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Abstract Physical and chemical mechanisms ultrasound-assisted processes as
related to the synthesis of biofuels are reviewed. Ultrasound and its secondary
effect of cavitation have physical and chemical effects on a reaction system, which
can contribute to enhancement of the kinetics and yield. In this chapter, a mecha-
nistic insight into the ultrasound assisted biofuels synthesis is given by coupling
simulations of cavitation bubble dynamics with experimental data. The physi-
cal effect of ultrasound and cavitation is through intense micro-convection in the
system that gives marked improvements in the mass transfer of the system. The
chemical effect is through generation of highly reactive radicals through transient
cavitation that induce or accelerate chemical reactions. Chemical effects include
thermal decomposition of the solvent vapor molecules in the cavitation bubble
resulting in generation of smaller molecular species that also affect chemistry of
the process. Raising the static pressure of the reaction system above ultrasound
pressure amplitude in the system helps to discriminate between physical and
chemical effects of ultrasound and cavitation. Biofuels systems considered in this
chapter are the pretreatment of biomass, biodiesel synthesis with acid/base and
homogeneous/heterogeneous catalysts, extraction of microalgal lipids, bioconver-
sion of crude glycerol from biodiesel industry to value added products and des-
ulfurization of the fuel. Among the physical effects of ultrasound and cavitation,
micro-streaming by ultrasound has a greater influence on reactions than shock
waves generated by cavitation bubbles. In some cases, chemical effects of tran-
sient cavitation are revealed to have adverse influence on a reaction. Many biofu-
els systems are limited by their intrinsic characteristics that restrict the effect of
ultrasound and cavitation on the reaction system.
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2.1 Introduction

Fast depletion of global fossil fuel reserves, sparking an almost four fold increase
in international prices of crude oil has made energy security a daunting issue
for developing economies. A related issue is that of climate change due to enor-
mous rise in emissions of greenhouse gases from vehicular exhaust. Both of these
issues have triggered immense research in alternate renewable energy sources
(mainly the biofuels) in the past two decades. With growing economies, the energy
demands in all sectors of a developing nation are rising fast, with major sectors
being domestic, industry and agriculture. The main energy demand in these sec-
tors is in two forms, viz. electricity and liquid transportation fuel. Numerous ways
have been explored to fulfill these energy needs from renewable and carbon neutral
bio—sources. The major routes for electricity are either biogas digestion or biomass
gasification. Biogas digestion produces methane which could be used in engine
generator sets. Biomass gasification produces a mixture of carbon monoxide and
hydrogen, which also can be used in engine generator sets. Other alternate car-
bon neutral sources for electricity are solar (either photovoltaics or solar—thermal)
and wind energy. As far as liquid transportation fuels are concerned, there are two
main options, viz. alcoholic biofuels through fermentation and biodiesel. Alcoholic
biofuels such as methanol, ethanol and butanol have been widely used for blending
with gasoline (replacing the conventional methyl #-butyl ether, MTBE, as oxygen-
ate). Biodiesel is essentially alkyl esters of fatty acids. These are produced by the
process of esterification/transesterification of free fatty acids/triglycerides using
short chain alcohols like methanol and ethanol. Like alcoholic biofuels, biodiesel
can be blended with petro-diesel. Up to 20 % blends of diesel/biodiesel can be
used in the vehicles without requiring modifications of engine.

Despite promise of these biofuels for mitigating the threats of energy security
and climate change risk, large scale commercial production of these biofuels has
been hampered by economic non-feasibility. For example, the total production cost
of biodiesel is almost at par with petroleum-diesel. This is due to high cost of the
feedstock (i.e. vegetable oil) coupled with large processing cost. For bio-diesel, use
of low-cost non-edible oils like Jatropha curcas and Karanja offer a possible solu-
tion, but the processes based on these feedstocks have been largely unsuccessful due
to non-availability of oil seeds for regular supply. There are three possible means of
enhancing the economy of biodiesel production: (1) use of low-cost feedstock than
non-edible oils such as microalgal lipids and animal fats which have high contents
of free fatty acids (FFA); (2) use of efficient processing techniques that give high
yield with faster kinetics for esterification (thus lowering the cost of recycle with
simultaneous increase in the throughputs); (3) forward integration of the biodiesel
process by conversion of byproducts such as glycerol to value-added products.
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As far as alcoholic biofuels are concerned, the most popular fuel is ethanol,
which is a major byproduct of the sugar industry. However, the substrate for etha-
nol, i.e. molasses, has numerous other outlets that fetch attractive revenue. This
essentially increases the production cost of ethanol, as a result of which the pro-
ducer is compelled to sell it for potable use, which fetches high price unless a
sufficiently high minimum support price (MSP) is provided by Government for
ethanol purchase by petroleum industry. Thus, the ethanol from sugar industry is
largely unavailable for blending with gasoline. This necessitates exploration of
alternate sources of cheaper ethanol. Fermentation of lignocellulosic biomass as
substrate is a potential solution to this issue. The biomass available in the form of
agro-residue or forest-residue or waste biomasses like invasive weeds and grasses
have been extensively explored in lab-scale investigations for bioethanol produc-
tion. The major bottleneck of bioalcohol production from this route is the high
cost of biomass pretreatment. A simple, energy efficient and low-cost technology
for effective biomass pretreatment can boost economy of alcoholic biofuels prod-
ucts several fold.

The efficiency of physical, chemical or biological process depends on the method
of introduction of energy into the system to bring about the required transforma-
tion. Numerous new techniques have been invented in recent years that offer effi-
cient and effective means of introduction of energy into the system, which gives
higher yield as well as kinetics of desired transformation. One such technique is
ultrasound irradiation or sonication. Ultrasound is essentially a longitudinal acous-
tic wave with frequency equal to or higher than 20 kHz—which is the upper limit
of human hearing range. The propagation of ultrasound gives sinusoidal variation
in the static pressure in the liquid medium. This phenomenon gives rise to cavita-
tion in the medium. Cavitation can be defined as nucleation, volumetric oscilla-
tions and implosive collapse of tiny gas or vapor bubbles driven by ultrasound
wave. Transient cavitation causes extreme energy concentration in the medium at
an incredibly small temporal (~50 ns) and spatial scale (~100 nm) [1]. The tran-
sient implosive collapse of the bubble is adiabatic and the temperature and pressure
inside the bubble reaches extremely high (~5,000 K and ~50 MPa) [2, 3]. Transient
cavitation has both physical and chemical effects on the reaction system. The physi-
cal effect is generation of intense local convection in the medium that enhances the
mass transfer characteristics of the system. The chemical effect includes generation
of highly reactive radicals inside the cavitation bubble at the moment of transient
collapse, when the temperature and pressure in the bubble reach extrema. The radi-
cals generated inside the bubble get released into the medium with fragmentation
of the bubble where they can induce/accelerate chemical reactions. This is the well
known sonochemical effect. Use of ultrasound for intensification of synthesis of
biofuels has been attempted by many researchers and a voluminous literature (more
than 300 papers) has been published in this area in the past few years. An excel-
lent and comprehensive review of this literature has been recently published by
Luo et al. [4]. Ultrasound has mainly been applied for the pretreatment of biomass
(delignification/acid hydrolysis), enzymatic hydrolysis of pretreated biomass (or
saccharification), fermentation of the hydrolyzates from acid/enzymatic hydrolysis,
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microalgal lipid extraction, biodiesel synthesis and biogas digestion. Literature pub-
lished in these area reports beneficial effects of ultrasound and cavitation on the
process in terms of higher yield, faster kinetics, reduction in the number of process
steps, use of cruder chemicals and substrates etc. However, very little effort has
been dedicated to deduce the exact physical mechanism underlying the observed
enhancement. The relative contribution of physical and chemical effects towards
enhancement has not been discerned. For achieving effective design and scale-up of
ultrasound based biofuels synthesis, the establishing exact physical mechanism of
the ultrasound-induced enhancement is crucial.

In this chapter, critical analysis of our research in this area is given as applied
to different biofuels systems. Review of general literature published in the area
of ultrasound assisted biofuels synthesis is beyond the scope of this chapter.
The focus of this chapter is to bring together all results of our research in link-
ing the chemistry of biofuels synthesis with the physics of ultrasound and cavita-
tion. Biofuel systems that are treated in this chapter are: (1) biomass pretreatment
and hydrolysis, (2) biodiesel synthesis with homogeneous/heterogeneous acid/
alkali catalyst, (3) microalgal lipid extraction, (4) bioethanol synthesis from lig-
nocellulosic biomass with either separate hydrolysis and fermentation or simul-
taneous saccharification and fermentation and (5) bioconversion of crude glycerol
from biodiesel industry to value-added products. Finally, a coherent mechanistic
picture of ultrasound enhanced biofuels synthesis is proposed that gives research
directions.

2.2 Physics of Ultrasound and Cavitation: A Brief
Overview

Before proceeding to discussions on effects of ultrasound and cavitation on different
biofuels systems mentioned in previous section, we briefly ponder over some basic
physical aspects of ultrasound and cavitation. Greater details on this subject can be
found in standard textbooks and monographs [5—12] and popular reviews [13-18].

2.2.1 Ultrasound Wave Phenomenon

Sound wave passes through a compressible medium, such as air and water, in the
form of a longitudinal wave comprising of alternate compression and rarefac-
tion phases. The pressure as well as density of the medium undergoes periodic
variation with passage of the wave. The fluid elements in the medium undergo an
oscillatory motion around a mean position. The sound wave is characterized on
the basis of its frequency, velocity and pressure amplitude. Some basic relations
between ultrasound frequency (f), velocity (c), pressure amplitude (Pp) oscillatory
velocity of fluid elements (i), density of the medium (p), and the acoustic intensity
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(1) are as follows: u = 2mfa (where a is the amplitude of oscillation); P4 = upc;
1= Pf\ /pc = 21%f%a?pc 5, 6]. During its passage through the medium, the
sound wave suffers from attenuation due to energy loss through several mecha-
nisms like frictional (or viscous) loss, thermal loss and acoustic damping due to
bubbles. The momentum of the wave is absorbed by the medium due to finite vis-
cosity and this loss is manifested in terms of unidirectional circulatory currents set
up in the medium (known as acoustic streaming). Bubbles present in the medium
scatter the ultrasound waves causing severe attenuation. Presence of gas bubbles
in the liquid also alters the compressibility of the medium, as a result of which the
speed of sound in the medium reduces. The properties of the sound wave are also
a function of the static pressure in the medium. As far as sound wave propagation
in liquids is concerned, the static pressure in the medium is of insignificant impor-
tance, as the liquid properties are relatively insensitive to static pressures of mod-
erate values. Thus, the properties of sound wave propagating in a liquid medium
do not alter with static pressure of the medium for moderate rise in pressure levels.

2.2.2 Cavitation Bubble Dynamics

Cavitation is generally known to be a fluid transportation problem that damages
the transport machineries. However, recent research has proven that controlled
cavitation is a highly effective tool for intensification of physical and chemical
processes. As noted earlier, the principal cause behind cavitation, which is nuclea-
tion, growth, oscillations and transient collapse of small gas bubbles due to pres-
sure variation or in general, energy dissipation in the system. On the basis of this
criterion, cavitation can be categorized as: Acoustic cavitation—which results
due to pressure variation generated due to passage of an acoustic wave, and
Hydrodynamic cavitation—which results due to pressure variation in the liquid
flow due to change in the flow geometry. Theoretically, cavitation refers to crea-
tion of voids in the liquid medium by overcoming the Laplace pressure (20/R)
, which would require extremely high acoustic pressure amplitudes exceeding
~100 MPa. Practically, actual cavitation occurs at low pressure amplitudes that
are attributed to phenomenon of nucleation. Nucleation occurs due to presence of
solid particles or tiny free-floating bubbles present in the liquid that act as nuclei.
Another source of nuclei is the gas pockets trapped in the crevices of the solid
boundaries in the liquid medium. These gas pockets can grow in response to
reduction in ambient pressure with passage of acoustic wave [19].

2.2.3 Radial Motion of Cavitation Bubbles

The periodic pressure variation caused by propagation of ultrasound wave gives
rise to volume oscillations of cavitation bubbles. The amplitude of the volume
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oscillations of the cavitation bubbles is a function of amplitude of the acoustic
wave. For relatively small acoustic pressure amplitudes, the volume oscillations
of the bubble are small-driven mainly by the pressure forces, and essentially in
phase with the acoustic wave. For larger pressure amplitudes (typically greater
than static pressure in the medium), the volumetric oscillations of the cavitation
bubble become non-linear—comprising of an initial explosive growth followed
by a transient collapse and few after-bounces. In this case, the volume oscilla-
tions (or radial motion) of the bubble are governed by pressure as well as inertial
forces [20]. The model for radial motion of cavitation bubbles has been a subject
of investigation for more than 100 years. The first-ever mathematical analysis of
an empty cavity collapsing under constant static pressure was given by Rayleigh
[21]. This analysis was improved in later years by several researchers to include
the effects of surface tension and viscosity of liquid. Presence of non-condensa-
ble gas and solvent vapor inside the bubble was also accounted for. The popular
Rayleigh—Plesset—Noltingk—Neppiras—Poritsky [22-24] equation for radial motion

of bubble is as follows (Eq. 2.1):
LR 3 (RN L[/ L2 o\ (R 3
= o R, v R
+P, — — — @ (P, +P(t))}

dt

dr? + 2 0
2.1

The above equation did not account for liquid compressibility, which becomes
a dominant factor as the bubble wall velocity (dR/df) becomes closer or even
exceeds the sonic velocity in the medium. Later research in this area addressed
this facet of bubble dynamics. The first model for cavitation bubble dynamics
accounting for liquid compressibility effect was proposed by Gilmore [25] using
Kirkwood-Bethe hypothesis [26] and Tait equation of state for liquid medium.
Major developments occurred in this area during the subsequent years by Keller
and Kolodoner [27], Keller and Miksis [28] and Prosperetti and Lezzi [29] have
resulted in more rigorous forms of models for radial motion of cavitation bubbles.
Two most popular equations for cavitation bubble dynamics among scientific com-
munity in bubble dynamics and sonoluminescence are:

1. Keller and Miksis equation [28, 30]:

R\ . 3R\3., 1 R
1—=)RR+(1-— )R ==(1+—)[ps — Po — P(t)]
c c /2 P c

. . (2.2)
R dp, 4 R 20

pc dt R pR

In this equation the term dz(R%R) /dr* is calculated using Rayleigh—Plesset
equation itself for the condition R/c ~ 1, when the sound radiation by the bub-
ble becomes important.
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2. Another important variant of the bubble dynamics equation is the model pro-
posed by Lofstedt et al. [31_] and Barber et al. [32], in which all prefactors in
the parantheses containing R/c are deleted. This leads to the equation:

. 3. 1 R dp R 20
RR+=R*= —[p,— P, —P()] + ——= —4v— — — 2.
R+3 p[pg 0 ()]+pc 2 YRR 23)

2.2.4 Modeling of the Sonochemical and Sonophysical
Effects

The passage of ultrasound wave through the medium gives rise to sinusoidal pres-
sure variation in the medium. The cavitation bubbles grow from the nuclei in the
medium during the rarefaction half cycle of ultrasound, when the pressure in the
medium falls sufficiently below the ambient or static pressure. If the pressure
amplitude of the ultrasound wave is sufficiently high, the bubble undergoes an
explosive growth to several times its original size in the rarefaction half cycle of
ultrasound. This expansion is accompanied by large evaporation of water at the
bubble interface. The vapor molecules diffuse towards the core of the bubble after
evaporation into the bubble. The vapor transport in the bubble is a crucial aspect of
the cavitation bubble dynamics. This matter has been treated by numerous authors
with different approaches [13, 33—41]. A review of literature treating vapor trans-
port across bubble interface during radial motion and the entrapment of vapor in
the bubble during transient collapse has been provided in our earlier paper [42].
The general treatment of the vapor transport and entrapment in the cavitation
bubble was given by Storey and Szeri [43] in a landmark paper published in 2000.
Storey and Szeri coupled the Navier—Stokes equations for gas mixtures in the bub-
ble to the reaction mechanism between species in the bubble. The transport prop-
erties (thermal and mass diffusion and viscosity) were calculated from equations
based on Chapman—Enskog theory and the equation of state was Redlich—-Kwong—
Soave type. Storey and Szeri [43] showed that in the compression phase of radial
bubble motion, counter diffusion of the vapor molecules occurs with condensa-
tion at the bubble wall. The rate of transport of vapor molecules is proportional to
the difference between partial pressure of liquid in the bubble and the saturation
(or vapor) pressure at the bubble interface. However, not all of the vapor mole-
cules that approach the bubble interface stick to it, giving rise to non-equilibrium
phase change. The fraction of vapor molecules that stick to the bubble interface is
the accommodation coefficient. The lower the value of this parameter, the greater
the resistance to condensation and the higher the amount of vapor entrapped. The
principal result of the study of Storey and Szeri was that water vapor transport in
the bubble is a two-step process, i.e. diffusion to the bubble wall and condensa-
tion at the wall. Thus, it is influenced by two time scales, viz. time scale of diffu-
sion (tgif) and time scale of condensation (Z.onq) [44], and their magnitudes relative



42 V.S. Moholkar et al.

to the time scale of bubble dynamics, 7. In the initial phase of bubble collapse
tosc >> tdiff, fcond> due to which the phase change at the bubble interface is in equi-
librium, and the concentration of vapor molecules at the bubble interface is essen-
tially same as that in the bubble core. As the bubble wall acceleration increases
during collapse, the time scales of bubbles dynamics and vapor diffusion becomes
equal. At this stage, the rate of reduction of vapor molecules in the central region
of the bubble is less than that at the bubble wall. With further acceleration of the
bubble wall, 75 << tgiff condition is reached, and the vapor molecules have insuf-
ficient time to diffuse to the bubble wall, which results in a fixed and uneven distri-
bution of vapor molecules in the bubble. At this condition, the bubble composition
is “freezed” and the vapor present inside the bubble is essentially “frapped” in the
bubble.

Another mechanism which traps vapor molecules inside the bubble is the non-
equilibrium phase change at the bubble wall. In the final moments of bubble col-
lapse, when fosc << fconds the condensation or phase change at the bubble wall is
non-equilibrium in that not all vapor molecules that approach the bubble wall can
escape the bubble by undergoing phase change, and get trapped in the bubble. The
exact mechanism by which water vapor gets trapped in the bubble is determined
by relative magnitudes of fosc, fcond and zgisr. When the bubble dynamics time scale
is smaller than either diffusion or condensation time scale, it leads to entrapment
of the vapor. Storey and Szeri [43] showed that the condition s < fgifr is reached
well before the condition of 755 < fcong- Thus, the contribution to vapor entrap-
ment from diffusion mechanism is more than the condensation mechanism or
in other words, vapor transport in the bubble is a diffusion limited process. The
entrapped vapor and gas molecules in the bubble are subjected to extreme condi-
tions generated during transient collapse due to which they undergo thermal dis-
sociation to several chemical species—some of which are radical species which
induce the sonochemical effect.

In view of the results of Storey and Szeri [43, 45], Toegel et al. [46] devel-
oped a simple diffusion limited model using boundary layer approximation, which
has become immensely popular among the sonochemical community. This model,
based on ordinary differential equations, has distinct merits of being simple yet
physically realistic. This model has been validated against the full partial differ-
ential equation (PDE) model of Storey and Szeri [43, 45]. This model does not
take into account the rectified diffusion of non-condensable gas across the bub-
ble during radial motion, as the time scale of this diffusion, approximated by ratio
R(Z) /D, is of the order of milliseconds (100 ms for typical values of R, ~10 um and
D=10"° mz/s), while the bubble motion time scale is of the order of microsec-
onds (50 ps for 20 kHz). As a result of large difference in the two time scales,
practically no diffusion of gas occurs across bubble interface for the radial motion
of few hundreds of acoustic cycles, and hence, the approximation of neglecting
gas diffusion is good [47]. Another important assumption made while estimation
of the sonochemical effect is that of prevalence of chemical equilibrium in the
bubble all through radial motion. This assumption is again based on the relative
time scales of reactions occurring inside the bubble and the timescale of bubble
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dynamics. As the temperature and the pressure in the bubble at the point of maxi-
mum compression is extreme (~5,000 K and ~50 MPa), and also that the concen-
tration of different chemical species is very high due to extremely small volume.
The rates of various reactions occurring between these species are also very high.
As a result, chemical equilibrium prevails in bubbles all along during the radial
motion [14, 42].

The essential equations and thermodynamic data of the diffusion limited ordi-
nary differential equation (ODE) model are given in Tables 2.1 and 2.2 [48].
The main components of this model are: (1) Keller-Miksis equation for radical
motion of cavitation bubbles, (2) Equation for the diffusive flux of solvent vapor
through the bubble wall, (3) Equation for heat conduction across bubble wall
and (4) Overall energy balance treating the cavitation bubble as an open system.
The transport parameters for the heat and mass transfer are determined using
Chapmen-Enskog theory with Lennard—Jones 12-6 potential at the bulk tem-
perature of the liquid [49-52]. The thermal and diffusive penetration depths are
estimated using dimensional analysis from the radial motion of cavitation bub-
bles assuming that the condensation of vapor molecules at bubble interface is
fast enough to maintain equilibrium. Thus the instantaneous diffusive penetration
depth for mass transfer is given by Eq. 2.4:

laig = /Dijtosc (2.4)

where Djj is the binary diffusion coefficient and 7, is the time scale of bubble
oscillation taken as R/|dR/dt|. At the instance of maximum compression or mini-
mum radius, the bubble wall velocity |dR/dt| = 0, and the above equation has a
singularity. However, at the instance of minimum radius, the bubble is essentially
a stagnant sphere, and the mass transfer is a purely diffusional process. Using the
series solution for mass transfer through sphere [53], the upper limit for the dif-
fusive penetration depth is found to be R/w. Thus, the mass diffusive penetration
depth is given by Eq. 2.5:

gy = min (R/Jr, RDij/IdR/dt|) 2.5)

Similar analysis can also be given for thermal diffusion, and the thermal diffusive
length is given by Eq. 2.6:

I, = min (R/n, \/RK/IdR/dt|) 2.6)
2.2.5 Numerical Solution

The set of 4 simultaneous ODEs in Table 2.1 can be solved using Range—Kutta
4th order—5th order adaptive step size method [54]. The cavitation bubble reaches
extremely energetic and highly unstable state at the instance of maximum com-
pression (or minimum radius) and may collapse. The word “collapse” essentially
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Table 2.2 a Summary of simulation results. Conditions at the first compression of the cavitation
bubble. b Summary of simulation results. Equilibrium composition of the cavitation bubble con-

tents in methanol at collapse conditions

a
Parameter Liquid medium

Methanol Oil
Tmax (K) 810 727
Prax (bar) 1,455 7.37
Nwmeon 3.88E+011 _
Viurb (M/s) 0.0205 0.00277
b
Species Equilibrium composition (mole fraction)
CHqy 7.3213E-01
H,O 2.2833E—01
Hy 2.0609E—02
CO, 1.8203E—02
CsHg 3.1621E—04
CO 4.1087E—04
CH3;0H 1.5522E—-07
CoHy 1.2378E—-07
CH3COOH 2.8683E—08
HCOOH 1.3946E—08
H,CO 2.4576E—08

Reprinted with permission from [70], Copyright © 2009, American Chemical Society

Notations Tp,x—temperature peak reached in the bubble at the time of first collapse; Ppax—
pressure peak reached in the bubble at the time of first collapse; Nyeop—number of methanol
molecules trapped in the bubble at the instance of first collapse; Vy,,»—bulk liquid velocity (or
the microturbulence velocity) generated by the cavitation bubbles

means fragmentation of the bubble [55, 56]. For conditions of maximum shape
and flow instability, the cavitation bubble fragmentation can occur at the first com-
pression after an initial expansion. Thus, for determination of the chemical com-
position of the contents of cavitation bubble using thermodynamic equilibrium
approximation, the temperature and pressure inside the bubble can be taken at the
instance of first compression.

2.2.6 Physical Effects of Cavitation Bubble

Ultrasound and cavitation render several physical effects on a reaction system. The
main manifestation of all of these results is generation of intense micro-convection
and micro-mixing in the reaction system. A brief description of all physical effects
of ultrasound and cavitation is given below [9-12]:
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Micro-streaming: This is essentially small amplitude oscillatory motion of
fluid elements around a mean position, which is induced by propagation of ultra-
sound wave. The velocity of micro-turbulence is given as: u = P4/pC, where
Pa—pressure amplitude of acoustic wave, p is the density of the medium and C
is the velocity of sound in the medium. For a typical ultrasound wave with pres-
sure amplitude of 120 kPa in water (p = 1,000 kg/m3, C = 1,500 m/s), the micro-
streaming velocity = 0.08 m/s.

Acoustic streaming: During propagation of ultrasound wave, the momentum of
the wave is absorbed by the medium due to finite viscosity. This results in setting
up of low velocity unidirectional currents of the fluid known as acoustic stream-
ing [57, 58]. The phenomenon of acoustic streaming also occurs in the vicinity
of solid boundaries in the medium, where the oscillatory motion of fluid elements
is obstructed and results in setting up of unidirectional current parallel to the
boundary.

Microturbulence: The oscillatory motion of fluid induced by an oscillatory
bubble in its vicinity is called microturbulence. This phenomenon is explained as
follows: in the expansion phase of radial motion of the cavitation bubble, the lig-
uid is displaced away from bubble interface. During the collapse phase the lig-
uid is pulled towards the bubble as it fills the vacuum created in the liquid with
size reduction of bubble. The mean velocity of microturbulence depends on the
amplitude of bubble oscillation. However, it was noted that phenomenon of micro-
turbulence is restricted only in the region in close vicinity of the bubble. The
microturbulence velocity diminishes very rapidly away from the bubble.

Acoustic (or shock) waves: During the compression phase of radial motion,
as the bubble contracts void space is created in the liquid, and the fluid element
spherically converge (or essentially “gush”) in this void space and work is done
on the bubble. For a cavitation bubble containing non-condensable gas such as air,
the adiabatic compression results in rapid rise of pressure inside the bubble. At the
point of minimum radius (or maximum compression), the bubble wall comes to
a sudden halt. At this instance, the fluid elements converging towards the bubble
are reflected back from the interface. This reflection creates a high pressure shock
wave that propagates through the medium. The pressure exerted by the non-con-
densable gas inside the bubble causes rebounce of the bubble.

Microjets: During radial motion driven by ultrasound wave, the cavitation bub-
ble maintains spherical geometry as long as the motion of liquid in its vicinity is
symmetric and uniform, and thus there are no pressure gradients. If the bubble is
located close to a phase boundary, either solid-liquid, gas-liquid or liquid-lig-
uid, the motion of liquid in its vicinity is hindered, resulting in development of
pressure gradient around it. This non-uniformity of pressure results in the loss of
spherical geometry of the bubble. Numerous authors [59-67] have investigated
this phenomenon in the past three decades—either theoretically (numerical sim-
ulations) or experimentally (high speed photography). During the asymmetric
radial motion, the portion of bubble exposed to higher pressure collapses faster
than rest of the bubble, which gives rise to the formation of a high speed liquid
jet. However, the direction of this jet depends on the characteristics of the solid
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boundary. Rigid boundaries such as metal surfaces are characterized by the bound-
ary condition: V - ¢ =0, where ¢ is velocity potential at the boundary, while
free boundaries (or pressure release boundaries such as gas—liquid interface) are
characterized by condition ¢ = 0. For a rigid boundary, the microjet is directed
towards the boundary, while for a free boundary, the microjet is directed away
from the boundary. The velocity of these microjets has been estimated in the range
of 120-150 m/s [59-67]. In case of rigid boundaries, these jets can cause severe
damage at the point of impact and can erode the surface.

2.3 Discerning the Physical Mechanism
of an Ultrasonic Process

2.3.1 Discriminating Between Physical and Chemical Effects

The bubble dynamics model described earlier (Sect. 2.2.4) offers an efficient tool
to estimate the physical and chemical effects of cavitation, and also to discrimi-
nate between them. Sonophysical and sonochemical effects mentioned earlier
are induced by transient cavitation. The radial bubble motion is governed by two
forces: viz. pressure force and inertial force. For transient cavitation to occur, the
pressure amplitude of the ultrasound wave driving has to exceed a minimum level
or limit, known as transient cavitation threshold. For acoustic pressure amplitudes
above this threshold value, the bulk pressure in the medium falls to sufficiently low
values below the ambient pressure of 101.3 kPa in the rarefaction half cycle of the
wave, and the radius of the cavitation bubble expands to more than double of its
original size. Since the bubble motion is dominated by inertial force, the bubble
keeps on expanding even after completion of rarefaction half period [13, 20]. The
ensuing collapse phase is also dominated by inertial force. The spherical conver-
gence of fluid elements imparts high kinetic energy to the bubble causing a transient
collapse that generates extreme condition of temperature and pressure as mentioned
earlier. The transient cavitation threshold is mainly a function of the frequency of
the ultrasound wave and the initial size of the cavitation bubble [15]. However, if
the size of the cavitation bubble is far smaller than the resonant size corresponding
to the frequency, the transient cavitation threshold is essentially same as the static
pressure in the medium [15]. This approximation applies to bubbles in the size
range of 1-10 pm and frequencies in the range of 20—100 kHz, which is the typical
range of power ultrasound used in physical and chemical processing.
Discriminating between the physical and chemical effects of ultrasound and
cavitation would essentially mean elimination of the transient cavitation, while
leaving the ultrasound wave phenomenon unaltered. A simple technique to achieve
this is to raise the static pressure of the medium, so that fall in the bulk pressure
in the medium during rarefaction half cycle of the acoustic wave is reduced. The
acoustic pressure amplitudes in commercial ultrasound equipment rarely exceed
200 kPa. Therefore, raising the static pressure of the medium to even moderate
values of 400-500 kPa can help achieve complete elimination of the transient
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cavitation [68] and the associated effects such as generation of radicals and shock-
waves. However, since the liquid properties such as density, viscosity and surface
tension remain practically same at 100 and 500 kPa, the ultrasound wave propaga-
tion is not influenced by elevated static pressure. Especially the phenomenon of
strong micro-mixing induced by micro-streaming remains unchanged. Therefore,
at elevated static pressure the ultrasonic system is essentially equivalent to
mechanically stirred system, yet with mixing on micro-scale instead of bulk scale
as in the case of conventional mechanical agitation.

We have extensively used the technique of elevated static pressure in our stud-
ies of different biofuels systems. The following sections of this chapter show
application of elevated static pressure for many biofuel systems.

2.4 Mechanistic Insight into Ultrasound Enhanced
Biofuels Processes

In this section, a summary of our studies in mechanistic investigations of different
biofuels systems is given. The main approach in these studies has been to identify
the exact role played by ultrasound and cavitation in the enhancement of process,
and to identify and discriminate the contribution of physical and chemical effects
of ultrasound and cavitation. Initially, we describe our major results and findings
for different individual biofuels systems; and finally, we present a broad overview
and analysis of these findings, which gives a cogent and coherent picture of the
exact role of ultrasound and cavitation in the field of biofuels.

2.4.1 Microalgal Lipid Extraction

Microalgal route to biodiesel has been extensively investigated in the past one dec-
ade. The lipids produced by certain species of microalgae are potential feedstock
for biodiesel that can be substituted for vegetable oil. Efficient extraction of these
lipids is an important step in the biodiesel synthesis. Ranjan et al. [69] made a
mechanistic assessment of this process. The relative contribution of two princi-
pal mechanisms of extraction of lipids, viz. cell disruption and diffusion across
cell wall, to the overall lipid yield was determined. Three processes for extrac-
tion of lipids were assessed with three conventional methods, viz. Soxhlet extrac-
tion, Bligh and Dyer method and sonication. Two types of solvents were used for
extraction, viz. n-hexane and mixture of chloroform and methanol. Sonication
of the biomass mixture was carried out with both types of solvents. Simulations
of cavitation bubble dynamics were carried out for both n-hexane and chloro-
form—methanol solvents. Microscopic analysis of the algal biomass after extrac-
tion was also done (Fig. 2.1). The trend in extent of lipid extraction was found
as follows: Soxhlet extraction (n-hexane) & sonication with n-hexane < Bligh and
Dyer method with chloroform—methanol < sonication with chloroform-methanol.
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Fig. 2.1 Representative micrographs of the algal biomass before and after extraction of lipids
with various techniques. a Original algal cells of Scendesmus sp.; b biomass after extraction
with soxhlet apparatus; ¢ biomass after extraction with Bligh and Dyer method; d biomass after
extraction using sonication with n-hexane as solvent; e biomass after extraction using sonication
with chloroform-methane mixture as solvent. Reprinted with permission from [69], Copyright ©
2010, American Chemical Society

The micrographs of algal biomass revealed no disruption of biomass with Soxhlet
extraction (indicating diffusion as the only mechanism of lipid extraction; while
Bligh and Dyer method as well as sonication indicated disruption of biomass indi-
cating both cell disruption and diffusion as the possible mechanisms.

Simulations of cavitation bubble dynamics indicated microturbulence as well
as shock waves of much higher magnitude for n-hexane as solvent than chloro-
form—methanol (Fig. 2.2a, b). It was an interesting anomaly that despite stronger
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Fig. 2.2 a Simulations of
the radial bubble motion
and its physical effects in
n-hexane. Time history of
(A) normalized bubble radius
(R/R0); (B) acoustic waves
emitted by bubble;

(C) velocity of
microturbulence generated
by the bubble. Reprinted
with permission from

[69], Copyright © 2010,
American Chemical
Society. b Simulations of
the radial bubble motion
and its physical effects in
chloroform-methanol. Time
history of (A) normalized
bubble radius (R/Ro);

(B) acoustic waves emitted
by bubble; ¢ velocity of
microturbulence generated
by the bubble. Reprinted
with permission from [69],
Copyright © 2010, American
Chemical Society
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turbulence generated in n-hexane, extraction of lipids with mixture of chloroform
methanol as solvent was higher. These results brought out following mechanistic
facts of ultrasound-assisted microalgal lipid extraction: (1) shock waves originat-
ing from transient cavitation are capable of disrupting microalgal cells causing
rapid release of lipids. However, the extent of disruption depended on the prob-
ability of interaction of cells with cavitation bubbles. This probability would
depend on the density of microalgal cells in the medium.

Due to rather dilute solution of microalgal biomass, the probability of cell-
bubble interaction was low, and hence, complete disruption of biomass was not
achieved. This phenomenon put limitations on the contribution of disruption
mechanism to overall extraction of lipids, and thus, diffusion across cell wall was
a major factor. (2) The extent of lipid extraction by process of convective diffusion
(which is far slower than lipid extraction by cell disruption) depends on the inten-
sity of bulk convection in the medium.

In case of sonication, the convection in the medium is generated by micro-
streaming and microturbulence. The second governing factor is the selectivity of
solvents. The chloroform—methanol mixture, being polar in nature, will have much
higher selectivity and partition coefficient than the non-polar hexane. Despite higher
convection in n-hexane, greater extraction of lipids in chloroform—methanol mixture
clearly indicated that solvent selectivity or partition coefficient is the dominant factor
in lipid extraction than the intensity of convection in the medium. The role of ultra-
sound in the extraction process seemed to be more of physical nature in that intense
convection generated by ultrasound and cavitation sweeps away lipids diffused out
of cell wall from the liquid—microalgae interfacial region, thus maintaining a con-
stant concentration gradient for the continuous diffusion of lipids from the cells.

2.4.2 Ultrasonic Synthesis of Biodiesel

Biodiesel, which essentially is alkyl esters of fatty acids, is synthesized by the este
rification/transesterification reaction with either an acid or alkali catalyst. Our first
investigation in ultrasound-assisted biodiesel synthesis aimed at discerning the indi-
vidual contributions of physical and chemical effects of transient cavitation towards
the transesterification reaction. Kalva et al. [70] conducted experiments in follow-
ing categories to deduce the possible ultrasonic enhancement of transesterifica-
tion: (1) no addition of external base catalyst so that the transesterification reaction
would be initiated by methoxide radicals produced by reaction between OH radi-
cals generated by transient cavitation and the methanol molecules; (2) addition of
Fe?* to methanol so that the Fenton reaction between Fe?" and ‘OH radicals gener-
ated by transient cavitation would result in in situ generation of OH™ ions, which
would then react with methanol to generate methoxide ions for transesterification.
No biodiesel was produced with these techniques showing that the influence of
ultrasound on transesterification reaction system was determined to be of a physi-
cal nature. Simulations of cavitation bubble dynamics corroborated this conclusion.
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Cavitation can occur both in the oil and methanol phase. Due to large vapor
pressure of methanol, large evaporation of methanol molecules takes place inside
the bubble. Accordingly, the peak temperature and pressure attained during at tran-
sient collapse is reduced. The radial motion of cavitation bubble in methanol and
oil has been depicted in Figs. 2.3 and 2.4. The summary of the simulation results
has been given in Table 2.2. Although thermal dissociation of methanol molecules
occurs during collapse, the species resulting from this are molecular species such
as CHy, H>0, H; and CO»,. No formation of radical species was seen. This result
basically confirmed that intensification of transesterification reaction by ultra-
sound was due to emulsification effect, which generated enormous interfacial area
between oil and methanol phases.

With these results, further experiments were carried out with external addition
of the base catalyst and the alcohol to oil molar ratio was varied in the range of
6:1, 12:1, 16:1 and 24:1. Higher yields were obtained in all the experiments at
ambient temperature, but quite interestingly, the biodiesel yield passed through a
maximum for an alcohol to oil ratio of 12:1. An explanation for this result is given
as follows. Although cavitation and ultrasound wave phenomenon occurs in both
oil and methanol phase, the velocities of micro-streaming and microturbulence are
far higher in methanol due to its viscosity being lower than oil. For molar ratio
of 6:1, the methanol phase forms the minor fraction of the reaction mixture, as
compared with the oil phase. Thus, the dispersion of methanol in oil phase decides
the interfacial area for reaction. Due to high level of microturbulence generated by
cavitation bubbles in methanol, the dispersion of methanol in oil phase is uniform.
However, the production of methoxy (CH307) ions is limited due to smaller vol-
ume of methanol, which places a limit on biodiesel yield.

At a molar ratio of 12:1, the equilibrium of methoxide formation reaction shifts
favorably towards CH30~ and higher concentration of CH30~ leads to faster
reaction. Moreover, the volume of methanol is still smaller than the oil, making
methanol as dispersed phase and oil as continuous phase. Due to stronger micro-
turbulence and micro-streaming in methanol, the dispersion of methanol in oil is
uniform, leading to high interfacial area. Combination of higher CH30~ concen-
tration and high interfacial area leads to higher yield of biodiesel. As the molar
ratio of alcohol to oil increases to 16:1, the volume of oil and methanol in the
reaction mixture become comparable; and thus, interfacial area is determined
by the dispersion of oil as well. Since the micro-streaming and microturbulence
velocities in oil are very low, oil does not get dispersed properly in methanol,
and hence, interfacial area reduces. At the highest molar ratio of 24:1, the prob-
lem of low dispersion of oil is even more pronounced leading to further reduction
in interfacial area. Hence, the kinetics and yield of biodiesel reduces further. The
study of Kalva et al. [70] clearly brought out the roles of physical and chemical
effects of ultrasound and cavitation in transesterification reaction catalyzed by an
alkali.

The experimental framework developed by Kalva et al. has been extended fur-
ther to acid catalyzed transesterification process by Parker et al. [71]. Acid cata-
lyzed ultrasonic transesterification revealed many interesting mechanistic features,
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Fig. 2.3 Simulation results of radial motion of a 10 pwm cavitation bubble in methanol medium.
Reprinted with permission from [70], Copyright © 2009, American Chemical Society
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Fig. 2.4 Simulation results of radial motion of a 10 wm cavitation bubble in oil medium.
Reprinted with permission from [70], Copyright © 2009, American Chemical Society

which were quite atypical of base catalyzed reaction. Compared to mechanically
agitated systems, ultrasonic transesterification with acid catalyst showed sev-
eral anomalies such as the occurrence of reaction at a low temperatures (15 °C),
high reaction rate constants for alcohol ratio of 6:1 despite the high activation
energy, and a minimum in reaction rate constant at temperatures in the range of
15-65 °C. These results, when correlated with simulation of cavitation bub-
ble dynamics, revealed interesting physical mechanistic facts of acid-catalyzed

transesterification.
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Scheme 2.1 Chemical mechanism of acid catalyzed transesterification reaction

Before simulation can be discussed, it is important to note the basic difference
in chemical mechanism of transesterification catalyzed by base [70] and acid [71].
Unlike alkoxide anion generated by reaction between alcohol and alkali catalyst
in case of base-catalyzed transesterification; it is the direct protonation of triglyc-
erides by acid catalyst that initiates the reaction (Scheme 2.1). Protonation of
triglycerides generates electrophillic center on the carbonyl carbon making it sus-
ceptible to nucleophilic attack of methanol. Therefore, the rate controlling step for
acid catalyzed transesterification is the probability of interaction between proton
generated by acid catalyst that is in the methanol phase and the triglyceride that is
in the organic phase. With increasing alcohol to oil molar ratio, the concentration
of acid catalyst decreases, and so does the probability of interaction between pro-
ton and triglyceride—although the macroscopic equilibrium constant shift towards
product. Reduction in the concentration of protons with increasing alcohol ratio
causes reduction in macroscopic rate constant at any temperature. For the same
reason, the highest rate constant and yield is obtained for an alcohol ratio of 6:1,
as against 12:1 in case of base-catalyzed process. This result clearly indicates that
intrinsic kinetics of acid catalyzed transesterification overwhelms the physical
effect of emulsification and enhancement of interfacial area, which eliminate mass
transfer effects. However, keeping the parameters for intrinsic kinetic constants the
influence of physical effects of ultrasound and cavitation is evident from trends in
kinetic constants and yield with temperature.

The numerical simulation of cavitation bubble dynamics in methanol (aqueous
phase of reaction mixture) reveals that the intensity of the shock waves generated
by cavitation bubble at 15 °C are much higher than those generated at 25 °C. Thus,
greater emulsification is achieved at 15 °C resulting in greater interfacial area.
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This physical effect overwhelms the intrinsic kinetics at lower temperature, and
hence, higher rate constants are seen at 15 °C than at 25 °C. However, as the tem-
perature of the reaction increases further to 45-65 °C the intrinsic kinetics domi-
nates and higher rate constant than at 15 °C are obtained. These results have again
demonstrated the physical or mechanistic features of ultrasonic biodiesel synthe-
sis. Parkar et al. [71] also determined the activation energies for different alcohol
to oil molar ratios. The least activation energy of 27.53 kJ/mol was obtained for
molar ratio of 12:1. Despite the lowest activation energy (which would give the
lowest specific rate constant at any temperature), the overall yield and kinetic con-
stant was lower for the molar ratio of 12:1 at 15 °C.

Further mechanistic investigations in ultrasonic biodiesel synthesis were based
on statistical design of experiments (DOE) that were coupled with simulation
of cavitation bubble dynamics. The reaction systems studied in these investiga-
tions were: (1) biodiesel synthesis with heterogeneous base (CaO) catalyst [72];
(2) acid catalyzed (2 step) biodiesel synthesis of Jatropha oil; (3) heterogeneous
base (CaO) catalysed biodiesel synthesis with Jatropha curcus oil; (4) single step
ultrasonic and biodiesel synthesis from crude Jatropha curcus oil. We give below a
brief description of the major results of these studies based on correlation with the
simulation of cavitation bubble dynamics model.

1. In the first study, soybean oil was used as feedstock and Box—Behnken statisti-
cal design of experiments was employed to optimize the transesterification. The
optimization parameters were temperature, alcohol to oil molar ratio and cata-
lyst loading, with transesterification yield as the objective function. The optimum
values of these parameters for the highest yield were identified through response
surface methodology (RSM) using a quadratic model and analysis of variance
(ANOVA). The response surface plots have been depicted in Fig. 2.5. The opti-
mum values of the parameters were: Temperature = 62 °C, molar ratio = 10:1
and catalyst loading of 6 wt%. The activation energy was determined as 82.3 kJ/
mol, which was higher than the value for homogenous catalyst (typically in the
range of 20-30 kJ/mol). Analysis of experimental results vis—a—vis simulation
of cavitation bubble dynamics revealed the mechanistic features of the process.
The reaction system in the present case was three-phase heterogeneous, and
hence, mass transfer resistance was more pronounced. The optimum temperature
of the process was close to boiling point of methanol. Due to very large evapo-
ration of methanol into the bubble, the transient collapse of the bubble was not
much energetic. The peak temperature in the bubble reached ~700 K, which is not
sufficient to generate radical species. The microturbulence induced by the bub-
ble was accordingly less intense, and the contribution of micro-streaming to the
overall convection in the medium was relatively much higher. The base catalyst
CaO, being heterogeneous in nature, preferably stays in the aqueous (or metha-
nol) phase. The methoxy ions in this case are generated by adsorption of metha-
nol molecules on the catalyst surface. These methoxy ions are then transferred to
organic phase at the interface between oil and methanol phase. Micro-streaming
by ultrasound can enhance the rate of adsorption and enhance CH30™ production.
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Fig. 2.5 Response surface plots for percentage of fatty acid methyl ester (FAME) yield as a
function of reaction temperature, catalyst loading and methanol-to-oil molar ratio. Reprinted
with permission from [72], Copyright © 2014, Elsevier

However, unlike the homogenous base where reaction at ambient temperature
gave high yield of biodiesel; the optimum temperature in the case of hetero-
geneous catalyst was 62 °C. This essentially means that enhancement of mass
transfer due to ultrasound does not overcome the intrinsic kinetic limitations of
the process, that can be attributed to the high activation energy of the system.
However, the optimum alcohol ratio of 10:1 is almost similar to that for the
homogenous system (12:1). The explanation for this can be given along simi-
lar lines as that for homogenous system. The statistical model predicted strong
interaction between effects of all optimization parameters on the FAME yield.
The parameters of catalyst loading and molar ratio and temperature and molar
ratio are related through the variation in convection level in the medium, which
in turn related to cavitation bubble dynamics and ultrasound wave phenomena.
The parameters of catalyst loading and temperature are related through intrin-
sic kinetics of the process. Some carbonate impurity in the catalyst could have
also contributed to a reduction in the yield.

2. Choudhury et al. [73] have also done mechanistic investigations on acid cata-
lyzed biodiesel synthesis from Jatropha curcus oil. This oil has much higher
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contents of free fatty acids than conventional refined oils. Therefore, the pro-
cess was carried out in two stages, viz. esterification of free fatty acids fol-
lowed by transesterification of triglycerides. Once again, a statistical design
of experiments based on Box—Behnken method using response surface meth-
odology was coupled with simulation of cavitation bubble dynamics. The acid
catalyzed esterification was insensitive to ultrasound irradiation, while the
beneficial effect of sonication on transesterification reaction was only through
intense micro—mixing induced by ultrasound, as transient cavitation in meth-
anol does not produce any radical species. Even at higher temperatures of
70 °C or 85 °C, and high catalyst concentration of 6 %w/w or 9 %w/w oil, the
biodiesel yield was low for alcohol to oil molar ratio of 4:1. Low yield was
attributed to low extent of emulsification that gives low interfacial area—as
the transient cavitation in alcohol and not oil is responsible for emulsification
effect. Reduced interfacial area between oil and methanol restricts the extent
of protonation of carbonyl carbon of triglycerides. The biodiesel yield was
also low at a temperature of 55 °C and an alcohol molar ratio of 10:1. The low
yield was attributed to lower concentration of protons in aqueous phase at high
alcohol ratios, due to which the probability of interaction between triglyceride
and proton at interfacial area between phases is reduced. Raising of catalyst
concentration to 9 wt% and temperature of 70 °C doubles this yield. The rela-
tive influence of mass transfer and intrinsic kinetics of the process is evident
from these observations. The optimum set of process parameter as identified
by the statistical design of experiments was alcohol to oil molar ratio = 7, cata-
lyst concentration = 6 wt%, and temperature = 70 °C. The kinetics of the acid
catalyzed transesterification was found to be much slower than base catalyzed
process, which is attributed to basic difference in the chemical mechanism of
acid and alkali catalyzed transesterification. The transesterification for acid cat-
alyst is initiated by nucleophilic attack of methanol on the protonated carbonyl
carbon of triglycerides. Since methanol is a poor nucleophile, its intrinsic reac-
tivity is much less than the methoxide (CH307) ion, which initiates the trans-
esterification in base catalyzed process. This is essentially manifested in slower
kinetics of the reactions. These experimental trends clearly show that enhanced
mass transfer with ultrasound is not sufficient to boost the overall kinetics
of the process leading to higher biodiesel yield. Therefore, for high yield of
transesterification process an overall optimization in terms of all parameters is
necessary.

3. Choudhury et al. [74] have extended the above theme of two-stage biodiesel
synthesis from Jatropha curcus oil with acid catalyst in the transesterifica-
tion step replaced by solid base catalyst. The chemical mechanism of CaO
catalyzed transesterification reaction is depicted in Scheme 2.2. The results
of experiments using ultrasound were compared with mechanically agitated
system. The statistical design of experiments yielded optimum parameters as:
alcohol to oil molar ratio ~11, catalyst concentration = 5.5 wt% and temper-
ature = 64 °C. The XRD analysis of catalyst revealed formation of calcium
methoxide Ca(OMe), phase, which is the active catalyst for transesterification
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Scheme 2.2 Proposed chemical mechanism of calcium oxide catalyzed transesterification reac-
tion. Reprinted with permission from [72], Copyright © 2014, Elsevier
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Copyright © 2014, Elsevier
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reaction. The activation energy of the ultrasonic process was found to be
133.5 kJ/mol, and this is attributed to 3 phase heterogeneity of the system. As
compared to the previous study of Choudhury et al. [72] using refined soybean
oil as a feedstock, which showed an activation energy of 82.3 kJ/mol (refer
to the Arrhenius plot shown in Fig. 2.6), ~50 % higher activation energy for
Jatropha could also be attributed to crudeness of oil. The impurities in the
oil could poison the catalyst by adsorbing over it and reducing its activity.
However, as compared to mechanically stirred system, the ultrasonic system
showed ~30 % reduction in activation energy, which could be a consequence
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of the mass transfer enhancement in the system. The optimum value of alcohol
molar ratio of 11 could be justified as follows: For very low catalyst concentra-
tion (3 wt%), the amount of methoxy ions generated is low, resulting in smaller
yields. Although stronger dispersion and emulsification between oil and metha-
nol phases is achieved at high alcohol molar ratio, the mass transfer resistance
for CH307~ ions increases. Higher mass transfer resistance can be explained as
follows: CH30™ ions are generated at the surface of CaO catalyst. The CaO
catalyst particles, being hydrophilic in nature, preferentially stay in the meth-
anol phase. As the volume fraction of methanol in the total reaction mixture
increases with molar ratio, these ions have to diffuse through larger volume
so as to reach the interface and react with triglyceride. For low alcohol molar
ratios, the volume fraction of oil in reaction mixture is high and some catalyst
particles may also stay in oil phase. The oil can wet the catalyst surface, and
hinder adsorption of methanol leading to formation of methoxy ions.

4. Choudhury et al. [75] have also reported a novel single step process for biodiesel
synthesis using chlorosulphonic acid as catalyst. The previous process with
H,SOy catalyst [73] requires a two stage approach with esterification and transes-
terification. However, with chlorosulfonic acid as the catalyst, two steps process
is combined in a single step process. The chemical mechanism of this synthesis
is shown in Scheme 2.3. The acid catalyzed esterification of the free fatty acids
in Jatropha oil releases water, which has serious inhibition effects due to solva-
tion of the protons as well as CH3OH,™" (methoxenium) ions. Solvation of the
protons reduces their reactivity and accessibility leading to lowering of kinetics.
The chlorosulphonic acid counteracts this inhibition by in situ removal of water
formed during esterification. Water produced in the esterification process reacts
with chlorosulfonic acid to produce HoSO4. Dissociation of this HySO4 can gen-
erate additional protons that catalyze esterification/transesterification reaction.
However, generation of H»SOy is accompanied by in situ removal of water mol-
ecules that solvate the H3OT ion and reduce its activity. In this study as well,
the statistical design of experiment was used to determine the optimum condition
for the highest biodiesel yield. The optimum conditions are: catalyst concentra-
tion = 8.358 wt%, alcohol molar ratio = 18:1 and temperature = 60 °C.

The optimum temperature was close to boiling point of methanol, and also that the
intensity of transient cavitation is minimal at this temperature, once again dem-
onstrates that the beneficial effect of ultrasound and cavitation on reaction system
was merely physical, that is emulsification of the phases. The activation energy for
the single-step process was determined as 57.3 kJ/mol, which is more than three-
fold lower than for HySOy4 catalyzed process (i.e. 169 kJ/mol). Choudhury et al.
[75] also carried out chlorosulfonic acid catalyzed transesterification in conven-
tional two-step process comprising of esterification and tranesterification. Quite
interestingly, the two-step process had 40 % less activation energy of 31 kJ/mol.
This reduction has been attributed to complete removal of water from reaction sys-
tem in the two-step process—as compared to single step process, in which some
trace of water might be left in the system despite the in situ removal of chlorosul-
fonic acid, which reduces inhibition effect on the process.
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Scheme 2.3 a Reaction of chlorosulfonic acid induced esterification process, b removal of
water formed during esterification by chlorosulfonic acid, and ¢ mechanism of chlorosulfonic
acid induced transesterification process. Reprinted with permission from [75], Copyright © 2014,
Wiley

The six studies on ultrasonic synthesis of biodiesel published reviewed in this
section clearly reveal that the beneficial effect of ultrasound and cavitation on the
transesterification reaction system is mainly physical as the reaction system is gov-
erned by intrinsic kinetics, through the alcohol to oil molar ratio, catalyst concen-
tration and temperature.

2.4.3 Bioconversion of Crude Glycerol

The transesterification reaction for biodiesel synthesis produces glycerol as the
product. Transesterification of 1 mol of triglyceride with 3 mol of alcohol yields
3 mol of fatty acid alkyl ester (which is biodiesel) and 1 mol of glycerol. On a
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weight basis, 1 kg of crude glycerol is produced per 9 kg of biodiesel. However,
this glycerol is contaminated with alkali and alcohol, and is not useful for con-
ventional applications such as cosmetics. Purification costs of this glycerol are
prohibitively high. With biodiesel industry growing at an unprecedented rate all
over the world, effective and efficient utilization of billions of gallons of crude
glycerol is a daunting challenge before biodiesel industry. Glycerol, however, is
an excellent carbon source for fermentation. Catalytic conversion of glycerol to
other value-added products has also been extensively investigated. Forward inte-
gration of the biodiesel industry to convert crude glycerol to value-added products
is a potential means of effective utilization of glycerol, as well as improvement of
the economy of biodiesel industry with additional revenue fetched by these prod-
ucts. We have conducted investigations in the bioconversion of glycerol to three
products, viz. 1,3-propanediol, butanol and ethanol, using immobilized cultures of
Clostridium pasteurianum. Our approach has been to develop a complete process
for this conversion, including optimization and intensification with ultrasound.
Below is the summary of our investigations in ultrasonic enhanced bioconver-
sion of glycerol. After initial optimization of culture growth medium and physical
parameters for fermentation [76-78], Khanna et al. [79] have carried out mecha-
nistic investigations in ultrasound enhanced glycerol bioconversion using free cells
of Clostridium pasteurianum. The experimental results were analyzed vis-a-vis the
simulation of cavitation bubble dynamics. Experiments were carried out in a spe-
cially designed test tube with provision of raising the static pressure to eliminate
the transient cavitation in the system, which is harmful for microbial cells. The
control experiments were carried out in an incubator shaker. The morphological
changes in the microbial cells in control (mechanical shaking) and test (sonica-
tion) were assessed using flow cytometry. The influence of ultrasound on glyc-
erol bioconversion was assessed using enzyme kinetics. The metabolic pathway
of glycerol bioconversion to 1,3-PDO and ethanol is shown in Schemes 2.4a and
2.5a, respectively. The metabolic pathway for 1,3-PDO involves only one interme-
diate, while ethanol pathway involves multiple intermediates. The enzymes in the
pathway for 1,3-PDO are inhibited by substrate (glycerol) as well as 3-hydroxy-
propionaldehyde (the intermediate), while no such effect is seen for the metabolic
pathway for ethanol. Therefore, influence of ultrasound on ethanol production
was assessed using Michaelis—-Menten model, while 1,3-PDO production was
evaluated using substrate inhibition or Haldane kinetics model. Before proceed-
ing to the results and discussion of study of Khanna et al. [79], we give herewith
a description of these models for general readers. The equation for Michaelis—
Menten model is given below (Eq. 2.7) with scheme depicted in Scheme 2.4b.

Ve ko EpS] _ Vmax[S]
Kn,+1[S1 K, +I[S]

2.7

where ki, k_1 and kp are kinetic constants, Ky, is the Michaelis constant and is
defined as (k> + k—_1)/k; and approximated as k_j/k; under rapid equilibrium con-
ditions, k_1 > k.
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Scheme 2.4 a Metabolic
pathway for glycerol
bioconversion to ethanol
(Enzymes: E3 = Glycerol
dehydrogenase Type I;

E4 = Dihydroxyacetone
kinase; E5 = Triose
phosphate isomerase;

E6 = Pyruvate
dehydrogenase complex;
E7 = Acetaldehyde
dehydrogenase; E8 = Alcohol
dehydrogenase), b
Michaelis—Menten reaction
scheme. Reprinted with
permission from [79],
Copyright © 2012, Elsevier
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Scheme 2.5 a Metabolic (a) GLYCEROL
pathway for glycerol

bioconversion to 1,3-PDO E,
(Enzymes: E| = Glycerol -0
dehydratase; E; = 1,3-PDO
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reaction scheme for substrate PROPIONALDEHYDE
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Reprinted with permission E, &NAD*
from [79], Copyright © 2012,
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In Haldane substrate inhibition kinetics, the enzyme is assumed to have two
binding sites for its substrate S—one catalytic site for binding that can produce a
product, P; and the second non-catalytic site that can produce a product at reduced
rate. The complex formed by binding of substrate to catalytic site is denoted by
E - S, while S - E - S denotes the complex with two substrate molecules bound
to both catalytic and non-catalytic site. The reaction scheme for Haldane kinetics
is depicted in Scheme 2.5b. Haldane considered a simple case in which binding
of substrate to catalytic site precedes the binding to non-catalytic site, and further
that K4 (the kinetic constant of product formation through S - E - S complex) to be
zero. With assumption of rapid equilibrium for E - S complex formation, Haldane
[80] derived following kinetic expression (Eq. 2.8) for substrate inhibited reaction
scheme:

_ kEolST VmaxlS]
Kn+[S1+ 5 Kn+151+ BF

(2.8)

where, Kj is the dissociation equilibrium (1/Ky) for the reaction
S-E-S < S+ E-S. The above expressions indicate that reaction velocity goes
to zero as the substrate concentration [S] becomes large, due to significant amount
of enzyme being engaged in non-productive complex. The constants in the kinetic
expressions have physical significance. Low values of K, indicate greater affin-
ity of enzyme towards substrate, while high values of K indicate greater tendency
of enzyme towards substrate binding to non-catalytic site that leads to inhibition.
High value of V. indicates greater tendency of E - S complex to split into the
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products. Comparative evaluation of these constants for the experiments with
mechanical shaking and ultrasound gives a mechanistic account of the influence
of ultrasound on bioconversion process. The kinetic data of glycerol conversion
into 1,3-PDO and ethanol with different substrate concentrations was fitted to the
enzyme kinetics models to get physical insight into the influence of ultrasound.

The major results of this study are summarized in Table 2.3, which shows the
complete material balance for glycerol conversion for 3 different initial glycerol
concentrations, viz. 5, 10 and 25 g/L, along with the yield and selectivity of prod-
ucts and the constants in enzyme kinetics models. Assessment of the morphology
of microbial cells with flow cytometry and microscopic analysis (Figs. 2.7 and
2.8) revealed no adverse effect of sonication or elevated static pressure on cells.
Moreover, the cell population in the medium as determined by the optical density
was also found to stay constant during the test period. The typical trends of glyc-
erol bioconversion are as follows.

1. Glycerol uptake by the microbial cells remained unaltered with sonication,
while the glycerol utilization (product formation) showed significant rise with
sonication.

2. Highest percentage of glycerol utilization was seen for an initial concentration
of 10 g/L. Due to substrate inhibition, the amount of unutilized glycerol was
the highest for an initial concentration of 25 g/L.

3. Production of both 1,3-PDO and ethanol increases with ultrasound. Percentage
enhancement of yield for ethanol shows a monotonous increase with initial
glycerol concentration, while enhancement of yield of 1,3-PDO shows a maxi-
mum for an initial concentration of 10 g/L. The yield was the lowest for 25 g/L.
glycerol, as large quantity of glycerol remained unutilized.

These experimental trends were analyzed vis-a-vis the simulation of bubble
dynamics. In absence of transient cavitation, the rapid oscillatory motion of micro-
bial cells due to micro-streaming may cause collisions among cells or with the
walls of the reactor vessel. This phenomenon could help enhance the metabolism
and utilization rate of glycerol. Moreover, ultrasound can also enhance desorption
of the gaseous products of metabolism from medium, thus causing enhancement in
the kinetics of the metabolic reactions.

Comparative evaluation of enzyme kinetic parameters for ethanol and 1,3-PDO
in test and control experiments, and their manifestation on the yield and selectivity
gives a physical insight into the influence of ultrasound on the bioconversion. Due
to faster diffusivity of glycerol into microbial cells, the overall enzymatic reaction
system or metabolic pathway is always expected to be substrate saturated, with
enzyme being limiting reactant.

1. The Michaelis—Menten constant for ethanol formation reduces with ultrasound,
which indicates higher substrates affinity and faster formation of E - § com-
plex. But the value of Vi, indicating splitting of the E - S complex into prod-
ucts also getting reduced. Nonetheless, greater formation of the E - § complex
still drives enhancement in ethanol formation.
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Fig. 2.7 Flow cytometric analysis for estimation of morphological changes a and b acquisition
dot plots (forward-scattered light vs. side-scattered light) of C. pasteurianum cells in control and
test samples respectively. ¢ and d Histogram plots (counts vs. FSC) of C. pasteurianum in control
and test samples cells respectively. As there is no significant change in FSC after sonication as
shown by both plots, therefore morphology of cells remains same. Reprinted with permission
from [79], Copyright © 2012, Elsevier
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Fig. 2.8 Morphology of cells of Clostridium pasteurianum a before sonication, and b after soni-
cation. As there is no significant change in FSC after sonication as shown by both plots, therefore

morphology of cells remains same
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2. For 1,3-PDO formation, the Michaelis—Menten constant increases with ultrasound
indicating reduced substrate affinity and reduced formation of E - S complex.
Reduction in the inhibition constant Ky indicates greater tendency of binding of
E - S complex to non-catalytic site and formation of non-productive S - E - S com-
plex. On the contrary, the reaction velocity increases with ultrasound, signifying
higher rate of splitting of the E - S complex into products. Despite these counter-
productive variations in kinetic parameters, the overall rate of 1,3-PDO produc-
tion increases—which is attributed to saturation of the cells with substrate due
to its faster intrinsic diffusivity into the cells. However, due to greater substrate
inhibition seen with ultrasound, the extent of percentage enhancement is much
less than that seen for ethanol—where enzymes are not inhibited by the substrate.

All of these results pointed that convection generated by ultrasound and cavita-
tion enhances the rates of enzymatic reactions in the pathway of glycerol conver-
sion. However, the biochemistry of metabolic pathway of glycerol conversion is
not affected by ultrasound, as the exactly same profiles in terms of absolute rate of
production and yield are seen with ultrasound and mechanical shaking. Thus, the
role of ultrasound and cavitation is found to be of physical nature.

Khanna et al. [81] extended the theme of ultrasonic enhancement of glycerol
bioconversion with immobilized culture of Clostridium pasteurianum on silica
support. A similar approach of assessing effect of ultrasound with enzyme kinet-
ics models was adopted. The kinetic constants determined from Michaelis—Menten
and Haldane kinetics model are listed in Table 2.4. The major conclusions of this
study, which showed distinct differences from the results observed for free cells,
are summarized below:

1. The dominant product of glycerol bioconversion using immobilized cells was
1,3-PDO. This was a consequence of favorable change in kinetic parameters
for immobilized cells under ultrasound as seen from Table 2.4. The inhibition
constant K7 increased (indicating reduction in inhibition), while the Michaelis—
Menten constant K, reduced (indicating increase in substrate affinity) under
sonication, which essentially promoted the glycerol conversion through meta-
bolic pathway indicated in Scheme 2.5a, b. The total product concentration for
immobilized cells was higher than free cells, which is attributed to greater tol-
erance of immobilized cells towards substrate inhibition. In this study, the indi-
vidual enhancement effect of ultrasound for immobilized cells was lower, as
the technique of immobilization itself counteracted inhibition to large extent.

Table 2.4 Enzyme kinetics Kinetic parameters | Ethanol 1,3-PDO
parameters for Ethanol dehydrogenase dehydrogenase
dehydrogenase and 1,3-PDO Test Control | Test Control
dehydro-genase
Vmax (MM/min) 0.016 |0.016 0.023 1.699
K, (mM) 1.1 1.1 16.56 3,691.90
K; (mM~1 N.A N.A 1,036.14 | 1.61

Reprinted with permission from [81], Copyright © 2013, Wiley
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2. The immobilization of cells coupled with sonication caused a major shift of
selectivity through predominant pathway of glycerol conversion. Although the
metabolic pathway for ethanol was multi-step, involving several enzymes and
intermediates, there was no limitation of inhibition (either substrate or prod-
uct). On the other hand, although the metabolic pathway for 1,3-PDO was sin-
gle step, it suffers from both substrate and product inhibition of the enzyme,
1,3-PDO dehydrogenase. Immobilization as well as sonication reduced the
inhibition significantly, which essentially resulted in shift of preferable path-
way to 1,3-PDO.

3. The enhancement effect of ultrasound for ethanol was rather negligible for
immobilized cells as the same value of reaction velocity and Michaelis—Menten
constant were observed with mechanical shaking and sonication.

4. Maximum percentage enhancement of glycerol bioconversion for immobilized
cells was seen for the highest glycerol concentration of 25 g/L—as against
moderate concentration of 10 g/L seen for free cells.

The investigations of Khanna et al. [79, 81] have corroborated the physical influ-
ence of ultrasound and cavitation on glycerol bioconversion system. Coupling of
sonication with other process alternatives like immobilization of cultures can have
great beneficial effects on glycerol bioconversion.

2.4.4 Ultrasonic Desulfurization

Oxidative desulfurization is the new technology for the removal of sulfur com-
pounds from liquid transportation fuels. The sulfur content of biofuels is rela-
tively much less than petroleum fuels. Yet, in some cases where the feedstock for
biofuels itself contains sulfur impurities, and hence, desulfurization becomes a
necessary step in the downstream processing. In oxidative desulfurization, the sul-
fur containing compounds are initially oxidized to sulfones and the sulfones are
extracted using suitable solvent like dimethyl sulfoxide (DMSO), dimethyl for-
mamide (DMF), acetonitrile or methanol. Oxidative desulfurization has several
distinct merits over conventional hydro-desulfurization in that it does not require
expensive hydrogen. The treatment conditions of ambient temperature and pres-
sure and effective desulfurization of substituted sulfur compounds can be achieved
which is difficult with conventional hydro-desulfurization due to low reactivity of
these compounds. The reaction system of oxidative desulfurization is liquid-liquid
heterogeneous type in which the oxidant is in the form of peroxyorganic acids,
hydroperoxides or peroxy salts and is in the aqueous phase, while the sulfur com-
pounds are in the form of sulfides, thiols, thiophenes, benzothiophene, dibenzo-
thiophene and their substituted derivatives and are in the organic phase. Several
studies have been published in the recent past, which have reported the beneficial
influence of ultrasound on the enhancement of oxidative desulfurization. We have
conducted the same studies recently that have shed light on the exact physical
mechanism of ultrasound enhanced oxidative desulfurization.
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Bolla et al. [82] investigated oxidative desulfurization of three sulfur com-
pounds, viz. thiophene, benzothiophene and 3-methyl thiophene with peroxy ace-
tic acid and FeSOy4 - 7H>0 as oxidants and n-hexane as model liquid fuel. The
experiments were conducted in an ultrasound bath with frequency of 35 kHz and
power of 35 W with pressure amplitude of the ultrasound wave being 150 kPa. The
major experimental variable was system pressure. Experiments were conducted
at two static pressures, viz. atmospheric (101.3 kPa) and elevated (250 kPa).
Simulations of cavitation bubble dynamics in n-hexane were carried out to esti-
mate the peak temperature and pressure conditions reached during transient col-
lapse and the chemical species generated in the bubble during collapse. The major
conclusions of this study were as follows:

1. Time profile of oxidation for all sulfur compounds (and for all 3 levels of initial
concentrations) followed first order kinetics;

2. Transient collapse of cavitation bubble in n—hexane was not intense enough to
generate any radical species;

3. Higher rates of oxidation were obtained with peracetic acid coupled with
FeSO4 - TH,0.

4. Most interestingly, higher kinetics as well as extent of oxidation was achieved
for all sulfur compounds in experiments at elevated static pressure of 250 kPa.

An explanation for these results can be given along following lines: Large evapo-
ration of n-hexane vapor in the bubble reduces the intensity of the transient col-
lapse of the bubble. Due to lower temperature and pressure peaks reached during
transient collapse, the main species generated from thermal dissociation of n-hex-
ane were Hp, CO, CHy. Higher oxidation rates in presence of peracetic acid and
FeSO4 - 7TH,O mixture was attributed to additional generation of the oxidant
species by reaction of ‘OH radicals generated from Fenton’s reactions with dis-
solved in the system (OH 4 O, — HO,, + O"). This effect essentially is the con-
servation of radical species in the system, which leads to their effective utilization
in the reaction. Higher kinetic and yield of oxidation at elevated static pressure
could be explained on the basis of the simulation of cavitation bubble dynamics.
The predominant species generated from thermal dissociation of n-hexane in the
cavitation bubble at transient collapse are Hy and CO. These species can competi-
tively consume O species generated by the oxidant. Thus, utilization of O" species
towards oxidation of sulfur compound is limited, which results in the reduction in
the extent of oxidation. With application of elevated static pressure, the transient
cavitation in the system is eliminated, and hence, the formation of Hy and CO. The
oxidant species are thus effectively utilized for desulfurization. As far as the physi-
cal effect of intense micro-mixing and emulsification that facilitates interphase
mass transfer is concerned, the contribution by micro-streaming due to ultrasound
is more than microturbulence due to cavitation. The ultrasound wave phenomena
is unaffected by the static pressure, and hence, the interfacial area between organic
and aqueous phase at the two pressure levels stays practically unaltered. The
results of Bolla et al. [82] clearly revealed the physical mechanism of ultrasonic
oxidative desulfurization.
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In a subsequent publication, Bhasarkar et al. [83] studied oxidative desulfuriza-
tion with sono-Fenton—peracetic acid system as oxidant. The model fuel used in
this work was toluene, which has significantly different physical properties than
n-hexane used in the previous study. The overall reaction scheme for the oxida-
tive desulfurization and the links between different chemical species are shown
in Schemes 2.6 and 2.7, respectively. Simulations of cavitation bubble dynamics
were carried out for both peracetic acid and toluene as the liquid medium. In addi-
tion to static pressure of the system, additional optimization parameters were: (1)
acetic acid to H,O» molar ratio, (2) volume ratio of organic and aqueous phases,
(3) loading of iron catalyst and (4) excess HyO,. This study, which spanned more
process variables and alternatives, revealed further features of ultrasonic oxidative
desulfurization. Simulation results revealed that transient collapse of bubble was
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Scheme 2.6 Reaction scheme for oxidative desulfurization. Reprinted with permission from
[83], Copyright © 2013, American Chemical Society
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Scheme 2.7 Links or interactions between different chemical species in peracetic acid—Fenton
process for oxidative desulfurization. Reprinted with permission from [83], Copyright © 2013,
American Chemical Society

quite intense and peak temperature and pressure conditions reached in the bub-
ble for both peracetic acid and toluene as the medium were sufficiently high to
cause generation of radical oxidant species like O" and HO5. This result was attrib-
uted to low vapor pressure of toluene and peracetic acid. At elevated pressure, the
intensity of transient collapse reduced sharply, but due to very low evaporation
of toluene/peracetic acid in the bubble, the species were mainly CO, and H;O,
which would not hinder the oxidative desulfurization. The chemistry of oxidative
desulfurization in this case was complicated due to different sources of radicals
(viz. O, HO; and ‘OH) in the process, i.e. cavitation bubbles, peracetic acid and
Fenton reaction. The most effective radical species for oxidative desulfurization
is HO;. Different possible reactions between the radicals can result in scaveng-
ing of HO, radicals before their utilization for oxidative desulfurization as follows
(Egs. 2.9-2.13):

H;0, + HO;, — 'OH + H,O + Oy 2.9)
‘'OH + HO2 — H,O + HO, (2.10)

O+ H;0, — "'OH + HO, (2.11)
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‘OH + HO; — O + H,0 (2.12)

O +HO, — 'OH + O, (2.13)

The major results of this study and their explanations on the basis of bubble
dynamics simulations are as follows:

Addition of Fe?* to reaction system showed greater enhancement for mechani-
cally stirred system than sonicated system. This clearly indicated that mass trans-
fer characteristics of the system have more influence on the reaction system than
the chemical kinetics. ‘OH radical production by Fenton process causes regenera-
tion of acetic acid (by combining with CH3CO'" radical), which further enhances
HO; radical production. However, less enhancement of oxidation with Fe2* for
ultrasonic system clearly indicates that effective interphase transfer of HO,
radicals is more important than mere generation of these radicals. Reduction of
oxidation with excess HoO, was also an unexpected result of this study. This is
attributed to scavenging of the HO, radicals by H,O, through reactions men-
tioned earlier. The rise in oxidation yield at elevated static pressure is attributed to
elimination of production of "OH and O radical species, which scavenge the HO,
species.

Bhasarkar et al. [84] have also studied the influence of phase transfer agent on
ultrasound enhanced oxidative desulfurization simultaneously. The model system
used was toluene as the model fuel, dibenzothiophene as the model sulfur com-
pound, tetra octyl ammonium bromide (TOAB) as the phase transfer agent, and
two oxidation systems, viz. peracetic acid and performic acid. The results of dif-
ferent operational variables on ultrasonic oxidative desulfurization system were
compared against mechanically agitated system. The beneficial action of PTA on
the oxidative desulfurization system is shown in Scheme 2.8. The influence of
PTA on the enhancement of oxidation was more pronounced for mechanically
agitated system. This result has been attributed to faster mass transfer character-
istics of sonicated system due to fine emulsification, due to which the additional
effect of enhancement of interphase mass transfer by PTA is limited. Comparing
between performic acid and peracetic acid, the extent of oxidation was higher for
performic acid, and this result is attributed to relatively faster diffusion of perfor-
mic acid-PTA complex due to smaller size. Addition of excess H,O» in this case
caused reduction in the extent of oxidation. This effect was not only attributed to
scavenging of radicals, but competitive formation of H,O»-PTA complex in addi-
tion to peracetic acid-PTA complex. Finally, the beneficial effect of elevated static
pressure is reduced in the presence of PTA, as noted earlier. Elevation of static
pressure eliminates transient cavitation responsible for the formation of molecular
and radical species in the organic phase that competitively consume the oxidant.
However, in the present situation, the PTA assists efficient transfer of oxidant spe-
cies across interface, and thus, helps mitigate the adverse effect of reducing/scav-
enging species.
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Scheme 2.8 The cyclic mechanism of phase transfer agent (PTA) during oxidative desulfuriza-
tion with perorganic acid (e.g. performic acid)

2.4.5 Biomass Pretreatment

Lignocellulosic biomass derived biofuels have been extensively investigated in
the past few decades. Synthesis of alcoholic biofuels like ethanol, butanol requires
pretreatment and hydrolysis of biomass to release fermentable sugar. The bio-
mass is subjected to several physical and chemical treatments for pretreatment and
sugar release. The physical treatments are grinding, milling, water bath treatment,
steam explosion or autoclaving. These techniques are coupled with acid or alkali
for the removal of hemicelluloses and lignin components, respectively. The ligno-
cellulosic biomass comprises of lignin, hemicelluloses and cellulose. The dense
layers of lignin prevent accessibility of cellulose during enzymatic hydrolysis to
release hexose sugars. The hydrolysis of hemicellulose is carried out under acidic
pretreatment, and this hydrolysis releases pentose sugars. The pretreated biomass
after removal of lignin and hemicelluloses is hydrolyzed using enzymes. All three
steps of pretreatment, viz. acid hydrolysis, alkaline delignification and enzymatic
hydrolysis have been intensified using ultrasound. We have carried out mechanis-
tic investigation of these systems that are summarized next.
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Suresh et al. [85] have investigated the mechanics of hybrid techniques for
treatment of rice straw prior to fermentation to alcohol liquid fuels. Two chemi-
cal techniques viz. dilute acid and dilute alkali treatment and two physical tech-
niques viz. hot water bath and autoclaving were coupled with sonication. The
efficacy of each sono-hybrid was assessed on the basis of total sugar and reduc-
ing sugar release. The total sugar released during acid and alkali hydrolysis
consists of sugars in any form, viz. monomer sugars (i.e. pentose sugars like
xylose and arabinose, and hexose sugars like glucose and mannose), oligomers
(cellobiose) and dehydrated forms that form at low pH from xylose and glucose
like furfural and hydroxy methyl furfural. The reducing sugar fractions of total
sugar essentially are the monomeric sugars. During experiments, elevated static
pressure was applied to discriminate between physical and chemical effects of
ultrasound and cavitation. The mathematic model used in this study included not
only the micro-streaming, microturbulence and shock wave effects, but also the
acoustic streaming near the boundaries. Nyborg [57] presented the pioneering
analysis of steady circulations induced by high amplitude sound fields near sur-
faces of obstacles and vibrating elements and bounding walls. Nyborg et al. [57]
proposed that gas comes out of solution under influence of ultrasound at solid—
liquid surfaces that leads to the formation of gas nuclei on the surface. The
oscillatory velocities of liquid induced by volume oscillations of these gas bod-
ies can be an effective source of highly localized streaming. The near boundary
limiting velocity of micro-streaming flow over plain surfaces was determined as
(Eq. 2.14):

U = (1/47%w)(Q%/r) (2.14)

where Q is the volumetric flow rate and r is the distance from boundary. Applying
this analysis for the present situation of hydrolysis of biomass, a pulsating hemi-
spherical bubble was taken as basis and the micro-streaming velocity was deter-
mined as follows (Eq. 2.15):

Uns = (U*Jwp) (2.15)

where U is the velocity amplitude of oscillations of fluid elements, w is the angular
frequency of acoustic wave and R is the radius of the bubble. For acoustic pressure
amplitude of 150 kPa, the velocity of fluid elements is 0.1 m/s. For an ultrasound
frequency of 35 kHz as used by Suresh et al. [85] and 5 um size bubble trapped in
the biomass matrix, the localized micro-streaming velocity is 0.09 m/s. The main
results of the study of Suresh et al. [85] are summarized as below:

1. The physical technique of autoclaving alone did not give significant sugar
release. However, coupled with sonication after autoclaving, the sugar release
increased markedly.

2. Sonication after autoclaving in acidic environment results in doubling of the
sugar release. However, raising the static pressure of the system is revealed to
reduce the sugar release.
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3. Highest sugar release (~54 %w/w rice straw) was obtained for autoclaving,
stirring followed by sonication in an acidic environment. As per the composi-
tion of rice straw, this was the highest possible sugar yield from rice straw with
hydrolysis of all cellulose and hemicelluloses components of biomass.

Before interpretations of the results, the chemical mechanism of different reactions
occurring during biomass pretreatment needs to be considered. Autoclaving causes
hydrolysis of hemicelluloses in biomass that results in the formation of organic
acids like acetic acid and other acids that can form the acetyl and other functional
groups released from biomass. Water itself promotes hydrolysis at elevated tem-
peratures due to change in ion product that assists in reaction of hemicelluloses.
Autoclaving also causes rapid thermal expansion of biomass that helps opening up
of the biomass structure with an increase in pore volume. Hot water bath treatment
enhances cellulose digestibility and sugar extraction. Dilute acid treatment results
in the solubilization of hemicelluloses leaving lignin and cellulose intact, which
helps in increasing the accessibility of cellulose for the further enzyme treatment.
Under optimized conditions, oligomeric hemicelluloses sachharides can be com-
pletely hydrolyzed to monosaccharides giving high xylose yield.

Alkaline pretreatment is mainly aimed at delignification but it also causes
partial hydrolysis of hemicelluloses. The main chemical mechanism of alka-
line treatment is saponification of intermolecular ester bonds cross linking xylan
hemicelluloses, other celluloses and lignin. Acetyl and uronic acid substitutions
on hemicelluloses are removed during alkaline treatment. In addition to these,
other effects of alkaline treatment are swelling of biomass resulting in reduction
in the degree of polymerization as well as crystallinity, increase in the surface
area, disruption of lignin structure and the structural linkages between lignin and
carbohydrates.

Overall, the biomass hydrolysis system is mass transfer controlled. Jacobson
and Wyman [86] have presented a hypothesis of mass transfer problem in biomass
pretreatment. Long chain cellulose are less soluble in water than short chain oli-
gomers formed as intermediates during hydrolysis, but solubility of both reduces
with temperature. If liquid continuously flows through the reaction system, the
oligomers are removed continuously from the biomass matrix, which facilitates
dissolution of more oligomers. This process increases the recovery of sugar mono-
mers and oligomers, before they can degrade at the reaction conditions. If this is
not done, re-precipitation of oligomers back onto surface of biomass may occur,
due to less solubility at reduced temperature. Reactive lignin and sugar degrada-
tion products can promote reattachment of cellulose, hemicelluloses, their oli-
gomers and lignin in the solution back to solid biomass, and these may also form
complexes with monomeric sugars. Strong micro-convection generated ultrasound
and cavitation cause effective circulation of water through biomass matrix with
regular removal of monomeric sugars and refreshment of medium, which facili-
tates effective removal of sugar monomers. The radicals generated by transient
bubbles can also assist higher sugar release due to cleavage of lignin carbohydrate
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components. With this preamble of pretreatment mechanics, the main findings of
Suresh et al. [85] were as follows:

1. Increase in autoclaving period of biomass did not enhance sugar yield. The
extent of hydrolysis increases with time of autoclaving, but due to low con-
vection, sugar molecules are not transported out of biomass matrix. Therefore,
sugar concentration in the bulk medium does not change with increasing auto-
claving periods. Sonication of the solution after autoclaving helps effective
transport of sugar molecules out of biomass matrix.

2. Stirring of biomass solution for 24 h after autoclaving of 30 min does not
increase the sugar yield. This result indicates two things: first, most of the
hydrolysis of cellulose and hemicelluloses is completed during autoclaving
itself, due to high temperature and pressure; and secondly, mechanical stirring
of solution does not produce strong currents to penetrate biomass matrix caus-
ing sugar transport as happens in case of sonication.

3. Only slight reduction in the sugar yield at elevated pressure indicates negligible
contribution of both physical and chemical effects of cavitation bubbles to the
overall process of pretreatment and sugar release. The contribution by micro-
streaming due to ultrasound and acoustic streaming had greater contribution to
enhancement of the transport of sugar molecules. Neither the microturbulence
nor the shock waves were intense enough to cause opening up of the biomass
matrix and create liquid flow through the matrix that would assist sugar release.
The opening of biomass structure is found to occur only with autoclaving (a
thermal effect) and ultrasonic micro-streaming enhances the transport of sugar
molecules.

In a subsequent study, Singh et al. [87] studied the delignification of waste bio-
mass Parthenium hysterophorus with ultrasound. Optimization of the delignifica-
tion of pretreated biomass (after dilute acid hydrolysis + autoclaving) was carried
out with NaOH as delignifying agent. The optimization parameters were tempera-
ture, NaOH concentration and biomass concentration. Assessment of delignifica-
tion (based on the determination of cellulose, hemicelluloses and lignin content
of original and treated biomass) was done according to standard TAPPI protocols
[88]. Characterization of delignified biomass was carried out using FTIR, XRD
and FESEM analysis. The optimization values of parameters for delignification
were: temperature = 303 K, NaOH concentration = 1.5 %w/w and biomass con-
centration = 2 %w/w. The chemical mechanism of delignification is as follows:
Lignin is derived from three monomer units, viz. trans-coniferyl, trans-sinapyl
and trans-p-coumaryl alcohol. These units are linked randomly mostly via ester
linkages at a- and B-positions to construct the lignin macromolecules. The reac-
tive sites in lignin are mainly the ester linkages and functional groups, since C—C
are resistant to chemical attack. The areas of lignin susceptible to chemical attack
are hydrolysable ester linkages, phenolic and aliphatic hydroxyl groups, methoxy
groups, the unsaturated groups and uncondensed units. The major mechanism
through which lignin degrades in alkaline environment is the cleavage of a- and
B-aryl ether linkages. Ultrasound can cause depolymerization and separation of
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lignin, in addition to degradation of lignin components. Ultrasonic depolymeri-
zation of lignin occurs through hemolytic cleavages of phenyl ether f—O—4 and
a—O—4 bonds, while ultrasonic separation of lignin occurs through cleavage of
lignin—hemicellulose linkages. The hydroxyl radical produced from transient
cavitation bubbles can also contribute to degradation of lignin. The attack of "OH
radical occurs on the aromatic ring leading to the formation of hydroxylated, dem-
ethoxylated and side chain eliminated products. A relatively small extent of attack
can also occur on the side chain leading to the formation of dimers and oxidation
of aromatic aldehydes to carboxylic acids. Increase in number of non-conjugated
carboxyl also indicates hydroxyl radical induced degradation. Lignin condensation
and re-polymerization can also occur under ultrasonic treatment.
The major findings of Singh et al. [87] are as follows:

1. The kinetics of delignification is enhanced more than two fold with ultrasound.

2. The extent of delignification with ultrasound was practically same in the
range of 30-80 °C. At higher biomass concentration, the extent of delignifi-
cation reduced, while leveling-off of delignification was seen with respect to
NaOH concentration above 2 %w/w. On the basis of bubble dynamics simula-
tions, these results were explained as follows: Although the intensity of tran-
sient cavitation reduces drastically with temperature, the intrinsic reactivity of
OH™ increases, which compensates the effect, and thus delignification stays
practically same in the temperature range of 30-80 °C. At large biomass con-
centration, scattering of the ultrasound wave occurs due to which the extent of
convection generated in the system reduces. Strong convection generated by
ultrasound and cavitation eliminates mass transfer in the system making bio-
mass accessible to ‘'OH™ ions. Thus, after a certain concentration of NaOH,
leveling off of delignification is observed.

XRD analysis revealed reduction in the crystallinity index of biomass after del-
ignification, which is attributed to depolymerization of cellulose with ultrasound
with scission of B-1-4 glycosidic bonds that gives rise to short chains of glucose
monomer units (Fig. 2.9). FTIR spectra of delignified biomass (Fig. 2.10) revealed
reduction in the intensities of all bonds corresponding to lignin removal, rupture
of cellulose bonds and carbohydrate—lignin linkages. Moreover, the bond inten-
sities corresponding to aromatic ring stretching and cellulose band also reduced.
Changes in the XRD and FTIR spectra of biomass after delignification are essen-
tially manifestations of the physical and chemical effects of cavitation. Reduction
in aromatic ring stretching and aromatic ring vibration bonds along with reduction
in bonds corresponding to side chain removal are attributed to reactions induced
by 'OH radicals from transient cavitation. Transient cavitation also generates
high pressure amplitude shock waves. The biomass particles get drifted randomly
in these waves at high velocities leading to collision between them. The energy
released in such collisions is sufficient to cause hemolytic cleavage of phenyl
esters B-1-4 and a-1-4 bonds leading to depolymerization of lignin. Comparative
analysis of FE-SEM pictures of delignified biomass with mechanical agitation and
ultrasonication (Fig. 2.11) revealed more surface roughness of ultrasound treated
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biomass due to erosion or attrition. Thus, the study of Singh et al. [§7] portrays a
vivid picture of mechanistic facets of ultrasonic delignification.

Bharadwaja [89] have assessed the effect of ultrasound on enzymatic hydroly-
sis of delignified biomass. Two commercial enzymes, viz. cellulase and cellobiase,
were employed for hydrolysis. Initially, statistical optimization of the enzymatic
hydrolysis with mechanical shaking was carried out using Central Composite
Design (CCD) coupled with Response Surface Method (RSM) analysis. The opti-
mization parameters were the concentrations of the two enzymes and the bio-
mass concentration. The temperature of the reaction mixture was 50 °C. Later,
mechanical shaking was replaced with ultrasound. However, the temperature of
reaction mixture was reduced to 30 °C for ultrasonic treatment, as the physical
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Fig. 2.11 FESEM micrographs of P. hysterophorus biomass a original biomass, b delignified
biomass with mechanical agitation, and ¢ delignified biomass with ultrasound. Reprinted with
permission from [87], Copyright © 2014, American Chemical Society

and mechanical effects of cavitation bubbles are known to reduce with tempera-
ture. The kinetics of enzymatic hydrolysis was found to increase 18-fold with
ultrasound. To obtain mechanistic insight into ultrasound induced enhancement,
experiments were carried out with varying substrate concentration and the reac-
tion kinetics was analyzed using Michaelis—Menten Model and Lineweaver—Burk
plots. The values of V. (reaction velocity) and Ky, (substrate affinity constant)
were compared for mechanical shaking and sonication. The value of reaction
velocity showed an 18-fold increase, while the value of Ky, stayed practically same
with sonication. This result suggested that the enhancement effect of ultrasound
on hydrolysis is in terms of increase in the reaction rate or velocity, which in turn
could be a consequence of enhancement in convection in the medium that elim-
inates mass transfer, and increases the accessibility of substrate for the enzyme.
The enzyme-substrate affinity, however, is an intrinsic property, which does not
show any beneficial influence of ultrasound.
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2.5 Conclusions and Future Outlook

In the preceding sections, we have put forth results of mechanistic investigations
of several ultrasound assisted biofuels processes. A concurrent analysis of all of
these results provides a coherent framework of the physics of ultrasound-induced
enhancement. The physical effect of generation of strong micro-convection by
ultrasound and transient cavitation seems to contribute to enhancement more than
the chemical effect of radical generation. The technique of application of elevated
static pressure provides a simple method for distinguishing between effects of
ultrasound and cavitation. Among the individual contributions of ultrasound and
transient cavitation, the physical effect of micro-streaming, i.e. rapid oscillatory
motion of fluid elements is revealed to make greater impact than the microturbu-
lence and shock waves generated by the transient cavitation. In some processes,
such as oxidative desulfurization, transient cavitation is found to influence the sys-
tem adversely. There are several reasons for some of the opposing trends that con-
tribute to the overall effect of ultrasound on a reaction. In the first place, all biofuel
systems are limited by the intrinsic characteristics of the system, which domi-
nate the overall outcome of the process, and these intrinsic factors are relatively
uninfluenced by physical and chemical effects of ultrasound. In addition, many
chemical reactions actually occur in the bulk liquid and are catalyzed by ions, for
example, methoxy radicals in transesterification and protons/hydroxyl ions in acid
hydrolysis/delignification of biomass. Thus, the radicals generated by cavitation
bubbles have no direct role in the reaction chemistry. In many systems, organic
liquids are used as the liquid medium, for example, n-hexane or methanol/chloro-
form mixture for microalgal lipid extraction, or methanol for transesterification or
toluene/n-hexane for oxidative desulfurization, which do not have intense transient
radial motion of cavitation bubbles as in the case of when water is the reaction
solvent. Accordingly, the physical and chemical effects induced by these bubbles
are also not as intense as in water. This effect is attributed to the physical proper-
ties of the medium, i.e. large vapor pressure, low surface tension and low density.
In addition, many secondary factors come into picture such as the probability of
substrate-radical interaction. This factor is more pronounced for dilute systems
such as extraction of lipids from microalgae. For microbial/enzymatic system, the
transient cavitation has a sharp adverse effect in terms of the shock waves. These
waves can cause disruption of microbial cells or denaturing of the enzymes. To
understand the beneficial effects of ultrasound on chemical and biological systems,
it is essential to isolate the effect of transient cavitation by application of elevated
static pressure. An alternate solution is to keep the duty cycle of ultrasound irra-
diation sufficiently small so as to avoid continuous exposure of the microbial cells
to ultrasound. However, the shock waves from transient cavitation have beneficial
effects in case of heterogeneous reaction systems—examples of which are the
liquid-liquid biphasic transesterification system or the solid—liquid delignifica-
tion system. The heterogeneous systems have high mass transfer limitations, and
thus, interphase transport is a dominant governing factor for kinetics as well as the
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yield of these systems. Most of the biofuels systems described in this chapter have
these limitations. The strong convection generated by ultrasound/cavitation helps
overcome this mass transfer barrier, which helps in boosting the kinetics/yield of
such systems. Fine emulsification generated by shock waves gives high interfacial
area that boosts the kinetics of the process. Similarly, highly energetic collisions
between biomass particles lead to breakage of lignin—hemicellulose bonds and
also cause depolymerization of lignin.

Although, our studies have helped identify the physical mechanism of sev-
eral biofuels system, one important facet of this system that has emerged from all
results is the role of intrinsic characteristics of the system. These characteristics
play a decisive role and place a limit on the ultrasonic enhancement of the process.
For example, in case of microalgal lipid extraction, the selectivity of solvent is an
intrinsic parameter. For acid catalyzed biodiesel synthesis, the intrinsic reactivity
of the nucleophile attacking protonated carbonyl carbon is an intrinsic parameter.
For oxidative desulfurization, diffusivity of PTA-oxidant complex is an intrinsic
parameter. For an effective use of ultrasound energy input to the biofuels system,
it is utmost essential that these intrinsic parameters be identified and studied in
greater detail—as they form the limiting step of the process.

The results and analysis presented in this chapter give a typical framework for
discerning the mechanistic issues of the biofuels system, which could be applied
to many other biofuels systems not covered in this chapter. We believe that the
review of research in physical mechanism of the ultrasound enhanced biofuels sys-
tem will shed important light on the intricacies of these processes and will give
crucial inputs for further research in this area.
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