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Abstract 
 

 

This study focused on identifying optimum sonication regimens (e.g. intensity, duty 

cycles) that may intensify bioprocesses without damaging the biocatalyst. Possible 

mechanisms of productivity enhancement in various biotechnology processing scenarios 

were investigated. Three model processes were used: 1) production of bioethanol from 

lactose by fermentation with the yeast Kluyveromyces marxianus; 2) �-galactosidase 

catalyzed hydrolysis of lactose in a homogeneous cell-free system; and 3) hydrolysis of 

soluble and insoluble particulate cellulose of various sizes, catalyzed by soluble cellulase. 

The above processes involved: 1) conversion of a soluble substrate by a live catalyst in 

the presence of gas-liquid mass transfer; 2) a cell-free homogeneous bioreaction system; 

and 3) a heterogeneous reaction system involving substantial solid-liquid mass transfer 

limitations depending on the size of the substrate (i.e. soluble and insoluble particulate 

cellulose).  

Low intensity ultrasound (11.8 W cm�2 sonication power at the sonotrode tip), 

enhanced the ethanol productivity of the batch fermentation process. At the specified 

sonication intensity a duty cycle of 20% was found to be optimal. A duty cycle of 40% 

adversely affected the fermentation. With the best duty cycle of 20%, the final ethanol 

concentration was 5.2�0.68 g L�1, or nearly 3.5-fold that of the control fermentation. The 

productivity enhancing effect of sonication was attributed to a possible improved 

desorption of carbon dioxide from the fermentation broth. Ultrasound may also have 

facilitated transport of lactose into the cell by affecting cell permeability. While 

ultrasound apparently enhanced desorption of carbon dioxide, it also damaged yeast 

enzymes such as �-galactosidase and this may explain why a 40% duty cycle had an 

adverse impact on the fermentation. Although at the highest duty cycle of 40% sonication 

reduced cell growth, cell viability remained high at �70% during most of the 

fermentation. In continuous fermentations, sonication always enhanced the steady-state 

biomass concentration and ethanol concentration at all dilution rates tested relative to the 

corresponding controls.  

Ultrasound effectively influenced enzyme-substrate binding/unbinding for �-

galactosidase mediated hydrolysis of lactose in a cell-free system. A short irradiation 

pulse (i.e. 10% duty cycle), applied at the highest irradiation power (11.8 W cm�2), 
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improved the initial hydrolysis rate, by nearly 1.4-fold relative to control. This effect of 

ultrasound was possibly due to its accelerative effect on collision frequency of the 

enzyme and substrate molecules as a consequence of the microturbulence caused by 

sonication.  

The cellulase-mediated hydrolysis of soluble cellulose as well as particulate 

cellulose was enhanced by sonication at a 10% duty cycle and power intensity of 11.8 W 

cm�2, but prolonged sonication adversely impacted the enzyme stability at a constant 

temperature of 50 �C relative to control.  
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CHAPTER 1

INTRODUCTION 
 

 

Ultrasound, or sound of frequency >20 kHz, is inaudible to humans but many species rely 

on it for ranging, navigation and communication (Chisti, 2003a). Ultrasound has 

numerous applications in medical imaging, sonochemical processing, nondestructive 

testing and welding (Gogate and Kabadi, 2009; Mason and Lorimer, 1988; Mason and 

Lorimer, 2002). Ultrasound can destroy microbial and other cells and this well-known 

effect has perhaps discouraged research on possible beneficial effects of ultrasound on 

biocatalysis. Potentially, finely tuned ultrasound can enhance diffusive transport both 

within and outside a cell to influence rates of reactions and yields of metabolites (Bar, 

1988; Chisti, 2003b; Chu et al., 2000; Chuanyun et al., 2003; Gogate and Kabadi, 2009; 

Kilby and Hunter, 1990; Rokhina et al., 2009; Zabaneh and Bar, 1991). Ultrasound 

influences enzyme-catalyzed reactions in other ways, including possible effects on 

formation and dissociation of the enzyme–substrate complex (Chisti, 2003b; Lin et al., 

2010; Yachmenev et al., 2002; Yachmenev et al., 2004). Substrate and product inhibition 

characteristics of an enzyme appear to be influenced by ultrasound (Aliyu and Hepher, 

2000; Basedow and Ebert, 1977; Imai et al., 2004; Jian et al., 2008). Ultrasound can 

induce live cells to take-up genetic material from the environment (Gogate and Kabadi, 

2009; Rokhina et al., 2009).  

This research investigated the use of ultrasound to enhance the productivity of 

biotechnological processes. Three distinct types of processes were examined: (1) 

conversion of lactose to bioethanol involving a live yeast; (2) hydrolysis of lactose (a 

small molecule) to glucose and galactose involving the enzyme �-galactosidase in the 

absence of any live cells; (3) hydrolysis of soluble cellulose (a macromolecule) and 

particulate cellulose (a solid substrate) with the enzyme cellulase in the absence of live 

material. The aim was to identify the sonication regimens that might be suitable for 

enhancing the productivity of a diverse range of bioprocesses and attempt to elucidate the 

possible mechanisms involved in any productivity enhancement. 
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Much work exists on using ultrasound to damage or break microbial cells (Chisti 

and Moo-Young, 1986), but few studies have attempted to use ultrasound to enhance 

productivity of microbial and enzymatic processes. Nearly all the work on ultrasonically 

enhancing productivity of biocatalytic processes has been reviewed by Chisti (2003b) and 

Rokhina et al. (2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2, Literature review 

3

 

CHAPTER 2

LITERATURE REVIEW 
 

2.1 Ultrasound 

 

Sound of frequency >20 kHz is generally regarded as ultrasound and is inaudible to 

humans. The upper limit of ultrasound frequency is not precisely defined but is 

commonly taken to be 5 MHz in gases and 500 MHz in liquids and solids (Leighton, 

2007; Mason and Lorimer, 1988; Mason and Lorimer, 2002). The ultrasound may be 

divided broadly into “low power” or “high frequency ultrasound” and “power 

ultrasound”. Low power ultrasound (2-10 MHz generally) is used in medical scanning 

and chemical analyses. High energy (low frequency) or “power ultrasound” of between 

20 and 100 kHz frequency range is used for cleaning, plastic welding and enhancing the 

rates of chemical reactions. Power ultrasound of � 20 kHz is the focus of this study. 

Ultrasonic waves are generated by mechanical vibrations of an object at the same 

frequency as the frequency of ultrasound. Propagation of ultrasound in liquid media 

produces alternating compression and rarefaction cycles. During a rarefaction cycle, the 

rapid reduction in pressure leads to formation of gas and vapour bubbles in the liquid. 

These bubbles grow in the rarefaction phase and in the next compression phase, the 

bubbles implode violently (Suslick, 1988). During implosion, very high temperatures 

(approximately 5000 K) and pressures (estimated at 50000 kPa) can occur inside these 

bubbles (Gogate and Kabadi, 2009; Rokhina et al., 2009). This formation, expansion and 

implosion of bubble is known as cavitation. Cavitation creates a shockwave that 

propagates in the liquid. 
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2.2 Effects of ultrasound 

 

High-intensity ultrasound produces various effects as it propagates through a medium. 

Several mechanisms have been invoked in explaining the effects of ultrasound, but not all 

mechanisms involved are known or well understood. Most of the reported effects have 

been attributed to one or more of the following factors: 

 

2.2.1 Cavitation 

 

Cavitation in liquids generally: causes rapid and complete degassing; may initiate various 

reactions by generating free chemical radicals; accelerates chemical reactions by 

facilitating the micromixing of reactants; breaks covalent and other bonds; disperses 

aggregates; increases emulsification rates; improves diffusion rates; micronizes dispersed 

solids and liquids; assists the extraction of substances from animal and plant tissue and 

microbial biomass; erodes and breaksdown susceptible particles, including 

microorganisms (Gogate and Kabadi, 2009). 

 

2.2.2 Compression and rarefaction 

 

A high-intensity acoustic wave propagating through a solid medium produces a rapid 

succession of compression and rarefaction events which subject the material to repeated 

contraction and expansion cycles. This phenomenon, known as “rectified diffusion” of 

sound is important in acoustically enhanced drying and dewatering processes that involve 

noticeable migration of water (Suslick et al., 1999). In dense materials that are practically 

incompressible, the alternating acoustic stress facilitates dewatering by either maintaining 

open the existing channels for water migration or creating new ones (Ensminger, 1988; 

Muralidhara et al., 1985; Suslick, 1990). Dense materials usually “fracture” under 

acoustic stress (Lockner, 1993). Microscopic channels are created in directions normal to 

wave propagation during rarefaction, or parallel to wave propagation during compression 

(Floros and Liang, 1994).  
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2.2.3 Turbulance 

 

High-intensity ultrasound in low-viscosity liquids and gases produces violent agitation, 

which can be used to disperse particles (Lin et al., 2010) and enhance mixing. At 

liquid/solid or gas/solid interfaces, acoustic waves cause extreme turbulence known as 

“acoustic streaming” or “micro streaming” (Nyborg, 1982). This thins the diffusion 

boundary layer, increases the convective mass transfer, and accelerates diffusion in 

systems where ordinary mixing is not possible (Mason and Lorimer, 2002; Suslick and 

Nyborg, 1990). 

 

2.3 Use of ultrasound in biotechnological processes 

 

Ultrasound is widely used in laboratory protocols for breaking cell walls to release 

intracellular products (Chisti and Moo-Young, 1986; Iida et al., 2008). Enzymes and 

other fragile macromolecules are known to be susceptible to damage by ultrasound 

(Potapovich et al., 2005). Nevertheless, suitably applied ultrasound has the potential for 

enhancing the productivity of bioprocesses involving live cells and bioactive enzymes 

(Bar, 1988; Chisti, 2003b; Chu et al., 2000; Chuanyun et al., 2003; Chuanyun et al., 

2004; Gogate and Kabadi, 2009; Kilby and Hunter, 1990; Rokhina et al., 2009; Shewale 

and Pandit, 2009; Zabaneh and Bar, 1991). 

Potential benefits of using ultrasound in nonmicrobial processing of food (Kardos 

and Luche, 2001; Knorr et al., 2004; Mason et al., 1996; Patist and Bates, 2008) and 

biological treatment of waste (Liu et al., 2007; Schläfer et al., 2000; Xie et al., 2009) 

have been discussed in the literature, but are of little direct relevance here. 

Many of the effects of ultrasound in biotechnology processes have been ascribed 

to the factors mentioned in Section 2.2. For example, ultrasound induced cavitation has 

found various applications in biotechnological processes (Gogate and Kabadi, 2009). 

Ultrasonic enhancement of bioprocesses has been attributed to: improved interphase mass 

transfer as a consequence of microstreaming and turbulence induced in a fluid by 

sonication (Chisti, 2003b; Gogate and Kabadi, 2009; Khanal et al., 2007; Nyborg, 1982; 

Sinisterra, 1992; Thompson and Doraiswamy, 1999); the extremely high local pressures 

and temperatures generated under high intensity sonication (Suslick, 1988; Suslick, 1989; 

Suslick and Price, 1999); permeability enhancement of microbial cell walls (Chu et al., 

2000; Chuanyun et al., 2004; Kilby and Hunter, 1990; Lanchun et al., 2003a; Lanchun et 
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al., 2003b; Runyan et al., 2006); transmission of sonomechanical forces into the cell to 

influence biochemical processes (Chisti, 2003b; Radel et al., 2000); enhanced 

intramolecular motion in macromolecules such as enzymes to improve enzyme–substrate 

interactions (Chisti, 2003b); and changes in microbial morphology that may facilitate 

certain phenomena (Herran et al., 2008; Sainz Herrán et al., 2010). There are also 

examples of fermentation processes in which ultrasound has produced clearly observable 

effects on microbial morphology without damaging the microorganisms, but has failed to 

achieve any enhancement of metabolite production (Herrán et al., 2008; Sainz Herrán et 

al., 2010). 

 

2.4 Effect of ultrasound on microbial fermentation 

 

Suitably applied ultrasound is known to enhance the productivity of at least some 

microbial fermentations (Chisti, 2003b; Neis, 2007), but the causes of such enhancements 

are not entirely clear. Productivity enhancements by ultrasound may be brought about by 

some or all of the following factors: 

1. Improved mass transfer to/from cells by ultrasound induced microturbulence 

in the broth. 

2. Improved mass transfer to/from cells by disruption of clumps and flocs of 

cells without damage to individual cells. 

3. Enhancement of gas-liquid, liquid-liquid and solid-liquid mass transfer by 

sonication in fermentations in which a limiting substrate is provided as a gas, 

solid or water immiscible liquid. 

4. Ultrasound induced enhanced secretion of hydrolytic and other enzymes. 

5. Possible induction of productivity-enhancing intracellular motions by 

ultrasound. 

6. Ultrasound induced movement within and outside a cell to cause enhanced 

enzyme-substrate interactions. 

Use of ultrasound has been widely discussed for inactivation and disruption of 

microorganisms (Chisti and Moo-Young, 1986; Chisti and Moo-Young, 2002), but not so 

much for enhancing their production performance. Effects of sonication for productivity 

enhancement have been previously reported for certain bacteria (Bar, 1988; Chu et al., 

2000; Joyce et al., 2003; Runyan et al., 2006; Sakakibara et al., 1994; Wang and 

Sakakibara, 1997; Wood et al., 1997; Wu et al., 2000; Zabaneh and Bar, 1991), 
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filamentous fungi (Chuanyun et al., 2003; Chuanyun et al., 2004) and plant cells (Böhm 

et al., 2000). Bakers’ yeast (Saccharomyces cerevisiae) appears to have been the only 

yeast that has been assessed to some level in ultrasound irradiated fermentations 

(Anderson, 1953; Jomdecha and Prateepasen, 2006; Lanchun et al., 2003b; Matsuura et 

al., 1994).  

Sonication of course has an associated heating effect that is quite substantial. A 

rise in temperature will enhance rate of nutrient/metabolite transport and rate of 

biochemical reactions. Unfortunately, elevated temperatures also damage enzymes and 

cells. Therefore, temperature must be carefully controlled during sonication, for example 

by using a thermostated reaction vessel. All of the above listed enhancement mechanisms 

are quite independent of temperature and could occur under conditions of precisely 

controlled temperature. The studies reported here were conducted under controlled 

temperature so that any observed effects could be ascribed to ultrasound directly. 

Prior work on sonicated fermentations for producing bioethanol is pertinent to this 

study and is therefore reviewed here briefly. Nearly all such work focused on the yeast S. 

cerevisiae. Ultrasound intensity that is otherwise nonlethal to S. cerevisiae, appears to 

affect the integrity of the cell vacuole and rearrange the intracellular contents (Radel et 

al., 2000). Relatively low power diagnostic ultrasound of the frequency range 1–10 MHz 

is generally considered less damaging to cells than the power ultrasound (frequency range 

of 20–100 kHz); nevertheless, 2.2 MHz ultrasound applied continuously at an electrical 

power input of 14 W to a broth volume of 64 mL killed 25% of S. cerevisiae cells 

exposed for 60 min (Radel et al., 2000). Continuous sonication at 1 MHz and 10.5 W 

cm�2 has inhibited S. cerevisiae fermentation, but intermittent sonication at the same 

intensity was less damaging (Anderson, 1953). 

In production of wine, beer and sake from soluble sugars using immobilized cells 

of S. cerevisiae, extremely low intensity sonication at 0.3 mW cm�2 and 43 kHz 

stimulated the fermentation to reduce the fermentation time to 50–64% (Matsuura et al., 

1994). Ultrasound (20 kHz) used at intensities of 0.2, 0.4 and 0.8 W cm�2 was claimed to 

accelerate the growth of S. cerevisiae in a medium that contained only dissolved nutrients 

(Jomdecha and Prateepasen, 2006), but the data did not clearly support this claim. 

Marginal improvements to S. cerevisiae growth were observed on controlled exposure to 

power ultrasound by Lanchun et al. (2003b).  
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Some bioethanol fermentations require pretreatment of the substrate. In 

pretreatment of starch, sonication in the absence of enzymes and microorganisms has 

been repeatedly shown to enhance the yield of fermentable sugars (Nitayavardhana et al., 

2010) and thereby increase the ethanol yield in a subsequent nonsonicated fermentation. 

This effect is of course a purely physical consequence of the sonication-induced rupture 

of the starch granules and does not involve any biological activity. Similar phenomena 

have been observed in bacterial fermentations for producing ethanol. For example, a 20% 

enhancement in ethanol yield was reported by intermittent sonication of a paper pulp 

slurry being enzymatically hydrolyzed and fermented in a combined saccharification-

fermentation process that used the bacterium Klebsiella oxytoca (Wood et al., 1997). 

Productivity enhancements have been claimed by sonication in some other S. cerevisiae 

fermentations (Schläfer et al., 2000). Power ultrasound has been claimed to enhance the 

permeability of S. cerevisiae cells to proteases (Lanchun et al., 2003a) and Ca2+ (Lanchun 

et al., 2003b). 

This study is not concerned with ultrasonic pretreatment processes that do not 

involve biological action, but exclusively with processes involving sonication during 

microbial catalysis and enzyme catalysis. 

 

2.5 Ethanol production from lactose by Kluyveromyces marxianus  

 

One of the model processes investigated in this study is the production of ethanol from 

lactose by fermentation with live cells of Kluyveromyces marxianus (Belem and Lee, 

1998). This process is well known, but how it might respond to ultrasound is mostly 

unknown. Both the substrate (i.e., lactose) and the product (i.e., ethanol) of this process 

are water-soluble small molecules. This process is not expected to be subject to any mass 

transfer limitation at cell-liquid interface. No evidence exists for limitations due to 

transport of lactose to cells, or transport of ethanol from the cells to the bulk fluid, in this 

well known fermentation. 

Lactose (C12H22O11) is a disaccharide that consists of �-D-galactose and �-D-

glucose molecules linked through a �-1-4 glycosidic linkage. Lactose is a relatively small 

molecule with a molar mass of 342.3 g mol�1. Hydrolysis of lactose produces glucose and 

galactose (Ladero et al., 2000; Novalin et al., 2005). At concentration used typically in 

fermentations (20-100 g L�1) lactose is fully soluble in water at 30 ºC. 
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Kluyveromyces marxianus is a well-known yeast that grows on lactose and 

converts it to ethanol. K. marxianus has been formerly referred to as Kluyveromyces 

fragilis (Belem and Lee, 1998; Guimarães et al., 2010; Lukondeh et al., 2005). K. 

marxianus has been widely used to produce ethanol from lactose-containing media 

(Barberis and Segovia, 1997; Bojorge et al., 1999; Grba et al., 2002; Guimarães et al., 

2010; Krzystek and Ledakowicz, 2000; Lukondeh et al., 2005; Marison and von Stockar, 

1987; Mehaia and Cheryan, 1984; Ozilgen et al., 1988; Zafar et al., 2005), but in 

conventional nonsonicated fermentations. The yeast K. marxianus and its 

biotechnological potential have been reviewed elsewhere (Fonseca et al., 2008; Lane and 

Morrissey, 2010). A typical batch fermentation of lactose by K. marxianus is shown in 

Figure 2.1 (Lukondeh et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Batch lactose fermentation by K. marxianus at an initial lactose concentration of 40 g L�1, 

30 °C and pH 5.0 (Lukondeh et al., 2005). (DCW is dry cell weight.) 

 

A batch fermentation of ethanol is typically characterized in terms of the 

parameters noted in Table 2.1. Calculation of these is basic information and is fully 

explained by Doran (1995) and other textbooks. These parameters are used in this study 

to quantitatively compare the control and the variously sonicated batch fermentations. 
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Table 2.2 summarizes the published kinetic parameters for batch fermentation of lactose 

by K. marxianus. 

 

Table 2.1 Some of the parameters used to characterize a fermentation (Doran, 1995) 

Parameter Symbol Units Definition 

 
Specific biomass growth 
rate 

 
μ 

 
h�1 

 
Biomass growth rate per unit 
biomass concentration during 
exponential growth 

 
Average specific lactose 
uptake rate 

 
qs 

 
g g�1 h�1 

 
Average lactose consumption rate 
per unit biomass produced 

Biomass yield on substrate Yx/s g g�1 
 
Mass of biomass produced per 
unit substrate consumed 

Biomass concentration  Xmax g L�1 
 
Maximum concentration of 
biomass in fermentation 

Biomass productivity  Px g L�1 h�1 
 
Biomass production rate per unit 
volume per unit time 

Maximum ethanol 
concentration  Emax g L�1 

 
Maximum concentration of 
ethanol in broth 

 
Ethanol productivity  

 
PE 

 
g L�1 h�1 

 
Mass of ethanol produced per unit 
volume per unit time 

Ethanol yield on substrate Yp/s g g�1 
 
Mass of ethanol formed per  unit 
mass of biomass formed 

 
Average specific ethanol 
production rate 

 
qp 

 
g g�1 h�1 

 
(Ethanol yield on biomass) × 
average growth rate 
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Table 2.2 Published kinetic parameters for batch fermentation of lactose by K. marxianus 

Microorganism 

Initial lactose 

concentration 

(g L�1) 

� (h�1) 
Yx/s 

(g g�1) 

Yp/s 

(g g�1) 
Reference 

K.  marxianus FII510700 40 0.35 0.41 - (Lukondeh et al., 2005) 

K.  marxianus (MTCC 1288) 50 0.401 0.219 0.127 (Zafar et al., 2005) 

K.  marxianus (VST44) 10.5 0.1096 0.69 0.49 (Grba et al., 2002) 

K.  marxianus (ZIM75) 10.5 0.0996 0.6 0.49 (Grba et al., 2002) 

K. marxianus (ATCC 8554) 43.5 0.4 0.3 0.2 (Bojorge et al., 1999) 

K. fragilis (UCD #55-61) 20 0.00698 0.5 - (Ozilgen et al., 1988) 

K. fragilis NRRL-Y-1109 42.66 - 0.462 - (Barberis and Segovia, 

1997) 

K. fragilis 50 0.4896 0.0886 - (Krzystek and 

Ledakowicz, 2000) 

K. fragilis (NRRL-Y-2415) 50 0.0682 0.04 0.404 (Mehaia and Cheryan, 

1984) 

 

Fermentations are typically carried out as batches, therefore, a study of the effect 

of ultrasound on a model batch fermentation may have some direct practical value. 

Unfortunately, the environment (e.g. concentration of nutrients, products and biomass) in 

a batch fermentation is continuously changing and therefore, steady state continuous 

fermentations are better suited to a study of how ultrasound might affect a fermentation 

process. 

No previous studies appear to have been performed on how sonication might 

affect a fermentation at steady state. In view of the possible insights that may be gained 

from continuous steady state operation and the utility of batch fermentations, both 

continuous and batch fermentation processes were investigated in this work.  

A continuous fermentation at steady-state is commonly characterized in terms of 

the dilution rate D; the maximum biomass concentration (Xmax); the residual substrate 

concentration (S); the biomass yield coefficient on substrate (Yx/s); the biomass 

productivity (Px); maximum concentration of the product (Emax); productivity of the 

product (PE); and the product yield on substrate (Yp/s). The dilution rate cannot exceed the 

maximum specific growth rate for the microorganisms, or the cells will be washed out. In 
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a continuous fermentation at steady-state the dilution rate equals the specific growth rate 

(Guimarães et al., 2010; Kim et al., 1998; Moresi et al., 1990; Teixeira et al., 1990).  

In a well-mixed continuous fermentation the cells are removed at a rate equal to 

their growth rate, and the growth rate of cells is equal to the dilution rate (i.e. � = D). Cell 

growth commonly depends on the concentration of the limiting substrate S in accordance 

with Monod kinetics:  

 

� � � � � �����	

� � �	 ����������������������������������������������������������������������������������������������������������
����� 

 

where μ is the specific growth rate at substrate concentration S and μmax is the maximum 

possible specific growth rate on the substrate. Ks is the substrate concentration at which μ 

is half of the maximum value μmax. Ks and μmax are constants. 

 

2.6 Factors affecting the fermentation 

 

Factors which influence a fermentation process include temperature, pH, types and 

concentrations of nutrients, aeration (oxygen) and inoculum size. By optimizing these 

variables, a fermentation may be improved significantly. Fermentation of lactose by K. 

marxianus is a relatively well studied process, although no systematic studies exist of the 

effects of sonication on this process. The effects of temperature, pH and inoculum size 

have been investigated (Brady et al., 1995; Furlan et al., 2001; Guimarães et al., 2010; 

Tomaska et al., 1995). Generally, the optimal ranges of temperature, pH and inoculum 

size are 30-40 °C, 5-7 and 1%-10% (v/v), respectively. The role of dissolved oxygen in 

Kluyveromyces fermentations has been discussed by Marison and von Stockar (1987), 

Barberis and Segovia (1997), Nor et al. (2001), Lukondeh et al. (2005) and Huang et al. 

(2006). A low oxygen microaerophilic environment tends to maximize the yield of 

ethanol on lactose whereas a highly aerobic environment favors production of biomass. In 

this work, the aim was neither to maximise ethanol yield nor to achieve a high biomass 

yield, but simply to study the effects of sonication in comparison with control 

fermentations. Relatively aerobic conditions were therefore used. 

Most of the studies of the effects of ultrasound on fermentations involving live 

cells are summarized in Table 2.3. Most of the earlier work has focused on 

Saccharomyces cerevisiae. Invariably, fermentations were conducted batch-wise and 
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effects of both continuous and intermittent sonication were evaluated. In most cases, 

continuous sonication damaged cells and lowered the ethanol yield. Intermittent 

sonication was generally less damaging and in some cases was actually beneficial. 

Activities of enzymes in extracellular broth were often enhanced by sonication because of 

enhanced enzyme leakage from cells, or outright cell damage (Sakakibara et al., 1994). In 

general, standing wave ultrasound did not damage cells but standing wave ultrasound is 

not generally linked with improving a fermentation (Chisti, 2003b). (A standing wave is 

generated when a wave travelling in one direction meets a wave of the same frequency 

travelling in the opposite direction (Chisti, 2003b).) Standing wave ultrasound is used in 

clumping cells for improved separation and is not the focus of this work as it has not been 

shown to significantly enhance either chemical reactions or fermentations. Clearly, 

systematic studies involving both batch and continuous culture and a broad range 

(intermittent, continuous, various intensities) of sonication on fermentation are non 

existent. Also, no work appears to have been done on sonicated K. marxianus 

fermentation.  
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Furthermore, in most previous sonication studies (Table 2.3) the sound 

transducers was placed directly in the fermentation broth in the bioreactor, or attached to 

the bioreactor vessel. Ultrasound does not penetrate too deeply in a broth and most of the 

earlier studies used arrangements of sonication which exposed a poorly defined volume of 

the broth to ultrasound. A better arrangement for controlled sonication is to place the 

sound transducer (sonotrode) in a recycle loop with a small, cooled chamber of a defined 

volume that can be relatively uniformly sonicated. Sonic energy is mostly dissipated at 

the tip of a sonotrode. The recycle rate through the sonication chamber can be used to 

further control the exposure of the broth to ultrasound. A recycle loop also allows for 

better control of temperature.  

 

2.7 Effect of ultrasound on �-galactosidase  

 

The intracellular enzyme �-galactosidase is responsible for the hydrolysis of lactose to 

glucose and galactose in microorganisms such as K. marxianus. The hydrolysis products 

are then consumed in various metabolic pathways. A study of the effects of ultrasound on 

�-galactosidase-catalysed hydrolysis of lactose in a cell-free system can provide direct 

evidence whether in a fermentation involving K. marxianus the lactose hydrolysis step is 

somehow being influenced by ultrasound, or some other metabolic steps are being 

affected. Therefore, a study of lactose hydrolysis in a cell-free system is relevant to what 

might be happening in a fermentation. In addition, such a study can inform about the 

possible modes of action of ultrasound on an enzymatic reaction which, unlike a 

fermentation, does not involve gas-liquid mass transfer issues or solid-liquid mass 

transfer issues. �-Galactosidase mediated hydrolysis of lactose is also used in dairy 

processing (Husain, 2010; Gekas and Lopez-Leiva, 1985; Nguyen et al., 2009; Santos et 

al., 1998, Pessela et al., 2003), but is of no direct relevance here. 

�-Galactosidase catalyzed hydrolysis of lactose follows Michaelis-Menten type of 

kinetics (Bakken et al., 1992; Carrara and Rubiolo, 1996; Gekas and Lopez-Leiva, 1985). 

Thus,  

 

� � � �����	

� � �	��������������������������������������������������������������������������������������������������������������
���� 
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where V is the rate of reaction at a given temperature and pH; Vmax, a constant, is the 

maximum possible reaction rate at a given concentration of the enzyme; S is the 

concentration of the substrate, lactose; and Km is Michaelis-Menten constant. 

Numerically, Km is the concentration of the substrate at which the reaction rate is half of 

its maximum value, Vmax. The rate of reaction can be measured by measuring the 

concentration of glucose produced by the reaction. The reaction must be carried out at a 

carefully controlled temperature as V, Vmax and Km can be highly temperature-dependent. 

This is specially important in experiments involving sonication, as the ultrasound energy 

imparted to a fluid results in a rise in temperature. The methods for determining the 

reaction kinetic parameters Vmax and Km from measured values of the initial rate V at 

various substrate concentrations S, are available in the literature. (Cavaille and Combes, 

1995; Yang and Okos, 1989). 

A few studies of the effects of sonication on enzymes in cell-free systems have 

been reported (Kardos and Luche, 2001; Sakakibara et al., 1994; Wang et al., 1996; 

Wang and Sakakibara, 1997). Both positive and negative effects have been observed. 

Enzyme activity has been enhanced under mild ultrasound irradiation (Özbek and Ülgen, 

2000; Sakakibara et al., 1996), but intense sonication damages enzymes (Gogate and 

Kabadi, 2009; Potapovich et al., 2005). The activity of �-galactosidase appears to be 

influenced by the acoustic power and duty cycle of sonication (Özbek and Ülgen, 2000).  

 

2.8 Effects of ultrasound on gas-liquid mass transfer  

 

Extensive existing literature demonstrates that ultrasound as used in chemical reactors 

and other non-biological process enhances gas-liquid, liquid-liquid and solid-liquid mass 

transfer (Chisti, 1999). Similar effects may occur in fermenters or bioreactors, even 

though only low intensity sonication is expected to be used in them. In K. marxianus 

fermentation cell-liquid and gas-liquid mass transfer are involved and may be affected by 

ultrasound (Kumar et al., 2004). Gas-liquid mass transfer, i.e., transfer of oxygen from 

the gas phase to the liquid and desorption of carbon dioxide from the liquid to the gas 

phase, are especially relevant. Gas-liquid mass transfer is briefly reviewed here. 

The productivity of aerobic fermentations is often limited by the availability of 

oxygen in the fermentation broth. In K. marxianus fermentations, biomass production is 

enhanced by increased oxygen supply but ethanol production is suppressed. Oxygen 
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supply can be enhanced by increasing the rate of oxygen transfer into the liquid from the 

gas. The volumetric oxygen transfer rate is given as follows: 

 

Volumetric oxygen transfer rate = kLaL (C* - CL)     (2.3) 

 

where CL is the concentration of dissolved oxygen in the liquid, C* is the saturation 

concentration of dissolved oxygen in the absence of consumption and kLaL is the overall 

volumetric mass transfer coefficient that is used to characterize the mass transfer rate in 

the bioreactor. In kLaL, kL is the liquid-film mass transfer coefficient and aL is the 

interfacial area per unit liquid volume. kLaL is generally increased by increasing aL. 

Because the surface area of spheres is proportional to the diameter squared, while the 

volume is proportional to the diameter cubed, aL is inversely proportional to the bubble 

diameter. kLaL itself depends on the operating conditions (i.e. aeration rate, the rheological 

properties of the fluid, broth density, surface tension, the system geometry, the intensity 

of agitation) (Cruz et al., 1999).  

In a fermentation broth, the solubility of oxygen is controlled by the partial 

pressure of oxygen in the gas phase, the temperature and the presence of other solutes. 

The solubility of a sparingly soluble gas such as oxygen is often modeled by Henry’s law: 

 

��� � � ��� ����������������������������������������������������������������������������������������������������������������������������������������
���� 

 

where C* is liquid phase saturation concentration of oxygen, PG is the partial pressure of 

oxygen in the gas in contact with the liquid, and H is Henry’s law constant. 

Many methods are available to determine kLaL in bioreactors (Chisti, 1999; Chisti 

and Moo-Young, 2002). These have been reviewed by Gogate and Pandit (1999). A 

common method that is used in bioreactors is the dynamic gassing-in method. This 

method is typically used in a model fluid (e.g. water, fermentation medium) in which 

there is no consumption of oxygen. A calibrated dissolved oxygen probe is installed in the 

bioreactor filled with the model fluid at the normal fermentation temperature and mixing 

state (controlled by the agitation speed). The fluid is first sparged with nitrogen to desorb 

the dissolved oxygen. Once a low oxygen concentration has been reached, the flow of 

nitrogen is stopped. Air is now used to sparge the fluid at some preset flow rate. Oxygen 
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transfers from the air and dissolves in the fluid. Increase in oxygen concentration with 

time is monitored. Oxygen concentration increases with time as follows: 

 

����� � � �����
�� ����������������������������������������������������������������������������������������������������������������
���� 

 

Integration of the above equation between the limit of t = 0, CL = Co and t = t, CL = CL, 

gives:  

 

 ! "�� ������ ���#$ � �������������������������������������������������������������������������������������������������������������������
��%� 

 

where Co is the dissolved oxygen concentration at time zero. The left-hand-side of the 

above equation can be calculated at any time t using the measured values of C*, CL and 

Co. A semilog plot of Equation (2.6) provides kLaL as the slope. In the event of an oxygen 

consuming reaction occurring in the bioreactor, Equation (2.6) needs to be modified as 

discussed by Lamping et al. (2003).  

Dissolved oxygen (DO) probes are widely used to monitor the concentration of 

dissolved oxygen in bioreactors. Polarographic type of DO probe is the most common 

(Philichi and Stenstrom, 1989). Equation (2.6) assumes that the oxygen concentration 

measured is instantaneous. In practice this is not so and a dissolved oxygen probe with a 

rapid response time is required for measurement of CL or the dynamic method will not 

give an accurate value of kLaL. Probe response time can be measured by instantly 

transferring the probe from an oxygen free medium to an oxygen saturated medium 

(Badino et al., 2000; Boodhoo et al., 2008; Carbajal and Tecante, 2004; Fadavi and 

Chisti, 2005; Kumar et al., 2004; Lamping et al., 2003; Leeuwen, 1979; Linek et al., 

1987; Mueller et al., 1967; Nakanoh and Yoshida, 1980; Philichi and Stenstrom, 1989; 

Tribe et al., 1995) and measuring the time required to attain 63.7% of the final 

equilibrium oxygen concentration (Dunn and Einsele, 1975; Fadavi and Chisti, 2005; 

Ruchti et al., 1981; Van't Riet, 1979).  

The time constant of the probe is the time required to attain 63.7% of the final 

steady state dissolved oxygen concentration. If the time constant is less than 10 s, (1/ kLaL 

is < 0.1 s–1), Equation (2.6) can be used to determine the value of kLaL. However, if the 

kLaL is larger than 0.1 s–1, or the probe response time is longer than 10 s, the following 
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equation needs to be used in calculating the kLaL from the measured dynamic response 

curves (Nakanoh and Yoshida, 1980; Van't Riet, 1979):  

 

�& � � �
�� ��'& (�� )*+ "��

��$ ��'& )*+ ,��
'& -.���������������������������������������������������������������
��/� 

 

where Cp is the DO concentration measured by the probe at time t, tm is 1/ kLaL and �p  is 

the response time of the DO probe. 

Equation (2.7) can be solved for kLaL using Microsoft Excel (Badino et al., 2000; 

Boodhoo et al., 2008; Lamping et al., 2003) using previously determined �p. The 

methodology is as follows: at any time t, a Cp value is computed so that it exactly matches 

the experimentally measured Cp value at that instance. tm is varied to achieve the match 

for a fixed experimentally measured �p. The various tm values are then averaged to obtain 

a single value of tm that best describes the measured oxygen concentration profile. This 

best-fit value of tm is then used to calculate the kLaL, or 1/tm. 

Intense ultrasound can enhance gas-liquid mass transfer coefficient by 50-110% 

relative to control (Kumar et al., 2004). Sonication decreases bubble size, increases gas 

hold-up and enhances interfacial turbulence. No literature exists on kLaL intensification in 

bioreactors involving live cultures. A study of the effect of ultrasound on kLaL may help 

in understanding possible reasons for any observed effects of ultrasound in a 

fermentation. 

 

2.9 Effect of ultrasound on enzymatic hydrolysis of cellulose  

 

Cellulose is a polymer of glucose. It is one of the most widely available carbohydrates in 

nature. As the major constituent of plant matter, billions of tons of it are created each year 

through photosynthesis. Photosynthesis produces 1.8 trillion tons of biodegradable 

substances annually and about 40% of this is cellulose (Fan et al., 1987). In view of its 

low cost, abundance and renewability, cellulose is an important resource that can 

potentially provide huge quantities of glucose for manufacture of bioethanol and many 

other chemicals by fermentation. The interest in cellulose in this work is for a different 

reason: cellulose is a macromolecule that, depending on the number of monomer units in 

its structure, may be fully soluble in water, or may occur as insoluble particles. Enzyme 

mediated hydrolysis of cellulose with and without ultrasound, offers an opportunity to 
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investigate the effect of substrate molecule size and solid-liquid mass transfer effects in a 

bioreactor. Cellulose molecules with relatively few monomer units, i.e. low molecular 

weight cellulose, are water soluble. In contrast, high molecular weight cellulose occurs as 

insoluble particles and its hydrolysis involves solid-liquid mass transfer effects as the 

soluble enzyme must interact with an undissolved particulate substrate. The enzyme 

involved in hydrolysis of cellulose is cellulase (EC 3.2.1.4). Enzymatic hydrolysis of 

cellulose has been extensively investigated (Chandel et al., 2007), but mostly without 

ultrasound. Cellulase is an enzyme complex which breaks down cellulose to glucose. It is 

produced mainly by bacteria found in the ruminating chambers of herbivores and by 

various wood-rotting fungi. Three general types of enzymes make up the cellulase 

complex (Fan et al., 1987). Endocellulase breaks internal bonds in cellulose to disrupt the 

crystalline structure of cellulose and expose individual cellulose polysaccharide chains to 

further enzymatic action. Exocellulase cleaves 2-4 units from the ends of the exposed 

chains (Fan et al., 1987). Cellobiase, or beta-glucosidase, then hydrolyses the products of 

exocellulase to individual monosaccharides.  

The cellulase enzyme complex selected for this study was the commercial 

preparation AccelleraseTM 1000 produced by Genencor International B.V., the 

Netherlands. This enzyme preparation is produced using a genetically engineered strain of 

Tricoderma reesei, and contains all necessary enzyme activities (i.e. endocellulase, 

exocellulase and cellobiase) to hydrolyze cellulose to glucose. Tricoderma reesei 

cellulase enzyme complex has been thoroughly studied (Ahamed and Vermette, 2010; 

Beldman et al., 1987). This complex converts crystalline, amorphous and chemically 

derived celluloses quantitatively to glucose (Al-Zuhair, 2008). 

The enzymatic hydrolysis of cellulose has a low efficiency due to factors relating 

to the substrate as well as the enzyme. Mass transfer limitation – diffusion of enzyme and 

the substrate to allow adsorption (Fan et al., 1987; Lee et al., 1982; Lin et al., 2010; van 

Wyk, 1997; Várnai et al., 2010; Xiao et al., 2005; Xiao et al., 2010), is one factor. Mass 

transfer limitations can be severe as both the substrate and the enzyme are 

macromolecules. This limitation worsens as the size of the cellulose substrate increases. 

Mass transfer resistances include the bulk phase resistance, the resistance due to the liquid 

film around cellulose particles and resistance through the capillary pores of cellulose 

particles (Baldascini et al., 2001; Bisset and Sternberg, 1978). Mass transfer can be 

potentially enhanced by turbulence enhancing effect of ultrasound. A physical contact 

between the enzyme and the substrate is necessary for cellulase to function.  
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Enzymatic hydrolysis of cellulose has been commonly interpreted in terms of 

earlier mentioned Michaelis-Menten kinetics (Bailey and Ollis, 1986; Counotte and Prins, 

1979; Fan et al., 1987; Lineweaver and Burk, 1934; Shuler and Kargi, 2002). Kinetic 

parameters of the enzymatic hydrolysis for various cellulosic substrates have been 

reported (Imai et al., 2004), but mostly in nonsonicated conditions. Li and co-workers 

(2004) determined the Michaelis constant Km of cellulose hydrolysis using a variety of 

pulps. The Km value was found to increase under continuous ultrasonication. Hydrolysis 

of cellulose is generally followed by measuring the production of reducing sugars 

(Mandels et al., 2004; Ortega and Busto, 2001) and reduction of viscosity of the medium 

(Sreenath, 1993). Viscosity declines as cellulose molecules reduce in size.  

Ultrasound has been applied to enzymatic hydrolysis of cellulose (Aliyu and 

Hepher, 2000; Imai et al., 2004; Filson and Dawson-Andoh, 2009; Li et al., 2004; Rolz, 

1986; Yachmenev et al., 2002; Yachmenev et al., 2004) as well as to its acid hydrolysis 

(Choi and Kim, 1994; Kristol et al., 1984; Lii et al., 1999; Mecozzi et al., 2002; 

Schuchardt et al., 1987; Tuulmets and Raik, 1999). In both cases the rate of hydrolysis 

appears to be enhanced by sonication as a consequence of intense microscale turbulence 

produced (Basedow and Ebert, 1977; Chisti, 2003; Czechowska-Biskup et al., 2005). 

Unlike in acid hydrolysis, prolonged or intense ultrasonication can damage cellulase and 

therefore selection of a suitable sonication regimen is important in an enzymatic 

hydrolysis process. Ultrasound intensity and irradiation dose are easily controlled. In 

general, ultrasound at low intensity (Mason and Lorimer, 2002) can enhance the 

productivity of the enzymatic hydrolysis without damaging the enzyme (Chisti, 2003; 

Rokhina et al., 2009).  

 

2.10 Objectives of study 

 

This work focused on examining the effects of ultrasound on various model bioprocesses. 

Sonication regimens which could influence a process relative to control were identified. 

Attempts were made to understand the possible causes of ultrasound-induced 

enhancement in diverse model reaction situations. The model processes investigated 

included: 1) a fermentation involving cells and gas-liquid mass transfer effects; 2) a cell-

free enzyme catalysed hydrolysis of a small molecule that was not likely to encounter any 

major mass transfer limitations; 3) enzyme-mediated hydrolysis of a macromolecular 
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substrate in which the size of the substrate entity could be varied substantially and solid-

liquid mass transfer limitations occurred.  

 

2.11 Contributions of the study  

 

This work identifies methods for implementing sonication for enhancing the productivity 

and economics of various types of biotechnology based production processes. The 

specific processes involved included a process involving a live microbial cell and two 

processes involving cell-free enzyme catalysed reactions. In the latter category, examples 

are studied of processes involving small molecules, dissolved macromolecules and an 

undissolved solid substrate. An improved understanding is gained of possible 

mechanisms of ultrasound-induced enhancements in several distinct types of bioreaction 

scenarios. 
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CHAPTER 3

MATERIALS AND METHODS 
 

 

The study focused on the use of ultrasound to enhance the productivity of 

biotechnological processes. The following three model bioprocesses were used: 

 

1. Production of bioethanol from lactose using live cells of the yeast Kluyveromyces 

marxianus;  

2. Hydrolysis of lactose in a cell-free medium using �-galactosidase of  

Kluyveromyces lactis; and 

3. Hydrolysis of dissolved and particulate cellulose to glucose using the enzyme 

cellulase. 

 

The above processes involved three distinct types of biocatalysis: (1) a live cell using 

intracellular machinery to convert a small soluble substrate (lactose) to ethanol in a 

heterogeneous bioreaction system; (2) a cell-free enzyme hydrolyzing a dissolved small 

molecule (lactose) to monosaccharides in a homogeneous reaction system; and (3) a 

soluble enzyme hydrolyzing a soluble macromolecule, i.e., dissolved cellulose, and the 

same substrate in an undissolved particulate form. The reaction system 3 involved both 

homogeneous catalysis and heterogeneous catalysis. The experimental systems and 

methods involved in the study of the above identified bioreaction systems are described in 

separate sections in this chapter. 
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3.1 Effects of ultrasound on conversion of lactose to ethanol by live cells 

 

3.1.1 Introduction 

 

A well-known model fermentation system was used to assess the effects of sonication. 

The fermentation process involved the conversion of lactose to ethanol by the yeast 

Kluyveromyces marxianus ATCC 46537. Both batch and continuous fermentations were 

conducted with and without sonication. Fermentations were aerated to achieve both cell 

growth and ethanol production. Aeration conditions were not selected to specifically 

favor either biomass production or ethanol production. 

 

3.1.2 Culture medium 

 

Based on the extensive literature on K. marxianus fermentation (Barberis and Segovia, 

1997; Guimarães et al., 2010; Hewitt and Wassink, 1984; Krzystek and Ledakowicz, 

2000; Lukondeh et al., 2005; Marison and Stockar, 1987; Mehaia and Cheryan, 1984; 

Nor et al., 2001; Ozilgen et al., 1988; Vallet et al., 1998; Zafar et al., 2005), the medium 

shown in Table 3.1 was selected for the fermentation (Lukondeh et al., 2005). 
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Table 3.1 Composition of the culture medium for batch and continuous fermentations 

Component Concentration (g L�1) Source 

Lactose 50 Ajax Finechem Pty Ltd 

(www.ajaxfinechem.com), catalog 

no. B/No. 0707294 

Yeast extract 2 Merck-Schuchardt 

(www.merck.de), catalog no. 

2013/08/31 

(NH4)2SO4  6.25 BDH-Analar Chemicals Ltd, 

catalog no. A223201 

MgSO4.7H2O  2 BIOLAB 

(www.thermofisher.com.au), 

catalog no. BSPML241-500 

KH2PO4 4 BIOLAB 

(www.thermofisher.com.au), 

catalog no. BSPPL951.500 

 

The medium was prepared by dissolving the above components in distilled water.  

 

3.1.3 Microorganism, maintenance and preparation 

 

Kluyveromyces marxianus ATCC 46537 was obtained from the American Type Culture 

Collection, USA (www.atcc.org). The yeast was supplied as a freeze-dried powder in a 

glass vial. The cells were rehydrated in sterile YM broth, incubated at 30 °C for 24-h and 

then inoculated on agar slants. After a further incubation period (30 �C, 24 h), the slants 

were stored at 4 �C. The maintenance agar medium was made using deionized water and 

had the composition shown in Table 3.1. The medium also contained 15 g L�1 agar 

(catalog no. 9002-18-0, Merck-Schuchardt, Darmstadt, Germany, www.merck.de). The 

medium was sterilized by autoclaving (121 �C, 15-min for volumes of < 10 L; 121 °C, 25 

min for volumes of � 10 L). The slants were kept at 4 °C and subcultured every 2-months. 

This stock culture was used for inoculum preparation throughout this study.  

Agar plates were prepared from slants in the usual way. Seed cultures were 

prepared by inoculating a single colony from an agar plate into 80 mL of a sterile medium 
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contained in a 250 mL shake flask. The medium was as described (Table 3.1) and had 

been sterilized as mentioned above. The culture was incubated (30 �C) in an orbital 

shaking incubator (180 rpm; Multitron II Incubator Shaker, Laurel, MD, USA, www. 

atrbiotech.com) for 24 h. This culture (50 mL) was used to inoculate 150 mL of the 

earlier specified sterile liquid medium contained in a 1000 mL shake flask. The flask was 

incubated as specified above. After the specified incubation period, the inoculum had a 

spectrophotometric absorbance of 0.7 at 620 nm (Ultraspec 2000, model 80-2106-00 

spectrophotometer; Pharmacia Biotech Inc., Piscataway, NJ, USA) and contained �4�107 

cells mL�1. All subsequent fermentations were inoculated using the above inoculum at a 

level of 5% by volume. 

 

3.1.4 Batch bioreactor fermentations 

 

A 7.5-L stirred bioreactor (BIOFLO 110 New Brunswick Scientific, East Brunswick, NJ, 

USA, www.nbsc.com) was used (Figure 3.1). The working volume was 3-L. The internal 

diameter of the jacketed glass bioreactor vessel was 0.18 m. The vessel was fully baffled 

with 4 vertical baffles spaced equidistance around the periphery. The baffle width was 19 

mm. A central shaft supported two 6-bladed Rushton disc turbine agitators. The agitators 

were identical with a diameter of 59.6 mm and were spaced 0.15 m apart on the shaft. The 

lower agitator was located 59.6 mm above the bottom of the vessel. A single hole sparger 

was used for aeration. The sparger hole diameter was 4.3 mm and it was located directly 

below the lower agitator, about 30 mm above the base of the vessel. 

All fermentations were run as aseptic aerobic batch cultures. The air inlet and 

exhaust ports on the bioreactor were installed with sterile hydrophobic membrane filters 

(0.2 	m; either Sartorious, Gottingen, Germany, or Millipore, Bedford, MA, USA). The 

assembled bioreactor filled with the earlier specified liquid medium was autoclaved (121 

�C, 20 min) with the pH and the dissolved oxygen electrodes installed. The pH electrode 

(Ingold gel-filled electrode, model no. 465-35-SC-P-K9/270/9848; Mettler-Toledo, 

www.mt.com) had been calibrated using pH 7.0 and pH 4.0 buffers prior to autoclaving.  

The concentration of dissolved oxygen (DO) in the broth was measured online 

using a polarographic electrode (model In Pro 6800 sensor 12/25 mm; Mettler-Toledo, 

www.mt.com). The DO electrode had been calibrated at 30 �C in the sterilized culture 

medium. For the calibration, the liquid medium was first bubbled with nitrogen (New 
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Zealand Industrial Gases Ltd., Palmerston North, New Zealand) until the dissolved 

oxygen reading failed to decline further. The DO readout was then adjusted to read 0%. 

Nitrogen flow was then replaced with a preset air flow of 2.67 vvm, with the impeller 

rotating at 500 rpm. Once the measured concentration of dissolved oxygen had stabilized, 

it was adjusted to an air saturation value of 100% (Chisti, 1989; Chisti, 2010; Fadavi and 

Chisti, 2005).  

A 20 kHz, 600 W maximum power, Misonix Sonicator
 3000 (Misonix, Inc., 

Farmingdale, NY, USA, www.misonix.com) ultrasound generator was used in 

combination with a standard tapped sonic horn (Misonix, Inc., part no. 200 with 12.7 mm 

tip diameter, 127 mm length), or sonotrode, installed in an external 800B Misonix 

Flocell
 with a 3.175 mm diameter inlet orifice (Figure 3.2). The horn had a replaceable 

flat tip made of titanium alloy (Misonix, Inc., part no. 406). The flow cell, with the sonic 

horn in place, was autoclaved (121 �C, 20 min), cooled to room temperature, and 

connected to the bioreactor aseptically using sterile silicone tubing (Figure 3.1). The broth 

from the bioreactor was recirculated continuously through the sonic chamber using a 

peristaltic pump (Masterflex model no. 7554-60; Cole Parmer Instrument Co., Chicago, 

IL, USA, www.masterflex.com). The recirculation flow rate was fixed at 0.2 L min�1. The 

recirculation commenced after the fermenter had been inoculated and briefly mixed. All 

fermentations were carried out with recirculation of the broth through the sonic chamber, 

but ultrasound was not applied to the control fermentations. For fermentations that were 

sonicated, sonication commenced at specified conditions only after 9.5 h of inoculation of 

the bioreactor. 

The sterile bioreactor was inoculated with 150 mL (5% by vol) of the earlier 

specified inoculum. The final volume of the broth in the fermenter after inoculation was 

3,150 mL. The fermentation temperature was controlled at 30.0�0.2 °C. The agitation 

speed and aeration rate were maintained at 500 rpm and 2.67 vvm, respectively. The pH 

and the dissolved oxygen concentration were monitored, but not controlled. Sterile (121 

�C, 15 min) antifoam emulsion (catalog no. A 6426-100G, 10 g/100 mL of water; Sigma-

Aldrich, St. Louis, MO, USA) was added to the fermenter in response to a foam sensor to 

automatically suppress severe foaming. Each batch fermentation was run for 24 hours. 

Samples were taken periodically. The optical density and the cell viability were measured 

immediately after sampling, as specified in Section 3.1.7.1 and 3.1.7.4. For the other 

measurements, the samples were centrifuged at 2000 � g for 10-min (model 0008931 
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centrifuge; Eppendorf AG, Germany, www.eppendorf.com) immediately after collection 

and the supernatant was stored at 4 °C for further analysis (Section 3.1.7.2, 3.1.7.3 and 

3.1.7.5). The storage period did not exceed 3 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic diagram of the batch ultrasound assisted fermentation system. 
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Figure 3.2 Ultrasonic flow cell dimensions (mm). 
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3.1.5 Sonobioreactor fermentations 

 

For ultrasound-assisted fermentations, the ultrasound power level was varied by adjusting 

the amplitude setting of the sonotrode and the cumulative average-ultrasound dose could 

be varied by adjusting the duty cycle. The amplitude was set at position 2 to correspond 

to a power input P of 15 W, or a sonication intensity I of 11.8 W cm�2. The power input 

(P) was read directly from the display panel of the ultrasound generator (Figure 3.3).The 

sonication intensity was calculated using the following equation (Chisti, 2003b): 

 

0 � � �1������������������������������������������������������������������������������������������������������������������������������������������
2��� 

 

where A (cm2) was the area of the sonotrode tip. The A value was 1.27 cm2. The 

cumulative sonic energy imparted to the fluid depended on the duty cycle of sonication 

(Table 3.2). The duty cycle determined the proportion of the time that the sonication was 

“on”. A pulse ratio (Table 3.2) of 1:9 for example meant that the sonication occurred for 

one ‘unit’ of time followed by a nine ‘units’ period of no sonication. Duty cycle of 10% 

was equivalent to sonication for 1 s followed by a rest period (no sonication) of 10 s. A 

sonication duty cycle of 100% meant uninterrupted sonication. The time units of seconds 

were used in setting the duty cycle. Duty cycles of 10%, 20% (1 s sonication, 5 s rest 

period) and 40% (2 s sonication, 5 s rest period) were used (Table 3.2) 
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Precalibrated peristaltic pump was used for feeding (Figure 3.5). The harvest pump was 

always run faster than the feed pump such that the volume in the bioreactor did not 

change (Scragg, 1991). Samples (45 mL) were removed after each residence time, and 

more frequently after three residence times, to establish that a steady state condition had 

been attained. Dilution rates of 0.05 h�1, 0.075 h�1, 0.1 h�1, 0.15 h�1 and 0.20 h�1 were 

used. Dilution rate was calculated as the steady state feed flow rate divided by the 

constant volume of the broth in the bioreactor. A steady state condition was normally 

assumed to exist after three residence times if the biomass dry weight, ethanol and lactose 

concentrations remained constant (±10%). The broth from the bioreactor was 

continuously re-circulated through the externally mounted ultrasonic chamber as 

described in Section 3.1.4. 

Optimal sonication conditions identified in batch fermentations were used in 

continuous fermentations. Thus, the sonication duty cycle and intensity were 20% and 

11.8 W cm�2, respectively. At various steady-states attained in control culture (no 

ultrasound), sonication was started at preset conditions to see the effect on steady state 

values of biomass concentration, ethanol concentration and lactose concentration. Sound 

was then switched off to see that the original control steady-state was regained. Samples 

were withdrawn periodically from the bioreactor aseptically for measurements of lactose 

concentration, biomass concentration and ethanol concentration. Figure 3.4 shows a 

schematic diagram of the continuous fermentation process. 
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Figure 3.5 (a) Fermenter feed pump calibration plot and (b) the corresponding dilution rate. 
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3.1.7 Analytical methods 

 

3.1.7.1 Biomass concentration 

 

Biomass concentration was measured by using spectrophotometry that had been 

calibrated by gravimetry. Absorbance was measured at 620 nm using a UV/Visible 

spectrophotometer (Ultraspec 2000, Pharmacia Biotech, Model 80-2106-00) that had 

been zeroed using a blank of the sterile medium. Typically, a 1 mL sample of the 

fermentation broth was diluted with 24 mL of the sterile medium prior to measurement. 

This way the spectrophotometric absorbance was always � 0.7.  

For biomass dry weight measurement by gravimetry, a known volume (35 mL) of 

the fermentation broth sample was centrifuged at 2415 × g for 10 min. The supernatant 

was discarded and the cells were washed twice by re-suspending in deionised water (2 × 

35 mL) and centrifuging as previously described. The washed suspension was filtered 

through a pre-weighed cellulose acetate membrane filter (47 mm in diameter, 0.45 μm in 

pore size) under suction (Doran, 1995; Shuler and Kargi, 1992; Wang, 2007). The 

membrane with the wet biomass was dried in an oven (Contherm Digital Series Five 

Incubator, Lower Hutt, New Zealand, Cat. No: 245M) at 105 °C for overnight. After 

drying, the membrane was cooled to room temperature in a dessiccator and weighed. The 

measured dry weight of biomass and the original volume of the sample (35 mL) were 

used to calculate a dry weight concentration. A second identical sample of the 

fermentation broth was diluted (1:25 dilution by volume) with the sterilized medium 

(Table 3.1) and the absorbance was measured by spectrophotometry as described above. 

A calibration curve for absorbance of diluted sample at (1:25 dilution) versus dry weight 

(undiluted sample) is shown in Figure 3.6 and was linear up to about an absorbance of 

0.7. Linear regression was used to establish the following calibration equation:  

 

2
620

1095.6
(g/L)ion concentrat biomassDry ��

�
A                                                             (3.2) 
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Figure 3.6 Calibration curve for A620 at 1:25 dilution versus actual dry biomass concentration. 
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3.1.7.2 Lactose concentration 

 

Lactose concentration was determined using a modified dinitrosalicylic acid (DNS) 

method based on Miller (1959). Thus, a 1% (w/v) solution of DNS reagent was prepared 

by dissolving 10 g DNS and 2 g of phenol in 1000 mL of a solution of sodium hydroxide 

(10 g L�1) and sodium sulfite (0.5 g L�1). The broth sample was centrifuged (Section 

3.1.7.1) and a portion of the supernatant containing lactose was appropriately diluted 

with deionized water. The diluted sample (3 mL) was mixed with 3 mL of DNS reagent 

and heated for 15 min on a boiling water bath. One milliliter of Rochelle salt solution 

(potassium-sodium tartrate, 400 g L�1) was added and the resulting mixture was cooled 

to ambient temperature in a cold water bath. The absorbance of the cooled solution was 

measured at 575 nm (Ultraspec 2000, model 80-2106-00 spectrophotometer; Pharmacia 

Biotech Inc., Piscataway, NJ, USA) against a blank that had been prepared using 

deionized water instead of the sample. The absorbance was converted to lactose 

concentration using a standard curve (Figure 3.7). The standard curve had been prepared 

using lactose solutions of known concentrations. The equation of the standard curve was 

the following: 

 

3
575

1025
g/mL)(ion concentrat Lactose ��

�
.

A	                                                                 (3.3) 

 

where A575 was the spectrophotometric absorbance at 575 nm. The above equation 

applied to an absorbance range of 0 to 0.7. Linear regression of Equation (3.3) allowed 

calculation of lactose concentration from absorbance measurements.  
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Figure 3.7 Calibration curve for lactose concentration. 

 

3.1.7.3 Ethanol concentration 

 

Ethanol concentration in the broth supernatant was determined using a gas 

chromatograph (model GC 6000 Vega Series 2; Carlo Erba Instruments, Milan, Italy) 

fitted with a flame ionization detector and chromato-integrator (model D-2500; Hitachi, 

Tokyo, Japan). The carrier gas was nitrogen at a flow rate of 40 mL min�1. The column 

temperature was 200 �C. Standard ethanol solutions were prepared in the concentration 

range of 2 to 8 g L�1 by diluting absolute ethanol with deionized water. The sample 

volume injected was 2 �L. The sample had been prefiltered through a 0.45 	m 

membrane filter. The ethanol concentration of the culture supernatant sample was 
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calculated by measuring the relative area under the ethanol peak and comparing it with 

the standard curve prepared using the standard solutions.  

 

3.1.7.4 Cell viability  

 

Cell viability was measured by plate counts (Wang and Sakakibara, 1997) and methylene 

blue staining methods (Boyd et al., 2003; Sami et al., 1994; Trevors et al., 1983), to 

validate the methylene blue method against the more time consuming but accurate plate 

count. For plate count, appropriate serial dilution of the broth was prepared in the culture 

media specified in Section 3.1.3. An identically diluted sample of the broth (known 

volume) was plated on an agar plate that was incubated at 30 �C for 48 h. Numbers of 

colonies produced were counted using a Colony Counter (Suntex Instruments. Co Ltd, 

Taipei Taiwan, Model 560. www.suntex.com.tw). Percent viability was calculated as: 

 

34564 478�
9� � � :;<6)=�>?�@> >!4)A�+=>B;@)B�68��5�C4D)!�D> ;<)�>?�6=>7E
F>75 �@)  �@>;!7�4!�7E)�A5<)�D> ;<) �G �HH9 

  

For determining cell viability by the methylene blue staining method (Hansen, 

2000; Painting and Kirsop, 1990), a 10 �L aliquot of serially diluted freshly sampled 

yeast broth was mixed with 10 �L of a methylene blue solution and incubated for 5 min 

(Hansen, 2000; Painting and Kirsop, 1990). The cell suspension was then counted on a 

hemacytometer at 400 � magnification. The viability was calculated as the ratio of the 

unstained cell count (viable cells) and the total count:  

 

34564 478�
9� � � :;<6)=�>?� 4D)�@)  A
:;<6)=�>?� 4D)�@)  A � :;<6)=�>?�B)5B�@)  A� �G �HH9 
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3.1.7.5 Activity of �-galactosidase 

 

Activity of the extracellular �-galactosidase was measured in the cell-free culture 

supernatant (Section 3.1.7.2) as specified in the Sigma enzymatic assay for �-

galactosidase (Sigma, 1994). The activity was determined using the synthetic substrate 

o-nitrophenyl-�-D-galactopyranoside, ONPG (catalog no. N1127-25G; Sigma-Aldrich, 

St. Louis, MO, USA). One unit of �-galactosidase activity was defined as the amount of 

the enzyme that liberated 1.0 �mol of o-nitrophenol from 5 mM ONPG per minute at pH 

3.5 and 25 °C.  

The intracellular �-galactosidase activity was measured according to the method 

described by Wang and Sakakibara (1997). A 35 mL sample of the broth was centrifuged 

(3300 × g, 10-min) to recover the cells. The cells were washed (2×35 mL) with 0.1 M 

phosphate buffer, pH 6.5. The washed cells were resuspended in 35 mL of deionized 

water using a vortex mixer. The suspension was cooled in an ice-water bath at 4 °C and 

sonicated at 550 W, 20 kHz, for 30 s (Misonix Sonicator
 3000, Misonix, Inc., 

Farmingdale, NY, USA). The optimum sonication time (30 s) for the cell breakage was 

established in preliminary experiments by using different sonication periods and 

measuring the released enzyme activity (Figure 3.8). Sonication for 30 s released all the 

entire releasable enzyme. The sonicated suspensions was centrifuged (12000 × g, 30-

min; Hitachi CR-22GII refrigerated centrifuge, Hitachi Koki Co., Ltd., Tokyo, Japan) at 

4 °C. The supernatant was collected and analyzed in accordance with the procedure 

given above for the determination of the extracellular �-galactosidase activity. 
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Figure 3.8 Release of intracellular �-galactosidase activity after various periods of sonication. 

Samples were sonicated continuously for the specified period at 550 W and 20 kHz. 

 

3.1.8 Gas-liquid mass transfer measurements 

 

3.1.8.1 Response time of the dissolved oxygen electrode 

 

The response time of the dissolved oxygen electrode was measured in water and the 

uninoculated lactose medium. Measurements were made at a constant temperature of 30 

°C, as used in the fermentation. The calibrated electrode was placed in a beaker of the 

appropriate medium (800 mL in 1-L beaker ) bubbled with nitrogen. Once the reading 

had stabilized to zero, the probe was instantaneously transferred to a second identical 

beaker bubbled with air at a flow rate of 8 L min�1 at ambient atmospheric pressure. The 

liquid in the second beaker was saturated with oxygen as it had been sparging with air 

for at least 2 minutes prior to the transfer of the electrode. From the instance of transfer, 

or time zero, the response of the DO electrode was recorded at 1-2 s intervals until the 
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saturation concentration was reached. The time required to attain 63.7% of the full 

response was read from the graph (Figure 3.9 and Figure 3.10) as the response time of 

the electrode (Chisti, 1989; Chisti, 2010; Fadavi and Chisti, 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Dissolved oxygen electrode response versus time from the instance of transfer to oxygen-

saturated water. 
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Figure 3.10 Dissolved oxygen electrode response versus time from the instance of transfer to oxygen-

saturated lactose medium. 

 

3.1.8.2 Overall volumetric gas-liquid mass transfer coefficient, kLaL  

 

The overall volumetric oxygen mass transfer coefficient kLaL was measured in de-ionised 

water and the lactose based-medium in the 7.5-L bioreactor (3 L of working volume) 

with and without ultrasound. The liquid was continuously recirculated between the 

bioreactor and the sonication chamber at a flow rate of 0.2 L min–1 (Figure 3.1). This 

circulation occurred also in nonsonicated experiments. In sonicated measurements, the 

ultrasound intensity was either 11.8 W cm�2 (low-intensity sonication) or 50.3 W cm�2 

(high-intensity sonication). In both cases, the duty cycle was set at 100%. Control 

experiments did not use sonication. Various impeller agitation speeds (200-800 rpm) and 

aeration rates (0-3 vvm) were used in different experiments. All measurements were 

made at 30 °C.  
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The static gassing in method was employed to obtain the dissolved oxygen 

concentration profile as a function of time from which kLaL was calculated 

(Bandyopadhyay et al., 1967). After calibration of the DO electrode, the liquid medium 

was first sparged with nitrogen until the oxygen concentration reduced to zero. Air was 

then sparged at a preset rate in the range of 0 – 3 vvm with the selected impeller rotation 

rate of between 200 – 800 rpm.  

As the average measured response time, 
p, of the DO probe used in this study 

was 21 s (air-water system) and 55 s (air-uninoculated lactose medium) at 30�C, 

therefore kp (where kp = 1/
p) was 0.0476 s�1 and 0.0182 s�1, respectively. In view of the 

relatively slow response of the probe, the average kLaL for each experiment was obtained 

by using Equation (2.7). The Goal Seek function in Microsoft Excel was used to match 

the value of Cp measured by the probe to the value calculated from Equation (2.7), using 

tm (i.e. 1/ kLaL) as the fitting parameter (Boodhoo et al., 2008; Lamping et al., 2003). See 

Appendix 4. 

 

3.2 Effects of ultrasound on �-galactosidase-mediated hydrolysis of lactose 

 

3.2.1 Introduction 

 

Hydrolysis of lactose to glucose and galactose via the action of the enzyme �-

galactosidase was used as a reaction system. The reaction was carried out in a 7.5 liter (3 

L working volume) stirred bioreactor (as described in Section 3.1.4).  

 

3.2.2 Enzyme and substrate 

 

The �-galactosidase (EC 3.2.1.23) enzyme used in this study was purchased from Sigma 

(catalog no. G3665/12/21/10/2; Sigma-Aldrich, St. Louis, MO, USA) under the 

commercial name of Lactozyme. The enzyme was in a liquid form and had been 

produced by Kluyveromyces lactis. It was stored at 4°C in a refrigerator. The activity of 

the enzyme was 3000 Unit mL�1. Lactose was purchased from Ajax Finechem Pty Ltd. 

The hydrolysis reaction was carried out in 25 mM phosphate buffer solution, pH 6.5, at 

37 °C.  
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3.2.3 Experimental setup and operation 

 

The batch bioreactor used was exactly as described in Section 3.1.4 (Figure 3.1). The pH 

and dissolved oxygen sensors were installed, but not used. Aeration was not used. The 

working volume of the bioreactor was 3 L. The temperature was controlled at 37 °C. The 

agitation speed was maintained at 300 rpm. In all experiments, including the 

nonsonicated controls, the lactose medium was circulated through the sonication 

chamber (Section 3.1.4, Figure 3.1) at a flow rate of 0.2 L min�1. In different sonicated 

experiments, the irradiation power (Pir) of ultrasound was 3 W, 6 W and 15 W, 

corresponding to a sonication intensity of 2.4, 4.7 and 11.8 W cm�2, respectively. 

Sonication duty cycles of 10%, 20% and 40% were used (Table 3.2). 

To allow the calculation of certain kinetic parameters, experiments were carried 

out at initial lactose concentrations of 5, 10, 20, 30, 40, 50, 60 g L�1. The enzyme 

concentration was always 1.0 mL L�1. The substrate was dissolved in 25 mM phosphate 

buffer solution, pH 6.5, at 37 °C. Enzyme was added to start the reaction. The 

experiments were carried out in duplicate and the reproducibility was at least within the 

range of ±5%. Samples were taken from the reaction solution at specified time intervals, 

the hydrolysis reaction was stopped by immediate boiling (100 °C, 10-min) and the 

glucose concentration was measured immediately after cooling to room temperature. 

 

3.2.4 Glucose analysis 

 

Glucose concentration was measured using a YSI fixed enzyme sugar analyzer (Model 

2700/230V, Yellow Springs Instruments Co. USA). A 2.50 g L�1 solution of glucose was 

used as a calibration standard. The sample volume injected was 25 μL.  

 

3.2.5 Enzyme stability 

 

To investigate if sonication affected the �-galactosidase stability, the experiments were 

carried out at 37 °C in the 7.5-L bioreactor (3 L of working volume). In all experiments, 

including the nonsonicated controls, the enzyme solution was circulated through the 

sonication chamber (as described in Section 3.1.4, Figure 3.1) at a flow rate of 0.2 L 
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min�1. Enzyme solution of 1.0 mL L�1 was mixed with 25 mM phosphate buffer, pH 6.5. 

Lactose was not added. Control experiment did not use ultrasound. For sonicated 

experiments, the power intensity was always 11.8 W cm�2. Duty cycle values of 10%, 

20% and 40% were tested in separate experiments. Samples (45 mL) were withdrawn 

periodically and the enzyme activity was measured as explained in Section 3.2.6. 

 

3.2.6 �-Galactosidase activity 

 

A sample (100 μL) taken from the reaction solution was mixed with 2 mL of ortho-

nitrophenyl-�-galactoside (ONPG) solution (prepared by dissolving 300 mg ONPG in 

100 mL of 100 mM phosphate buffer solution, pH 7.3). The mixture was incubated at 28 

°C for 5 min. The reaction was then stopped by adding 1 M Na2CO3 solution (1 mL) to 

the mixture. A blank was prepared by mixing 2 mL ONPG and 1 mL Na2CO3 solution in 

phosphate buffer. The absorbance value of the sample was read against the blank at 420 

nm (Demirhan and Ozbek, 2009; Sakakibara et al., 1994; Wang et al., 1996; Wang and 

Sakakibara, 1997). 

 

3.3 Effects of ultrasound on enzymatic hydrolysis of cellulose  

 

3.3.1 Introduction 

 

The effect of low intensity ultrasound on enzymatic hydrolysis of cellulose was 

investigated using both soluble cellulose and suspended particulate cellulose.  

 

3.3.2 Enzyme and substrates 

 

A commercial cellulase (EC 3.2.1.4) enzyme Accellerase 1000 was used. The enzyme 

was purchased in a soluble form from Genencor, Rochester, NY, USA 

(www.genencor.com). It had been produced by a genetically modified strain of the 

fungus Trichoderma reesei. The activity of the enzyme as specified by the supplier was 

2500 Unit CMC g�1. The optimal temperature and pH for the enzyme as specified by the 

supplier were 50 °C and 4.8, respectively. The enzyme solution was stored at 4°C.  
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The soluble substrate was carboxymethyl cellulose (low viscosity, sodium 

carboxymethylcellulose, CMC, Sigma, catalog no. CAS 9004-32-4). It was in the form 

of a soluble powder. The insoluble particulate cellulose substrate was Solka-Floc. It had 

been purchased from International Fiber Corporation, USA (AlphaCel powdered 

cellulose, CAS # : 9004-34-6). Three grades of Solka-Floc were used. These were BH 

300, BH 40 and CH 10. They differed only in the average size of the particles. The 

particle sizes were 30 �m, 60 �m and 290 �m for the grades BH 300, BH 40 and CH 10, 

respectively.  

 

3.3.3 Substrate preparation 

 

Clear solutions of CMC at various initial concentrations (0.5 – 4% w/v; g/100 mL) were 

prepared by dissolving the powder in 500 mL of 0.05 M acetate buffer, pH 4.8 (Aliyu 

and Hepher, 2000; Melo and Kennedy, 1993; Sreenath, 1993) at 80-85 °C and making 

up to the required concentrations by adding the same cold buffer at 6 to 10° C (Sreenath, 

1993). Slurries of insoluble Solka-Floc were prepared by suspending the particles of a 

given size in 0.05 mM acetate buffer, pH 4.8, at various initial concentrations (0.5 – 4% 

w/v; g/100 mL) (Howell and Stuck, 1975; Yeh et al., 2010). Irrespective of the type of 

substrate and its concentration, the initial enzyme concentration, was always at 0.1 g L�1. 

The hydrolysis was carried out in a well-mixed reactor (Section 3.3.4). The reaction was 

started by adding the enzyme to a well-mixed substrate mixture that was at a controlled 

temperature of 50 °C.  

 

3.3.4 Cellulose hydrolysis 

 

Hydrolysis of cellulose was carried out in a stirred beaker of 2-L. The initial working 

volume was 1-L. The internal diameter of the glass reactor vessel was 0.14 m. The vessel 

was fully baffled with 4-vertical baffles spaced equidistance around the periphery. The 

baffle width was 14 mm. A central shaft supported one 6-bladed Rushton disc turbine 

agitator. The agitator was identical with a diameter of 46 mm. The agitator was located 

46 mm above the bottom of the vessel. The agitation speed was always 500 rpm. A 20 

kHz, 600 W maximum power, Misonix Sonicator
 3000 (Misonix, Inc., Farmingdale, 
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NY, USA. www.misonix.com) ultrasound generator was used in combination with a 

standard tapped sonic horn (Misonix, Inc., part no. 200 with 12.7 mm tip diameter, 127 

mm length), or sonotrode. The sonic horn shown in Figure 3.2 was used without the 

outer chamber shown in the figure. The horn had a replaceable flat tip made of titanium 

alloy (Misonix, Inc., part no. 406). The sonic horn was mounted in the 2-L beaker such 

that its flat tip was 41.7 mm above the bottom of the beaker and was on the left-hand-

side of the beaker at a distance of 58.4 mm from the turbine central shaft (Figure 3.11). 

The control experiments did not use sonication although the sonotrode was 

installed in the reactor. For ultrasound-assisted hydrolysis, the sonication amplitude in 

different experiments were set at positions 0.6, 1.2 and 2 to correspond to a power input 

P of 3, 6 and 15 W, or a sonication intensity I of 2.4, 4.7 and 11.8 W cm�2, respectively. 

For every power level tested, sonication duty cycles of 10%, 20% and 40% were used for 

experiments involving soluble cellulose, CMC. Power and duty cycle combinations that 

proved optimal for CMC hydrolysis were used in enzymatic hydrolysis of the particulate 

substrate.  

Once the reactor had attained the required temperature, ultrasonic irradiation was 

started and 2-min later the enzyme was added to commence the reaction. Measurements 

were made for 20-min. During this time, the solids-free liquid samples were withdrawn 

periodically and analyzed for the concentration of glucose. The enzyme in the sample 

was heat inactivated by boiling (100 °C) for 5 min. The sample was then centrifuged at 

2415 × g for 10-min to remove any residual solids. The glucose concentration was 

measured in the supernatant as described in Section 3.2.4. 

 

3.3.5 Cellulase stability  

 

The stability of the enzyme under various sonication regimens, including control (no 

sonication) was investigated by sonicating the enzyme solution without the substrate 

being added. The experiments were carried out in a stirred beaker of 2-L. The initial 

working volume was 1-L (as described in Section 3.3.4, Figure 3.11). Enzyme solutions 

were prepared by mixing the enzyme with 0.05 M acetate buffer, pH 4.8, to obtain a 

final enzyme concentration of 0.1 g L�1. The enzyme stability was measured at 50° C for 

60 min. Separate experiments used sonication power intensities of 2.4 W cm�2, 4.7 W 
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cm�2 and 11.8 W cm�2. At each power intensity, duty cycles of 10%, 20% and 40% were 

tested. Samples (15 mL) were withdrawn periodically, diluted appropriately with 0.05 M 

acetate buffer, and measured for the activity of cellulase as explained in Section 3.3.6.  
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3.3.6 Cellulase activity assay 

 

For determining the residual cellulase activity a 1 mL sample of the enzyme solution 

(Section 3.3.5) was mixed with 1 mL of a 1% (w/v) solution of low viscosity sodium 

carboxymethyl cellulose (SIGMA, catalog no: CAS 9004-32-4). The CMC solution had 

been prepared in 0.05 M acetate buffer, pH 4.8. The mixture was incubated at 50 °C, pH 

4.8, for 1 h (Mandels et al., 2004; Ortega and Busto, 2001; Sreenath, 1993). The reducing 

sugars produced were then determined following Miller method (Miller, 1959). The rate 

of release of reducing sugars was proportional to the enzyme activity (Mandels et al., 

2004). One unit of cellulase was the quantity that liberated 1.0 �mol of reducing sugars 

(expressed as glucose equivalents) from cellulose in one hour at pH 4.8 and 50 °C. 
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CHAPTER 4

RESULTS AND DISCUSSION 
 

 

The various sections of this chapter separately discuss the effects of sonication on the 

fermentation involving live cells (Section 4.1), the cell-free lactose hydrolysis by �-

galactosidase (Section 4.2) and cellulose hydrolysis by cellulase (Section 4.3). Section 4.4 

then attempts to establish a unified picture of the effects of sonication on bioreaction 

systems, based on the findings of Section 4.1-4.3.  

 

4.1 Bioethanol fermentation using K. marxianus 

 

4.1.1 Baseline determination (nonsonicated batch fermentation) 

 

For evaluating the effects of sonication on K. marxianus fermentations, baseline data 

were first obtained using nonsonicated, or control fermentation. The results of duplicate 

nonsonicated batch fermentations are shown in Figure 4.1. The fermentation was 

essentially complete by 24 h (Figure 4.1). The biomass growth, the ethanol production 

and lactose consumption profiles were consistent with expectations for an aerated 

fermentation. The error bars in Figure 4.1 demonstrated a good reproducibility of the 

fermentations. In the first 6 h of fermentation (Zone 1, Figure 4.1), there was little 

growth, lactose consumption was slow and no significant ethanol production occurred. 

During this period, the yeast cells were adapting to the aerated and nutrient rich 

environment of the bioreactor. Once the cells had adjusted to the new environment, 

growth become rapid (Zone 2, Figure 4.1), the rate of lactose consumption increased and 

the ethanol concentration increased. Under the aerobic conditions used (2.67 vvm 

constant aeration rate), the maximum biomass concentration and the final ethanol 

concentration were 9.71 ± 0.08 g L-1 and 1.48 ± 0.36 g L-1, respectively. By around 16 h 

the fermentation began to slow (Zone 3) because of a depletion of lactose. The results in 

Figure 4.1 were consistent with trends reported by Lukondeh et al. (2005) and Marquez et 

al. (2005) for this fermentation. The final ethanol concentration was relatively low 
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compared to what is possible for this fermentation, but this was because the aerobic 

conditions used favoured production of biomass rather than ethanol. The data in Figure 

4.1 were used to compute the various fermentation kinetic parameters, as discussed later 

(Section 4.1.2), for comparison with sonicated fermentations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 A typical control fermentation profile of K. marxianus at initial lactose concentration of 50 

g L�1, 30 °C, pH 5.0 and inoculum size of 5% by volume. 

 

4.1.2 Sonicated batch fermentations 

 

All sonicated batch fermentations were carried out under exactly the same 

conditions as the control fermentations (Section 4.1.1) with the exception that ultrasound 

was applied at the specified power intensity and duty cycles (Section 3.1.5). Sonication 

duty cycles of 10%, 20% and 40%, at a constant power intensity of 11.8 W cm�2, were 

used in separate batch experiments. The control fermentation was not subjected to 

ultrasound irradiation.  Sonication at 11.8 W cm�2 and the specified duty cycle 

commenced 9.5 h after inoculation of a batch fermentation.  

The profiles of biomass growth, lactose consumption and the dissolved oxygen 

concentration are shown in Figure 4.2 in comparison to controls. All the profiles were 
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comparable prior to the beginning of sonication. Sonication at duty cycles of 10% and 

20% substantially improved the final growth concentration relative to control, but 

increasing the duty cycle to 40% adversely affected the growth rate and the final biomass 

concentration (Figure 4.2a). The reduced biomass growth rate and final concentration at 

the highest duty cycle were clearly reflected in a slower rate of lactose consumption and a 

higher concentration of the residual lactose for this fermentation (Figure 4.2b). Lactose 

consumption of the fermentations conducted at duty cycles of 10 and 20% was 

comparable to that of the control (Figure 4.2b).  
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Figure 4.2 Effects of sonication on: (a) biomass concentration; (b) lactose concentration; and (c) 

dissolved oxygen concentration. Except for the nonsonicated control, the sonication intensity was 11.8 

W cm�2. Each of the profiles shown in (a) and (b) is an average of three independent fermentations. 
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The adverse effect of sonication at 40% duty cycle was reflected also in the 

dissolved oxygen concentration profiles (Figure 4.2c). Thus, at the 40% duty cycle, 

because of a reduced rate of consumption of lactose, the decline in the dissolved oxygen 

concentration during exponential growth was less than for the other fermentations and the 

oxygen concentration recovered earlier (Figure 4.2c) suggesting an earlier end to 

exponential growth even though plenty of lactose remained in the broth. Clearly, even at a 

relatively high intensity of 11.8 W cm�2, ultrasound stimulated growth of K. marxianus 

on a soluble substrate so long as the duty cycle was appropriately selected. Each 

sonication event had to be followed by a recovery period of no sonication to prevent 

adverse impact on the yeast. No other work has been reported on sonication of K. 

marxianus, but continuous sonication of S. cerevisiae with diagnostic ultrasound (1 MHz) 

at a lower intensity (10.5 W cm�2) than used here, has proved to be inhibitory (Anderson, 

1953) while intermittent sonication was less damaging. For any fixed set of conditions, 

the data in Figure 4.2 are for two completely independently conducted fermentations and 

demonstrate excellent reproducibility. 

For the fermentations profiled in Figure 4.2, the ethanol production data are 

shown in Figure 4.3 in comparison to the control fermentation. All duty cycles tested 

improved ethanol production relative to control, but the duty cycles of 10% and 20% 

were clearly the most effective. With the best duty cycle of 20%, the final ethanol 

concentration of 5.2�0.68 g L�1 was nearly 3.5-fold that of the control fermentation. For 

this sonication regimen, the ethanol yield on lactose was 0.109 g g�1 compared to a yield 

of 0.034 g g�1 for the control culture. The ethanol productivity of the culture sonicated at 

a duty cycle of 20% was 3.5-fold greater than for the control. 
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Figure 4.3 Ethanol concentration profiles. The sonication intensity was 11.8 W cm�2 except for the 

nonsonicated control culture. Each of the profiles shown is an average of three independent 

fermentations. 

 

Ultrasonication is known to improve interfacial mass transfer. Mass transfer 

enhancements have been attained at power intensities as low as 2.2 W cm�2 (Bar, 1988). 

Therefore, a plausible improved gas-liquid mass transfer of oxygen as a consequence of 

sonication (Ashokkumar et al., 2007) may potentially explain the observed increase in the 

concentration of the biomass (Figure 4.2a) relative to control; however, it does not 

explain the increased concentration of ethanol (Figure 4.3) that is normally produced 

optimally under conditions of a low dissolved oxygen concentration (Guimarães et al., 

2010). In the present study, the dissolved oxygen concentration did not drop to much less 

than 20% of air saturation as shown in Figure 4.2c.  

Improved production of ethanol (Figure 4.3) must therefore have a different 

explanation. One of the products of the fermentation is carbon dioxide. Elevated 

concentrations of dissolved carbon dioxide are known to inhibit S. cerevisiae (Jones and 

Greenfield, 1982; Norton and Krauss, 1972) and have a similar effect on K. marxianus 
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(Guimarães et al., 2010). In aerobic growth of bakers’ yeast, an increase in the partial 

pressure of carbon dioxide to > 0.4 atm reduces both respiratory activity and the biomass 

yield on substrate (Jones and Greenfield, 1982). A CO2 partial pressure of 0.4 atm at 30 

°C (Henry law constant of 28.57 mM CO2/atm; Jones and Greenfield, 1982) translates to 

a dissolved carbon dioxide (undissociated) concentration of 11.4 mM. In a highly aerobic 

fermentation, the dissolved oxygen concentration is not likely to rise to the level of 11.4 

mM; nevertheless, improved gas-liquid mass transfer may have contributed to improved 

removal of the highly soluble carbon dioxide from the broth to enhance the ethanol 

productivity relative to control. Rapid desorption of carbon dioxide from a fermentation 

broth commonly produces foaming, as it does in a glass of beer. The fermentation broth 

was indeed observed to foam within minutes of commencing sonication as shown Figure 

4.4. At the recycle rate used, nearly 63% of the broth in the bioreactor had passed through 

the sonication chamber at least once by 10-min when the picture (Figure 4.4b) was taken. 

Foaming may also be attributed to release of intracellular proteins, but up to a sonication 

duty cycle of 20% biomass growth was in fact better than in the control culture (Figure 

4.4a), suggesting little or no cell lysis. The pH profiles for the fermentations shown in 

Figure 4.2 and Figure 4.3 have previously been published (see Figure 7 of Sulaiman et 

al., 2011; Appendix 7). No distinct pH changes attributable to a possible change in the 

concentration of dissolved carbon dioxide could be observed and the pH values for the 

different sonicated regimens were generally within ± 0.2 pH units of the measured value 

(Sulaiman et al., 2011). 
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For the experimental system used in batch and continuous fermentations, the 

bioreactor could always be considered to be well mixed. This could be readily 

demonstrated by comparing the mixing time in the bioreactor with the residence time 

of the recycle flow in the reactor. Thus, the residence time tR of the recycle stream 

was calculated as follows: 

 

�I � � ��J� ����������������������������������������������������������������������������������������������������������������������������������
���� 

 

where VL is the working volume (3 L) in the bioreactor and QL is the previously 

specified recycle flow rate. The residence time was always 15 min. The mixing time 

in the bioreactor was calculated using the following equation (Fasano and Penney, 

1991): 

 

�K � �  !
� � L�
��H%M
�NO�P�QR
ON��S�T ��������������������������������������������������������������������������������������
���� 

 

where t� is the time required to attain a fractional homogeneity of � (e.g. a �-value of 

0.99 is equivalent to 99% of the fully mixed state), N is the rotational speed of the 

impeller, D is the diameter of the impeller, T is the diameter of the mixing vessel and 

H is the depth of fluid in the tank. For the earlier specified bioreactor geometry and H 

= T, the mixing time for attaining a 99% homogeneity was found to be 0.096 min. 

Thus, the residence time in the bioreactor was nearly 150-fold greater than the time 

required for mixing. 

 

4.1.2.1 Effects of ultrasound on cell viability 

 

Power ultrasound has the potential to reduce viability in a population of cells (Radel 

et al., 2000). Therefore, cell viability in sonicated and control fermentations was 

measured. Viability measurements were made using the methylene blue staining 

method (Section 3.1.7.4). As questions have been raised in the literature about the 

validity of this method (Mclean et al., 2001; Trevors et al., 1983), it was first 

validated against the reliable but cumbersome colony count method (Section 3.1.7.4). 

Thus, the viability of yeast cells in identical broth samples taken from some of the 
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early control fermentations and variously sonicated fermentations was measured by 

the methylene blue method and the colony count method. A comparison of the results 

(Figure 4.5) demonstrated an excellent agreement between these methods for the full 

range of sonication regimens (including controls) used in this work. These results 

suggest that the hemocytometer/methylene blue can be used to accurately estimate 

viable cell numbers (Sami et al., 1994). As the hemocytometer/methylene blue 

method can be completed in less than 10 minutes compared to the 48-h required by 

the plate count method, the hemocytometer/methylene blue method was used in 

subsequent measurements of viable cell concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Comparison of hemocytometer/methylene blue and plate count methods for viable 

cells (sonication intensity = 11.8 W cm�2 where applicable) 
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Cell viability profiles for the fermentations profiled in Figure 4.2 and Figure 

4.3 are shown in Figure 4.6. Prior to the beginning of sonication at 9.5 h, the cell 

viability in all fermentations exceeded >90%, but in all cases, the viability 

continuously declined as the fermentations progressed. For the control culture, this 

decline could be explained by a progressive accumulation of ethanol, a well known 

inhibitor of yeasts (Rosa and SaCorreia, 1996; Lucero et al., 2000) including K. 

marxianus (Guimarães et al., 2010). The beginning of the viability decline (Figure 

4.6) coincided with the instance of the rapid increase in ethanol concentration around 

9.5 h (Figure 4.1). The viability decline of the sonicated cultures was also due to 

accumulation of ethanol (Figure 4.3), but sonication appears to have been an 

additional contributing factor. Thus, at any instance after the sonication began, the 

viability was progressively reduced with the increasing value of the duty cycle of 

sonication (Figure 4.6). Although sonication enhanced the viability decline, by the 

end of the fermentation >65% of the yeast cells were still viable in the culture that 

was sonicated at a duty cycle of 40% (Figure 4.6). Ethanol is known to affect the 

structure of cell membranes (Lucero et al., 2000) and this likely explained the 

increased susceptibility of cells to ultrasound once the ethanol concentration had 

increased.  
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Figure 4.6 Cell viability profiles. The sonication intensity was 11.8 W cm�2 except for the 

nonsonicated control culture. Each of the profiles shown is an average of three independent 

fermentations. 

 

Under certain conditions, ultrasound is known to affect the morphology of 

cells without causing a loss in viability (Radel et al., 2000; Joyce et al., 2003). 

Therefore, the cell morphology was examined photographically at 22 h of various 

fermentations (Figure 4.7). By this time the yeast broth had passed through the 

sonication chamber 50 times. Compared to nonsonicated culture (Figure 4.7a), no 

morphological changes were discerned in cells sonicated at 10 and 20% duty cycles 

(Figure 4.7b, 4.7c). However, the culture that had been sonicated at the 40% duty 

cycle contained many ghost cells (i.e. cells that had lost most or all of their contents) 

and cells with clearly broken envelopes (Figure 4.7d). This concurred with the lower 

biomass concentration (Figure 4.2a) and cell viability (Figure 4.6) in this 

fermentation, as discussed earlier. 
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4.1.2.2 Effects of ultrasound on release of �-galactosidase 

 

Transport of lactose into cells of K. marxianus is mediated by a lactose 

permease (Guimarães et al., 2010). Once internalized, the lactose is hydrolyzed by �-

galactosidase and the resulting glucose and galactose are metabolized by separate 

biochemical pathways (Guimarães et al., 2010). As most of the lactose is hydrolyzed 

intracellularly, most of the �-galactosidase activity resides within the cells. The 

observed sonication-dependent changes in growth metabolism and ethanol production 

may be potentially linked to possible effects of sonication on the enzyme �-

galactosidase. Considering this, the activity of the intercellular and extracellular �-

galactosidase was measured in the various fermentations (Figure 4.8).  
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Figure 4.8 �-Galactosidase activity profiles during fermentation: a) extracellular enzyme activity; 

b) intracellular enzyme activity. The sonication intensity was 11.8 W cm�2 except for the 

nonsonicated control culture. Each of the profiles shown is an average of three independent 

fermentations. 
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Until the beginning of sonication at 9.5 h, the profiles for all fermentations 

were identical for both the extracellular and the intracellular enzyme activity (Figure 

4.8). Irrespective of the fermentation, the extracellular enzyme activity was relatively 

small compared to the intracellular activity at any given instance (Figure 4.8), as 

expected. (�-Galactosidase is normally an intracellular enzyme.) The extracellular �-

galactosidase was a consequence of either cell leakage or an ongoing lysis of a small 

fraction of the growing cell population. Sonication at 10 and 20% duty cycles appears 

to have stimulated the production of the enzyme inside the cells relative to control 

(Figure 4.8b), whereas sonication at the 40% duty cycle appears to have suppressed 

enzyme synthesis. In fact these apparent effects are entirely explained by the 

differences in the biomass concentrations of the various fermentations (Figure 4.2a) 

and not by any direct effect of sonication on the production or release of the enzyme. 

This is confirmed in Figure 4.9 where the measured extracellular and intracellular 

activities of �-galactosidase are plotted per unit of dry cell mass present at any given 

instance during fermentation. From 9.5 h onwards, all the sonicated cultures had 

nearly the same biomass specific enzyme activity as did the control culture. 

Therefore, sonication had no effect at all on production or release of �-galactosidase. 

During exponential growth, i.e. prior to 9.5 h, the biomass always had a much higher 

enzyme activity than later in the fermentation. This was likely because production of 

�-galactosidase was up regulated during rapid growth that demands a rapid hydrolysis 

of lactose to feed the resulting sugars into the energy consuming metabolic pathways.  

In summary, therefore, ultrasound at any sonication regimen used did not 

affect the biomass specific production of �-galactosidase, nor the biomass specific 

release of �-galactosidase from the cells. Therefore, the observed effects of ultrasound 

on biomass growth profiles (Figure 4.2a), lactose consumption profiles (Figure 4.2b) 

and ethanol production profiles (Figure 4.3) cannot be attributed to any effect of 

ultrasound on production or release of �-galactosidase. 
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Figure 4.9 Biomass specific �-galactosidase activity profiles during fermentation: a) extracellular 

enzyme activity; b) intracellular enzyme activity. The sonication intensity was 11.8 W cm�2 except 

for the nonsonicated control culture. For clarity, lines are plotted only through the data for the 

control culture (solid lines) and the culture sonicated at the 40% duty cycle (dashed lines).  
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4.1.3 Continuous culture of K. marxianus 

 

In this section, the effects of ultrasound on biomass, lactose and ethanol concentration 

profiles are discussed in continuous cultures of K. marxianus. The fermentation 

commenced as a batch culture that was switched to continuous feeding and harvest 

after 16 h of batch operation once a high concentration of biomass had been attained. 

In a ~1600 h long continuous culture, five dilution rates were tested. These were 0.05 

h�1, 0.075 h�1, 0.1 h�1, 0.15 h-1 and 0.2 h�1 and corresponded to residence times of 20 

h, 13.3 h, 10 h, 6.7 h and 5 h, respectively. The maximum dilution rate used was less 

than the maximum specific growth rate μmax that had been determined in earlier batch 

experiment (Table 4.1). This ensured that no wash out occurred at any of the dilution 

rates. At any given dilution rate, once three residence times had elapsed and the 

measured concentrations (biomass, ethanol, lactose) were stable within ±10% of the 

average value, a steady-state was assumed to exist. No sonication was used until a 

steady state had been attained at any given dilution rate. Sonication then began at a 

power intensity of 11.8 W cm�2 and 20% duty cycle, the condition that had been 

found to be optimal in batch fermentation experiments. Sonication then continued 

until the culture attained a new steady-state. After 4-5 residence time had elapsed at 

any steady-state, sonication was switched off, until the steady-state prior to 

commencing of sonication was re-established. This cycle was repeated twice for every 

dilution rate (sonicated and nonsonicated). A new dilution rate value was then set and 

the experiment continued.  

The fermentation profiles of biomass, lactose and ethanol concentrations 

during 67 days of operation at increasing dilution rates are shown in Figure 4.10. The 

operation started after 16 h of batch fermentation at a 0.05 h�1 dilution rate. The 

dilution rate was then increased stepwise. At all dilution rates tested, use of ultrasound 

enhanced the steady state biomass concentration, lactose consumption and ethanol 

concentration relative to control. The values of the fermentation kinetic parameters at 

various steady states are shown in Table 4.2. The values were calculated as explained 

in Appendix 1.  
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The steady-state concentration of lactose, biomass and ethanol attained at various 

dilution rates in control and sonicated cultures (Figure 4.10) are plotted in Figure 4.11 as 

a function of dilution rate (i.e. the specific growth rate). Each data point in Figure 4.11 

was obtained by averaging three steady-state measurements at a given dilution rate. The 

error bars in Figure 4.11 demonstrate an excellent stability of each steady-state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Steady state concentration of biomass, lactose and ethanol at various dilution rates in 

control (no sonication) and sonicated continuous cultures of K. marxianus. 

 

As expected, as the dilution rate increased, biomass and ethanol concentration 

decreased steadily and residual lactose concentration increased in both control and 

sonicated fermentations. Sonication always enhanced the steady-state biomass 

concentration and ethanol concentration relative to the corresponding control (Figure 

4.11). At lowest dilution rate (0.05 h�1) the steady-state ethanol concentration in sonicated 
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culture was 4.45±0.004 g L�1 and ethanol yield on lactose was 0.09 g g�1 (Table 4.2) 

compared to a yield of 0.07 g g�1 for the control culture. The ethanol productivity of 

sonicated culture at dilution rate of 0.05 h�1 was 1.3-fold greater than for the control 

(Table 4.2). The ethanol productivity initially increased with increasing dilution rate and 

attained a maximum value of 0.18 g L�1 h�1 (nonsonicated) and 0.264 g L�1 h�1 

(sonicated) at dilution rates of 0.1 h�1 and 0.075 h�1, respectively (Figure 4.12). At these 

maximum values, the ethanol productivity was 1.5-fold greater than for the control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 Steady state ethanol productivity at various dilution rates in control and sonicated 

cultures.  

 

As shown in Table 4.2, at all dilution rates the biomass yield on lactose was 24–

42% greater for the sonicated culture relative to control; the maximum biomass 

concentration was 14–41% greater; the maximum biomass productivity was 30–42% 

greater and the final ethanol yield on lactose was 1.3–1.7-fold greater (Table 4.2).  
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In continuous culture at a steady state, the specific growth rate equals the dilution 

rate (Scragg, 1991; Teixeira et al., 1990). Therefore, the steady-state values of the 

substrate concentration S at various dilution rates (Figure 4.10) can be used to calculate 

the Monod growth kinetic parameters of the maximum specific growth rate (μmax) and the 

saturation constant (Ks). Thus  

 

� � � � � �����	

� � �	����������������������������������������������������������������������������������������������������������������
��2� 

 

Therefore, a plot of 1/D versus 1/S (i.e., a Lineweaver-Burk plot) provides the values of 

μmax and Ks. Lineweaver-Burk plots for the steady-state data are shown in Figure 4.13. 

Linear regression of the data for nonsonicated and sonicated fermentations gave values 

for μmax and Ks as shown in Table 4.2. Sonication had almost no effect on μmax relative to 

control (Table 4.2) but substantially lowered the Ks-value. Therefore, sonication enhanced 

the affinity of the yeast toward lactose, i.e. a lower concentration of lactose was sufficient 

to achieve a given biomass growth rate compared to control for substrate concentration 

levels of below saturation.  
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Figure 4.13 Lineweaver-Burk plots of continuous fermentation of lactose by K. marxianus: (a) control 

– no sonication; (b) sonication at 20% duty cycle with an intensity of 11.8 W cm�2 

 

The improvements in ethanol productivity and biomass production as a result of 

sonication were attributed to the changes in dissolved carbon dioxide concentration as a 

plausible cause. Production of CO2 occurs as the fermentation proceeds and elevated 

concentrations of dissolved CO2 are known to inhibit yeast fermentation and repress 
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ethanol formation. Ultrasound is known to improve gas–liquid mass transfer and likely 

contributed to the enhanced ethanol productivity by removing the soluble CO2 from the 

broth. 

 

4.1.4 Oxygen transfer studies in bioreactor  

 

Ultrasonication is known to improve interfacial mass transfer and has been found to 

accelerate other diffusional processes (Chisti, 1999; Chisti, 2003; Chisti, 2010). To 

investigate the effects of ultrasound on the gas-liquid mass transfer, experiments were 

conducted in air-water and uninoculated air-lactose medium. These measurements were 

made to see if sonication would actually enhance gas-liquid mass transfer relative to 

control under conditions that were comparable to those used during batch fermentation of 

lactose by K. marxianus. Although gas-liquid oxygen transfer was measured, an enhanced 

oxygen transfer correlates directly with enhanced carbon dioxide mass transfer (Chisti, 

1989). The methodology of the relevant measurements and calculation of kLaL have been 

previously described (Section 3.1.8.2).  

The dependence of kLaL on air flow rate and agitation rate is shown in Figure 4.14 

for the air-water system and air-uninoculated sugar systems (Martín et al., 2010) in the 

absence of ultrasound. As expected, a steady increase in kLaL with impeller speed and air 

flow rate is observed in both systems. This is because the gas-liquid interfacial area per 

unit liquid volume (aL) increases with increasing speed of agitation and rate of aeration 

(Boodhoo et al., 2008; Martín et al., 2008). Mass transfer coefficient in the absence of 

sparging (i.e. 0 vvm; surface aeration only) was always low compared to the values for 

sparged aeration (Figure 4.14). Increasing the agitation rate increases impeller shear, thus 

increasing bubble breakup and increasing the interfacial area available for mass transfer. 

Increasing the sparging rate also increases the number of bubbles present in the liquid. 

For any given agitation speed and aeration rate, the kLaL value in the lactose medium was 

a little lower than in water (Figure 4.14) in view of a higher viscosity of the lactose 

medium relative to water.  
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Figure 4.14 Dependence of mass transfer coefficient on agitation rate and aeration rate in the absence 

of ultrasound: (a) air-water system; and (b) air-uninoculated medium. All measurements were at 30 

°C. Each profile shown is an average of three independent experiments. 

 

Data in Figure 4.15 confirm that both low intensity sonication and high intensity 

sonication enhance mass transfer coefficient in both media relative to control. Effect of 
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sonication on kLaL was relatively minor at agitation speeds of � 400 rpm (Figure 4.15a, 

Figure 4.15b) but was substantial at higher agitation speeds. The data in Figure 4.15 are 

for a fixed aeration rate value of 2 vvm. The agitation speed used in K. marxianus 

fermentation was 500 rpm and the aeration rate was 2.67 vvm. At the highest agitation 

speed used, kLaL under intense sonication was nearly double the control value. The 

observed effects can be attributed to the changes in the interfacial area caused by 

ultrasonic irradiation. In the presence of ultrasound, the bubbles produced from the 

sparger and by the impeller were of a smaller size and this increased the gas hold-up (i.e. 

the volume fraction of the gas in dispersion) and the interfacial area. The evidence 

provided here suggests that sonication under the conditions used in the fermentation did 

enhance gas–liquid mass transfer and therefore CO2–mass transfer, compared to the case 

for control cultures. 
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Figure 4.15 Dependence of mass transfer coefficient on agitation rate: (a) air-water system; and (b) 

air-uninoculated medium. In all cases the aeration rate was at 2 vvm and the temperature was 30 °C. 

Each profile shown is an average of three independent experiments. 

 

 

4.2 Effect of ultrasound on �-galactosidase mediated-hydrolysis of lactose (cell-free 

system) 

 

4.2.1 Introduction 

 

The effect of ultrasound on �-galactosidase mediated hydrolysis of lactose was 

investigated in a cell-free system as this process is involved in K. marxianus fermentation 

where it occurs predominantly within the yeast cell and to a lesser extent outside the cell 

if the cells have released the normally intracellular �-galactosidase to the outside. In a 

homogenous system (i.e. a single phase without interfacial mass transfer effects) as in this 

case, ultrasound has the potential to influence enzyme–substrate binding/unbinding 

(Chisti, 2003b; Yang et al., 2010). Ultrasound also has the potential to damage an enzyme 

(Chisti and Moo-Young, 1986). Therefore, �-galactosidase stability in substrate free 

buffer was characterized in separate experiments with and without sonication.  
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K. lactis �-galactosidase was used (Section 3.2). In addition to control (no 

sonication) various sonication duty cycles (10%, 20% and 40%) and sonication intensities 

(2.4 W cm�2, 4.7 W cm�2, 11.8 W cm�2) were tested. Experiments were carried out in the 

same reactor as used in the fermentation (Section 3.1.4). In all cases, the temperature was 

carefully controlled at 37 �C and the pH was 6.5. Initial substrate concentration So varied 

(5–60 g L�1). The initial enzyme concentration Eo was fixed at 1.0 mL L�1. The 

recirculation flow rate between the bioreactor and the sonication chamber was fixed at 0.2 

L min�1.  

 

4.2.2 Baseline determination (nonsonicated enzymatic hydrolysis of lactose) 

 

Figure 4.16 shows the profiles of glucose production from lactose at seven initial lactose 

concentrations (5�60 g L�1) in the absence of sonication. The conventional Michaelis-

Menten kinetics can be used to describe the hydrolysis of lactose by �-galactosidase 

(Cavaille and Combes, 1995; Gekas and Lopez-Leiva, 1985; Santos et al., 1998). As 

shown in Figure 4.16, the initial rate (i.e. the rate calculated at 2 min) of product 

formation (glucose) increased with increased initial substrate concentration. The final 

concentration of glucose also increased with increased initial concentration of lactose. 

The error bars in Figure 4.16 demonstrate a good reproducibility of the measurements. 
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Figure 4.16 Glucose production from lactose during nonsonicated enzymatic hydrolysis. Initial 

substrate concentrations So were 5–60 g L�1. Each profile shown is an average of three independent 

experiments. 

 

Initial reaction rates Vi of the hydrolysis of lactose were determined from the initial slopes 

of product formation profiles (Figure 4.16) at various lactose concentrations. A plot of the 

initial rate versus the initial substrate concentration is shown in Figure 4.17. The 

hyperbolic curve (Figure 4.17) is clearly consistent with the expected Michaelis-Menten 

kinetics. The Michaelis-Menten kinetic parameters of the hydrolysis reaction were 

estimated by the direct linear method of Lineweaver-Burk plots (Figure 4.18) (Bailey and 

Ollis, 1986; Counotte and Prins, 1979; Fan et al., 1987; Santos et al., 1998; Shuler and 

Kargi, 2002). Thus, 1/Vi data were plotted against 1/So data, resulting in the expected 

straight line (Figure 4.18). The slope of the plot (Figure 4.18) provided a value of Km/Vmax 

and y-intercept provided the value of 1/Vmax from which Vmax and Km could be calculated 

(Jurado et al., 2002). The Km value was 12.75±0.61 g L�1 and Vmax was 2.24±0.02 × 10�5 

M s�1. This provided control data for comparison with the same reaction carried out under 

sonicated conditions.  
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Figure 4.17 Effects of initial substrate concentration So on the initial rate (Vi) of lactose hydrolysis at 

various initial substrate concentrations (5.0–60.0 g L�1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 Double reciprocal (Lineweaver-Burk) plot of 1/Vi versus 1/So for enzymatic hydrolysis of 

lactose. 
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4.2.3 Effects of sonication on lactose hydrolysis 

 

Figure 4.19 shows the effects of ultrasound on the rate of product formation at various 

combinations of sonication duty cycles and power intensities. Control data (no sonication) 

are also shown. The initial reaction rate increased relative to control for all duty cycles 

and power intensities applied (Figure 4.19). Irrespective of power intensity used, a duty 

cycle of 10% gave the highest values of the initial hydrolysis rate. At a high power 

intensity of 11.8 W cm�2, as was used in K. marxianus fermentation (Section 3.1.4), an 

increasing duty cycle reduced the reaction rate relative to the values at the 10% duty cycle 

(Figure 4.19). 

At a duty cycle of 10% in combination with a power intensity of 11.8 W cm�2, the 

initial reaction rate was nearly 1.4-folds of the control rate (no sonication). From Figure 

4.19, it is clear that a short irradiation pulse (i.e. 10% duty cycle) applied at the highest 

irradiation power, was most effective in enhancing the initial reaction rate, Vi. The effect 

of ultrasound was possibly due to an accelerated collision frequency of the enzyme and 

substrate molecules as a consequence of the microtubulence caused by sonication. 

Sonication also likely enhanced the diffusion of the product from the enzyme active site 

(Czechowska-Biskup et al., 2005). Sonication at higher duty cycles of 20% and 40% was 

less effective because prolonged sonication tended to damage the enzyme as 

demonstrated later in Section 4.2.4. 
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The effects of sonication on the kinetic parameters Vmax and Km calculated using the 

data in Figure 4.18, are shown in Figure 4.20. Relative to control (no sonication), 

ultrasound enhanced Vmax (Figure 4.20a) and reduced Km (Figure 4.20b) at the optimal 

conditions of a 10% duty cycle and power intensity of 11.8 W cm�2. At optimal 

sonication condition, the Km value was 4.58±1.57 g L�1 and Vmax was (2.57±0.331) × 10�5 

M s�1. A reduced value of Km relative to control implies an increased affinity of the 

enzyme for the substrate, lactose. That is, the enzyme bound more readily to the substrate 

compared to the control case. The Km values at any sonication intensity increased with 

increasing value of the sonication duty cycle (Figure 4.20b), but were lower than for the 

control under nearly all the sonication regimens tested. This suggests that ultrasound 

facilitated lactose binding to the active site of the enzyme, possibly by enhancing 

pulsating motions within the enzyme molecule (Butz et al., 1988; Havsteen, 1989)  
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Figure 4.20 Effects of ultrasonication on: (a) maximum reaction rate (Vmax); and (b) Michaelis 

constant (Km) for hydrolysis of lactose at various sonication intensities (I) and duty cycles. 

 

4.2.4 Effects of sonication on enzyme stability 

 

�-Galactosidase stability was measured as percent (Özbek and Ülgen, 2000; Sener et al., 

2006) of the initial activity remaining after various periods of exposure to ultrasound at 

the power intensity of 11.8 W cm�2 and duty cycle values of 10%, 20% and 40%. The 

results are shown in Figure 4.21. In the absence of sonication, the enzyme was quite 

stable over the test period and no activity loss occurred (Figure 4.21). Sonication at the 

high power intensity clearly damaged the enzyme. The extent of damage increased with 

increasing time of exposure and increasing duty cycle (Figure 4.21). The ultrasound-

induced vibrational motions within an enzyme molecule likely enhanced unfolding of the 

molecule to cause denaturation and activity loss. 
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Figure 4.21 Residual enzyme activity (%) versus time at various sonication duty cycles. The 

sonication power intensity was fixed at 11.8 W cm�2 (37 °C, pH 6.5). Each profile shown is an average 

of three independent experiments. 

 

4.3 Effect of ultrasound on enzymatic hydrolysis of cellulose 

 

Here the focus was on assessing the effects of ultrasound on enzymatic hydrolysis of 

soluble and insoluble cellulose. The cellulose enzyme used was the commercial 

preparation Accellerase 1000 (Section 3.3.2). Ultrasound power intensity values of 2.4 W 

cm�2, 4.7 W cm�2 and 11.8 W cm�2 were tested at duty cycles of 10%, 20% and 40%. The 

control samples were not subjected to ultrasound. A soluble carboxymethyl-cellulose, 

CMC (non-crystalline) and insoluble cellulose of different particles sizes (Solka-Floc of 

30μm, 60 μm and 290 μm average particle sizes) were used as model substrates. The 

experiments were conducted at an initial substrate concentrations So of 5–40 g L�1. The 

initial enzyme concentration Eo was always 0.1 g L�1. The temperature and pH value were 

50 °C and 4.8, respectively. A 2-L stirred bioreactor (working volume 1-L) was used 

(Section 3.3.2). 
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4.3.1 Non-sonicated cellulose hydrolysis (baseline studies) 

 

The results of duplicate nonsonicated cellulose hydrolysis experiments with various 

substrates are shown in Figure 4.22 as baseline data for comparison with the results for 

sonicated experiments. As expected, for a given initial substrate concentration, the initial 

rate of hydrolysis, i.e. the rate of production of glucose, decreased as the size of the 

substrate entity increased. The soluble substrate (CMC) was hydrolysed more rapidly than 

particulate cellulose. This was consistent with earlier studies (Ortega et al. 2001, Al-

Zuhair, 2008; Yeh et al., 2010). Many studies (Al-Zuhair, 2008; Lin et al., 2010; Ortega 

and Busto, 2001; Yeh et al., 2010) have discussed the reasons behind the reduced rate of 

hydrolysis with increasing crystallinity and particle size. A cellulase molecule can 

hydrolyze only that part of the substrate that it can directly contact. As the substrate 

‘particle’ size increases from a soluble macromolecule to larger undissolved particle, the 

surface area of the substrate per unit mass decreases. Therefore, for a given mass of the 

substrate, the cellulase enzyme has a progressively reduced contact area to act on, as the 

substrate molecular size, or particle size is increased. This affects the rate of hydrolysis as 

in Figure 4.22. The error bars in Figure 4.22 demonstrate a good reproducibility of the 

measurements.  
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Figure 4.22 Time courses of the enzymatic hydrolysis of: (a) carboxymethyl cellulose (CMC); (b) 

Solka-Floc BH 300 (30 �m); (c) Solka-Floc BH 40 (60 �m); and (d) Solka-Floc CH 10 (290 �m). 

Nonsonicated controls at various initial substrate concentrations So, the initial enzyme concentration 

was always 0.1 g L�1. Each profile shown is an average of three independent experiments. 
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4.3.2 Estimation of kinetic parameters of cellulose hydrolysis 

 

Hydrolysis of cellulose produced glucose. Some typical glucose production profiles for 

various initial concentrations of the substrate (CMC) are shown in Figure 4.22a 

(nonsonicated hydrolysis). The cellulase-mediated hydrolysis of cellulose is known to 

follow Michaelis-Menten kinetics at low concentrations of glucose (Bailey and Ollis, 

1986; Counotte and Prins, 1979). A plot of the initial reaction rate from Figure 4.22a 

against the initial CMC substrate concentration, produced the characteristic Michaelis-

Menten profile (Figure 4.23), as expected. Therefore, the initial rate of glucose production 

was expected to depend on the initial substrate concentration So, as follows (Bailey and 

Ollis, 1986; Counotte and Prins, 1979; Fan et al., 1987; Lineweaver and Burk, 1934; 

Shuler and Kargi, 2002): 

 
�
�U � � 
����� � �

	# �� �
���� ���������������������������������������������������������������������������������������������������������������
���� 

 

In Equation (4.4) Vi and Vmax are the initial rate of product formation and the maximum 

rate of product formation (M s�1), Km is the Michaelis constant in g L�1and So is the initial 

substrate concentration in g L�1. Thus a plot of 1/Vi versus the reciprocal of CMC 

concentration should give straight line for experiments conducted at a fixed concentration 

of the enzyme. Such a plot was linear as shown in Figure 4.24. The slope and the 

intercept of the plot in Figure 4.24 were used to calculate the kinetic parameters Vmax and 

Km. The Km value was 10.22±0.21 g L�1 and Vmax was (0.92±0.003) × 10�5 M s�1.  
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Figure 4.23 Effects of substrate concentration on the rate of enzyme-catalyzed hydrolysis of CMC 

(control, no sonication). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24 Plot of 1/Vi versus 1/So for enzymatic hydrolysis of CMC in the absence of ultrasonication 

(control).  
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4.3.3 Effects of ultrasound on cellulose hydrolysis 

 

4.3.3.1 Soluble cellulose (CMC) 

 

The initial hydrolysis rate of CMC at various initial substrate concentrations and under 

various sonication regimens (including control) is shown in Figure 4.25. In all cases the 

typical Michaelis-Menten kinetics were observed. Sonication at all power levels and duty 

cycles enhanced the rate of hydrolysis relative to control (Figure 4.25). At any given duty 

cycle, an increased intensity of sonication enhanced the rate of hydrolysis. The Michaelis 

constant (Km) and the maximum reaction rate (Vmax) calculated for the various operating 

conditions are given in Table 4.3. The same data in the form of Figure 4.26 allows for a 

clearer understanding of the effects of sonication on Km and Vmax. 
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Figure 4.25 Effects of ultrasonication on initial reaction rate (Vi): (a) sonication intensity of 11.8 W 

cm�2; (b) sonication intensity of 4.7 W cm�2; (c) sonication intensity of 2.4 W cm�2. The controls were 

not sonicated. The substrate was CMC. Each profile shown is an average of three independent 

experiments. 
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Table 4.3 Kinetic parameters for enzymatic hydrolysis of CMC* 

*CMC was hydrolyzed with Accellerase 1000 in 0.05 M acetate buffer at pH 4.8, 50 °C, at an initial 

enzyme concentration of 0.1 g L�1 

 

Relative to control, sonication always enhanced Vmax (Figure 4.26a). At any given duty 

cycle, an increase in sonication intensity generally enhanced Vmax. At any given 

sonication intensity, an increased duty cycle generally reduced the Vmax value. In contrast, 

the Km value relative to control was always reduced by sonication, irrespective of the 

power intensity and the duty cycle used (Figure 4.26b). In sonicated systems, at a given 

sonication power intensity, the Km attained a minimum value at a duty cycle of 20% 

(Figure 4.26b); the Km values were higher at higher and lower duty cycles. The lowest Km 

value occurred at a sonication power intensity of 11.8 W cm�2 applied at a duty cycle of 

20%. Changes in Km reflect changes in the affinity of the enzyme towards the substrate. A 

low Km value means a high affinity. Thus, a low Km value is desirable in combination 

with a high value of Vmax. In this study, the highest Vmax value occurred at an irradiance 

power intensity of 11.8 W cm�2 but 10% duty cycle (Figure 4.26a). At this combination 

of power intensity and duty cycle, the Km value was low compared to control (Figure 

Sonication power 

intensity (W cm–2) 
Duty cycle (%) Km (g L–1) Vmax (M.s–1) 

0 (control) None 10.22 ± 0.21 (0.92 ± 0.0025) × 10�5 

2.4 10 

20 

40 

7.20 ± 0.15

7.10 ± 0.35 

9.07 ± 0.22 

(1.20 ± 0.04) × 10�5 

(1.06 ± 0.02) × 10�5 

(1.05 ± 0.02) × 10�5 

4.7 10 

20 

40 

6.12 ± 0.14

5.01 ± 0.09 

7.43 ± 0.09 

(1.39 ± 0.02) × 10�5 

(1.15 ± 0.02) × 10�5 

(1.01 ± 0.03) × 10�5 

11.8 10 

20 

40 

4.82 ± 0.14

3.31 ± 0.09 

3.99 ± 0.11 

(1.70 ± 0.03) × 10�5 

(1.26 ± 0.01) × 10�5 

(1.10 ± 0.03) × 10�5 
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4.26b), but not the lowest. Overall, the optimal sonication regimen for enhancing the 

hydrolysis of CMC relative to control was considered to be the one corresponding to an 

irradiance power of 11.8 W cm–2 at a duty cycle of 10%.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 Effect of sonication on: (a) maximum reaction rate Vmax and (b) Michaelis constant Km for 

hydrolysis of CMC. The control was not sonicated. (I is sonication intensity.) 

 

a) 

b) 
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At the highest intensity, ultrasound likely affected the Vmax value by improving the 

rate of diffusion of the macromolecular substrate to and from the enzyme (also a 

macromolecule) as a consequence of velocity gradients produced by cavitation (Mason 

and Lorimer, 1988; Mason and Lorimer, 2002). The effects of ultrasound on Km are 

explained by ultrasound influencing the dynamic adsorption-desorption of the substrate at 

the active site of the enzyme as a consequence of acoustic streaming, local 

microturbulence and possibly motions induced within the enzyme molecule. At the 

optimal sonication conditions (i.e. a power intensity of 11.8 W cm�2 and a 10% duty 

cycle), Vmax value was 85% greater than for the control and the Michaelis constant Km was 

53% reduced relative to control (Table 4.3). Ultrasound may also act by loosening the 

network of cellulose molecules in solution to enhance access of the enzyme to them (Xiao 

et al., 2005; Xiao et al., 2010).  

At any power intensity, an extension of the duty cycle tended to reduce Vmax 

because extended sonication had also a damaging effect on the enzyme as shown in a 

later part of this thesis.  

 

4.3.3.2 Particulate cellulose 

 

To determine the effect of ultrasound on hydrolysis of particulate cellulose, the reaction 

was carried out under the sonication regimen of a 10% duty cycle and a power intensity 

11.8 W cm�2 as had been found optimal for hydrolysis of soluble cellulose (Section 

4.3.3.1). Concentration of the product (glucose) was measured as the reaction progressed. 

The data are shown in Figure 4.27. From Figure 4.27, the following are clear: 1) at any 

given substrate concentration, an increase in particle size reduces the rate of reaction 

irrespective of whether sonication is used; 2) at any given substrate concentration and 

particle size, sonication always enhances the rate of reaction relative to control; 3) for any 

given set of conditions, the glucose concentration data are highly reproducible and follow 

a consistent pattern. As the substrate is a suspended solid, and the surface area per unit 

mass of the different grades of the substrate is different, a comparison of kinetics in terms 

of Vmax and Km for different grades of Solka Floc is not meaningful. The faster conversion 

of substrate with a smaller particle size is attributed to a larger surface area available for 

the enzyme to act (Basedow and Ebert, 1977; Yeh et al., 2010) (Figure 4.28). For a given 

particle size of substrate, the enhancement caused by sonication is likely a combination of 
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enhanced solid-liquid mass transfer (Ahamed and Vermette, 2010; Chisti, 2003; 

Hagenson and Doraiswamy, 1998; Li et al., 2005; van Wyk, 1997; Várnai et al., 2010) 

(mass transfer of the enzyme to and from the surface of the substrate) (Figure 4.28) and 

possibly a reduced value of Km as was seen for the hydrolysis of soluble cellulose 

(Section 4.3.3.1).  

Ultrasound used alone (i.e. no enzyme present) also has the potential to reduce 

particle size and hydrolyse cellulose and other polymers. This however generally occurs 

only under sonication that is much more intense than used in this work.  
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Figure 4.27  Glucose production from Solka-Floc particulate cellulose of different particle sizes: (a) 

30 μm; (b) 60 μm; and (c) 290 μm. In all cases the sonication duty cycle was 10% and the power 

intensity was 11.8 W cm�2. Control runs were not sonicated. So is initial substrate concentration. Each 

profile shown is an average of three independent experiments. 
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Figure 4.28 Glucose production by hydrolysis of: (a) CMC; (b) particulate cellulose at particle size of 

30 μm. In all cases the sonication duty cycle was 10% and the power intensity was 11.8 W cm�2. So is 

initial substrate concentration. Each profile shown is an average of three independent experiments. 

 

4.3.3.3 Effects of ultrasound on stability of cellulase 

 

As evidenced in earlier sections, certain sonication regimens certainly enhance the rates 

of an enzymatic reaction, but ultrasound also damages enzyme if the intensity of exposure 

or the duration of exposure are high. Only a few reports have recorded an increased 

enzyme activity in the presence of ultrasound for enzymes dissolved in a buffer 

(Yachmenev et al., 2002), whereas numerous reports have recorded a decreased enzyme 

activity (Basto et al., 2007; Kardos and Luche, 2001). In some cases, an increase of 

activity occurred at low sonication intensities but a decrease at higher intensities (Rokhina 

et al., 2009; Sinisterra, 1992). In view of this, the stability of cellulase was examined at 

various sonication intensities and duty cycles. The enzyme was dissolved in 0.05 M 

acetate buffer, pH 4.8, without the substrate and stability was tested at 50 �C.  

Figure 4.29 shows the results in terms of the percentage of initial activity (i.e. the 

activity calculated at 2 min) remaining after a given period of exposure to ultrasound. 

Control data (no sonication) are also shown. Clearly, all combinations of sonication 

intensities and duty cycles enhanced enzyme activity loss relative to control (Figure 4.29). 

As expected, a lower intensity sonication (Figure 4.29a) was less damaging compared to 

higher intensity sonication (Figure 4.29 b, c). At any fixed sonication intensity, an 

increased duty cycle generally enhanced the damage by prolonging the cumulative period 

a) b) 
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of exposure. Each measurement was replicated six times and the results were quite 

consistent and reproducible (Figure 4.29). There was a slight decline in activity of the 

control enzyme, but this would occur at the relatively high temperature (50 ºC) used in 

the study. 
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Figure 4.29 Effects of ultrasound on the residual enzyme activity (%): (a) sonication intensity of 2.4 

W cm�2; (b) sonication intensity of 4.7 W cm�2; (c) sonication intensity of 11.8 W cm�2. Controls were 

not sonicated. Each profile shown is an average of three independent experiments. 
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4.4 Effects of sonication on various bioreaction systems (a unified analysis) 

 

The purpose of this study was to examine the unified effects of ultrasound on various 

model bioprocesses for explaining the possible causes of ultrasound-induced 

enhancement in diverse model reaction situations. The model processes investigated 

included: 1) a fermentation involving cells and gas-liquid mass transfer effects; 2) cell-

free enzyme catalysed hydrolysis of a small molecule that was not likely to encounter any 

major mass transfer limitations; 3) enzyme-mediated hydrolysis of a macromolecular 

substrate in which the size of the substrate entity could be varied substantially and solid-

liquid mass transfer limitations occurred.  

In all the model processes tested, under suitable sonication regimens, ultrasound 

improved the process in terms of the rate of product formation and productivity relative to 

nonsonicated control. Sonication regimens that produced process enhancements, did 

damage enzymes such as �-galactosidase and cellulase. This suggests that ultrasound-

induced enhancements in production rates more than compensated for productivity loss 

associated with enzyme damage. In all cases, the process enhancing effects of 

ultrasound—whether enhanced gas-liquid mass transfer, improved solid-liquid mass 

transfer, enhanced interactions of dissolved macromolecules (i.e. soluble cellulose and 

cellulase), and alterations in affinity of enzyme towards its substrate—could be linked to 

cavitation-associated acoustic turbulence, or microstreaming in the fluid.  

As evidenced by reduced values of Km relative to control, sonication improved the 

affinity (or ease of binding and unbinding) of both a small substrate (i.e. lactose) and a 

macromolecular substrate (i.e. dissolved cellulose) to enzymes. In addition to 

microstreaming, this may be linked to ultrasound directly influencing the adsorption-

desorption dynamics of the substrates at the active sites of the enzymes by inducing 

pulsating motions within the enzyme molecules. Sonication reduced the value of the 

Monod constant Ks in the yeast fermentations, suggesting an enhanced affinity of the 

yeast cell towards the substrate, lactose. Sonication apparently also enhanced carbon 

dioxide removal in this fermentation. Thus, in some cases at least, multiple factors linked 

to sonication appear to contribute to the observed process enhancements. 

The observed effects of sonication in the model reaction systems tested suggest a 

substantial commercial potential for ultrasound in enhancing bioprocesses. 
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CHAPTER 5

CONCLUSIONS 

 

 

5.1 Conclusions 

 

Based on the results of this study, the following are the main conclusions: 

 

1. Intermittent sonication with power ultrasound (20 kHz, 11.8 W cm–2) at duty 

cycles of �20% in batch fermentations effectively stimulates biomass production, 

lactose utilization and ethanol production by K. marxianus relative to control. An 

increase in the duty cycle to 40% adversely impacts the yeast compared to duty 

cycles of < 40%. 

 

2. Under the best conditions in the sonicated batch fermentation, sonication 

enhanced the final ethanol concentration by nearly 3.5-fold relative to control. 

This corresponded to a 3.5-fold enhancement in ethanol productivity, but required 

952 W of additional power input per cubic meter of broth through sonication. 

 

3. In continuous fermentations, increasing the dilution rate, reduced the steady-state 

biomass and ethanol concentrations both in control and sonicated fermentations, 

as expected. At a fixed dilution rate of 0.1 h–1 and sonication at 11.8 W cm–2 and 

20% duty cycle, sonication enhanced the maximum ethanol productivity by nearly 

1.5-fold relative to control.  

 

4. In cell-free systems, ultrasound was shown to increase the gas-liquid mass transfer 

coefficient in a stirred bioreactor relative to controls. At the highest agitation 

speed (800 rpm) and 2 vvm aeration rate, the mass transfer coefficient under 

intense sonication (50.3 W cm�2, continuous sonication) was nearly twice that of 

the control.  
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5. In the cell-free hydrolysis of lactose by �-galactosidase, a sonication regimen of a 

10% duty cycle and a power intensity of 11.8 W cm�2, was most effective in 

enhancing the initial reaction rate. In this sonication regimen the reaction rate was 

enhanced nearly 1.4-fold relative to control. Under the same conditions, the 

enzyme lost 27% of its activity relative to control in 30 min. A 40% duty cycle at 

11.8 W cm�2, adversely affected the enzyme activity. 

 

6. Hydrolysis of both soluble and insoluble cellulose followed Michaelis-Menten 

kinetics.  

 

7. In the hydrolysis of soluble cellulose, ultrasound enhanced the maximum reaction 

rate Vm and reduced the value of Michaelis constant Km under optimal sonication 

conditions of a 10% duty cycle and a power intensity of 11.8 W cm�2, relative to 

control. Using optimal sonication, the maximum reaction rate was nearly doubled 

relative to control. 

 

8. In the hydrolysis of insoluble cellulose of different particle sizes, an increasing 

particle size reduced the rate of hydrolysis. At any fixed particle size, sonication at 

10% duty cycle and 11.8 W cm�2 , power intensity improved the rate of hydrolysis 

relative to controls. 

 

9. The activity of cellulase dissolved in phosphate buffer in the absence of the 

substrate was lost by ~20% in 20 min under sonication conditions (a 10% duty 

cycle and a power intensity of 11.8 W cm�2) that had enhanced the rate of 

substrate hydrolysis relative to controls in separate experiments. Thus, despite an 

increased rate of enzyme degradation under sonication, ultrasound can be used to 

achieve an overall improvement in rates of hydrolysis of soluble and insoluble 

substrates relative to controls.  
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CHAPTER 6

RECOMMENDATIONS 
 

 

6.1 Recommendations 

 

Sonication under suitable regimens has a clear potential for enhancing the productivity of 

different kinds of bioreaction systems as well as other operations such as product 

recovery. Whether sonication is useful or not and the suitable sonication regimens if any, 

can only be established experimentally on a case-by-case basis. In view of the diversity of 

bioprocesses, a substantial scope exists for future studies of ultrasound-induced 

enhancements. Two recommendation for future work relating to the present study are the 

following: 

 

1. Effect of sonication on an anaerobic fermentation of lactose should be examined 

relative to controls, under conditions that provide a maximum ethanol 

productivity. 

 

2. Designs of new ultrasonic equipment need to be evaluated for biotechnology 

research because the equipment used currently (i.e. probe type horns) has been 

adapted from the chemical industry and its design does not consider that living 

systems cannot survive extreme localized sonication conditions. Equipment that 

distributes the sound energy cover a broad area should be fabricated and 

evaluated. Such a system may provide an even distribution of ultrasonic energy 

and allow better control on the sonication process. 
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APPENDIX 1 
 

a) Kinetic parameters calculation for a batch fermentation (Doran, 1995) 

 

The equations used in calculating the kinetic parameters of the fermentation: 

 

i. Specific growth rate, μ 

 

 

 

 

where X1
 is the biomass concentration at 2t  (=8 h) and X2 is the biomass concentration at 

time 1t  (=14 h) during exponential growth. 

 

ii. Average specific lactose consumption rate, qs  

 

 

 

 

where S� is the substrate consumed by time t (= 22 h) and X� is the increase in biomass 

concentration by time t. 

 

iii. Maximum biomass yield on substrate, Yx/s  

 

S
XY sx �

�
��/  

 

where Yx/s is calculated at the maximum biomass concentration Xmax  
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iv. Maximum biomass productivity, Px  

 

t
X
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where xP  is calculated at the instance t of the maximum biomass concentration Xmax in 

the fermentation. Xo is the biomass concentration at the beginning of the fermentation. 
 

v. Final ethanol yield on substrate, Yp/s 

 

S
PY sp �

�
��/

 
 

where P�  is the change in ethanol concentration during the fermentation (at final ethanol 

concentration).  
 

vi. Final ethanol productivity, PE  
 

f

f

t
E

P 0
E

E - 
�  

 

where 0E  is the initial concentration of ethanol, fE is the final concentration of ethanol 

and ft  is the duration of the fermentation. 
 

vii. Average specific ethanol production rate, qp  

 

 

 

where pq  is calculated at the instance t of the maximum biomass concentration. �E is the 

increase in ethanol concentration by time t during the fermentation.  
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b) Kinetic parameters calculation for a continuous fermentation 

 

The equations used in calculating the kinetic parameters of the fermentation: 

 

i. Specific growth rate, μ 

 

 

 

for continuous culture at steady state. 

 

ii. Average specific lactose consumption rate, qs  

 

 

 

 

where (So – Se) is the substrate consumed and X is the biomass concentration at steady 

state at dilution rate D. 

 

iii. Maximum biomass yield on substrate, Yx/s  

 

     )(/
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sx SS
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�
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where Yx/s is calculated at the steady state biomass concentration X. 
 

iv. Maximum biomass productivity, Px  

 

    
XDP .x �  

 

where xP  is calculated at the steady state biomass concentration X  in the fermentation. D 

is the dilution rate. 
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v. Final ethanol yield on substrate, Yp/s 
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Where E is the steady state ethanol concentration. 
 

vi. Final ethanol productivity, PE  
 

          
EDP  . E �  

 

Where E is the steady state ethanol concentration and D is the dilution rate. 
 

vii. Average specific ethanol production rate, qp  

 

     

       

where pq  is calculated at the steady state ethanol concentration E, steady state biomass 

concentration X and D is the dilution rate.  
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APPENDIX 2 
 

 

The equations used in calculating the standard deviation of kinetic parameters and 

other derived data 

(http://www.ecs.umass.edu/cee/reckhow/courses/572/572bk23/572BK23.html) 

 

Addition or subtraction of two numbers (x1,x2) with significant errors (s1, s2) 

� � � � 2
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Multiplication or division by a constant  

� � nsnxsxn ���  

Where n  is a constant 

 

Multiplication or division of two numbers (x1,x2) with significant errors (s1, s2) 
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APPENDIX 3 
 

A3.1 A typical control fermentation profiles of K. marxianus at initial lactose 

concentration of 50 g L�1, 30 °C, pH 5.0 and inoculum size of 5% by volume (Figure 

4.1) 

 

Fermentation time (h) 
Average biomass 

concentration (g L�1) 
Standard deviation (n=6) 

0.0 0.03 0.01 

2.0 0.12 0.01 

4.0 0.24 0.02 

6.0 0.36 0.04 

8.0 0.60 0.04 

10.0 1.84 0.05 

12.0 4.26 0.06 

14.0 6.52 0.17 

16.0 8.39 0.07 

18.0 8.85 0.06 

20.0 9.30 0.07 

22.0 9.71 0.08 

24.0 9.57 0.12 

 

Fermentation time (h) 
Average lactose 

concentration (g L�1) 
Standard deviation (n=6) 

0.0 46.24 0.41 
2.0 44.56 0.52 
4.0 43.21 0.69 
6.0 41.66 0.14 
8.0 37.09 0.10 
10.0 29.68 0.52 
12.0 22.14 0.37 
14.0 8.68 0.76 
16.0 4.17 0.21 
18.0 3.57 0.09 
20.0 2.76 0.31 
22.0 2.15 0.15 
24.0 2.29 0.10 
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Fermentation time (h) 
Average ethanol 

concentration (g L�1) 
Standard deviation (n=6) 

0.0 0.00 0.00 
2.0 0.00 0.00 
4.0 0.00 0.00 
6.0 0.00 0.00 
8.0 0.00 0.00 

10.0 0.82 0.04 
12.0 1.18 0.12 
14.0 1.29 0.06 
16.0 1.49 0.12 
18.0 1.62 0.14 
20.0 1.71 0.12 
22.0 1.69 0.05 
24.0 1.48 0.04 
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c) Dissolved oxygen level (%) 

 

Fermentation 

time (h) 

Control 10% duty 

cycle 

20% duty 

cycle 

40% duty 

cycle 

0.0 100.8 100.0 99.1 100.1 
0.2 99.1 98.7 99.0 99.9 
0.4 99.5 99.4 98.9 99.9 
0.6 99.4 99.3 98.9 99.8 
0.8 99.3 99.2 98.8 99.7 
1.0 99.3 99.2 98.8 99.5 
1.2 99.2 99.1 98.9 99.5 
1.4 99.1 99.0 98.9 99.4 
1.6 99.1 98.9 98.9 99.4 
1.8 99.0 98.9 98.9 99.3 
2.0 99.0 98.8 98.8 99.2 
2.2 99.0 98.7 98.9 99.1 
2.4 99.0 98.5 98.9 98.9 
2.6 98.9 98.5 98.8 98.9 
2.8 98.9 98.3 98.7 98.7 
3.0 98.8 98.1 98.7 98.6 
3.2 98.8 98.0 98.6 98.6 
3.4 98.6 97.7 98.5 98.5 
3.6 98.6 97.6 98.4 98.3 
3.8 98.4 97.4 98.4 98.1 
4.0 98.4 97.4 98.3 98.0 
4.2 98.3 97.2 98.2 98.0 
4.4 98.1 97.0 98.0 97.8 
4.6 97.9 96.8 97.9 97.6 
4.8 97.8 96.6 97.6 97.5 
5.0 97.6 96.3 97.4 97.3 
5.2 97.4 96.0 97.3 97.1 
5.4 97.2 95.9 96.9 96.9 
5.6 97.0 95.8 96.6 96.7 
5.8 96.7 95.5 96.4 96.4 
6.0 96.3 95.3 96.1 96.1 
6.2 96.0 95.2 95.8 95.9 
6.4 95.6 94.8 95.3 95.5 
6.6 95.1 94.5 94.9 95.0 
6.8 94.5 94.2 94.5 94.7 
7.0 93.7 93.8 94.0 94.3 
7.2 92.9 93.5 93.3 93.6 
7.4 92.1 93.0 92.7 93.1 
7.6 91.0 92.6 92.0 92.4 
7.8 90.0 92.0 91.2 92.1 
8.0 88.6 91.5 90.3 91.2 
8.2 87.4 90.7 89.3 90.2 
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8.4 85.9 90.1 88.4 89.5 
8.6 84.6 89.3 87.3 88.6 
8.8 82.9 88.5 86.8 87.3 
9.0 81.4 87.6 85.7 85.8 
9.2 80.4 86.4 84.5 84.6 
9.4 79.7 85.3 83.5 83.1 
9.6 79.3 83.7 81.9 81.3 
9.8 78.4 82.3 80.7 79.7 

10.0 76.6 81.0 79.6 77.6 
10.2 75.2 79.2 78.7 76.6 
10.4 74.6 77.8 77.9 74.8 
10.6 72.7 76.2 77.7 73.0 
10.8 70.8 74.8 77.6 72.3 
11.0 68.3 73.9 76.8 70.8 
11.2 65.2 72.9 74.9 69.4 
11.4 64.6 72.0 73.9 67.1 
11.6 73.1 71.1 73.2 65.0 
11.8 72.8 70.0 72.3 62.3 
12.0 71.0 68.7 71.8 59.6 
12.2 68.3 67.4 70.9 58.3 
12.4 66.6 67.0 70.0 56.8 
12.6 65.1 66.2 68.2 60.9 
12.8 63.5 64.3 77.1 62.3 
13.0 63.0 62.8 81.2 61.1 
13.2 61.9 60.4 80.1 58.5 
13.4 58.6 58.1 78.3 54.2 
13.6 55.3 54.6 76.6 49.5 
13.8 51.3 51.9 75.2 45.4 
14.0 50.4 48.7 74.0 42.0 
14.2 53.3 45.6 71.9 40.9 
14.4 35.3 43.5 69.9 42.8 
14.6 39.7 41.6 67.8 42.0 
14.8 35.2 41.5 66.8 40.9 
15.0 32.2 45.3 64.6 43.0 
15.2 32.5 47.2 63.1 51.0 
15.4 34.0 43.5 58.5 55.9 
15.6 45.9 40.0 55.5 59.2 
15.8 21.0 36.6 49.3 62.3 
16.0 14.1 36.0 45.3 64.4 
16.2 13.7 32.0 43.6 66.8 
16.4 13.6 30.8 40.1 69.6 
16.6 14.0 29.1 36.6 73.0 
16.8 13.3 27.2 36.5 74.6 
17.0 32.6 26.1 33.3 77.6 
17.2 23.2 24.2 29.9 80.2 
17.4 21.1 21.9 28.1 81.8 
17.6 23.9 20.7 28.5 83.8 
17.8 25.6 18.8 26.6 85.7 
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18.0 33.1 19.6 27.6 87.1 
18.2 34.0 18.4 26.9 88.3 
18.4 35.2 18.3 28.5 89.3 
18.6 34.9 19.6 29.2 90.2 
18.8 36.6 21.9 30.3 90.8 
19.0 38.6 21.6 33.4 91.3 
19.2 55.3 23.9 35.8 91.6 
19.4 43.3 25.4 39.1 92.0 
19.6 41.8 28.7 40.3 92.1 
19.8 46.3 31.5 44.1 92.3 
20.0 49.4 35.4 47.7 92.5 
20.2 53.3 38.0 49.7 92.6 
20.4 56.5 42.2 52.7 92.6 
20.6 60.5 46.5 54.2 98.6 
20.8 63.6 49.8 56.9 96.0 
21.0 67.3 54.4 58.8 96.2 
21.2 71.2 57.3 60.4 96.3 
21.4 74.9 60.9 62.9 96.3 
21.6 78.2 63.1 64.3 96.4 
21.8 80.8 65.3 65.3 96.6 
22.0 83.4 67.6 66.9 96.7 
22.2 84.9 69.6 68.1 96.8 
22.4 86.2 71.3 69.5 96.8 
22.6 87.5 73.3 71.6 97.1 
22.8 88.5 74.9 73.4 97.1 
23.0 89.2 76.4 75.3 97.2 
23.2 89.5 78.1 77.6 97.3 
23.4 89.8 79.1 79.9 97.3 
23.6 90.3 80.1 81.5 97.4 
23.8 91.2 80.3 83.2 97.4 
24.0 91.7 80.8 84.4 97.7 
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A3.7 The continuous fermentation profiles (a) biomass and lactose; and (b) ethanol 

production with and without ultrasound (Figure 4.10)  

 

a.1) Biomass concentration (g L�1) at dilution rate of 0.05 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

0.0 0.03 0.01 

Batch fermentation 

2.0 0.12 0.01 
4.0 0.24 0.02 
6.0 0.36 0.04 
8.0 0.60 0.04 
10.0 1.84 0.05 
12.0 4.26 0.06 
14.0 6.52 0.17 
16.0 8.39 0.07 
20.0 10.76 0.15  

 

D = 0.05 

(no sonication) 

25.0 12.91 0.22 
30.0 12.32 0.22 
35.0 12.32 0.09 
40.0 11.08 0.32 
45.0 10.62 0.20 
50.0 10.50 0.35 
55.0 10.50 0.27 
60.0 10.59 0.12 
65.0 10.52 0.13 
70.0 12.56 0.10 

D=0.05 

(sonication at 20% 

duty cycle) 

75.0 12.55 0.56 
80.0 12.49 0.17 
85.0 12.49 0.32 
90.0 12.98 0.10 
95.0 13.14 0.17 

100.0 14.72 0.25 
105.0 14.79 0.09 
110.0 14.81 0.22 
115.0 14.78 0.53 
120.0 14.79 0.21 
125.0 9.57 0.19 

D=0.05  

(no sonication) 

130.0 8.68 0.17 
135.0 9.21 0.11 
140.0 9.70 0.35 
145.0 10.17 0.39 
150.0 9.87 0.65 
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155.0 10.55 0.15 
160.0 10.53 0.11 
165.0 10.53 0.06 
170.0 10.55 0.01 

 

 

a.2) Biomass concentration (g L�1) at dilution rate of 0.075 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

175.0 10.82 0.00 

D=0.075  

(no sonication) 

180.0 13.76 0.25 
185.0 12.62 0.11 
190.0 10.99 0.40 
195.0 9.09 0.59 
200.0 10.14 0.18 
205.0 9.73 0.27 
210.0 8.73 0.13 
215.0 8.75 0.04 
220.0 9.88 0.32 
225.0 9.99 0.08 
230.0 9.97 0.11 
235.0 9.95 0.37 
240.0 15.01 0.26 

D=0.075 

(sonication at 20% 

duty cycle) 

245.0 15.21 0.27 
250.0 15.18 0.23 
255.0 15.28 0.09 
260.0 14.96 0.05 
265.0 14.68 0.25 
270.0 15.06 0.32 
275.0 14.75 0.41 
280.0 15.24 0.27 
285.0 12.72 0.24 
290.0 11.93 0.19 
295.0 14.83 0.01 
300.0 15.19 0.31 
305.0 13.17 1.02 
310.0 13.18 1.16 
315.0 13.17 1.30 
320.0 13.15 1.30 
325.0 10.82 0.00 D=0.075 

(no sonication) 
330.0 13.76 0.25 
335.0 12.62 0.11 
340.0 10.99 0.40 



Appendices

151

345.0 9.09 0.59 
350.0 10.14 0.18 
355.0 9.73 0.27 
360.0 8.73 0.13 
365.0 8.75 0.04 
370.0 9.88 0.32 
375.0 9.99 0.08 
380.0 9.97 0.11 
385.0 9.95 0.37 

 

 

a.3) Biomass concentration (g L�1) at dilution rate of 0.1 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

390.0 8.89 0.38 

D=0.1 

(no sonication) 

395.0 8.26 0.30 
400.0 8.72 0.27 
405.0 9.02 0.05 
410.0 9.70 0.04 
415.0 9.86 0.14 
420.0 9.90 0.15 
425.0 8.14 0.11 
430.0 8.87 0.56 
435.0 8.88 0.42 
440.0 8.77 0.50 
445.0 8.88 0.66 
450.0 12.78 0.24 

D=0.1  

(sonication at 20% 

duty cycle) 

455.0 14.46 0.22 
460.0 14.53 0.20 
465.0 16.49 0.09 
470.0 16.56 0.37 
475.0 16.29 0.41 
480.0 15.21 0.04 
485.0 16.03 0.26 
490.0 11.24 0.10 
495.0 11.25 0.08 
500.0 11.27 0.03 
505.0 11.25 0.12 
510.0 8.89 0.38 

D=0.1 

(no sonication) 

515.0 8.26 0.30 
520.0 8.72 0.27 
525.0 9.02 0.05 
530.0 9.70 0.04 
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535.0 9.86 0.14 
540.0 9.90 0.15 
545.0 8.14 0.11 
550.0 8.87 0.56 
555.0 8.88 0.42 
560.0 8.77 0.50 
565.0 8.88 0.66 

 

 

a.4) Biomass concentration (g L�1) at dilution rate of 0.15 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

570.0 6.55 0.10 

D=0.15 

(no sonication) 

575.0 7.11 0.21 
580.0 7.53 0.12 
585.0 9.57 0.21 
590.0 8.01 0.16 
595.0 7.34 0.19 
600.0 8.37 0.35 
605.0 7.42 0.33 
610.0 7.61 0.54 
615.0 7.34 0.01 
620.0 7.50 0.24 
625.0 7.73 0.14 
630.0 6.96 0.29 
635.0 6.50 0.18 
640.0 8.20 0.37 
645.0 7.63 0.12 
650.0 6.22 0.09 
655.0 7.05 0.30 
660.0 8.43 0.50 
665.0 7.09 0.25 
670.0 6.94 0.47 
675.0 7.53 0.12 
680.0 7.64 0.02 
685.0 7.60 0.03 
690.0 7.60 0.17 
695.0 8.50 0.26 

D=0.15  

(sonication at 20% 

duty cycle) 

700.0 8.60 0.09 
705.0 8.09 0.21 
710.0 7.99 0.36 
715.0 8.45 0.12 
720.0 8.43 0.33 
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725.0 8.58 0.07 
730.0 8.17 0.87 
735.0 8.52 0.21 
740.0 7.96 0.57 
745.0 7.44 0.29 
750.0 7.74 0.20 
755.0 9.84 0.10 
760.0 8.68 0.16 
765.0 8.62 0.27 
770.0 8.24 0.20 
775.0 8.78 0.42 
780.0 8.12 0.21 
785.0 7.61 0.05 
790.0 8.40 0.46 
795.0 8.37 0.07 
800.0 8.37 0.24 
805.0 8.40 0.21 
810.0 7.93 0.42 

D=0.15  

(no sonication) 

815.0 8.46 0.44 
820.0 8.55 0.04 
825.0 8.26 0.44 
830.0 8.73 0.18 
835.0 8.89 0.07 
840.0 8.92 0.28 
845.0 8.01 0.18 
850.0 7.97 0.19 
855.0 8.06 0.30 
860.0 7.80 0.33 
865.0 7.63 0.19 
870.0 7.83 0.21 
875.0 7.88 0.30 
880.0 8.04 0.23 
885.0 8.10 0.32 
890.0 8.16 0.15 
895.0 7.77 0.21 
900.0 7.78 0.17 
905.0 7.71 0.29 
910.0 7.84 0.34 
915.0 7.88 0.19 
920.0 10.43 0.18 

D=0.15  

(sonication at 20% 

duty cycle) 

925.0 9.78 0.20 
930.0 9.27 0.26 
935.0 10.19 0.22 
940.0 10.30 0.10 
945.0 10.29 0.27 
950.0 10.22 0.16 
955.0 10.83 0.33 
960.0 10.20 0.46 
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965.0 8.91 0.50 
970.0 9.05 0.10 
975.0 9.86 0.08 
980.0 9.97 0.21 
985.0 9.81 0.20 
990.0 9.65 0.31 
995.0 9.54 0.23 

1000.0 9.34 0.47 
1005.0 9.63 0.16 
1010.0 9.81 0.28 
1015.0 9.90 0.26 
1020.0 9.78 0.14 
1025.0 9.81 0.19 
1030.0 9.58 0.10 

D=0.15  

(no sonication) 

1035.0 9.57 0.23 
1040.0 9.93 0.15 
1045.0 10.68 0.06 
1050.0 8.53 0.21 
1055.0 8.60 0.11 
1060.0 10.19 0.20 
1065.0 8.99 0.13 
1070.0 8.89 0.23 
1075.0 8.71 0.14 
1080.0 8.68 0.14 
1085.0 8.37 0.11 
1090.0 8.13 0.08 
1095.0 8.59 0.12 
1100.0 8.39 0.32 
1105.0 8.58 0.09 
1110.0 8.43 0.11 
1115.0 8.29 0.07 
1120.0 8.16 0.20 
1125.0 7.64 0.07 
1130.0 7.67 0.26 
1135.0 7.80 0.26 
1140.0 7.76 0.13 
1145.0 6.60 0.13 

D=0.15  

(sonication at 20% 

duty cycle) 

1150.0 7.65 0.13 
1155.0 8.79 0.13 
1160.0 9.58 0.14 
1165.0 9.68 0.19 
1170.0 9.70 0.25 
1175.0 9.30 0.23 
1180.0 9.58 0.14 
1185.0 9.34 0.27 
1190.0 9.34 0.28 
1195.0 9.45 0.15 
1200.0 9.83 0.12 
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1205.0 10.04 0.38 
1210.0 9.86 0.31 
1215.0 9.84 0.20 
1220.0 9.84 0.16 
1225.0 9.86 0.10 
1230.0 9.86 0.34 
1235.0 8.63 0.18 

D=0.15  

(no sonication) 

1240.0 8.79 0.16 
1245.0 9.02 0.05 
1250.0 9.17 0.03 
1255.0 8.24 0.24 
1260.0 7.27 0.16 
1265.0 7.68 0.14 
1270.0 7.40 0.04 
1275.0 7.90 0.06 
1280.0 7.93 0.23 
1285.0 7.99 0.13 
1290.0 7.65 0.08 
1295.0 7.41 0.13 
1300.0 7.37 0.14 
1305.0 7.70 0.20 
1310.0 7.80 0.26 
1315.0 8.09 0.35 
1320.0 8.59 0.05 
1325.0 8.96 0.08 
1330.0 7.68 0.14 
1335.0 7.73 0.13 
1340.0 7.73 0.11 
1345.0 7.73 0.10 

 

 

a.5) Biomass concentration (g L�1) at dilution rate of 0.2 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

1350.0 5.40 0.09 

D=0.2  

(no sonication) 

1355.0 4.88 0.11 
1360.0 5.32 0.05 
1365.0 4.78 0.12 
1370.0 5.80 0.05 
1375.0 5.97 0.10 
1380.0 5.65 0.18 
1385.0 5.17 0.11 
1390.0 5.87 0.18 
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1395.0 5.71 0.06 
1400.0 5.51 0.14 
1405.0 5.61 0.09 
1410.0 5.67 0.14 
1415.0 6.17 0.15 
1420.0 5.80 0.22 
1425.0 5.97 0.41 
1430.0 5.90 0.23 
1435.0 6.14 0.07 
1440.0 6.16 0.15 
1445.0 6.16 0.04 
1450.0 6.16 0.08 
1455.0 6.16 0.07 
1460.0 6.50 0.11 

D=0.2  

(sonication at 20% 

duty cycle) 

1465.0 5.88 0.11 
1470.0 5.34 0.19 
1475.0 4.45 0.03 
1480.0 4.65 0.10 
1485.0 5.24 0.14 
1490.0 5.65 0.10 
1495.0 5.48 0.43 
1500.0 5.54 0.29 
1505.0 5.99 0.24 
1510.0 4.60 0.10 
1515.0 5.94 0.48 
1520.0 4.94 0.16 
1525.0 6.27 0.30 
1530.0 7.01 0.41 
1535.0 6.06 0.48 
1540.0 6.23 0.11 
1545.0 7.01 0.47 
1550.0 7.01 0.21 
1555.0 7.01 0.37 
1560.0 7.01 0.52 

 

 

b.1) Lactose concentration (g L�1) at dilution rate of 0.05 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

0.0 46.24 0.41 
Batch fermentation 2.0 44.56 0.52 

4.0 43.21 0.69 
6.0 41.66 0.14 
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8.0 37.09 0.10 
10.0 29.68 0.52 
12.0 22.14 0.37 
14.0 8.68 0.76 
16.0 4.17 0.21 
20.0 8.88 0.56  

 

D=0.05  

(no sonication) 

25.0 7.13 0.22 
30.0 6.80 0.38 
35.0 6.39 0.44 
40.0 3.97 0.15 
45.0 2.63 0.06 
50.0 1.08 0.06 
55.0 1.01 0.07 
60.0 1.08 0.08 
65.0 1.08 0.08 
70.0 7.61 0.00 

D=0.05 

(sonication at 20% 

duty cycle) 

 

75.0 7.67 0.00 
80.0 8.41 0.00 
85.0 7.88 0.00 
90.0 7.61 0.00 
95.0 7.27 0.00 

100.0 7.13 0.00 
105.0 0.54 0.00 
110.0 0.47 0.00 
115.0 0.54 0.00 
120.0 0.54 0.00 
125.0 10.70 0.00 

D=0.05  

(no sonication) 

130.0 11.31 0.00 
135.0 8.21 0.00 
140.0 7.81 0.00 
145.0 7.13 0.00 
150.0 6.19 0.01 
155.0 1.08 0.00 
160.0 1.01 0.00 
165.0 1.08 0.00 
170.0 1.01 0.00 
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b.2) Lactose concentration (g L�1) at dilution rate of 0.075 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

175.0 0.20 0.08 

D=0.075  

(no sonication) 

180.0 0.15 0.09 
185.0 0.60 0.13 
190.0 1.29 0.29 
195.0 0.23 0.20 
200.0 0.57 0.21 
205.0 1.69 0.52 
210.0 1.20 0.10 
215.0 1.74 0.21 
220.0 2.45 0.53 
225.0 2.41 0.36 
230.0 2.42 0.21 
235.0 2.45 0.58 
240.0 9.76 0.01 

D=0.075 

(sonication at 20% 

duty cycle) 

245.0 9.22 0.00 
250.0 8.95 0.01 
255.0 7.20 0.00 
260.0 9.15 0.01 
265.0 7.54 0.00 
270.0 6.33 0.00 
275.0 6.39 0.01 
280.0 7.13 0.00 
285.0 12.59 0.00 
290.0 8.62 0.00 
295.0 7.47 0.00 
300.0 9.22 0.01 
305.0 1.01 0.01 
310.0 1.08 0.00 
315.0 1.01 0.00 
320.0 1.08 0.00 
325.0 0.20 0.08 

D=0.075 

(no sonication) 

330.0 0.15 0.09 
335.0 0.60 0.13 
340.0 1.29 0.29 
345.0 0.23 0.20 
350.0 0.57 0.21 
355.0 1.69 0.52 
360.0 1.20 0.10 
365.0 1.74 0.21 
370.0 2.45 0.53 
375.0 2.41 0.36 
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380.0 2.42 0.21 
385.0 2.45 0.58 

 

 

b.3) Lactose concentration (g L�1) at dilution rate of 0.1 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

390.0 2.68 0.44 

D=0.1 

(no sonication) 

395.0 1.68 1.11 
400.0 4.83 0.75 
405.0 1.30 0.72 
410.0 1.47 0.93 
415.0 2.81 0.47 
420.0 1.07 0.57 
425.0 2.73 0.58 
430.0 3.82 0.57 
435.0 3.83 0.25 
440.0 3.84 0.61 
445.0 3.89 0.91 
450.0 10.03 0.00 

D=0.1  

(sonication at 20% 

duty cycle) 

455.0 10.16 0.00 
460.0 10.23 0.00 
465.0 8.48 0.00 
470.0 8.01 0.00 
475.0 6.73 0.00 
480.0 8.01 0.00 
485.0 6.93 0.00 
490.0 2.36 0.86 
495.0 2.22 0.75 
500.0 2.29 0.81 
505.0 2.22 0.82 
510.0 2.68 0.44 

D=0.1 

(no sonication) 

515.0 1.68 1.11 
520.0 4.83 0.75 
525.0 1.30 0.72 
530.0 1.47 0.93 
535.0 2.81 0.47 
540.0 1.07 0.57 
545.0 2.73 0.58 
550.0 3.82 0.57 
555.0 3.83 0.25 
560.0 3.84 0.61 
565.0 3.89 0.91 
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b.4) Lactose concentration (g L�1) at dilution rate of 0.15 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

570.0 6.54 0.89 

D=0.15 

(no sonication) 

575.0 7.26 0.99 
580.0 9.24 0.83 
585.0 9.49 0.73 
590.0 12.38 0.90 
595.0 12.65 0.52 
600.0 12.32 0.37 
605.0 12.18 0.96 
610.0 12.38 0.52 
615.0 12.86 0.30 
620.0 12.92 1.34 
625.0 13.46 0.54 
630.0 15.68 1.85 
635.0 12.65 0.94 
640.0 13.33 0.44 
645.0 9.76 0.68 
650.0 15.68 0.70 
655.0 14.07 0.86 
660.0 15.01 0.41 
665.0 14.61 0.37 
670.0 14.27 0.21 
675.0 10.34 0.46 
680.0 10.34 0.57 
685.0 10.27 0.74 
690.0 10.34 0.31 
695.0 13.66 0.52 

D=0.15  

(sonication at 20% 

duty cycle) 

700.0 12.47 0.19 
705.0 11.11 0.96 
710.0 11.69 0.27 
715.0 12.70 0.49 
720.0 11.82 0.88 
725.0 10.91 0.77 
730.0 10.41 0.70 
735.0 11.63 0.82 
740.0 10.29 0.80 
745.0 10.75 0.86 
750.0 11.15 1.00 
755.0 12.84 0.40 
760.0 10.34 1.33 
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765.0 9.41 0.79 
770.0 10.88 1.34 
775.0 10.14 0.94 
780.0 9.81 0.44 
785.0 9.63 1.15 
790.0 8.88 0.22 
795.0 8.82 0.63 
800.0 8.68 0.46 
805.0 8.55 1.03 
810.0 10.43 1.03 

D=0.15  

(no sonication) 

815.0 10.30 0.55 
820.0 10.97 0.43 
825.0 11.04 1.54 
830.0 11.91 0.52 
835.0 15.21 0.93 
840.0 14.88 0.60 
845.0 13.87 1.32 
850.0 14.74 0.25 
855.0 13.87 0.50 
860.0 12.72 0.35 
865.0 11.64 0.44 
870.0 15.21 0.70 
875.0 14.94 0.14 
880.0 14.67 1.15 
885.0 14.81 0.95 
890.0 14.61 0.43 
895.0 14.47 0.17 
900.0 10.70 0.11 
905.0 10.63 0.22 
910.0 10.70 0.91 
915.0 10.70 0.08 
920.0 12.72 0.72 

D=0.15  

(sonication at 20% 

duty cycle) 

925.0 12.18 1.03 
930.0 12.32 1.43 
935.0 13.66 1.36 
940.0 14.40 1.32 
945.0 14.13 0.81 
950.0 15.21 1.44 
955.0 8.68 0.11 
960.0 9.83 0.33 
965.0 9.69 0.27 
970.0 9.09 0.08 
975.0 9.22 0.37 
980.0 9.22 0.68 
985.0 10.03 0.23 
990.0 9.49 0.32 
995.0 10.43 0.83 
1000.0 9.83 0.22 
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1005.0 8.41 0.66 
1010.0 8.62 0.52 
1015.0 8.68 0.28 
1020.0 8.75 0.82 
1025.0 8.62 0.22 
1030.0 9.96 0.47 

D=0.15  

(no sonication) 

1035.0 10.23 0.88 
1040.0 11.17 0.73 
1045.0 11.71 0.41 
1050.0 12.05 0.70 
1055.0 14.61 1.22 
1060.0 14.20 1.23 
1065.0 14.27 0.71 
1070.0 14.07 0.10 
1075.0 14.27 0.41 
1080.0 15.08 0.81 
1085.0 14.34 0.98 
1090.0 13.13 0.29 
1095.0 13.60 0.42 
1100.0 12.72 0.30 
1105.0 12.05 0.63 
1110.0 11.31 0.30 
1115.0 10.90 0.33 
1120.0 10.37 0.88 
1125.0 10.63 0.47 
1130.0 10.57 0.41 
1135.0 10.63 0.08 
1140.0 10.63 0.35 
1145.0 13.73 1.00 

D=0.15  

(sonication at 20% 

duty cycle) 

1150.0 14.54 1.51 
1155.0 13.33 0.69 
1160.0 13.46 0.95 
1165.0 13.33 0.41 
1170.0 14.81 1.26 
1175.0 13.73 0.70 
1180.0 13.06 1.13 
1185.0 12.25 1.28 
1190.0 11.64 0.67 
1195.0 10.90 0.54 
1200.0 10.57 0.58 
1205.0 9.69 0.25 
1210.0 8.88 0.28 
1215.0 8.62 2.58 
1220.0 8.68 0.33 
1225.0 8.68 0.21 
1230.0 8.62 0.35 
1235.0 8.28 0.39  
1240.0 8.28 0.67 
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1245.0 12.72 0.20 D=0.15  

(no sonication) 1250.0 12.38 0.28 
1255.0 12.65 0.69 
1260.0 14.88 0.61 
1265.0 14.61 0.08 
1270.0 12.86 0.53 
1275.0 13.87 0.45 
1280.0 13.53 0.73 
1285.0 14.40 0.35 
1290.0 14.67 0.26 
1295.0 14.54 0.93 
1300.0 13.33 1.05 
1305.0 12.72 0.41 
1310.0 11.78 0.35 
1315.0 12.25 0.26 
1320.0 11.04 0.32 
1325.0 10.90 0.30 
1330.0 10.63 0.16 
1335.0 10.70 0.39 
1340.0 10.63 0.25 
1345.0 10.63 0.56 

 

 

b.5) Lactose concentration (g L�1) at dilution rate of 0.2 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

1350.0 19.25 0.01 

D=0.2  

(no sonication) 

1355.0 20.19 0.02 
1360.0 18.51 0.01 
1365.0 20.46 0.03 
1370.0 17.03 0.01 
1375.0 17.37 0.01 
1380.0 17.37 0.00 
1385.0 18.98 0.03 
1390.0 18.51 0.05 
1395.0 22.48 0.02 
1400.0 23.36 0.01 
1405.0 22.14 0.01 
1410.0 22.62 0.03 
1415.0 22.41 0.02 
1420.0 20.80 0.09 
1425.0 21.07 0.01 
1430.0 19.05 0.05 
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1435.0 17.30 0.05 
1440.0 16.83 0.02 
1445.0 16.89 0.01 
1450.0 16.83 0.01 
1455.0 16.89 0.01 
1460.0 28.94 0.02 

D=0.2  

(sonication at 20% 

duty cycle) 

1465.0 24.57 0.01 
1470.0 24.23 0.01 
1475.0 30.56 0.09 
1480.0 34.53 0.05 
1485.0 24.57 0.01 
1490.0 27.13 0.01 
1495.0 26.18 0.01 
1500.0 24.57 0.00 
1505.0 29.21 0.03 
1510.0 25.31 0.01 
1515.0 27.87 0.03 
1520.0 34.06 0.07 
1525.0 21.07 0.03 
1530.0 21.61 0.01 
1535.0 28.34 0.01 
1540.0 22.48 0.01 
1545.0 15.14 0.02 
1550.0 15.08 0.02 
1555.0 15.14 0.03 
1560.0 15.14 0.03 

 

 

c.1) Ethanol concentration (g L�1) at dilution rate of 0.05 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

0.0 0.00 0.00 

Batch fermentation 

2.0 0.00 0.00 
4.0 0.00 0.00 
6.0 0.00 0.00 
8.0 0.00 0.00 

10.0 0.82 0.04 
12.0 1.18 0.12 
14.0 1.19 0.05 
16.0 1.29 0.09 
20.0 4.44 0.09 D=0.05  

(no sonication) 25.0 2.40 0.05 
30.0 0.62 0.04 
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35.0 0.44 0.04 
40.0 1.48 0.18 
45.0 1.90 0.36 
50.0 3.45 0.05 
55.0 3.41 0.06 
60.0 3.41 0.45 
65.0 3.45 0.55 
70.0 3.33 0.01 

D=0.05 

(sonication at 20% 

duty cycle) 

75.0 2.82 0.24 
80.0 2.96 0.01 
85.0 2.83 0.33 
90.0 3.45 0.10 
95.0 3.22 0.28 

100.0 3.91 0.42 
105.0 4.45 0.17 
110.0 4.45 0.11 
115.0 4.45 0.00 
120.0 4.45 0.00 
125.0 6.94 0.34 

D=0.05  

(no sonication) 

130.0 7.46 0.59 
135.0 6.08 0.02 
140.0 4.31 0.03 
145.0 4.02 0.04 
150.0 3.87 0.04 
155.0 3.45 0.06 
160.0 3.45 0.06 
165.0 3.45 0.06 
170.0 3.46 0.10 

 

 

c.2) Ethanol concentration (g L�1) at dilution rate of 0.075 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

175.0 0.51 0.24 

D=0.075  

(no sonication) 

180.0 0.00 0.00 
185.0 0.65 0.04 
190.0 0.82 0.04 
195.0 1.27 0.10 
200.0 2.23 0.13 
205.0 2.83 0.16 
210.0 3.14 0.29 
215.0 4.65 0.16 
220.0 2.31 0.13 
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225.0 2.35 0.06 
230.0 2.32 0.02 
235.0 2.35 0.07 
240.0 0.32 0.01 

D=0.075 

(sonication at 20% 

duty cycle) 

245.0 1.07 0.01 
250.0 2.08 0.07 
255.0 2.14 0.02 
260.0 2.82 0.23 
265.0 2.68 0.07 
270.0 2.50 0.08 
275.0 2.57 0.04 
280.0 2.87 0.06 
285.0 2.86 0.08 
290.0 2.77 0.03 
295.0 2.96 0.07 
300.0 3.14 0.01 
305.0 3.58 0.06 
310.0 3.58 0.12 
315.0 3.58 0.10 
320.0 3.58 0.06 
325.0 0.51 0.24 

D=0.075 

(no sonication) 

330.0 0.00 0.00 
335.0 0.65 0.04 
340.0 0.82 0.04 
345.0 1.27 0.10 
350.0 2.23 0.13 
355.0 2.83 0.16 
360.0 3.14 0.29 
365.0 4.65 0.16 
370.0 2.31 0.13 
375.0 2.35 0.06 
380.0 2.32 0.02 
385.0 2.35 0.07 

 

 

c.3) Ethanol concentration (g L�1) at dilution rate of 0.1 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

390.0 3.04 0.66 
D=0.1 

(no sonication) 

395.0 2.78 0.08 
400.0 2.72 0.09 
405.0 3.03 0.24 
410.0 2.54 0.12 
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415.0 1.88 0.18 
420.0 1.75 0.09 
425.0 1.85 0.06 
430.0 1.82 0.21 
435.0 1.85 0.05 
440.0 1.82 0.10 
445.0 1.84 0.04 
450.0 1.82 0.24 

D=0.1  

(sonication at 20% 

duty cycle) 

455.0 1.24 0.05 
460.0 1.16 0.00 
465.0 1.66 0.05 
470.0 1.89 0.07 
475.0 1.92 0.07 
480.0 2.12 0.20 
485.0 2.64 0.12 
490.0 2.64 0.05 
495.0 2.64 0.06 
500.0 2.64 0.01 
505.0 2.64 0.00 
510.0 3.04 0.66 

D=0.1 

(no sonication) 

515.0 2.78 0.08 
520.0 2.72 0.09 
525.0 3.03 0.24 
530.0 2.54 0.12 
535.0 1.88 0.18 
540.0 1.75 0.09 
545.0 1.85 0.06 
550.0 1.82 0.21 
555.0 1.85 0.05 
560.0 1.82 0.10 
565.0 1.84 0.04 

 

 

c.4) Ethanol concentration (g L�1) at dilution rate of 0.15 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

570.0 2.18 0.07 

D=0.15 

(no sonication) 

575.0 2.50 0.09 
580.0 1.91 0.09 
585.0 1.43 0.23 
590.0 1.81 0.12 
595.0 1.92 0.01 
600.0 2.00 0.13 
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605.0 2.02 0.10 
610.0 2.02 0.10 
615.0 1.62 0.08 
620.0 1.61 0.08 
625.0 1.18 0.07 
630.0 1.48 0.23 
635.0 1.14 0.10 
640.0 1.68 0.23 
645.0 1.31 0.12 
650.0 1.54 0.25 
655.0 1.00 0.03 
660.0 0.66 0.16 
665.0 1.05 0.06 
670.0 1.08 0.02 
675.0 1.06 0.03 
680.0 1.09 0.09 
685.0 1.05 0.00 
690.0 1.05 0.05 
695.0 1.58 0.12 

D=0.15  

(sonication at 20% 

duty cycle) 

700.0 1.14 0.08 
705.0 0.53 0.08 
710.0 0.79 0.09 
715.0 0.40 0.12 
720.0 0.66 0.03 
725.0 0.74 0.07 
730.0 0.80 0.05 
735.0 0.44 0.04 
740.0 0.99 0.06 
745.0 1.02 0.01 
750.0 1.51 0.13 
755.0 2.15 0.08 
760.0 1.35 0.04 
765.0 0.68 0.07 
770.0 0.75 0.07 
775.0 0.51 0.06 
780.0 1.51 0.03 
785.0 1.28 0.06 
790.0 1.83 0.13 
795.0 1.81 0.04 
800.0 1.83 0.13 
805.0 1.82 0.07 
810.0 0.58 0.03 

D=0.15  

(no sonication) 

815.0 0.52 0.05 
820.0 0.52 0.08 
825.0 0.32 0.02 
830.0 0.33 0.02 
835.0 0.32 0.05 
840.0 0.41 0.02 
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845.0 0.55 0.02 
850.0 0.70 0.04 
855.0 0.70 0.02 
860.0 0.68 0.02 
865.0 0.60 0.02 
870.0 0.38 0.06 
875.0 0.39 0.04 
880.0 0.43 0.04 
885.0 0.30 0.02 
890.0 0.45 0.04 
895.0 0.69 0.04 
900.0 0.85 0.06 
905.0 0.88 0.08 
910.0 0.87 0.03 
915.0 0.87 0.05 
920.0 1.00 0.09 

D=0.15  

(sonication at 20% 

duty cycle) 

925.0 1.11 0.12 
930.0 0.33 0.01 
935.0 0.59 0.06 
940.0 0.76 0.07 
945.0 0.84 0.06 
950.0 0.85 0.06 
955.0 0.83 0.08 
960.0 0.62 0.06 
965.0 0.75 0.06 
970.0 0.84 0.08 
975.0 0.91 0.04 
980.0 0.72 0.07 
985.0 0.90 0.01 
990.0 0.52 0.07 
995.0 0.64 0.07 
1000.0 1.18 0.11 
1005.0 1.16 0.07 
1010.0 1.57 0.11 
1015.0 1.57 0.14 
1020.0 1.58 0.13 
1025.0 1.59 0.09 
1030.0 0.69 0.11 

D=0.15  

(no sonication) 

1035.0 0.65 0.03 
1040.0 0.58 0.02 
1045.0 0.53 0.03 
1050.0 0.44 0.01 
1055.0 0.43 0.01 
1060.0 0.58 0.05 
1065.0 0.57 0.02 
1070.0 0.55 0.05 
1075.0 0.45 0.06 
1080.0 0.49 0.07 
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1085.0 0.56 0.01 
1090.0 0.57 0.02 
1095.0 0.61 0.02 
1100.0 0.67 0.06 
1105.0 0.52 0.01 
1110.0 0.75 0.06 
1115.0 0.78 0.06 
1120.0 0.86 0.05 
1125.0 0.86 0.02 
1130.0 0.87 0.01 
1135.0 0.86 0.02 
1140.0 0.87 0.03 
1145.0 0.88 0.13 

D=0.15  

(sonication at 20% 

duty cycle) 

1150.0 0.79 0.06 
1155.0 0.81 0.17 
1160.0 0.79 0.05 
1165.0 0.56 0.05 
1170.0 0.83 0.07 
1175.0 0.93 0.07 
1180.0 1.30 0.03 
1185.0 1.31 0.05 
1190.0 1.35 0.11 
1195.0 1.36 0.10 
1200.0 1.37 0.03 
1205.0 1.30 0.02 
1210.0 1.47 0.05 
1215.0 1.57 0.05 
1220.0 1.59 0.06 
1225.0 1.59 0.03 
1230.0 1.59 0.02 
1235.0 0.86 0.08 

D=0.15  

(no sonication) 

1240.0 0.73 0.05 
1245.0 1.23 0.04 
1250.0 1.25 0.15 
1255.0 1.20 0.13 
1260.0 0.61 0.06 
1265.0 0.82 0.07 
1270.0 1.15 0.00 
1275.0 0.97 0.07 
1280.0 0.83 0.13 
1285.0 1.09 0.05 
1290.0 1.32 0.15 
1295.0 1.23 0.05 
1300.0 1.11 0.08 
1305.0 1.17 0.07 
1310.0 1.14 0.02 
1315.0 0.90 0.14 
1320.0 0.91 0.05 
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1325.0 0.89 0.12 
1330.0 0.89 0.09 
1335.0 0.89 0.16 
1340.0 0.89 0.04 
1345.0 0.89 0.05 

 

 

c.5) Ethanol concentration (g L�1) at dilution rate of 0.2 h�1 for control (no 

sonication) and with sonication at 20% duty cycle (intensity at 11.8 W cm�2) 

 

Fermentation time 

(h) 

Average data Standard 

deviation 
Dilution rate (h�1) 

1350.0 0.55 0.01 

D=0.2  

(no sonication) 

1355.0 0.42 0.01 
1360.0 0.25 0.02 
1365.0 0.48 0.00 
1370.0 0.63 0.01 
1375.0 0.49 0.00 
1380.0 0.51 0.02 
1385.0 0.75 0.02 
1390.0 0.55 0.02 
1395.0 0.31 0.02 
1400.0 0.39 0.00 
1405.0 0.70 0.02 
1410.0 0.33 0.00 
1415.0 0.38 0.00 
1420.0 0.33 0.02 
1425.0 0.34 0.00 
1430.0 0.42 0.03 
1435.0 0.40 0.05 
1440.0 0.43 0.05 
1445.0 0.43 0.07 
1450.0 0.43 0.03 
1455.0 0.43 0.04 
1460.0 0.47 0.00 

D=0.2  

(sonication at 20% 

duty cycle) 

1465.0 0.44 0.00 
1470.0 0.38 0.01 
1475.0 0.48 0.01 
1480.0 0.46 0.00 
1485.0 0.49 0.01 
1490.0 0.62 0.03 
1495.0 0.50 0.00 
1500.0 0.50 0.01 
1505.0 0.50 0.00 
1510.0 0.51 0.00 
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1515.0 0.43 0.01 
1520.0 0.58 0.01 
1525.0 0.78 0.00 
1530.0 0.61 0.02 
1535.0 0.66 0.02 
1540.0 0.57 0.01 
1545.0 0.64 0.01 
1550.0 0.64 0.01 
1555.0 0.64 0.05 
1560.0 0.64 0.01 
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b) Lactose concentration (g L�1) 

Dilution rate 

(h�1) 

Control (no sonication) Sonication at 20% duty cycle 

Steady-state 

data 

Standard 

deviation 

Steady-state 

data 

Standard 

deviation 

0.05 1.06 0.03 0.52 0.03 

0.075 2.43 0.02 1.04 0.03 

0.1 3.85 0.03 2.27 0.06 

0.15 10.65 0.03 8.65 0.03 

0.2 16.86 0.03 15.13 0.03 

 

 

c) Ethanol concentration (g L�1) 

Dilution rate 

(h�1) 

Control (no sonication) Sonication at 20% duty cycle 

Steady-state 

data 

Standard 

deviation 

Steady-state 

data 

Standard 

deviation 

0.05 3.43 0.02 4.45 0.00 

0.075 2.33 0.02 3.58 0.00 

0.1 1.84 0.01 2.64 0.00 

0.15 1.06 0.01 1.58 0.01 

0.2 0.43 0.00 0.64 0.00 
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A3.8 Steady state ethanol productivity, PE (g L�1 h�1). The sonication intensity was 

11.8 W cm�2 except for the nonsonicated control culture. (Figure 4.12) 

 

Dilution rate (h�1) PE (no sonication) PE (sonication at 20% 

duty cycle) 

0.05 0.172 0.223 

0.075 0.175 0.269 

0.1 0.184 0.264 

0.15 0.159 0.238 

0.2 0.085 0.127 
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APPENDIX 4 
 

A4.1 Dissolved oxygen electrode response profile at 30 °C: a) air-water system; b) 

air-uninoculated sugar system  

 

a)  Air-water system (Figure 3.9) 

 

Time (s) % Air saturation, CL 

0.0 0.0 

12.0 1.5 

24.0 43.5 

36.0 67.4 

48.0 81.5 

60.0 89.3 

72.0 94.2 

84.0 96.4 

96.0 98.2 

108.0 99.3 

120.0 99.9 

132.0 100.4 

144.0 100.7 

156.0 101.0 

168.0 101.1 

180.0 101.2 

192.0 101.2 

204.0 101.2 

216.0 101.4 

228.0 101.5 

240.0 101.6 

252.0 101.6 



Appendices

177

264.0 101.6 

276.0 101.6 

288.0 101.6 

300.0 101.6 

312.0 101.7 

324.0 101.6 

336.0 101.6 

348.0 101.6 

360.0 101.7 

372.0 101.6 

 

b) Air-uninoculated sugar system (Figure 3.10) 

Time (s) % Air saturation, CL 

0.0 0.0 

12.0 1.0 

24.0 20.1 

36.0 42.3 

48.0 58.3 

60.0 65.7 

72.0 76.2 

84.0 81.7 

96.0 84.4 

108.0 87.4 

120.0 89.7 

132.0 91.4 

144.0 92.7 

156.0 93.6 

168.0 94.5 

180.0 95.3 

192.0 95.9 

204.0 96.2 

216.0 96.4 
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228.0 96.8 

240.0 97.1 

252.0 97.2 

264.0 97.6 

276.0 97.7 

288.0 97.7 

300.0 97.9 

312.0 97.9 

324.0 98.3 

336.0 98.1 

348.0 98.2 

360.0 98.2 

372.0 98.5 

384.0 98.5 

396.0 98.7 

408.0 98.8 

420.0 98.7 

432.0 98.8 

444.0 98.8 

456.0 99.0 

468.0 99.1 

480.0 99.2 

492.0 99.2 

504.0 99.2 

516.0 99.0 

528.0 99.4 

540.0 99.4 

552.0 99.4 

564.0 99.3 

576.0 100.1 
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A4.2 Goal seek function 

 

Table A4.1 shows an example calculation of kLaL value by using Equation (2.7) and the 

Goal Seek function of Microsoft Excel. The data are for an agitation rate of 700 rpm, 

aeration rate of 0 vvm (air-water system) and at 30 °C. 

 

Table A4.1 Calculation method of kLaL using Goal Seek function  

t (s) 

CL (% air 

saturation)(mea

sured) from 

experiment 

C* 
Cp (measured) 

Cp = (C*-CL)/C* 
�p (s) 

tm(s)  

Calculated 

using Goal 

Seek 

function 

Cp (calculated) 

Calculated 

using 

Equation 

(2.7)  

tm (s) 

(average) 

 

Cp(calculated) 

Calculated 

using 

Equation 

(2.7) 

& tm average  

0 0.085 100.99 0.999 21 70 1.000 82.517 1.000 

12 1.42 100.99 0.985 21 196.525 0.985 82.517 0.967 

24 6.702 100.99 0.933 21 136.531 0.933 82.517 0.893 

36 15.08 100.99 0.850 21 111.787 0.850 82.517 0.805 

48 25.305 100.99 0.749 21 96.687 0.749 82.517 0.715 

60 35.103 100.99 0.652 21 89.874 0.651 82.517 0.628 

72 41.749 100.99 0.586 21 92.865 0.585 82.517 0.549 

84 53.138 100.99 0.473 21 81.392 0.473 82.517 0.478 

96 59.897 100.99 0.406 21 80.328 0.406 82.517 0.415 

108 64.924 100.99 0.357 21 81.758 0.357 82.517 0.360 

120 70.974 100.99 0.297 21 78.997 0.296 82.517 0.312 

132 75.177 100.99 0.255 21 78.983 0.255 82.517 0.270 

144 78.812 100.99 0.219 21 78.951 0.219 82.517 0.233 

156 82.107 100.99 0.186 21 78.506 0.186 82.517 0.202 

168 85.004 100.99 0.158 21 77.7 0.157 82.517 0.175 

180 87.049 100.99 0.138 21 78.584 0.138 82.517 0.151 

192 89.008 100.99 0.118 21 78.633 0.118 82.517 0.130 

204 90.968 100.99 0.099 21 77.7 0.099 82.517 0.113 

216 92.047 100.99 0.088 21 79.077 0.088 82.517 0.097 

228 93.212 100.99 0.077 21 79.491 0.077 82.517 0.084 

240 94.262 100.99 0.066 21 79.697 0.066 82.517 0.073 

252 95.257 100.99 0.056 21 79.434 0.056 82.517 0.063 
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264 96.137 100.99 0.048 21 79.009 0.048 82.517 0.054 

276 96.705 100.99 0.042 21 79.781 0.042 82.517 0.047 

288 97.358 100.99 0.035 21 79.407 0.036 82.517 0.040 

300 97.813 100.99 0.031 21 79.877 0.031 82.517 0.035 

312 98.21 100.99 0.027 21 80.334 0.027 82.517 0.030 

324 98.579 100.99 0.023 21 80.546 0.024 82.517 0.026 

336 98.977 100.99 0.019 21 79.829 0.020 82.517 0.022 

348 99.233 100.99 0.017 21 80.192 0.017 82.517 0.019 

360 99.46 100.99 0.015 21 80.488 0.015 82.517 0.017 

372 99.687 100.99 0.012 21 80.271 0.013 82.517 0.014 

384 99.801 100.99 0.011 21 81.614 0.012 82.517 0.012 

396 100 100.99 0.009 21 80.874 0.010 82.517 0.011 

408 100.11 100.99 0.008 21 81.593 0.009 82.517 0.009 

420 100.22 100.99 0.007 21 81.958 0.007 82.517 0.008 

432 100.36 100.99 0.006 21 77.7 0.005 82.517 0.007 

444 100.48 100.99 0.005 21 77.7 0.004 82.517 0.006 

456 100.53 100.99 0.004 21 77.7 0.003 82.517 0.005 

468 100.59 100.99 0.003 21 77.7 0.003 82.517 0.004 

480 100.68 100.99 0.003 21 77.7 0.002 82.517 0.003 

492 100.73 100.99 0.002 21 77.7 0.002 82.517 0.003 

504 100.71 100.99 0.002 21 77.7 0.002 82.517 0.002 

516 100.79 100.99 0.001 21 77.7 0.001 82.517 0.002 

528 100.88 100.99 0.001 21 70 0.000 82.517 0.002 

540 100.85 100.99 0.001 21 70 0.000 82.517 0.001 

552 100.88 100.99 0.001 21 70 0.000 82.517 0.001 

564 100.93 100.99 0.000 21 70 0.000 82.517 0.001 

576 100.96 100.99 0.000 21 70 0.000 82.517 0.001 

588 100.96 100.99 0.000 21 70 0.000 82.517 0.001 

600 100.99 100.99 0 21 70 0.000 82.517 0.000 

612 100.99 100.99 0 21 70 0.000 82.517 0.000 

    

tm (s) 

(average

) 

82.517 
   

    
kLaL 

=1/tm 0.012    
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A4.2.1 Using Goal Seek function 

 

For a given formula, the Goal Seek function determines the value of an input parameter 

required to achieve the specified result. In this case, Goal Seek function was used to 

match the Cp calculated to the experimentally measured value of Cp measured, by 

changing the tm value to achieve the fit. This gave different values for tm at different 

measurement times. An average of tm values was then used to calculate kLaL as 1/tm 

(average) (Table A4.1). A generally good agreement of the Cp values calculated using 

Equation (2.7) and the Cp measured by the dissolved oxygen probe is shown in Figure 

A4.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.1 A comparison of Cp calculated and the Cp measured (solid line)  
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A4.3 Dependence of mass transfer coefficient on agitation rate and aeration rate in 

the absence of ultrasound in: a) air-water system; and b) air-uninoculated sugar 

system (30 °C). (Figure 4.14) 

 

a) Air-water system (s�1) 

 

Agitation 

(rpm) 

Aeration rate Aeration rate Aeration rate Aeration rate 

0 vvm 
Standard 

deviation 
1 vvm 

Standard 

deviation 
2 vvm 

Standard 

deviation 
3 vvm 

Standard 

deviation 

200 4.667e-4 5.000e-6 7.918e-3 0 0.012 3.500e-4 0.012 5.000e-5 

300 5.933e-4 1.000e-5 0.010 5.500e-4 0.014 7.000e-4 0.029 2.500e-4 

400 1.332e-3 4.000e-5 0.011 7.500e-4 0.030 6.500e-4 0.040 3.500e-3 

500 2.890e-3 6.500e-5 0.030 2.000e-3 0.075 1.400e-3 0.085 5.500e-4 

600 7.145e-3 7.500e-5 0.041 3.050e-3 0.139 2.500e-4 0.142 3.500e-4 

700 0.012 5.000e-4 0.069 1.950e-3 0.180 3.500e-4 0.200 3.000e-4 

800 0.025 7.500e-4 0.131 8.500e-4 0.218 1.300e-3 0.250 5.000e-5 
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b) Air-uninoculated sugar system (s�1) 

 

Agitation 

(rpm) 

Aeration rate Aeration rate Aeration rate Aeration rate 

0 vvm 
Standard 

deviation 
1 vvm 

Standard 

deviation 
2 vvm 

Standard 

deviation 
3 vvm 

Standard 

deviation 

200 4.667e-4 2.333e-5 8.516e-3 4.258e-4 0.010 5.104e-4 0.023 1.193e-3 

300 5.933e-4 2.966e-5 0.011 5.719e-4 0.024 1.216e-3 0.028 1.415e-3 

400 2.044e-5 1.022e-6 0.019 9.870e-4 0.032 1.646e-3 0.053 2.677e-3 

500 4.284e-5 2.142e-6 0.037 1.858e-3 0.051 2.586e-3 0.079 3.985e-3 

600 1.056e-4 5.284e-6 0.069 3.496e-3 0.081 4.051e-3 0.125 6.250e-3 

700 2.658e-4 1.329e-5 0.088 4.441e-3 0.093 4.665e-3 0.166 8.333e-3 

800 1.213e-3 6.068e-5 0.114 5.722e-3 0.125 6.250e-3 0.250 0.012 
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