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ABSTRACT

The objective of this work was to develop a novel enzyme immobilization scheme for supported lipase
sol-gels and to evaluate the potential of the immobilized biocatalyst for the production of biodiesel in a
packed bed reactor. Two sources of lipase (EC 3.1.1.3 triacylglycerol hydrolase) were used in this study
and the transesterification of methanol and triolein to produce glycerol and methyl oleate was used as a
model reaction of biodiesel production. A commercially available form of immobilized lipase, Novozym®

435, was used as a basis for comparison to the literature.

Upon establishing a lipase sol-gel formulation technique, the experimental methodology for the
transesterification reaction using Novozyme® 435 was developed. Subsequently, a series of inert
materials were considered based on their suitability as supports for immobilized lipase sol-gels and the
synthesis of methyl oleate. The value of a supported lipase sol-gel is to improve the activity and stability
of the enzyme and develop an immobilized biocatalyst that is practical for use under packed bed reactor
conditions. Of the six support materials considered (6-12 mesh silica gel, Celite® R633, Celite® R632,
Celite® R647, anion exchange resin, and Quartzel® felt), the diatomaceous earth supports (Celite® R633,
R632 and R647) exhibited high enzymatic activity, were thermally stable, and possessed high sol-gel

adhesion.

From the three types of diatomaceous earth considered, Celite® R632 supported lipase sol-gels were
identified as the most promising supported lipase sol-gels for methyl oleate production via
transesterification. Upon further evaluation, the Celite® R632 lipase sol-gels were found to achieve high
methyl oleate percent conversions, glycerol-water absorption was only significant at glycerol levels

higher than 75%, and the immobilized lipase had high stability upon storage at 4°C for 1.5 years.

To determine the effects of methanol and glycerol inhibition as well as temperature on the reaction
kinetics, a ping-pong bi-bi kinetic model was developed and validated over a range of methanol
concentrations and temperatures. The optimal methanol concentration for the conditions tested was in
the range of 1.3 M to 2.0 M, and increased with increasing temperature. The model developed was
consistent with the experimental data and confirmed that glycerol inhibition and the presence of

products had significant effects on the reaction kinetics.



The methyl oleate production capabilities of the Celite® supported lipase sol-gel were investigated using
a packed bed reactor and compared with Novozym® 435 under similar operating conditions. A kinetic
and mass transfer based model was developed for the reactor system using a novel efficiency
correlation to account for the effect of glycerol on the enzymatic activity. Increasing the flow rate (1.4
mL/min to 20 mL/min) increased the reaction rate, presumably due to the reduction of the glycerol
inhibition effect on the immobilized biocatalyst. The Celite® supported lipase sol-gel was found to have
superior performance over Novozym® 435 both under batch stirred tank reaction conditions and in a
packed bed reactor (83% conversion for Celite® sol-gel vs. 59% conversion for Novozym® 435 at 20

mL/min in the packed bed reactor).

Based on the results obtained, Celite® supported lipase sol-gels exhibited good performance for the
transesterification of triolein with methanol to produce methyl oleate in both batch and packed bed

reactors, and warrant further exploration for the enzymatic production of biodiesel.
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Chapter 1

Introduction

The research described in this thesis focuses on the immobilization of lipase in supported sol-gels and

the evaluation of the immobilization scheme based on the ability of the supported biocatalyst to

produce methyl oleate through the transesterification of triolein and methanol. The main focus was the

investigation of the support material developed and the potential effects of the support material on the

production of fatty acid methyl esters.

1.1

Objectives

The main objective of the research was to develop a lipase immobilization scheme for use as a catalyst

packing material in a packed bed reactor for the production of methyl oleate from triolein and

methanol. Six sub-objectives were identified to achieve this main objective:

A.

To entrap lipase in sol-gels and to evaluate the enzymatic activity and stability of the
immobilized lipase, as well as to evaluate their potential to produce methyl oleate via enzymatic
transesterification.

To evaluate a variety of inert supports for the sol-gel entrapped lipase for use ultimately in a
packed bed reactor.

To fully characterize the most promising support materials in terms of the efficacy to produce
methyl oleate via enzymatic transesterification.

To evaluate the potential of the optimal support material and to determine any evident
shortcomings for the enzymatic production of methyl oleate.

To model the transesterification kinetics of the supported lipase sol-gel in a batch reactor with
the primary variables being temperature and methanol concentration.

To develop, model, and optimize a packed bed reactor containing supported lipase sol-gel and
to compare the methyl oleate production capabilities of the supported lipase sol-gel with

respect to a commercially immobilized lipase.



1.2 Thesis Organization

This thesis contains four main parts: the literature review, the experimental background, a series of five
chapters addressing the research objectives, and the overall conclusions with recommendations for

future work.

The literature review (Chapter 2) is a comprehensive review of the work that has been published with
respect to lipase, sol-gel entrapment, supported sol-gels, biodiesel production, and reactor design and

modelling.

The experimental background (Chapter 3) lays the foundation for immobilizing lipase in sol-gels,
assessing their activity and stability, producing methyl oleate via the enzymatic transesterification of
triolein with the commercially immobilized lipase Novozym® 435, and determining whether lipase sol-

gels have potential for the production of methyl oleate.

The main results chapters encompass a series of self-contained studies, each with a unique introduction,
materials and methods, results and discussion, conclusions, and references. Chapter 4 is an evaluation
of a series of lipase sol-gel support materials to determine the optimal material for the production of
methyl oleate via enzymatic transesterification. Chapter 5 is an evaluation of three types of
diatomaceous earth and with a detailed comparison to elucidate the best support material for lipase sol-
gels. Chapter 6 is an investigation of Celite® R632 supported sol-gels with an evaluation of the effect of
protein loading and drying on the methyl oleate production capacity. It also evaluates the potential
effect of glycerol and the stability of the immobilized enzyme. Chapter 7 focuses on the development of
a kinetic model for the Celite® supported sol-gels with attention on the effects of temperature,
methanol concentration, and glycerol inhibition. Chapter 8 describes the performance of the Celite®
supported sol-gel in a packed bed reactor in comparison to the commercially immobilized lipase

Novozym® 435 through experimental data and modelling.

Chapter 9 presents the overall conclusions of the thesis and recommends additional areas of research

that would complement the research described.



Chapter 2

Literature Review

The following sections provide a review of the current state of knowledge in the areas of lipase, sol-gel-
based enzyme entrapment, immobilization of sol-gels on support materials, enzymatic biodiesel

production, reactor design, and modelling as it is relevant to the research presented in this thesis.

2.1 Biodiesel

Biodiesel is a mixture of fatty acid alkyl esters that can be produced via the transesterification of
triglycerides. Transesterification is a catalytic reaction that converts triglycerides into fatty acid alkyl
esters and glycerol in the presence of an alcohol as shown in Figure 2.1. Biodiesel is an environmentally-
friendly fuel that emits low exhaust emissions and can be used either on its own or blended with
petroleum diesel for use in unmodified engines (Tan et al., 2010). Since biodiesel can be produced
entirely from vegetable oils or animal fats, it is both renewable and biodegradable (Vasudevan and
Briggs, 2008), and it is considered an alternative energy source (Jaeger and Eggert, 2002). The majority
of biodiesel is produced using alkaline catalysts (sodium or potassium hydroxide) due to the short
reaction time required, but this process is energy intensive, glycerol recovery is difficult, the catalyst is
complicated to remove from the product, wastewater is produced which must be treated, and free fatty
acids and water inhibit the reaction (Fukuda et al., 2001; Meher et al., 2006; Ranganathan et al., 2008;
Vasudevan and Briggs, 2008). Acid catalysts (sulfuric, hydrochloric, or sulfonic acid) are also used to
produce biodiesel, but these reactions typically have a low reaction rates, the acidic environment is a

challenge for reactor design, and high alcohol to oil ratios are necessary (Vasudevan and Briggs, 2008).

CH,-O0C-R, CH,-OH

| |
CH-OOC-R, + srRog At 3R .COOR' + CH-OH

I |
CH;-0OOC-R; CH,-OH

Figure 2.1: Transesterification of a triglyceride with an alcohol to produce fatty acid alkyl esters and glycerol



Therefore, alternative catalysts that overcome the disadvantages of acidic and alkaline catalysts are
desirable. Transesterification can also be catalyzed by the enzyme, lipase, so there is significant interest
in the enzymatic production of biodiesel. Some of the benefits of enzymatic biodiesel production over
chemically catalyzed biodiesel production are that it is less energy intensive and more efficient, it
produces less waste and by-products, it involves milder operating conditions (temperature and pH),
enzyme and product recovery are less complicated, and there is no soap (fatty acid salt) formation
(Akoh et al., 2007; Fjerbaek et al., 2009; Fukuda et al., 2001; Marchetti et al., 2007; Vasudevan and
Briggs, 2008).

The challenges of lipase catalyzed biodiesel production include the potential for product and substrate
inactivation of the enzyme and the high cost of enzymes (Akoh et al., 2007; Fukuda et al., 2001; Ganesan
et al., 2009; Marchetti et al., 2007; Robles-Medina et al., 2009; Vasudevan and Briggs, 2008). There is
currently considerable interest in immobilizing lipase for biodiesel production because immobilization
improves the biocatalyst thermal and chemical stability, and facilitates recovery and reuse of the
enzyme which in turn decreases the costs associated with the enzyme (Akoh et al., 2007; Bajaj et al.,
2010; Fukuda et al., 2001; Jaeger and Eggert, 2002; Macario et al., 2009; Vasudevan and Briggs, 2008).
Biodiesel production using immobilized lipase is known to be less costly than that using free lipase, and
the costs associated with enzymatic biodiesel production are expected to be competitive with those of
alkaline biodiesel production if the immobilized lipase is recovered and reused more than five times or

the cost associated with the enzyme is reduced significantly (Jegannathan et al., 2011).

Sol-gels, as immobilization supports for enzymes, have been shown to improve the thermal and
chemical stability as well as the activity of lipase (Aucoin et al., 2004; Pirozzi et al., 2009; Reetz et al.,
1996; Reetz, 1997). In addition, lipase entrapped sol-gels have the potential to be immobilized on inert
supports or carriers which could be used in enzymatic bioreactors. By immobilizing sol-gel entrapped
lipase on as a thin film on an inert support, the diffusion limitations that are common for sol-gel
immobilized systems can be overcome (Branyik et al., 2000; Orcaire et al., 2006; Pogorilyi et al., 2007)

while at the same time facilitating the reuse of the enzyme (Orcaire et al., 2006).



Figure 2.2: Lipase structure with the a-helical loop circled: (a) closed-lid and (b) open-lid. Adapted from Krebs and Gerstein
(2000).

2.2 Lipase

Lipase (E.C. 3.1.1.3) is a triacylglycerol hydrolase which catalyzes the hydrolysis of ester bonds of
triglycerides at lipid/water interfaces such as the reaction shown in Figure 2.1. Some of the
biotechnological applications for lipases are for the production of biopolymeric substances and
biodiesel, for triglyceride and blood cholesterol determination in enzyme-catalyzed biosensors, for the
synthesis of therapeutics to aid digestion, and for the production of herbicides, cosmetic lotions and oils,
and perfumes containing menthol (Hasan et al., 2006; Jaeger and Eggert, 2002). In addition, they are
also used in the pulp and paper industry for wastepaper deinking, in the textile industry for desizing
(removing size lubricants) and enzyme wash treatments (stone washing), in household and industrial
detergents to remove oils, and in the food processing industry to modify oils, improve flavour, and

remove fats from meats (Hasan et al., 2006).

At hydrophobic interfaces, lipase undergoes a conformational change called interfacial activation. Prior
to contact with a hydrophobic interface, the enzyme has limited catalytic activity; at hydrophobic
interfaces, the movement of an a-helical loop (or lid) uncovers the enzyme's active site and the
enzymatic activity is dramatically increased (Sarda and Desnuelle, 1958). The closed- and open-lid
structures are shown in Figure 2.2 where (a) represents the closed-lid configuration and (b) represents

the open-lid configuration and the a-helical loop is circled.

Due to the interfacial activation phenomenon exhibited by lipases, it is crucial to maintain a hydrophobic
interface during lipase catalyzed reactions. The presence of water during enzymatic transesterification

and interesterification reactions is necessary due to the formation of a liquid-liquid interface involving



water and the oily substrate where the enzymatic reaction occurs. The addition of a small amount of a
water-miscible solvent, such as ethanol or methanol, may also provide the interface necessary for the
reaction in addition to acting as a reaction substrate. However, as the concentration of the
water/solvent is increased sufficiently there is an inhibitory effect on the enzymatic activity since water
hinders the interaction between the enzyme and substrate (Al-Zuhair, 2005; Fukuda et al., 2001; Hsu et
al., 2001a; Robles-Medina et al., 2009; Samukawa et al., 2000; Shimada et al., 2002; Watanabe et al.,
2001). Therefore, the activity of lipase is strongly influenced by the nature of the interface, the

interfacial properties, and the interfacial area (Akoh et al., 2007).

2.3 Sol-gel entrapment

Immobilization facilitates enzyme recovery and reuse thereby decreasing the cost associated with the
enzyme, and in some cases also improves the thermal stability, chemical stability and activity of the
enzyme (Akoh et al., 2007; Bajaj et al., 2010; Fukuda et al., 2001; Jaeger and Eggert, 2002; Macario et
al., 2009; Vasudevan and Briggs, 2008). There are a variety of methods for enzyme immobilization
which can be classified as immobilization by either binding or physical retention (Hartmeier, 1988).
Immobilization by binding, which is subdivided into binding to carriers and cross-linking, tends to lead to
a more stable immobilized biocatalyst with lower activity due to the bond between the enzyme and the
carrier (Hartmeier, 1988). Alternatively, immobilization by physical retention, which is further
subdivided into matrix entrapment and membrane enclosure, does not involve a bond between the
enzyme and the carrier so the enzyme can be immobilized without significantly altering the enzyme and
therefore maintaining the enzymatic activity (Hartmeier, 1988). However, mass transfer limitations are
often a concern when immobilization by physical retention is considered (Hartmeier, 1988). Therefore,
for any type of enzyme immobilization, a balance between activity and stability is desired. Although
there is a broad spectrum of methods for immobilizing enzymes, including covalent attachment and
adsorption, enzyme entrapment in polymers is the most desirable as it provides a stable enzyme
support with stronger bonds than those that are attainable via adsorption, and it does not require

complex chemical preparation as in covalent attachment (Reetz et al., 1996).

The immobilization of enzymes in polymers, such as sol-gels, diminishes the inhibition of lipase in the
presence of alcohols (Hsu et al., 2001a). In addition to water-miscible solvent sensitivity, lipases are also

sensitive to high temperatures and pressures which can cause irreversible enzyme



denaturation (Noel and Combes, 2003). According to Reetz et al., sol-gel entrapped lipases are
chemically and thermally stable and have very high activities — up to 88-fold enhanced esterification
activity (Reetz et al., 1996; Reetz, 1997). In addition to improving thermal and chemical stability, and
enzymatic activity and selectivity, the immobilization of enzymes is also beneficial due to the ease of
enzyme reuse, continuous process control, product separation, and minimal effluent and materials

handling challenges (Gupta, 1993).

Some of the key challenges of enzyme entrapment according to Jin and Brennan (2002) are:

e Ensuring that the protein itself and the protein's active site are accessible to the substrate.

e Preventing the protein from becoming denatured during the immobilization process by
temperature, pH, or non-aqueous conditions.

e Maintaining the polymer matrix pore size so that the substrate can easily diffuse into the
polymer, the hydrolysis products can diffuse out of the matrix, and the enzyme remains
entrapped within the polymer.

e Tuning the material properties of the immobilization material to maximize the activity of the
entrapped enzyme and the diffusion of analytes.

e Developing a material that is straight-forward and reproducible to fabricate in a variety of forms

based on the desired function.

In addition, the nature of the protein, precursors, and additives used to form the sol-gel may affect the
homogeneity, orientation, aggregation, and interaction of the enzyme with the sol-gel. The substrate
and product interactions with the sol-gel matrix such as electrostatic, hydrogen bonding, and
hydrophobic interactions which affect the accessibility of the enzyme to the substrates may also be

important (Jin and Brennan, 2002).

During the past two decades, sol-gel entrapment of enzymes has seen significant advances and has been
the subject of a variety of reviews (Avnir et al., 1994; Gill and Ballesteros, 2000; Jin and Brennan, 2002;
Livage et al.,, 2001; Pierre, 2004; Reetz, 1997). Sol-gels are formed through the hydrolysis and
subsequent condensation of silica-precursors as shown in Figure 2.3. The first step, precursor hydrolysis,
forms a colloidal suspension (sol) which, under the appropriate conditions, can be cross-linked upon
gelation (condensation). Finally, the sol-gel is strengthened and conditioned with a series of aging,

drying, crushing, and washing steps.



Additives Biomolecules
polymers, surfactants, proteins,
protein stabilizers, fillers DNA, cells
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Hydrolysis
Condensation
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Condensation and polycondensation continue
Solvent evaporation
Sol-gel shrinkage

Figure 2.3: Sol-gel formation scheme adapted from Jin and Brennan (2002).

In order for an enzyme to be entrapped within the polymer matrix, it must be added between the
hydrolysis and condensation stages since the acidic conditions necessary for hydrolysis will denature the
enzyme and the sol-gel matrix must develop around the enzyme. Some of the parameters that can be
adjusted to achieve the desired entrapment properties are the water-silane ratio, solvent, precursor and

catalyst properties, agitation conditions, and enzyme entrapment time (Pierre, 2004).

Hydrophobic interfaces, such as micelles of substrates and immiscible organic solvents, stimulate the a-
helical loop conformation of lipases which permits substrate accessibility to the active site (Bastida et
al.,, 1998; Galarneau et al., 2006). Therefore, sol-gel materials with high hydrophobicity provide
excellent supports for lipase immobilization — if the lipase is located at the hydrophobic/hydrophilic
interface upon gelation it is possible to immobilize the enzyme in its active conformation (Reetz et al.,

1996).

A variety of applications have been developed for sol-gel immobilized enzymes, including selective
coatings for biosensors (optical and electrochemical), affinity chromatography stationary phases,
immunoadsorbent and solid-phase extraction materials, solid phase biocatalysts, controlled release
agents (as in drug delivery), biophysical study matrices, fine organic chemical synthesis, and

biocompatible prostheses (Jin and Brennan, 2002; Pierre, 2004; Soares et al., 2006).



2.4 Immobilization of sol-gels on support materials

Several groups have studied the immobilization of sol-gels on support materials. Orcaire et al.
considered lipase immobilized in silica aerogels reinforced with silica quartz fiber felts (Nassreddine et
al., 2008; Orcaire et al., 2006). The gels were most active when composed of 40%
methyltrimethoxysilane and 60% tetramethoxysilane due to the increase in hydrophobic groups. The
enzymatic activity was comparable to the commercially immobilized lipase, Novozym® 435, for biodiesel
production in the presence of an organic solvent; however, in the absence of solvent the diffusion

limitations in the silica aerogels resulted in a less active preparation (Orgaire et al., 2006).

Similarly, Li et al. considered the immobilization of papain on cotton fabric using tetraethylorthosilicate
sol-gels (Li et al., 2007). In this case, the fabric was immersed in the sol and enzyme solution which was
subsequently dried onto the fabric. The residual enzymatic activity after six continuous uses for the sol-
gel immobilized papain was 30% — a significant improvement over the adsorption immobilization
scheme which had less than 20% residual activity after two consecutive uses. The thermostability of the
enzyme was not affected by the immobilization procedure and the immobilized lipase was less sensitive

to pH than the native papain (Li et al., 2007).

To prepare highly stable and active biocatalysts for commercial use, Pogorilyi et al. developed a double
immobilization technique where urease was immobilized using the sol-gel procedure on a silica gel
(Pogorilyi et al., 2007). In this case, a polysiloxane layer containing the enzyme was formed on the
inorganic support. The activity increased when hydrophobic groups and polyvinyl alcohol were used in
the sol-gel preparation, and the activity also increased as the thickness of the polysiloxane layer
decreased (Pogorilyi et al., 2007). The enzyme was more accessible to the substrate in films and,
therefore, it can be inferred that diffusion limitations in the xerogels resulted in lower activity (Pogorilyi

et al., 2007).

Comparing sol-gels with polyurethane foam and ceramic foam in packed bed and fluidized bed reactors,
tetraethoxysilane sol-gels with whole cell enzymes performed inferiorly for phenol degradation in
comparison to both ceramic and polyurethane foams due to their mass transfer limitations (Branyik et

al., 2000).

Enzyme entrapped sol-gels have enhanced enzymatic properties when diatomaceous earth is used as a

support material (Furukawa et al., 2000; Furukawa et al., 2002a; Furukawa et al., 2002b; Furukawa and



Kawakami, 1998; Kawakami, 1996; Kawakami and Yoshida, 1996; Kawakami et al., 2003; Koszelewski et
al., 2010). In one such study, w-transaminases entrapped in Celite® sol-gels demonstrated enhanced
activity despite high pH levels and high temperatures which are typically detrimental to enzymatic
activity (Koszelewski et al., 2010). In addition, this immobilization scheme allowed the catalyst material
to be recycled eight times without causing an adverse effect on the achievable conversion (Koszelewski
et al., 2010). When lipase was supported on Celite® 545, higher activity, thermal stability, and
reusability were exhibited in comparison to both free lipase and lipase supported on Amberlite® IRA-938
(Sagiroglu and Telefoncu, 2004; Sagiroglu, 2008; Sagiroglu et al., 2004). Comparing lipase sol-gels
immobilized on Celite® 545 with lipase bound directly to Celite® 545, the sol-gel entrapment scheme

had improved activity and thermostability (Kawakami, 1996; Kawakami and Yoshida, 1996).

Although sol-gel immobilized enzymes are promising for stability and reuse, there are many hurdles to
overcome before they see practical application. Mass transfer limitations are common occurrences in
sol-gel immobilized systems (Bajaj et al., 2010; Branyik et al., 2000; McDuffie 1991; Orcaire et al., 2006;
Pogorilyi et al., 2007). Preparing enzymes in small particle sizes or on outer layers of carrier matrices are
common methods to improve reactor performance (McDuffie, 1991). Therefore, immobilization of sol-

gels as films on inorganic supports appears to be a reasonable solution to overcome this challenge.

2.5 Biodiesel production

Biodiesel production is a very active area of research with numerous reviews recently published
(Abbaszaadeh et al., 2012; Atadashi et al., 2012; Chouhan and Sarma, 2011; Fan et al., 2012; Gog et al.,
2012; Semwal et al., 2011; Shahid and Jamal, 2011; Tan et al., 2010; Yusuf et al., 2011; Zhang et al.,
2012). The production of biodiesel using lipase has advantages over chemically (acid/base) catalyzed
processes because it is less energy intensive, more efficient, and highly selective; in addition, enzymatic
biodiesel production involves mild operating conditions, has little downstream processing, produces less
waste and by-products, and does not involve soap formation (Akoh et al., 2007; Marchetti et al., 2007;
Vasudevan and Briggs, 2008). However, some challenges associated with enzymatic biodiesel
production are the potential for enzyme inhibition by the alcohol substrate, inhibition by the glycerol
product, and the high cost of enzymes (Akoh et al., 2007; Fukuda et al., 2001; Vasudevan and Briggs,

2008). Immobilized enzymes are undergoing significant research for biodiesel production, and have the
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potential to be competitive with chemical catalysts for commercial biodiesel production (Zhang et al.,

2012).

Table 2.1: Results of lipase screening studies for enzymatic biodiesel production.

Lipases Considered Results Reference

(Hernandez-
Lipozyme® TL IM and Novozym® 435 Novozym® 435 was the most robust catalyst.  Martin and
Otero, 2008)
. Novozym® 435 achieved the highest
Novozym® 435 and Lipozyme® TM . ) (Huangetal.,
M conversions, but a mixture of 60% Novozym® 2010)
435 and 40% Lipozyme® TM IM was optimal.

(Gagnon and

C. antarctica, P. cepacia, and T. P. cepacia and T. lanugunosus had the N
lanugunosus (immobilized) highest reaction rates in alkane solvents 2011) ’

P. fluorescens, P. cepacia, M. P. fluorescens had the highest activity.

javanicus, C. rugosa and R. niveus Immobilized enzymes had improved activity (Iso et al., 2001)
(free and immobilized) over free enzymes.

C. rugosa, P. camembertii, P. C. rugosa, P. fluorescens and P. cepacia had

roqueforti, P. cepacia, P. high catalytic activity. P. cepacia was the (Kaieda et al.,
fluorescens, C. lypolytica and K. most methanol resistant and was less 2001)

oxytoca. dependent on the amount of water present.

Novozym® 435 and Lipozyme® IM 60 Novozym® 435 was most active. (Lai et al., 2005)

T. lanuginosus, P. fluorescens, B.

; .. : . (Moreira et al.,
cepacia, P. camembertii, and P. fluorescens had the highest activity.

. — 2007)
porcine pancreatic lipase
Novozym® 435, Lipozyme® RM M, PS-D (immobilized on diatomaceous earth) (Salis et al.,
PS-C and PS-D was the most active for biodiesel production.  2005)
C. viscosum (free and immobilized), C. viscosum was the only lipase to have (shah et al

ahetal.,

C. rugosa and porcine pancreatic appreciable biodiesel yield. Immobilizing C.
. , . . 2004)
lipase viscosum increased the yield by 10%.

R. delemar, A. niger, F. L .
Novozym® 435 was the most effective lipase  (Shimada et al.,
heterosporum, Novozym® 435 and

. for methanolysis. 1999)
Lipozyme® IM 6
Free: R. oryzae, C. rugosa, P.
camembertii, P. cepacia and P. The lipase with the highest conversion was P.  (Soumanou and
fluorescens. Immobilized: fluorescens. Lipozyme® RM IM also achieved  Bornscheuer,
Lipozyme® RM IM, Lipozyme® TLIM, high conversion. 2003a)

C. antarctica A and B and R. miehei.

] A mixture of 1/3 Novozym® 435 and 2/3 .
Novozym® 435, Lipozyme TL-IM, and . ) ) (Yiicel and
. Lipozyme RM-IM (by weight) had the optimal )
Lipozyme RM-IM Demir, 2012)
performance.
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2.5.1 Enzyme screening

One of the challenges that has hampered the development of enzymatic biodiesel production at
industrial scale is the high cost of lipase (Jaeger and Eggert, 2002). To avoid cost constraints, the activity
of the lipase must be both enhanced and prolonged, and the lipase must be tolerant to the desired
solvents and substrates (Fukuda et al., 2001). To address these concerns, several studies screen lipases
based on their ability to produce biodiesel, and immobilize lipase on support materials so that it can be

more easily reused. Table 2.1 presents a summary of various lipase screening studies.

Comparing these studies, the best lipase for biodiesel production is quite specific to the nature of the
reaction being performed, for example the alcohol and oil substrates used and the amount of water
present in the system. The commercially immobilized lipases considered in these studies typically have
high activities in comparison to the free lipases. The demonstrated advantages of immobilized lipase

include improved reusability and stability.

Many non-commercial immobilized lipases have also been considered. For example, a porous kaolinite
immobilization medium improves lipase activity (Iso et al., 2001), and cotton membranes are good
immobilization supports (Nie et al.,, 2006). Kumari et al. compared a variety of free lipases,
commercially immobilized lipase on anion exchange resins, lipase immobilized on a microporous resin,
cross-linked enzyme aggregates, and protein-coated microcrystals (2007). From that study, the protein-
coated microcrystals had the highest percent conversion, but involved a very complicated formation

procedure.

Finally, several groups considered sol-gel immobilized lipase. Hsu et al. achieved high conversions and
considered process optimization with phyllosilicate clay sol-gels from cetyltrimethyl ammonium chloride
and tetramethylorthosilicate (Hsu et al., 2001b; Hsu et al., 2003; Hsu et al., 2004). The immobilized
lipase reacted more slowly, but it achieved higher conversion, was more reusable, more thermally
stable, and not affected by methanol inhibition in comparison to the free lipase (Hsu et al., 2001; Hsu et
al., 2003; Hsu et al. 2004). Similarly, lipase immobilized in a TMOS (tetramethylorthosilicate) and iso-
BTMS (iso-butyltrimethoxysilane) sol-gel had good methanol resistance, good reusability and more
activity than free lipase (Noureddini et al., 2005). Orcaire et al. considered silica aerogels reinforced
with silica quartz fibre felt and dried with supercritical carbon dioxide (Orgaire et al., 2006). As in the
other studies, sol-gel immobilized lipase exhibited improved reusability and higher activity than free
lipase, but at high substrate concentrations a severe diffusion limitation was noted due to the plugging

of the aerogel pores (Orcaire et al., 2006). Moreira et al. (2007) also used sol-gels to immobilize lipase —
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tetraethoxysilane (TEOS) and poly(vinyl alcohol) (PVA) sol-gels had high activity at elevated
temperatures (50°C) and high ethanol to oil molar ratios (18:1). The sol-gels were much more active
than free lipase, and the viscosity of the biodiesel produced was comparable to that of commercial

diesel (Moreira et al., 2007).

2.5.2 Optimization

As well as screening for the best source and preparation of lipase for biodiesel production, considerable
current research focuses on optimizing the reaction conditions, such as the substrate molar ratio,
solvent presence and type, temperature, water content, substrate flow rate, and type of acyl acceptor,
to achieve the highest percent conversion and reusability of the enzyme (Akoh et al., 2007). Table 2.2
provides a review of the major results gathered from some current studies on the optimization of

reaction parameters for biodiesel production.

Table 2.2: Enzymatic biodiesel production reaction optimization literature results.

Lipase Parameters Results Reference

Oil; substrate . " .
Optimal conditions: methanol:oil = 3.8:1,

ratio; enzyme : . (Azocar et al.,
Novozym® 435 100% waste frying oil, 15 wt% enzyme,
amount; o 2010)
and 44.5°C.
temperature

. ) Alcohol; enzyme  Optimal conditions: methanol, 30°C, 1:3
Calcium alginate

. bilized R amount; time; (oil:alcohol), 24 h, and 10 wt% enzyme:oil.  (Balasubramaniam
immobilized R.
temperature; Pure enzyme had higher conversion than etal., 2012)
oryzae
y substrate ratio the whole cell immobilized biocatalyst.
Solvent; Methanolysis in n-hexane was slow while
. . temperature; in t-butanol had high reaction rates. (Bendikiene et al.,
Lipoprime 50T . . L Y
substrate ratio; Optimal conditions: 40°C, oil:alcohol =1:6  2011)
time —1:8,and 1.5 h.
Immobead 150 Solvent Alkane solvents had high yields and rates.  (Gagnon and
olven
immobilized Isooctane and n-hexane were optimal. Vasudevan, 2011)
Phyllosilicate Methanol, ethanol and n-butanol had the
Alcohol; enzyme . ; .
sol-gel ; highest conversion, and the optimal (Hsu et al., 2001b)
amoun
immobilized enzyme amount was 150 mg/mL.

Continued on next page...
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Table 2.2 continued

Lipase Parameters Results Reference
Phyllosilicate Optimal reaction temperature: free lipase:
Temperature; o . - e o
sol-gel colvent 40°C and immobilized: 40°C — 70°C. (Hsu et al., 2003)
Y
immobilized Hexane had higher yield than solvent-free.
Phyllosilicate Optimal conditions using a recirculating
Temperature;
sol-gel . packed column reactor were 50°C, 30 (Hsu et al., 2004)
. . flow rates; time )
immobilized mL/min flow rate, and 48 h.
Enzyme amount;
Novozym® 435 enzyme; solvent  Optimal conditions: 4 wt% enzyme:oil,

and Lipozym®
TM IM mixture

Porous kaolinite
immobilized

R. oryzae

Novozym® 435

Sol-gel
immobilized

Sol-gel
immobilized

amount;
substrate
amount; time

Solvent;
temperature;
water content

Enzyme amount;
water content

Enzyme amount;
substrate ratio;
temperature;
time

Substrate ratio;
temperature

Temperature;
substrate ratio;
water content;
enzyme amount;
alcohol

49% Novozym® 435 , 55 vol% tert-butanol
to oil, 5.12:1 methanol:oil, and 20 h.

Methanol and ethanol required solvent,
but 1-propanol and 1-butanol did not. 1-
propanol had the highest solvent-free
activity. Optimal conditions: 50°C and 0.3
wt% water.

Reaction rate increased with increasing
enzyme amount until 25 IlU/mL. Without
water, lipase was inactive and insufficient
water caused irreversible inactivation.

Optimal conditions using refined cotton
seed oil and methanol were 30% enzyme,
1:4 oil:alcohol, 30°C, and 7 h.

Optimal conditions using palm oil and
ethanol were 1:18 oil:alcohol and 58°C.

Optimal conditions: 35°C, 1:15.2
oil:ethanol, 1:7.5 oil:methanol, 0.5 g water
(methanol) or 0.3 g water (ethanol), and
475 mg lipase (methanol). Methanol
reduced the reusability of the enzyme.

(Huang et al., 2010)

(Iso etal., 2001)

(Kaieda et al.,
1999)

(Kose et al., 2002)

(Moreira et al.,
2007)

(Noureddini et al.,
2005)

Continued on next page...

14



Table 2.2 continued

Lipase Parameters Results Reference
Temperature; . . .
Optimal conditions: 45°C, 3 wt% enzyme,
enzyme amount; . . .
. 3:1 methanol:oil, and no water. Methyl (Ognjanovic et al.,
Novozym® 435 substrate ratio; ; . ) .
. acetate improved the lipase half-life while  2009)
water addition; L . )
maintaining high yield.
acyl acceptor
) Temperature; Optimal conditions: 40°C, 0.4 — 0.6 water
Commercial o ] )
. . water; substrate  activity, 1:3 and 1:6 oil:alcohol. Butanol (Salis et al., 2005)
immobilized

Commercial free
and immobilized

Commercial free
and immobilized

Lipozyme® RM
IM

Commercial
immobilized
lipases

Lipozyme® TL IM

Novozym® 435,
Lipozyme TL-1M,
and Lipozyme
RM-IM

ratio; alcohol

Temperature;
solvent

Oil; alcohol

Temperature;
enzyme amount;
substrate ratio

Substrate ratio;
temperature;
time

Temperature;
enzyme amount ;
alcohol

Time;
temperature;
enzyme amount;
substrate ratio

was the most efficient alcohol.

Optimal temperature: 40°C - 50°C, hexane
was a good solvent, and solvent-free
reactions were successful.

The highest conversion occurred with
palm olein and methanol was the best
alcohol.

Optimal conditions in a closed batch
reactor: 67°C, 4.5 wt% enzyme, and 1:2
palmitic acid:ethanol.

Optimal conditions: 40°C, 10 h, and 1:12
oil:methyl acetate.

Optimal conditions with three-step alcohol
addition of 1 molar each: 40°C, 10 wt%
enzyme, and methanol.

Optimal conditions vary depending on
lipase used: 3.9-6.2 h; 39.5-55.8°C; 4.4-
21.2% enzyme; 1.6:1-4.1:1 oil:alcohol.

(Soumanou and
Bornscheuer,
2003a)

(Soumanou and
Bornscheuer,
2003b)

(Vieira et al., 2006)

(Xu et al., 2003)

(Xu et al., 2004)

(YUcel and Demir,
2012)
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Based on these results, the best operating conditions are dependent on the type of lipase, alcohol, and
oil used for the reaction. Immobilized lipase at approximately 40°C with an oil to methanol molar ratio

of 1:3 (the stoichiometric ratio) are consistently successful reaction conditions.

Chang et al. used a statistical approach to determine the optimal reaction parameters using response
surface methodology with a 5-level 5-factor central composite rotatable design (Chang et al., 2005). The
optimal reaction parameters for the reaction of canola oil with methanol using Novozym® 435 in a
hexane reaction medium were 38°C, 12.4 hour reaction time, 42.3 wt% enzyme, 1:3.5 oil to methanol
ratio, and 7.2 wt% water. The predicted conversion was 99.4%, while the actual achieved conversion for

this reaction was 97.9%. These results are comparable to those previously reported in the literature.

2.5.3 Glycerol removal

The presence of glycerol in the reaction medium may cause enzyme inhibition (Samukawa et al., 2000;
Vasudevan and Briggs, 2008). Removal of glycerol by dialysis using an ultrafiltration flat sheet
membrane for continuous methanolysis was very successful, and increasing the removal of glycerol
improved the conversion of the reaction significantly — 20% conversion without glycerol compared to
10% conversion with 5.0 g glycerol in the reaction medium (Bélafi-Bakd et al., 2002). Using a membrane
separation technique, as opposed to the typical glycerol removal via settling, is much more practical for

a continuous biodiesel production process (Bélafi-Baké et al., 2002).

The presence of silica beds has also been used to adsorb glycerol in biodiesel streams (Mazzieri et al.,
2008; Samukawa et al., 2000; Yori et al., 2007). One complication of this process is that one of the
reaction substrates, methanol, causes the glycerol saturation capacity of the silica gel to be reduced
(Mazzieri et al., 2008) and glycerol to desorb from the silica gel (Yori et al., 2007). Also, silica gel adsorbs

methanol which can also lead to a reduced biodiesel yield (Wang et al., 2006).

2.5.4 Alcohol deactivation

To minimize the tendency for lipase to be inhibited by methanol and ethanol substrates, several
procedures have been considered including lipase pre-treatment, alternative acyl acceptors to replace
methanol, and step-wise addition of methanol (Bélafi-Baké et al., 2002; Chen and Wu, 2003; Du et al.,
2004; Ruzich and Bassi, 2010a; Ruzich and Bassi, 2010b; Ruzich and Bassi, 2011; Samukawa et al., 2000;
Shimada et al., 1999; Shimada et al., 2002; Watanabe et al., 2000; Watanabe et al., 2001; Watanabe et
al., 2002; Xu et al., 2003; Xu et al., 2004).
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Lipase pre-treatment by incubation with methyl oleate and soybean oil for twelve hours helped prevent
deactivation of Novozym® 435 by methanol, increased the initial reaction rate, reduced the effect of
water on the reaction rate, and helped prevent activity loss even after twenty uses (Samukawa et al.,
2000). Another method that helped reduce Novozym® 435 inhibition by methanol and ethanol was a
pre-treatment by immersion with tert-butanol which increased the fatty acid methyl ester yield from
2.5% to 24.5% (Chen and Wu, 2003). In addition, periodic regeneration of the enzyme with a 2-butanol
or tert-butanol wash allowed continuous use for seventy days while maintaining the conversion above
70% (Chen and Wu, 2003). The conclusion of this study was that the alcohol is adsorbed onto the
immobilized enzyme support thereby blocking the oil substrate from reaching the reaction site and

consequently preventing the reaction from progressing (Chen and Wu, 2003).

Another approach to preventing alcohol deactivation of lipase involves using methyl acetate as the acyl
acceptor as opposed to methanol or ethanol. Du et al. (2004) showed that an oil to methyl acetate
molar ratio of 1:12 can be used with Novozym® 435 without deactivating the enzyme for both crude and
refined soybean oil, and there is no activity loss in a 0.5 L bioreactor after 100 cycles. In a similar study,
methyl acetate as an acyl acceptor gave a higher methyl ester yield and minimal activity loss (Xu et al.,

2003).

The most common approach for preventing methanol inactivation of lipase in biodiesel production is
three-step methanolysis. In these studies, methanol deactivation is prevented by adding methanol in
three steps of one mole of methanol per mole of oil each to achieve the stoichiometric ratio of three
moles of methanol per mole of oil. In one study, continuous methanol addition had the best conversion
of 97% (Bélafi-Bakd et al., 2002). Several studies have shown that both three-step methanolysis with
one mole ratio of methanol in each step (Shimada et al., 1999; Watanabe et al., 2000; Watanabe et al.,
2001; Watanabe et al., 2002; Xu et al., 2004) and a two-step process with one mole ratio of methanol in
the first step and two mole ratios of methanol in the second step (Shimada et al., 2002) both help to

prevent methanol inhibition.

2.5.5 Kinetics and reaction mechanism

The kinetics of enzymatic biodiesel production has not been widely studied. Al-Zuhair (2005) considered
the kinetics and developed a mathematical model based on the reaction mechanism with vegetable oil
as a substrate. The model was compared to the experimental results from an ion-exchange resin
immobilized lipase and silica gel immobilized lipase with reasonable agreement with the initial reaction

rate (Al-Zuhair, 2005). A ping-pong mechanism was used with Michaelis Menten kinetics, and, in
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contrast to many other studies, both the substrates (oil and alcohol) could be studied independently
since an organic solvent was used to keep the bulk volume constant. The inhibition effects of the oil and
alcohol were dependent on the immobilization support and as the oil concentration increased, the
inhibition effect of the alcohol decreased (Al-Zuhair, 2005). A subsequent study using free lipase rather
than immobilized lipase found that the model underestimated the inhibition effects of both substrates,
and that the reaction was more inhibited by the alcohol than the oil (Al-Zuhair et al., 2007). Comparing
solvent-free and n-hexane based reaction media using lipase immobilized on ceramic beads using ping-
pong bi-bi kinetics with competitive inhibition by both substrates, a higher yield could be achieved
without solvent and that the rate determining step is the surface reaction rather than mass transfer (Al-

Zuhair et al., 2009).

Based on a kinetics study on biodiesel production with methyl acetate as the acyl acceptor and the
immobilized lipase Novozym® 435, three consecutive second-order reversible reactions were describe
for the interesterification of triglycerides and methyl acetate and a kinetic model with a ping-pong bi-bi
mechanism with substrate competitive inhibition was developed (Xu et al, 2005). The three reactions
are: triglycerides to diglycerides, diglycerides to monoglycerides, and monoglycerides to
triacetylglycerol. From the kinetic constants, the first reaction step, triglycerides to diglycerides, was the
rate limiting step for the overall interesterification reaction (Xu et al., 2005). Similarly, three reversible
reactions can be elucidated for the transesterification of triglycerides to fatty acid alkyl esters and

glycerol using an alcohol rather than methyl acetate (Figure 2.4).

In depth studies of the kinetic mechanism of enzyme catalyzed reactions by Cleland are commonly used
as starting points for the kinetic studies described in the literature including a series of ping-pong bi-bi
mechanisms with substrate and product inhibition (Cleland, 1963a; Cleland, 1963b; Cleland, 1963c).
Lipase catalyzed transesterification has been successfully described by a ping-pong bi-bi mechanism (Al-
Zuhair 2005; Al-Zuhair et al., 2007; Al-Zuhair et al., 2009; Cheirsilp et al., 2008; Dossat et al., 2002; Xu et
al., 2005). In such a kinetic mechanism, the first substrate (ester) binds to the enzyme, forms an enzyme
intermediate and the first product (alcohol) is released before the second substrate (alcohol) can bind to
the enzyme to form an intermediate and release the second product (ester) (Al-Zuhair et al., 2007,
Cheirsilp et al., 2008; Rizzi et al., 1992; Yadav and Devi 2004). Figure 2.5 shows this reaction mechanism

when applied to the production of biodiesel via transesterification.
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Figure 2.4: Intermediate reactions for the transesterification of triglycerides with alcohol to produce fatty acid alkyl esters
and glycerol: (a) triglycerides to diglycerides, (b) diglycerides to monoglycerides, and (c) monoglycerides to glycerol.
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Figure 2.5: Schematic representation of the ping-pong bi-bi kinetic mechanism for the transesterification of triglycerides to
produce biodiesel. Adapted from Cheirsilp et al. (2008).
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The mechanistic steps are as follows: the free enzyme (E) reacts with the triglyceride (T) to produce an
enzyme-triglyceride complex (E.T) from which the second complex (E.D.F) releases the diglyceride (D).
The third complex (E.F) reacts with the alcohol (A) and releases the fatty acid alkyl ester (F). Similar
mechanisms exist for the diglyceride (D) to monoglyceride (M) reaction and the monoglyceride (M) to
glycerol (G) reaction as shown in Figure 2.5. This is consistent with the results obtained using TLC
analysis of the reaction intermediates by Kaieda et al. (1999) supporting the notion that each ester bond
of the triglyceride undergoes a two step mechanism: first the ester bond is hydrolyzed to produce
partial glycerides and free fatty acids, followed by esterification of the free fatty acids with the alcohol

to produce the fatty acid alkyl ester.

The initial rate equation with inhibition of one substrate (Equation 2.1) is often used to model the
kinetics of lipase catalyzed transesterification for the production of biodiesel (Al-Zuhair, 2005; Dossat et

al., 2002; Xu et al., 2005).

o Voasr A1IT]
' Kr[AI(U 4 [A]/K;4) + KalT] + [A][T]

(2.1)

where v; is the initial reaction velocity, V;,4xr is the maximum initial reaction velocity, [A] is the alcohol
concentration, [T] is the triglyceride concentration, K,,,; is the apparent Michaelis Menten constant for
the triglyceride, K, is the inhibition constant for the alcohol, K,,,4 is the apparent Michaelis Menten

constant for the alcohol.

Al-Zuhair et al. considered the initial inhibition effects of both substrates by involving a solvent so that
the initial oil and alcohol concentrations could be independently varied and studied (Al-Zuhair et al.,
2007; Al-Zuhair et al., 2009). The equation used for the kinetic modeling was similar to Equation 2.1
with the addition of a Ky term to take into account the effect of triglyceride inhibition. These studies
show comparable inhibition constants for the triglyceride and alcohol which were quite large
(approximately 3000-4500) indicating that the effect of inhibition was low (the inhibition constant
represents the dissociation of the inhibitor from the enzyme-inhibitor complex so smaller numbers

indicate higher inhibitory effects).

Alternatively, a complete rate equation (Equation 2.2) for a ping-pong bi-bi mechanism with inhibition of
both substrates and both products has been developed and can be used as a more sophisticated model

for the entire reaction rather than solely the initial conditions (Rizzi et al., 1992; Yadav and Devi, 2004).
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The reaction for this model is: A+B<>P+Q; v is the reaction velocity; Vipaxr and Viyaer and the
maximum velocities of the reverse and forward reactions; [A], [B], [P], and [Q] represent the
concentrations of components A, B, P, and Q; K, is the equilibrium constant; Ky, 4, King, Kimp, and K
are the Michaelis constants for A, B, P and Q; and K4, K, K;p and K;, are the inhibition constants for

A, B, Pand Q.

2.6 Reactor design

Some common immobilized biocatalyst continuous reactors are stirred tank reactors, fluidized bed
reactors, and packed bed reactors (Hartmeier, 1988; Messing, 1975). Stirred reactors are simple and
inexpensive, but are more common for aerobic fermentations than immobilized biocatalysis because the
intensive stirring introduces unnecessary shearing forces on the immobilized biocatalysts (Hartmeier,
1988). Fluidized bed reactors have beds that are loosely filled with catalyst particles and the substrate is
forced upwards through the bed. Although fluidized beds are advantageous for immobilized
biocatalysts, the retention of biocatalyst particles is challenging if the viscosity of the substrate is high

(Hartmeier, 1988).

2.6.1 Packed bed reactors
Packed bed reactors can accommodate the highest density of catalyst particles, and, therefore, the

highest possible substrate conversion is attainable (Hartmeier, 1988). In addition, packed bed reactors
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help minimize diffusion limitations of immobilized enzymes because the reactor ensures proper mixing
between the immobilized catalyst and the reaction medium thereby improving external mass transfer
(Messing, 1975). Packed bed reactors have the simplest reactor design to achieve a high degree of

contact between the solid catalyst particles and the liquid substrates (Thoenes, 1994).

Using a packed bed reactor, immobilized enzymes can easily be reused and continuous processing is
feasible. However, one challenge of a packed bed reactor is based on the lifetime of the biocatalyst — it
is impractical to shut down the reactor to change the catalyst particles frequently (Thoenes, 1994). Care
must be taken to ensure the catalyst has a long lifetime within the reactor so it can run continuously

with little maintenance.

For packed bed reactors, particle diameters are typically between 3 and 10 mm, and the height of the
reactor is typically between 10 and a few hundred times the particle diameter (Thoenes, 1994).
Continuous enzymatic methanolysis in packed column reactors commonly utilizes columns with a height
of approximately 5.5 times the internal diameter (Hsu et al., 2003; Nie et al., 2006; Shimada et al., 1999;
Watanabe et al., 2000).

Several packed bed reactor studies have been completed using the commercially immobilized
Novozym® 435. Hama et al. developed a bench scale solvent-free packed bed reactor with a glycerol
separating tank and achieved final fatty acid methyl ester contents above 96% using either 10 passes on
a single reactor bed (Hama et al., 2011a) or 550 h continuous production using five reactors in series
(Hama et al., 2011b). Similarly, Shimada et al. and Watanabe et al. developed a continuous, three step,
fixed bed reactor with Novozym® 435 that achieved 98% (Shimada et al., 1999) and 96% (Watanabe et
al.,, 2000; Watanabe et al., 2001) conversion with good enzyme reusability and without enzyme
deactivation. Other packed bed reactor studies using Novozym® 435 also have promising results: 76%
molar conversion with no activity loss after 7 days (Chang et al., 2009), 83% conversion and 30 days
continuous production without conversion decrease (Chen et al., 2011), and 75.2% conversion using a

tert-butanol co-solvent (Shaw et al., 2008).

Considering alternative immobilized lipases, Hsu et al. (2004) successfully developed a recirculating
packed column reactor with lipase immobilized on ten packages of commercial paper coffee filters. Nie
et al. (2006) developed a continuous reactor that achieved 92% conversion by immobilizing lipase on a
cotton membrane for use in a three-step methanolysis continuous fixed bed reactor with nine columns

packed with immobilized lipase. Wang et al. (2001) developed a lipase-Fe;0, immobilized on cotton for
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use in both a single bed reactor and four packed beds in series. A textile cloth immobilized lipase was
used in a three step packed bed reactor with a hexane solvent and gravity driven glycerol separation
achieving a 91% fatty acid methyl ester product (Chen et al., 2009). After three hours in a single packed
bed reactor using an immobilized lipase of mixed sources and stepwise methanol addition, 98%
conversion was achieved dropping to 90% after 108 h due to glycerol accumulation in the reactor (Lee et

al., 2010).

A study using Lipozyme® IM-20 compared the performance of batch reactors and tubular reactors for
biodiesel production. The tubular reactor required the addition of glass beads to increase the void
space in the reactor, and had higher reactor rates, caused less stress on the lipase, and was more

flexible in terms of recycle rates (Mukesh et al., 1993).

2.6.2 Modelling

Few studies exist in the literature dealing with modelling enzymatic packed bed reactors for biodiesel
production. Most optimization studies are purely empirical using response surface methodology to
model and optimize the experimental data (Chen et al., 2011; Ognjanovic et al., 2009; Shaw et al., 2008).
Halim et al. (2009) used a combination of response surface methodology and mass transfer studies to
optimize an immobilized lipase packed bed reactor for biodiesel production. First, the experimental
data was modelling using response surface methodology and plots of a reaction controlled model with
that of a mass transfer controlled model were subsequently compared to determine which fit the data
better. The authors found that the mass transfer controlled model had better fit (R°=0.9441) than the
reaction controlled model (R?=0.7184) indicating the importance of considering the mass transfer in

addition to the reaction kinetics.

According to Fogler (1999), the reaction and flow in a packed bed can be described by the differential
equation shown as Equation 2.3.

dc
—Ud—ZA = keSp(Ch — CF) (2.3)

where U is the superficial molar velocity, k. is the mass transfer coefficient, Sg is the external surface
area of the catalyst, C4 is the bulk concentration of substrate 4, Cgf is the concentration of A at the
catalytic surface, and z refers position along the length of the reactor. Equations 2.4 and 2.5 can be

used to solve Equation 2.3 for a packed bed reactor where Sh is the Sherwood number, D,z is the
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diffusion coefficient, dp is the particle diameter, Q is the volumetric flow rate, A is the reactor cross-

sectional area and ¢ is the reactor void fraction.

Sh X Dyg
= 2.4
= 2.4)
Q = Ude (2.5)

The Sherwood number is a function of the Reynolds number and the Schmidt number, but the exact
relation between the dimensionless numbers is typically determined experimentally. Considering a
series of 16 packed and fluidized bed studies, Dwivedi and Upadhyay (1977) developed an equation for
the Sherwood number (Sh) to fit a wide range of data as shown in Equation 2.6 for Reynolds numbers
less than 10 where the Reynolds number of the particle (Rep) and the Schmidt number (Sc) are
described by Equations 2.7 and 2.8 respectively, u is the liquid dynamic viscosity, and p is the liquid
density (Dwivedi and Upadhyay, 1977; Seguin et al., 1996).

1.1 1

Sh = —Re2?8Sc3 (2.6)
€
u
Se=——— 2.7
P X Dyp (2.7)
xUxd

Rep = pr (2.8)

The diffusion coefficient (D,5) used in these equations can be estimated by the Wilke and Chang
equation as shown in Equation 2.9 where ¢ is the association factor for the solvent (1.0 for unassociated
solvents), v, is the molal volume for the solute (v, = M,/p4), and My is the molar mass for component

X (Treybal, 1980).

1173 x 1078 x (@ x M;)*® X T

2.9
uw 06 (2.9)

AB =

The void fraction of the packed bed can be estimated for uniformly sized spheres and small reactor

diameters by Equation 2.10 where dj, is the reactor diameter (Rase, 1990).

dp
€=04 (1 +0.42 —) (2.10)
dr
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Finally, the differential term in Equation 2.3 (dC,/dz) can be determined from the kinetics of the
reaction. Combining Equations 2.3 through 2.10 with the reaction kinetics of Equation 2.2 will provide a
complete model of both the kinetics and mass transfer in a packed bed reactor for enzymatic biodiesel

production.

Santacearia et al. (2007) employ a similar set of equations for an immobilized enzyme packed bed
reactor for free fatty acid esterification. The reaction kinetics obtained from batch experiments was
combined with external mass transfer equations to model the oleic acid conversion in the packed bed
reactor (Santacearia et al., 2007; Tesser et al., 2005). In the system described, a unique immobilized
catalyst was developed that incorporated springs to help prevent problems arising from catalyst
swelling. Since the authors did not have a uniform spherical catalyst, an alternative Sherwood

correlation was developed for their catalyst.

Considering an immobilized enzyme packed bed reactor, Rahman et al. (2011) used an ordered bi-bi
reaction mechanism and external mass transfer equations to describe esterification to produce farnesyl
laurate using Lipozyme® RM IM. Comparing a reaction limited model to a mass transfer limited model,
the reactor was found to be mass transfer limited (Rahman et al., 2011). Halim et al. (2009) performed
a similar analysis comparing reaction and mass transfer limited models for a Novozym® 435 packed bed

reactor for biodiesel production and also found that the reaction was mass transfer limited.

Considering solely the external mass transfer in a Lipozyme® TL IM packed bed reactor for the hydrolysis
of palm olein, Chew et al. (2008) used a first order apparent reaction rate along with the external mass
transfer correlations. The authors presented only the initial reaction rate data since the apparent
reaction rate assumption was only valid for the initial conditions and determined that significant
external mass transfer effects existed that could not be neglected especially as the reactor is scaled-up

(Chew et al., 2008).
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Chapter 3

Experimental Background

The following sections present preliminary results that demonstrate the feasibility of the enzyme
immobilization protocol along with the methodology development. Lipase was successfully entrapped
in sol-gels with good activity and enhanced thermal stability. A commercially available immobilized
lipase, Novozym® 435, was used to produce methyl oleate and some of the challenges associated with

its application were identified.

3.1 Lipase entrapment in a sol-gel matrix

Lipase was entrapped in an 80% propyltrimethoxysilane (PTMS) and 20% tetramethoxysilane (TMOS)
sol-gel following a procedure adapted from that of Clifford and Legge (2005). The precursors (PTMS and
TMOS) were sonicated in the presence of water (H20:Si = 12) and hydrochloric acid (HCI:Si = 0.0002) for
approximately two hours. The hydrolysis of this mixture formed an aqueous sol which was kept on ice
to prevent untimely gelation. A solution of lipase (Novozymes® N44035) and 50 mM phosphate buffer
at pH 7 (enzyme:buffer = 1:2 by volume) was subsequently added to the precursor solution. The
enzyme and precursor solution gelled slowly while covered at 4°C for 24 hours. Upon gelation, the sol-
gel was allowed to dry further until the drying rate was less than 1 mg/hr. Finally, the gel was crushed
into a fine powder and washed twice with 50 mM phosphate buffer at pH 7, then with isopropyl alcohol,
and finally with hexane. The sol-gel powder was sized using a micro sieve (number 200 mesh) and only
particles less than 80 um in diameter were used for the analysis. Approximately 12 g of sol-gel were

produced using this procedure.

To determine the degree of lipase immobilization in the sol-gel, a sample of the enzyme-buffer solution
loaded onto the sol-gel and the first phosphate buffer wash were analyzed for total protein content
using a Waters HPLC system with an Agilent Zorbax Bio Series GF-250 column. The HPLC was calibrated
using BSA standards as per a BCA protein assay kit from Pierce Biotechnology. The mobile phase was 1
mL/min of 200 mM phosphate buffer with pH 7, the sample injection volume was 20 pL, and the UV

detection wavelength was 280 nm. Based on the difference between the amount of protein loaded into
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the gels and the amount of protein in the wash, the degree of immobilization was determined. It was

determined that 44.3% of the lipase loaded onto the sol-gel was entrapped (1.89 mg-lipase/g-sol-gel).

The sol-gels were analyzed for activity using the hydrolysis of linoleic acid ethyl ester to linoleic acid as
the basis for activity determination. In this reaction, 5 mL of 500 mM linoleic acid ethyl ester in
disopropylether was combined with 50 mg of sol-gel and 50 uL of 50 mM phosphate buffer (pH 7). The
reaction was conducted at 30°C with agitation at 500 rpm. Each hour, a 10 uL sample was removed
from the reaction vial and diluted in 990 uL hexane containing 50 uL of 5 mM pentadecanoic acid as an
internal standard and 5 pL of the derivitizing agent BSTFA. Prior to analysis of the reaction products, the
solution was held at 60°C for one hour to allow the TMS derivitization to occur. The formation of the
reaction product, linoleic acid, was analyzed using a Varian CP-3800 gas chromatograph equipped with a
Varian FactorFour VF-5ms fused silica capillary column with dimensions 0.25 mm x 0.25 m x 30 m and an

oven temperature of 220°C.

The initial activity of the sol-gel is defined as the moles of linoleic acid (LA) produced per unit of time per
mass of lipase. The initial activity of the sol-gel was 12.00 umol LA/(min mg-lipase) with a relative
standard deviation of 3.68%. In addition, the presence of non-enzymatic activity was determined. Two
systems were considered: one with blank sol-gel (sol-gel without lipase) and one without sol-gel. In
both systems no measurable linoleic acid was produced which confirmed that the reaction observed in

the lipase entrapped sol-gel reaction medium was inherently enzymatic.

Finally, the stability of the sol-gel activity was considered with respect to linoleic acid under storage
conditions of 4°C. As shown in Figure 3.1, the sol-gel entrapped lipase maintained a stable linoleic acid
activity up to 146 days of storage at 4°C. Noureddini et al. (2003) studied sol-gel immobilized lipase
stability and activity and found that after 120 h of incubation at 40°C sol-gels retained 95% of their
activity, but free lipase lost 67% activity after 24 h of incubation at 40°C and had almost no activity after

96 h of incubation.
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Figure 3.1: Linoleic acid activity of the lipase sol-gel based on 91, 104 and 146 days of storage at 4°C. The error bars
represent the standard error with n=2-6.

3.2 Thermal properties of sol-gel entrapped lipase

Immobilization of lipase in sol-gels was shown to improve the thermostability of the enzyme
(Noureddini et al., 2002; Noureddini et al.,, 2003). To analyze the thermostability of the sol-gel
entrapped lipase, the sol-gels were incubated in a Pierce Reacti-Therm™ Heating Module at 70°C for the
desired period of time. Samples were periodically taken and assayed for activity at 30°C in the presence
of linoleic acid ethyl ester and buffer as previously described. A decline in activity was observed with
increasing incubation time from 100% at time zero to approximately 50% after three days of incubation
at 70°C (Figure 3.2). Noureddini et al. (2002) found sol-gel entrapped lipase to be stable up to 70°C,

while free lipase had severe activity loss at 40°C.

To investigate the activity of the sol-gel at increased temperatures, the linoleic acid assay was
performed at 30°C and at 70°C with neither of the sol-gel samples incubated before the assay. From
Figure 3.3, the reaction at 70°C has a higher initial reaction rate than that at 30°C (28.7 mM LA/h vs. 16.0
mM LA/h), but the 12 h linoleic concentration for both temperatures was the same (approximately 100

mM).
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Figure 3.2: Relative activity of the sol-gel entrapped lipase after incubation at 70°C. The error bars represent the standard
error with n=2-6.

100 A
A
.
.
-
.
80 * 2
.
. A
s 60
€ y=28.7x . A
<
=
.
40
y=16.0x
20
+ 70°C
A 30°C
0 .
0 2 4 6 8 10 12
Time (h)

Figure 3.3: Linoleic acid concentration profile as a function of time for sol-gel immobilized lipase at 70°C and 30°C for 12 h.
The slopes of the lines represent the initial reaction rates.
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3.3 Methyl oleate synthesis with Novozym® 435

To determine the feasibility of producing methyl oleate, a biodiesel component, using sol-gels, a
commercially immobilized lipase (Novozym® 435, Novozymes North America Inc., Washington, DC) was
investigated. Novozym® 435 is a lipase from Candida antarctica immobilized on a macroporous acrylic
resin (Sigma-Aldrich Canada Ltd., Oakville, ON). As a case study, this commercially available lipase is
useful since there is a broad spectrum of literature available on the use of Novozym® 435 for biodiesel
production (Chang et al., 2005; Chen and Wu, 2003; Du et al., 2004; Hernandez-Martin and Otero, 2008;
Kose et al., 2002; Lai et al., 2005; Orgaire et al., 2006; Salis et al. 2005; Samukawa et al., 2000; Shimada
et al., 1999; Watanabe et al., 2000; Watanabe et al., 2001; Xu et al., 2003).

An assay for methyl oleate production was employed using 5.94 g of triolein (60% purity), 50 mg of
Novozym® 435, and 162 uL of methanol (1:1 methanol:triolein unless noted otherwise). Samples were
combined and agitated in a vial maintained at 40°C. The course of the transesterification reaction was
followed with time: 10 uL aliquots periodically taken and diluted with 990 pL of hexane. The reactions

were followed for 6 h unless otherwise noted.

Since alcohols are known to inhibit enzymes, it is expected that as the concentration of methanol is
increased beyond a certain tolerance there will be a negative impact on the observed activity and level
of conversion (Kargi and Shuler, 2001). The required stoichiometric ratio of methanol to triolein for this
transesterification reaction is 3:1. As shown in Figure 3.4, the optimal methanol molar ratio required to
maximize the concentration of methyl oleate produced after 6 h was 0.5 to 1.5. Ratios in this range
likely minimize alcohol-mediated inhibition of the enzyme while providing adequate substrate for the
reaction. As this is a batch reaction, the amount of methyl oleate produced is limited by the amount of

alcohol that can be present in the system without deactivating the enzyme.

Enzymatic reactions are very temperature sensitive where low temperatures limit the kinetic energy of
the system and high temperatures cause enzyme denaturation, both of which result in lower rates of
reaction (Kargi and Shuler, 2001). Since the reaction medium for the formation of methyl oleate is very
viscous, the potential to decrease the viscosity by increasing the temperature or by introducing non-
viscous solvents is of great interest. Therefore, the effect of temperature on the conversion of triolein

and methanol to methyl oleate was investigated for both solvent-based and solvent-free systems.
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Figure 3.4: Normalized final methyl oleate concentration at various methanol molar ratios for 6 h at 40°C (normalized to the
Novozym® 435 batch maximum). The error bars represent the standard deviation with n=2-5.
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Figure 3.5: Percent conversion of methanol to methyl oleate as a function of reaction temperature after 6 h for both solvent-
free and solvent-based (50% hexane) reaction media with a methanol to triolein molar ratio of 1:1.
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As seen in Figure 3.5, an optimum temperature for product formation was observed at 60°C, both in the
absence and presence of the organic solvent (50% hexane). In the solvent-based system the conversion
was more than double that of the solvent-free system. This can likely be attributed to the improved
mixing in the solvent-based system as the hexane reduces the viscosity thereby allowing for an

improvement in the mixing.

Figure 3.6 compares the methyl oleate formation at 40°C with a 1:1 molar ratio of methanol to triolein
with and without solvent. The solvent-free reaction medium consisted of triolein, methanol and
immobilized lipase, while the solvent-based medium consisted of triolein, methanol, immobilized lipase,
and 50% hexane by volume. The solvent-based medium and the solvent-free medium initially showed
the same extent of conversion which increased linearly for the first 12 h. However, as the reaction
progressed beyond 12 h, the solvent-based system continued to increase in methyl oleate production
whereas the solvent-free system plateaued. As discussed previously, this may be attributed to the
mixing limitations in the solvent-free medium. After 24 h, the solvent-based system achieved a percent
conversion that was approximately three times that of the solvent-free system (79% conversion for

solvent-based and 26% conversion for solvent-free).

In a similar study except that the methanol to triolein molar ratio was increased to 1.5:1 (Figure 3.7),
similar observations were made. At the beginning of the reaction period the conversion of methanol to
methyl oleate was comparable between the solvent-based and solvent-free systems, but the solvent-
free system reached a plateau after about 23 h, while the solvent-based system continued to show an
increase in conversion up to 30 h when the conversion leveled off. Unlike at lower methanol to triolein
ratios, the initial conversion of the solvent-free system was slightly higher than that of the solvent-based
system. Also, the point at which the solvent-free system leveled off was much later (about 23 h as
compared to 12 h in the previous study). When the ratio of methanol is increased it can be assumed
that more reactant is available to proceed further without deactivating the lipase despite the poor
mixing. The reaction in the solvent-free medium was still limited by poor mixing since the solvent-based
system surpassed the solvent-free system conversion before leveling off (50% conversion for solvent

and 30% conversion for solvent-free).
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Figure 3.6: Percent conversion of methanol to methyl oleate at a methanol to triolein molar ratio of 1:1 in solvent-free and
solvent-based (50% hexane) reaction media at 40°C. Error bars represent the standard error with n=3-4.
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Figure 3.7: Percent conversion of methanol to methyl oleate at a methanol to triolein molar ratio of 1.5:1 in solvent-free and
solvent-based (50% hexane) reaction media at 40°C.
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Lipase undergoes interfacial activation at oil-water interfaces and the lipase activity is typically
proportional to the interfacial area, but excessive water can cause the competing hydrolysis reaction to
proceed as opposed to the transesterification reaction (Nouredinni et al., 2005). Therefore, to
determine whether a small amount of water would be beneficial for these reaction conditions, a set of
experiments was performed with and without 3% water added to the solvent-free and solvent-based
(50% hexane) reactions at a methanol to triolein molar ratio of 1:1 at 40°C. For both the solvent-free
and solvent-based systems, adding this small amount of water reduced the achievable conversion during

the six hour time frame by about 75% (Figure 3.8).

3.4 Sol-gel methyl oleate formation

To demonstrate that the sol-gel immobilized lipase had methyl oleate activity, an experiment was
conducted with sol-gels of different compositions (Figure 3.9). The 6 h methanol to methyl oleate
conversion observed for the 80% PTMS sol-gel was comparable to that of Novozym® 435, but the 20%
PTMS sol-gel was considerably lower. Although comparable results are observed between Novozym®
435 and the 80% PTMS sol-gel, it will be noted that to achieve this level of conversion 350 mg of sol-gel

(approximately 0.66 mg lipase) were used in comparison to 50 mg of Novozym® 435.

The supplier’s reported activities for the each of the enzyme preparations (Table 3.1) show that
Novozym® 435 has half the activity compared to Novozyme® N44035 which is the lipase used in the
preparation of the sol-gel. Based on the measured methyl oleate activities, the lipase immobilized in the
sol-gel had approximately 6 and 70 times more activity than Novozym® 435 for the 20% and 80% PTMS
sol-gels, respectively. The results also indicate that the more hydrophobic sol-gel (80% PTMS) was
significantly more active in relation to the more hydrophilic preparation. This is expected as the
interfacial activation of lipase at hydrophobic interfaces is well documented (Krebs and Gerstein, 2000;
Sarda and Desnuelle, 1958). These results indicate that the 80% PTMS sol-gel is a good candidate for the
immobilization of sol-gels on silica supports for use in a packed bed enzymatic reactor to produce

methyl oleate.
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Figure 3.8: Percent conversion of methanol to methanol oleate at a methanol to triolein molar ratio of 1:1 for solvent-free
and solvent-based (50% hexane) systems with and without the addition of 3% water.
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Figure 3.9: Methanol to methyl oleate conversion using immobilized lipase from Novozym® 435, 80% PTMS sol-gel and 20%
PTMS sol-gel with a molar ratio of triolein to methanol of 1.5:1 at 40°C. Error bars represent the standard error with n=2.
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Table 3.1: Reported and measured activities for Novozym 435®, 80% PTMS sol-gel and 20% PTMS sol-gel.
Enzyme preparation

Reported activity

Measured activity
Novozym ®435 (N435) 53.46 U/g-N435"
80% PTMS sol-gel 20 000 PLU/g-lipase” 3707 U/g-lipase’
20% PTMS sol-gel 20 000 PLU/g-lipase”

331 U/g-lipase’
PLU=1 pmol propyllaurate formed per minute

10 000 PLU/g-N435"

'u=1 pmol methyl oleate formed per minute
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Chapter 4
Study of Support Materials for Sol-gel Immobilized

Lipase®

Overview

A variety of support materials for sol-gel immobilized lipase were considered based on their ability to
provide superior sol-gel adhesion, load protein, and synthesize methyl oleate. A standard approach was
developed to formulate the supported lipase sol-gels and to allow comparison of the resulting hybrid
materials. These supported sol-gels are proposed as an alternative immobilization regime to overcome
some challenges associated with enzymatic biodiesel production such as enzyme stability and cost. The
support materials considered were 6-12 mesh silica gel, Celite® R633, Celite® R632, Celite® R647, anion
exchange resin, and Quartzel® felt. Each support material exhibited unique properties that would be
beneficial for this application including: Quartzel® felt had the highest initial sol-gel capacity; silica gel
had the most uniform coating of deposited sol-gel; the anion exchange resin had the highest protein
loading (1060 pg lipase/g) and reaction rate (1.25 mmol/min g); the Celite® support series were the
most thermally stable and had the lowest water content; Celite® R632 had the highest sol-gel adhesion
(275 mg sol-gel/g material), 6 h biodiesel conversion per gram of supported material (68%), and
enzymatic activity (9.4 mmol/min g-lipase). The three supports with the highest enzymatic properties
(conversion, activity and reaction rate) were Celite® R632, anion exchange resin, and Quartzel®. These
supports had superior performance in comparison to the unsupported lipase sol-gels. Based on this
study the lipase sol-gel support material with the most potential for biodiesel production is Celite®

R632.
Keywords

Enzyme immobilization; sol-gel entrapment; lipid transesterification; lipase; supported sol-gel; biodiesel

" This chapter was submitted for publication in Biocatalysis and Biotransformation and is currently under review
Study of Support Materials for Sol-gel Immobilized Lipase
S.M. Meunier and R.L. Legge, Biocatal. Biotransform., submitted July 2012, Manuscript ID GBAB-12-
404.R1.
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4.1 Introduction

Growing environmental concerns have resurfaced interest in alternative fuels that are sustainable,
renewable and biodegradable. Biodiesel is one such environmentally-friendly fuel that can be produced
from natural oils and fats, can be used on its own or blended with petroleum-based diesel fuels, and
emits lower exhaust emissions and greenhouse gases (Tan et al., 2010). Biodiesel is a mixture of fatty
acid alkyl esters that can be produced via transesterification of triglycerides in the presence of an

alcohol with a glycerol by-product.

Industrially, biodiesel is produced using alkaline catalysts which have very high conversions and reaction
rates, but are burdened with high energy requirements and extensive downstream recovery and
purification steps (Meher et al., 2006). Enzyme-based transesterification can overcome some of the
challenges associated with alkaline transesterification requiring milder operating conditions, minimal
downstream processing and produce a very high purity product with lower waste production (Fukuda et

al., 2001; Akoh et al., 2007; Marchetti et al., 2007; Vasudevan and Briggs, 2008).

There are limitations that accompany enzymatic biodiesel production including the potential for
inactivation of the enzyme and the high cost of enzymes (Robles-Medina et al., 2009). Immobilizing
enzymes can help overcome these limitations as immobilization renders them more chemically and
thermally stable, and they are more easily recovered and reused (Macario et al., 2009; Bajaj et al.,
2010). Lipases immobilized in sol-gels also benefit from enhanced lipase activity (Aucoin et al., 2004;
Reetz, 1997). In a recent review of biodiesel production via immobilized enzymes, Zhang et al. (2012)
concluded that immobilized enzymes have the potential in the near future to be competitive with

conventional chemical catalysis for the production of biodiesel.

Since enzyme immobilization in sol-gels can cause internal mass transfer limitations (Bajaj et al., 2010), a
double immobilization procedure is proposed in which lipase is immobilized in a sol-gel and supported
on an inert material. The benefits of this system include both the advantages of sol-gels and enzyme
immobilization in addition to improving internal mass transfer and the practicality of supported
materials. Researchers have immobilized sol-gels on support materials such as cotton fabric (Li et al.,
2007), silica quartz fiber felt (Nassreddine et al., 2008; Orcaire et al.,, 2006), diatomaceous earth
(Furukawa et al., 2002a; Furukawa et al., 2002b; Furukawa and Kawakami, 1998; Kawakami and Yoshida,
1996; Kawakami et al., 2003; Koszelewski et al., 2010; Meunier and Legge, 2010; Meunier and Legge,
2012), and silica gel (Pogorilyi et al., 2007).
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In this study, four materials were chosen for development as supports that are analogous in
composition to sol-gel. Silica gel has been used successfully for supporting urease sol-gels (Pogorilyi et
al., 2007). Diatomaceous earth is a common enzyme immobilization material; Celite® 545 has been
used successfully for w-transaminase, protease and lipase sol-gels (Furukawa et al., 2002a; Furukawa et
al., 2002b; Furukawa and Kawakami, 1998; Kawakami and Yoshida, 1996; Kawakami et al., 2003;
Koszelewski et al., 2010), and Celite® R632, R633, and R647 supported lipase sol-gels have been used for
methyl oleate production (Meunier and Legge, 2010; Meunier and Legge, 2012). Quartz fiber felt is a
useful support material for lipase sol-gels (Nassreddine et al., 2008; Orcaire et al., 2006). Finally, an ion

exchange resin was chosen for its valuable separation and immobilization properties (Wang et al., 2010).

This study encompasses a variety of support materials, applies a consistent sol-gel immobilization
technique and compares each of the materials formed on the basis of their surface, coating, and
enzymatic characteristics. The surface characteristics of the materials are compared via SEM imaging to
determine the presence of a visible sol-gel coating. The coating properties considered are the adhesion
of sol-gel to the support surface, the protein loading of the supported sol-gel, and the water capacity
and thermal stability of the coated and uncoated support materials. The enzymatic properties
considered are methyl oleate production capacity, enzymatic activity, and reaction rate. Based on these

results, the support materials with the greatest potential are identified for further study.

4.2 Experimental

4.2.1 Materials

Novozym® 435 was a gift from Novozymes North America Inc. (Franklinton, NC) — its reported activity is
10 000 PLU/g. Lipase (NS44035, Novozymes North America Inc., Franklinton, NC) with a reported
activity of 20 000 PLU/g was immobilized in 80% PTMS — trimethoxypropylsilane and 20% TMOS —
tetramethyl orthosilicate (Sigma-Aldrich Canada Ltd, Oakville, ON) sol-gels. The lipase sol-gels were
supported on desiccant activated silica gel 6-12 mesh (Eagle Chemical Co., Mobile, AL), Celite® (World
Minerals, Santa Barbara, CA), analytical grade anion exchange resin AG3-X4 (BioRad Laboratories,
Richmond, CA), and Quartzel® felt (Saint-Gobain Quartz USA, Louisville, KY). Ultrapure water was from a
Milli-Q water purification system (Millipore, Billerica, MA). All other chemicals used were reagent grade

from local suppliers.
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4.2.2 Methods

4.2.2.1 Support lipase sol-gel immobilization

The support materials chosen for consideration and their known properties are provided in Table 4.1.

The lipase was immobilized using a method adapted from previous work (Meunier and Legge, 2010)
using 80% PTMS and 20% TMOS which resulted in a sol-gel with high hydrophobicity for enhanced lipase
activity (Clifford and Legge, 2005) and superior gelation properties. A precursor mixture containing 0.08
mol PTMS, 0.02 mol TMOS, 1 mol ultrapure water and 20 uL HCI (0.1 M) was hydrolyzed for 1 h in a
sonicating water bath at room temperature. The hydrolyzed precursor mixture was then evaporated
under vacuum for 30 min at 40°C. Subsequently, 14 mL of lipase and phosphate buffer (50 mM, pH 7.0)
was added to the precursor mixture. This mixture was then added to the desired support material
based on a predetermined sol-gel capacity to maximize the amount of sol-gel on the support without
allowing excess sol-gel to gel separately from the supported material (Table 4.1). After thorough mixing,
the support and sol-gel was deposited in a Petri dish, sealed and aged for 24 h at 4°C, then dried
unsealed at 4°C until the drying rate slowed to less than 1 mg/h. Once dry, the gels were washed with
phosphate buffer (5 mL/g sol-gel) twice, isopropyl alcohol (3 mL/g sol-gel), and hexane (5 mL/g sol-gel).
After washing, the excess solvent was evaporated from the gels overnight and the gels were then stored

in a sealed container at 4°C until use.

Unsupported lipase sol-gels were prepared in a similar manner omitting the mixing step with the
support. Since the unsupported sol-gels adhere to the Petri dish upon gelation, they were crushed into
a powder upon removal and the washing solutions removed via centrifugation at approximately 1250 xg
for 10 min.

Table 4.1 Properties of the lipase sol-gel support materials. Pore diameter and particle size are as provided by the suppliers.
Initial sol-gel capacity is defined as the amount of liquid sol-gel required to fully wet the support without excess material.

Support Pore diameter Particle size Initial sol-gel capacity
(pm) (pm) (mL/g)
Silica Gel 0.005 1680 — 3360 0.3
Celite® R633 6.5 297 — 595 1
Celite® R632 7.0 595 —-1410 1
Celite® R647 0.007 595 - 1410 1
Anion Exchange Resin large 74 —149 1.5
Quartzel® Felt - - 62.5
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4.2.2.2 Scanning electron microscopy

The surface coating of the supported lipase sol-gels was studied qualitatively using a Hitachi S570 SEM
(Hitachi High Technologies, Berkshire, England). The samples were coated with gold in preparation for
microscopy and an electron beam energy of 15 kV was used. Images were taken at a variety of

magnifications for comparison, but only those taken at 3000x are presented.

4.2.2.3 Protein measurement

The methodology for protein determination of the supported sol-gels has been previously described
(Meunier and Legge, 2010). Samples from the original enzyme solution and the two phosphate buffer
washes were analyzed for protein content using a Varian HPLC (Agilent Technologies, Mississauga, ON)
equipped with an Agilent Zorbax Bio Series GF-250 column calibrated using a BSA protein standard
(Pierce Biotechnology Inc., Rockford, IL). The HPLC mobile phase was 200 mM phosphate buffer (pH 7.0)
and the absorbance wavelength was 280 nm. Based on a protein mass balance, the amount of protein

remaining in the supported sol-gels was determined.

4.2.2.4 Adhesion of sol-gel

The adhesion of sol-gel to the support (mg sol-gel per g support material) was determined based on the
change in mass of the support before and after the sol-gel immobilization and washing procedures. The
ratio of lipase to sol-gel (mg lipase per g sol-gel) was also measured and calculated from the ratio of

protein loading to sol-gel adhesion.

4.2.2.5 Thermogravimetric analysis

The water retention and thermal stability of the supported sol-gels and the neat supports was
determined based on thermogravimetric analysis using a Q500 TGA (TA Instruments, New Castle, DE).
The TGA analysis method used a temperature ramp from 30°C to 400°C at 10°C/min under N, at 50

mL/min and air cooling for 10 min.

4.2.2.6 Enzymatic transesterification of lipids

GC-MS analysis was used to determine the enzymatic activity of the supported lipase sol-gels as
previously published (Meunier and Legge, 2010). A reaction vial containing 1 g of supported lipase sol-
gel, 4 mmol triolein, and 4 mmol methanol was heated to 40°C and agitated for 6 h. Hourly, 10 pL
aliquots were sampled from the reaction vial and diluted with 990 uL hexane and 100 pL of
heptadecanoic acid methyl ester (internal standard) and subsequently analyzed for methyl oleate

content using a Varian GC-MS (CP-3800 gas chromatograph, Saturn 2000 mass spectrometer/mass
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spectrometer) equipped with a CP-Wax 52 CB fused silica column (CP8513, Varian Inc., Mississauga, ON).
The GC injector temperature was 250°C with a split ratio of 50 and a helium gas flow of 1 mL/min. The
column oven temperature was held at 170°C for 10 min, ramped at 10°C/min to 250°C, and held at

250°C for 2 min. The methyl oleate detection limit was approximately 0.7 mM.

4.3 Results and discussion

4.3.1 Surface coating

In most cases, the SEM images collected confirm a visible presence of sol-gel on the surface of the
support material that is consistent with the nature of the unsupported sol-gel (Figure 4.1a). However, it
is evident that each of the support materials is coated with sol-gel in a different manner. The silica gel
exhibits an ideal sol-gel surface coverage — without sol-gel the silica gel has a rough surface (Figure
4.1b), but when coated with sol-gel the surface is smooth and appears uniform (Figure 4.1c). In contrast
with the silica gel surface coverage, all three diatomaceous earth supports exhibit coating that is non-
uniform (Figure 4.1d and e for Celite® R633) — there are visible sections of sol-gel coating on the
diatomaceous earth. The sol-gel tends to form preferentially on itself rather than on the diatomaceous
earth indicating stronger cohesive forces than adhesive forces. This is consistent with observations of
Celite® sol-gel coatings previously reported (Meunier and Legge, 2010). The anion exchange resin does
not show any evidence of sol-gel coating on the surface at 3000x magnification (Figure 4.1f and g). Since
the coating and enzymatic properties considered show evidence that sol-gel is indeed immobilized on
the anion exchange resin, the lack of visible sol-gel in the SEM images is likely due to the similarities
between the surface properties of the anion exchange resin and the sol-gel. The SEM images of the
Quartzel® felt show sol-gel immobilized on the individual fibers (Figure 4.1h and i) and also bonding
individual fibers to each other (not shown). Unlike the sol-gel formed on the other surfaces, the sol-gel
formed on the Quartzel® fibers is rougher than the uncoated fibers. This could be due to mechanical

issues hindering the sol-gel formation on the cylindrical surface.

42



Figure 4.1: SEM images at 3000x (a) unsupported lipase sol-gel; silica gel (b) without and (c) with sol-gel immobilized on the
surface; Celite® R633 (d) without and (e) with sol-gel immobilized on the surface; anion exchange resin (f) without and (g)
with sol-gel immobilized on the surface; and Quartzel® felt (h) without and (i) with sol-gel immobilized on the surface.
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4.3.2 Coating properties

The adhesion of sol-gel on the support material and the loading of protein in the supported sol-gel were
compared to determine the presence of preferential sol-gel or lipase loading for each of the support
materials tested (Figure 4.2). Silica gel (SG), Celite® R632 (R632), and anion exchange resin (AE) all have
similar ratios of lipase to sol-gel (3.7, 3.1, and 4.3 pg lipase/mg sol-gel respectively). Celite® R633 (R633)
and Celite® R647 (R647) both have an affinity to load lipase over sol-gel (9.1 and 14.6 pg lipase/mg sol-
gel respectively). A possible explanation for the difference between the different Celite® supports is
that the R632 has a much lower water adsorption capacity than the other two supports which could
cause R632 to preferentially load sol-gel without entrapping the lipase in its pores. Quartzel® felt (QF)
has a strong affinity for sol-gel over the lipase (0.86 ug lipase/mg sol-gel) possibly due to the cylindrical
natural of the sol-gel formation which does not provide a well-defined pore structure to effectively
entrap the protein. Based on these results, the highest protein loadings and adhesion levels are
attained by AE and R632 (protein loadings above 800 pg lipase/g material and adhesion levels above 200
mg sol-gel/g material). Coating on glass beads was also explored, but the sol-gel did not adhere to the

surface of the beads without surface modification.

TGA was conducted to ascertain the water capacity and thermal stability of the materials studied. The
weight loss of the neat supports and the supported sol-gels (Figure 4.3) show that adding sol-gel to the
support material causes no change or an increase in the water content of the materials given that the
weight change is primarily due to the presence of water. One notable exception to this is AE, which
exhibits less of a weight loss with sol-gel, but a substantially larger weight loss than any of the other
support materials. Based on the thermograms (not shown), it is evident that AE is not thermally stable
at temperatures above approximately 250°C, thus at high temperatures, the weight change is attributed
to degradation of the anion exchange resin. Therefore, the addition of the sol-gel increases the overall
stability of the material likely due to the presence of the highly stable silicon. Neat QF has a very low
density and the sample weight is very close to the detection limits of the TGA so the thermograms for
the neat QF are highly variable. Overall, the Celite® series of support materials displays the highest

thermal stability and lowest water content.
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Figure 4.2: Adhesion of sol-gel (mg sol-gel/g material) and protein loading (ug lipase/g material) for each support material.
Supports: SG (silica gel), R633 (Celite® R633), R632 (Celite® R632), R647 (Celite® R647), AE (anion exchange resin), and QF
(Quartzel® felt). Due to the low density of QF, data are presented on a per cm? basis rather than a per gram basis.
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Figure 4.3: Final weight percent of the supports with and without sol-gel based on TGA. Supports: SG (silica gel), R633
(Celite® R633), R632 (Celite® R632), R647 (Celite® R647), AE (anion exchange resin), and QF (Quartzel® felt). Error bars
represent a 90% confidence interval.
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4.3.3 Enzymatic properties

Based on the methyl oleate concentration profiles for the batch reactions as a function of time (Figure
4.4), the conversion of methanol to methyl oleate (%) after 6 hr, the initial reaction rate (mM/min g),
and the initial enzymatic activity (mmol/min g-lipase) were calculated (Table 4.2). The 6 h conversion is
calculated based on the final methyl oleate concentration with respect to the starting concentration of
methanol for the reaction; the initial reaction rate is based on initial slope for the concentration profile;
and the initial enzymatic activity is calculated from the initial reaction rate based on the amount of

lipase present in the reaction (Figure 4.4).

For each of the supported lipase sol-gels, with the exception of SG and QF, the percent conversion of
methanol to methyl oleate was comparable to or beyond that of the unsupported sol-gel (Table 4.2).
Although the silica gel appeared to be a promising support material based on the coating properties, it
did not produce any detectable methyl oleate. This is likely due to protein inactivation caused by an
interaction between the silica gel and the lipase during the immobilization process. Although the series
of Celite® supports all have similar sol-gel coatings (Figure 4.1), Celite® R632 exhibits a substantially
higher percent conversion than Celite® R633 and Celite® R647, indicating that the enzymatic properties
of the sol-gel coating were more dependent on the ability of the support material to achieve good sol-
gel and protein loadings than consistent support coverage. Although the anion exchange resin did not
have a sol-gel coating that was visible by SEM, its high percent conversion confirms the presence of very
active lipase. QF exhibited a very small percent conversion, but due to its low density it is reported on a
per cm? basis rather than a per g basis like the other support materials, so the values are not directly
comparable. R632 and AE achieved enhanced percent conversion in comparison to that of US, with
R632 having the highest conversion of 68%. Therefore, the Celite® R632 is considered the most
promising support to reduce mass transfer limitations that inhibit reactants and products from diffusing

to and from the entrapped lipase.
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Figure 4.4: Kinetic profile for a typical lipid transesterification reaction with Celite® R632 as the support.

Table 4.2: Enzymatic properties of the supported lipase sol-gels: percent conversion of methanol to methyl oleate (MO) after
6 h of reaction, initial reaction rate, and enzymatic activity. For Quartzel® felt, the conversion and reaction rate are
presented in terms of cm’ rather than g due to the low density of the felt material. All error ranges are based on the 90%
confidence interval of replicated experiments.

Support 6 h MO conversion Reaction rate Enzymatic activity
(%/g-material) (mM/min g-material) (mmol/min g-lipase)
Unsupported 36.0£12.1 0.617 £0.239 1.01+£0.39
Silica gel 0 0 0
Celite® R633 31.9+5.3 0.529 +0.253 4.82+2.31
Celite® R632 68.1+3.4 1.202 £ 0.212 9.36+1.64
Celite® R647 38.1+2.6 0.616 £0.142 5.61+1.29
Anion exchange resin 50.8+1.6 1.249 £ 0.011 7.80 £ 0.69
Quartzel® felt 8.84 (per cm?) 0.181 (per cm?) 8.29

Similar conclusions can be drawn from the initial reaction rate and enzymatic activity (Table 4.2).

Although there is much more variability in the R632 data for these parameters making the reaction rate

of R632 not significantly higher than of AE, and the activity not significantly higher than that of AE and

QF. In terms of reaction rate, two distinct groups were observed: a high reaction rate group of R632 and

AE (approximately 1.2 mmol/min g) and a low reaction rate group of US, R633, and R647 (approximately
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0.6 mmol/min g). QF does not follow this trend as it is presented on a per cm? basis rather than per g
due to its low density in comparison to the other supports. With the exception of SG, all the supports
demonstrated enhanced lipase activity in comparison to the unsupported sol-gel formulation due to the
improved mass transfer expected for the supported sol-gel system. However, QF does have a high
enzymatic activity since activity is calculated on the basis of the amount of lipase in the reaction media
and QF has a very low lipase loading in comparison to the other support materials (Figure 4.2). Based on
the enzymatic properties presented (conversion, reaction rate, and activity) R632, AE and QF are the

most promising support materials.

For comparison, the activity of the commercially immobilized lipase (Novozym® 435) and the free lipase
(NS44035) were also assayed under the same reaction conditions. The enzymatic activity of Novozym®
435 (8.8 = 1.1 mmol/min-g) was not significantly different than that of R632, AE, and QF, and NS44035

did not produce methyl oleate at detectable levels.

4.4 Conclusions

A study of potential lipase sol-gel support materials (silica gel, Celite® R633, Celite® R632, Celite® R647,
anion exchange resin, and Quartzel® felt) was conducted with a comparison of their sol-gel coating and
enzymatic capacities to that of unsupported lipase sol-gels demonstrating their potential for biodiesel
production. Based on SEM imaging, the silica gel possessed a smooth and uniform coating on the
surface; however, it did not exhibit any enzymatic activity. Thermal analysis demonstrated that the
anion exchange resin was not stable at high temperatures like the other support materials, and that the
Celite® series of supports exhibited the highest stability and lowest water content. Based on sol-gel
adhesion, protein loading and enzymatic properties, the superior support materials were Celite® R632,
anion exchange, and Quartzel® felt. These supports showed improved enzymatic abilities in comparison
to the unsupported sol-gels likely due to the decrease in mass transfer resistance. Based on this
analysis, Celite® R632 is the most promising support material, and supported lipase sol-gels warrant

further study for enzymatic biodiesel production.
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Chapter 5
Evaluation of Diatomaceous Earth as a Support for

Sol-gel Immobilized Lipase for Transesterificationt

Overview

Enzymatic production of biodiesel by triglyceride transesterification is a promising alternative to
chemically catalyzed biodiesel production despite the challenges involved with using enzymes. Celite®
supported lipase sol-gels were investigated as an option for solving some of the challenges associated
with the use of enzymes for biodiesel production addressing such problems as activity, stability and
reusability of the enzyme. Three types of Celite® were considered (R633, R632, and R647) and
compared to unsupported lipase sol-gels. Various factors were considered with regards to comparing
the support materials. They included surface morphology characterized using surface area analysis and
scanning electron microscopy, physical properties including adhesion of the sol-gel to the Celite® and
the protein loading on the Celite®, and finally enzymatic properties based on the conversion of
methanol to methyl oleate and the enzymatic activity of lipase. All the sol-gels showed good conversion
and initial lipase activity, and all the Celite® supports had similar sol-gel adhesion and protein loading.
Sol-gel immobilized lipase supported on Celite® R632 had an average 6 h percent conversion of
approximately 60%, and an average initial lipase activity comparable to that of the unsupported sol-gel

formulation.

Keywords

Enzyme immobilization, sol-gel entrapment, Celite®, transesterification, lipase

" This chapter is published in the Journal of Molecular Catalysis B: Enzymatic
Evaluation of Diatomaceous Earth as a Support for Sol-gel Immobilized Lipase for Transesterification
S.M. Meunier and R.L. Legge, J. Mol. Catal. B: Enzym., vol. 62, no. 1, pp. 53-57, 2010.
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5.1 Introduction

Biodiesel is an alternative to fossil fuels that is becoming increasingly important due to environmental
concerns, rising fossil fuel prices, demands for renewable fuel sources, and market requirements for
agricultural surpluses (Robles-Medina et al., 2009). Industrially, most biodiesel is produced using
alkaline catalysts because this process is cost effective and efficient; however, it is energy intensive and
requires significant downstream processing steps such as washing, separation and purification
(Ranganathan et al., 2008). Alternatively, transesterification of triglycerides to produce biodiesel can be
accomplished enzymatically using lipase. The enzymatic process consumes less energy, produces less
waste and by-products, and involves milder operating conditions (Akoh et al., 2008; Fukuda et al., 2001;

Marchetti et al., 2007; Vasudevan and Briggs, 2008).

Industrially, enzymatic biodiesel production possesses several challenges including a slow reaction rate,
the risk of enzyme inactivation by the alcohol substrate and glycerol by-product, and the high cost of
enzymes (Robles-Medina et al., 2009). By immobilizing enzymes, their reusability can be improved
thereby reducing their associated costs, and simplifying downstream processing (Akoh et al., 2008).
Further, lipase immobilized in sol-gel matrices has improved chemical and thermal stability and has

higher activity compared to other immobilization procedures (Reetz, 1997; Reetz et al., 1996).

Sol-gel immobilized lipase can be supported on inert materials to improve the diffusion of substrates and
products to and from the enzyme and thus improve the reaction rate (Branyik et al., 2000; Orgaire et al.,
2006; Pogorilyi et al, 2007). Studies have shown that lipase supported on Celite® 545 had greater
activity, higher thermal stability, and improved reusability in comparison to lipase supported on
Amberlite IRA-938® and free lipase (Sagiroglu 2008; Sagiroglu et al., 2004; Sagiroglu and Telefoncu,
2004). Studies have also shown that sol-gel entrapped lipase immobilized on Celite® 545 has improved
activity and thermostability compared to lipase deposited directly on Celite® 545 without using the sol-

gel method (Kawakami, 1996; Kawakami and Yoshida, 1996).

Deactivation of lipase by methanol is a common challenge for the production of biodiesel via
methanolysis. Although the stoichiometric ratio of oil to methanol is 1:3, studies have shown that
enzyme deactivation can be significantly reduced by adding methanol in 3 steps of 1 mole ratio each
(Shimada et al., 1999; Watanabe et al., 2000; Watanabe et al., 2001; Watanabe et al., 2002; Xu et al.,
2004). Our own laboratory work using Novozym® 435 supports this finding with an optimal methanol to

triolein mole ratio of 0.5 — 1.5. As an alternative to step-wise methanolysis, one study shows that
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continuous addition of methanol was found to achieve the highest biodiesel conversion of 97% (Bélafi-

Bako et al., 2002).

The presence of glycerol is also inhibitory to the enzymatic production of biodiesel (Samukawa et al.,
2000). Studies have shown that silica beds are successful for the adsorption of glycerol in biodiesel
streams, but methanol is detrimental to this process (Yori et al., 2007; Mazzieri et al., 2008). Methanol
desorbs glycerol from the silica (Yori et al., 2007), and adding methanol reduces the saturation capacity
of the silica gel by half (Mazzieri et al., 2008). In addition, when silica gel was used to control the
amount of water in the biodiesel system, excess silica reduced the biodiesel yield due to methanol

adsorption (Wang et al., 2006).

The objective of this study was to better characterize lipase sol-gels supported on diatomaceous earth-
based supports and to evaluate their efficacy in terms of the production of biodiesel via enzymatic
transesterification. The surface morphology of the Celite® supported lipase sol-gels was characterized
using surface area analysis and scanning electron microscopy. The physical properties investigated
included the adhesion of sol-gel to the Celite® and the loading of protein on the Celite® sol-gel. Finally,
the conversion and enzymatic activity of the hybrid materials were considered. For each property
studied, three different types of Celite® were compared and, where applicable, the Celite® supported
sol-gel was compared to unsupported sol-gel material. This information is valuable in evaluating an
optimal support system for sol-gel immobilized lipase and for understanding the interaction between

the support, sol-gel, and lipase.

5.2 Experimental

5.2.1 Materials

Celite® samples were a gift from World Minerals (Santa Barbara, CA). Lipase (NS44035) and Novozym®
435 were gifts from Novozymes North America Inc. (Franklinton, NC). The biological source of NS44035
was not provided by the supplier; the commercial activity of NS44035 is 20 000 PLU/g. The biological
source of Novozym® 435 is C. antarctica and its commercial activity is 10 000 PLU/g. Tetramethyl
orthosilicate (TMQOS), trimethoxypropylsilane (PTMS), triolein, and methyl heptadecanoate (HDA-ME)
were obtained from Sigma-Aldrich Canada Ltd. (Oakville, ON). Sodium phosphate was obtained from
Mallinckrodt Baker (Phillipsburg, NJ). Isopropyl alcohol was obtained from EMD Chemicals (Gibbstown,

NJ). Hexane was obtained from Fisher Scientific Company (Ottawa, ON). The silica gel (6—12 mesh) was
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obtained from Eagle Chemical Co., Mobile, AL. Ultrapure water was produced using a Milli-Q water
purification system from Millipore (Billerica, MA). All other chemicals were obtained from local

suppliers and were of reagent grade.
5.2.2 Methods

5.2.2.1 Immobilization of lipase

To immobilize lipase on Celite®, 0.08 mol PTMS and 0.02 mol TMOS were hydrolyzed in the presence of
1 mol ultrapure water and 200 pL HCI (0.1 M). The mixture was sonicated in a water bath sonicator for 1
h. The precursor solution was then rotary evaporated in a heated water bath at 40°C for 30 min to
remove water and alcohol. A solution of lipase and phosphate buffer (50 mM, pH 7.0) with an
approximate protein concentration of 4000 ug/mL was prepared, and 14 mL was added to the
hydrolyzed precursor solution. Nine mL of the resultant mixture was combined with 6 g of the desired
Celite® support, thoroughly mixed, and deposited in a Petri dish. The Petri dish was sealed and aged at
4°C for 24 h. The gel was then dried unsealed at 4°C until the drying rate was less than 1 mg/h. Once
dry, the gel was removed from the Petri dish and washed to remove any protein not entrapped with the
following wash sequence: twice with phosphate buffer (50 mM, pH 7.0, 5 mL per 3 mL sol-gel mixture),
isopropyl alcohol (2.5 mL per 3 mL sol-gel mixture), and hexane (5 mL per 3 mL sol-gel mixture). Excess
solvent was evaporated from the gel at room temperature overnight before the gels were stored in a

sealed container at 4°C.

Unsupported gels were prepared in a similar manner except that the evaporated precursor and enzyme
mixture was deposited directly into a Petri dish for aging and drying, the dried sol-gel was crushed in a
mortar following removal from the Petri dish, and the washing solutions were separated from the sol-gel

by centrifugation at 4000 rpm for 10 min.

5.2.2.2 Surface area analysis

The nitrogen physisorption experiments were carried out in a Micrometrics Gemini 2375 surface area
analyzer (Micrometrics Instrument Corporation, Norcross, GA). The samples were degassed at 120°C for
15 h under nitrogen flow prior to each measurement. The Celite® R647 samples were degassed for an
additional 3 h at 300°C. StarDriver software was used to fit the adsorption curve and evaluate the BET

surface area.
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5.2.2.3 Scanning electron microscopy

The surface morphology of the gels was evaluated using a Hitachi S570 scanning electron microscope
(Hitachi High-Technologies, Berkshire, England). The samples were coated with gold prior to analysis.
An electron beam energy of 15 kV was used for analysis. Sol-gel clusters were identified visually from
the SEM images, and the SEM images were used to determine the percent coverage of sol-gel on the
surface of the Celite® particles. For this analysis, 45 random images of each type of Celite® were

collected and the percent coverage was determined for each image.

5.2.2.4 Protein determination

The total protein content of the gels was determined from the protein content of the enzyme solution
loaded into the sol-gels and the protein content in the two buffer washes. The amount of protein was
quantified using a Varian HPLC system (Varian Inc., Mississauga, ON) equipped with an Agilent Zorbax
Bio Series GF-250 column (Agilent Technologies, Mississauga, ON) and calibrated using a BCA protein
assay kit (Pierce Biotechnology Inc., Rockford, IL). The mobile phase for the HPLC analysis was 200 mM

phosphate buffer (pH 7.0), and detection was at an absorbance wavelength of 280 nm.

5.2.2.5 Enzymatic lipid transesterification

The enzymatic activity of the Celite® supported lipase sol-gels was determined by GC-MS analysis. The
reactions were carried out at 40°C with agitation for 6 h. The reaction vial consisted initially of
approximately 1 g of the supported lipase sol-gel, 4 mmol of triolein, and 4 mmol of methanol. At 1 h
intervals a 10 pL sample was removed from the reaction vial and diluted in 990 pL hexane and 100 pL of
the internal standard, HDA-ME. The formation of methyl oleate, the reaction product, was followed
using a Varian GC-MS system (CP-3800 gas chromatograph, Saturn 2000 mass spectrometer/mass
spectrometer) equipped with a CP-Wax 52 CB fused silica column (CP8513, Varian Inc., Mississauga, ON).
One pL samples of the diluted reaction mixture were injected into the GC at an injector temperature of
250°C and a split ratio of 50. Helium was used as the carrier gas with a column flow of 1 mL/min. The
GC oven temperature was initially set to 170°C for 10 min, ramped at 10°C/min to 250°C, and held at
250°C for 2 min.
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5.3 Results and discussion

5.3.1 Surface morphology

Comparison of the textural characteristics of the three types of Celite® considered for this study, R633,
R632, and R647 will be found in Table 5.1. The three types of Celite® were chosen based on their
particle sizes and pore diameters. Surface area analysis was completed for each of the supports with
and without a lipase sol-gel coating. The coated R633 had a significant increase in surface area over the
uncoated R633, but the other two supports, R632 and R647, had no significant change in surface area
upon coating (Table 5.1). With R633, some sol-gel formation occurred between particles promoting
particle agglomeration which could increase the surface area. In addition, the presence of sol-gel
clusters on the Celite® confirmed that cohesive forces were perhaps stronger than the adhesive forces
during sol-gel formation (Figure 5.1). Sol-gel clusters were visible for all three types of Celite® (Figure

5.1).

Figure 5.1: SEM images at 3000x magpnification of (a) uncoated Celite R633%, (b) uncoated Celite R632®, (c) uncoated Celite
R647%, (d) Celite R633® coated with lipase sol-gel, (e) Celite R632°® coated with lipase sol-gel, and (f) Celite R647® coated with
lipase sol-gel. Arrows identify some clusters of sol-gel on the surfaces of the Celite®.
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Table 5.1: Particle size and pore diameter for each type of Celite® based on the manufacturer’s specifications, and surface
areas of Celite® without lipase sol-gel (support) and with lipase sol-gel (coated). The confidence limits indicated represent
the 95% confidence interval of the mean based on n 2 6.

. Particle size Pore diameter  Support surface area  Coated surface area
Celite® 2 2
(um) (um) (m*/g) (m°/g)
R633 300-600 6.5 0.90+0.12 1.37+£0.33
R632 600-1400 7 1.52+0.17 1.49+0.23
R647 600-1400 0.07 58.92 £ 0.77 64.39 £ 4.50

Table 5.2: Quantification of the sol-gel clusters found on each of the Celite® samples. 45 images for each type of Celite®
were used for this determination.

R633 R632 R647
Surface area imaged (um?) 477000 477000 477000
Number of sol-gel clusters 38 48 2
Average cluster size (um?) 1270 1230 3670
95% confidence interval for cluster size 540 480 6130

18%

16%

14%

[
N
X

10% -

8% -

6%

Surface area coverage (%)

4% -

2% -

R633 R632 R647

0% -

Figure 5.2: Percent sol-gel coverage on the surface of Celite® as determined by SEM image analysis. The error bars represent
the 95% confidence intervals of the sample mean based on n = 45.
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As seen in Figure 5.2, R647 has significantly less percent sol-gel on the surface of the Celite® in
comparison with R633 and R632. This indicates that the lipase sol-gel did not adhere as well to the
Celite® R647 support. Celite® R647 has a much larger surface area (Table 5.1) than R633 and R632

which may favour sol-gel cohesion over adhesion to the Celite® surface.

5.3.2 Physical properties

Both the Celite® R633 and R632 have a comparable number of sol-gel clusters and average cluster size
based on the 45 images recorded for each sample; however, Celite® R647 had very few clusters (Table
5.2). There is no significant difference between the levels of sol-gel adhesion on any of the support
materials (Figure 5.3). For R647, although the same mass of sol-gel is immobilized on the support
(Figure 5.3), the surface coverage is significantly lower (Figure 5.2). This would suggest that the R633
and R632 favour adhesion of sol-gel as a thinner layer on the surface rather than cohesion of thicker sol-

gel clusters as with R647.

Figure 5.4 shows the loading of protein as calculated based on HPLC analysis. The unsupported sol-gel
has a high protein loading per gram of material (Figure 5.4 A) because there is no additional mass
contributed by the Celite® which is the case for supported sol-gels. When the loading is considered on
the basis of sol-gel only (Figure 5.4 B), the unsupported formulation is significantly lower than the
Celite® R632 and R647 formulations. For both the material basis and sol-gel basis (Figure 5.4 A and B),
R633 has significantly lower protein loading than R632 and R647. Based on the manufacturer’s
specifications for the Celite®, R633 has a much higher water adsorption capacity than R632 and R647
(R633 240%, R632 84%, and R647 163%). R633 may preferentially absorb the lipase-buffer solution
from the sol-gel mixture, whereas the other types of Celite® absorb less water which may promote
gelation of the lipase in the sol-gel polymer matrix. In the latter case the lipase would not be washed off

the support as in the former case resulting in more protein immobilized on the R632 and R647 supports.

5.3.3 Enzymatic properties

Initial studies were performed to determine the effect of silica and Celite® on the enzymatic activity of
the sol-gel. Adding 1 g of silica gel to either the 50 mg Novozym® 435 or 200 mg sol-gel reaction
systems reduced the amount of methyl oleate produced after 6 h (Table 5.3). Further, adding 1 g of
Celite® R632 to the 200 mg sol-gel system caused no methyl oleate to be produced in 6 h. Therefore,
any improved activity in the supported sol-gel appears to be due to the Celite® sol-gel complex rather

than the adsorption of glycerol or water in the presence of silica.
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Figure 5.3: Adhesion of sol-gel on the support for each type of Celite® considered. The error bars represent the 95%
confidence intervals of the sample mean based onn = 3.

5.0

HA

»
n

»
=)

w
)

w
o
—

N
n

g
=}

Protein loading (mg protein/g)

[y
)

N
o

o
v

o | . ' i

R633 R632 R647 Unsupported

Figure 5.4: Loading of protein per gram for each support: A) the amount of protein per gram of material, and B) the amount
of protein per gram of sol-gel. The error bars represent the 95% confidence interval of the sample mean based on n = 3.

58



Table 5.3: Effect of the presence of silica and Celite® on methyl oleate production with Novozym® 435 and unsupported sol-
gel containing lipase.

Enzyme Silica Effect on methyl oleate production
50 mg Novozym 435 1 g silica gel Reduction
200 mg unsupported sol-gel 1 g silica gel Reduction
200 mg unsupported sol-gel 1 g Celite® R632 Elimination

Figure 5.5 shows the percent conversion of methanol to methyl oleate per gram of material based on a
6 h reaction period. R632, R647, and the unsupported sol-gels all show a higher conversion than R633.
Since R633 has a lower protein loading than the other gels, a lower conversion per mass is expected.
Figure 5.6 shows that Celite® R633 exhibits a high initial lipase activity; however, its low protein loading

and low conversion make it a poor support material for transesterification.

Figure 5.6 shows that the initial lipase activity of the Celite® R647 is significantly lower than that of both
R633 and R632. This would indicate that the R633 and R632 supports provide a favourable environment
for the immobilization of active lipase in comparison to R647. The high percent surface coverage (Figure
5.2) on R632 while maintaining comparable sol-gel adhesion (Figure 5.3) indicates that thinner layers of
sol-gel are formed on the surface of this support, therefore the high lipase activity for the R632 lipase

sol-gel may be due to improved internal mass transfer.

5.4 Conclusions

Lipase immobilized sol-gels supported on diatomaceous earth are promising for biodiesel production.
All three Celite® supports considered (R633, R632, and R647) as well as the unsupported sol-gel
exhibited lipase activity and showed conversion ranges from approximately 25% to 65% in 6 h. Similar
sol-gel adhesion levels were measured for each of the support materials. Based on the three support
materials considered, Celite® R632 exhibited good initial activity and achieved an average conversion of
approximately 60% per gram of material after 6 h of reaction. The high surface area coverage of the sol-
gel on R632 indicates a thinner coating that would lead to improved internal mass transfer. Thus,
comparing the three supports, Celite® R633, R632, and R647, and unsupported lipase sol-gel, Celite®
R632 could be considered a promising support for lipase immobilized sol-gels to produce biodiesel via

enzymatic transesterification.
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Figure 5.5: Percent methanol conversion per gram of material after 6 h for each sol-gel formulation. The error bars represent
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Figure 5.6: Initial lipase activity for each sol-gel formulation measured by the initial amount of methyl oleate produced per
minute per gram of protein. The error bars represent the 95% confidence interval of the sample mean based onn=9.
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Chapter 6
Evaluation of Diatomaceous Earth Supported
Lipase Sol-gels as a Medium for Enzymatic

Transesterification to Produce Biodiesel#

Overview

Immobilized lipase has the potential to be the catalyst of choice for biodiesel production since it is
efficient, effective, and environmentally friendly; however, the stability and activity of lipase must be
addressed before enzymatic biodiesel production processes can be industrially accepted. This study
investigates an enzyme immobilization procedure that immobilizes lipase in a sol-gel supported on
diatomaceous earth (Celite® R632), and determines its potential for biodiesel production in terms of
achievable conversion and apparent stability. Four immobilized materials (lipase sol-gels with and
without Celite® at two protein loading levels) were compared in terms of their immobilized protein
content, conversion of methanol to methyl oleate, lipase activity, long term stability, and glycerol-water
adsorption. The Celite® R632 sol-gel with high protein loading achieved the maximum conversion in the
6 h reaction period (80%). A drying step was found to be advantageous prior to the reaction, and the
absorption of glycerol-water on the Celite® was only found to be significant at high levels of glycerol.
The material was found to be very stable upon storage at 4°C for up to 1.5 years, losing only about 15%
of its percent conversion capacity per year. Based on this study, the supported immobilization

technique shows significant potential as a novel catalyst for biodiesel production.

Keywords

enzyme immobilization, biodiesel, sol-gel, transesterification

* This chapter is published in the Journal of Molecular Catalysis B: Enzymatic
Evaluation of Diatomaceous Earth Supported Lipase Sol-gels as a Medium for Enzymatic
Transesterification of Biodiesel
S.M. Meunier and R.L. Legge, J. Mol. Catal. B: Enzym., vol. 77, pp. 92-97, 2012.
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6.1 Introduction

Lipase is a triacylglycerol hydrolase and is responsible for the hydrolysis of ester bonds in triglycerides.
At hydrophobic interfaces, lipases are known to undergo interfacial activation which causes a surge in
enzymatic activity (Sarda and Desnuelle, 1958). Enzymatic reactions typically have many advantages
such as enhanced specificity and efficiency; however, decreased activity and stability are common

elements of concern when working with enzymes.

One way to extend the operational stability, and thus decrease the effective cost of the enzyme, is by
immobilization. Although biodiesel production with alkali catalysts is known to be the least costly
option, processes using immobilized lipase are significantly less costly than those using free lipase
(Jegannathan et al., 2011). Jegannathan et al. (2011) also show that if immobilized lipase is reused more
than five times or the production cost of the lipase is reduced significantly, enzymatic biodiesel

production could be competitive with the alkali biodiesel process.

Enzyme entrapment in polymers such as sol-gels provides a stable enzyme support with very strong
bonds while not requiring complex chemical preparation (Reetz et al., 1996). Both the thermal and
chemical stability and activity of enzymes can be improved via sol-gel immobilization (Pirozzi et al.,
2009; Reetz, 1997; Reetz et al., 1996). Further, w-transaminases encapsulated via a supported
immobilization procedure with Celite® sol-gels exhibit enhanced activity even at extreme conditions
such as high pH and temperature, and can be recycled up to eight times without dramatically reducing
the achievable conversion (Koszelewski et al., 2010). Other studies comparing Celite® sol-gels show

similar results using lipase as the enzyme of interest (Kawakami, 1996; Kawakami and Yoshida, 1996).

Due to environmental and economical concerns, biodiesel has become an invaluable alternative to
standard diesel fuels (Robles-Medina et al., 2009). Biodiesel is comprised of fatty acid alkyl esters and is
produced via the transesterification of oils. Conventionally, biodiesel is produced using either an alkali
or acid catalyst, but using lipase as the catalyst for transesterification could provide significant
advantages over these traditional processes. Enzymatic processes self-adapt to changes in raw material
quality, produce biodiesel in few processing steps, use little energy, produce little wastewater, and yield
high quality by-products (Fjerbaek et al, 2009). The challenges associated with enzymatic
transesterification include low reaction rates, high enzyme cost, and the potential for enzyme

deactivation (Ganesan et al., 2009).
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Since methanol, glycerol and water are all known to have inhibitive effects on lipase each of these
components must be closely monitored in the biodiesel production process. Methanol is a substrate as
well as a lipase inhibitor in the biodiesel production process; therefore, lower than stoichiometric ratios
of methanol are commonly used for biodiesel production to avoid enzyme deactivation (Shimada et al.,
1999; Watanabe et al., 2000; Watanabe et al., 2001; Watanabe et al., 2002; Xu et al., 2004). Glycerol is
a by-product of enzymatic biodiesel production that is inhibitory to the lipase, but glycerol produced
during transesterification can be absorbed by silica beds (Samukawa et al., 2000; Yori et al., 2007;
Mazzieri et al., 2008). In terms of water absorption, according the Celite® supplier, World Minerals, the
water absorption capacity of Celite® is up to 500% by weight, depending on the type of Celite®
considered. This is a crucial parameter since, although water is necessary for lipase activation in
biodiesel production, excess water levels will inhibit the lipase by occupying the enzyme support pore

space and limiting contact between the enzyme and substrates (Robles-Medina et al., 2009).

This study considers the enzymatic activity of lipase immobilized in Celite® R632 sol-gels based on a
supported immobilization scheme. A comparison is made between the achievable enzymatic conversion
of methanol to methyl oleate for unsupported sol-gels and sol-gels supported on Celite® R632 at both
high and low protein content levels. Further, the glycerol-water absorption is considered for both
Celite® R632 and sol-gel Celite® R632 using thermogravimetric analysis in an attempt to elucidate the
possible effects of glycerol and water in a biodiesel process for lipase immobilized in Celite® R632 sol-
gels. This information is valuable in evaluating the potential of Celite® R632 sol-gels as a supported

immobilization medium for enzymatic biodiesel production.

6.2 Experimental

6.2.1 Materials

Celite® samples were a gift from World Minerals (Santa Barbara, CA). Lipase (NS44035) was a gift from
Novozymes North America Inc. (Franklinton, NC). The biological source of N5S44035 cannot be disclosed
by the supplier; the activity of NS44035 is 20 000 PLU/g. Tetramethyl orthosilicate (TMOS),
trimethoxypropylsilane (PTMS), triolein, glycerol, methyl oleate and methyl heptadecanoate (HDA-ME)
were obtained from Sigma-Aldrich Canada Ltd. (Oakville, ON). Acetonitrile was obtained from EMD
Chemicals (Gibbstown, NJ). Sodium phosphate was obtained from Mallinckrodt Baker (Phillipsburg, NJ).

Hexane and hydrochloric acid were obtained from Fisher Scientific Company (Ottawa, ON). Ultrapure
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water was produced using a Milli-Q water purification system from Millipore (Billerica, MA). All other

chemicals were obtained from local suppliers.
6.2.2 Methods

6.2.2.1 Immobilization of lipase
Four different lipase sol-gels were produced for analysis — with and without Celite® R632 as a support

material and with high and low concentrations of lipase (Table 6.1).

To immobilize lipase in diatomaceous earth sol-gels, 0.08 mol PTMS and 0.02 mol TMOS were
hydrolyzed in the presence of 1 mol ultrapure water and 200 uL HCI (0.1 M). The mixture was sonicated
for one hour to allow for complete hydrolization of the precursors. The precursor solution was then
rotary evaporated in a heated water bath at 40°C for 30 min to remove excess water and alcohol. A
solution of lipase and phosphate buffer (50 mM, pH 7.0) with an approximate protein concentration of 4
mg/mL was prepared, and 14 mL was added to the hydrolyzed precursor solution. For the high lipase
concentration Celite® sol-gels, the lipase solution was used undiluted at a concentration of
approximately 12 mg/mL. The resultant mixture was added to the support material with approximately
3 mL sol-gel mixture for every 2 g of Celite® R632. After thorough mixing, the sol-gel Celite was
deposited in a Petri dish, sealed and aged at 4°C for 24 hours. The Celite® sol-gel was then dried
uncovered at 4°C until the drying rate was less than 1 mg/h. Finally, the supported gel was removed
from the Petri dish and washed twice with phosphate buffer (50 mM, pH 7.0, 5 mL buffer per gram of
sol-gel for each wash) to remove any protein that was not completely immobilized within the gel.
Excess solvent was evaporated from the gel at room temperature overnight prior to storing the gels in a

sealed container at 4°C.

Unsupported gels were prepared in a similar manner except that the evaporated precursor and enzyme
mixture was deposited directly into the Petri dish for aging and drying, the dried sol-gel was crushed in a
mortar upon removal from the Petri dish, and the washing solutions were separated from the sol-gel by

centrifugation.
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Table 6.1: Description of the lipase preparations used for analysis in terms of the support material, sol-gel formulation, and
lipase solution concentration.

Lipase preparation Support material Sol-gel Lipase solution
C-SG-4 Celite® R632 80% PTMS/20% TMOS 4 mg/mL
C-5G-12 Celite® R632 80% PTMS/20% TMOS 12 mg/mL
U-SG-4 Unsupported 80% PTMS/20% TMOS 4 mg/mL
U-SG-12 Unsupported 80% PTMS/20% TMOS 12 mg/mL

Free Unsupported No Sol-gel 4 mg/mL

6.2.2.2 Protein measurement

The total protein content of the gels was calculated using a mass balance of the protein content of the
enzyme solution loaded to the sol-gels and content in the two buffer wash solutions. The degree of
immobilization was calculated as the percentage of protein in the sol-gel compared to the amount of
protein desired in the supported sol-gel. The amount of protein was quantified using a Varian HPLC
system (Varian Inc., Mississauga, ON) equipped with an Agilent Zorbax Bio Series GF-250 column (Agilent
Technologies, Mississauga, ON) and calibrated using a BCA protein assay kit (Pierce Biotechnology Inc.,
Rockford, IL). The mobile phase for the HPLC analysis was 200 mM phosphate buffer (pH 7.0) and

detection was at a wavelength of 280 nm.

6.2.2.3 Enzymatic lipid transesterification

The enzymatic activity of the supported lipase sol-gels was determined by GC-MS analysis. The
reactions were carried out at 40°C with agitation for 6 h. The reaction mixture consisted initially of
approximately 1 g of the supported lipase sol-gel, 4 mmol of triolein and 4 mmol of methanol (total
reaction volume 3.89 mL). Each hour, a 10 uL sample was removed from the reaction vial and diluted in
990 L hexane with 100 pL of the internal standard, HDA-ME. The formation of methyl oleate, the
reaction product, was followed using a Varian GC-MS system (CP-3800 gas chromatograph, Saturn 2000
mass spectrometer/mass spectrometer) equipped with a CP-Wax 52 CB fused silica column (CP8513,
Varian Inc., Mississauga, ON). 1 uL samples of the diluted reaction mixture were injected into the GC at
an injector temperature of 250°C and a split ratio of 50. Helium was used as the carrier gas with a
column flow of 1 mL/min. The GC oven temperature was initially set to 170°C for 10 min, ramped at

10°C/min to 250°C, and held at 250°C for 2 min.

The enzymatic activity of the dried sol-gel formulations was carried out in the same manner as the
original gels with the exception that prior to the enzymatic assay the gels were dried overnight in a 60°C
oven. At this point, no further change in mass was observed from the drying process and thus any

remaining water was assumed to be completely removed from the sol-gel formulation.
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Using the GC-MS method described, a calibration was completed based on a methyl oleate standard (40
mM — 800 mM) and used as the basis for all methyl oleate concentrations provided. From the GC-MS
chromatograms, methyl oleate was the only visible peak indicating that no side reactions occurred. The
enzymatic activity of the lipase was determined from the slope of the methyl oleate concentration-time

profile over the weight of immobilized enzyme material used.

6.2.2.4 Desorption of glycerol and water

The desorption of glycerol and water from Celite® R632 upon equilibration was measured using a
thermogravimetric analyzer (Q500 TGA, TA Instruments, New Castle, DE). Prior to analysis, each sample
was immersed in the desired solution containing glycerol and water at various concentrations (0%, 10%,
25%, 50%, 75% and 100% by volume glycerol) and equilibrated for 24 hours. The sample was then
washed with water to remove excess glycerol and air dried overnight. The TGA analysis method ramped
the temperature from 30°C to 400°C at 10°C/min followed by air cooling for 10 min under 50 mL/min N,
gas. The onset of desorption (temperature at which 0.025% mass loss is achieved), the peak desorption
rate (maximum mass loss rate achieved), the peak temperature (temperature at the peak desorption
rate), and the total mass loss (percent mass lost at the end of the analysis) were determined from the

weight loss curve and the derivative weight loss curve.

6.3 Results and discussion

6.3.1 Physical properties

Comparing the protein content and the degree of immobilization of the four different lipase sol-gels
formed, several phenomena were observed (Figure 6.1). First, for both the low and high protein level
sol-gels, the unsupported sol-gels have higher protein contents in comparison to the Celite® supported
sol-gels. Since there is additional material added to the Celite® sol-gels, lower protein content per gram

is expected for these gels.

The protein level immobilized in the sol-gel was not proportional to target load for the sol-gel during the
formation procedure (Figure 6.1). For the Celite® sol-gels the protein content was approximately double
when triple the lipase was loaded, but for the unsupported sol-gels the protein content was
approximately triple as expected. One possible explanation for the lack of proportionality for the Celite®
sol-gels is that the excess of lipase in the triple unsupported formulation caused protein aggregation and

subsequent immobilization. This effect might not be as pronounced for the lower levels of lipase
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because there is not enough lipase in the formulation and for the triple lipase Celite® system because

the presence of Celite® reduces the apparent protein concentration.

The observed degree of protein immobilization for the Celite® sol-gels is comparable to that for the
unsupported sol-gels (Figure 6.1). When the amount of lipase is tripled, the degree of immobilization
decreases slightly for both the Celite® and unsupported sol-gels. Since there is excess lipase in the triple
lipase sol-gels, there is more opportunity for lipase that is incompletely entrapped to be easily removed

during the washing steps.

The high protein content unsupported sol-gel (U-SG-12) did exhibit much more variability than the other
immobilization regimes (Figure 6.1). This is likely caused by the potential for aggregation, incomplete
immobilization and lipase deactivation during the sol-gel formation procedure. With such high levels of
protein and without the Celite® support material, the lipase is much more exposed and thus more
sensitive to environmental changes. This enhanced potential for enzyme deactivation and poor
immobilization can conceivably greatly reduce the reproducibility of the lipase sol-gel immobilization

procedure.
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Figure 6.1: Protein content and degree of protein immobilization for four sol-gel formulations. Error bars represent a 95%
confidence interval.
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6.3.2 Enzymatic properties

Free lipase at a comparable level to that found in the immobilized lipase preparation C-SG-4 was
assayed to determine a base methyl oleate conversion level for comparison to the immobilized
preparations. Based on GC-MS analysis, no measurable methyl oleate was detected during the 6 h

reaction.

Based on the percent conversion after 6 h for methyl oleate production (Figure 6.2), the Celite® R632
sol-gels exhibited an increased conversion when the amount of lipase loaded onto the gels was tripled.
In addition, the Celite® supported sol-gels achieved slightly more conversion when dried due to an
excess of water absorbed on the support material since Celite® is absorbent and lipase is inhibited by

excess water content.

The unsupported sol-gels demonstrate the opposite trend — the sol-gel preparation with triple lipase
achieved a lower percent conversion than the regular lipase loading and the dried gel preparations have
lower conversion than those that are not dried. As discussed with regards to the protein content of the
gels, this formulation does have much more variability than the other formulations which could be
caused by aggregation, incomplete immobilization, and deactivation of the protein due to the excess
guantities of protein. Since there is no Celite® present in the unsupported sol-gels to remove the water,
drying the enzyme preparation may result in inactivation of the lipase rather than removing the excess

water and thereby causing the reduction in product concentration.

In comparison to the Celite® supported sol-gel, adding neat Celite® to the unsupported sol-gel (SG +
Celite®) greatly reduces the percent conversion likely due to reactant, product and water absorption by
the Celite® thereby preventing the reaction from progressing. Comparing the supported and
unsupported sol-gel formulations, the addition of the Celite® as a support material for the sol-gel

increases the percent conversion to methyl oleate for both sol-gel formulations.

Comparing the activity of the different sol-gel preparations on a mass basis (Figure 6.3) reveals that the
dried unsupported and supported sol-gels all have comparable activities. This demonstrates the
beneficial effects of using Celite® and providing a support since the Celite® sol-gels contain much less
enzyme per gram of material in comparison to the unsupported sol-gels (Figure 6.1). The unsupported
sol-gel preparation with the higher level of lipase (U-SG-12) does have a slightly lower activity in
comparison with the other materials when dried which is likely due to the excess lipase in the

preparation which is either inactive and/or inaccessible to the substrates.

69



100%

90%

80%

70%

60%

50%

40% -

30%

20% -

6 h Perent Conversion of Methanol to Methyl Oleate

10% -

21

C-SG-4 C-S5G-12 SG + Celite® U-SG-4 U-SG-12

0% -

[ Original M Dried

Figure 6.2: Percent conversion of methanol to methyl oleate based on a 6 h batch reaction for each sol-gel formulation
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Figure 6.3: The enzymatic activity on a per gram of material basis for each sol-gel formulation as determined from the
conversion of methyl oleate and the protein content of the gels. Both the sol-gel formations without and with a drying step
prior to the reaction were considered. Errors bars represent a 95% confidence interval.

70



The unsupported sol-gels have a much higher activity than the Celite® sol-gels when assayed without a
drying step. The adsorptive properties of the Celite® and the inhibition of lipase caused by excess water
are the expected causes of this phenomenon. Despite the increased lipase content (Figure 6.1) in the
high concentration lipase unsupported sol-gel (U-SG-12), the activity is comparable to the regular lipase
level unsupported sol-gel (U-SG-4). Therefore, the excess lipase in this system may not be accessible to

the substrates or has been rendered inactive.

The Celite® supported sol-gels and the unsupported sol-gels were also compared based on their stability
over a period of approximately 1.5 years (Figure 6.4). The unsupported and Celite® supported sol-gel
formulations show almost identical trends with a very gradual decrease in product output over time.
The unsupported sol-gel (U-SG-4) has a 0.05% decrease in product concentration per day while the
Celite® supported sol-gel (C-SG-4) has a 0.04% decrease per day. This is about an 18% (U-SG-4) and 15%
(C-SG-4) decrease in product concentration per year. This indicates that a very stable enzyme

formulation has been developed with a long shelf life when stored at 4°C.

120%
g 0.0005x + 1.0156
- y=-0. x+ 1.
c o/ | S W
S 100% - R?=0.9885
c | 1 T - e
£ ¢ e
[}
2 80% T
8
@ y=-0.0004x +0.9831
S R?2=0.8561
o 60%
=
S
[}
=
< 40%
o
©
S
£ 20%
S
2

O% T T T T T
0 100 200 300 400 500
Time (days)
o C-SG-4 A U-SG-4
—Linear (C-SG-4) ----- Linear (U-SG-4)

Figure 6.4: Average percent conversion of methanol to methyl oleate for sol-gels after storage at 4°C for unsupported (A) and
Celite® R632 supported sol-gels (0). The lines represent the lines of best fit for the unsupported sol-gel (broken) and the
Celite® R632 supported sol-gel (solid). Error bars represent a 95% confidence interval.
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6.3.3 Adsorptive properties

A TGA spectrum (Figure 6.5) shows typical weight-time and derivative weight-time profiles for a sample
of Celite® R632 sol-gel (C-SG-4). The peak desorption and total mass loss parameters are indicated on
the graph. These profiles are used to determine the onset of desorption, peak desorption rate, peak

temperature, and total mass loss.

Based on the weight change with respect to temperature data obtained from the TGA analysis, the
temperature at which desorption was established for each case (10%, 25%, 50%, 75%, and 100% glycerol
for both neat Celite® and the Celite® sol-gel C-SG-4, data not shown) was compared. The average onset
of desorption for all cases was 113.3 + 1.2°C. This indicates that the observed desorption is caused by a

combination of the water and the glycerol rather than the components separately.

The peak desorption rate obtained from the TGA analysis is a measure of the level of adhesion of solvent
to the Celite® or Celite® sol-gel with respect to the cohesion of solvent molecules to each other. High
peak desorption rates indicate that the solvent coheres more strongly to itself and low peak desorption
rates signify that the solvent molecules adhere very well to the support material. The total mass loss
indicates the absorptive capacity of the Celite® or Celite® sol-gel with respect to the applicable glycerol-
water solution. At the end of the TGA analysis, any glycerol-water absorbed and retained by the

material is desorbed and thus quantified by the total mass loss.

Considering both the peak desorption rate (Figure 6.6) and the total mass loss (Figure 6.7) when neat
Celite® and Celite® sol-gels are incubated in glycerol-water solutions similar trends are evident. Both
the peak desorption rates and the total mass loss are higher in each case for the neat Celite® than for
the Celite® sol-gel. It is likely that the sol-gel provides a protective barrier that reduces absorption of

the glycerol-water solution.

Additionally, the amount of solution absorbed does generally increase with increasing percentage of
glycerol in the equilibrating solution. One notable exception is the decrease for the neat Celite® from
75% glycerol to 100% glycerol. This shows that the water is necessary for absorption of glycerol onto
the Celite®. However, this is not the case for the Celite® sol-gel. The increasing adsorption trend of the

supported sol-gel material is not affected by eliminating the water from the equilibrating solution.
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Figure 6.5: Typical TGA profile including the sample weight (solid) and the derivative weight (broken). The peak desorption
point and the total mass loss are indicated on the graph. The sample shown is Celite® R632 sol-gel (C-SG-4) at 50% glycerol
equilibrating solution.
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Figure 6.6: Peak desorption rates for Celite® R632 sol-gels (A) and plain Celite® R632 (o) based on different levels of glycerol
in the equilibrating solution. Error bars represent a 95% confidence interval.

73



30

N
o

Total Mass Loss (%)
=
(9,

10 i

—

s ¥

O r T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Glycerol / Water Equilibrating Solution (v% glycerol)

C-SG-4 -=-Neat Celite
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When the equilibrating solution consisted solely of water, there was no evidence of desorption from the
neat Celite® or sol-gel Celite® (Figures 6.6 and 6.7). This is evidence that the water is not readily

retained by the Celite® material despite its absorptive properties.

The peak desorption temperature as determined by the TGA is a measure of the strength of cohesion of
the glycerol-water solution to the Celite® or Celite® sol-gel material. The peak desorption temperatures
for each solution were different (Figure 6.8), ranging from 132°C to 187°C, and showed similar trends to
those observed for the peak desorption rate (Figure 6.6) and the total mass loss (Figure 6.7). One
phenomena observed is the similarity between the values for the 100% glycerol solution absorption
when comparing the regular Celite® and the sol-gel supported Celite® (Figure 6.8), indicating that the
difference caused by the sol-gel is most prominent when water is present in the equilibrating solution.
According to Clifford and Legge (2005), both contact angle measurements and TGA indicate that PTMS-
TMOS sol-gels are hydrophobic and that increasing the proportion of PTMS increases the hydrophobicity
of the sol-gels. Therefore, the hydrophobicity of the sol-gel appears to have a stronger effect when pure

water is used as the equilibrating solution rather than when glycerol-water solutions are used.
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Figure 6.8: Peak desorption temperatures for Celite® R632 (A) sol-gels and plain Celite® R632 (o) based on different levels of
glycerol in the equilibrating solution. Error bars represent a 95% confidence interval.

These phenomena are important in a biodiesel production processes since glycerol is a by-product of the
reaction. The highly absorptive properties of the Celite® sol-gel will inhibit the lipase and prevent the
reaction from proceeding. Care must be taken to ensure that glycerol is removed when the reaction is
run on a continuous basis. However, at low levels of glycerol (i.e. 10% by volume), very little glycerol is
absorbed in the Celite® sol-gel material (approximately 2.5% by mass), so this phenomena becomes

more of a concern as the concentration of glycerol increases.

6.4 Conclusions

A procedure to immobilize lipase in sol-gels supported on Celite® R632 was developed and shown to be
valuable for the transesterification of triolein to produce methyl oleate. Three main properties were
considered for comparison: protein loading, enzymatic activity, and glycerol-water adsorption, for four
different sol-gel preparations: unsupported sol-gel low protein level (U-SG-4), Celite® sol-gel low protein
level (C-SG-4), unsupported sol-gel high protein level (U-SG-12), and Celite® sol-gel high protein level (C-
SG-12).
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Based on the amount of protein retained with respect to that loaded onto the sol-gel, the
immobilization procedure is more effective (i.e. incomplete protein immobilization is minimized) at the
low protein levels. The water absorbed by the Celite® during sol-gel preparation must be removed as it
inhibits the lipase — the maximum production of methyl oleate (80% in 6 h) was achieved with the high
protein content Celite® sol-gel (C-SG-12) after a pre-drying step. Over a 1.5 yr time frame, both the
unsupported and Celite® supported sol-gels exhibited high stability when stored at 4°C. The sol-gel was
found to provide a protective barrier that inhibits the absorption of the glycerol-water solution.
Therefore, the removal of glycerol is key in preventing the inhibition of the lipase, but is only a concern

at very high levels of glycerol (approximately 75% glycerol by volume).

Based on this study, a Celite® supported sol-gel immobilized lipase was developed that achieves high
production of methyl oleate in a short reaction time. Although the immobilization procedure is straight-
forward, some subtleties of the new material exist including a desirable pre-drying step to remove water
absorbed during immobilization, and the potential for glycerol-water absorption when high quantities of
glycerol are present. In addition to the high conversion, the immobilization regime is highly stable over

1.5 years without sophisticated storage requirements.
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Chapter 7
Kinetic Modelling of the Production of Methyl Oleate

by Celite® Supported Lipase Sol-gels

Overview

This study illustrates the benefits of Celite® supported lipase sol-gels for the transesterification of
triolein to produce methyl oleate. Different methanol concentrations and temperatures were tested to
identify any effects due to methanol or temperature. A ping-pong bi-bi kinetic model was developed
and validated taking into account the inhibition effects of methanol and glycerol as well as the
temperature effect on the enzyme. Although initial reaction rate kinetic models are useful for predicting
the kinetics when no products are present in the reaction medium, a complete kinetic model beyond the
initial conditions that considers glycerol inhibition is important. The model developed was consistent
with the experimental data (R?=0.95) showing an increase in methyl oleate production capacity with
increasing methanol concentration up to an optimal range of 1.3 M to 2.0 M depending on the
temperature. Increasing the temperature increased the initial reaction rate, but no thermal inactivation
of the enzyme was observed over the temperature range examined. Based on the kinetic constants
obtained, the maximum velocity of the reverse reaction is about 25% slower than that of the forward
reaction and glycerol inhibition has a more significant effect on the reaction kinetics than methanol
inhibition. The model that was developed is of fundamental importance for understanding the effects
of methanol and glycerol inhibition as well as the effect of temperature on the production of methyl

oleate using lipase-mediated enzymatic transesterification.

Keywords

enzyme immobilization, biodiesel, sol-gel, transesterification, kinetic modelling, Celite®
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7.1 Introduction

Biodiesel is a clean burning fuel that consists of a mixture of fatty acid alkyl esters and can be produced
via the transesterification of triglycerides. Biodiesel is typically produced using an alkaline or acid
catalyst — chemical catalysts produce very high vyields, but are there are issues with high energy
consumption, significant downstream processing, the necessity for wastewater treatment, and low
selectivity leading to undesirable side reactions (Al-Zuhair, 2005; Bajaj et al., 2010; Fukuda et al., 2001;
Shah et al., 2004; Soumanou and Bornscheuer, 2003). Alternatively, lipase can be used to catalyze
transesterification reactions without the associated drawbacks of chemical catalysts. Enzymes do,
however, have their own shortcomings — high cost, potential for deactivation, and low reaction rates
(Akoh et al., 2007; Fukuda et al., 2001; Ganesan et al., 2009; Marchetti et al., 2007; Robles-Medina et
al., 2009; Vasudevan and Briggs, 2008).

Economically, it is essential to immobilize lipase for reuse if an enzymatic transesterification process is to
be competitive with the alkaline process (Al-Zuhair, 2007; Jegannathan et al., 2011). Immobilized
enzymes, specifically those immobilized in sol-gels, are known to have increased activity, selectivity, and
stability as well as being more easily separated and reused (Aucoin et al., 2004; Pirozzi et al., 2009; Reetz
et al., 1996; Reetz, 1997). Combined with the challenges of chemical catalysis, these benefits make

immobilized enzymes especially appealing for fatty acid alkyl ester production.

In an attempt to further improve enzymatic activity and stability, reduce any complications caused by
mass transfer limitations, and facilitate separation of the enzyme from the reaction media for reuse,
there has been a significant amount of research on immobilizing sol-gels on a variety of inorganic
support materials. Immobilizing lipase sol-gels on diatomaceous earth supports has proven to produce a
very stable and active biocatalyst for the enzymatic production of fatty acid methyl esters (Meunier and

Legge, 2010; Meunier and Legge, 2012).

Enzymatic transesterification is complicated by the potential for lipase inactivation by the alcohol
substrate, glycerol product, and temperature. The required stoichiometric ratio of triglyceride to
alcohol is 1:3; however, the alcohol concentration is typically limited by lipase inhibition. In several
studies, a methanol concentration less than the stoichiometric amount was necessary to prevent
adverse effects of alcohol inhibition during transesterification (Shimada et al., 1999; Watanabe et al.,

2000; Watanabe et al., 2001; Watanabe et al., 2002; Xu et al., 2004).
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When glycerol inhibition affects the enzymatic production of fatty acid methyl esters, the removal of
glycerol from the reaction media via dialysis (Bélafi-Bakd et al., 2002), silica bed adsorption (Mazzieri et
al., 2008; Samukawa et al., 2000; Yori et al., 2007), or gravitational settling (Chen et al., 2009; Hama et
al., 2011a; Hama et al., 2011b) has been explored.

Enzymatic transesterification is advantageous due to low temperature requirements and lower
operating costs associated with the decreased energy requirements. However, working with enzymes
that are very sensitive to temperature can add undesirable constraints to the operating conditions.
Immobilization of lipase in sol-gels has been shown to reduce the temperature and alcohol sensitivity of
the enzyme (Hsu et al., 2001a; Hsu et al., 2001b; Reetz et al., 1996; Reetz, 1997). Immobilized enzymes
show improved thermal stability in comparison to free enzymes, but there is still the limitation that
although higher temperatures increase the enzymatic activity they also cause thermal deactivation of

the enzyme (Balcdo et al., 1996).

Ping-pong bi-bi mechanisms have been widely used for the kinetic modelling of biodiesel production via
enzymatic transesterification (Al-Zuhair, 2005; Al-Zuhair et al., 2007; Al-Zuhair et al., 2009; Cheirsilp et
al., 2008; Dossat et al., 2002; Xu et al., 2005). Comprehensive kinetic equations for enzyme-catalyzed
reactions, including ping-pong bi-bi mechanisms with competitive inhibition by both substrates and
products, have been developed and are widely used as a starting point for enzymatic kinetic studies
(Cleland, 1963a; Cleland, 1963b; Cleland, 1963c). Kinetic studies of enzymatic biodiesel production are
often based on the initial rate version of the ping-pong bi-bi kinetic equation, and, therefore, only
account for substrate inhibition since glycerol is not present in the system initially (Al-Zuhair, 2005; Al-
Zuhair et al., 2007; Al-Zuhair et al., 2009; Dossat et al., 2002; Xu et al., 2005). Equation 7.1 is often used
for initial reaction rate studies based on the reaction T + A & G + M where T is the triglyceride, A is

the alcohol, G is the glycerol, and M is the methyl oleate:

VmaxF [T] [A]

[TT0A] + Kpa[T] + Koer [ATCL + [A1/K;) 7.1)

V; =

where: v; is the initial reaction rate, V,,4.r is the maximum initial reaction velocity, [A] and [T] are the
alcohol and triglyceride concentrations respectively, K,,,4 and K7 are the apparent Michaelis constants

for the alcohol and triglyceride respectively, and K;, is the alcohol inhibition constant.

The objective of this study was to model the kinetics of the transesterification of triolein and methanol

for the production of methyl oleate and glycerol using Celite® supported lipase sol-gels. A series of
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experiments were completed with various temperatures and methanol concentrations to determine the
effect of these parameters. The initial rate kinetic equation was originally considered, but a more
comprehensive model was subsequently developed and validated which includes the effect of glycerol
inhibition. The kinetic study presented provides a fundamental understanding the effects of glycerol
and methanol inhibition on the enzyme as well as the benefits of Celite® supported sol-gels containing

immobilized lipase.

7.2 Experimental

7.2.1 Materials

Novozym® 435 was a gift from Novozymes North America Inc. (Franklinton, NC) containing lipase from
Candida antarctica with a reported activity of 10 000 PLU/g. Lipase PS “Amano” SD (Amano Enzyme
USA Co., Elgin, IL) with a activity of 25 800 U/g from Burkholderia cepacia was immobilized in sol-gels
composed of 80% trimethoxypropylsilane and 20% tetramethyl orthosilicate (Sigma-Aldrich Canada Ltd,
Oakville, ON). The lipase sol-gel was supported on Celite® R632 from World Minerals (Santa Barbara,
CA). Ultrapure water was from a Milli-Q water purification system from Millipore (Billerica, MA). All

other chemicals used were reagent grade.
7.2.2 Methods

7.2.2.1 Immobilization of lipase

Celite® R632 supported lipase sol-gels were produced as previously reported (Meunier and Legge, 2010).
Trimethoxypropylsilane (14 mL) and tetramethyl orthosilicate (2.95 mL) were combined with ultrapure
water (17.4 mL) and 0.1 M HCI (200 pL) and sonicated for 1 h to allow hydrolysis of the precursors. The
solution was rotary evaporated at 40°C for 30 min to remove any water or alcohol. 6.5 g of Lipase PS
“Amano” SD was dissolved in 18 mL of 50 mM phosphate buffer at pH = 7.0, and 14 mL was added to
the rotary evaporated precursor solution. The lipase sol-gel solution was added to the support material
in a ratio of 1.5 g mixture/g Celite® R632 and mixed thoroughly. The mixture was then deposited into a
Petri dish and sealed for 24 h at 4°C. Finally, the Celite® sol-gel was dried uncovered at 4°C until the
drying rate slowed to less than 1 mg/hr. After the Celite® sol-gels were dried, the supported sol-gel was
washed with 50 mM pH=7.0 phosphate buffer twice (5 mL buffer/g sol-gel per wash) to remove any free
protein. The resulting gels were dried overnight at room temperature and then stored in a sealed

container at 4°C until use.
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Unsupported lipase sol-gels were prepared in a similar fashion but without the support and sol-gel
mixing step. The resulting sol-gel was crushed with a mortar and pestle and the wash solutions

separated from the sol-gel by centrifugation at 1250 xg for 10 min.

7.2.2.2 Total protein quantification

The total protein content of the supported sol-gels was determined using a BCA protein assay kit (Pierce
Biotechnology Inc., Rockford, IL) using a microplate method with a bovine serum albumin (BSA) standard
from 25-2000 pg/mL. The absorbance was measured at 562 nm using a BioTek Synergy 4 Microplate
Reader (BioTek US, Winooski, VT). Samples of the stock enzyme solution were compared with samples
from the wash solutions and a mass balance performed to determine the amount of protein remaining

in the sol-gel.

7.2.2.3 Enzymatic transesterification

To determine the enzymatic transesterification capacities of the supported sol-gels, Celite® sol-gel (1 g),
triolein (6.5 mmol), and methanol (4 mmol unless otherwise stated) were combined in a reaction vial
and agitated at a controlled temperature for 6 h as previously described (Meunier and Legge, 2010).
Ten puL samples were taken every hour from the reaction vial and diluted with 990 pL hexane and 100 puL
internal standard (heptadecanoic acid methyl ester). The diluted samples were analyzed for methyl
oleate content using a GC-MS (CP-3800 gas chromatograph, Saturn 2000 mass spectrometer/mass
spectrometer, Varian Inc., Mississauga, ON) equipped with a CP-Wax 52 CB fused silica column (CP8513,
Varian Inc., Mississauga, ON). The injector was set at 250°C with a split ratio of 50; the oven was held at
170°C for 10 min, ramped from 170°C to 250°C at 10°C/min and held at 250°C for 2 min; helium was the

carrier gas at a flow rate of 1 mL/min; and the injection volume was 1 pL.

Only the methyl oleate concentration could be measured directly using this GC-MS method, so the
concentrations of the other components (alcohol, triolein, and glycerol) were determined using a mass
balance based on the reaction stoichiometry. No other components were observed in the GC-MS

chromatograms.

7.2.2.4 Kinetic modelling

MATLAB® software (Version 7) from Mathworks, Natick, Massachusetts was employed for parameter
estimation. The fitting coefficients were taken as positive values and optimized using built-in Matlab
functions for non-linear least squares fitting with the Trust-region algorithm. The ordinary differential

equation (ODE) of methyl oleate concentration was solved using a built-in Matlab function, ode45,
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which is based on an explicit fourth order Runge-Kutta formula. The relative error tolerance and

absolute error tolerance were set at 10~ and 10°°, respectively.

The 5 kinetic constants for the initial rate equation (section 7.3.2) were obtained using the initial
reaction rate data from all 13 reaction conditions to ensure a good model fit. To consider the entire 6 h
reaction (section 7.3.3), 5 additional kinetic constants were necessary to be used in combination with
the 5 constants from the initial rate equation (total of 10 kinetic constants). To obtain the 5 additional
kinetic constants, one experimental condition was used (T = 40°C and [A]° = 0.6 M). The remaining 12
reaction conditions (T = 40, 50, and 60°C and [A]° = 0.3, 0.6, 0.9 and 1.8 M) were used to verify the fit of
the kinetic model and to test the model flexibility beyond the primary reaction conditions. The model
developed was validated using 83 data points at different temperatures, alcohol concentrations, and

times.

7.3 Results and discussion

7.3.1 Comparison of lipase immobilization schemes

Comparing the performance of Novozym® 435 (N435), free lipase (Free), unsupported lipase sol-gels
(US), and Celite® supported lipase sol-gels (CSG) at 40°C and a molar ratio of methanol to triolein of
1.5:1, CSG had the highest conversion after 6 h, initial reaction rate and initial activity compared to
N435, US and Free (Table 7.1). Celite® supported lipase sol-gels have enhanced transesterification
abilities giving them a unique advantage over both unsupported lipase sol-gels, free lipase, and the

commercially immobilized Novozym® 435.

Table 7.1: Comparison of Novozym® 435 (N435), free lipase (Free), unsupported sol-gel (US), and Celite® supported sol-gel
(CSG) in terms of their final percent conversion, initial reaction rate, and initial activity at 40°C and methanol to triolein
molar ratio of 1.5:1. *For N435, the initial activity is based on the weight of N435 rather than the weight of lipase since the
amount of lipase in the enzyme preparation is unknown.

Sample Final conversion Initial reaction rate Initial activity
(%) (LM/min) (umol/min g-lipase)
N435 8.2 333 43%*
Free 3.5 257 398
us 38.2 1105 5712
CSG 62.2 3740 9750
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7.3.2 Kinetic model - initial reaction rate
To evaluate the validity of the initial reaction rate model at different temperatures and methanol ratios,
Equation 7.1 was adapted to include a temperature dependent exponential term (T in degrees K) as

shown in Equation 7.2 where K, is the temperature constant.

Vinaxr [T1[A] ket (7.2)
[TTTAT + KmalT] + K [AI(L + [AT/K )

v =

This kinetic model demonstrates good agreement between the initial experimental data collected and
the model predictions using the kinetic constants in Table 7.2 (Figure 7.1). Both the model and
experimental data show an increase in the initial rate with increasing temperature and methanol
concentration up to approximately 1 M at which point the alcohol inhibition resulted in a decrease in

the initial reaction rate.
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Figure 7.1: Initial reaction rate as a function of methanol concentration at three temperatures (40°C, 50°C, and 60°C). The
lines represent the predictions from the model provided by Equation 7.2 and the symbols represent the experimental data.
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Table 7.2: Kinetic parameter estimation for the models presented in Equations 7.2 and 7.3.

Coefficient Equation 7.2 Equation 7.3
Vinaxg  (mol/L min) - 0.8236
Vinaxr  (mol/L min) 1.136 1.136

K., - - 0.3709
Koa (mol/L) 5.5x10" 5.5x10*
K,.r (mol/L) 1.2x10* 1.2x10*
Kog (mol/L) - 0.7362
KoM (mol/L) - 0.6133
K;,s (mol/L) 0.137 0.137
K¢ (mol/L) - 0.0394
K, - 0.0188 0.0188

Although Equation 7.2 agrees with the experimental data for the initial reaction rate, significant over-

prediction for every data point at the 6 h methyl oleate concentration was found (Figure 7.2 inset). This

indicates that the glycerol inhibition is an important consideration for kinetic modelling of the entire

concentration profile (Bélafi-Bakd et al., 2002; Dossat et al., 1999; Hong et al., 2011; Watanabe et al.,
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Figure 7.2: Methyl oleate concentration at 6 h with respect to the initial methanol concentration at three temperatures
(40°C, 50°C, and 60°C). The lines represent the model predictions and the symbols represent the experimental data. The
main plot represents the results from Equation 7.3 while the inset plot (upper left) represents the results from Equation 7.2.
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7.3.3 Kinetic model - time-dependent reaction rate
A more comprehensive model (Equation 7.3) was developed by modifying the classic ping-pong bi-bi
kinetic model to include only the competitive inhibition terms for the alcohol substrate and the glycerol

product (Rizzi et al., 1992).

Gl[M 7.3
VmaxRVmaxF ([T] [A] - [ I]([ ]) ( )
v= %~ eKaT

VmaxRR + VmaxF F

with:
[A]\ | Kmr

R = [T][A] + KpalT] + Kinr[A] <1 + K_1A> + Kig [G][A]

_ KmG KmM [G] 1
F= [M] + Ko, [G] (1 + K_IG> + K., [G][M]

where: v is the reaction rate; Vy,qxr and Vi, qxr @and the maximum velocities of the reverse and forward
reactions, respectively; [4], [T], [M], and [G] are the concentrations of alcohol, triolein, methyl oleate
and glycerol, respectively; Keq is the equilibrium constant; K4, Kir, Ky, and Ko, are the Michaelis
constants for alcohol, triolein, methyl oleate and glycerol, respectively; K;, and K;; are the constants
for dissociation of the inhibitor from the enzyme-inhibitor complex for alcohol and glycerol,

respectively; and K, is the temperature constant.

The performance of each model was validated based on the final methyl oleate concentration
demonstrating the improvement in prediction when glycerol inhibition is considered (Table 7.3 and
Figure 7.2). Considering only the final observed methyl oleate concentration, Equation 7.2 provides a

very poor fit with a R?=0.201 while Equation 7.3 provides a good fit with a R’=0.910.

7.3.4 Methyl oleate concentration profile

Using only one data set for model fitting (T = 40°C and [A]° = 0.6 M) and the remaining data to validate
the model, the prediction of the entire methyl oleate concentration profile based on methanol and
glycerol inhibition kinetics (Equation 7.3) demonstrates good agreement with the experimental values
(Figure 7.3). This model provides an excellent fit for the entire set of experimental results (the fitting
parameters presented in Table 7.3 consider only the final concentration), with the accuracy of the model

determined as follows: SSE = 0.20, R?*=0.95, and RMSE=0.049.
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Table 7.3: Comparison of the performance of the two proposed models (Equations 7.2 and 7.3) in terms of their SSE, R? and
RMSE for the 6 h methyl oleate concentration.

Model (Equation) Sum of squared Coefficient of , Root mean squared
errors (SSE) determination (R°) error (RMSE)
Initial Rate (7.2) 0.447 0.201 0.193
With Glycerol Inhibition (7.3) 0.050 0.910 0.064

The kinetic parameters used to fit the model (Table 7.2, Equation 7.3) indicate that the maximum
velocity of the reverse reaction is approximately 25% slower than that of the forward reaction and
glycerol inhibition has a much stronger effect on the reaction rate than methanol inhibition since higher
inhibition constants correspond to less of an inhibition effect as they are present in the denominator of
the kinetic model. These kinetic constants demonstrate the importance of glycerol inhibition and the
reverse reaction when considering the kinetics of enzymatic transesterification. In immobilized enzyme
reactors, glycerol is known to adsorb onto the enzymatic support and cause an activity decrease by
creating a hydrophilic layer around the enzyme that prevents the hydrophobic substrate (triolein) from

accessing the enzyme (Bélafi-Bako et al., 2002; Dossat et al., 1999; Hong et al., 2011; Watanabe et al.,

2000).
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Figure 7.3: Correlation between the predicted and experimental methyl oleate concentration values using the kinetic model
described by Equation 7.3.
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Comparing the concentration profiles at 3 temperatures (40°C, 50°C, and 60°C) and 4 methanol
concentrations (0.3 M, 0.6 M, 0.9 M, and 1.8 M), very good agreement between the model predictions
and the experimental data are observed (Figure 7.4). The model does over-predict the methyl oleate
concentrations at the low methanol concentration (0.3 M), which is likely due to a mass transfer
inhibition caused by the relatively small amount of methanol present in the reaction medium and the
insolubility of methanol in triolein since this is a solvent-free system (Ognjanovic et al., 2009). At every
temperature considered, the concentration of methyl oleate produced during the reaction increased
with increasing initial methanol concentration indicating that at these levels methanol inhibition does
not have a detrimental effect on the performance of the enzyme at concentrations up to 1 M
(approximately 1:1 molar ratio of methanol:triolein). When the methanol concentration is increased
beyond 1 M no further increase in methyl oleate concentration was observed, demonstrating the
commencement of methanol inhibition. This is in agreement with the literature where methanol
inhibition is documented indicating that less than stoichiometric amounts of methanol are necessary to
prevent inhibition and that a 1:1 molar ratio of triolein:methanol is optimal (Lee et al., 2011; Shimada et

al., 2002; Xu et al., 2004).

At a high methanol concentration (1.8 M, Figure 7.4d), there is a minimal effect of temperature between
40°C and 50°C which is expected since the optimal temperature for lipase is within this temperature
range. These results indicate that the Celite® supported lipase sol-gels are quite temperature and
methanol resistant over the range of temperatures and concentrations considered (Figure 7.4). Other
studies examining the optimal temperature range of immobilized lipase for the production of biodiesel
indicate a lower temperature optimum of 30-40°C with commercially immobilized enzymes (Kose et al.,
2002; Salis et al., 2005) compared to sol-gel immobilized lipases which have reported optima between
40 and 70°C (Hsu et al., 2003; Hsu et al., 2004; Moreira et al., 2007). In a recent study, Chesterfield et al.

(2012) found that thermal denaturation of Novozym® 435 began at 47°C.

Considering the initial reaction rate data (Figure 7.1) and the final methyl oleate concentration (Figure
7.2), it is evident that increasing the temperature increases the initial reaction rate, but has a minimal
effect on the final methyl oleate concentration. This indicates that the increased performance from the
temperature effect causes the final product concentration to be attained more quickly, but does not
cause the final product concentration to increase. It is argued that the inhibitory effect of glycerol

supersedes the temperature effect seen initially.
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Figure 7.4: Comparison of model predictions (lines) and experimental data (symbols) for four methanol concentrations (0.3
M, 0.6 M, 0.9 M, and 1.8 M) and three temperatures (40°C, 50°C, and 60°C). Plot a) T =40°C, b) T =50°C, c) T = 60°C, d)
[A]°=1.8 M.
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7.3.5 Kinetic model predictions for transesterification

Based on the kinetic model, the conditions were extended beyond those tested experimentally to assess
the potential of the model developed (Figure 7.5). This model predicts an optimal methanol
concentration range of approximately 1.3 M to 2.0 M which is in agreement with experiments that show
that increasing the methanol to triolein molar ratio from 1.8 to 3 decreases the 6 h methyl oleate
concentration by about 60% (data not presented). From the model predictions, increasing the
temperature from 30°C from 70°C shifted the optimal methanol concentration from 1.3 M to 2.0 M
indicating that there is a positive interaction between temperature and methanol (Figure 7.5). The
optimal alcohol concentration increased linearly with temperature at a rate of 0.017 M/K. Additionally,
at higher temperatures the impact of increasing the methyl oleate concentration was more profound
than at lower temperatures demonstrating that at higher temperatures higher methyl oleate
concentrations can be achieved, but small changes in the initial methanol concentration have a more
intense effect on the final product concentration. Since diffusivity in liquids is known to increase with
increasing temperature, the mass transfer of glycerol away from the enzyme will improve at higher

temperatures resulting in an increase in the reaction rate (Treybal, 1980).
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Figure 7.5: Surface plot of the kinetic model (Equation 7.3) predictions for the methyl oleate concentration after 6 h at
different initial methanol concentrations (0-4 M) and temperatures (30-70°C).
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7.4 Conclusions

Celite® supported lipase sol-gels have superior enzymatic performance over unsupported lipase sol-gels,
free lipase, and Novozym® 435. The typical kinetic model for predicting enzymatic transesterification
performance was shown to be useful only when considering the initial conditions of the reaction.
However, as the reaction progresses, the presence of glycerol in the reaction medium becomes more
important and it is essential for a kinetic model to take into account the enzymatic inhibition caused by
this product. A kinetic model based on a ping-pong bi-bi mechanism was developed that takes into
account both methanol and glycerol inhibition effects on the production of methyl oleate via enzymatic
transesterification using Celite® supported lipase sol-gels. The model developed shows excellent
agreement with the experimental data at varying temperatures and initial methanol concentrations
(R?=0.95). Based on the kinetic parameters, glycerol has a stronger inhibition effect than methanol and
the maximum velocity of the reverse reaction is approximately 25% slower than that of the forward
reaction. The experimental data show that increasing the concentration of methanol in the reaction
medium increases the production of methyl oleate indicating that although methanol is inhibitory, it is
not enough to decrease the achievable product concentration within the range of concentrations
studied. There is also a positive temperature effect on the enzyme that increases the initial reaction
rate, but not the final methyl oleate concentration achieved. The results from the model indicate that
there an optimal methanol concentration range of 1.3 M to 2.0 M that increases with increasing

temperature, but no temperature deactivation of the enzyme was observed.
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7.6 Nomenclature

Acronyms

CSG Celite® supported lipase sol-gel
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Free  Free lipase

N435 Novozym® 435

R? Coefficient of determination

RMSE Root mean squared error

SSE Sum of squared errors

us Unsupported lipase sol-gel

Parameters

[A] Alcohol concentration (M)

[G] Glycerol concentration (M)

[M] Methyl oleate concentration (M)

[T] Triglyceride concentration (M)

K, Temperature constant (dimensionless)

Keq Equilibrium constant (dimensionless)

K4 Alcohol inhibition constant (M)

K¢ Glycerol inhibition constant (M)

Kma  Apparent Michaelis constant for alcohol (M)
K. Apparent Michaelis constant for glycerol (M)
Knu  Apparent Michaelis constant for methyl oleate (M)
K.+  Apparent Michaelis constant for triglyceride (M)
T Temperature (K)

v Reaction velocity (M/min)

v; Initial reaction velocity (M/min)
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Vinaxr Maximum velocity of the forward reaction (M/min)

Vinaxr Maximum velocity of the reverse reaction (M/min)
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Chapter 8
Kinetic and Mass Transfer Modelling of Methyl Oleate
Production in an Immobilized Lipase Packed Bed

Reactor

Overview

This study investigates a Celite® supported sol-gel immobilized lipase packed bed reactor along with the
development of a kinetics and mass transfer model for the production of methyl oleate. To determine
the reaction kinetics, an initial rate equation accounting for alcohol inhibition was used for both the
Celite® supported lipase sol-gel and Novozym® 435. It was found that the Celite® supported sol-gel had
a high maximum reaction velocity and was less inhibited by methanol in comparison to Novozym® 435,
supporting the practical potential of Celite® supported sol-gels for use in enzyme-based reactors for the
production of biodiesel. To describe the continuous packed bed reactor performance, an efficiency
correlation was developed to account for the effect of the flow rate and glycerol concentration on the
enzymatic activity. These reaction kinetics, mass transfer, and efficiency equations were used to
describe the effect of flow rate in the packed bed reactor; the model developed was in good agreement
with the experimental data. Increasing the flow rate was found to increase the reactor performance
presumably by aiding in the removal of a glycerol layer around the biocatalyst. Additionally, a maximum
achievable methyl oleate concentration was observed due to presence of glycerol. Comparing the
Celite® sol-gel packed bed reactor performance to that of the Novozym® 435, a higher product
conversion was achievable using the Celite® sol-gel in a shorter period of time indicating the superior
performance of the supported sol-gel for enzymatic transesterification. The Celite® sol-gel did not
exhibit any activity loss over a five day time span supporting the potential for this catalyst in a packed

bed reactor for transesterification.
Keywords

Packed bed reactor, lipase immobilization, transesterification, sol-gel, biodiesel, Celite®
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8.1 Introduction

The industrial production of biodiesel (fatty acid alkyl esters) from triglycerides is catalyzed chemically
by an acidic or alkaline process. The use of these chemical catalysts is complicated by the requirement
of higher than ambient operating temperatures (55-80°C), undesirable side-reactions caused by raw
material impurities (such as free fatty acids and water), difficult recovery and purification of the
products as well as the catalyst, and the need for substantial wastewater treatment (Ganesan et al.,
2009). Alternatively, enzymatic transesterification of triglycerides using lipase can overcome these
challenges by lowering the operating temperature and providing a more selective reaction with less
processing steps and without the need for extensive wastewater treatment (Fjerbaek et al., 2009). The
major drawbacks of enzymatically catalyzed biodiesel production are the high cost of the enzyme, low
reaction rate, and the potential for enzyme inhibition and deactivation over time (Robles-Medina et al.,

2009).

Based on an economic study, biodiesel production using immobilized lipase was found to be more cost
effective than using soluble lipase, but the immobilized lipase process was more costly than the alkali
process and the enzyme must be reused more than five times to be industrially competitive
(Jegannathan et al., 2011). The benefits of immobilized enzymes over soluble enzymes include the
enhanced ability for their recovery and reuse which decreases the effective cost of the enzyme, and the
potential for improved activity and stability depending on the nature of the immobilization scheme (Fan,

2012).

By immobilizing lipase in a sol-gel, the thermal and chemical stability is known to be enhanced as well as
the enzymatic activity (Aucoin et al., 2004; Pirozzi et al., 2009; Reetz et al., 1996; Reetz, 1997). Many
studies have focused on a secondary support material for the immobilization of lipase sol-gels to help
overcome the potential for diffusion limitations, to make the immobilized lipase more practical for
enzymatic reactors, and to further simplify the recovery and reuse of the enzyme (Branyik et al., 2000;

Meunier and Legge, 2010; Meunier and Legge, 2012; Orgaire et al., 2006; Pogorilyi et al., 2007).

Research on enzymatic biodiesel production can be classified based on whether the process is
conducted using a solvent-based or solvent-free reaction media. Although solvent-free
transesterification is complicated by high viscosity and an enhanced potential for inhibition, the use of
organic solvents is undesirable due to the increased costs, environmental concerns, and the need for

further downstream separation (Dossat et al., 2002; Selmi and Thomas, 1998; Szczesna Antczak et al.,
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2009; Tongboriboon et al., 2010). A major concern for solvent-free biodiesel production is the increase
in enzyme inhibition by the alcohol which exists as droplets in the organic phase due to its insolubility in

the oil phase (Ognjanovic et al., 2009).

Most enzymatically catalyzed biodiesel production plants operate with stirred tank batch reactors
(Fjerbaek et al., 2009). However, the agitation required for this type of reactor is one of the primary
causes of enzyme deactivation, and by implementing a packed bed reactor without agitation, higher
conversions can be achieved (Ognjanovic et al., 2009). In addition, packed bed reactors have more
industrial flexibility than batch stirred tank reactors. The commercially immobilized lipase, Novozym®
435, has been the subject of many packed bed reactor studies and is sufficiently stable and active for
use for the continuous production of biodiesel (Chang et al., 2009; Chen et al., 2011; Halim et al., 2009;
Hama et al., 2011a; Hama et al., 2011b; Ognjanovic et al., 2009; Royon et al., 2007; Shaw et al., 2008).
Studies have also been conducted with other immobilized lipases (Lee et al., 2010; Nie et al., 2006;

Wang et al., 2011).

Enzymatic activity is known to be affected by a variety of chemicals as well as operating conditions.
Lipase inhibition by the alcohol substrate in biodiesel production has been an extensive area for
research with some alternatives for maintaining enzymatic activity including the pre-treatment of the
lipase with organic solvents or the biodiesel reaction substrates or products (Chen and Wu, 2003;
Samukawa et al., 2000); the use of alternate acyl acceptors to alleviate the need for alcohol substrates
(Du et al., 2004; Ruzich and Bassi, 2011; Xu et al., 2003); and the use of smaller than the required
stoichiometric amounts of alcohol in the reaction medium (Shimada et al., 1999; Shimada et al., 2002;

Watanabe et al., 2000; Watanabe et al., 2001; Watanabe et al., 2002; Xu et al., 2004).

In addition to inhibition by the alcohol substrate, the presence of the glycerol product is known to have
an adverse effect on the enzymatic activity. To prevent undesirable reductions in enzymatic activity in
continuous biodiesel production, glycerol is typically removed from the product stream via dialysis
(Bélafi-Baké et al., 2002), adsorption on silica beds (Mazzieri et al., 2008; Samukawa et al., 2000; Yori et
al., 2007), or gravity-driven settling (Chen et al., 2009; Hama et al., 2011a; Hama et al., 2011b). From an
in-depth study of the influence of glycerol on immobilized lipase transesterification, Dossat et al. (1999)
determined that the phenomena causing the decrease in the enzymatic activity involves the
accumulation of a hydrophilic layer of glycerol around the immobilized enzyme which prevents access of

the hydrophobic substrate (triglyceride) to the enzyme.
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In this work, the initial reaction kinetics for Celite® supported lipase sol-gels and Novozym® 435 were
determined using a batch stirred tank reactor at different methanol concentrations. Using the kinetic
data from these studies along with the appropriate mass transfer equations, the concentration of the
methyl oleate product with respect to time in a packed bed reactor was modelled, and the effect of flow
rate on the conversion analyzed. The performance of the batch and continuous reactors with Celite®
sol-gel immobilized lipase and Novozym® 435 were subsequently compared. Finally, the reusability of

the Celite® sol-gel catalyst bed was evaluated.

8.2 Experimental

8.2.1 Materials

Two lipases were used in this study: Novozym® 435 (Novozymes North America Inc., Franklinton, NC)
and Lipase PS “Amano” SD (Amano Enzyme USA Co., Elgin, IL). The biological source of lipase used for
Novozym® 435 is Candida antarctica, the activity was 10 000 PLU/g, and it is reported to be immobilized
on a macroporous acrylic resin. The biological source of the lipase for Lipase PS “Amano” SD is
Burkholderia cepacia and the reported activity was 25 800 U/g. Lipase PS “Amano” SD was immobilized
in a sol-gel composed of 80% trimethoxypropylsilane and 20% tetramethyl orthosilicate (Sigma-Aldrich
Canada Ltd, Oakville, ON) and supported on Celite® R632 (World Minerals, Santa Barbara, CA).
Ultrapure water was obtained from a Milli-Q water purification system (Millipore, Billerica, MA). All

other chemicals used were of reagent grade.
8.2.2 Methods

8.2.2.1 Enzyme immobilization

Celite® R632 supported lipase sol-gels were produced as previously reported (Meunier and Legge, 2010).
Trimethoxypropylsilane (14 mL), tetramethyl orthosilicate (2.95 mL), ultrapure water (17.4 mL), and 0.1
M HCI (200 pL) were combined and sonicated for 1 h to allow hydrolysis of the precursors. The solution
was rotary evaporated at 40°C for 30 min to remove any water or alcohol. 6.5 g of lipase PS “Amano” SD
was dissolved in 18 mL of 50 mM phosphate buffer at pH 7.0, and 14 mL was added to the rotary
evaporated precursor solution. The lipase sol-gel solution (27 mL) was then mixed thoroughly with the
Celite® R632 support (18 g) and deposited into a Petri dish and sealed for 24 h at 4°C. Finally, the Celite®
sol-gel was dried uncovered at 4°C until the drying rate slowed to less than 1 mg/hr. After the Celite®

sol-gels were dried, they were washed twice with 50 mM pH=7.0 phosphate buffer (45 mL each wash) to
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remove any free protein. The resulting gels were dried overnight at room temperature and stored in a

sealed container at 4°C. This procedure produced approximately 25 g of Celite® supported sol-gel.

8.2.2.2 Protein content determination

The total protein content in the supported sol-gels was determined based on a mass balance approach.
A BCA protein assay (Pierce Biotechnology Inc., Rockford, IL) with bovine serum albumin (BSA) as the
standard over a concentration range of 25 to 2000 pg/mL was used. The absorbance was measured at
562 nm using a BioTek Synergy 4 Microplate Reader (BioTek US, Winooski, VT) according to the
recommendations from Pierce Biotechnology Inc. for the microplate method. Samples of the stock
enzyme solution were compared to samples of the wash solutions and a mass balance was performed to

determine the amount of protein remaining in the supported sol-gel.

8.2.2.3 Batch stirred tank reactor operation

To determine the kinetic constants for transesterification, the immobilized lipase (1 g Celite® sol-gel or
50 mg Novozym® 435) and 6.5 mL triolein were combined with various concentrations of methanol in an
agitated (500 rpm) batch reactor at 40°C for 6 h as previously described (Meunier and Legge, 2010). A 10

uL sample was taken every hour from the reaction vial for GC-MS quantification of the methyl oleate.

8.2.2.4 Packed bed reactor operation

Figure 8.1 is a schematic of the packed bed reactor apparatus which was fabricated in-house and
consisted of a glass double walled reaction column of 1 cm diameter packed to approximately 17 cm
high with immobilized lipase (6.00 g for the Novozym® 435 and 7.50 g for the Celite® supported lipase
sol-gel). According to Thoenes (1994), the recommended particle diameter for packing materials is
typically 3-10 mm and the reactor height should be 10 to a few hundred times the particle diameter. In
this study, the particle diameter was 1 mm for Celite® sol-gel and 0.6 mm for Novozym® 435 and the
reactor height was 170 times the particle diameter. The direction of the flow was downward due to the

high substrate viscosity and the need to avoid any challenges associated with catalyst particle retention.

The reactor was maintained at a constant temperature (40°C) using a circulating water bath (NESLAB
RTE-111, Neslab Instruments Inc., Portsmouth, NH, USA). The reaction mixture (1.95 mL methanol and
49.5 mL 97% triolein) was vigorously mixed and delivered to the top of the column at a constant flow
rate using a peristaltic pump (Cole Parmer Masterflex Easyload L/S 7518-00, Montreal, QC, Canada).
The reaction mixture was recycled through the packed bed until no further increase in conversion was

observed. After each pass, a 10 pL sample was taken from the liquid phase for methyl oleate analysis.

97



Circulating
Water Bath

Feed Tank Peristaltic Pump Effluent Tank

Figure 8.1: Schematic of the packed bed reactor apparatus.

8.2.2.5 Quantification of fatty acid methyl esters

The 10 pL samples from the batch stirred tank and packed bed reactors were diluted in 990 uL hexane
and 100 pL of 320 uM heptadecanoic acid methyl ester (internal standard), and analyzed for methyl
oleate content using a GC-MS (CP-3800 gas chromatograph, Saturn 2000 mass spectrometer/mass
spectrometer, Varian Inc., Mississauga, ON) equipped with a CP-Wax 52 CB fused silica column (CP8513,
Varian Inc., Mississauga, ON). The injector was set at 250°C with a split ratio of 50; the oven
temperature was held at 170°C for 10 min, ramped 10°C/min to 250°C and held at 250°C for 2 min;
helium was the carrier gas at a flow rate of 1 mL/min; and the injection volume was 1 pL. Only the
methyl oleate concentration was measured using this method — the methanol and triolein
concentrations were determined using a mass balance based on the reaction stoichiometry. No other

components were observed in the GC-MS chromatograms.
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8.3 Modelling

8.3.1 Kinetic model
The initial reaction rate for enzymatic biodiesel production with inhibition by the alcohol substrate can
be described by Equation 8.1 for the reaction T + A & G + M where T is the triglyceride, A is the
alcohol, G is the glycerol, and M is the methyl oleate (Al-Zuhair, 2005; Al-Zuhair et al., 2007; Al-Zuhair et
al., 2009; Dossat et al., 2002; Xu et al., 2005).

dCy Vinax[A1[T]

dt = Ror AL+ [A1/Kya) + Kya T + TATT] &)

where V4, is the maximum initial reaction velocity, [A] and [T] are the alcohol and triglyceride
concentrations respectively, K,,,4 and K,,,r are the apparent Michaelis constants for the alcohol and
triglyceride respectively, and K4 is the alcohol inhibition constant. The 4 kinetic constants (V,4x, Kma,
K, and K; ) for Celite® lipase sol-gel (CSG) and Novozym® 435 (N435) catalysts were optimized using
non-linear least squares fitting with the Trust-region algorithm conducted with MATLAB® software

(Version 7, Mathworks) based on 13 data points for CSG and 17 data points for N435.

8.3.2 Packed bed reactor model
Considering the flow and reaction in a packed bed reactor, Equation 8.2 presents a differential equation
to describe the substrate concentration with respect to the position along the height of the reactor

(Fogler, 1999).

—Udﬁ = kcSp(C4 — CF) (8.2)
dz

where U is the fluid linear velocity, k. is the external mass transfer coefficient (ko = Sh X Dyr/dp), Sg

is the external surface area of the catalyst, C4 is the bulk concentration of the substrate, Cgf is the

concentration of the substrate at the catalyst surface, and z refers to the position along the reactor

height. The steady state operation of an enzymatic packed bed reactor can also be described by

Equation 8.3 (Dunn, 2003).

c, 1
a4 _ _ 8.3
— i (8.3)
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where 14 refers to the reaction rate with respect to the substrate. Considering a series of packed bed
and fluidized bed studies, Equation 8.4 presents a general equation for the Sherwood number (Sh) that
can be used to determine the mass transfer coefficient (k.) in Equation 8.2 (Dwivedi and Upadhyay,

1977; Seguin et al., 1996).
1.1 1
Sh = TR68'285C3 (8-4)

where ¢ is the void fraction in the reactor, Rep is the Reynolds number for the particle and Sc is the

Schmidt number.

8.3.3 Physical properties

The Wilke and Chang equation (Equation 8.5) was used to estimate the diffusivity, Dy, of solute M in a

very dilute solution in solvent T where M refers to the methanol and T to the triolein (Treybal, 1980).
1173 x 1078 X (@ X M7)°® X T

Dy = 8.5
MT HUM0'6 ( )

where ¢ is the dissociation factor for the triolein, My is the molecular mass of the triolein, T is the
temperature, u is the triolein viscosity, and v, is the molar volume of the methanol. Assuming uniform
spherical particles, the void fraction (&) can be calculated based on the particle diameter (dp) and the

reactor diameter (dg) as shown in Equation 8.6 (Rase, 1990).

dp

e=04 (1 +0.42 —) (8.6)
dg

Since triolein consisted of approximately 97.6 % (v/v) of the liquid mixture, the density (p) and dynamic

viscosity (1) of pure triolein were used for the modelling. Equation 8.7 was used to determine the

kinematic viscosity (v = u/p) with respect to temperature based on pure triolein where v is cSt, u is cP,

pis g/cm®and T is K (Valeri and Meirelles, 1997).

Inv = 1.5554 — 2182.0021/T + 888879.2445/T*> (8.7)

The surface area and particle diameter for the Celite® R632 sol-gel were 1.49 m?/g and 1 mm,
respectively (Meunier and Legge, 2010). For Novozym® 435 the surface area and particle diameter were

89 m?/g and 0.6 mm, respectively (Wiemann et al., 2009).
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8.3.4 Packed bed efficiency correlation

Despite mass transfer effects, the solvent-free packed bed reactor with Celite® supported sol-gel
containing lipase achieved higher conversions more quickly than the stirred tank batch reactor that was
used to develop the initial kinetic equations. Based on the effect of glycerol for continuous enzymatic
transesterification described by Dossat et al. (1999), the presence of glycerol in the liquid phase is
assumed to cause a diffusion limitation preventing the organic substrate from accessing the enzyme.
Additionally, Dossat et al. (1999) found that increasing the amount of enzyme in the system caused a
delay in the point at which the enzymatic activity begins to decrease. To accommodate this effect, an
efficiency correlation, a, was developed that depends on both the Reynolds number for the reactor (Re)
and the concentration of glycerol with respect to the weight of enzyme in the packed bed ([G]/Wp) as

described by Equation 8.8.

ay

as
1+ ayesRe + (a4 ][/3—])
P

@= (8.8)

From this correlation, as the Reynolds number increases the glycerol layer is removed thereby reducing
the resistance layer resulting in an increase in the observed enzymatic activity. Conversely, as the
glycerol concentration increases, so does the glycerol layer resulting in an increase in resistance
resulting in a decrease in the observed activity. The constants of the model (aq, a,, a3, a4, and as)
were obtained using an inverse parameter estimation approach. The experimental methyl oleate
concentrations obtained at 1.4, 5 and 20 mL/min (29 data points) were used to calibrate the model by
estimating the parameters of the efficiency equation (Equation 8.8). A genetic algorithm code available
in the MATLAB® software was used for parameter estimation by minimizing the sum of squared error
(SSE) between experimental and model estimation of the methyl oleate concentration. The model was
validated against the experimental data obtained at 12.5 mL/min and a second set of data obtained at
20 mL/min (30 additional data points).

Table 8.1: Kinetic constants determined by fitting the results of the batch experiments to Equation 8.1 for the Celite® sol-gel

and the Novozym immobilized enzyme preparations. Ethanolysis kinetic constants from the literature
CSG dthe N ® 435 (N435) i bilized i Eth lysis kineti fi he li
using N435 are included for comparison (Chesterfield et al., 2012).

Kinetic coefficient CSG N435 Chesterfield et al. (2012)
Vnasx (Mol/L min) 408.26 1.022 3.26

K7 (mol/L) 1.2x10* 0.132 0.029

K4 (mol/L) 5.5x10" 830 0.948

K, 4 (mol/L) 0.137 4.2x10° 0.083
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8.4 Results and discussion

8.4.1 Batch kinetics

The kinetic constants determined for Celite® supported sol-gels and Novozym® 435 (Table 8.1) indicate
that a faster reaction was observed for Celite® sol-gel (Viyaxcse > Vimaxnazs) and that alcohol
inhibition was greater for Novozym® 435 (K;4 cs¢ > Kjanazs)- These results show that the Celite® sol-
gel has better kinetic performance in comparison to the commercially immobilized Novozym® 435.
However, the Celite® sol-gels exhibit lower apparent affinities for both substrates in comparison
Novozym® 435 (K1 cs¢ > Kmr nass and Kipa cse > Kmanass). The kinetic models developed for both
enzyme preparations provide good fit with respect the experimental data (SSEcsg=0.219, R%csc=0.888,

SSEN435:3.9X10_9, R2N435:O.895) .

A recent study by Chesterfield et al. (2012) considered the reaction kinetics for Novozym® 435 biodiesel
production and found V},,, and K;, values between those found for CSG and N435 in this study (Table
8.1). A similar catalyst loading was used, however ethanol was used as the acyl acceptor, which is
known to be less inhibitory to lipase (Hernandez-Martin and Otero, 2008; Salis et al., 2005). This effect
is substantiated by the lower alcohol inhibition constant and higher apparent Michaelis constant

observed in this study in comparison to the observations of Chesterfield et al. (2012).

8.4.2 Experimental and modelling results

To determine the constants for the correlation coefficient (Equation 8.8), Equations 8.1-8.8 were solved
at a variety of flow rates to achieve the best fit for all conditions tested. Table 8.2 provides the data
used for the immobilized enzyme including the catalyst density, surface area, particle size, porosity,
efficiency correlation constants, diffusivity coefficient and viscosity while Table 8.3 provides the
additional data necessary for the packed bed reactor model including the Reynolds number, Sherwood

number, and mass transfer coefficient as described in Section 8.3.2.

The model developed showed very good agreement with the experimental data for all the flow rates
examined (Figure 8.2). Increasing the flow rate from 1.4 mL/min to 5 mL/min and from 5 mL/min to
12.5 mL/min influenced the methyl oleate concentration profile, but a further increase in the flow rate
from 12.5 mL/min to 20 mL/min had a minimal effect on the product concentration profile. A similar
effect was observed by Hama et al. (2011) who observed that the glycerol removal efficiency increased
with increasing flow rate until the optimal flow for glycerol removal was achieved. At the two highest

flow rates (12.5 mL/min and 20 mL/min), the maximum conversion (90%) is reached within
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approximately 10 minutes of contact time between the substrates and the enzyme. The inability to

achieve 100% conversion is attributed to the high glycerol concentration which results in a hydrophilic

layer around the enzyme and support preventing the triglyceride from reaching the enzyme’s active site

(Dossat et al., 1999).

Table 8.2: Parameters used to model the experimental packed bed reactor results for each of the immobilized biocatalysts.

Parameter CSG N435
pp (kg/m?) 562 449
Su (m%/kg) 1490 82000
Sg (m*/m?) 8.37x10° 3.69x10’
dp (m) 0.001 0.0006
£ 0.42 0.41
a, 23 8
a; 6 4
as -14 -14
ay 1x10™ 5x107
as 4 4
Dyr (m?/s) 2.11x10™"
u(Pas) 0.0355
1000000

800000

600000

400000

[Methyl oleate] (uM)

200000

® (SG-1.4mL/min
—— Model- 1.4 mL/min

5 10

20 25

0 CSG-5mL/min
----- Model - 5 mL/min

Contact time (min)

A CSG-12.5mL/min
=+ Model- 12.5 mL/min

& CSG-20 mL/min
— Model-20 mL/min

Figure 8.2: Packed bed results with the experimental (symbols) and model (lines) methyl oleate concentrations as a function
of contact time in the reactor with Celite® supported sol-gels at 4 flow rates (1.4 mL/min, 5 mL/min, 12.5 mL/min and 20
mL/min). The confidence intervals shown are estimated from a pooled variance of 16 samples in triplicate.
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Table 8.3: Summary of some of the parameters calculated from the modelling of the packed bed reactor experiments.

Enzyme CSG CSG CSG CSG N435 N435
Q (mL/min) 1.4 5 12.5 20 5 20
Rep 0.0075 0.0267 0.0669 0.1070 0.0160 0.0640
Sh 38.77 55.37 71.56 81.62 48.74 71.86
k¢ (cm/min) 0.477 0.681 0.881 1.004 1.002 1.477

Table 8.4: Comparison of solvent-free biodiesel packed bed reactor performance using immobilized lipase.

Reactor Substrate Reaction

Flow rate . Conversion
Reference Catalyst volume volume (mL/min) time (%)
(cm®) (mL) (min) ?
This work CSG 13.35 52 20 60 84
This work N435 13.35 52 20 60 63
Chang et al.
N4 4.1 A 7
(2009) 35 5 56 0 560 6
Hama et al.
N435 290 1020 4 255 75
(2011b)
Hsu et al. Sol-gel 67 155 30 180 30
(2004) &
Ognjanovic et al.
(2009) N435 10.68 110 16.6 60 25
Xuetal. NS8801 17 120 0.8 150 16
(2012) :

The observed effect of flow rate is consistent with what is described in the literature (Chang et al., 2009,
Hama et al., 2011b; Lee et al., 2010). Hama et al. (2011b) observed an optimal flow rate of
approximately 9 mL/min based on the glycerol removal efficiency and the fatty acid methyl ester
content of the product stream for a similarly sized reactor (15.7 mm internal diameter in comparison to
the 10 mm internal diameter for this study). Table 8.4 presents a review of the literature for
immobilized enzyme packed bed biodiesel reactors in solvent-free reaction media. The reaction time is
presented in this table, different from the contact time in the figures in that the reaction time is the time
required for the liquid to flow through the reactor (substrate volume / flow rate x number of passes) as
opposed to the contact time between the liquid and the catalyst which accounts for the void fraction in
the reactor and the reactor dimensions. The packed bed reactor results achieved in this study surpass

the conversions reported in the literature.
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8.4.3 Comparison of Celite® supported sol-gel to Novozym® 435

As a basis for comparison, a commercially available immobilized lipase, Novozym® 435, was tested in the
same packed bed reactor at flow rates of 5 mL/min and 20 mL/min. The same model (with different
efficiency correlation constants, Table 8.2) was used to predict the methyl oleate concentration profile
and was found to be in good agreement with the experimental data (Figure 8.3). There was a significant
improvement of the packed bed reactor performance using CSG in comparison to N435 (Figures 8.2 and

8.3).

Much higher methyl oleate concentrations were observed for the packed bed reactor with CSG than for
N435. After 5 min of contact time at 5 mL/min the CSG had a conversion of 58% while N435 had a
conversion of 42%, and at 20 mL/min the CSG had a conversion of 83% while N435 had 59% conversion.
Since the maximum reaction rate is higher and the methanol inhibition effect is lower for CSG than for
N435, an improvement in the performance of the batch stirred tank and packed bed reactors with CSG is
expected. An internal diffusion limitation for many biocatalysts including N435 has been reported in the
literature (Almeida et al., 1998; Jung and Bauer, 1992; Xiao et al., 2012; Xu and Chuang, 1997), which is a

likely cause of the decrease in reactor performance using N435.
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Figure 8.3: Packed bed results with the experimental (symbols) and modelling (lines) methyl oleate concentrations as a
function of contact time in the reactor for Novozym® 435 at flow rates of 5 mL/min and 20 mL/min. The confidence intervals
shown are estimated from a pooled variance of 16 samples in triplicate.
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Figure 8.4: Contour map for model predictions for methyl oleate concentration with respect to the flow rate and contact
time based on kinetics and mass transfer.

8.4.4 Model predictions

The predictions using the model developed support the experimental observations that increasing the
flow rate and the contact time cause an increase in the methyl oleate concentration, but both variables
have thresholds for which further increases in the flow rate do not substantially increase the final
achievable concentration of methyl oleate (Figure 8.4). For example, a contact time of 5 min at a flow
rate of 0.5 mL/min results in a methyl oleate concentration of 0.35 M, a flow rate of 16 mL/min results
in a methyl oleate concentration of 0.79 M, and a flow rate of 50 mL/min results in a methyl oleate
concentration of 0.81 M. A similar effect is observed with contact time. This is consistent with the
literature which indicates that a hydrophilic glycerol layer hinders the enzymatic activity by limiting the
access of the triglyceride to the enzyme — increasing the flow rate will remove the glycerol, but
increasing the contact time (conversion) will increase the glycerol concentration (Bélafi-Baké et al., 2002;

Dossat et al., 1999; Hong et al., 2011).

8.4.5 Catalyst reusability

The reusability of the Celite® sol-gel was considered over a five day period where each day new
substrates were supplied to the existing catalyst bed in the reactor. From the experimental data (Figure
8.5), no significant activity loss was observed over the five day time span supporting the claim that the

Celite® sol-gel is a promising immobilized lipase suitable for transesterification in a packed bed reactor.
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Figure 8.5: Reusability runs in the packed bed reactor over 5 days at T = 40°C, substrate ratio 1:1, and flow rate = 5 mL/min.
A new substrate mixture (triolein and methanol) was supplied to the existing CSG bed at the beginning of each day.

8.5 Conclusions

A packed bed reactor containing Celite® supported lipase sol-gel was developed and its performance
was analyzed using a combination of reaction kinetics and mass transfer with the addition of a novel
efficiency correlation to account for the effect of glycerol on the observed enzymatic activity. The
reaction kinetics for Celite® supported sol-gels and Novozym® 435 were determined using an initial
reaction rate model with alcohol inhibition. The CSG had a much faster maximum reaction velocity and
alcohol was found to be less inhibitory. The reaction kinetics from the stirred batch reactor in
combination with mass transfer correlations were insufficient to describe the performance of the
packed bed reactor which is attributed to the presence of a glycerol layer which creates an additional
mass transfer resistance. An efficiency correlation dependent on the Reynolds number and the
concentration of glycerol with respect to the amount of enzyme in the packed-bed reactor was
developed and used in the model. The efficiency correlation describes the relationship between the
reduction of the glycerol layer with increasing flow rate and the increasing glycerol layer with increasing
glycerol concentration. Combining the reaction kinetics, mass transfer, and efficiency correlation, the

resulting model exhibited good agreement with the experimental data over a range of flow rates from
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1.4 mL/min to 20 mL/min. Both the experimental results and the model predictions demonstrate the
strong effect of flow rate on the methyl oleate concentration at low flow rates, but as the flow rate
increases beyond 12.5 mL/min the activity enhancing effect is minimized. The results for the Celite®
supported sol-gel system were compared to a commercially available immobilized lipase, N435, and
showed that CSG system resulted in significantly higher final methyl oleate percent conversions (83% at
20 mL/min) in comparison to N435 (59% at 20 mL/min) supporting the inherent advantages of this
enzyme-based system for the production of fatty acid methyl esters. Additionally, over five days no
enzymatic activity loss was observed for the CSG further indicating its potential for use in a packed bed

reactor configuration.
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8.7 Nomenclature

[A] Alcohol concentration (mol/m?3)
Cy Concentration of substrate A4 (mol/m°)
cs Concentration of substrate 4 at the catalyst surface (mol/m?)

CSG Celite® supported lipase sol-gel

Dyr  Diffusion of methanol in triolein (m*/s)

dp Catalyst particle diameter (m)

dg Reactor diameter (m)

[G] Glycerol concentration (mol/m?)
k¢ Mass transfer coefficient (m/min)
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Ta

Re

Rep

Sc

Sh

SSE

Su

Alcohol inhibition constant (mol/m?)

Apparent Michaelis constant for alcohol (mol/m?)
Apparent Michaelis constant for triglyceride (mol/m?)
Molecular mass of the triolein (g/mol)

Novozym® 435

Flow rate (m*/min)

Coefficient of determination

Reaction rate with respect substrate 4 (mol/m?min)
Reynolds number for the reactor Re = (p x 103)(U/60)dp/(ue) (dimensionless)
Reynolds number for the particle Rep = (p x 103)(U/60)dp/u (dimensionless)
External surface area of the catalyst (m*/m?)

Schmidt number (dimensionless)

Sherwood number (dimensionless)

Sum of squared errors

Catalyst surface area (m?/kg)

Time (min)

Temperature (K)

Triglyceride concentration (mol/m?)

Linear velocity (m/min)

Molar volume of the methanol (m?/mol)

Apparent maximum initial reaction velocity (mol/m®min)

Protein weight in the reactor (kg)
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ax

PB

Position along the reactor height (m)

Efficiency correlation (dimensionless)

Constants for the efficiency correlation (X=1, 2, 3, 4 or 5)
Void fraction in the reactor (dimensionless)

Oil dynamic viscosity (Pa s)

Kinematic viscosity (cSt)

Density (g/cm?®)

Bulk catalyst density (kg/m°)

Dissociation factor for the oil (dimensionless)
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Chapter 9

Conclusions and Recommendations

9.1 Most significant contributions

The research conducted for this thesis focused on the development and characterization of a novel
immobilized enzyme, Celite® supported lipase sol-gel, and the elucidation of its potential for the
production of biodiesel in an enzymatic packed bed reactor. A series of lipase sol-gel support materials
were evaluated based on their fatty acid methyl ester production capabilities in a stirred tank batch
reactor; the support material with the most potential, diatomaceous earth Celite® R632, was chosen and
further characterized to predict any challenges that may be associated with enzymatic
transesterification; the reaction kinetics of the supported sol-gel for fatty acid methyl ester production
was ascertained; and the performance of the immobilized enzyme was assessed using a packed bed
reactor with kinetic and mass transfer modelling. The following sections describe the specific

conclusions drawn from each of the chapters presented in this thesis.

9.1.1 Objective A - Experimental Background

Chapter 3 presents the preliminary results collected to determine the feasibility of formulating and
evaluating lipase sol-gels for biodiesel production. Based on the research presented, lipase sol-gels
were found to be very active enzymatically with high thermal stability and good potential for fatty acid
methyl ester production when high hydrophobicity sol-gels (80% PTMS) are used. Additionally, using
the commercially immobilized lipase, Novozym® 435, the presence of methanol in the reaction mixture
was found to have a strong effect on the achievable conversion, the effects of the presence of a hexane
solvent and temperature were only evident at high temperatures (above 60°C), and water had a minimal
effect on conversion. This information was used as a basis for the developing a supported lipase sol-gel

for the production of fatty acid methyl esters.

9.1.2 Objective B - Study of Support Materials for Sol-gel Immobilized Lipase

In Chapter 4, a series of support materials were examined and used to formulate supported lipase sol-
gels which were evaluated based on their ability to retain sol-gel, load protein, and remain catalytically
active for the production of methyl oleate. The goal in selecting a support material was its potential for

use as a biocatalyst preparation practical for use in a packed bed reactor for biodiesel production. Six
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support materials were considered: silica gel, three types of diatomaceous earth (Celite® R633, Celite®
R632, and Celite® R647), an anion exchange resin, and Quartzel® felt. Each supported sol-gel had
unique advantages for this application, but Celite® R632 was chosen as the support material with the
most potential for biodiesel production due to its observed high transesterification conversion ability,
activity and reaction rate, as well as its high thermal stability and sol-gel adhesion levels in comparison

to the other supports considered.

9.1.3 Objective C - Evaluation of Diatomaceous Earth as a Support for Sol-gel Immobilized
Lipase for Transesterification
Chapter 5 is a study of the diatomaceous supported sol-gels in more depth by looking at their surface
morphology, physical properties, and enzymatic properties. The main differences between the three
Celite® materials used is with respect to their particle size, pore diameter, and surface area: R633 has a
small particle size and large pore diameter, R632 has a large particle size and large pore diameter, and
R647 has large particle size, small pore diameter and very large surface area. The sol-gel adhesion and
protein loading were comparable for all three types of Celite® considered. Celite® R632 exhibited good
initial activity and methyl oleate conversion in comparison to the other supported sol-gels and the
unsupported sol-gel validating the potential of Celite® R632 supported lipase sol-gels for biodiesel

production.

9.1.4 Objective D - Evaluation of Diatomaceous Earth Supported Sol-gels as a Medium for
Enzymatic Transesterification to Produce Biodiesel
In Chapter 6, the Celite® R632 supported lipase sol-gels were further investigated for biodiesel
production potential based on their protein content, methyl oleate conversion, enzymatic activity,
stability, and glycerol-water adsorption. Unsupported and Celite® supported lipase sol-gels with
different protein loading levels were compared. Based on the results obtained, the Celite® R632
supported sol-gel with the highest protein content achieved the best conversion over the 6 h reaction
period (80%), a drying step prior to reaction was found to improve the conversion, and the adsorption of
glycerol was only found to be significant at high concentrations of glycerol (75% by volume). The
unsupported and Celite® supported lipase sol-gels were found to be catalytically stable upon storage at
4°C over a 1.5 yr period. These results demonstrate that Celite® R632 supported lipase sol-gels show

promise as a novel biocatalyst for biodiesel production.
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9.1.5 Objective E - Kinetic Modelling of the Production of Methyl Oleate by Celite® Supported
Lipase Sol-gels
Chapter 7 presents a kinetic study based on a ping-pong bi-bi mechanism for methyl oleate production
using Celite® R632 supported lipase sol-gels. A kinetic model was developed to include inhibition by
methanol and glycerol, the effect of temperature, the presence of products, and the reverse reaction
and was shown to be consistent with the experimental data. An optimal methanol concentration range
(1.3 - 2.0 M) that was increased with increasing reaction temperature was identified. Glycerol inhibition
was found to have a more significant effect on the kinetics than methanol inhibition, indicating the
importance of considering the reaction kinetics beyond the initial conditions. The model developed in
this study can be considered valuable for understanding and identifying the combined effects of
methanol inhibition, glycerol inhibition, and temperature on the production of methyl oleate by

enzymatic transesterification.

9.1.6 Objective F - Kinetic and Mass Transfer Modelling of Methyl Oleate Production in an
Immobilized Lipase Packed Bed Reactor
Chapter 8 provides the results for a modeling study based on kinetics and mass transfer for a packed
bed reactor with Celite® supported lipase sol-gels and Novozym® 435. Comparing the methyl oleate
production capabilities of the Celite® supported sol-gel with Novozym® 435 under both batch and
packed bed reactor conditions, the Celite® supported sol-gel had superior performance indicating the
potential of this novel biocatalyst for transesterification. To model the reactor performance, reaction
kinetics and mass transfer equations were used in combination with a novel efficiency correlation to
account for the effect of glycerol. The model developed was consistent with the experimental data over
a range of flow rates from 1.4 mL/min to 20 mL/min. The presence of glycerol had a dominant effect on
the methyl oleate concentration profile and increasing the flow rate, presumably reducing the glycerol

layer surrounding the biocatalyst, resulted in improved apparent enzymatic activity.
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9.2

Recommendations for Future Work

Based on the research conducted in this study, several recommendations for further work are provided:

Fundamentals: Quantification of glycerol and the reaction intermediates (diglycerides and
monoglycerides) in the product stream would be useful for gaining a better understanding of
the reaction mechanism. This could be accomplished using HPLC with a refractive index
detector or a GC with FID detection and a temperature programmable injector.

Process optimization: There are several variables that should be studied to complete the process
optimization for the Celite® supported packed bed reactor such as the lipase source, sol-gel
composition, acyl acceptor, water content, and temperature. Each of these variables is crucial
for the performance and stability of the reactor. Ideally, these variables should be considered
simultaneously to evaluate any interaction effects.

Applicability for biodiesel production: To determine the industrial applicability of this Celite®
supported packed bed reactor for biodiesel production, the reactor should be considered with
alternative feed-stocks such as waste, vegetable, and non-edible oils.

Operational stability: The long term conversion capabilities and mechanical stability of the
immobilized enzyme should be studied as well as the catalyst lifetime. This information is
essential in evaluating the practicality of large scale biodiesel production using the proposed
enzymatic reactor.

Glycerol separation: Given the effects of glycerol revealed in Chapters 6, 7, and 8, the
continuous removal of glycerol from the packed bed operation could significantly benefit the
achievable conversion. Although there are a variety of options for glycerol removal,
implementation of a packed bed reactor with membrane-based separation for glycerol may be

of value for industrial applications.
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Appendix B

Lipase Source Change

The experimental work described in Chapters 3 through 6 was completed using lipase NS44035 provided
by Novozymes North America Inc. This lipase was used since the sol-gel immobilization procedure and
linoleic acid assay methodologies were well established based on earlier experiments. Since all the
initial experiments were conducted using the Novozymes lipase, the supported sol-gels studied for

methyl oleate production were produced using the same methodology.

One of the concerns identified regarding the results obtained was that the Novozymes lipase is not a
common lipase and the supplier will not disclose the source of the enzyme. A review of the literature on
enzymatic biodiesel production revealed that Lipase PS “Amano” SD from Amano Enzyme USA Co. was a
very active lipase for this application. The enzyme source for the Celite® supported lipase sol-gels

formulated for Chapters 7 and 8 is therefore from Amano rather than Novozymes.

The basic information regarding the two types of lipase used in this thesis is provided in Table B.1.
Experimentally, the main difference between the two lipases is that the Novozymes lipase was supplied
as a liquid and Amano lipase as a powder, resulting in a slight change in the sol-gel formulation
procedure to ensure that the Amano lipase was well dissolved in the phosphate buffer prior to use. The
protein content of the Amano lipase was unknown, so the amount of lipase used was chosen so that the

activity of the protein loaded would be comparable between the two enzyme sources.

Table B.1: Information from Novozymes North America Inc. and Amano Enzyme USA Co. for the two types of lipase used in
the experiments performed for this research.

Lipase (Supplier) Source Form Activity (U/g)  Optimal conditions
NS44035 Unknown o pH=7.5
L Liquid 20 000 .
(Novozymes) 1,3-specific lipase Temperature = 40°C
Lipase PS “Amano” SD H=7
P Burkholderia cepacia Powder 23000 P .
(Amano Enzyme) Temperature = 50°C
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A series of experiments were conducted with the Amano lipase to ensure that similar levels of
performance could be obtained using the new source of lipase (Table B.2). Based on the results
obtained, the unsupported sol-gel and the Celite® supported sol-gel with Amano lipase had slightly
higher protein content compared to the Novozymes lipase. However, the degree of immobilization that
could be achieved using the Novozymes lipase sol-gels was much higher for both the unsupported and
Celite® supported sol-gels than that with the Amano lipase. This could be due to the need to dissolve
the Amano lipase powder in phosphate buffer prior to its addition to the sol-gel precursor solution. For
the free lipase, unsupported sol-gel, and Celite® supported sol-gel, the Amano lipase exhibited higher
methyl oleate conversion after the 6 h reaction than the Novozymes lipase. In each case, the 6 h methyl
oleate concentration for the Amano lipase was close to double that of the Novozymes lipase.
Considering the initial activity of the lipase, both the unsupported sol-gel and the Celite® supported sol-
gel had approximately double the initial activity using the Amano enzyme, but the free lipase exhibited
only half the initial activity of the Novozymes lipase. Therefore, immobilizing the Amano lipase in the
sol-gel (unsupported or supported) dramatically increased the enzymatic activity for methyl oleate
production. Based on these results, the Amano lipase was found to be a good choice of lipase for the

subsequent Celite® supported lipase sol-gel methyl oleate production studies.

For the sol-gels produced using the Amano lipase, the HPLC procedure for protein content identification
was found to be unreliable. Although, the composition for the Amano lipase from the supplier indicated
that the powder provided was 90% dextrin and 10% lipase, HPLC analysis indicated many peaks (10 or
more) which is likely due to the mixture of carbohydrates in the dextrin that was used. The resolution of
the peaks was very poor, and identification of a lipase peak was not possible. Therefore, a BCA assay

was used to determine the protein content of the Amano lipase supported sol-gels.

Table B.2: Protein content, degree of immobilization (DOI), methyl oleate concentration after 6 h (6 h [MO]) and initial
activity for the Novozymes and Amano lipases for free lipase, sol-gel immobilized lipase, and Celite® supported lipase sol-gel.

Support Lipase Protein content DOI 6 h [MO] Initial activity
(mg/g) (%) (rM/g) (U/g)
Free Novozymes NA NA 1.05 59.78
Amano NA NA 1.65 29.74
Sol-gel Novozymes 4.86 80.11 178480 6077
Amano 5.60 26.54 396382 10128
. Novozymes 1.45 85.88 203513 4676

Celite® Sol-gel

Amano 2.21 72.52 440473 10503
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The unsupported sol-gel and the Celite® supported sol-gel containing both types of lipase were studied
using SEM to determine if there were any structural differences in the nature of the sol-gel material
(Figure B.1). The most notable difference observed was with the unsupported lipase sol-gels where the
Novozymes unsupported sol-gel resulted in an irregularly shaped surface, but the Amano unsupported
sol-gel produced defined particles possessing a globular structure, even after sol-gel immobilization.
This is likely due to the differences in other components in the Amano lipase preparation. For the
Celite® sol-gel with the Amano lipase, the sol-gel on the Celite® support was very spherical with no air

bubbles, but for the Celite® sol-gel with the Novozymes lipase, the sol-gel was non-spherical with many

air bubbles.

Novozymes Lipase Amano Lipase Novozymes Lipase Amano Lipase

Unsupported Sol-gel Unsupported Sol-gel Celite® Sol-gel Celite® Sol-gel

Figure B.1: SEM images at 3000x maghnification of the unsupported lipase sol-gel and the Celite® lipase sol-gel with the
Novozymes and Amano lipases. Arrows on the Celite® sol-gels images indicate the presence of sol-gel on the Celite®.
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Appendix C

Sample Calculations

GC-MS - Enzymatic Properties

The GC-MS method used to follow the enzymatic production of methyl oleate (MO) with time is
described in Sections 4.2.2.6, 5.2.2.5, 6.2.2.3, 7.2.2.3, and 8.2.2.5. Heptadecanoic acid methyl ester
(HDA-ME) was used as an internal standard and a plot of the peak area of MO/HDA-ME vs. the known
concentration of MO/HDA-ME is a calibration curve used to determine the MO concentration from the

peak areas obtained using the GC-MS Varian ProStar software (Figure C.1).

14 .
y= 0.5300x/
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12 ‘y
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: o

Peak Area MO / HDA-ME
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[MO] / [HDA-ME]

Figure C.2: Sample calibration curve for the GC-MS calibration used to determine the concentration of methyl oleate, [MO],
based on the peak areas. The internal standard is heptadecanoic acid methyl ester (HDA-ME).
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Figure C.2: Sample chromatograms obtained from GC-MS where the top chromatogram is a standard solution and the bottom

chromatogram is a sample solution. The peak at 4.11 min is HDA-ME and at 6.14 min is MO.
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To calculate the enzymatic properties for any given run, a plot of MO concentration vs. time (Figure C.3)

was created based on the chromatogram and calibration curve obtained from the GC-MS. The initial

reaction rate, initial activity, and 6 h percent conversion were calculated based on the equations

provided. Further description of these parameters and calculations can be found in section 4.3.3.

Initial activity (

Initial reaction rate = Slope of initial line (mM /hr)

min g CSG mass (g) X Protein loading (mg/g)

Initial MeOH volume (mL) X MeOH density (g/mlL)

Max [MO] = -
MeOH MW (g/mol) X Total reaction volume (mlL)
6h y ] 6 hr [MO] 100
our % conversion = — X
Max [MO]
400 ,f’/
s
E
g 300 /,’/ 6-hr Methyl Oleate
= L7 . Concentration
(= -
- 4
(1] R4
,.E_ Initial Reaction Rate . o
2 200 \
9 .
2 y=74.939x e
S R2=0.9993 -
(%) ’
s .7
S 100 .7
Ry
0
1 2 3 4 5
Time (hours)

Figure C.3: Sample methyl oleate concentration vs. time plot used to determine the enzymatic properties (initial reaction

rate and 6 h methyl oleate concentration) based on a 6 h batch reaction.

135

,umol) _ Initial reaction rate (uM /min) x Total reaction volume (mlL)




HPLC - Protein Content

To determine the protein content of the sol-gels, the HPLC method described in sections 3.1, 4.2.2.3,

5.2.2.4, and 6.2.2.2 was used and a calibration curve for a BSA standard was developed (Figure C.4).

To determine the protein content of the sol-gels, a mass balance was used based on the amount of
protein loaded to the sol-gel from the immobilization procedure and the amount of protein present in
the sol-gel phosphate buffer washes. Chromatograms were obtained from the HPLC method (Figure
C.5) where the upper chromatogram represents the lipase solution loaded to the sol-gel and the lower
chromatogram represents the phosphate buffer wash. Based on activity assays, the lipase peak is
known to elute after approximately 10 minutes. The 15 minute peak is an additive in the protein

solution obtained from the supplier. The peak height was used in the analysis.

Other data necessary for the calculations were obtained from the sol-gel preparation, such as the
volume of lipase solution loaded to the sol-gels, the volume of lipase solution in the buffer washes, the
mass of support material used in the supported sol-gels, and the total mass of material produced for

both the supported and unsupported sol-gel formulations.
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Figure C.4: Sample calibration curve for the HPLC calibration based on a BSA standard and used to determine the total
protein content of the sol-gels.
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Based on this data, the protein loading, degree of immobilization, and sol-gel adhesion of the supported
and unsupported sol-gels were obtained from the following equations.

Mass lipase = Concentration lipase solution X Volume lipase solution

Protein loading (mg lipase/g material) =

Mass lipase loaded (mg) — Mass lipase wash(mg)
Mass material made (g)

Protein loading (mg i y ! gel) = Mass lipase loaded (mg) — Mass lipase wash (mg)

rotemn foading \mg ipase/g sot get) = Mass material made (g) — Mass of support used (g)

Degree of immobilizaiton (%) =

Mass lipase loaded (mg) — Mass lipase wash (mg) « 100
Mass lipase loaded (mg)
) Mass supported sol gel made (g) — Mass support used (g)
Sol gel adhesion =
Mass supported solgel made (g)

L

o Overlaid chromatogram with the upper curve

representing the lipase stock solution and the lower
curve representing a buffer wash.
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The peak at approximately 10 min is the lipase peak

[ \
and the 15 min peak is an additive in the lipase
solution obtained from the supplier.

100—
75—
50—

1
25—

Minutes
Figure C.5: Sample chromatograms for the HPLC protein content determination where the upper curve is the protein solution
loaded to the sol-gels and the lower curve is a buffer wash. The peak at 10 minutes is the lipase peak.
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SEM - Coating Analysis

To quantify the amount of sol-gel coating present on Celite® sol-gels as described in sections 5.2.2.3,
5.3.1, and 5.3.2 a series of 45 SEM images were taken for each supported sol-gel and the sol-gel clusters
on the surface of the Celite® were identified visually. Figure C.6 is an example of two SEM images to
demonstrate this process where a) is a sample SEM image and b) shows 6 sol-gel clusters that were

identified on the original image.

A MatlLab program was developed to calculate the area of each sol-gel cluster identified in the images.
Based on the collection of images, the percent coverage of sol-gel on the surface of the Celite® and the

average cluster size were determined and compared between the three different types of Celite®

considered as sol-gel support materials.

200 400 600 800 1000 1200

Figure C.6: SEM images demonstrating the surface area coverage procedure developed where a) is a sample image and b)
shows the same image with 6 sol-gel clusters identified for analysis.
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TGA - Water Content and Thermostability

A variety of properties of the supported sol-gels were determined based on plots of the weight vs.

temperature and the derivative weight vs. temperature obtained via TGA (Figure C.7).

As described in section 4.2.2.6, the water content and thermal stability of the supported sol-gels was
determined via TGA. For this procedure, the supported sol-gels were analyzed without pre-treatment,
and the total mass loss, which occurred at approximately 100°C, was assumed to be solely due to the
presence of water. In addition, from these thermograms the thermal stability of the supported sol-gel
was evaluated based on whether the weight stabilized after the water was removed (stable) or the

weight continued to decrease as the temperature increased (unstable).

Section 6.2.2.4 describes the methodology for an alternative use of TGA to measure glycerol and water
desorption from the Celite® sol-gels. For this analysis, the sol-gels were immersed in solutions of varying
concentrations of glycerol for 24 hrs, rinsed to remove excess glycerol, and air dried overnight.
Subsequent to this treatment, the Celite® sol-gels were analyzed via TGA and the thermograms were
used to determine the peak desorption rate, peak desorption temperature, total mass loss, and onset of

desorption.

100 n € Peak Desorption 04
W\
o8 F 0.35
96 -
- 03
94 -
Total Mass Loss L 0.2
92 | 0.25

Weight (%)
[(e)
o
T
=}
N
Derivative Weight (%/°C)

88 1 - 0.15
86 -
v - 0.1
[
84 - ' X
/ ! 0.05
82 P | [
-~ ~. 'll }
80 N — = ‘ LI : , , 0
0 50 100 150 200 250 300 350 400

Temperature (°C)

— Weight = = Derivative Weight

Figure C.7: Sample thermogram showing the weight percent and derivative weight percent as a function of temperature.

139



