





Anal yBrecess I ntensification in Enzym
Ultrasound

Dem Promotionsausschuss der
TechnischdJniversitat HamburgHarburg
zur Erlangung des akademischen Grades
Doktor-Ingenieur
genehmigteDissertation

von
M. Ajmal
aus

Multan

2016



Gutachter: Prof. Dr.-Ing. Georg Fieg
Prof. Dr. Dr. h.c. Frerich Kell

Prifungsvorsitzender: Prof. Dr. rer. nat. Rudolf Muller

Tag der mundlichen Prafung: 24.March 2016



Acknowledgments

First and foremst | would like to thank my supervisor Prof. Bng G. Fieg for his
tremendous support during my research wet&.taught me how to do a good research from
the perspective of process engineerih@ppreciate his contribution of scholarly inputs,
valuablediscussions and time. The time spent under his superwsasna great learning
experience whicleontributed a lot to my professional growth.

| would like to express my gratitude and appreciatioRrf. Dr. Dr. h, c. F. Keil for guiding
me through myesearchHe always responded positivetyany questionsr problemgelated
to my research. My special thanggsto Prof. Dr. rer. NatR. Miiller for acting asheadof the
thesis defenseommittee | would like to thankDipl.-Ing. (FH) L Kulka also as he was
alwaysreadyto help mewith experimental wik in lab. Big thank gao Dipl.-Ing. H. Fitschen
for providing me the best possible computatiaeaburces institute.

| can never forget the contributions of my teacherNBC Institute of Engineering &
Technological trainingvultan PakistanAt this occasiorl really miss my teacher Engsyed
Nasir Abdi(late) who contributed a lot in shaping my career as a chemical engineer.

| am also indebted to my past and present colleagu®sTainstitute.Working with them was

a joyful experience. They also contributed in completion of my research through discussions
and valuable idea$Vord of appreciation goes to the bachelor and master students of TUHH
also. Their work enabled me to completey mesearch in a comprehensive manner by
investigating the additional aspects of the research tbpicspecial thankgo to my family

also as without their support this work would not have been possible.






Contents

R [ 1 70 [0 Tox i o AP PPPPRRPP PPN 1
1.1 LIEEIAIUIE SUIVEY ..ciiiii it e ettt e e e e e e e e e e e e e e e e s e e e e e e e e e nnnneeeeeas 2
111 Equipment used for Sonication of Enzyme Catalyzed Reactions in.Labs............ 2
1.1.2 Effect of Ultrasound on Enzyme Catalyzed Reactions...............cccvvvvvvvvevveeneeennen. 8

1.1.3 Mechanisms Involved in Ultrasonic intensification of Enzyme Catalyzed Reacti@ns

1.1.4  Influence of Operating Parameters.........ccccccciiiiiiiiiiiiiiiiiieiirer e ee e e e e e 15
1.15 Denaturing/Deactivation of Enzymes from US...........cooooiiiiiiiiiee 17
1.16 MOAEING STUIES......eeiiiieeeiee e e e e 20

1.2  ReSEarch ODJECHVES..........cooii e e e e e e e e e e 22
1.3 Research MethOdOIOGY........ccoooiiiiiiiii e e e e e e e e e e e e a e e e e e e 22

2 Theoretical BaCKgroUNG.............coooiiiiiiiiii e e e e e e e e e e e e e e e e 27
2.1 ENZYME CALAIYSIS. . eiiiiiiiiiiiiiiiie ettt e e e e e e e 27
2.2 Sonochemistry and URIaSOUN.............eeeiiiiiiiiiiiiiee e 31
2.3 Modeling of URrasoniC REACTOL.........cccuiiiiiiiiiiieeieiiiiiiee et 34
2.3.1 Modeling of ACOUSLIC Field PreSSULE.........uuuiiiiiiiiiiiiiriiieeeeeeeeee e 35
2.3.2 Modeling Stirring Effect (CFD)..........uuuiiiiiiiiiiiiieieeeeeceeeeeee e 36
2.3.3 Modeling of Particle TrajeCtOries.........cccoooiiiiiii i 38

2.4 Particle IMage VEIOCIMEILY . ...ttt 41

3 EXPENMENTAlI SEIUPD......uiiiiiieiiiiiiiie et e e et e e e e e e s e e e e e annee 43
3.1 EXAMPIE REACHOMN . ...ccciiiiiiiiiiiie ettt e e e e e e e e e e anne 43
3.2 Expeimental Procedure and ANAIYLICS............coooieiiiiiiii e 43
3.3 UltrasoniC REACIOIS USEM..........ccoiiuiiiiiiiiiiee et 44
3.3.1 High Frequency Reactor (Reactor A, 206.3/616.KHZz)..............ccccl. 45
3.3.2 Low Frequency Reactor (Reactor B 24 KHZ)............ouvvviiiiiiiiiiiiieeiieeee e 46

4 ReSUIS OFf SIMUIATIAN. ...t e e e e e e e e eeeee s 49
4.1  Model of an Agitated UltrasoniC REACIOL............ccccoviiiiiieieeeiiiiiiiieeeeeesiiieeeeeee 49
41.1 Geometry, Domain, Boundary Conditions and Meshing....................c.............. 49
41.2 LS 71 o PRSP 51
4.1.3 ReSUISANA DISCUSSIQN.......eeiiiiiiiiiiiiiie e e e 53
4.1.4  Analysis of Acoustic Pressure Field.............cccccooiiiiiiiiiiiiiieeeee e 54
4.1.5  Analysis of PartiCle TrajeCtories........uuuuiiiiiiiiiiieeee e 56

N ] 1= (o 1Y/ [T = 1T T 60

5 Analyss of Intensification with Immobilized ENZYMES...........ccocceeiiiiiiiiricecviiiine e 63



5.1 Effect of Stirring and Related Parameters on Reaction with Immobilized Esizym....63

5.2  Effect of norCavitating Ultrasound on Intensification with Immobilized Enzymes....66
5.3  Effect of Cavitating Ultrasound on Intensification with Immobilized Enzymes.......... 67
5.3.1 Investigation of Sonotrode POSItIQN.............ccoooiiiiiieeeeeeee e 68

5.4  Analysis of Mass Transferdi&ance for Example Reaction.............ccccccceeevvvcvvveenee.. 74
5.4.1  Analysis of External Mass Transfer ReSIStance. ...........ccccvvvveeeiiiiiiiiiee e 75
5.4.2  Analysis of Internal Mass Transfer ReSIStance..........ccccvvvvvveveeeiieeiieiiieeieeeeeeenn. 78

6  Analysis of Intensification with Free ENZYMES..........ccccoiiiiiiiiiiiiiiiiiiiiieeeeeeer e e ee e 79
6.1  Effect of Stirring on Reaction Rate with Free EMEY................cccceeeeeeiieieiieeeeen 9
6.2  Effect of Cavitating US on INtensification..............oooviiiiieiiiiiiiiiec e 81
6.3  Effect of Water Addition on Reaction Intensificatian.............cccccovviimereeeeeiiiiiiiieeeenn 83
6.4  Role of Cavitation in the Reaction INtensification..............ooeeeiiiiiiiiieee e 87
6.5 Effect of Temperature on the Reactiondnsification.....................ccc.cccce i, 89
6.6  Effect of Amplitude on the Reaction Intensification....................cccccce i, 91
6.7  Effect of Pulsed US on the Reaction Intensification..............ccccocvveiiiiiieiniinic e, a3
6.8  Stability of Free Enzyme against Cavitating.US.............cccoiiiiieiiiniiiiieeeeen 96
6.9 Comparison of Reaction Intensification withmobilized and Free Enzyme................. 98

7  Sonicated Enzyme Reactors for Large Scale Processing.........cccccccevvvviiieeeeensinciinnnenn. 101
7.1  Concept for Sonication of Large Scale Reactars...........ccccceeeeeeeee e 101

8  Conclusions and FULUre WALK...........ccuueiiiiiiiieiiiie et 107

8.1 FUTUIE WOTK . e e et 111



List of Symbols

As
A
A
Ca

Cs
Coac
Cio
CL

Coac

lus

kls

Particle surface area [m?]
Transducer crossectional area [m?]
residual enzyme activity [%0]
Carberry number [-]
Surface concentration [mol/m?]
Bulk concentration [mol/m?]
Lactose concentration at t=0 [g/L]
Lactose concentration at t [g/L]
Bulk concentration [mol/m?]
Drag Coefficient [-]
Speed of sound in medium [m/s]
Compressional speed of sound in particle [m/s]
Specific heat capacity [J/mol/K]
Impeller diameter [m]
Diffusion coefficient [m?s]
Effective diffusion coefficient [m?%s]
Particle diameter [m]
Dragforce [N]
Gravity force [N]
Acoustophoretic force [N]
Gravity constant [m/s]]
Intensity of sound source [W/m?]
Rated Intensity of sound source [W/m?]
Liquid solid mass transfer coefficient [m/s]
Kinetic constant [1/min]
Degradation coefficient [1/min]

degradation coefficient dependent on acoustic

power [1/W]



ch

Pin
P

Pus

Rampeller
Rep

(rv)obs

Sh

constant dependent on acoustic power
Particle mass

mass of reaction medium

Reaction order

Impeller rpm

Acoustic pressure
Incident external pressure field
Power oftransducer

Rated power ofransducer
Pressure from transducer
Reflectioncoefficient
Impeller Reynolds number
Particle Reynolds number
Observed reaction rate
Schmidt number
Sherwood number
Temperature

time

Fluid velocity

Radiation potential
Particle velocity

Incident velocity

Volume of particles

Slip Velocity

Incident particle velocity amplitude
Power

Conversion

Specific acoustic Impedance of medium

[9/l/W]
[ka]
[ka]

[-]
[1/5]
[Pa]

[Pa]
(W]

(W]
[Pa]

[Ray]



Za Specific acoustic Impedance of air

Greek Symbols

U ratio of the specific activity of the final state to
the initial state
| Medium density

? Particle density

VI Viscosity of medium
1 Angular frequency

Q Frequency

G Particle velocity response time
U Tortuosity

U Porosity

U boundary layer thickness

3 kinematic viscosity

k 1st order rate constant

h Effectiveness factor
Abbreviations

B.C Boundary Condition

CALB Candida Antarctica Lipase B
DOF Degrees of freedom

F Free enzyme

Im Immobilized

kHz kilohertz

[Ray]

[-]
[kg/m?]
[kg/m’]

[kg/m/s]
[rad/s]

[HZ]
[s]

[-]

[-]

[m]
[m?/s]
[1/min]

[-]



MHz
OAC
usS
3-D

2-D

megahertz
Oleic Acid
Ultrasound
3-Dimensional

2-Dimensional



1 Introduction

Enzymes are biological catalysts in the form of protein witatalyze chemical reactions.
They are being actively investigated for their application in chemical process industry. The
key advantages associated with enzymes include their high specHiody ability of
functioning at milder operating conditions. Higépecificity helps taminimize or eliminae

side product formatiorjl]. Capability to function at milder operating conditions enabl
considerable energy efficienand safetyof the processThey also contrib@ to sustainable
development asdue to proteinnature they are biodegradable and are isolated from
microorganisms which are fermented ggsiorimarily renewable resource®ne of the best
examples is the industrial production of acryl amide (20,000 tons/year) from Nitto Chemicals
Japan using a nitrileydratase enzyme. The conventional process operates at temperatures of
80-14C°C and always produces acrylic acid as by product. The new process based on enzymes
operates at 10C and produces acryl amide in 100% yield with no acrylic acid byusidd].
Enzymes can be used in free state but for industrial application they are bound on some
porous carrier materiagnd areermed as immobilized enzymes. This facilitates separation of
enzyme from product and they can be utilized for entire period of theitiife thus leading

to reduction of production cost substantially [3].

Tufvesson et al have recently reported an economic analysis showing that-tiptedgzed
production of chemicals shows an impact of 35% on the total manufacturing cost, thereby
making the enzymatic production proasguite expensive4]. Processes based on
enzymes can be made competitive either by decreasing cost of enzyme or by increasing the
activity of enzymeso that time required for reaction completion decreases thereby increasing
the reactor throughpufictivity of enzymes can be increased by increasing temperatire
there isusually a maximum limit of temperature for enzymes @Y [3,5]. This means
beyad this temperaturenzyme activityand hence the reactioate cannot be increased by
thermal energyas it will denaturethe enzyme Therefore, tofurther intensify therate of
enzyme catalyzed reactions enetigysome other form should be us&dne ofthe many
possibilities for mtensifyingthe enzyme catalyzed reactions is tipgleation ofultrasound

(US) as reported in the literatuf6,7]. However,published research hae farfocused merely

on certain aspects of the phenomenon, is scatterelhekslprocess engineering perspective

Therealizationof an industrial scale sonicated enzyme catalyeadtorrequiresconsiderable



work in a systematic manner. Teére objective of present studyas to systematically

investigate the phenomenon frgrocess engineering viewpoint.

1.1 Literature Survey

In order to determine the state of adamprehensive literature survey was carriedabigtart

of the work Focus was to review different ultrasonic reacwrgployedby different research
groups, potential for activation/deactivation of enzymes from US, clarification of underlying
mechanisms and influence of different operapagametersFindings of this literature survey

are summarized in the following pages

1.1.1 Equipment used for Sonication of Enzyme Catalyzed Reactions in Labs

Studying the effects of US on chemical reactions is termed as sonocheRuossyudying the
effect of US on chemical reactions an ultrasonic reactor is. ddgtbugh a large variety of
ultrasonic reactorare used in sonochemistry batrrentsurvey is limited to the ultrasonic
reactors used for studying the effects of USmdansification of enzyme catalyzed reactions
The two widely used ultrasonic sources include but not limitedttasonic cleaning bath and
ultrasonic probe. Ultrasonic cleaning bakhiglre 1.1) is by far the most widely used source

of ultrasonic irradiation in the chemical laboratory. Although it is possible to use the bath
itself as a reaction vessbut this is seldom done becausf the problems associated with
corrosion of the bath walls and containment of any evolved vapors and ghasesormal
usage therefore involves filling of reaction contents in a beaker/flask and this is immersed
into the bath.The beakercan bepositioned inside bath at a place where the ultrasonic
radiation is strongesfThis means reaction contents are sonicated indire€hg. reaction
vessel does not need any special adaptation and an inert atmosphere or pressure can readily be
maintained thwughout the reaction time. Temperature control in commercial cleaning baths is

generally poor and so the system may require additional thermostatic ¢8htrol

As mentioned earlier reaction contents are held in a glass beaker/flask in ultrasonic bath.
Impedance of glass beakers is very high in comparison to liquid medium used in ultrasonic
bathse.g. waterThe entrance of ultrasonic energy into the beaker/flesktaining reaction

contentsan be determined according to Eq. 1.1.
2



Entrance =1 R (1.1

Here R is reflection coefficient whidhefines the fraction of Ugflectedfrom a surface and

can be determined from Eq. 1.2.

Y ——— =079 (12)
where[9]
&) " po pT [Rayl]
A " p® p m[Rayl]

Reaction
Wate medium
Z
wat
us

Figure 1.1. Use of ultrasonic cleaning bath in sonochemistry

This means entrance is 0.21 79 of ultrasonic energy ieflected back from the surface of

beaker Thereforeactual amount of ultrasonic energy going into reaction medium is far lower
(1-5[W/lenf])[8.But this phenomenon of US reflectio
studies.Reflection of US can be minimized by using a beaker/flask made from a material
having impedance similaoseto the fluid used in ultrasonic batRovedano et allfJ] have

said that non reproducible performance of US cleaning baths and the decline of power with

the working time should be taken into accourtile discussing the results.olever this

problem has not bedasted odiscussed in any of the published results



The second type of ultrasonic reactor usethésultrasonic probe systenunlike ultrasonic
cleaning bath the ultrasonic probEigure 1.2) allows acastic energy to be introduced
directly into the reaction medium which eliminates the reflection of ultrasonic waves
happening in case of ultrasonic bath. Thiensity of such systems is controllable and the
maximum can be several hundred \¥/ifhe probesystem is more expensive than the bkth
canbe slightly less convenient in usesspecial sealsare needed if the horn is to be used in
reactions which involve reflux, inert atmospheres or pressures above (or below) g@jbient
Kadkhodaee et al have alin thatthe effect of the sonotrode tip on the reaction rate is
dependent on the reaction site and can increase the rate of the reactions in which the reactants
are volatile enough to diffuse into the bubll&%]. Work reported by Lin et al concludes that
under probaultrasonic conditions, stereoselectivities decrease for porcine pancreatic lipase
(PPL) catalyzed hydrolysis of (R), 2, 3, 4tetrahydrel-naphthylbutyrate racemat&?].

transducer
housing

generator

upper (fixed)
horn

screw fitting
at null point

detachable harn

replacable
tip

Figure 1.2. Ultrasonic probe systems insonochemistry[8]

Yasuda et.al J3] has comparedthe intensificationfor probe/horn and cup horn type
experimental arrangementBigure 1.3). Cup horn type arrangements resembles ultrasonic
bath. Only difference being that cup horn arrangementgaction contents are sonicated
directly. They have shown thgirobe horntype arrangements are more effective than cup
horn type but there has been no discussion about the reasons for this difference in
performance
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Figure 1.3. Experimental setup used by Yasudaa) probe horn type, b) cup horn type
[13]

Besides ultrasonic cleaning bath and probe syshare are some examples of specialized
arrangements as well. The experimental setup used by Chetverikova4tfai ftudying the
influence of ultrasound omtensification offour different enzymes (creatine kinase, lactate
dehydrogenase, hexokinasendapyruvate kinase) is shown iRigure 1.4. The sample
chamber consists of an open plastic trough having a cubical lower portion (2 x 2 x 2 cm) and a
conical upper portion. The pH electrodes are positioned in conical portion to thedid
protrusion into the acoustic beam. The ultrasonic field is applied by a transducer externally
and sample is positioned in the near field of transducer. The sound beam after passing through
the sample is reflected into a rubber absorber. Ultrasouadfraguency of 0.88 MHz was
generated by means of a commercially available pthsiapy device (UzZ102) and
ultrasonic intensity was varied between 0.1 and 1 \X/duwe to applied frequency and

intensityit is unlikely that cavitation will have been produced in reaction medium.

Sakakibara et al carried out hydrolysis of sucrose using invertase in an arrangement shown in
Figure 1.5. The reactions were carried out in a 400 ml cylindrical glass reactor (7 cm in
diameter, 11 cm in height). The sonicator (Type158V; Cheonpa Kogyo Co. Ltd. Japan)
consisted of an ultrasangenerator and a barium titanate transducer (6 cm in diameter). A
transducer at 815 + 5 kHz was used for all experiments. To degoeaver loss aneflection

of the ultrasonic beam, the transducer was positioned near bottom of the reactor, and the

bottom was made from 10 pum thick polyethylene filmorder to minimize reflection of US
5



The reactor and transducer were immersed in a tempernt®lled water bath, the

temperature of which was kept at 25 + §@115]. Here reaction was sonicated indirectly.

pHelectrodes

Sonication trough

e

™~ Stirring bar

Figure 1.4. Experimental setup used by Chetverikova et all4]
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L I 1
- |= i = = g
Oscilloscope | — f i g
L.t
i |
2
I_T L & !4

Constant
Temperature
Bath

1= Brass sphere, 2 = Barium titanate transducer, 3 = Reactor,
4 = Felted fabrics

Figure 1.5. Experimental setup used by Sakakibara et gl15]
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Figure 1.6 shows the experimental arrangement used by Schmidt &6]afof studyng the

effects of ultrasound orntensification of immobilized Glucoamylase using starch and

mal tose as substrates. It consists of a cyli
1 ml volume faced by two 36 um polyester sheets (2) as acoustically transparent windows.
The carrier material waseld in place by plugs of glass wool and formed a loosely packed bed

a 4 mm thick in the reactor volume (1), the
settling or motion of the beads in the acoustic field. The cell was immersed in a thermostated
water bath kept at 37+0.2°C. The temperature within the cell near the outflow was monitored

by means of a thermistor (5). The sound field?.6 MHz and 5 kW/rfwas produced by five

circular ceramic transducers, each 20 mm in diameter and having a diffesamamnt

frequency. The transducer surface was positioned parallel to the sound windows at a distance

of 20 mm. A two component silicone rubber absorber was arranged behind the cell to avoid
standing wavesA hydrophone was positioned outside the acoustanbbut near the cuvette

and connected to a selective micro voltmei&r.cavitation was observed owing to very high

frequency and lower amplitude.

In conclusion it can be said that for an ultrasonic reactor it is importaspeoify if the
applied US caused cavitation or not. The results obtained with a given ultrasonic reactor

should be interpreted accordingly.
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4 = Sound field, 5 = Thermistor, 6 = Thermostated water bath

Figure 1.6. Experimental setup used by Schmidt et allo]

1.1.2 Effect of Ultrasound on Enzyme Catalyzed Reactions

In order to study thentensification of enzyme catalyzed reactidresn USa variety of
reaction systems have beemployed Intensification fromUS hasbeenreported for
both free as well as immobilized forns enzyme Comparison of reactiorate with

free and immobilized enzyraén Table 1.1shows thaintensificationeffect of US on
reactionscatalyzedwith free enzymes is more pronounced than immobiligedeption

is the case of Subhedal7], where use of US gave 7 fold faster reactiates The
probable explanation can be that in #tadiedreaction there involved phase transfer
resistance, whiclwas reduced by use of US. So this 7 fold improvement in reaction rate
cannotbe attributed taheimprovement of enzyme activity. This points to the fact that
while studying theintensificationfor multiphase reaction systems it is important to

identify the significance of mass transfer limitation. Otherwitsis difficult to identify

8



if the observed improvement is coming from enhanced mass transfer rate or improved
enzyme activity onlyor boh. Enhanced reactiorate with immobilized enzymes has
been attributed to improvement of mass trangtéhough in free enzymes there are no
influences of mass transfer (arising from immobilization) ibtensification effectis

still observed.

Ishimori has measureitensification 0f20% with free enzyme but has not given an
explanationof it. Schmidt et.al16] are of the opinion that thistensification withfree
enzymes can be an increased ddtdissociation of the multimeric enzyme inte more

active monomers in the presence of 8§ Lin has not clearly mentioned that whether

the system used was single phase or multiphase. Howevesr also of the opinion that

the enhancement is probably the result of the increase in usable surface area for
catalysis. However, this aspect needs a further discussimking to its immense

importanceln the following section a detailed discussisrbeing donevhich involves

1 Mechanism involved inltrasonicintensification ofenzymecatalyed reactions
1 Influence of operating parameters

1 Denaturing/deactivation of enzymese to US
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1.1.3 Mechanisms Involved inUltrasonic intensification of Enzyme Catalyzed
Reactions

Very little is known about the actual effects of ultrasoundenzyme catalyzed
reactions because contradictory results of activation/inactivateinenzyme upon
ultrasonication have been report@d][ The main factors possibly contributing for such

anintensificationcan be categorized as

1 Thermal factor: due to the enormous temperatures achiéwed cavitation
1 Mechanicalfactor: (shear forcesgreated bynicro-streaming and shock wave

1 Chemicalfactor: due to fregadicalsgeneratedby sonolysis
Each of theséactors is being discussed in the following paragraphs individually
a) Thermal factor

With regard to the thermal effects nearly everyone is agreed that such effects do not
have a major contribution towards the ovenaténsificationeffect The thermal effects

can be subdivided into two categories belk temperature rise of the reactioredium

(due to dissipation of ultrasonic energy)d temperature rise at micro level because of
the impbding cavitaton bubbles.In the results presented ifiable 1.1 a constant
temperature was maintained during sonication but the positive effects of ultrasound on
reactionrate were still obserable Therefore bulk temperature increase cannot be
regarded as thmain cause ofobservedintensification Bulk increase ineémperature

will decrease cavitation threshold (minimum amount of acoystssurerequired to
produce cavitation)However at higher temperature thaése in vapor pressure of the
solvent trapped inside the cavitation bubbi# provide the cushioning effect during
implosion of cavitation bubblesThis will make theimplosion effect milder.The
localized temperature rise resulting from cavitation is said to be around 5000 .K

But the fast cooling in the order of 2/s (<100 ns) P5] gives an indication that the
contribution of such an effect is unlikely. Lin et &P] have also excluded the effect of
localized temperature rise by saying that higher temperatures, if prevail, would only
result in the denaturation of enzymease nzy me s cannot Asur vi ve

temperatures.

12



b) Mechanicalfactor

Enhancement of mass transport processes has mostly been agreed to be the major cause
of the intensificatiorresulting fromultrasonication. Ishimori et glI7] have concluded
that ultrasond can be used for théntensification of reactions withimmobilized
enzyme where the diffusion of substrate into carrier is a rate determiningrbsp.
employed fee and immobilized}Chymotrypsin for casein substrate undérasonic
radiation (20 kHz, 145 W). Intensification effect was observedowever this effect

was more pronounced for immobilized enzynk@r immobilized enzymavith US
reaction was 2 2.2 times fastethanwith magnetic stirringThey attributed thigaster
reactionrate to increased diffusion of substrate through carrier. Same immobilized
enzyme systesdid not show any activity enhancement for ATEE subst{ifdtacety}
L-tyrosine ethyl estgr Therefore they concluded that diffiusn of substrate through
carrier was not a rate determining step secondcase. However they did not
investigate diffusion limitationintensification effectvas observed with free enzyme
also.They were of the opinion thabif free enzyme the enhancement of reaction rate by
US may be due to the increase in collisions between enzyme and sub%8ate [
However, looking thdarger wavelengths of US used (20 kHz) in comparisasiz® of
enzyme moleculénano metersjt is not possible that there can be a direct interaction
[14].

Schmidt et al[26] have also made similar observations. The system employed was
hydrolysis of starch and maltose using immobilized Glucoamylase as enzym®.(0.15
mm and 0.6 0.8 mm). Ultrasound applied had frequentg MHz. Equipment used by
Schmidt is shown irrigure 1.6. The intensification effecivas observed and there are

two aspects of thidntensificationwas higher for larger substrate molecules (starch)
compared to smaller substrammleculegmaltose). Similarlyfor larger carrier particles
(0.6-:0.8mm)intensification effectvas highemwhencomparedwith smaller ons. This

was explained on the basis of increased mass transport resulting from sonication. They
excluded the possibilitgthat these improved results abecause of the structural
alteration at the enzyme and carrier lev&he vebcity of sound in water is
approximately 1500 m/s, the corresponding acoustic wave lengths are about 10 to 0.01
cm (1-11 MHz frequency) so there is no direct coupling of the acoustic field with

enzymemolecules 27]. Chetverikova et al14] are also ofthe opinion that airect
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interaction between ultrasound and the catalytic functioning of individual enzyme
molecules is unlikely to be the primary step in any acebgtlmgical interaction, and
that this primary interaction appears to be occurring aglaeh level of organizational
complexity[14].

Contradictory to thiBhasarkar and Jadhav are of the opinion that US does cause a
conformational change at enzyme levBhasarkar 21] investigated the influence of

US on intensification of horseradish peroxidase for desulfurization of liquid fuels.
Ultrasonic bath with 35 kHz frequency and 35 W power input was Udexl; stated

that intense micreconvectiongenerated by cavitation bubbles in the formnatro-
turbulence velocity andhock waves cause conformational changes and unfolding of
the secondargtructure of the enzyme molecule, which leaddasier reaction rate
Bhasarkar stated that in absence of cavitation microstreaming produced by US causes a
conformational change of eyme structureJadhave and Gogaf2Q] studied the effect

of US onintensification withimmobilized Lipas€CALB L) for hydrolysis of tributyrin

at 20kHz and 200 W They arealso of the opinion that a change in the structural
conformation of the enzymas a resultof sonicationis responsible forobserved
intensificationeffect A part of this conformational change is permanent i.e. enzyme
does not go back to its native structure once US is turnedlo. means sonicated
enzyme should retain a part i§ enhanced activityUnlike Jadhav, Frydenberg et.al

[20, 28] observed that there was no change in secondary structure of enzyme before and
after sonicati on. They al so obs-sheetseésd t hat

more stable in USA similar conclusion was made by Chetveriko%4][

Summing upthe discussion regarding significance of mechanical fatt@man be
concluded thain the literature a variety of reactions have been studied. Moreover the
type of enzymes studied is alsbiverse which areemployedin both immobilized as
well as free form. This is further complicated by the use of varying parameter settings
from different writers. Therefore it is difficult to determine if the observed
intensificationis only mass transfeielated or change of enzyme structure also plays

role.
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c) Chemicalfactor

Ultrasonic cavitation has been shown to produce radicals in solution for example
hydroxyl and hydroperoxyl groups in wai&s a result of thermal dissociationvafpor
molecules It was thought that the produced radicals might be responsible for
intensification phenomenorHowever Bhasarkar 21] stated that radical produced
during cavitation may interact directly with the substrate moleculgsraducethe
reaction intermediateyhich ultimately speeds up the reaction. According to them the
produced radicals do not activate enzyme molecules as sutineby interactionlt is
concludedthatdirect interaction of produced radicals with enzywik only cause the
denaturing of engme molecule$12, 27, 29, 3(. Mechaiism of enzyme denaturing as

a result of radicals produced from cavitation will be discussed in detskttiori.1.5

1.1.4 Influence of Operating Parameters

The important parameters that can influence ititensification phenomenon ienzyme
catalyzed reactions arpower andfrequency of applied ultrasoundemperature of the
reaction mediumand reactorvolume. The optimum values of these parameters are system
specific. A good example can be the proteolytic reaction studied by Ishimori®t @lifh
increase olultrasonic powerup to 10Wreaction rateéncreased An increase beyond 10 W
caused agradualdecrease ofate of reaction At 20W reactionwas slower than the one
measured imabsence of ultrasound. This was explained on the basis of enzyme partial
denaturation due to higher ultrasound intendigiukder et al 18] made similar observations
where hydrolysis of olive oil catalyzed lasfiromo bacterium viscosum lipase (EC 3.1.1.3) in

a water/isooctane twphase system was carried out. The reaction was carried out in 20 m|
glass veil and the reactimolumewas 5 mlFigurel.7 shows the comparison ofactionrate

for stirred and sonicated systems at@50ver 181 W or below 40 W threactionrate was
dower than those in the stirred system. &t optimal power of 106 W reactioate was
respectively 175% and0% of that in stirred system&nother explanation for thi®wering

of reactionrateat higher power inputs is given §adkhodaee]1]. Kadkhodaeetates that

the rise of acoustic intensity increases the deiwditige cloudof bubbles in the vicinity of the
emitter whichcan reduce the amount of ultrasonic energy transmitted into medium thereby
reducing the ultrasonic effectherefore slower reactiomratefrom higher ultrasonic powers

cannot be attributed to inactivationarizymes only.
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Khan [31] and Tomke[23] studied the effect 025 kHz and 40 kHzfrequency orreaction
catalyzed by Lipozyme435 (immobilized) They observed that at lower frequency
intensification effects higher.Tomke attributed this to formation of smaller and less violent
bubbles at higher frequencyhey reported that enzyme lost 6% of its activity after 8 times
use They attributed this loss of activity to detachment of small amount of enzyme during
filtering and washindut not US However it is surprising that stronger cavitation at lower
frequency did not cause any damage to the enzamger particles. Since #y used glass
beaker as reactdherefore it is likely that the cavitation was not produced in the reaction

medium.
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Figure 1.7. Effect of ultrasonic power on enzymeeaction rate at 25°C [18]

A recentreview by Povedanol] has concluded that role of frequency has been so far
poorly described. An example in this regard can be the dependency of frequency and
amplitude i.e. by varying frequency amplitude also varfgs.important point raised by
Povedands that especial care should be devoted to the nomenclature related to US and the

way to express the variables and parameters involved in this type of energy.
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Summarizing it can be said that while interpreting the results obtained at varying parameters

of US their interdependence should be considered. An important aspect in this regard can be
that how the variation of US related parameters effect the cavitation phenomenon which is

likely to play a major role in defining the behavior of ultrasonic rea€arther it also needs

to be investigated if the decrease in performance at higher intensities is related to enzyme

deactivation or a result of decrease in ultrasonic energy going into reaction medium.

1.1.5 Denaturing/Deactivation of Enzymes fromUS

In the reviewed publications no discussion was found regarding the detachment of enzymes
from carrier materiatiue tosonication. Ishimori et al have demonstrated that for immobilized
enzymes théunctionalitywas hardly affected during repeated oséour times Figure 1.8)

[7]. However the activity of free enzymes decreasétlith regard to the effect of irradiation
duration Sakakibara et d9] have shown important observations. 250 ml of sucrose solution
was hydrolyzed using 0.1 mg invertase. A 15% inactivation of the enzyme after sonication
time of 4 h was observed at the maximum intensity ap8esk1G W/m?), whereas only a

negligible los of activity occurred at low intensity.

Dunn and Macleod32] examined effects of necavitating ultrasound on five selected
enzymes ( f r ekymoteypsin,y trgesin, altdolase, lactate dehydrogenase, and
ribonuclease in aqueous solution. The applitchsound was at levels sufficient to cause
extensive structural and functional damage in tissues (75%W/d@00 W/cni at 17 27

MHz). In one set of experiments enzyme solutions were irradiated using US and then
analyzed for any changes in their struetactivity. In second set of experiments the enzyme
catalyzed reactions were continuously irradiated with US and simultaneously monitored
spectrophotometrically to observe any changes in structure. In both cases no negative effects
of US were found on tésd enzymes. Since for the same enzymes there had been reports in
the literature that they got denatured by a cavitating ultrasound. From this they concluded that
the inactivation of enzymes is not due to direct interaction of ultrasound with enzymes but i

is the cavitation that causes damage to the enzymes. Therefore, they suggested that cavitation

is a necessary condition for ultrasonic denaturation of these five enzymes.

17



x10°?

=
I

=
N

Specific Activity [U/mg gel]
=
o

o

1 2 3 4
Times Recycled

Figure 1.8. Reusability of enzyme after ultrasonication[7]

Cavitation can cause enzyme inactivation throtighfollowingthree mechanisms, which can

actalone or combinefBQ].

1 Thermal deactivation mechanism The first one is purelythermal due to the
enormous temperatures achieved during cavitatitowever as discussed earlier
such effects donot prev§@@i/syddue to rapid d

1 Mechanical deactivation mechanism Secondone is due to the mechanical shear
forces created by micro streaming and shock waweEigure 1.9 it is shown that
when cavitation bubbles are formed at or near to solid surface the bubble collapse will
be asymmetrical. As a result of this a liquid jet will be formed targeted at theesurfa
with speeds in excess of 10091§8]. The mechanical effect of this is equivalent to
high pressure jetting and is the reason why ultrasound is so effective in cleaning.
Patidar et al are also of the opinion that shock wave generated by cawtatioles

effecttheenzyme adversel\B8B]. Kadkhodaeell] is of the opinion that free radicals
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and the shear forces arising from pulsation and collapse of bubbles are the main

causes of protein denaturation and enzyme inactivation.

1 Chemical deactivation mechanism Thethird is due to the formation of free radicals
(such as OH by sonolysis. The penetration of these radicals in an enzyme active
center results in the enzyme being inactivated due to destruction of certain functional
groups important forcatalytic activity P9. Gogate et al have also reported that
cavitation produces hydroxyl and hydrogen radicals by virtue of the pyrolysis of
water. The observed behavior can be attributed to the reaction of hydroxyl or
hydrogen radicals formed during nasonication with the protein backbone, which is a
probable reason for protein denaturation. This phenomenon can subsequently lead to
enzyme aggregation, thus obstructing the active sites and at the same time decreasing
protein stability R0]. Riesz et al[26] have shown that inactivation of alcohol
dehydrogenase and lysozyme by ultrasonic cavitation at 20 kHz decreased with
increasing protein concentration and was markedly inhibited-imeZaptoethanol,
which appeared to act as a scavenger of free radicas a sulfhydryl protective
reagent.

Above mentioned effects magtaalone or in combination.

ASYMMETRIC COLLAPSE

= | = |nrush of liquid from one
T = side of collapsing bubble

Microjet Formation

Solid surface

Figure 1.9. Asymmetric collapse of cavitating bubble near solid surfacf8]
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1.1.6 Modeling Studies

Modeling of anenzyme catalyzed reaction is an important aspectcas igreatly facilitatén
analyzing the performance of newly proposed ultrasonic readiefsre going into
experimental phaselhere have been very few attempts regarding the development of a
complee model for enzyme catalyzadtrasonicreactorssuch as Sener3fl]. Senerhas
studied the galactosidase catalyzed hydrolysis of milk lactose. 20W was found to be the
optimum power input to the system. To predict the effect of processing time on lactose
hydrolysis under ultrasonic irradiation, the data of residual lactose conmentvearsus
processing time at acoustic power of 20 W were evaluatea zeyo order kinetic expression
Eq.1.3

Ll en=co-w (1.3)

Inactivation of enzyme as a function of time for 20W applied power was expressed by the

following equation
A =(100- U) exp(- kpt)+U (1.4)

The effect of ultrasonic power on residual lactose concentration and enzyme activity was

evaluated by the following equations.

d(C

dc) =-kpea (C)= (CL)(PUS:ZOW)+ KpcPus)

dg:)) (1.5)
T =-Kpa (A) = (A p,c=20w)~ KpaPus

where

(C.), (C)=g Lactose L?
k, ky=min™
k..= g Lactose L* W™

Kpa= W™
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Looking the simplified modeling approach adopted by Sener it is obvious that such a model
has very limited scope of applicatidncannot be used for understanding the behavior of an
ultrasonic reactor as it does not account for distribution of ultradeidt inside reaction
medium Moreover italso does not consider that how the applied US interacts with the
enzymecarrier particlesThereforethere is need for developiregmathematical model of an

ultrasonic reactor.

In conclusion it can be said th#te use of US forintensification ofenzyme catalyzed
reactionscan have advantages but the published research has merely focused on certain
aspects It is not systematic and lacks process engineering perspective. For immobilized
enzymesintensificationeffect has been attributed to the improvement of mass transfer but
there has been no further investigation regarding quantification of the mass transfer resistance
in studied system Therefore, it is very difficult to attribute the observed improvement to
enhancement of mass transbety. This aspect needs to be investigated in daait is vital

in understanding of the phenomen@n the other hand, in free enzymes there are no mass
transfer related effects (arising from immobilization) buensifiation phenomenors still
observed. This leads to the fact thatensification effecis not mass transfer related only.
Intensification with free enzymes hasen attributed to the conformational changes in the
secondary structure of enzyme from US. Butre are also reports claiming that a direct
interaction of US with enzyme mol ecul es i sn
wavelength than size of enzyme molecule. Therefore, there is confusion regarding effects of
US on structure of enzyme. Morax it is also not clear if the change in structure of enzyme

is permanent or reversible i.e. does enzyme restore its native structure once sonication is
turned off. As different enzymes have been used with different reaction systems and
ultrasonic reactar;, therefore it is difficult to compare the obtained results. It is also

important to clarify the role of mecavitating and cavitating US.

Due to these ambiguities there is not clarity about the real mechanim itensification
phenomenon observedith US. Therefore, it is difficult to determine that under what
conditions use of US will be effective. To fill afore mentioned gaps and to enhance the
understanding of underlying phenomenon a research concept is developed. According to this
conceptintersification effect of US orreactions involvingenzymes is to be investigated in a

detailed andystematic manner.
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1.2 Research Objectives

In context ofpresentstudy, intensification of enzyme catalyzedactionsusing US is to be
studied with an objective for industrial scale realization of the phenomenon. To achieve this
objective it is necessary to determine that whether the intensification obséthkddsS is a

result of improved enzyme activity or only the anbement of mass transfer/mixing or both.
Moreover it is also important to understand any possibility of direct interaction of US with
enzyme molecules. When US is applied to a reaction medium it may or may not cause
cavitation i.e. it is possible to sioate the medium both under roavitating and cavitating
conditions. It is obvious that cavitation produces its special effects (hot spots) which cannot
be observed under naravitating sonication. Therefgngis critical to study that what type of

US @n produce intensification effectse. noncavitating and cavitating. With this
information it will be possible to determine the conditions necessaryliserving the
intensification effectTo efficiently utilize the ultrasonic energy in reactor itlsoamportant

to study the effect of relevant influencing parameters. Post sonication stability of enzyme also
needs to be teste@nce this phenomenon is understood then in the next step a concept for

large scale realization of the phenomenon needs devmoped.

1.3 Research Methodology

To achieve afore mentioned objectivestructuredresearchconcept is developed.ooking

the research objectigactivities are classified into two main parts. The two main parts are

1 Fundamental understanding of {pleenomenon

1 Development of a concept for large sgalecessing

Each part consists of a number of steps which are organized in a manner that output of one
step forms the basis for the next step as depicted in Figure Hir$0.step ingainng a
fundamental understandingf the phenomenoms the selecion of example enzyme and
reaction systemFor this selecton it is necessary that thgelected enzyme/reactios
important from industrial vie point. The gained knowledge thus will be benefiaiat only

for new processes but also for existing procesSege experiments are to be done in lab,
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therefore, it is equally important that the substances involved in selected reaction should be of
nontoxic and nonflammable nature in order to avoid the requirements of special safety
arrangements in lab. As mentioned in introduction, immobilized forrnoyraes is more
convenient in use as enzymes can be easily separated from product once the reaction is
completed. In this way it is possible to reuse them for multiple production cycles. In this
context main motive here is to look for intensification pagnwith immobilized enzymes.
However to understand thenderlyingmechanisnintensificationtestsshouldbe made with

both free and immobilized enzymeBor this it is necessary that in both cases enzyme is of
same originso that results are directly comparal®ecordingto Figure 1.10ntensification
studiesneed to badonewith stirring, noncavitating and cavitating US\fter fundamental
understanding comes the large scale application of the phenomdrera a conceptor
industrial use needs to be developed and tested.

e = = e e e e mm e e e e Em e e e e e Em e e e e e e e e e e e e e e e e e e e

v/ Fundamental Understanding \

i Effect of Stirring
i Cavitating US (low frequency+ high amplitude)
1 Non-cavitating US (high frequency + low amplitude)

v v

Immobilized enzyme Free enzyme

— e - - —

S e e = - - —— - - - - - - - - - - ——————

____________________________________________________________

Concept for largg scale processing

Development of aconcept for large scale application

_____________________________________________________________

Figure 1.10. Schematic representation of the research steps
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In line with previous discussion Lipozyr#85 (immobilized enzyme) and Lipozyme CALB

L (free enzyme) are selected as example enzyme. In Liped@melLipozyme CALB L is
present in immobilized form. This means in both cases selected enzyme is of same origin and
therefore the results obtained are ditjccomparableAs esterification has continued to be

of central importance in both organic synthesis and indu88&iytherefore, esterification of

oleic acid with rhexanol is selected as example reaction. Substances involved are nontoxic

and nonflammalel under experimental conditions used in lab.

In part 1 of research methodologyidure 1.10 emphasis is on the fundamental
understanding of the phenomenoRor fundamental understanding is necessaryto
investigateand comparehe dfect of stirring, non-cavitating and cavitating U8n selected
reaction Two different reactorare employedor this purposeln both of these reactors US is
directly introduced into reaction mediuso that anydisadvantages arising from indirect
sonication of reactionHigure 1.1) are eliminated.One reactor is capable of operating at
higher frequencies (206 and 616 kHz) and low power input and therdtme not produce
cavitation in reaction medium. Trscondreactor is capable of operating at low frequency
(24 kHz) and high power input and therefgpeoducescavitation.For stirring experiments
magnetic stirring was usedSince prime interest is in exploring the possibility of
intensification with immobilized enzymehis type ofenzymes are tested first. Howeyver
completely understand the involved mechanism tests with free enzymes are also done

Once the mechanism ofitensification from USs understoodhen in part 2 a reactor concept

for large scale applicationf the phenomenon is testeéd/hile developing the concept for
large scale application it is equally important to look the ways for energy efficient operation
of such setups. Reusability of enzyme after sonication cycle also needs to bedested

test the economic viability of this new developmeRésearch methodology terms of

involved stepss alsogiven inTable 1.2.
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Table 1.2Researchmethodology

Fundamental Understanding

Concept for large scale
processing

Intensification Tests with
immobilized enzymes
(Lipozyme-435)

Intensification tests with
free enzymes
(Lipozyme CALB L)

Test of flow through
reactor

Effect of stirring and relategarameters

Effect of noncavitating US
Effect of cavitating US

Concepts for energy efficient operation of the process
Stability of enzyme after sonication

Effect ofcirculation rate on
flow through reactor
performance

Comparison ofntensification tests fammobilized and free

enzyne

It is important to mention that development of a mathematical model is also included as the
development of the model can greatly facilitate in predicting and analyzing the performance

of anultrasonic reactor for a given applicatia®@]. This model has twgats. In first part

distribution of acoustic pressure field inside reaction medium is simulated. In spadnd

effect of acoustic pressure field drajectories ofenzyme carrier particle is simulated

Hydrodynamic information thus obtainedn then be combined with intrinsic kinetics of the

reaction to predict reactor performance.
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2 Theoretical Background

2.1 Enzyme Catalysis

The Swedish chemistons Jacob Berzelius coined the taratalysis (1835) to describe the

property of certain substances to accelerate chemical readimobaracterize the biological

molecules that can catalyze chemical reactibbis|l hel m K¢hne proposed tl|
in 1876 whichliterally meansii i n  [3¢.alket nineteersixties witnessedwo major
breakthroughs that had a major impact on the enzyme industrgothmercialization of
Glucoamylase which catalyzes the production of glucose fstarch with much greater

efficiency than that of the chemical procedure of dwidrolysis, and the launch of the first
enzymecontaining detergents3§]. Northrop et al established the proteinaceous nature of

enzymes in 19308[/].

The unique functions of enzymes as catalyticatifive proteins are a result of their complex
threedimensional structures and the active site integrated therein. This enables a highly
specific recognition of specific substrates, leading to excellent selectivities. These unique
properties of enzymes &iereoselectively recognize substratwerefound byFischerat the

end of the 19th century39]. Since enzymes are (almost always) proteins; hence the
chemically reactive groups that act upon the substrate are derived mainly from the natural
amino acids. The identity and arrangement of these amino acids within the enzyme active site
define the activesite topology with respect to stereochemistry, hydrophobicity, and
electrostatic character. Together these properties define what molecules may bind in the
active site and undergo catalysis. The active site structure has evolved to bind the substrate
molecule in such a way as to induce strains and perturbations that convert the substrate to its
transition state structure. This transition state is greatly stabilized when bound to the enzyme;
its stability under normal solution conditions is much less. Satiaénment of the transition

state structure is the main energetic barrier to the progress of any chemical reaction, and the
stabilization of the transition state by enzymes results in significant acceleration of the
reaction rate]]. It is well known tlat enzymes are categorized according to the compounds

they act upop4Q] such as

ProteasesBreak down prot@s

Cellulases:Break down cellulose
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Amylases:Break down starch into simple sugars

Lipases: Split fats (lipids) into glycerol and fatty acids

The selected xample enzyme for present study i.e. CALRCandida Antarctica Lipase B)
belongs to the lipase category of enzymidgee dimensional structure of CALBIs shown
in Figure 2.2 along with indication of active site4], 42]. CALB L consists of 317 amino
acids and is isolated from the yeast Candida Antarctica (isolated from $glper lake in
Antarctica).Underlyingmechanism forudnctioningof lipase enzymes is given briefly in the
following paragraphsvhich will be of help in interpreting the experimental ddtgases can

be divided into two general structural class2&§ [

1 Active site covered by movable lid

1 Active site permanently open

Lipases \ith active sits covered by lidoccur in alternaopen/close&onformational state$n

the closed conformation the lid covers the enzyme active site, making it inaccessible to the
substrate molecules, whereas transitioth®oopen conformation opens tnet to exposehe

active site(Figure 2.1). Lids are amphipathic structures: in the closedformationtheir
hydrophilic side faces the solvent and the hydrophobic face is directed towasdttbesite

As the enzyme shifts to the open conformation, the hydrophobic face becomes exposed and
contributes to the formation of a larger hydrophobic surfacetendubstrate binding region.
Studies by several groups have pointed to the lid as being a major molecular determinant of
lipase activity and selectivity3B]. A minimum amount of water is required for the catalytic
activity of the lipasei.e. to bring itto openActive conformationIn most cases lipase
preparations with residual water content of approximately 1% in anhydrous organic solvents
are employed43].
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Lid Closed Lid open, active site accessible

= Hydrophobic surface
—— Hydrophilic surface

Hydrophobic solvent (fat or oil)

Aqueous layer

Figure 2.1. Scherre of lipase activation @3]

It is possible to immobilize lipase in an irreversible-digen conformation and thus active

both in aqueous medium and organic solvefs [

In structural class of lipases with active site permanently open active site is not covered by
lid. Propertiesof CALB L have led scientists to believe tlaALB L does not hava real lid

covering the active site and hence displays a limited form of interfacial activation.
Furthermorea s hor t helix (U5) i n cl|l os enobdityandi mi t vy
probably still allows for some conformational changés.[However there are also reports

that CALB L does have a lid on itp]. Therefore there are contradictory remarks regarding

presence/absence of lid in lipase.
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long helix active
site

Figure 2.2. Crystal structure of the lipase CALBL [42]

Both free and immobilizedorms of CALB L are available fronNovozym A/S Denmark.

The free form of CALBL is available Figure23r i ght ) wliitpho znyamee AL B
Lipozyme CALB L(6%) is dissolvedin liquid solutioncontainingmainly water, sorbitoland
glycerolwith trace amounts cfodium benzoatandpotassium sdrate.Sorbitol and glycerol

act as stabilizers to prevent enzyme denaturation while benzoate is added to prevent
microbial growth £7]. 85% of this 6% protein is catalytically actij41].

The immobilized form ofCALB L is availablewith nameLipozyme-435 In Lipozyme435
(Figure 2.3 left) CALB L is immobilized on amacro porousveek aniorexchangeacrylic
resin(Lewatit) [38] and has a pore size about 100 nm which is 10 times larger than the size of
the CALB L molecule B4]. The particle size ofipozyme435 beads i9.3- 0.9 mm[3].
Laszlo et.al have reported tHapozyme435 has around 1lhasspercent of CALBL on it
and 35 to 50% of it is catalytically activet]]. Immobilization enables easy handliagd

separatiorof enzymefrom product for subsequent reuse.
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Lip ozyme-435 Lipozyme CALB L

Figure 2.3. Enzyme Samples

2.2 Sonochemistryand Ultrasound

As mentioned earlieramochemistry deals with short lived, localized field of high pressure
and high temperature produced through ultrasonic cavitadign Pltrasoundis defined as
sound above frequency of 20 kHz, whioliman beings cannot hgd8]. In order to produce
real effects of the sounanergy must be generated within the liquid itself because the
transfer of sound energy from air into a liquid is not an efficient prod&sl{ is customary

to divideultrasound into two region$()

1 Power ultrasoundup t0o100 kHz )

1 Diagnostic ultrasound €10 MHz)
Power US is used in sonochemistry. In false range available for sonochemistry has been
extended to 2 MHz with the development of high power equipment capable of generating
cavitation within liquid systems at these higher frequenéies.the majority of chemists an
interest in power US springgom the fact that it provides a form of energy for the
modification of chemical reactivity which is different from that normally usegdheat, light
and pressuredp].
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The chemical and physical effects of US cannot result from the direct interactsourod

waves with matteas US has wavelengths much larger than molecular dimensions. Power
ultrasound promotes and enhances chemical and physical changes through acoustic
cavitation. Cavitation isa rapid formation, growth, and violent collapse of bubbles
Cavitationis produced when the negative pressure during rarefaction cycle exceeds attractive
intermolecular forces or tensile strength of the liguid.order to produce cavitation a
minimum threshold of negative pressure should be reacheel.thresha of ultrasonic
pressure required to produce cavitation for different liquids is diffea®showrTable2.1 .

Table 2.1 Threshold of sound pressure for various liquidsat atmospheric pressurg51]

Liquid Sound Velocity [m/s] Sound Pressure kPa]
Water[52] 1483 280x10
Olive oil [4§] 1431 366x10°
Corn oil 1463 309x10°
Castor oil 1477 39%5x10°
Linseed oil 1468 239x10°

Dynamics of the cavitation bubbles is a complex phenomenon, largely influenced by the local
environment ad intensity of applied USCavi t ati on i s of two typeso
transient cavitationStable cavitation is produced at low intensities. In stable cavitation
bubbles oscillate gently around some equilibrium size and their mean life timeent@ayger

than a cycle of the sound pressure. Surface oscillations and micro streaming stem from stable
cavitaions and in addition stable bubbles often evolve into transient ones over time due to
mass or heat transfer, resulting in bubble growttansien cavitation is producedt high
intensity Unlike stablecavitation, transient cavétion bubbleggenerally exist for less than

one cycle and will collapse violently releasing enough kinetic energy to drive chemical
reactions.During cavitation collapse, the surrounding liquid will quickly quench a short
lived, localized entity (hotspot) with temperatures in the range of-8600 K and pressures
exceeding 100®ar. This event occurs with a lifetime of a few microseconds andingpo

rates of about I8 K. Cavitation collapse under heterogeneous conditions, such as near a
liquid-solid interface, is essentially different and other side effects appear. Collapse is now
asymmetrical and an inrush of liquid from one side of the leubivies rise to a violent liquid

jet targeted at the surfaceigure2.4). The net effects are surface cleaning, the destruction of

boundary laverand concomitant mass and heat transfer improvements.
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Figure 2.4. Collapse of cavitating bubble

Bubble collaps on the surface of particle forces it into rapid motion and collision with

vicinal solidmatter. Overall, such effects account for dispersion, erosion, and size reduction,

which represent driving forces in the activation of solid reagents and catalysts. Likewise, in

heterogeneous liquiliquid systens the powerful disruption of the interfaceillwcause

efficient mixing and fine emulsions. As a result, the presence of a catalyst is often

unnecessary when phagansfer reactions are conducted under sonicab®h [mportant

parameters influencincavitation are shown imable2.2.

Table 2.2 Parameters Effecting Cavitation[40/50]

Parameter Influence on Cavitation
At higher frequencies more power is required to make a liquid
Frequenc cavitate as the rarefaction phase short@hsigher frequency
q y more cavitation bubbles are produced but they are smaller in s
and thereforghave a lower impact upon implosion
Intensity An increase in intensity will also increase the sonochemical ef
An increase in temperature will raise the vapor pressure and
Temperature cavitation will be easier, though a less violent collgpséng to

higher vapor pressure)

External Pessure

Increasing the external pressure raises the threshold of pressu
required to initiatecavitation.This means avitation can be avoide
by increasing hydrostatic pressure on medium; howesagitation
produced at higher pressure woglde more vblent effect
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2.3 Modeling of Ultrasonic Reactor

Knowing the kinetic behavior is primary task in describing ultrasemiensification of
enzymecatalyzed reactiondut knowledge regarding acoustical behavior of the employed
reactor is equally importanfAcoustical behavior concerns with the dispersion pattern of
acoustic pressure inside reactand istermed as acoustic pressure fieKkhowing the
dispersion pattern of acoustic pressure fislceactor is of prime importance as it go\siitme
reactor peiormance Therefore, development of a mathematical model capable of predicting
the acoustic pressure field inside reaa®imalso included irthis work For modeling and
simulation of ultrasonic reactors use of COMSOL multiphysics has been reported in a
number of publications5@, 47, and36] and reviewed by Tudelab$]. However, this has
limited only to the prediction of acoustic pressure field. Model developed in context of
present work is not only capable of predicting acoustic pressure field butscapradict
enzyme particle trajectories resulting from ultrasoufiis information can beombined

with intrinsic kinetics of the considered reaction in order to predict the performance of a
sonicated enzyme catalyzed resctMathematical mdel is capale of predicting acoustic
pressure field as a function of influencing parameters such as frequency, power, reactor
geometry, position of source, material of construction of reactor, reaction mediuvioelil.

can also predict the combined effectuttrasound and stirring on particle trajecésiThe
hydrodynamic information thus obtained can be combined with intrinsic kinetics of the
reaction to predict the performance of an ultrasonic reaEtgrerimental data shows that
cavitation damages the mobilized enzyme particleendshould be avoidedue to this fact
cavitation phenomenon is not considered in the motetrefore the developed model is
used to simulate enzyme particle trajectoriedigh frequencyreactor(as no cavitation is
producedat high frequency)The developed model can also be usedsimulating particle
trajectoriegesulting from US only without considerisgrring effect[5].

In context of present study following concept feactormodeling is followed.

Acoustic is simulatedin frequency domain (timendependent), whilestirring andparticle
tracing is timedependent. Simulations are calculated in two steps. First acquesisure
field is calculated (independent of particle movement). In second s$teimg effect is
modeled in combination witparticle tracing model where acoustic pressure fagd drag
forceareused to calculate the movementgiozyme 435 particles.
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1. Modeling of Acoustic Field Pressure Simulates the dispersion of ultrasound in
reaction medium.

2. Modeling Stirring Effect: Simulates the effect of stirrer on reaction medwimch
ultimately governs particle movement through drag force.

3. Modeling of Particle Trajectories: Simulates how particles are affected by the

acoustophoretic fae (resulting from acoustic presstiedd).

In the followingsectionsa detailed explanation about each maudibe given

2.3.1 Modeling of Acoustic Field Pressure

The governing equation for propagation of sound inside a medium is the Helmholtz wave

equation given byg3, 47]

o]
b Dp@- —p=0 (2.1)

Defining these properties is tantamount to defining the reaction mediunteoést. The

above mentioned equation is in tikharmonic formulation. Sound wave travels in harmonic
manner, so the time dependence can be taken out of the equation. Using this equation, sound
field is described and solved by the pressurehe pressure represertig tacoustic variations

(or excess pressure) to the ambierdady statepressure. Acoustic pressure gives the

acoustophoretic force {k) for particle movement.

Boundary conditions for Acoustics Modeling[56]

1 Impedance Boundary (Reactor top):This type of boundary assumes that incident

wave is partially reflected and paihjatransmitted i.e-1 < R < 1 This is determined

from reflection coefficienR which is written as:
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_ ReflectedPressure_ Z,-Z,

R =
IncidentPressure Z,+7Z,

[] (2.2)

1 Sound Hard Boundary (Reactor walls): This type of boundary assumes that

incident sound wave is perfectly reflected back and is in phase with the incident one
(R = 1). Wall of reactor employed is made of glass. Yasui et.al. Have simulated the
acousticpressure field in ultrasonieactor using different wall boundaries (rigid and
thin/thick glass) $7]. They have shown that reactor with thicker glass wall acts as a
rigid boundary. For the present study a reactor with thick walls has been taken in
order to ensure sufficient strengivhile doing experiments under higher pressure.

Therefore use of sound hard boundary (rigid bound&8]) is justified in this case.

1 Pressure Boundaryis to define the ultrasound source (transducer) in the liquid

medium. It is a Dirichlet Boundary Cottigin, where the pressure on the bougdar
set to be the pressure caused by ultrasonic transducer. Pressure is calculated from

ultrasound intensity with following equatiofd]

b

) TmA (2.3)

b ¢ ) MA

Intensity mentioned above was measwgrperimentallyaccording to the calorimetric

method Details of the experimental procedure are giveAppendixA.

2.3.2 Modeling Stirring Effect (CFD)

With ultrasonic reactoat high frequencyt has been observed that ultrasound alone is not
sufficient tobring the catalyst particles into suspension. Therefore, it is necessary to use a
stirrer. The stirrer rpm is kept low in order to minimize disturbance of acoustidrbadUS

The impeller Reynold number can be calculated according to the followingaeq|&0)]
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2 A m$ 2.4)

The calculated value of Reynolds number for present system comes out to be 343, which
indicates that flow is laminar. For laminar flow conditions the governing equsaief61]

—a

» L vono ng RO 0 N0 % 100 "N (2.5)

T o

—a

\ _00 "o T (2.5A)

The velocity calculated from above equation is used to calculate drag force caused by

movement of stirrer.

Boundary conditionsfor CFD [61]

1 Wall boundary: This condition is chosen for walls of the reactor which assumes fluid

velocity as u=0 (no slip).

1 Flow Continuity Pair: In simulation the domain of interest is divided into rotating
and stationary domain. The rotating domain lies around the stirrer. The boundary
between rotating and stationary domains in reactor is set as continuity pair. This
allows flow continuity, wherehe fluid momentum is transferred from and to either

side of the boundary (Diridet Boundary Condition) u = u.
9 Pressure Point Constraints It is a point (Dirichlet Boundary Condition) where p=0.

With this constraint, the system is defined as a biidelh without inlet or outlet flow

to and out of the system.
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2.3.3 Modeling of Particle Trajectories

The movement of catalyst particles in reactor is a result of both stirring as well as acoustic

field (Figure2.5). Thecorresponding forces are dragd acoustophoretic force. According to

Newt onds | aw of moti on t he

momentum. For the presensce Newt onds | aw

net

S

Modeling of
stirring effect
(CFD)

Acoustics pressur
field

Particle
Trajectories

Figure 2.5. Coupling of the forces on catalyst particles

A|"| & & &
e

The gravity force (f) is defined according t&q. 2.7,

& [ ¢c—=
¢ M
The drag force (f) is defined inEq.2.8 as
o P& 1 7

f orce on

formul at ed

(2.6)

(2.7)

(2.8)

The fluid velocity (1) is calculated fronEq. 2.5. In this equatiorl} is the velocity response

time. According to SchilleiNaumann, it is defined as
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The acoustophoretic force 5 is defined inEq 2.10, wheremandZare density and speed of

sound in medium, andl is compressional speed of sound in the particle, given as 3000 m/s.

& n5
5 6 A0 b  Am O
[ T (2.10
A CM M o)
/E — —nNP
P m A d CM M B m

The acoustophoretic force is a special subclass of the CFD forces, whittte aaeoustic
radiation forces on small particles. This implies that tipgagons are valid for particles of
diameter smaller than the acoustic wavelength and larger than acoustic boundary layer
thickness defined a$2-64]

1 —=0.01 mm (10 pm) (2.11)

Calculated values of boundary layer thickness at different frequencies are
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"QkHZ] Lol [mm]

24 0.01
206.3 0.0034
616 0.002

Average particle diameter for Lipozyrd&5 isapprox.0.6 mm[3]. From comparison of
particle size with wavelength and boundary layer thickness it is obvious that the necessary
condition for applicability of above mentioneglguations for acoustophoretic force is
fulfilled.

Boundary conditions for Particle Tracing Module

1 Wall boundary: Wall boundary condition defines, what happens to the particles upon
coming into contact with wall of reactor. For present statipunce condition is used

which means all particles are bounced back in the direction they come from.

In particle tracingsimulationsinitial position of the particles is taken to be randomly
distributed; with initial particle velocitygv= 0 for every directiorfthis condition is assumed
only for starting pointin simulation) It is also assumed that there aramieractions between

particles.

Following the trajectory of each particle manuallytisie consuming To acceleratethis
procesgarticle image velocimetryP{V) tools are utilized. Principles of PIV are described in

next section.
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2.4 Particle Image Velocimetry

To validate results of simulation catalyst particle velocities were measured using PIV. In PIV
particle movement is captured by a higheed camera (motion pro Ykitegrated Design

Tools, Inc.Figure 2.6). The camera is capable of capturing upl®0 frames per second

(fps). The principle of PIV is described Figure2.7. Particle position in frame 30 and 34 is
noted. From the distance travelled by particle and time intemtalelentwo frames it is
possibleto predict velocity and direction of particle movemdntpresent workmages are
analyzed using a Particle Image Velocimetry program in MATLAB, called PIViab. The
program detects the changes in position of particles between two consecutive images. From
the distance traveled by the particle, the program determines the speed of particles in the

region of interest (ROI).

e (o

Motion Pro Y4
Camera Transducer

Reactor

Figure 2.6. Setup for Particle Image Velocimetry measurementdDT (UK) Ltd )

Figure 2.7. Particle movement between two frames
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3 Experimental Setup

3.1 Example Reaction

As mentioned earlieLipozyme435 and Lipozyme CALB L are used as catalysts. The
advantage of selecting these enzymes is that both are commercially available and processes
based on them are well established. Therefore, from the results of study no¢wridytalso

existing processes can benefit. Esterification of oleic acid wilexanol is chosen as the
example reaction system. The products of esterification are hexylq@€tadeed-enoate

and water. The progress of the reaction can be monitoradithypase titration. The balanced

reaction equation can be written as

C,H,COOH + CH,0 «®B®W» C,H,0,+ H,0
oleicacid 1- Hexanol Hexyl(92)- is octadec 9- oneate

Oleic acid (Edenor PK 1805) was a gift from BASE Germany (formerly Cognis
Germany).1-Hexanol was a gift from Sasol Germany and was with 99.7% p@&dgium
hydroxide ethanol and acetone were purchased from Carl Roth Gerkripngyme435was

also agift from Novozymes A/S Denmark. All chemicals were used as received without any
further processing or purification.

3.2 Experimental Procedure and Analytics

Reaction volume for all the investigations has been kept constant at 3@Xaeptwhere
mentioned)in order to eliminate any influences arising from variationvofume This
reaction volume is significantlyarger in comparison to the previous studids$,7,19
conducted with sonicated enzyme reactions. After filling reactants into the reactor
heating/cooling was turned on to achieve the required reaction temperature. Upon reaching

the desired reaction temperature two zero samples were taken befienaafdenzyme in
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every experiment. For the rest of the experiment sampés taken from the reactor at
predefined intervals of time and were analyzed by titrating against 0.1 molar dia@ten
Thymolphthalein was used as indicator. To minimize thm@ing errors and to ensure
reproducibility of results a sampling volume of 1ml was selected. The samples were collected
using Eppendorf pipette and were weighed in a balance to determine errors/variations in
sampling amount. In order to quench the resiviy of enzymes, samples were collected in

equivolume mixture of ethanol and acetone.

3.3 Ultrasonic Reactors Used

To investigate the effect of different operating parameters on enzyme catalyzed reactions
three different reactaronfigurationswere usedand are shown ifigure3.1. These reactors

are equipped with ultrasonic sources at different positions and are capable of operating at
differentultrasonic intensitieand frequenciesthe motive for using different agtors was to

have the capability of testindpe catalytic function of enzymender stirring(Figure 3.1a),
cavitating and nowavitating US(Figure3.1b andc). In the following detailed specifications

are given for each reactdks sound is a form of energy and whenever applied to a medium
causes the rise in temperature. To eliminate this thermal effect of US on chemical reactions,
all the reactorsvere equipped with a cooling/heating jacket. The temperature of the reaction
was maiitored by a thermocouple and maintained at required value by circulating water in

the reactor jacket. A water bath Julabel@ED) was used for this purpose.

US = Ultrasound

Figure 3.1. Reactor configurations to be studied
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3.3.1 High Frequency Reactor (Reactor A, 206.3/ 616 kHz)

Ultrasonic reactor A consitl of an ultrasonic generator (LVG 60), transducer (USW51) and

a glass reactor (with heating/cooling jacket) fror8 Communications ELAC Nautik GmhH
Germany. There are two transducers capable of operating at different frequencies and power
inputs and can be fitted at the bottom of glass re&ctmfiguration b inFigure3.1). Through

the valves provided in theactorjacket, itwas possible to connect it to cooling/heating bath

for maintainng required temperature. Experimental setup for reactor A is showigure

3.2 and specifications of the generator and transducers are giVaible3.1.

Figure 3.2. Reactor Awith USW51 transducer from ELAC Nautik GmbH
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Table 3.1. Specificationsof reactor A (USW51)

Equipment Frequency [kHz] USintensity
[W/cm?]
Transduceil
USW 51 42.1 4
Transduce? 206.3 4
USw 51 616 3

According toTable 3.1 transducetl can be operated at a constant frequency of 42.1 kHz
however intensity can be varied from © 100 Watt. Similarly, transducé can operate at
two different frequencies i.e. 2@6.and 616 kHz andariable intensity Due to high
frequency and low power it was possible to sonicate the reaction medium without agvitatin
it.

3.3.2 Low Frequency Reactor (Reactor B 24 kHz)

Reactor Bwvas capable of operating at a constant frequency of 24 kHalaadonic intensity

could be varied fron2.4-105W/cnf (depending upon sonotrode usedue to low frequency

and highe powerdensitythis transducer wacapable of producing strong cavitation in the
medium.In UP400s lirasonic generator and transducer are integrated into one assembly. For
trarsfer of US into reaction mediurapnotrodes ljorng wereattached to the transducé&he
specifications for thesonotrodes used are given Trable 3.2. All experiments were done
using sonotrode H14. Sonotrode H40 was used only one time as it was not possible to
achievelower amplitude of 2.4 um with sonotrode H1%#he transducer assembly can be
mounted on a stand to sonicate the reaction medkigure 3.3 left). To hold the reaction
contents a glass reactor from NORMAG Labond Prozesstechnik GmbH was employed
(Figure 3.3 right). The glass reactor Haa heating/cooling jacket around it to maintain the
required temperature. The contents of the reastye alsoagitated with a magnetic stirrer
Heidolph RZR 200@when required)
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Figure 3.3. Reactor B with UP400S sonotrode from Hielscher Ultrasonic&smbH AG,

Germany

Table 3.2. Specificationsof reactor B (UP400S)

Frequency Diameter Amplitude US Intensity
[KHz] Sonotrode | " [um] [Wicm?]
H14 14 25125 21-10%
24+1
H40 40 2.412 2.412

*Amplitude could be varied from 25 to 124umn incremental steps
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