reaction parameters on the lipase catalysed synthesis of esters were studied.

Considering the industrial importance of the esters, a better knowledge of

significant factors influencing the esterification process should be relevant. The

hydrolytic activities of the supports were compared with the conventional ones like

silica gel and alumina. Our efforts in this area have focused on the development of

suitable support materials for biotransfomiation in non-conventional media. .

9.2 Summary

The thesis gives an account of the synthesis of mesocellular foams via oil in

water microemulsion templating method and hybrid organic-inorganic silica based

mesoporous materials which have been extended for the immobilization of

biomolecules. To obtain a better understanding of the structure-property

relationship, the activity of the. immobilized enzymes is correlated with the pore

sizes and functionalities of different matrices. The present work also illustrates the

potential catalytic application of these systems in accomplishing synthetic organic

reactions and their superiority to conventional silica gel supports.

Chapterl presents a general introduction and elucidates the research background

of the immobilized lipases. A brief review is given on the mesoporous materials

and its application as the host matrix for the biomolecule immobilization. lt also

gives an account of the different properties of the supports used in this study and

also application of these biosystems in catalytic applications. The general

mechanism for the synthesis of mesoporous silica as well as their functionalisation
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with organic moieties has also been outlined. Based on literature survey, the

objectives of the present work have been summarized at the end of the chapter.

Chapter 2 focuses on the various experimental procedures adopted for the

synthesis of catalyst supports. The detailed procedures adopted for immobilization

as well as catalytic activity studies have been surmised. Various physicochemical

techniques employed for the characterization of the supports are discussed.

Chapter 3 describes the results from the various physicochemical characterization

techniques employed. The immobilization and functionalisation of the supports

were confirmed by various techniques such as nitrogen adsorption measurements,

NMR, thermogravimetry, TEM, SEM, FT-IR, CHN analysis and contact angle

measurements. Conclusions are also included at the end of this chapter, based on

the observations from these characterization techniques.

Chapter 4 highlights the application of the immobilized systems for lipase

catalyzed esterification reaction in non-aqueous media for the synthesis

of butyl isobutyrate. Various factors controlling the reaction rate and a detailed

study of the kinetics were performed.

Chapter 5 reveals the discussion of the activity studies of the free and the

immobilized lipases with respect to the synthesis of butyl butyrate via

transesterification reaction and the dependence of water activity. The kinetic

parameters have been deduced form Ping Pong bi~bi mechanism with inhibition by

n-butanol.

Chapter 6 presents the biochemical characterization of the free and the

immobilized lipases in the hydrolysis of esters (aqueous and organic medium).

Chapter 7 outlines the adsorption behaviour of lipase on different supports and

also their comparative study with the conventional silica gel and alumina.

Chapter 8 describes the characterization and catalytic activity studies of

crosslinked B-glucosidase in mesocellular silica foams.
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Chapter 9 summarizes the results obtained based on the observed catalytic

behaviour and the main conclusions of the study entailed in this thesis. The

expected relevance and benefits of this work are also highlighted.

9.3 Conclusions

The major conclusions of the present work are outlined below:

' Mesocellular silica foams (MCF) were synthesized by microemusion

templating method via two different routes (hydrothermal and room

temperature). and were functionalized with silane and glutaraldehyde.

Candida rugosa lipase was adsorbed onto MCF silica and clay using

heptane as the coupling medium for reactions in non-aqueous media.

I From XRD results, a slight broadening and lowering of d spacing values

after immobilization and modification was observed in the case of

MCF 160 and MCF35 but there was no change in the d-spacing in the

case of K-10 which showed that the enzymes are adsorbed only on the

external surface. This was further confirmed from the nitrogen

adsorption measurements.

' 29Si and BC CP MAS NMR studies revealed the incorporation of the

organic groups onto the supports which was further continued from

CHN results. There was an increase in contact angle with surface

modification with silane and glutaraldehyde in all the SLlppOl'tS which can

be correlated with the increased activity observed for the covalently

bound systems.

' Synthesis of butyl isobutyrate was conducted by employing the free and

the irmnobilized lipases, among which MCF 1606 was found to be the

most active catalyst.

' The influence of water activity on the synthesis of butyl butyrate by

transesterification reaction (alcoholysis) using free and immobilized

lipases was studied and a direct relationship between water activity (aw)
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and reaction rate was observed. MCFl60G was found to be more

effective in catalyzing this reaction at a water activity of 0.33.

' Using the hydrolysis reaction of p-nitrophenyl palmitate in aqueous and

organic medium, it was found that the pH and themial stability of the

catalysts were greater than the free enzyme. The immobilized lipases

showed good reusability and storage stability characteristics.

' The activities and kinetic parameters were evaluated in both medium and

it was found that activities in organic media were found to be lower than

those in aqueous media. The Km value for the free lipase was nearly 50

fold higher in organic media. The decrease in Vmax in the organic

medium was about 163 fold.

' Among the inorganic supports screened for the immobilization of lipases

it was found that MCF] 60 silica retained higher activity and protein than

the conventional silica gel.

' The CLEA approach of crosslinking B-glucosidase using glutaraldehyde

captured very high enzyme loadings and prevented leaching, providing a

more stable and active immobilized enzyme system than those obtained

by simple adsorption.

' MCF is a good support for the irmnobilization of lipase due to its high

pore volume, three-dimensional and ultra-large pore structures. The

interconnected nature of the large uniform pores makes these new

mesosttuctured silicas promising candidates for supports for catalysts

and in separations involving large molecules and they may be of interest

in low-dielectric applications.

9.4 Relevance and Expected Benefits

Rapid advances in microbiological research have brought about a greater

understanding of biological molecule function and much progress in the area of

protein engineering. Often enzymes are relatively expensive compared to their

substrates and are lost in the homogenous reaction process. One method of cost
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reduction is to recycle and reuse the enzyme from the product stream. This would

significantly improve the economics, by optimizing enzyme use, only if the

separation can be done efficiently and cost-effectively. Separation can be greatly

facilitated by immobilizing the enzyme on a solid matrix. Potential customers for

the product vary from research labs, to academia and large pharmaceutical

companies. The market place currently contains a variety of options that can be

used for the immobilization of biological molecules. The engineered, silica based

material would provide some property improvements and could be ideal for large

scale processes. Such materials can find use in heterogeneous catalysis, affinity

chromatography, membrane reactors, bio-sensors and drug delivery. The use of

immobilized enzymes for pure and applied studies is still in its infancy. By the tum

of the century, it is likely that solid-phase technology will be used in many

processes and analytical applications. Medicine will have find applications to

improve the quality of life for patients suffering from what are now intractable

diseases. Finally, the merging of ‘solid phase techniques’ as applied to the

immobilization of enzymes, with a general understanding of enzyme behavior, will

allow us to prepare artificial biocatalysts that, in many aspects, will simulate

Nature's own enzymes.

The incremental costs associated with the immobilized lipase continuous

process are more than 20 times smaller than the ones associated with the traditional

one, arising primarily from the cost of the relatively large amount of free lipase. The

enantioselective and regioselective nature of lipases have been utilized for the

resolution of chiral drugs, fat modification, synthesis of cocoa butter substituents,

biofuels, and for synthesis of personal care products and flavour enhancers. Therefore,

there is a lot of scope to search for newer lipases with desired selectivity and substrate

tolerance. Fixed bed reactors are very promising for future developments of lipase

catalyzed lipid modifications. Combinations of lipase~catalyzed reactions with genetic

engineering and/or chemical-catalysis may be required to produce nutritionally

optimized products at a reasonable price on a commercial basis.
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The unique MCF shell have been potentially useful in applications like

encapsulation, delivery, controlled release and separation technology. The

powerfiil approach of CLEAs in mesoporous media opens up a new possibility for

enzyme stabilization and will contribute to a variety of enzyme applications in

biosensors, bioremediation and bioconversion.

There remains relatively little research so far on the applications of these

enzyme—nanomaterials in real catalytic reactions, and demonstration of their utility

remains a pressing concern. In particular, if enzyme—nanomaterial composites can

be prepared that retain their enantioselectivity, their applications in pharmaceutical

and fine chemical industries can be exploited. There are also many emerging

biotechnologies that can benefit from composites of mesoporous solids with

biological molecules. On a practical level, the large, tunable surface areas of the

solids offer a vehicle for the delivery of drugs, which can include peptide-based

pharmaceuticals. The high surface area of this material with hierarchically ordered

porous structure could be a useful support material for enzyme catalysis and bio

molecular sieving. Functionalized mesoporous materials with high surface area,

controllable pore size, narrow pore size distribution, thermal and mechanical

stability and featuring high functionality, provide high affinity with the enzyme

molecules leading to high enzyme loading. A considerable effort has been devoted

to develop large mesopores and macroporous materials as supports for the

immobilization of enzyme, functionalized large mesopores materials with a high

density of amino groups and well-defined mesochannels have resulted in a

revolution of the use of biomolecule for applications in separation, catalysis and

sensors, which typically depends on the successful immobilization of biomolecule

onto suitable host.
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