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Abstract
The conversion of lignocellulosic biomass for biofuel and biorefinery applications is
limited by the pretreatment step which is aimed at separation of the three components,
lignin, cellulose and hemicellulose. Here, ultrasound was considered for the
augmentation of pretreatment of lignocellulose. More specifically, the parametric
influences of ultrasound for biofuel and biorefinery applications were investigated. The
literature lacked an evaluation of the parametric effects on the ultrasonic treatment,
especially with regards to fluid flow, biomass loading and size, and chemical additions.
Firstly, the effect of two types of fluid flow on sonochemical activity in a homogeneous
solution was investigated. Initially fluid flow was evaluated using overhead stirring at
four frequencies, 40, 376, 995 and 1179 kHz, and then circulatory flow was investigated
at 376, 995 and 1179 kHz. Overhead stirring was found to increase sonochemical
activity at 40 kHz attributed to a decrease in bubble coalescence and an increase in the
active bubble population. At 376, 995 and 1179 kHz bubble coalescence was supposed
to decrease, reducing the active bubble population, yet sonochemical activity was not
always decreased. Then, the circulatory flow at 376 and 995 kHz resulted in an increase
in sonochemical activity at lower flow rates and at 376 kHz, at the higher flow rate. The
observed increases in sonochemical activity were attributed to an increase in
asymmetrical bubble collapse in the travelling wave dominant field, which increased the
participation of the bulk solution in sonochemical activity. However, at 1179 kHz, no
increase in sonochemical activity was observed, attributed to an increase in cavitational
threshold from the increased non-linearity of the bubble collapse.
The parametric effects on ultrasonic treatment of wheat straw as a model
lignocellulose were then examined. Firstly, ultrasonic frequency, reactor configuration
(stirred versus still), biomass loading and particle size were investigated. Treatments at
40 and 995 kHz favoured fractionation over treatment at 376 kHz. At 40 kHz
delignification was improved whereas treatment at 995 kHz improved carbohydrate
solubilisation. Delignification was attributed to mostly the physical effects of ultrasound
and subsequently did not benefit from downsizing below 0.5 mm. In addition,
delignification was augmented with stirring, surmised to be from the prevention of
lignin condensation with increased transient cavitation in the stirred reactor. The
increased carbohydrate solubilisation was attributed to the increased radical production
at 995 kHz, and subsequently was highest at the lowest particle size range. The optimal
loading was determined to be 1/20 (g/ml) for carbohydrate solubilisation, delignification

and fractionation. Secondly the effect of ultrasonic pretreatment in different chemical
environments; hydrogen peroxide, peracetic acid and acetic acid was examined.
Delignification was not improved by ultrasound, although ultrasonic pretreatment was
able to improve the overall purity of the solid residue. The chemical treatments were
conjectured to be effected from sonochemical interactions which altered the
pretreatment mode.
The role of fluid flow was found to effect the bubble population and lignin
condensation in an ultrasonic field. At high frequencies, in a travelling wave dominant
field, the effects of fluid flow on the asymmetrical bubble collapse was the key
consideration, with the flow causing increases and decreases in observed sonochemical
activity. The present work and its findings suggest future work should elucidate the
effect of flow in a standing wave dominant field. In addition an exploration into the
effect of fluid flow and polymer reactions is recommended. In the heterogeneous
environment the ultrasonic treatment interfered with chemical pretreatment and the
ultrasonic mode of interaction was altered with frequency. The findings of this work
suggest future works should investigate direct carbohydrate hydrolysis with high
frequencies and specialised chemical treatments which can be enhanced with
ultrasound.
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1. Introduction
1.1

Background

Interest in the application of ultrasound for chemical and physical process
augmentation has increased since the 1980s. Today, ultrasound is commonly used in
laboratory cleaning baths, amongst many other applications, yet few fully appreciate the
ultrasonic effects which facilitate the cleaning mechanisms. Ultrasonic effects stem
from the pressure wave created in the solution which in turn leads to acoustic cavitation
which can promote mass transfer and produce radicals in solution. Ultrasound is
considered a realistic option for industrial applications such as ultrasonic crystallisation
and coating of fabric with nanoparticles1 and has been considered for applications such
as waste water treatment2, polysaccharide extraction3, and processing of dairy products4.
Ultrasound is considered a green alternative as it can reduce the severity of treatments
such as chemical loadings, time and temperature5. These attributes of ultrasonic
processing make it a potential option for the pretreatment of lignocellulosic biomass,
either for biofuel or biorefinery applications.
Pretreatment of lignocellulosic biomass is necessary to separate the three main
components of lignocellulose for further utilisation, i.e. cellulose, hemicellulose and
lignin6,7. A majority of the literature in pretreatment has aimed at delignification or
hemicellulose degradation in order to increase the saccharification yields of cellulose
into glucose prior to the fermentation into ethanol for biofuel purposes. The use of
lignocellulose for biofuel production requires additional utilisation of other biomass
components to improve the process economics. Hence researchers have also considered
the production of higher value products such as purified lignin, hemicellulose and
cellulose. The utilisation of lignocellulose is likely to be in a biorefinery format which
capitalises on green chemistry ideals8. Regardless of the final aims of utilisation of
lignocellulose, there still remain significant challenges to overcome for industrial
application. Therefore this thesis was aimed at furthering the development of ultrasound
for the utilisation of lignocellulose.
1.2.

The need for further research

Ultrasonic processing is not economically viable in many cases without significant
method improvement. Therefore, before ultrasound can be considered for any given
purpose the optimal approach of operation must be discovered. Although optimisation
1

can provide the possible best parameters, ultrasound is unique in that alteration of
parameters can influence the mode of ultrasonic effects in solution. For example,
changing the reactor configuration via flow conditions or geometry alters the overall
ultrasonic effects, even if the remaining conditions are the same9-16. Similarly, effects on
the physical and chemical properties of ultrasound vary with frequency17-20. Firstly the
mechanisms behind these parametric influences should be elucidated. Then, the
interaction of ultrasound within the reactor with the desired target should be considered.
Once the interactions and effective modes of ultrasonic treatments are understood, only
then can a process be optimised and evaluated.
1.3

Research aims

The overall aim of this research was to better understand the parametric effects of
ultrasound for the utilisation of ultrasound in biorefinery and biofuel applications. The
overall aim was addressed via separation into specific objectives. Initially, the current
status of the literature with respect to ultrasonic treatment of lignocellulose was
considered. This produced several areas which required consideration in the subsequent
objectives of the thesis. Firstly, the influences of fluid flow on the ultrasonic effects in a
homogeneous reactor were considered. This was addressed using two different flow
modes at different frequencies. Subsequently, the parametric effects of frequency,
loading, particle size and reactor configuration on the treatment of lignocellulosic
biomass were evaluated. The next objective was to investigate the combination of
different treatment chemicals with ultrasonic pretreatment. The last two objectives were
addressed using a model lignocellulose, wheat straw. The investigations into the
parametric effects of ultrasound were designed to further understand the overall
mechanisms of ultrasonic interactions with lignocellulose.
1.4

Thesis outline

First of all a comprehensive literature review was conducted in order to describe the
current status of literature with respect to ultrasonic pretreatment of lignocellulosic
biomass (Chapter 2). Then, the understanding of the influence of fluid flow on
ultrasonic effects was furthered. This was done with two different flow types, firstly
overhead stirring was used to mimic cross flow or stirring in a potential reactor
(Chapter 3). Secondly, an alternate flow type of circulation was investigated, with the
fluid introduced toward the bottom of the reactor (Chapter 4). Next the thesis moves on
2

to the interaction of biomass with ultrasound with the variation of the parameters,
frequency, reactor configuration, loading and particle size (Chapter 5). The ultrasonic
interaction with biomass was then investigated in different chemical environments in
Chapter 6. Lastly, in Chapter 7, the findings presented in each of the Chapters 3-6
were collated and evaluated with respect to the implications and limitations of the
research. The thesis structure is summarised in a thesis map presented in Figure 1.1

Appendices 1 and 2 include background information to claims made within the
chapters. In A1 power calibrations of the sonochemical reactors were explained and in
A2 a re-interpretation of literature results presented in relation to fluid flow and
sonochemical activity was presented. Lastly in Appendix A3 the conference
publications arising from this work were provided.
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Figure 1.1.

Thesis map. A diagrammatical outline of the structure of the thesis chapters and how they are related to each other.
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2. Literature review: Ultrasound as a pretreatment for
lignocellulosic biorefinery and biofuel applications

OBJECTIVE AND CONTENT
This project focused on the utilisation of ultrasound for the pretreatment of lignocellulose
for downstream processing. The objective of this chapter was to review the current
literature available on the ultrasonic treatment of lignocellulosic biomass, as well as a
provision of an introduction to ultrasonic processing. The review encompassed treatments
for the extraction of lignocellulosic components, biomass processing, as well as
pretreatments of lignocellulose. This was completed with the purpose of identifying gaps
and trends in the literature as well as to position the work in the context of current
literature.

PRESENTATION OF ARTICLE

Title

The effect of ultrasound on lignocellulosic biomass as a
pretreatment for biofuel and biorefinery applications
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throughout all stages of its development and provided input with
advice on the analysis, interpretation and discussion of the findings
and on the structure and format of the manuscript.
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ABSTRACT
The conversion of lignocellulosic biomass for biofuels and biorefinery applications is
limited due to the cost of pretreatment to separate or access the biomass’s three main usable
components, cellulose, hemicellulose and lignin. After pretreatment, each component may
be utilised via chemical conversion, hydrolysis and/or fermentation. In this review we aim
to firstly, identify the current status-quo of knowledge of the parametric effects of
ultrasound, secondly, to evaluate the potential of ultrasound as a pretreatment and
fractionation method of lignocellulose and lastly, to identify the challenges that this
technology faces. Ultrasound produces chemical and physical effects which were both
found to augment the pretreatment of lignocellulose via delignification and surface erosion.
The magnitudes of these effects are altered when the ultrasonic field is influenced by
parameters such as solvent, ultrasonic frequency and reactor geometry and type. Therefore,
the implementation of ultrasound for the pretreatment of lignocellulose must consider the
variation of ultrasonic influences to capitalise on the key effects of ultrasound. Currently
the literature is dominated by low frequency ultrasonic treatment, coupled with alkaline
solutions. High frequency ultrasound, oxidising solutions and use of combined alternative
augmentation techniques show promise for the reduction of energy consumed and
synergistic enhancement of ultrasonic treatment. Furthermore, feedstock characteristics,
reactor configuration, kinetics and the ultrasonic environment should be considered.
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2.1

Introduction

As concerns increase over climate change and the limitations of the global supply of oil
there is a move towards alternative, renewable fuels and chemical sources. Currently
ethanol for biofuel is fermented from carbohydrates from corn grain, sugar cane and beets1.
The majority of competitive ethanol production processes divert what could otherwise be
crops for food into crops for fuel. Given the imminent global food shortage new
technologies are required to make biofuels from other sources such as agricultural waste,
forestry wastes and energy crops1. These sources are known as lignocellulosic biomass and
are composed mainly of cellulose, hemicellulose and lignin. In order to fully utilise the
lignocellulosic material, the biomass can concurrently be used in a biorefinery as an
alternative feedstock for the chemical industry2 (Figure 2.1). The concept of a biorefinery
is similar to that of a petro-refinery except instead of crude oil, biomass is the starting
material3. A biorefinery may produce commodities such as fuels, solvents, chemicals and
plastics. In the case of a lignocellulosic biorefinery the aim is to utilise the lignin, cellulose
and hemicellulose for further modification into building block chemicals.

Figure 2.1

A flow chart of conceptual biorefinery options for lignocellulosic biomass.
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Conversion of lignocellulosic materials for biofuels or in biorefineries comprises of three
key steps: 1) pretreatment of material, 2) conversion of cellulose and hemicellulose into
fermentable sugars and 3) fermentation of sugars into raw biofuels4,5. Sugars can also be
converted to fuels or feedstock chemicals such as ethanol, butanol, acetone, lactic acid,
itaconic acid and amino acid using microbial processes3. The conversion of lignocellulosic
biomass presents numerous technological challenges, especially in the pretreatment step.
Pretreatment methods aim to improve the enzymatic hydrolysis of cellulose by reducing the
effect of the limiting factors. The limiting factors for the hydrolysis of cellulose are the
degree of polymerisation, crystallinity of the cellulose, available surface area, lignin content
and moisture content5. Some pretreatment methods do not make full use of the available
sugars in the biomass as they were traditionally aimed at ethanol production via
fermentation of glucose.
The main pretreatment options historically explored are hydrothermal, acidic, alkaline,
wet oxidation, ammonia fibre explosion, organosolv, and more recently, ionic liquid
pretreatment and were reviewed elsewhere4-5. A comparative summary of these treatments
is presented in Table 1.1 Thermal pretreatment5 aims at solubilising the hemicellulose and
the lignin at high temperatures. Desirable temperatures of thermal treatment are below 200
°C. This is because thermogravimetric analysis showed at 200 C the thermal degradation
of polysaccharides commences, and above 250 C becomes very significant6.
Organic solvents7 and ionic liquids show promise for biorefineries due to their ability for
separation of different biomass components8. Organic solvents are used with or without a
catalyst to break down the lignin and hemicellulose bonds prior to further hydrolysis and
solubilisation of lignin and hemicellulose. Acidic pretreatment is achieved with either
concentrated or dilute forms of an acid to hydrolyse the hemicellulose to xylose and
solubilise the lignin. Thus improving the accessibility and hence digestibility of the
cellulose. Alkaline treatment9-10 initially swells the biomass as well as degrades the
hemicellulose and lignin increasing the accessibility of cellulose. Some alkaline solvents
such as ammonia11 and lime9-10 show potential due to their recyclability. Oxidative
pretreatments work via different mechanisms dependent on the conditions involved.
Treatment options include the use of oxygen or ozone, wet oxidation and the use of
oxidising solvents such as hydrogen peroxide and peracetic acid12-20. Oxidative treatments
can be unselective and the formation of inhibitors may impede subsequent hydrolysis.
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Table 2.1

Loss of hemicellulose
Inhibitory compounds formed
from lignin degradation
Expensive
Need to recycle the solvent for
viability
Expensive
Need to recycle the solvent for
viability

Toxic solvents
Unselective degradation
Unselective degradation

Unselective degradation
Low efficiency

N.R. = not reported,  = evidence found to support,  = evidence found to contradict, ~ = some evidence but was not found to occur in
large amounts.
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Current pretreatment options are expensive, energy intensive and utilise chemicals which
require special disposal, handling or production methods. When considering biofuel
production it is counterproductive to incorporate energy intensive, wasteful processes.
Therefore new technologies must look towards methods with low environmental and
economic impacts and high efficiency20.
Ultrasonic treatment of solutions is an emerging technology that has potential as an
alternative pretreatment technology. Ultrasound produces radicals in a solution and
enhances mass transfer through streaming within the solution, however also requires
significant additional energy input. Ultrasound for pretreatment of lignocellulose was
examined in conjunction with other methods; however the mechanisms of the ultrasonic
assistance were not fully evaluated. In this review the principals of ultrasound and the
composition of lignocellulosic materials are examined. Then evidence is collected from
previous investigations into ultrasound and lignocellulosic biomass. The evidence is
weighed against current pretreatment options and used to evaluate the necessary
considerations for the implementation of ultrasound as a pretreatment alternative.
2.2

Principles of ultrasound

Ultrasonic waves create pressure differences within a solution for the enhancement of
physical (mechanoacoustic) and chemical (sonochemical) processes. This occurs at
frequencies beyond the audible range, typically between 20 and 1000 kHz21. Ultrasound is
generated by either piezoelectric or magnetostrictive transducers. Piezoelectric transducers
are more commonly used today and manipulate the piezoelectric property of some
ceramics. The piezoelectric material will respond to an alternating current with mechanical
vibrations to produce ultrasound of a characteristic frequency. It is due to this characteristic
frequency of transducers that currently limits a lot of research into the properties of
ultrasound. When the transducer is attached to a vessel filled with a sonication solution the
mechanical vibrations of the piezoelectric material create a pressure wave through the
solution.
The pressure wave that travels through the liquid medium has regions of high pressure
(compression) and low pressure (rarefaction). The rarefaction of the cycle can stretch the
liquid molecules apart and create cavities also known as bubbles. As the wave cycles
through the liquid, the bubbles expand and contract with the rarefaction and compression of
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the wave, respectively, drawing more liquid molecules into the bubbles as they grow. The
bubbles either continue to expand and then float to the surface, are subject to coalescence
due to Bjerknes forces22, or collapse during compression of the wave (Figure 2.2). This
collapse is almost adiabatic and can result in localised temperatures of around 5000 K and
pressures of 1000 atm. The collapse results in the formation of radicals through dissociation
of the molecules within and around the bubbles, luminescence due to excited molecules
formed losing energy and micro-jets shooting out of the bubbles of speeds in the realms of
hundreds of km hour-1.

Figure 2.2

A schematic of a pressure wave travelling through a solution, adapted from Mason21.
The bubble collapses as continual growth causes it to become unstable in the compression
part of the pressure wave

2.2.1

Ultrasonic reactors

An ultrasonic reactor normally comprises of three main components, namely, an
ultrasonic frequency generator, a transducer and a reactor. The ultrasonic frequency is
generated from the electric current by a sinus wave generator whose signal is amplified by
a power amplifier. This signal is then turned into a pressure wave via an ultrasonic
transducer and delivered into the reactor space filled with a solution to be sonicated. The
pressure wave is normally delivered to the solution through either an ultrasonic bath,
transducer plate system or a horn21. The ultrasonic bath is commonly used for cleaning at
low frequencies and can produce low intensity cavitation in the solution. A horn will sit in
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the solution, a few centimetres from the top and produces high intensity ultrasound near the
tip of the horn, in the order of several hundred W cm-2. The power is often variable but the
frequency is fixed at around 20-40 kHz. Cavitation induced by the horn occurs at the tip of
the horn and this can cause problems of erosion to the horn tip. The transducer plate can be
singular or in an array and produces ultrasound throughout the solution. Ultrasonic plate
systems can work at higher frequencies and give a cavitation zone more widely distributed
than the horn, as demonstrated by sonoluminescence imagery23. A schematic of a
laboratory, Meinhardt Ultraschalltechnik multifrequency system that can operate at 376,
995 and 1179 kHz is shown in Figure 2.3. The system is designed so that the key operating
parameters can be varied and investigated and the solution can have continuous flow and
allows for periodic sampling. Reactor design and scaling were reviewed extensively24. The
review highlighted important considerations such as power dissipation, flow behaviour and
reactor configuration for maximal sonochemical and/or mechanoacoustic effects.

Figure 2.3

Schematic of a multifrequency sonicator. A - power source, B – sinus wave generator, C
- power amplifier, D - outlet to reaction, E - inlet to reaction, F - reaction vessel, G ultrasonic transducer, H - cooling water in, I - cooling water out.

2.2.2 Mechanoacoustic effects
Mechanoacoustic effects are caused by the pressure differentials which augment mixing
processes and the micro-jets from the bubble collapse. The formation of microjets25 occurs
when the cavitation takes place near a solid boundary of larger size than the bubble (Figure
2.4). The normally spherical cavitation is distorted by the asymmetrical liquid motion near
the boundary. The microjets produced are responsible for cleaning applications of
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ultrasound due to the erosion capabilities. Additionally, microjets have the ability to break
cell walls and increase the available surface area in heterogeneous systems.
Ultrasound enhances mixing of a solution due to the pressure wave travelling through the
solution causing acoustic streaming, microstreaming and shock waves22. Shock waves
occur after the collapse of the bubbles and have enough force to distribute molecules from
around the bubbles to other areas in the solution. Microstreaming occurs around a small
object, such as a bubble in a sound field and will create flow patterns within the solution
dependent on the amplitude of the pressure wave and the viscosity of the solution.
Microstreaming creates hydrodynamic shear stresses and is capable of inducing change,
damaging biological cell walls, contributing to polymer degradation and enhancing mass
transfer. Acoustic streaming occurs due to the attenuation of the pressure wave as the wave
travels through the solution. The attenuation of the wave creates a pressure difference in the
solution causing a flow in the direction of the sound field. Generally at higher frequencies
the momentum of the wave is subject to higher absorption and hence acoustic streaming is
more evident.
Mechanoacoustic effects in a heterogeneous mixture of biomass and liquid can enhance
the accessibility of the biomass through microjet erosion, cell wall collapse and mass
transfer augmentation within the mixture. These effects all have the potential to enhance
treatment of biomass in the heterogeneous solid-liquid environment.

Figure 2.4

Formation of microjets near a solid boundary, adapted from Suslick 25. The
asymmetrical liquid motion near the boundary distorts the normally spherical cavitation.

2.2.3

Sonochemical effects

Ultrasound is also used to enhance chemical reactions or to choose a certain reaction
pathway. These pathways are normally radical driven processes. Reaction augmentation via
ultrasound often results in faster reactions at lower temperatures than otherwise possible
and can reduce the amount of chemicals required in a process21.
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Water undergoing sonochemistry initially cleaves the hydrogen - oxygen (H-O) bond in
the molecule to produce hydroxyl radicals and hydrogen, which then continue on reacting
to produce hydrogen peroxide, hydrogen gas, oxygen gas or recombine to produce water.
Further radical reactions occur in the gas or aqueous phase producing more radicals or
oxidising species as outlined by a series of reactions below21,26,27.
H2O + ))) → H·+ ·OH

(1)

·OH + ·OH → O + H2O

(2)

·OH + H2O → H2O2 + O

(3)

H·+ ·OH → H2O

(4)

H·+ H·→ H2

(5)

2O → O2

(6)

·OH + ·OH → H2 + O2

(7)

·OH(aq) +·OH(aq) → H2O2(aq)

(8)

HO2·+ H·→ H2O2

(9)

HO2·+ HO2·→ H2O2 + O2

(10)

H·+ O2 → HO2·

(11)

O2 → 2O

(12)

O2 + O → O3

(13)

A species in the solution is likely to react with the generated radicals and hydrogen
peroxide. Furthermore when the solution is saturated with gas, the composition of the gas
provides additional reactive intermediates, which affects the sonochemical degradation
products. For example, air saturation can lead to the production of N atoms which react
with oxygen to form NO and NO2- which then react with water to produce end products
HNO2 and HNO3.
There is potential for the use of the sonochemical properties of ultrasound on an
industrial scale as a standalone technology or combined with other technologies.
Ultrasound was viewed as a viable option for a variety of physical and chemical
applications coupled with other chemicals and technologies such as microwave processing
and ultraviolet photolysis26,28.
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2.2.4

Operating parameters

The operating parameters affect the severity and incidence of cavitation and hence the
degree of sonochemical and mechanoacoustic influence. Generally an increase in viscosity,
decrease in temperature and increase in external pressure applied will increase the
cavitational threshold (the minimum power for transient cavitation to occur)21. Similarly an
increase in power will increase the amplitude of the ultrasonic wave and increase the
occurrence and severity of cavitation. An increase in temperature increases the vapour
pressure of a liquid so cavitation becomes more facile however the effects of the bubble
collapse are also reduced. Thus, in a given system there will be an optimal temperature for
the desired ultrasonic effect. An increase in pressure of a system will require an increase in
power to achieve the same amount of cavitation as a higher amplitude will be required in
the rarefaction of the cycle to create a transient bubble. The effects of the parameters stem
from the Rayleigh-Plesset equation, explored by Leighton22 and more recently adapted
from single bubble theory29. However, the effects parameters such as frequency, solvent,
gas saturation, geometry and reactor configuration are more complex. A complete
understanding of these parameters is yet to be developed and the current status in literature
is summarised below.
Frequency

Studies looking for mass transfer improvement generally opt for the lower frequency
range and higher frequencies are used for increased sonochemical activity30,31. Frequency
effects of different studies are summarised in Table 2.2. At lower frequencies (under 100
kHz) the bubbles have more time to grow and therefore the cavitational collapses are more
violent. At higher frequencies more bubbles are produced which collapse, producing more
radicals. The inverse effects of frequency were demonstrated with ultrasonic treatment of
polyphenylene ether32 and through iodide dosimetry33. At even higher frequencies, as in the
megahertz range, the rarefaction of the wave becomes too short for cavitation to occur. For
example, at a comparable power, the yield of peroxide was at 1056 kHz was less than 25%
of the yield at 355 and 647 kHz30. These trends were supported by data from the present
authors’ work where hydrogen peroxide yield was maximised at 376 kHz. Experiments
were carried out in an ultrasonic reactor (Meinhardt Ultraschalltechnik) at frequencies 376,
995 and 1179 kHz with 300 mL of a 0.1 M KI (Ajax Finechem) sonication solution.
Ultrasound was introduced using a 5 cm piezoelectric transducer plate. The yield of iodine
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was measured after 30 minutes of sonication as per standard iodide dosimetric techniques34.
The absorption of iodine was measured on a Hewlett Packard 8453 Ultraviolet-Visible
Spectrophotometer at 351 nm. Calibration curves were constructed each day of
measurement using solutions of iodine standardised against sodium thiosulphate (Ajax
Finechem). The results of these studies are summarised in Table 2.2.
There is general agreement that radically driven processes are maximised at high
frequencies and physical effects are maximised at low frequencies. When considering a
heterogeneous system such as biomass in solution it is important to consider which
frequency effects are more desirable and effective; the mechanical erosion or the chemical
attack.
Table 2.2

Comparisons of sonochemical activities of different frequencies

Conditions
Sonication of 150 mL of 0.2 M KI
solution, measuring of the rate of I2
formation at 30 ± 3 C16. At the lower
frequency an ultrasonic horn was used
and at the higher frequency a
transducer plate was used33.
Treatment of a polyphenylene ester,
polystyrene for 30 min at 40 C.
Efficacy was determined by weight loss
and surface oxidation32.
Three ultrasonic devices were used ;
a probe with a tip diameter of 300 mm
at 20 kHz in 200 mL of solution, a bath
at 40 kHz with 2 L of solution and a
multifrequency bath system with 430
ml of solution.

Ten minutes of ultrasonic irradiation
in 100 mL solution on a 5.5 cm
transducer at a range of powers at 25 ±
2C. The yield of I2 was determined30.
Sonication of 300 mL of 0.1 M KI
for 20 minutes at room temperature
(this work).

Frequency
(kHz)

Power

Results

20

W
39.4 ± 0.5

µmol h-1 W-1
710 ± 50

900

25.1 ± 0.5

21900 ± 50

20
40
582
863
1142

W L-1
192.5
37.2
25.3
18.8
17.4

Weight loss (mg cm-2)
0.27
0.11
0.08
0.06
0.03
Oxidation (%)
10.9
11
12.2
13.2
10.3
10.6
µmolL-1
3 – 28
6 – 28
0 – 20
0 – 35
5
µmol
2.84 ± 0.2
13.2 ± 1
9.42 ± 0.9
8.36 ± 0.3

20
40
582
863
1142
Control

192.5
37.2
25.3
18.8
17.4
W
3-19
4-11
3-10
7 – 29
11
W L-1
92 ± 1
76 ± 4
72 ± 7
75 ± 5

213
355
647
1056
1056
40
376
995
1179
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Solvent effects

Chemicals in solution also influence the ultrasonic effects and we consider this in an
aqueous, ionic and organic solvent environment. The solvent will affect the physical
properties of the solution, such as surface tension, vapour pressure and viscosity, which
govern the severity of the cavitational collapse and subsequent ultrasonic effects, as
previously mentioned. Furthermore the chemical behaviour of the solution will influence
the overall outcomes of ultrasonic irradiation.
In an aqueous solution, hydrophobic solutes influence the ultrasonic effects. Solutes
which are hydrophobic will gather at the bubble interface and can either act as radical
scavengers in the hot region surrounding the bubble, or reduce the maximum temperature
reached during bubble collapse, quenching sonoluminescence35-36. The mechanisms of
quenching occur through the evaporation of the solutes into the oscillating bubble and
subsequent degradation reactions within the bubble. The degradation products remain in the
bubble and over numerous oscillations will accumulate, quenching sonoluminescence and
maximum temperatures achieved by the bubble. The more volatile the solute the more it is
able to quench the sonoluminescence due to the increased ability of evaporation into the
bubble35-36. Ionised species in an aqueous solution do not have this effect during the bubble
collapse, as demonstrated in the irradiation of organic acids and bases at a range of pHs37.
However, the ionised acids and bases with hydrophobic tails have the ability to gather at the
interface and undergo proton transfer reactions in the hot interfacial region around the
bubble38. These observations do not always hold for low frequency situations39-40.
Therefore quenching is believed to be more influential on stable cavitation, where the
solutes are able to reach near equilibrium absorption conditions rather than in transient
cavitation fields. These observations highlight the potential effects of solutes within an
aqueous system.
In an organic solvent degradation products were produced from the solvent. In organic
solvents the volatility of the solvent can influence the effects since the volatility is governed
by vapour pressure which determines the ease of evaporation into the cavity. An increase in
volatility decreases the intensity of the cavitational collapse which in turn decreases the
maximum temperatures and reaction rates41.
Ionic liquids have very little vapour pressure, however sonochemical effects are still
observed within them, as are the degradation products of the liquid. This is explained by the
hot spot theory, which describes a hot region around the bubble interface during the
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cavitational oscillations. The temperatures in the interfacial region are hot enough for the
degradation of the ionic liquid salts42.
Dissolved gas

Cavitation occurs at crevices of dissolved gas in a liquid so when a liquid is saturated
with a gas, the gas molecules act as cavitation sites and influence the reaction. Influences of
gases on reaction rates are summarised in Table 2.3. The extent of the effect of a gas on the
mass transfer and chemical enhancements is dependent on the saturation level, solubility
and properties of the gas21. Saturating a solution with gas will decrease the lower
cavitational threshold which therefore increases reaction rates when the reaction is
sonochemically enhanced. For example, the degradation rate of phenol was nearly doubled
in an air-saturated environment compared to a degassed environment43.
The effects of the gas dissolved are influenced by shockwave intensity, polytropic ratio
and thermal conductivity. The intensity of a shockwave will be reduced by a cushioning
effect of dissolved bubbles, however, an increase of gas in the cavitational bubble can lead
to an increase in the intensity of the shockwave. Noble gases or gases with a larger
polytropic ratio will have larger sonochemical effects44, however, the thermal conductivity
of the gas in solution will also affect the heat transferred into the bulk solution during
bubble collapse. The rate of phenol degradation under different gas atmospheres was
demonstrated to be increased with an addition of argon to air43 (Table 2.3). However the
mixture had an optimum value at 73/27 air/argon attributed to a possible balance of the
polytropic ratio and the thermal conductivity of the gas mixture.
Table 2.3

Effect of gas atmospheres on reaction rates

Conditions

Gas atmosphere

Rate of sonochemical degradation No gas
of phenol under different gases. Pure oxygen
541 kHz, 12 mm ultrasonic horn43.
Air
75/25 argon and air
Rate of formation of H2O2 in water Helium
under noble gas atmospheres at Neon
200 kHz44.
Argon

Rate
(µmol min-1)
0.75
0.99
1.42
2.39
1.9
2.8
10.6

Krypton

15.8

Xenon

17.8
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Geometry

The geometry of an ultrasonic reactor can be altered according to the type of sonication
as well as the size and shape of the solution. A 2011 review found geometry affected power
dissipation, ultrasonic flow and mass transfer within a sonicated solution24. The review
recommended the use of tubular or hexagonal reactors in order to minimise the energy
consumption. The treatment of lignocellulose with ultrasound mainly involved the use of
the two common laboratory ultrasonic reactors, the horn and the plate transducer (Section
2.4, Table 2.7). Here, some additional comparisons of geometric effects of the horn and
plate reactor systems on sonochemical activity are summarised (Table 2.4). No difference
in sonochemical activity was found when the bath versus horn system was evaluated at 20
kHz, with two horns of different diameters45. However when the sonication zone was
altered by changing the diameter of a 200 kHz reaction vessel the yield was directly
affected46. The sonochemical effects were attributed to the migration of active bubbles to
the outer solution, outside of the sonication zone. The active bubbles would then dissolve,
decreasing the yield of radicals in solution.
The path length of the ultrasonic wave controlled by the height of the solution in the
reactor and was found to directly affect the sonochemical efficiency and yield47-48. Maximal
sonochemical activity was found at different liquid heights for different frequencies47. A
reason suggested for the different effects of height was attenuation of the ultrasonic wave
versus standing wave formation. The formation of standing waves is known to increase
sonochemical efficiency in a reactor. However in other works on the effects of liquid
heights in the near and far zones in the reactor were attributed to the observed trends in
sonochemical activity48. In the near zone the reflection of the wave reaches a maximum and
ca 90% of the acoustic energy is concentrated in a cone shape, diverging from the
transducer base49. In the far zone the wave attenuates and loss of energy occurs. This theory
does not extend to the previous investigation by Asakura et al47, where they found maxima
in the far zones at lower frequencies (45 and 128.9 kHz) and in near and far zones in the
higher frequencies (231 and 490 kHz) as identified in Table 2.4. The maxima in the
different zones may be attributed to the reflection maxima in the near zone, maximizing the
standing wave and maxima in the far zone related to the optimal degree of acoustic
streaming for radical production in that reactor. However in both studies the inner diameter
of the reactor is wider than the transducer diameter, which, as previously identified by
Nanzai et al46, would affect the ultrasonic field and hence sonochemical yield.
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As evidenced above, contradictory results exist for the geometric influences on
ultrasound. The consideration of geometry, liquid height and wave attenuation is also
important when considering a heterogeneous system such as biomass as the biomass may
act as a reflector of the ultrasonic wave and effectively change the sonication region.
Table 2.4

Studies of the effects of reactor geometry on sonochemical activity

Conditions
Comparison of the rates of
formation of H2O2 at 20 kHz in two
different horn reactors and a bath
reactor45.

Geometry
Reactor type
W mL-1
2
18 cm horn, 50 1.1
ml
1.6

Effect
µmol min-1
2.4
3.9

1 cm2 horn, 50 ml

2.2
3.6
0.60

0.9
1.3
2 ml glass vial 0.26
suspended in a
bath
Diameter (mm)
Calorie (W)
Comparison of reaction vessels of 20
1.5
different diameters at the same 50
5
transducer plate width and height 60
8.5
of sonication zone at 200 kHz. 90
16
Used the yield of peroxide and Cl- 120
19
from 1,2,4-trichlorobenzene in
solution46.

A study into the effect of liquid
height on sonochemical efficiency
(SE). The diameter of transducers
were 50 mm for 45 and 128.9 kHz
and 45 mm for 231 and 490 kHz47.

20
50
60
90
120

1.5
5
8.5
16
19

Liquid height in
mm/field zone(s)
500 /far
152 /far
79 /near
400 /far
29 /near
Liquid height in
mm /field zone(s)
29-348 /far

Frequency
(kHz)
45
128.9
231
490
490
Frequency
(kHz)
22

A study on liquid height effect at
three frequencies; 22, 371 and 504
kHz. The diameter of the 29-348 /near and 371
transducer was 102 mm for the far
results reported here48.
504
29-252 /near and
far
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H2O2 (µmol)
0
2.8
3.1
6
4
Cl- (µmol)
0
3.5
6
12.5
11
SE value
(x 1010 mol J-1)
5.5 ± 0.6
6.4 ± 0.3
6.7 ± 0.2
6.2 ± 0.2
7.1 ± 0.1
SE trend (x 1010 mol J-1)
<2.3, no correlation
Linear decrease from 9 to
0.8
Decrease from 7.4 to 5.8

Batch versus flow systems

Previous reports involving measurements of sonochemical activity under the influence of
flow have found conflicting results (Table 2.5). At low frequencies (below 100 kHz) the
mass transfer effects of ultrasound dominate and the introduction of flow in reactors at
these frequencies enhanced the sonochemical yield50. However at higher frequencies, both
an increase and a decrease in sonochemical activity were observed. At 500 kHz the
sonochemical degradation rate of pentachlorophenol was decreased with an increase in
flow rate51, the degradation of chlorinated hydrocarbons at 100 kHz was also decreased
with an increase in flow rate52 and at 133.2 kHz the rate constant of potassium iodide
oxidation was maximised without flow in the reactor53. However a study at 490 kHz found
an overhead stirrer increased the sonochemical efficiency54. At lower frequencies bubbles
are bigger as they have more time to grow; when these bubbles coalesce they become too
large for sonochemical activity. The coalescence caused by the secondary Bjerknes forces
was believed by Hatanaka et al50 to be prevented by the flow introduced into their reactor
leading to an increased number of bubbles of active sizes. They then predicted at higher
frequencies, where the secondary Bjerknes force is lower, the coalescence of small, nonactive bubbles is prevented and sonochemical activity is reduced. The different geometries
of the reactors in these studies make them difficult to compare, since sonochemical activity
is also influenced by geometry45-47. In order for ultrasound to be considered on an industrial
scale for pretreatment of lignocellulose, the effects of flow in a heterogeneous sonication
solution need to be elucidated.
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Table 2.5

Comparisons of different studies on the effects of flow on sonochemical activity in
ultrasonic reactors

Study

F (kHz)

Flow
conditions

Results

Power

Degradation
of
pentachlorophenol in
100, 200 and 300
mL51.

500

Flow at 6.7 to 60
ml min-1

Flow decreased the rate of
degradation in all cases.

22-37 W

Degradation
chlorinated
hydrocarbons52.

100

Flow at 7, 10, 15
ml min-1

Still was most efficient.
Degradation
decreased
with an increase in flow
rate.

0.62
cm-2

KI oxidation over an
array
of
14
transducers53.

133.2

Flow at 0.0223 –
0.101 ml min-1

Batch gave the highest
conversion rate.

NA*

Flow
effect
on
sonochemical
efficiency in a 4 L
reactor54.

490

Overhead stirrer at
100, 200, 300 and
350 rpm

Observed
upward
acoustic streaming.
Sonochemical efficiency
was
increased
with
revolutions.

0.02
cm-2

Used an array of 6
transducers
at
different
frequencies50.

23, 44,
99 and
131

Stirring
circulation
ml min-1)

Stirring and circulation
enhanced
the
sonoluminescence.

NA*

of

and
(4000

W

W

*Not available

2.2.5 Ultrasound in heterogeneous systems
Ultrasound is able to augment processes in homogeneous liquids and in heterogeneous
mixtures such as solid-liquid systems55. Ultrasound in homogeneous systems is often used
for sonochemical effects such as bond-breakage and radical formation which leads to
chemical reactions. Conversely in heterogeneous systems ultrasound is utilised for the
enhancement of mass transport, erosion and mixing. High power ultrasound enhances
mixing for immiscible liquids such as in biodiesel production56. The cavitational and
streaming forces are able to overcome the surface tension to enhance mixing of the
immiscible liquids, (Figure 2.5). Ultrasound for mass transfer is generally maximised at
lower frequencies such as 20 – 40 kHz and was developed for the pretreatment of waste
water sludge57. Ultrasound is used to break down cell walls and release the cell contents
within the sludge to improve overall digestibility. Additionally, augmentation of rates and
yields are also explained by a chemical effect of the ultrasound in heterogeneous systems 31.

24

Furthermore when ultrasound was used for the modification of wheat straw for paper
making it was suggested the oxidants produced by ultrasound may have influenced the
depolymerisation of the lignin macromolecule58.
The pretreatment of biomass also benefits from the chemical degradation of lignin. The
homolytic cleavage of bonds in lignin observed with ultrasonic treatment demonstrate that
ultrasound plays a chemical as well as a physical role. In order to fully realise the industrial
potential of ultrasound in heterogeneous systems the sonochemical effects as well as the
mechanoacoustic effects must be considered.

Figure 2.5

Immiscible liquids before (left) and after (right) high power ultrasound treatments.
The ultrasonic effects of cavitation and acoustic streaming enhance mixing of the two
liquids.
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2.3

Lignocellulosic materials

Lignocellulosic biomass consists mostly of the interlinked polymers, cellulose,
hemicellulose and lignin (Figure 2.6). Pretreatment aims at separating these components so
the sugar monomers may be fermented or chemically converted into biofuels or feedstock
chemicals. In order to comprehend the potential effects of ultrasound, the structure, interand intra-molecular linkages of the major components of lignocellulosic biomass are
described. Ultrasound produces sonochemical and mechanoacoustic effects which will
affect the chemical and physical composition of lignocellulose. The mechanoacoustic
influences can alter the surface structure of the biomass and the sonochemical production of
oxidising radicals can lead to chemical attack of the components of lignocellulose. The
following section identifies the components and structure of lignocellulosic material as well
as identifying potential reactive sites.

Figure 2.6

A schematic of lignocellulose in biomass. The hemicellulose, cellulose and lignin are
interlinked and the pretreatment step aims to either separate these or improve the
accessibility of the cellulose and hemicellulose for enzymatic hydrolysis (adapted from the
USDA Agricultural Research Service).

2.3.1 Composition
Wood and lignocellulosic materials59 consist mainly of the three polymeric compounds
that make up cell walls. This can be up to 99% of the composition of the wood material. Of
these polymeric compounds the most abundant is cellulose, followed by hemicelluloses and
lignin. In woods, cellulose makes up about half of the wood content whereas in agricultural
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residues this is usually less, with about 30 to 40% cellulose. Composition varies between
biomass types as well as species and growing conditions, some typical values are shown in
Table 2.6.
Table 2.6

Some typical compositions of different biomass types

Biomass type

Cellulose (%)

Hemicellulose (%)

Lignin (%)

Wheat straw stem58

35-40

45-55

15-20

Sugarcane bagasse18

44.98

31.78

20.25

Rye straw12

30.9

21.5

25.3

Olive tree pruning77

32.31

28.52

27.60

Poplar Wood10

43*

15

28

*measured as glucan

Cellulose is a polymeric, linear molecule made up exclusively of -D-glucose units
linked by 1,4--glycosidic bonds (Figure 2.7). It is the main structural component of cell
walls with a high degree of crystallinity. Hemicelluloses are made from five and six carbon
sugars (hexoses and pentoses). Hemicelluloses are more prolific in hardwoods than in
softwoods and the sugar composition varies from species to species. Hemicelluloses differ
from cellulose as they have side groups, shorter chains and are in some cases branched. The
hemicellulose sugars are held together by glycosidic linkages and are more accessible to
chemical and physical attack. Lignin is an amorphous component of the cell wall and is a
strengthening constituent, penetrating the fibrils during development, it is more prolific in
softwoods than hardwoods. The components of the cell wall are inter-linked by hydrogen
bonds and glycosidic linkages, therefore separation requires chemical treatment59.

CH2OH
O
OH

O

OH

Figure 2.7
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O
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OH

A chemical structural model of cellulose (adapted from Fengel and Wegener59)
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The separation of lignocellulosic components was initially developed for the pulping
processes. Thus, high temperature and pressure effects on biomass were investigated with
the aim at pulp delignification60. Lignocellulosic materials were investigated in
supercritical fluids using a range of solvents and complementary thermogravimetric
analysis6. The thermograms were replicated by the authors using 15 mg of a wheat straw
sample, ground to fit through a 20 mesh sieve, under Nitrogen (60 ml min-1) on a
Thermogravimetric Analyser (TA Instruments SDT Q600) with a heating rate of 20 °C min1

, (Figure 2.8). The thermograms demonstrate at 200 C the thermal degradation of

polysaccharides commences and above 250 C becomes very significant. Furthermore, the
results indicated non-reactive supercritical fluids were unsuccessful at delignification
indicating chemical interactions are needed for delignification to occur 6. The oxidising
species produced from ultrasound have the potential to aid in the chemical interactions
required for delignification.

100

Cellulose
Glucose

60
Cellulose

40

Glucose

20

Xylose

Derivative Weight Loss

Weight %

80

Xylose

Wheat Straw

Wheat Straw

0
0
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0

Temperature (C)
Figure 2.8

150

300
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Thermograms (left) and derivative weight loss (right), dW/DT, plots of biomass
components

2.3.2 Carbohydrate reactivity
The polysaccharides, hemicellulose and cellulose have three main reactive sites, namely,
reducing end groups, glycosidic linkages and hydroxyl groups61. The end groups of the
polysaccharides are partially converted to function as an open chain aldehyde when in
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solution and can be reduced and oxidised. The glycosidic linkages are subject to hydrolysis
in acidic, alkaline and oxidative conditions. The hydroxyl groups on the cellulose and
hemicellulose units are susceptible to oxidation and can undergo further degradation such
as dehydration and cleavage of the glycosidic linkages. The reactivity of carbohydrates
depends largely on the accessibility of the reactive site and varies under different
conditions.
Degradation

In acidic mediums the glycosidic linkages in the polysaccharides are hydrolysed to form
sugar monomers. The hydrolysis precedes further dehydration, condensation and
degradation reactions to produce furans and phenolic compounds. The non-glucose units of
the hemicellulose are generally more reactive than the glucose, and acidic treatments were
used to selectively remove the hemicellulose5, 61. Alkali mediums give rise to the cleavage
of glycosidic linkages of polysaccharides as well as endwise degradation, also known as
peeling, which produces carboxylic acid derivatives. The endwise peeling in alkaline
solutions can be stabilised with divalent cations which impede the peeling process61.
Hemicelluloses are subject to physical as well as chemical changes in alkaline
environments, such as swelling due to the solvation of the hydroxyl groups by hydroxyl
ions. Oxidative degradation of hemicelluloses and celluloses are similar, with
hemicelluloses in biomass being more accessible so they are more likely to undergo
degradation. The types of degradation reactions in an oxidative environment are likely to
occur at the reducing endgroup, the hydroxyl group and at the anomeric position (C1). The
reducing endgroups are readily oxidised to an acid moiety which does not undergo peeling
in alkaline conditions. When the anomeric site is attacked, glycosidic cleavage results and
an acid moiety is produced. The nature of the oxidation occurring at the hydroxyl groups is
known to vary depending on the type of oxidants and substrates61. Ultrasound produces
oxidising radicals, which, coupled with mechanoacoustic effects, are able to degrade the
carbohydrates.
2.3.3

Lignin structure and reactivity

The lignin polymer is formed through enzymatic dehydrogenation of phenylpropanes
followed by radical coupling61. Lignin is derived from three monomer units, transconiferyl, trans-sinapyl and trans-p-coumeryl alcohols (Figure 2.9). These three units are
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linked randomly mostly through ether linkages at α and β positions to construct the lignin
macromolecule. Due to the random linkages the structure of a lignin in any given plant
varies and composition of different species can range from 10 to 30%.
Reactive sites

The reactive sites in lignin are mainly the ether linkages and functional groups since the
carbon-carbon linkages are generally resistant to chemical attack. The areas of lignin
susceptible to chemical attack are the hydrolysable ether linkages (β-aryl, α-aryl and αalkyl), phenolic and aliphatic hydroxyl groups, ester groups, methoxyl groups, the
unsaturated groups and uncondensed units. Lignin is amorphous and tends to form
hydrogen bonds influencing the accessibility of the groups which in turn affects the levels
of reactivity61.

Figure 2.9

Lignin precursor units, coniferyl alcohol, sinapyl alcohol and p-coumeryl alcohol61.

Lignin-carbohydrate linkages

There are three possible types of lignin-carbohydrate linkages; ester, ether and glycosidic
(Figure 2.10) which due to the difficulty in separating the carbohydrate and the lignin are
believed to exist. The ester linkages can be readily hydrolysed in alkali media, unlike the
ether linkages which are relatively stable under mild alkaline conditions61.
Lignin degradation

The chemical mechanism of lignin degradation depends on the environment whether it is
acidic, alkaline, oxidative or a combination of these61. In acidic environments benzyl
oxygen can be protonated initiating acid degradations of α- and β-ether lignin units. The
protonation is followed by α-ether elimination of the phenol or alcohol giving a benzylic
carbonium

ion

intermediate

which

can
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undergo

further

degradation

enabling

depolymerisation of the lignin compound. Alkaline and oxidative environments were used
extensively for delignification in the bleaching of pulp in the Kraft process60 and were
looked at as pretreatment options. In alkaline and alkaline-oxidative environments lignin
degrades through the cleavage of the α- and β-aryl ether linkages to yield fragmentation
units. However in oxidative environments, unlike in pulping, degradation is driven by the
cleavage of carbon-carbon linkages and the formation of acidic groups from ring
degradations such as carboxylic acids. Side chains within the lignin may be displaced or
cleaved in oxidative reactions through electrophilic substitution at an unsubstituted ring
position and α-β-cleavage of the carbon chain61. These three main chemical methods of
lignin degradation were the basis for many chemical pretreatments to enhance the
enzymatic digestibility of cellulose in lignocellulosic biomass. The pretreatments are not
always selective and can sometimes be counterproductive due to the loss of carbohydrates
in the process.
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Figure 2.10

Possible lignin-carbohydrate linkages; from top to bottom; ester linkages, ether
linkages and glycosidic linkages61
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2.4

Ultrasonic effects on lignocellulosic biomass

In order to evaluate the potential of ultrasound as a pretreatment option, for
lignocellulose, previous investigations into ultrasonic effects on lignocellulosic biomass
were explored and are summarised in Table 2.758,62-117. The effect of hydrodynamic and
ultrasonic cavitation on lignocellulosic biomass was reviewed with the aim at pretreating
wheat straw118. The review highlighted the dominance of physical effects of ultrasound in
the enhancement of delignification and recommended the use of low frequency ultrasound.
Furthermore the combination of conventional techniques with ultrasound, and the use of
noble gases were cited as methods to enhance delignification. With these concepts in mind
the literature was reviewed with the aim to increase the understanding on the interaction of
ultrasound and lignocellulosic biomass in different environments. Firstly, pretreatment of
lignocellulose for improved hydrolysis is discussed. Secondly, the use of ultrasound for
lignin extraction from lignocellulose and finally the use of ultrasound for the extraction of
polysaccharides were examined. Within these three key areas, an understanding of common
ultrasonic interactions with lignocellulose and the components within is developed.
2.4.1 The mechanisms of ultrasonic pretreatment of lignocellulose
Ultrasound for the pretreatment of lignocellulose

Ultrasonic pretreatment of various lignocellulosic materials was able to enhance
subsequent treatments. Both enzymatic and acid hydrolyses were enhanced and ethanol
yield increased following ultrasonic pretreatment of lignocellulose. Enzymatic hydrolysis
of sugar cane bagasse was improved with ultrasonic pretreatment, with an increase in
glucose yield by 21.3%63. The increase in glucose yield was almost linear with an increase
in sonication time, linking the ultrasonic pretreatment to improved hydrolysis. Further
improvements of enzymatic hydrolysis with ultrasonic pretreatment were reported in dilute
acid68, alkaline solutions69-70 and in ionic liquids66 for sugarcane bagasse and for rice hulls
in water65. Ultrasound was shown to increase the enzymatic hydrolysis yields and reduce
necessary times of pretreatment and saccharification. Similarly, acid hydrolyses of
sugarcane bagasse72 and oil palm empty fruit bunch73 were improved by ultrasonic
pretreatment in an alkaline solution and an acidic solution, respectively. The ultrasonic
pretreatment of oil palm empty fruit bunch, more than doubled the subsequent xylose yields
from 22 to 52%.

Furthermore, ethanol yield from hydrolysed sorghum bagasse was
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increased by 4.5% from ultrasonic pretreatment62. In conclusion, hydrolysis of
lignocellulosic biomass was improved by ultrasonic pretreatment for a variety of materials.
Ultrasound was able to increase yields of glucose, xylose and ethanol in downstream
processing as well as reduce the treatment times required, attributed to enhanced
accessibility and delignification.
Enhanced accessibility and delignification of lignocellulose

The efficacy of ultrasonic pretreatment for improved processing was attributed partly to
mechanoacoustic effects. The mechanoacoustic effects, described in Section 2.2.2
improved mass transfer and enhanced the accessibility of the biomass for subsequent
processing. For instance, the enhancement of enzymatic hydrolysis of rice hull was coupled
with improved accessibility and particle surface erosion65. Similarly, the improvement of
enzymatic hydrolysis of kenaf biomass was attributed to the physical, rather than chemical
effects71. In addition, an improvement of acid hydrolysis yields was attributed to the
increased accessibility from the removal of silica from the surface of oil palm fibers73.
Further evidence of the mechanoacoustic effects in the treatment of lignocellulose were
observed from an increase in pore size and improved liquefaction. The micro-pore and
macro-pore volume of sunflower husks was increased after ultrasound from 9.5 to 11% and
14 to 16%, respectively78. Liquefaction times of various lignocellulosic materials were
improved by 72-89% with ultrasound81 and dissolution times of holocellulose in 1-butyl-3methylimidazolium chloride was more than halved after ultrasonic pretreatment, from 750
to 360 min108. Improved liquefaction times demonstrated mass transfer was improved under
the influence of ultrasound. The observed increases of surface erosion, solubilisation and
accessibility under the influence of ultrasound all contribute to the improvement of
subsequent processing of lignocellulose.
Delignification of lignocellulose enhances hydrolysis yields of cellulose. Ultrasonic
pretreatment tended to augment delignification, which coupled with improved hydrolysis
yields. The success of enzymatic hydrolysis of rice hull with a control, ultrasound and
hydrogen peroxide pretreatment step followed the most efficient delignification
pretreatment. Hydrogen peroxide, followed by ultrasound removed more lignin than the
control and subsequently the hydrolysis yields were highest for the hydrogen peroxide
pretreated biomass, followed by the ultrasound and control pretreatments65. Similarly,
improved acid hydrolysis72 and enzymatic hydrolysis69-70 of sugarcane bagasse was coupled
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with the increased removal of lignin in ultrasonic pretreatment. Furthermore ultrasonic
pretreatment of corn stover improved hydrolysis yields, alongside a decrease in lignin
content64. Delignification with ultrasound was observed for different lignocellulosic
materials in a variety of solvents. Delignification in the fractionation of olive tree prunings
was improved with ultrasound in water and acetic acid but not in soda solution74. However,
other ultrasonic treatments in a basic environment were able to improve delignification6970,75-77

. Furthermore the lignin content of sunflower husks78 and pulped wheat straw58 was

decreased by ultrasonic treatment in water. Overall, the reported delignification ranged
from an increase in lignin content by 8.9% in a soda solution74 to a decrease in lignin by
90.6% in 2% NaOH70. The variety of conditions and lignocellulosic feedstock over which
delignification was enhanced by ultrasound led to a wide range of delignification yields.
Furthermore delignification was nearly always accompanied by a loss of carbohydrates.
Hence the purpose of the ultrasonic treatment must also be considered. If the ultrasonic
treatment is to enhance hydrolysis yields, or includes further use of carbohydrates in
downstream processing, carbohydrate loss is undesirable.
Ultrasound improved pretreatment for subsequent enzymatic and acid hydrolysis of
lignocellulose. The augmentation of hydrolysis yields was observed to occur for a range of
experimental conditions, such as solvent, feedstock and reactor configuration. However two
key mechanisms appeared to be effective for successful pretreatment. Firstly, enhanced
accessibility of the biomass through surface erosion and secondly, delignification during
pretreatment. Ultrasonic delignification of lignocellulose is a result of sonochemical and
mechanoacoustic effects.
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Table 2.7

Summary of literature on studies regarding ultrasound and lignocellulose

Sample type, size
Ultrasonic
Solvent
and Solid to liquid
configuration
Ratio (SLR)
Pretreatment of lignocellulose –with ethanol production
Sweet sorghum, juice
28 kHz, 50 W
12% w/v NaOH
was extracted and then 0°C for NaOH, 3 h
85% phosphoric acid,
the remaining bagasse 50°C for acid, 30
washed with acetone
was washed, dried and min
screened to between
177 and 840 µm
5% bagasse (w/w) for
alkaline
12.5% w/w for acid
Pretreatment of lignocellulose with enzymatic saccharification
Corn stover, screened Hexagonal 6
0.05 M Sodium acetate
to 1 mm, SLR 1/25
transducer reactor,
buffer, with cellulose
(g/ml)
50 kHz, 5-8 h, 37°C
enzyme

Key Ultrasonic Effects

Conversion yield increase by up to 32%

63

Sugar cane bagasse,
freeze-dried, screened
to 1 mm, SLR 1/25
(g/ml)

Hexagonal 6
transducer reactor,
50 kHz, 37°C,
5 and 8 h for
hydrolysis, 0-4 h
pretreatment

0.05 M Sodium acetate
buffer, with cellulose
enzyme at 0 h
Buffer solution for a total
of 4 h then enzyme was
added

Conversion increased by 20.6% with ultrasound

63

Corn stover, screened
to 20-40 mesh, SLR
1/12 (g/ml)

4 kHz, 80 W, 1 h,
25°C for alkali
hydrolysis

5% sodium hydrate

The decomposition percentages of non-US/US were 7/8, 15/30 and
43/55 for cellulose, hemicellulose and lignin respectively

NaOH with/without US; 61.12/58.66, 12.59/12.72, 0.56/0.69,
0.61/0.66, 0.93/1.10, 0.99/1.01, 10.37/11.50
Acid with/without US; 54.06/52.25, 11.7/11.88, 0.28/0.34,
0.30/0.39, 0.35/0.46, 1.07/1.15 and 21.81/23.02
For percentage of glucan, xylan, mannan, galactan, arabinan, acid
soluble lignin and acid insoluble lignin, respectively

62

Fermentation after NaOH with without US was 81.0% and 76.5%
ethanol yields

The increase of glucose yield with pretreatment time was almost
linear, from 0.75 g/L to 0.91 g/L (21.3%)
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Pretreated (as above)
corn stover, SLR 1/12
(g/ml)
Rice
hull,
approximately 0.5 × 5
× (2.5-5) mm, SLR
1/15 (g/ml)
Sugarcane
bagasse,
screened to <0.5 cm,
SLR 1/30 (g/ml)
Soybean
fibres
remaining
after
extrusion
and
extraction of soybean
flakes
Sugarcane
bagasse,
screened to particle
size ranges of <0.18
mm, 0.18-0.5 mm,
0.5-1 mm, and >1
mm, SLR 10 g/90 ml
water

Pulsed
ultrasound, Cellulase solution, pH 5.5
1:2 on: off, 20 kHz,
80 W, 55°C
Beaker, 40 kHz, 250 Water
W, 25 °C for 30 mins

Ultrasound enhanced the cellulose yield by 70%
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The glucose percentage /total sugar yields (%) / lignin percentage
were: 10/11/25, 32/32/18, 50/39/15 and 5/4/20 for the control,
ultrasound and fungi treatment, hydrogen peroxide and fungi
pretreatment and fungi treatment alone, respectively
45 kHz, 100 W, N -methylmorpholine- N - Ultrasound and NMMO converted 95.9% of cellulose in 12 h
90°C in a round oxide (NMMO)
compared to 90.4% after 24 h, without ultrasound
bottom flask
Horn, 20 kHz, 2.2 An aqueous mixture of Enzymatic hydrolysis yields were not improved by ultrasound
kW, 30 and 60 s
0.05 M sodium acetate compared to the control.
buffer, tetracycline and
cycloheximide.
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Sonopuls 20 kHz, Sulfuric
acid Optimal conditions were with enzymatic hydrolysis, particle size
50-200 W, 0-180 s
concentration 0, 1, 3, 5% <0.18 mm, 3% sulfuric acid, 120 W power and 180 s of ultrasound,
(v/v)
which produced 26.01 g/L of glucose
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Sugarcane
bagasse, Sonolyser, 24 kHz, NaOH, 0.25, 1.0, 1.75, 2.5
screened over the 400 W, 30-50°C, 5- and 3.25% (w/v) in 100
range of 0.27-0.91 50 min
ml
mm, SLR, 1/10 to
1/20 (ml/g)

Theoretical maximum response for delignification was 99.64% at
particle size of 0.27 mm, SLR 1/25 g/ml, 3.25% NaOH, 75°C and
sonication time of 61.97 min.
Maximum response for sugar yield was estimated at 96.27%, with
particle size 0.27 mm, 1/25 g/ml, 2.89% NaOH, 70.15 °C and 47.42
min
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Sugarcane
bagasse, Sonolyser, 24 kHz, 2% NaOH
0.27 mm particle size, 400 W, 40°C.
1/20 SLR

70

Alkali
mg/L
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lignin,

Reduction of hemicellulose and lignin with/without ultrasound
were 80.8/19.2% and 90.6/12.3%, respectively.
Glucose yields were 48.4, 54.9 and 91.3% for raw, control and
pretreated, respectively.
500 Horn, , 35 W Power, Four different solutions in Lignin degradation ratios (total) and rate constants were 1)1.8%
25°C, 180 min
50 mM acetate buffer: 1) and 0.0049 min-1 2) 50%, rate for 0-120 min was 0.26 min-1 and 3)
TiO2
2
g/L
(with 60%, rate for 0-60 min was 0.57 min-1
ultrasound) 2) Fenton
reagent (100 mM H2O2
and 1 mM FeSO4.7H2O)
and 3) TiO2 and Fenton
reagent (with ultrasound)
4) control solution with no
additives.
Total volume was 50 ml

Kenaf core fibre, Horn, 35 W Power, Four solutions, as above.
powder, 2% w/v
25°C, 0-360 min
Lignocellulose pretreatment with acid hydrolysis
Sugarcane
bagasse, Horn, 24 kHz, 50 °C, 2% NaOH
sieved to 0.256 mm, 20 min
SLR 1/20 (g/ml)

Maximum saccharification ratios for different treatments were: 1)
14% 2)16 %, 3) 25% 4) 11%
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Pretreatment reduced the lignin content by 75.44% and the
cellulose and hemicellulose recoverability was 79 and 99%
respectively.
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Pretreated sugarcane
bagasse (as above),
dried, SLR 1/10, 1/15,
1/20 and 1/25 (g/ml)
Oil palm empty fruit
bunch, shredded, SLR
1/10 (g/ml)

Horn, 24 kHz, 50 °C, 0.5%-3% H2SO4
0-75 min

The optimum SLR, H2SO4 concentration and hydrolysis time was
found to be 1/20 (g/ml), 2% and 45 min.
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Probe, 20 kHz, 2kW, 2% H2SO4
25 °C 0-60 min, 090% power

Xylose yield increased to 52% (90% power, 45 min) compared to
22% without ultrasound, no effect on the production of glucose was
seen.
Silica on the surface of the fibres was removed by ultrasound.
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Pretreatment of lignocellulose – overall composition
Olive tree prunings, 1- Bath, 60 kHz, 420 Water, 60% v/v acetic Water for 60/120 min changed the percentage of lignin, cellulose,
8 mm, SLR 1/10 W, 50 °C, 30-120 acid and 7.5% soda.
hemicellulose and ash by -5.8/-13.8 0.9/1.1 -1.3/-11.2 -0.3/0.8 in
(w/w)
min
water, -0.9/-9.9 0.6/-0.4 -6.9/-4.8 -0.1/-0.2 in acetic acid and 3.2/8.9
1.7/-0.3 -3.1/-0.1 -3.5/2.7 in soda solution.
Bon bogori and moj Horn, 30 kHz, 100 Lime solution: 0.25, 0.5 Optimal conditions for bon bogori and moj trunks were 0.75 g
trunks, Acacia nut W, 35 °C
and 0.75 (g/g of biomass) lime/ g biomass, SLR 1/20 (g/ml) and 120 min treatment, 68% and
husks,
screened (calorimetric power in water
64% delignification, respectively, and for Acacia nut husks were
through 0.5 mm sieve, was determined to be
0.75 g lime/ g biomass, SLR 1/20 (g/g) and 180 min treatment,
SLR 1/10, 1/20, 1/30 36 W), 60, 120 and
65% delignification.
(g/g)
180 min
Saw dust screened Two reactors: Horn, 5% (w/w) NaOH solution. Acid-insoluble lignin content was 28.00, 21.57, 25.74, 27.24,
though a 0.6 mm sieve 22 kHz, 240 W, Volumes of 20 ml 26.47% for the 20 ml (control), 20 and 40 ml (horn) and 40 and 500
SLR, 1/20 (w/w)
Triple
transducer (control), 20 and 40 ml ml (bath) respectively.
bath, 120 W, room (horn) and 40 and 500 ml
temperature, stirring, (bath)
30 min
Rice straw, smashed 30 kHz, 400 W, 60 2% NaOH
Compared to raw feedstock, alkaline treatment/ultrasound
and screened to 20-40 min
combined with alkaline treatment decreased the lignin, cellulose
mesh,
SLR
1/20
and hemicellulose content by 10.4/41.0, 6.1/12.3, 1.2/8.3%
(g/ml)
respectively.
Sunflower husks
Horn, 30 kHz, 0-460 Water
Optimum treatment conditions were: 368 W cm-2, 15 min,
-2
W cm , 0-35 min
destruction of lignin and cellulose was 16 and 11.4 % respectively
Ultrasound increased the pore volume and number micropores from
9.5 to 11% and macropores from 14 to 16%, increased surface area
Ultrasonic treatment of lignocellulose for liquefaction and alternative extractions
Coconut
shells Bath at 25 kHz, 150 50% ethanol/water (v/v) Ultrasound extraction time was the most important variable in the
screened through 1.5 W at 30°C, 20-60 adjusted to pH 4.5
yield of phenol, longer times of more than 50 min maximized the
mm sieve, SLR 1/33 min
extraction.
(g/ml)
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Sugar cane bagasse, Bath at 40 kHz, 300 Pyridine
screened to 20-40 W at 30°C for 0-40
mesh, SLR 5 g in 50 min
ml
Medium
density Horn, 24 kHz, 400 Diethylene glycol/glycerol
fibreboard, veneered W (20-100% power), (1/4) mixture plus 21 g of
particle board, particle 160 °C, 2 h
p-toluenesulfonic acid and
board, oriental strand
3% H2SO4 based on glycol
board, plywood and
loading
wheat straw, milled
and screened through
a 2 mm sieve, SLR
1/18 w/w
Birch
and
pine 22 kHz, 10 min
sawdusts
Ultrasonically assisted lignin isolation from lignocellulose
Wheat-straw, sieved Horn, 20 kHz, 100 0.5
M
NaOH
in
through
0.8
mm W, 60°C 0-35 min
methanol:H2O (60:40) for
screen. dewaxed, 1/30
2.5 h, including sonication
SLR (g/mL)
time
Wheat-straw, sieved Horn, 20 kHz, 100 0.5 M KOH for 2.5 h,
through
0.7
mm W 35°C 0-35 min
including sonication time
screen, dewaxed, 1/30
SLR (g/mL)
Samples were residues Horn, 20 kHz, 100 Post treatment of residues
from
a
previous W 35°C 0-35 min
with 2% H2O2 – 0.2%
investigation by Sun
TAED, 12 h, 48 °C
84
and Tomkinson

The phthalation increased with ultrasound from 15.8 to 18.3% from
0-30 min treatment, then decreased to 15.0% from 30-40 min
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Liquefaction times (min) with and without ultrasound were 15/90
for wheat straw and plywood, 20/120 for veneered particle board,
10/90 for medium density fibre board, 25/90 for particle board and
20/90 for oriental strand board
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Ultrasound increased the degradation intensity of the lignin by the
fungal enzyme P. tigrinus.
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Sonication for 5, 10, 15, 20, 25, 30, 35 solubilized 67.4, 68.6, 74.4,
77.3, 77.3, 77.9 and 78.5% of original lignin.
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Ultrasonic treatment for 0, 5, 10, 15, 20, 25, 30 and 35 min
dissolved 43.9, 43.9, 43.9, 44.4, 44.4, 45.6, 46.8 and 49.1% of the
original lignin and 62.8, 63.0, 62.8, 62.8, 63.5, 63.5, 64.3 and
64.5% of the original hemicelluloses respectively
Ultrasonic treatment for 0, 5, 10, 15, 20, 25, 30, 35 min dissolved
46.2, 46.2, 46.2, 46.2, 46.2, 45.6, 45.0 and 43.3% of the original
lignin and 27.8, 27.8, 28.1, 27.8, 27.6, 27.8, 27.3, 27.1% of the
original hemicelluloses.
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Sugarcane bagasse,
Horn, 20 kHz, 100
dewaxed, sieved
W 55°C 40 min
through 0.8 mm
screen. approximate
SLR 1/30 (g/ml)
Bamboo, dewaxed,
Cell crusher, 20 kHz,
ball milled, SLR 1/23
100 W, 20°C, 0-55
(g/ml)
min
Poplar wood, dewaxed Horn, 20-24 kHz,
screened between 100 570 W, 25 °C, 30
and 60 mesh, SLR
min
1/15 (g/ml)
Bamboo, dewaxed,
Cell crusher, 35 kHz
ball milled, SLR 1/30
100 W, 20°C, 0 – 50
(g/ml)
min
Liquor fraction from
Bath, 40 kHz, 200
olive tree pruning
W, 25°C, 0-120 min
residues pretreated at
SLR 1/10 w/w.
Ultrasonic modification of lignin
Milled wood lignin
Ultrasonic cleaning
from Yezo Spruce, 250 bath, 30 min, 50°C
mg in 0.5 ml
Misanthus x giganteus Bath, 35 kHz, room
lignin was extracted in temperature, 6 h
either
formic
acid/acetic acid, water
or aqueous ammonia
25% wt.
0.25 g in 30 ml

Ultrasonic irradiation in
water then successive
extraction in alkaline
H2O2 from 0 to 3% at
55°C for 2 h
95% Ethanol

The total lignin with ultrasonic pretreatment was 91.2% and
hemicellulose was 91.9% compared to water pretreatment of 89.0%
and 90.6%
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No effect observed for yields and molecular weight from ultrasonic
treatment.
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Successive treatments:
95% Ethanol, methanol,
dioxane and dimethyl
sulfoxide
95% Ethanol

Organosolv lignins had a lower molecular weight average than the
alkaline lignins subsequently extracted.
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Increase in irradiation time, decreased the carbohydrate content
from 61.31 to 37.87%
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Ethanol/water (60/40
w/w)

Acid insoluble lignin yields were 61.47, 67.39 and 63.07% after 0,
15 and120 min of sonication.
The neutral sugar composition in the liquor was decreased by 20,
14, 11 and 6% for sonication times of 15, 30, 60 and 120 min
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0.5 ml DMSO and 2.5 mg
2,4,6-tri-tertbutylnitrosobenzene
Water or methanol, ethyl
acetate, 0.03 g of different
catalysts

The secondary and tertiary carbon radicals were trapped attributed
to the scission of the phenyl ether bond, β-O-4
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The catalysts performances were inferior under ultrasonic
conditions compared to conventional heating.
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40

Lignin was obtained
from eucalyptus, 50 or
100 g of lignin in
water

Bath, 25 kHz, 0.8 W
cm-2, 50°C, 30 min

Humic acids from
tobacco dust 1.1g/l

Horn, 30 kHz, 50 W,
0-120 min

Carbohydrate extraction - hemicellulose
Wheat straw, sieved
Horn, 20 kHz, 100
through a 0.7 mm
W, 35°C, 0-35 min,
screen, dewaxed,
9.78g/300 ml
Wheat straw, sieved
Horn, 20 kHz, 100
through a 0.8 mm
W, 60 °C, 0-35 min
screen, dewaxed, 1/30
(g/ml)
Sugarcane bagasse,
sieved through a 0.8
mm screen, dewaxed.
9.92 g/ 300 ml
Buckwheat hulls,
sieved to 1-2 mm, 5 g
/ 50 ml
Crushed Salvia, SLR
1:6.7

100 W, 40 min,
55°C, then stirred for
80 min at 55°C

30% NaOH was added
until the pH reached 9.0,
sodium formate 4.5 or 9 g
added, stored at 25°C for
24 h then treated with
microwave or ultrasound,
prior to hydrogenolysis.
0.5 M NaOH, adjusted to
pH 7.3, diluted with
distilled water by 50%,
100 ml

Microwave resulted in higher oil yields and conversion percentages
than ultrasound
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Chemical modifications occurred mainly in the carboxylic acids,
the alpha methylene groups, aliphatic carbons, β-aliphatic carbon
and α-carbon oxygen bond
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0.5 M KOH,

Treatment with ultrasound for 20, 25, 30 and 35 min solubilised
0.8, 0.8, 1.5 and 1.8% more of the original hemicelluloses and 0.6,
1.8, 2.9 and 3.5% of the original lignin compared to the control
without ultrasound
0, 5, 10, 15, 20, 25, 30, 35 min solubilised 32.2, 35.1, 36.1, 38.2,
40.8, 40.8, 40.8 and 41.4% of the original hemicellulose and 61.0,
67.4, 68.6, 74.4, 77.3, 77.3, 77.9 and 78.5% of the original lignin,
respectively.
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Total hemicellulose after ultrasound pretreatment was 30.8
compared to 30.3%
Lower amounts of bound lignin with ultrasound: 0.41-7.36
compared to 0.46-9.63%
Yield of hemicellulose increased by a factor of 1.5, 1.2 and 1.5 for
treatments with ultrasound and NaOH concentrations: 10 min 3%
NaOH, 5 min 5% NaOH and 10 min 5% NaOH, respectively.
Total extract with/without ultrasound was 39.9/34.4% with
10/9.3% polysaccharide
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0.5 M NaOH in
methanol/water (60/40
v/v)

Water

Horn, 20 kHz, 100
3 and 5 % NaOH
W, 8 W cm-2, 40 and
60°C, 5 or 10 min,
Horn, 20 kHz, 600 65% ethanol in water.
W, 1 W cm-2 2 h
times 3
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Significant amounts of the polysaccharides were dissolved in the
initial treatment, although the net yields were increased from 9.6 to
11.4%
Ultrasound released the xyloglucans and arabinoglucans from the
cell wall.
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0, 5, 10, 15, 20, 25, 30, 35 min of ultrasound released 27.8, 27.6,
27.8, 27.3, 27.1% of hemicellulose and, 46.2, 46.2, 46.2, 46.2, 46.2,
45.6, 45.6 and 43.3% of lignin, respectively
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0, 5, 10, 15, 20, 25, 30, 35 min of ultrasound resulted in yields (%)
of 20.4, 19.4, 19.0, 17.9, 17.2, 17.2, 17.0, 17.0 of residual
hemicellulose and , 5.30, 4.28, 4.16, 3.14, 2., 2.65, 2.58, 2.5 of
residual lignin and 49.2, 47.3, 46.8, 46.6, 46.5, 46.5, 46.2, 46.2 of
cellulose.
20 kHz, 200 W, 5% NaOH, 10 min The material extracted with 10 min of ultrasound and 5% NaOH
horn, 10 min, 60°C
irradiation plus 50 min
contained 67% hemicellulose
0.5% and 5% NaOH, just
10 min of irradiation,
Control: 60 min 5%
NaOH
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Valerian
roots,
crushed to 2-3 mm,
SLR 1:6.7
Poplar
wood,
dewaxed,
screened
between 100 and 60
mesh,
SLR 1/15
(g/ml)

Horn, 20 kHz, 600
W, 1 W cm-2 2 h
times 3
Horn, 20-24 kHz,
570 W, 25 °C, 30
min

Wheat
straw,
dewaxed,
sieved
through a 0.7 mm
screen
Wheat straw, sieved
through a 0.8 mm
screen, dewaxed, SLR
1/30 g/ml

Horn, 20 kHz, 0-35
min, 0.5 M KOH,
35°C for 2.5 h total

65% ethanol in water.

Successive treatments:
95% Ethanol, methanol,
dioxane and dimethyl
sulfoxide. Additional
alkaline extractions post
organic extractions
0.5 M KOH

0-35 min US at 0.5
M
NaOH
in
60°C, 20 kHz, horn, methanol/water 60/40 v/v
sonic power of 100
W

Almond
shells,
screened through 1
mm, 1/40 (g/ml) and
almond shell fibre
obtained
after
autohydrolysis of the
almond shells, 1/10
(g/ml)
Carbohydrate extraction - cellulose
Sugarcane
bagasse, 55°C, 40 min
sieved through a 1 mm
screen, dewaxed SLR
40 g/300 ml

Water

Treatment with sonication solubilised 0.8 and 1.5% more of the
original hemicelluloses and lignin, respectively
Glucose content increased from 92.8 to 94.0% from control to
ultrasonic treatment
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Wheat straw, sieved Horn, 20 kHz, 100
through a 0.7 mm W, 0-35 min
screen, dewaxed.
9.78 g/ 300 ml
Carbohydrate-rich feedstock
Sugarcane bagasse (15 Horn, 20 kHz, 100
g) was delignified then W, 60°C, 30 min
irradiated
Sugar cane bagasse, Horn, 20 kHz, 0-75
40-60 mesh, dewaxed W, 110°C 0-30 min
in acetone at 20°C and
delignified
with
sodium chlorite. SLR
1/50 w/w
Corn cob, sized 1-2 Ultragen, 20 kHz,
mm SLR 2/50, 3/50 100, 200 and 270 W,
and 5/50 (g/ml)
time 10 min, 8 W
cm-2
Cassava chips, sieved Horn, 20 kHz, 2.2
through a 10 mesh kW, power densities
screen, 5% total solids 2, 4, 8.5 W/ml, 10
in 35 ml.
and 30 s, in test tubes
Corn bran, sieved to Horn, 20 kHz, 100
0.25 mm. SLR 2/50, W, 8 W cm-2, 10 min
3/50, 5/50 (g/ml)
intervals, 30, 50, 60,
70°C, 5 and 10 min
Purified wheat bran, Horn, 20 kHz, 100
sieved to 0.25 mm, W, 8 W cm-1, 10 min
SLR 3/30 and 2/30 intervals, 25-60 °C, 5
(g/ml)
and 10 min

0.5 M KOH

From 0 to 35 min the yield of crude cellulose decreased from was
45.3 to 46.9% with 7.3-7.9% residual hemicellulose and 3.3-3.7%
residual lignin.
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Water, 250 ml

Ultrasound facilitated the subsequent extraction of cellulose.
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1-butyl-3methylimidazolium
chloride

The dissolution time decreased from 750 min to 360 min after 30
min of US at 30 W
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Water, 1% and 5% NaOH

Total extracted polysaccharides were increased by 25-60% with
ultrasound; however total extracted xylan was decreased.
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0.05 M acetate buffer

Ethanol production rates were 0.97, 2.00 and 3.31 g/100g material
per h for the control, 10 s and 30 s pretreated material
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Distilled water, 1% and The yields of the total polysaccharides increased with ultrasound by
5% NaOH
10% and 30% for the 1% and 5% NaOH solutions, respectively
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Water, 0.5, 2 and 5% Necessary extraction times and chemical loading were reduced with
NaOH
ultrasound.
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Carbohydrate modification
Destarched
and Ultragen, 20 kHz, 80
NaClO2 treated hulls W, 30°C, 10 min
with a 5 % NaOH bursts for up to total
extraction step, SLR 1 of 60 min
mg cm-3
Cellulose
isolated Bath, 40 kHz, 180
from
sugarcane W, 70-90°C,
bagasse, 0.1 g/5 g
ionic liquid
Regenerated cellulose 150 W, 15 min, 50
gel from 1 g of ml
cellulose
Plant cellulose as Elmasonic, 37 kHz,
purchased from sigma power 150 W, 5-30
Aldrich and bacterial min
cellulose produced in
the lab SLR 0.125%
w/v
Ultrasonic treatment of pulped lignocellulose
Wheat straw pulped
Transducer 20 kHz,
with alkaline
150 W, 20 mins at
anthraquinone,
room
temperature
SLRs 1/70, 1/105, without cooling.
1/140 (g/ml)
Thermo-mechanical
Transducer under a
pulp from loblolly glass vessel with a
pine under steam focusing mirror, 610
pressure, SLR 1/100 kHz, varying power,
(g/ml)
20 °C, 1 and 3 h

Water and 5% NaOH Spectroscopy suggested the formation of new unsaturated
solutions, 20 ml
structures with enolic and/or unsaturated α/β carbonyl groups
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1-butyl-3methylimidazolium
chloride with 0.211-0.422
of glutaric anhydride
water,
ethanol
or
water/ethanol mixture

Ultrasound increased the glutyration, with the degree of
substitution increasing from 0.22 to 1.20 from 60-120 min of
ultrasound
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Ultrasound was effective for washing and recovery of cellulose
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Cuprammonium
hydroxide

Observed a 64% reduction in average molecular weight in the first
10 min of ultrasound
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Distilled
water
in Lignin content was reduced to 2.4, 4.2, 4.8% in the 1/70, 1/105,
atmosphere,
argon, 1/140 compared to 5.4% in straight pulp.
krypton and xenon.
Lignin from argon, krypton and xenon was 3.7, 1.2 and 0.8
compared to 4.2 with water and 5.4 before ultrasonic treatment
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Water saturated
argon gas

with Ultrasound increased the non-conjugated carbonyls and oxidation
of surface fibres, as well as the wettability of the fibres.
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2.4.2 The mechanisms for the extraction of lignin from lignocellulose
with ultrasound
Lignin extraction with ultrasound

Ultrasound was used to enhance the extraction of lignin from lignocellulose and for
lignin modification83-94 (Table 2.7). Ultrasound improved the yields of the lignin extract
and increased the purity while retaining the molecular structure. However treatment had
varied effects on the molecular weight of the extracted lignin and longer times were not
always optimal. For instance, the yield of lignin extracted from sugarcane bagasse with
ultrasound (91.2%) was achieved in a shorter time and at lower hydrogen peroxide
concentration than the maximum yield without ultrasonic pretreatment (90.6%)86.
Furthermore, sonication of increasing time allotments, up to 35 min, increased the yield
of lignin extracted from wheat straw by 584 and 11%83. Similarly, sonication for up to
50 min of ball milled bamboo in 95% ethanol, increased the lignin yield by up to 23%.
Sonication of the liquor from pretreated olive tree residues saw an increase in lignin
after 15 min of sonication, (61 to 67%) but an overall decrease in lignin extracted after
120 min (63%)90. These reports demonstrated lignin extraction yields were enhanced by
ultrasound; however the overall yield can decrease in prolonged sonication treatments.
Alongside the improved yields of the lignin extractions, the purity also tends to be
increased by ultrasound. Lower amounts of associated polysaccharides in the lignin
extractions were observed in ultrasonic-assisted extractions of wheat straw83,84.
The structure of lignin extracted with ultrasound tended to be the same as nonultrasonic extractions, despite improved yields and purity. While the trend was for
lignin to retain the molecular structure, differences in molecular weight were observed
between ultrasonic and non-ultrasonic extractions83,84,88. The lignin fractions isolated
from wheat straw, with ultrasound in an alkaline methanol-water solution had a lower
molecular weight than the lignin fraction isolated without ultrasound83. Conversely a
higher molecular weight average was observed for ultrasonic-assisted extractions when
wheat-straw lignin was extracted in an aqueous potassium hydroxide solution84.
Furthermore, no ultrasonic effect on the molecular weight and yields of lignin was
observed when bamboo lignin was extracted in ethanol with ultrasound87. The different
responses of molecular weight to ultrasound are likely to be due to competing
depolymerisation and condensation reactions.
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Ultrasonic depolymerisation, separation, degradation and condensation of lignin

Depolymerisation and separation of lignin occurs under the influence of ultrasound.
These phenomena will contribute to the increased lignin extraction yields with
ultrasound; however ultrasound also degrades lignin components. Separation of lignin
with ultrasound occurs via cleavage of the lignin-hemicellulose linkages (Figure 2.10).
Cleavage of the linkages was evidenced in the increased purity of lignin and
hemicellulose extractions with ultrasonic treatment83,84,86,95-98.
Depolymerisation of lignin occurs through the homolytic cleavages of the phenyl
ether β-O-4 and α-O-4 bonds described in Section 2.3.3. Homolytic cleavage of the
phenyl ether β-O-4 and α-O-4 bonds in lignin was established by electron spin
resonance spectroscopy (ESR). Moreover, the β-O-4 bond underwent cleavage more
than the α-O-4 bond91. In addition, evidence of β-O-4 cleavage within lignin was found
when wheat straw was sequentially treated, including a low frequency sonication step,
to obtain purified lignin. However, the cleavage was not observed to occur in significant
amounts under the conditions of treatment83,84.
Degradation of ultrasound can occur through hydroxyl attack on the lignin structure.
The hydroxyl attack on model lignin compounds under ultrasound was found to mostly
(75-85%) occur on the aromatic ring119. This led to hydroxylated, demethoxylated and
side chain eliminated products. The remaining 25-15% of hydroxyl attack occurred on
the side chains leading to the formation of dimers and the oxidation of aromatic
aldehydes to carboxylic acids. Additionally, an increased production of hydroxyl
radicals, from the combination of ultrasound with TiO2 and the Fenton reagent,
coincided with an increased lignin degradation71. Further evidence of oxidative attack
was found in the increased number of non-conjugated carbonyls in sonicated pulp fibres
under high frequency irradiation117.
For the purpose of lignin extraction, separation and depolymerisation can augment
yields, whereas degradation was also observed. In regards to the pretreatment of
biomass for utilisation of the carbohydrates and/or the lignin component, lignin
depolymerisation and separation enhances pretreatment. However, the competing
condensation reactions, responsible for the change in molecular weights observed must
also be considered.
Alongside the cleavage of interunitary bonds within the lignin and ligninhemicellulose bonds evidence for condensation of lignin in the presence of ultrasound
was observed. Condensation was observed in the ultrasonic-enhanced hydrogenolyis of
lignin93 and the extraction of humic acids from tobacco dust94. Furthermore lignin
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condensation was shown to occur during lignin extraction84, 90 and in the treatment of
lignocellulosic biomass74,
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. Lignin condensation mechanisms without ultrasound

depend on the chemical environment, as with the degradation mechanisms, discussed in
Section 2.3.3. However, with ultrasound, the conditions can favour the accumulation of
species at the bubble interface120, depending on the solvent properties. This
accumulation may enable proton transfer38, or promote radical scavenging36 in the hot
interfacial region, which would in turn promote re-condensation and re-polymerisation
reactions. The behaviour of phenol at the bubble interface supports this possible
mechanism of re-condensation of lignin. Ashokkumar et al.36, presented evidence
phenol scavenges hydroxide radicals at the bubble surface in aqueous solutions and this
will also occur in the presence of phenol derivatives due to the similarity of types of
decomposition products observed36. However it is important to note that the behaviour
would depend on the exact nature of the solvent used and the sonochemical field.
In summary ultrasound tended to enhance the purity and yield of lignin extraction.
The ability of ultrasound to enhance the cleavage of linkages between hemicellulose and
lignin increased the separation and purity of the extracts. Furthermore, ultrasound
influenced the molecular weight of the lignin extracted. The influence on molecular
weight was not uniform attributed to competing separation, degradation and recondensation reactions. The condensation reactions of lignin are theorised to occur in
the interfacial region around the collapsing bubble, hence depend on the nature of the
treatment solution.
2.4.3 The mechanisms for the extraction of carbohydrates from
lignocellulose with ultrasound
Carbohydrate extraction with ultrasound

Ultrasound was also utilised for hemicellulose and cellulose extraction and
modification95-116 (Table 2.7). Similarly to lignin, the overall trends from the
implementation of ultrasound were the improved purity and yield with few differences
observed in the molecular structure. The purity of hemicellulose95,96 and cellulose106
extracted from wheat straw was increased with a decrease in associated lignin with
ultrasonic treatment. The reduction of associated lignin with ultrasound follows on from
the ultrasound-enhanced cleavage of the hemicellulose-lignin linkages, previously
discussed.
Ultrasonic-assisted hemicellulose extraction also enhanced the yield and decreased
treatment severities. The solubilisation of hemicellulose from wheat straw was
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enhanced by up to 1.8%95 and 9.2%96 with 35 min of ultrasound. Similarly the yield of
hemicellulose from sugarcane bagasse was increased with ultrasound97,107. Additionally,
the yields of hemicellulose from various alkaline extractions of buckwheat hulls were
all improved by a factor of 1.2-1.5 with 5 or 10 min ultrasound98. Furthermore, the total
time for comparative extraction of hemicellulose from almond shells was reduced from
60 to 10 min with ultrasound104. These studies have demonstrated the ability of
ultrasound to improve treatment times and severities for the extraction of cellulose and
hemicellulose from lignocellulosic biomass.
Ultrasonic-assisted extraction of hemicellulose tended to induce minor changes on the
structure, and different responses of molecular weight were observed. The ultrasonicassisted extraction of hemicellulose from wheat straw in alkaline methanol-water
solution produced lower molecular weight hemicellulose with decreased thermal
stability96. Similarly, the molecular weight of the cellulose extracted from wheat straw
decreased with an increase in sonication time106. However, extraction of hemicelluloses
from wheat straw in an aqueous potassium hydroxide solution saw an increase in
molecular weight and a slightly higher thermal stability from ultrasonic extraction 95.
Minor differences in structure were noted in the sugar compositions of hemicellulose.
The hemicellulose extractions from wheat straw tended to be less acidic and had
increased linearity95,96. This was evidenced by an increase in relative xylan in the
hemicellulose but a decrease in the side chain structures of arabinose, glucose, galactose
and uronic acids. Additionally, minor or no differences were observed from the use of
ultrasound for the extraction of hemicellulose from buckwheat hulls98 and for the
dissolution of holocellulose108. The different responses of molecular weight to
ultrasound, without altering the backbone structure of the extracts were attributed to the
modes of ultrasonic interaction with polymers.
Ultrasonic depolymerisation, separation, degradation and condensation of carbohydrates

Ultrasound effects the separation, depolymerisation and degradation of cellulose and
hemicellulose from mechanoacoustic and sonochemical effects. This occurred via a
cumulative effect of the hydroxyl radicals, shear forces and pyrolytic degradation of
hydrophobic polymers in the hot region around the collapsing bubbles, as discussed in a
2001 review121. The separation of lignin and carbohydrates was enhanced by cleavage
of the hemicellulose-lignin linkages under ultrasound, as previously discussed.
Depolymerisation of polysaccharides in solution is non-random. This was found by
the two-stage response of viscosity from the ultrasonic treatment of water-soluble corn
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hull xylan. Initially the viscosity decreased rapidly, followed by a slower decrease 113.
Similarly the average molecular weight from cellulose modification decreased by 64%
in the first 10 min of ultrasonic treatment of cellulose, then levelled, after longer
treatment times116. This indicates two types of depolymerisation mechanisms, the initial
scission in the mid-section of large polymer chains followed by depolymerisation of
smaller molecular structures. Various types of depolymerisation were also observed in
the depolymerisation of other polysaccharides. The molecular weight distribution of the
degradation products of some water soluble polymers, was reproduced with Gaussian
probability122 and the ultrasonic degradation of dextran at 20 kHz followed similar
trends, with molecular masses decreasing with sonication time123. Additionally, a
comparison of two glucose polymers, amylose and cellulose, highlighted the
macromolecular structural effects of ultrasound124. Amylose only differs from cellulose,
with α linkages compared to β linkages yet the amylose was degraded ultrasonically to a
limiting length five times smaller than cellulose. Moreover, larger polymers were found
to generally degrade faster than smaller polymers and scission occurs near the middle of
the chain124. Depolymerisation may also be followed by degradation and repolymerisation of monomer units in solution.
Evidence of degradation and re-polymerisation under ultrasound was also found. The
formation of oligomers was observed to occur from ultrasonic treatment of watersoluble corn hull xylan113. This was attributed to radical recombination as the
spectroscopic characterisation indicated that new unsaturated structures with enolic
and/or unsaturated α/β carbonyl groups were formed. The degradation of cellulose in
solution was also observed. Cellulose extracted from wheat straw and sugarcane
bagasse produced a lower viscosity solution when ultrasound was used. The viscosity
was lowered from the destruction of cellulose105-6 from either depolymerisation or
degradation.
2.4.4 The potential of ultrasound as a pretreatment
Pretreatment using ultrasound enhanced the hydrolysis yields from lignocellulosic
biomass. The augmentation coincided with decreases in lignin content and increased
accessibility of the biomass. Ultrasonic interactions with lignocellulose for
delignification and lignin modification demonstrated the key ultrasonic effects on
lignocellulose. Firstly, ultrasound increased the cleavage of bonds within lignin as well
as the bonds between lignin and hemicellulose. The cleavage reactions were enhanced
by radicals produced by ultrasound. Additionally, the shear forces from ultrasonic
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mixing augmented polymer degradation. Furthermore, lignin and lignin compounds
were degraded via hydroxide attacks generated from ultrasound. However ultrasound
also increased degradation and depolymerisation of hemicellulose and cellulose.
Degradation of polysaccharides is important when considering ultrasound as a
pretreatment option for biofuels and biorefinery applications as it will lead to loss in
yield. Lignin is the most accessible component of the lignocellulose and will be
degraded preferentially. However the mechanisms and parametric effects of ultrasound
on biomass need to be understood at a deeper level before it can be implemented either
as a sole pretreatment alternative or as a mechanism to enhance current pretreatment
options.
2.5

Practical considerations for ultrasound as a pretreatment
option

The literature demonstrated that ultrasound has potential for pretreatment in biofuel
and biorefinery applications. However in view of trends found in the literature, there are
several considerations to be made. Here the discussion on these considerations was
separated into six main sections: Feedstock characteristics, solvent, ultrasonic
environment, kinetics, reactor configuration and scale-up considerations.
2.5.1

Feedstock characteristics

The initial feedstock is an important consideration as the physical properties as well
as the chemical composition will determine the efficacy of ultrasonic treatment.
Previously the interaction of ultrasound with a heterogeneous system was developed for
treatment of waste water sludge57. However, generally sludge the particle size is in the
micrometre range and is able to be treated as a single feedstock type. Scanning electron
microscopy images demonstrate that ultrasound has the capacity to modify the surface
structure of lignocellulose64, however the effects of solid size, density and concentration
on the ultrasonic pressure wave is not as well documented. When considering the
treatment of biomass we must consider the interaction with larger particles, loading and
a range of feedstock types.
Type of biomass

Different types of lignocellulose will respond differently to ultrasonic treatment under
the same conditions. Various responses to ultrasound were found for different biomass
types as well as for different agricultural residues and different wood types. Two
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biomass types, sage leaves99 and valerian roots100 were exposed to the same two-step
treatment plan. Firstly, the medicinal tinctures were extracted with and without
ultrasound, followed by extraction and isolation of the polysaccharides. However the
yields of the polysaccharides were much lower in the case of the valerian root isolation
as they were dissolved in the initial treatment. Additionally, different responses to
ultrasound were observed from ultrasonic treatment of similar biomass types. For
example, the comparison of two agricultural residues, with and without ultrasound
showed improvements at different stages of the hydrolysis treatment. After the first hour
of hydrolysis of corn stover, the glucose yields were improved by 32%, however with
sugarcane bagasse, glucose yields were improved by 17% in the first hour which
increased to 20.6% after eight hours63. Moreover, the optimisation of conditions for
delignification of acacia nut husks, bon bogori trunks and moj trunks, found the same
conditions were optimal for the trunks but the nut husks required a longer pretreatment
time (180 min compared to 120 min)75. Furthermore, the reduction in liquefaction times
with ultrasound for different wood types was varied (65-100 min), although the
reduction percentages were in a similar range (72-89%)81. Woods generally contain
more cellulose than agricultural residues and hemicellulose and lignin compositions can
vary in different biomass types (Table 2.6). Ideally an ultrasonic pretreatment process
would be useful for all types of lignocellulosic biomass. However the literature
indicates that for a variety of goals, such as polysaccharide extraction, delignification,
glucose hydrolysis and liquefaction, optimal conditions vary significantly between
biomass types. Therefore ultrasonic treatment of lignocellulose could only be practical
for a single biomass type, or for a homogenised sample.
Particle size

Particle size affects the efficacy and economics of treatment. Optimisation of particle
size range tends to favour the smaller particle size, however ultrasonic pretreatment was
also effective at larger particle size ranges. The optimisation of the pretreatment of
sugarcane bagasse was conducted for both alkaline and acidic pretreatment. The
alkaline pretreatment was optimised for reducing sugar production and delignification
efficacy. The particle size range was 0.27-0.91 mm and the optimal particle size was
0.27 mm for both delignification and sugar production69. Similarly, the optimisation of
acidic ultrasonic pretreatment of sugarcane bagasse found the smallest size range (<0.18
mm) was most efficient for sugar production. This was compared to the other ranges of
0.5-0.18 mm, 1-0.5 mm and >1 mm68. In both cases particle size was found to be a
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significant factor on the effect of the pretreatment of sugarcane bagasse. The majority of
ultrasonic treatment in the literature deals with biomass screened to smaller than 1 mm.
However, grinding to a small size is an energy intensive and expensive step in the
consideration of pretreatment on a larger scale. Therefore it is important to consider the
efficacy of ultrasound for larger particle sizes. There were few studies involving a larger
biomass size range via shredding and screening to sizes over 1 mm. The hydrolysis of
shredded oil palm empty fruit bunch was improved with ultrasound73 as was the
hydrolysis of sugarcane bagasse screened to 5 mm66. Furthermore, the fractionation of
olive tree prunings was successfully improved by ultrasound over their particle size
range of 1-8 mm74 and liquefaction times of lignocellulose screened to 2 mm was
improved with ultrasound81. These studies demonstrate that ultrasound can be effective
over a range of particle sizes, although optimisation indicates that higher yields are
achieved for lower particle sizes. Therefore, although, the smaller size range can
increase yields, for consideration of the scale-up of ultrasonic treatment a cost-benefit
analysis of grinding to smaller particle size would need to be considered.
Loading

The optimal biomass loading depends on the feedstock and purpose of treatment. A
range of loadings were investigated for pretreatment, hydrolysis and pulp
delignification. The pretreatment of a range of biomass types investigated loadings of
1/10, 1/20 and 1/30 (g/g of lime solution) and found that for delignification, the optimal
loading was 1/20 (g/g)75. However, biomass loading was found to be the least influential
parameter as compared to lime loading and ultrasonic treatment time. Optimisation of
the pretreatment of sugar cane bagasse over the loading range of 1/10 (g/ml) to 1/20
(g/ml), found 1/25 (g/ml) to be the most effective loading for delignification and
reducing sugar yield. Although, the calculated optimal value was outside of the
experimental range69. The hydrolysis of pretreated sugarcane bagasse with solid to
liquid ratios of 1/10, 1/15, 1/20 and 1/25 (g/ml) found 1/20 g/ml was the optimal
loading for hydrolysis, although inhibitory compounds were formed72. A lower range of
solid to liquid ratio was investigated in the ultrasonic treatment of pulped wheat straw58.
The lignin content was reduced to 2.4, 4.2 and 4.8% in the 1/70, 1/105, 1/140 (g/ml)
loadings, respectively, compared to 5.4% in straight pulp. Delignification of the pulped
biomass decreased with an increase in loading. However the range of loadings used was
outside of the loading ranges considered for pretreatment and hydrolysis. The three
optimisations of raw and pretreated sugarcane bagasse, suggest that a suitable loading
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would be 1/20 g/ml for pretreatment and hydrolysis. The lower loading was
recommended as it is more beneficial to process higher amounts of biomass at the same
time. However, the optimisations were all for a similar feedstock and hence when other
biomass types are considered a different loading may be optimal.
There was substantial evidence to demonstrate the treatment of lignocellulosic
biomass is influenced by the biomass type, particle size and loading. The different
response of lignocellulosic materials to ultrasonic treatment supports the use of singular
biomass types in ultrasonic pretreatment. Although it would be of interest to investigate
the combined processing of multiple types of lignocellulose compered to mono-type
feedstock. Lower particle sizes are more susceptible to ultrasonic degradation, however
the cost and benefit of additional grinding should be considered. The optimal loading
for pretreatment of sugarcane bagasse was 1/20 g/ml, although these findings should be
evaluated for alternative feedstock types.
2.5.2 Solvent
Solvents successful at pretreatment of lignocellulose coupled with ultrasound were
organised in three categories:, aqueous, organic liquid and ionic liquid. Chemicals
within the ultrasonic solution will change the viscosity of the solution which in turn will
affect the cavitational threshold and physical properties such as augmentation of mass
transfer and presence of shear forces of the solution. The chemical species also have the
potential to partake in the bubble collapse and produce different radicals and species
available to interact with the lignocellulose in the solution. The need to use ultrasound
combined with other treatments is likely and these effects have the potential to increase
selectivity and performance in the biorefinery industry.
Alkaline and acidic pretreatment

In aqueous solutions, chemicals are generally added to improve delignification.
However the addition of chemicals should be done with care as high concentrations lead
to undesirable degradation reactions. For instance, a comparison of three aqueous
solvents, acetic acid, water and soda, for the fractionation of olive tree prunings 74
looked at the remaining lignin, cellulose and hemicellulose. The water and acetic acid
had a similar effect on lignin reduction whereas the soda treatment increased the
remaining lignin content. Previously, (Section 2.4.2) evidence was presented for the
recondensation of lignin in alkaline solution which is likely to account for this increase.
Conversely, pretreatment of sorghum bagasse produced a decrease in lignin content
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with alkaline pretreatment and an increase in lignin content with acidic pretreatment62.
However the pretreatments were conducted under different ultrasonic conditions so a
direct comparison was not possible. Additionally in other studies, alkaline solutions
such as sodium hydrate, hydroxide solutions and lime, were successful at delignification
without an increase in lignin content (Table 2.7). The concentration of the alkaline
solution has ranged up to 12% sodium hydroxide62 and optimisation of pretreatment
with 0.25-3.25% sodium hydroxide found the highest concentration was most effective
for delignification66. Alkaline treatments also have the potential to degrade the
carbohydrates, cellulose and hemicellulose and so some studies opt for milder alkaline
solutions such as lime where the loading of lime (0.25-0.75 g/g of biomass) increased
the delignification (64-68%), however no adverse effect on the sugar molecules was
observed75.
Fewer studies have combined acidic treatment with ultrasound, probably due to the
known carbohydrate degradations that can occur under acidic conditions5, 61. The loss of
carbohydrates under acidic conditions was demonstrated when a 2% sulphuric acid
solution was used to treat and hydrolyse oil palm empty fruit bunch. The xylose yield
was increased in the first 45 min of treatment; however treatment for longer than 45 min
reduced the yield73. Furthermore, pretreatment of sugarcane bagasse with 0-5%
sulphuric acid found 3% sulphuric acid was optimal for sugar production. At higher
acid concentrations, inhibitory compounds were formed, most likely from the
degradation of carbohydrates. In both acidic and alkaline conditions, milder treatments
are recommended to reduce the overall loss of usability of the biomass. The loss may
occur through degradation of biomass components and/or formation of compounds
which inhibit downstream processing.
Organic solvents and ionic liquids for pretreatment

Ultrasound has the potential to augment pretreatment in organic solvents and ionic
liquids. The treatment of biomass was enhanced by ultrasound in a variety of organic
solvents. For example, the liquefaction of woods in a diethylene glycol/glycerol
mixture81, phenol extraction in 50% ethanol79, and lignin extraction in 0.5 M NaOH in
60% methanol: water83, 95% ethanol89 and 60% ethanol90. However the extraction of
lignin from bamboo using an ultrasonic pretreatment in 95% ethanol did not produce
any difference in lignin yield or molecular weight with ultrasound time87. Although, the
carbohydrate content of the ethanol extraction of bamboo with lignin in another case
was decreased with an increase in treatment time89.
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Ionic liquids are also reported to have successful enhancement with treatment
combined with ultrasound. N-methylmorpholine-N-oxide (NMMO) improved the
conversion efficiencies of sugarcane bagasse cellulose when used in combination with
ultrasound66 and the dissolution of sugarcane bagasse holocellulose was improved with
ultrasound in 1-butyl-3-methylimidazolium chloride108. Ionic liquids are either used to
dissolve cellulose which is then recovered with an antisolvent such as water or
ethanol125 or for the extraction of lignin followed by enzymatic hydrolysis of the xylose
and cellulose126. Although ionic liquids and organic solvent pretreatments are
augmented by ultrasound, there are still cost issues to overcome. Both solvents are
relatively expensive and would need to be recycled to improve the process economics.
Furthermore ultrasound was shown to degrade solvents such as organic and ionic
liquids which must be minimised.
Oxidising pretreatments

There are a lack of investigations into the combination of ultrasound with oxidizing
pretreatments. Oxidising pretreatments may be performed under milder conditions,
suitable to ultrasonic processing. The promotion of hydroxyl radicals with ultrasound
was found to increase lignin degradation71. However, under the same conditions, with
increased hydroxyl radical production, delignification of lignocellulose was not
promoted. Although enzymatic saccharification yields were improved. Pretreatment
with hydroxide can be unselective and degrade other components of the biomass14.
However, addition of an alkaline to hydrogen peroxide for the delignification of rye
straw suggested that the separation occurred mainly through cleavage of the
hemicellulose-lignin linkages, rather than degradation of the phenolic ring structures15.
Ultrasound is known to augment oxidisation reactions21, hence there is potential for
ultrasound to be combined synergistically with oxidising pretreatments, perhaps with a
necessary addition of alkaline.

Combined solvent and ultrasonic effects

The ultrasonic effects of cleavage, and separation occur in a variety of solvents,
however condensation behaviour is altered by solvent use. The effect of the solvent and
chemical environment on the known interactions between ultrasound and biomass
should also be considered. Evidence for the cleavage of lignin and hemicellulose was
cited in organic mixtures83,90 and aqueous solutions84,86, which suggests that use of
ultrasound enhanced this cleavage over a range of environments.
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Lignin condensation reactions were not ubiquitous over a range of solvents. In a 0.5
M NaOH in methanol:H2O (60:40) mixture, a reduction in lignin condensation was
reported83, however in a 60:40 ethanol water mixture condensation reactions were likely
due to a peak in acid insoluble lignin yield after 15 min90. Furthermore condensation
reactions were reported in aqueous soda74, water78 and dilute potassium hydroxide84.
The occurrence of condensation in a range of environments supports the theory that the
condensation reactions take part at the bubble interface. Furthermore in Sections 2.2.4
and 2.4.2, evidence suggested the condensation reaction may be manipulated by
additives in solution and alteration of ultrasonic parameters. In the literature,
condensation occurred in alkaline solutions but was reduced by methanol, but still
observed in an ethanol solution. Since condensation hinders subsequent accessibility to
the biomass, further works with model lignin compounds should be undertaken to
understand the condensation reactions in the presence of ultrasound and different
additives.
The literature demonstrates that a range of solvents are effective in combination with
ultrasound and the treatment of lignocellulosic biomass. Addition of acid and alkaline to
aqueous treatment solutions should be done with care to avoid degradation reactions.
Given the success in aqueous solvents and the abilities of additives to improve
ultrasonic treatments, cheaper, green solvents such as lime should be considered. The
additional cost and chemical consumption of organic solvents and ionic liquids, must be
overcome with either an increase in productivity or efficient recycling before their
implementation. Although organic solvents may be able to reduce lignin condensation
which should be further investigated. Lastly the combination of ultrasound and
oxidising pretreatment should also be considered.
2.5.3

Ultrasonic environment

Gas environment

The gas present within the solution can influence the physical and chemical processes
brought about by ultrasound. Ultrasound produces oxidising radicals and the presence
of different gases will affect not only the rate of the formation of these radicals but
which reactive species are produced. This is important as some reactive gases such as
ozone and oxygen were previously used to enhance alkaline pretreatments 12. Noble
gases are used to augment sonochemical processes, as discussed in Section 2.2.4. A
noble gas atmosphere is able to increase the temperature reached during the collapse of
a bubble and can hence enhance sonochemical reactions. This was evidenced when
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argon, krypton and xenon dignified wheat straw pulp to 3.7, 1.2 and 0.8% content
compared to 4.2% lignin without noble gas atmosphere58. However the use of noble gas
is an expensive option and the enhanced yields would need to be high enough to justify
the additional cost. Therefore the consideration of the use of solutions saturated with
cheaper gases may be considered for the pretreatment of lignocellulose with ultrasound.
Temperature

Temperature increase will improve pretreatment of lignocellulose. However
cavitation effects in aqueous solvents are maximised at lower temperatures, hence the
use of higher temperatures requires alternative solvents. Temperature increase over the
range of 30-70 °C increased the effect of ultrasonic extraction of corn bran
hemicellulose111. Similarly ultrasonic treatment in aqueous solvents generally opts for
temperatures below 60 °C. However, higher temperatures were used in various nonaqueous solvents. Liquefaction times were improved with ultrasound at 160 °C in a
diethylene, glycol/glycerol mixture. The ultrasonic effects were demonstrated by the
reduction of the average size of the biomass particles and by depolymerisation74. The
conversion of sugarcane bagasse was improved with ultrasound in an ionic liquid at 90
°C66 and dissolution times of holocellulose in another ionic liquid were improved at
110°C108. Furthermore, in supercritical conditions ultrasound was able to enhance
extraction of ginger127. A test with aluminium foil demonstrated that cavitation occurred
under the supercritical conditions. Hence, although ultrasonic effects are maximised at
lower temperatures, cavitation effects are still significant at higher temperatures, in nonaqueous solvents. Therefore, if higher temperatures are required, non-aqueous solvents
need to be used. This would incur higher costs of energy and solvent production.
2.5.4 Kinetics and time
Ultrasound increased reaction rates and decreased necessary processing time.
However as treatment time is increased the effect is not always accumulative. For
example, 120 min rather than 180 min was the optimum treatment for delignification of
bon bogori and moj trunks75, and the lignin content of sunflower husks decreased with
ultrasonic treatment up until 15 min, after which it increased78. These observations were
probably due to recondensation reactions of the lignin occurring with ultrasonic
treatment. Furthermore the sonication of pretreatment liquor was found to decrease the
hemicellulose content after 60 min, but then to increase the hemicellulose content after
120 min. Meanwhile, the acid insoluble lignin was increased after 15 min of ultrasound,
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after which the lignin content gradually decreased90. These observations were explained
by hemicellulose and lignin degradation reactions, lignin condensation reactions,
alongside the cleavage of the lignin-hemicellulose complex. Other factors, such as
ultrasonic power73 and lime loading75 can have a more significant effect than time, on
the yields achieved. Given these factors it is understandable that there are few who have
tackled the complex problem of the kinetics involved in ultrasonic treatment of
lignocellulose. Although Baxi et al.76, have elucidated the kinetics of the delignification
of saw dust in a sodium hydroxide solution. The delignification was found to have a
third order rate equation, which was theorised to indicate that the acoustic cavitation
mechanism reacts differently with the three building blocks of lignin: coniferyl alcohol,
sinapyl alcohol and p-coumeryl alcohol. This does not agree with the first order kinetics
observed for the degradation of pure lignin under oxidative conditions71. However,
under the same oxidative conditions the response of lignin degradation from
lignocellulose did not follow the same trend. This would indicate that the kinetics of
pure lignin degradation are not always mirrored in the degradation of lignin within
lignocellulose. This is most likely due to the complex inter-molecular linkages between
lignin and carbohydrates. More work on the kinetics of lignin removal from
lignocellulose could lead to the capitalisation of the preferential degradation of a
specific lignin building block for more effective pretreatment. The elucidation of these
mechanisms will be able to pave the way for a fuller understanding and subsequent
kinetic models for the implementation of ultrasound technology.
2.5.5

Reactor configuration

Frequency and power

The frequency and power settings influence the nature and the severity of the
ultrasonic effects. High frequency conditions promote more oxidising radicals and low
frequency conditions promote physical effects of ultrasound, however both physical and
chemical effects are present across the frequency range generally used in ultrasound. An
increase in ultrasonic power was reported to increase the ultrasonic effects on
liquefaction75, dissolution times93,108, and hydrolysis yields73,78. However the
pretreatment of sugarcane bagasse at different powers was optimal at the second highest
input power of 120 W compared to 50, 80 and 200 W68. The majority of the reviewed
studies have opted for high power, low frequency treatment, (below 100 kHz), except
for treatment of thermo-mechanical pulp at 610 kHz117 which found evidence for the
oxidation of surface fibres. Further evidence of a chemical interaction of ultrasound
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with lignocellulose was exemplified by the homolytic cleavage of lignin, previously
discussed. Low frequency ultrasound tends to emit an irritating high pitch noise due to
the attenuation of the wave in the sonication solution. Therefore it would be desirable to
investigate the interaction of higher frequencies at high powers with lignocellulosic
biomass as a consideration for pretreatment of lignocellulose.
Reactor design

Reactor design such as geometry, batch versus flow and the method of ultrasound
delivery will influence the efficacy and viability of the treatment. A majority of biomass
treatments reviewed have utilised some form of ultrasonic horn or probe as they tend to
be effective for high powers at low frequencies, rather than a bath or transducer system.
An ultrasonic horn was compared to the bath system with different volumes of saw dust
mixture76. For treatments with comparable volumes, the horn was more effective for
delignification than the bath. However the power rating for the horn was double that of
the bath and so the results are difficult to compare. Moreover, with an increase in
volume, delignification was improved for the bath but not the horn. Alteration of the
reactor geometry via liquid height and reactor diameter was found to influence the
sonochemical yield and hence the ultrasonic pressure wave properties, most likely
responsible for the observed differences.
Scale-up of ultrasonic treatment would need to consider the effect of flow in a reactor.
Stirring combined with, ultrasound was successful in improving enzymatic hydrolysis 63,
delignification76 and liquefaction81, at low frequencies. At lower frequencies, where
heterogeneous systems were mostly considered, the introduction of flow increased the
sonochemical yield. Although stirring tends to allow for ultrasonic augmentation of
biomass processing, the effects of flow type and speed should be considered.
Consideration of the reactor geometry highlights the challenges which must be
overcome for the scale-up of ultrasonic pretreatment of lignocellulose.
2.5.6 Energy, cost and scale-up
The additional energy use with ultrasound presents a challenge for the scale-up
process. An increase in power generally increased the efficacy of the ultrasonic
treatment. Clearly, the additional use of ultrasonic energy benefits the overall treatment
of lignocellulose. For example, the delignification achieved in 180 min with ultrasound,
was comparable to the delignification yields achieved in 8 weeks in another study75.
However a thorough cost-benefit analysis would need to be conducted prior to scale-up.
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Initial energy comparisons show promise for ultrasonic treatment compared to
alternative treatments. The energy requirements calculated for pretreatment in an
autoclave, steam explosion and ultrasound were 23.3 x 104 J/g, 9.9 x 104 J/g and 7.2 x
104 J/g, respectively70. Similarly, ultrasound was preferable to a heat pretreatment for
the production of ethanol from cassava chips110. The energy consumption for ultrasound
was 11 kJ compared to 22 kJ for heat pretreatment. Although ultrasound is recognised
as a viable alternative on a laboratory scale, there lacks a comprehensive cost
implementation such as those completed for advanced oxidative processes128. The costs
were significantly reduced when ultrasound was combined with other technologies,
such as, ultraviolet radiation, ozone addition and hydrogen peroxide addition. In regards
to a cost analysis of ultrasonic pretreatment of lignocellulose, firstly the optimal
operating parameters should be fully considered.
Ultrasonic processing on a larger scale must firstly be optimised on a small scale to
identify the key operating parameters in order for the technology to be developed.
Various reviews24, 28 have dealt with some of the challenges for the implementation of
ultrasonic processing in industry. Successful scale-up was achieved for ultrasonic
applications such as sewage sludge disruption, nanoparticle coating and ultrasonic
crystallisation. Power dissipation was identified as one of the major challenges in the
up-scale of acoustic fields due to the necessary inclusion of energy loss due to reactor
walls, ambient air and bulk liquid24. Novel designs such as self-focusing reactors129,
transducers with reflection130 and power transducers131 were developed to enhance the
ultrasonic field. Additional custom-design reactors such as hexagonal multi-transducers
and rotating horns were outlined by Gogate et al24. The technology necessary to scaleup treatment of lignocellulose can only be developed once the key operating parameters
are determined and optimised.
2.6

Final comments

Ultrasound technology is considered a green technique for use in chemical processes
as it can reduce reaction times and chemical loading. It is evident that ultrasound has the
potential to enhance the separation and hydrolysis of lignocellulosic materials for the
use in biofuel production and biorefineries whether the enhancement be from physical
or chemical mechanisms. Ultrasound provides physical augmentation via shear forces,
mass transfer and surface erosion as well as chemical effects of producing oxidising
radicals. These effects facilitated homolytic cleavage within the lignin macromolecule,
to enhance the cleavage of linkages between the lignin and the hemicellulose and
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degrade model lignin compounds through hydroxyl attack of the phenolic ring.
Furthermore the ultrasonic effects tended to aid in the separation and depolymerisation
of polysaccharides. However, alongside separation and depolymerisation, degradation
and condensation can occur. The determination of the relative contribution of the
concurrent mechanoacoustic and sonochemical effects will enable appropriate
parameter selection. If the contributions of the physical effects are dominant then low
frequencies should be selected. Alternatively cavitation mechanisms which require
lower energy input, such as hydrodynamic cavitation should be considered. However, if
oxidising radicals are necessary, then the ultrasonic effects on lignocellulose at high
frequencies warrant investigation. Similarly, the combination of ultrasound with
complimentary oxidative species such as peroxide and ozone has the potential to
synergistically enhance ultrasonic pretreatment. This would also reduce necessary
energy requirements.
Various solvents can also be used to tailor the ultrasonic treatment. Alkaline solvents
tend to augment delignification, however in some cases lignin condensation was
observed. The addition of organic solvents such as methanol shows promise for the
prevention of condensation. Moreover, other operating parameters should be considered
for optimal treatment, such as particle size, biomass loading, treatment time and reactor
configuration. Once an optimal setting of ultrasonic treatment is found the scale-up
challenges, costs and benefits of sonoprocessing must be considered.
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3. Opposing effects of overhead stirring on sonochemical
activity
OBJECTIVE AND CONTENT
The literature had presented conflicting results with respect to sonochemical activity
in various flow configurations and reactor geometry. Since the use of flow/stirring for
the ultrasonic pretreatment of lignocellulose was one of the parameters of interest, the
objective was to develop an understanding of the effect of flow on sonochemical
activity in a homogeneous mixture. The results demonstrated that at different
frequencies the effects of flow were varied, and at high frequencies further investigation
was required.
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ABSTRACT
The effect of flow in an ultrasonic reactor is an important consideration for practical
applications and for the scale-up of ultrasonic processing. Previous literature on the
influence of flow on sonochemical activity has reported conflicting results. Therefore,
this work examined the effect of overhead stirring at four different frequencies, 40, 376,
995 and 1179 kHz, in two different reactor configurations. Comparable power settings
were utilised to elucidate the underlying mechanisms of interactions between the flow
and sonochemical activity. The sonochemical activity was determined by the yield of
hydrogen peroxide, measured by iodide dosimetry, and the active region was visualised
with sonochemiluminescence imaging. The overhead stirring in the low frequency
reactor altered the yield of hydrogen peroxide so it produced the maximum yield out of
the four frequencies. The increase in hydrogen peroxide yield was attributed to a
reduction in coalescence at 40 kHz. However at the higher frequencies, coalescence was
not found to be the main reason behind the observed reductions in sonochemical yield.
Rather the prevention of wave propagation and the reduction of the standing wave
portion of the field were considered.
3.1

Introduction

Ultrasonic processing is a potential alternative for enhancing industrial processes in
applications such as waste water treatment1 and biomass treatment2. Ultrasound causes
violent collapse of bubbles in liquids, producing radicals from oxidation reactions inside
the collapsing bubble3. These radicals are able to react with components of the solution
and can enhance radically driven processes. For the industrial potential of ultrasound to
be realised the effect of different reactor parameters on the radical yield in solution such
as stirring, frequency and power need to be elucidated.
At lower frequencies (under 100 kHz) the bubble has more time to grow and therefore
the cavitational collapse is more violent. Consequently, studies looking for mass
transfer improvement generally opt for the lower frequency range. At higher frequencies
more bubbles are produced which collapse, producing more radicals. Mason et al.,4
demonstrated the inverse dependence of mechanical and chemical effects on frequency
in their treatment of a polyphenylene ether4. Additionally, increased sonochemical
activity at high frequencies was shown in a comparative study by Entezari and Kruus 5.
Hence at higher frequencies a higher number of radicals means processes such as
oxidations are faster at higher frequencies6. At even higher frequencies, as in the
megahertz range, the rarefaction of the wave becomes too short for maximal
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sonochemical effects6. The exact maximum frequency for cavitation to occur is also
dependent on the geometry, temperature, ambient pressure, viscosity and the gas
composition of the reactor solution. Although, there is general agreement radically
driven processes are maximised at high frequencies and mechanical effects are
maximised at low frequencies.
Previous literature reports involving of sonochemical activity measurements under the
influence of flow have found conflicting results. At 23, 44, 99 and 141 kHz, the
introduction of flow was found to enhance sonochemical activity7. Additionally, a
cyclic flow study on the degradation rate constant of chlorobenzene found the
degradation rate increased with an increase in flow rate at 94 kHz8. However at 133.2
kHz, with flow across the face of a multi-transducer array, the rate constant was
decreased with the introduction of flow, when there was no reflection of the ultrasonic
wave9.

Furthermore,

at

500

kHz

the

sonochemical

degradation

rate

of

10

pentachlorophenol was decreased by the introduction of flow . Lastly, a study at 490
kHz found an overhead stirrer increased the sonochemical efficiency11. The current
literature presents evidence for an increase in sonochemical activity from the
introduction of flow in an ultrasonic reactor at high and low frequencies. However it is
difficult to compare the effects of flow in reactors of varied geometry since reactor
geometries are also known to influence sonochemical activity12-14.
Flow at low frequencies was found to reduce sonochemical activity, theorised to be
caused by a reduction of coalescence. Similarly, at high frequencies, flow was
hypothesised to also reduce coalescence but to decrease the active bubble population7.
Since the literature produced conflicting results, the present work was aimed to test this
hypothesis at different frequencies. This was done via the introduction of an overhead
stirrer at 40, 376, 995 and 1179 kHz at two different power settings. In order to fully
evaluate the effect of flow we will also characterise the ultrasonic field using
sonochemiluminescence imagery and surface stabilisation.
3.2

Methodology and experimental details
3.2.1

Experiments

Reactors
were

conducted

with

a

low

frequency

reactor

(Meinhart

Ultraschalltechnik , 90 mm diameter, 40 kHz) and a multi-frequency reactor (Meinhart
Ultraschalltechnik, 57 mm diameter, 376, 995 and 1179 kHz). For experiments with
overhead stirring a Caframo overhead stirrer was used, with a blade diameter of 55 mm
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positioned 67 mm and 138 mm from the surface of the transducer in the low- and multifrequency reactors, respectively. The volume of liquid was 500 ml, which was a liquid
height of 87 and 155 mm from the transducer base in the multi-frequency and the 40
kHz reactors, respectively. Figure 3.1 shows the schematic representations of the 40
kHz (i) and the multi-frequency (ii) reactors. Surface stabilisation was achieved with a
lid made of foam and coated in parafilm, shaped to float on the surface of the reactor
solution. The ultrasonic power dissipated in each reactor at each power setting was
measured for comparative values via calorimetric technique15 and are shown in Table
3.1. It should be noted that the input power settings, (A and B) were the same for the
two settings at each frequency for the multi-frequency reactor.
Table 3.1.

Ultrasonic power delivered to each reactor at each setting as determined by
standard calorimetric techniques.

Input power

3.2.2

Input Power

-1

Frequency (kHz)

A (W L )

B (W L-1)

40

72 ± 1

92 ± 1

376

58 ± 1

76 ± 4

995

52 ± 1

72 ± 7

1179

50 ± 4

75 ± 7

Iodide dosimetry

The yield of hydrogen peroxide was determined via iodide dosimetric techniques15.
Briefly, 500 ml of 0.1 M potassium iodide (Ajax Finechem) was sonicated at room
-

temperature under various experimental conditions for 30 min, and the yield of I was
-

measured spectrophotometrically. The absorption of I was measured on a Hewlett
Packard 8453 Ultraviolet-Visible Spectrophotometer at the wavelength 351 nm.
-

Calibration curves were constructed each day of measurement using solutions of I

standardised against sodium thiosulphate (Ajax Finechem). Dosimetry experiments
-

were repeated four to seven times for each experimental setting. The yield of I
represented the yield of hydrogen peroxide produced ultrasonically.
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(i)

(ii)
Figure 3.1

(i) Schematic of the 40 kHz reactor. A - power source, B – sinus wave generator, C ultrasonic transducer, D – reaction vessel, E – overhead stirrer.
(ii) Schematic of the multi-frequency reactor. A - power source, B – sinus wave
generator, C – ultrasonic transducer, D – reaction vessel, E - overhead stirrer, F - power
amplifier, G – flow outlet, H – flow inlet.
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3.2.3

Sonochemiluminescence images

Sonochemiluminescence images were taken of the multi-frequency reactor, the lowfrequency reactor was made of stainless steel and so imaging was not possible. The
sonochemiluminescent solutions were made of stock solution (2.5 mmol L-1 luminol
and 2.5 mol L-1 sodium carbonate, Sigma-Aldrich) in air-saturated deionised water
(1/100 v/v)7, 16. The sonochemiluminescence images were taken with a Digital SingleLens Reflex (DSLR) camera (Lumix) with a 60 s exposure time. The images were all
taken in the first minute of the introduction of ultrasound after an initial waiting period
of 10 s. Each image was taken using a fresh solution, in a dark box and at least two
images were captured at each setting. The colour temperature of the images was
decreased to identify the blue regions of the images due to sonochemiluminescence.
Images were processed with identical colour treatment in Picassa version 3.
3.3

Results and discussion

The forces which contribute towards sonochemical activity in a sonochemical reactor
should firstly be elucidated. Here the modes of bubble growth and the effects of the
ultrasonic wave on the bubble populations were considered. Bubble growth, and hence
sonochemical activity is affected by rectified diffusion and Bjerknes forces. Rectified
diffusion and coalescence via Bjerknes forces are the two pathways which facilitate the
growth of bubble nuclei into active bubbles within an ultrasonic field17. Several acoustic
cycles are required for growth via rectified diffusion, however coalescence can enable
the bubble to grow to active size within a few acoustic cycles17.
The nature of the ultrasonic wave can also contribute towards the sonochemical
activity. An ultrasonic field will be a combination of standing and travelling waves. An
increase in the travelling wave will decrease the proportion of a standing wave and vice
versa18. In a standing wave, stable cavitation is supported, which can last over several
acoustic cycles. However in a travelling wave, acoustic forces can cause distortions and
lead to increased non-spherical cavitation19. Hence we aimed to firstly characterise our
ultrasonic fields in terms of the contribution of the travelling and standing waves to
sonochemical activity in each reactor.
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3.3.1

The ultrasonic fields

Transient and stable cavitation from travelling and standing waves – surface
stabilisation
The surface stabiliser was added to determine whether the standing or travelling
portion of the wave was primarily responsible for sonochemical activity. Surface
stabilisation and ultrasonic wave reflection is known to enhance the formation of a
standing wave and increase sonoluminescence and sonochemical activity20-22. Therefore
if sonochemical activity is predominantly caused in a standing wave, with stable
cavitation, surface stabilisation will increase the yield of hydrogen peroxide. However,
if a travelling wave is predominantly responsible for sonochemical activity, with
transient cavitation, surface stabilisation will decrease the sonochemical activity.
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Power (W Lˉ¹)

The yield of H2O2 at different frequencies with and without a lid. Experiments with
a lid have stripes and the experiments without a lid are in white.
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Multi-frequency reactor

In the multi-frequency reactor, the results demonstrated the travelling wave
component was primarily responsible for sonochemical activity. The introduction of
surface stabilisation reduced the sonochemical yield by up to 69% compared to the still
experiments without stabilisation (Figure 3.2). The sonochemical yields were:
0.62/0.19, 0.99/0.61 and 0.54/0.29 µmol without/with surface stabilisation at the higher
intensities for 376, 995 and 1179 kHz, respectively. A similar trend was seen at the
lower intensities with hydrogen peroxide yields without/with surface stabilisation of
0.36/0.15, 0.61/0.19 and 0.29/0.11 µmol for 376, 995 and 1179 kHz, respectively. Since
the sonochemical yield was reduced with surface stabilisation, it follows the main type
of wave contributing to the sonochemical activity at 376, 995 and 1179 kHz in our
study was the travelling wave.
Furthermore, the sonochemiluminescence images are congruent with a travelling
wave dominant field. The sonochemiluminescence images are shown in the left column
of Figure 3.3. Previous literature has shown that in travelling wave dominant fields the
active bubbles were forced to the surface of the solution in the reactor where a standing
wave exists23,24. The formation of a standing wave at the surface is evident in the
sonoluminescence images at 376 kHz with strong streaming lines at the bottom and a
standing wave pattern at the top. Furthermore, the appearance of the streaming lines at
the bottom of the reactor was reduced with surface stabilisation. However at 995 and
1179 kHz distinct standing wave patterns were not distinguishable due to the small (less
than 1 mm) wavelength, but the behaviour of the sonochemiluminescence was
consistent with a travelling wave field (Figure 3.3). Without surface stabilisation the
maximum width of the sonochemiluminescence observed was near the surface of the
solution in the reactor. Yet, with stabilisation, the maximum width of the
sonochemiluminescence region was about halfway up the reactor. Furthermore, the
images of the field at 995 kHz with surface stabilisation show a reduction of
sonochemiluminescence area. This is compatible with a travelling wave dominant
field23-24, with a dominance of sonochemical activity near the surface of the solution,
which was reduced with an increase in the standing wave. A similar change was seen at
1179 kHz where the sonochemiluminescence region was thinner and concentrated
around the central axis of the reactor with surface stabilisation. Images were not able to
be captured for the lower intensity, 50 W L-1, with stabilisation, which corresponded to
the low levels of sonochemical activity at this setting (Figure 3.2).
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Therefore the travelling wave was the primary wave type of wave contributing to
sonochemical activity in the multi-frequency reactor. This was concluded because when
the standing wave was increased, sonochemical activity and sonochemiluminescence
area was decreased.
A type of quasi-acoustic streaming has also been reported25 and was considered for
the observations in the high frequency reactor. Quasi-acoustic streaming was found to
be the cause of bubble streaming at frequencies in the 100s of kHz range 21, 24. Quasiacoustic streaming was caused by the motion of large bubbles through the fluid and is
independent of the acoustic streaming force. Since the streaming patterns were all
reduced with the addition of a lid it was concluded that the main streaming force
observed was due to the acoustic streaming from the travelling wave, not quasi-acoustic
streaming.

A travelling or progressive wave is caused by the attenuation of the ultrasound by
large bubbles in solution18, 20-21. The bubbles in solution reflect and scatter the acoustic
wave26, this creates a pressure gradient and acoustic flow in the direction of the
propagation of the ultrasound18. In a travelling wave dominant field the force on the
bubbles increases rapidly as the bubbles approach resonant size and these bubbles will
stream to the surface27. Previous reports indicated sonoluminescence was not observed
in a 98% travelling wave field28, nevertheless sonoluminescence and sonochemistry do
not always follow the same trends6,7. Sonoluminescence is based on the maximum
temperature of cavitational collapse whereas sonochemistry depends on average
temperature during collapse6. Travelling waves, as previously discussed are known to
promote non-spherical cavitation which occurs at lower temperatures than spherical
cavitation19. For this reason we postulate for the multi-frequency reactor there was a
travelling wave dominant field in which transient cavitation is largely responsible for
the observed sonochemical effects.
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376 kHz
58 W L-1

N/A

376 kHz
76 W L-1

995 kHz
52 W L-1

N/A

995 kHz
72 W L-1

1179 kHz
50 W L-1

N/A

N/A

1179 kHz
75 W L-1

Figure 3.3

Sonochemiluminescence images of the high frequency reactor. Frequency/power
settings (top to bottom), 376 kHz/58 W L-1 , 376 kHz/76 W L-1, 995 kHz/52 W L-1,
995 kHz/72 W L-1, 1179 kHz/50 W L-1, 1179 kHz/75 W L-1 and under experimental
conditions (left to right) with a lid, still without a lid, 100 rpm, 600 rpm and 900 rpm.
Where no image is present, sonochemiluminescence was not detected, denoted N/A.
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40 kHz reactor

In the 40 kHz reactor there was a combination of travelling and standing waves
producing sonochemical activity. An increase in the standing wave via surface
stabilisation has little effect on the sonochemical activity at either ultrasonic intensity.
The sonochemical yields without or with surface stabilisation were 0.42/0.43 and
0.36/0.34 for 92 and 72 W L-1, respectively. Stable and transient cavitation have been
shown to coexist at low frequencies, and to contribute to sonochemical activity29.
Therefore it is hypothesised that the reactor had a mixture of standing and travelling
waves. This means both stable and transient cavitation producing sonochemical activity.
Hydrogen peroxide yield at different ultrasonic frequencies in still experiments

The observed trends of hydrogen peroxide yield in relation to frequency can be
explained in terms of bubble population distributions. Generally at higher frequencies, a
higher number of bubbles are produced and hence sonochemical effects increase with
frequency. On the other hand, as frequency increases the time period for water to
evaporate into the bubble decreases6. The observed increase in sonochemical activity
from 40 to 376 to 995 kHz at comparable power settings, (Figure 3.2) was attributed to
an increase in the number of active bubbles produced. It should be noted that this
comparison is for the higher input power of the multi-frequency reactor and the lower
input power of the 40 kHz reactor. However, a subsequent decrease in activity, without
surface stabilisation, from 995 to 1179 kHz was considered a result of the reduced time
period of the ultrasonic wave.
An increase in the standing wave altered the sonochemical activity in relation to
frequency. After surface stabilisation the difference in hydrogen peroxide yield between
376 and 1179 kHz was no longer apparent. A possible cause of this was the relative
proportions of the standing and travelling waves, assuming the reflectance of the lid was
equal in each case. A reflectance of a standing wave which was a higher proportion of
the ultrasonic field would result in a more significant decrease of the travelling wave
portion than if the standing wave was originally only a small portion of the ultrasonic
field. For example, if the standing wave portion was 30% (70% travelling wave portion)
and the reflectance doubled the standing wave, this would result in a 60% standing
wave (30% reduction of the travelling wave portion). However if the standing wave was
10% (90% travelling) and then was doubled, this would result in an 80% travelling
wave portion (10% reduction). Hence the effect of the reflectance would not be as
significant. Since the dominant mechanism for the production of sonochemical activity,
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in the present case was found to be the travelling portion of the ultrasonic field the
reduction in hydrogen peroxide yield was more dramatic in fields with higher standing
wave portions i.e. at 376 kHz.
Other factors also influence the portions of standing and travelling waves such as
bubble population and acoustic power. The surface stabilisation produces a change in
bubble population which will affect the attenuation of the ultrasonic wave and hence the
travelling wave portion. Therefore surface stabilisation was used merely to identify the
key contributions to sonochemical activity. Although, the change in standing and
travelling wave portions of the ultrasonic field can have a significant effect on the
sonochemical activity.
3.3.2 The effect of the overhead stirrer in different situations
Overall, the hypothesis of an increase in sonochemical activity with stirring, at the
low frequency was supported by the evidence shown in Figure 3.4. However at 376,
995 and 1179 kHz, an increase in stirring speed only decreased sonochemical activity at
the lower power input. At the higher power input, introduction of an overhead stirrer
either did not affect or slightly decreased the hydrogen peroxide yield. These
differences were attributed to the disturbance of the standing wave portion of the field
and the affect the overhead stirrer had on the ultrasonic field. The overhead stirrer has
the potential to disturb the reflection of the standing wave in solution, improve rectified
diffusion to increase the size of the bubbles, disturb the propagation of the ultrasonic
field, affect the collapse of the bubble, and prevent the bubbles reaching antinodes in the
standing wave where they coalesce. These possible contributions are discussed in
relations to the observed areas and yields of sonochemical activity.
40 kHz reactor

At 40 kHz, as the stirring increased there was a trend for the sonochemical yield to
increase at both powers (Figure 3.4). This occurred such that the yield of hydrogen
peroxide surpassed the yields at higher frequencies at comparable power settings. The
trends of sonochemical yield at 40 kHz against stirring speed are attributed to the effects
of an overhead stirrer on coalescence with respect to power and sonication zone. It
should be also noted that at 100 rpm the hydrogen peroxide yield was lower than the
yield without stirring, for both power settings.
The maximum sonochemical yield was observed at 900 rpm; 1.57 µmol for both 92
and 72 W L-1 (Figure 3.4). This enhanced yield with an increase in speed up to 900 rpm
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supports the hypothesis at low frequencies stirring prevents coalescence7 and agrees
with previous observations at low frequencies8. Bubbles are larger at lower frequencies,
as they have more time to grow, then, when these bubbles coalesce they become too big
for sonochemical activity and become degas bubbles30. The overall increase of
sonochemical activity was observed until 900 rpm, after which an increase to 1300 rpm
did not increase the hydrogen peroxide yield. Previous works at lower frequencies7 used
maximal stirring speeds of 300 rpm and so a peak effect in relation to speed was not
realised, although an optimum flow speed in relation to power and frequency was
hypothesised. The maximisation of yield in relation to stirring speed observed here was
attributed to a maximisation of active bubbles. At a certain speed the force of the stirrer
has overcome the attraction forces between the bubbles such that any additional force
will not result in an increase of the active bubble population.
At the lower input power, the response to stirring was more effective than at the
higher power (Figure 3.4). At 600 rpm the lower power, 72 W L-1 produced 1.08 µmol
of hydrogen peroxide, compared to 0.68 µmol at 92 W L-1. Additionally, at 900 rpm,
there was no difference in sonochemical yield between the two power settings. This was
attributed to more effective prevention of coalescence at lower power settings.
Coalescence from secondary Bjerknes forces increases with power18. Therefore, at 72
W L-1 the overhead stirring is able to prevent more coalescence with lower stirring
speeds than at the higher power. An increase in sonoluminescence and
sonochemiluminescence was also observed over a power range at 23 and 99 kHz7. A
peak in sonochemical activity can therefore be achieved over a range of power settings,
with the appropriate stirring speed.

The overhead stirrer reduced the area available for sonochemical activity area and the
hydrogen peroxide yields. At 40 kHz, the yields were, 0.42/0.36 and 0.36/0.26 µmol,
(still/ 100 rpm) for 92 and 72 W L-1, respectively. Furthermore, a reduction in
sonochemiluminescence height was observed at 376 and 995 kHz. The area of
sonochemiluminescence was reduced to the volume of reactor solution which sits
underneath the stirrer. Since the experiments without stirring did not have the stirrer
immersed in solution, the reduction of activity at 100 rpm could be due to a reduction in
sonochemically active area. At 40 kHz the low speed stirring would have reduced the
area of sonochemical activity without affecting the coalescence. Therefore the reduction
in sonochemically active area led to a decrease in hydrogen peroxide yield.
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In summary, at 40 kHz, the observed increase in sonochemical activity was attributed
to a reduction of coalescence with overhead stirring which increased the active bubble
population. The active bubble population was maximised at the same point for both
power settings. The increase in sonochemical activity was only observed when the fluid
flow reduced coalescence enough to overcome the reduction of the sonochemically
active area. The area of sonochemical activity was reduced from the introduction of the
overhead stirrer.
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Hydrogen peroxide yields under various conditions. The shaded bars represent the
higher input power and the white bars represent the lower input power at 40, 376, 995
and 1179 kHz.

Other considered theories

Two other contributing factors towards the increased sonochemical activity were
considered. The influence of rectified diffusion and the possibility of the interaction of
fluid flow with bubble collapse. Rectified diffusion involves the transfer of gas into the
bubble across the bubble wall due to uneven mass transport. This is caused by the shell
and area effects during the compression and rarefaction cycles31. Growth via rectified
diffusion has previously been shown to be enhanced in the presence of acoustic
streaming32. It was established that acoustic streaming exists at all four of the
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frequencies used in this investigation, however opposing effects were observed. This
may enable us to conclude the overhead stirrer at lower frequencies was able to enhance
the rectified diffusion, given that the velocity of acoustic streaming is higher at higher
frequencies. However the velocities of acoustic streaming are in the order of ten times
slower than that of an overhead stirrer11. In this instance we would predict a more
uniform increase in sonochemical yield. For this reason we do not consider the
influence of the overhead stirrer has a significant effect on overall bubble growth via
rectified diffusion in these conditions.
The effect of the fluid flow from the overhead stirrer on the bubble collapse was also
hypothesised; however the experimental evidence contradicts this hypothesis. In a
travelling wave19, and in multi-bubble fields as in standing waves33, the external forces
on the bubbles were shown to enhance asymmetric bubble collapse. At higher
frequencies the external forces on the bubbles during collapse were shown to increase
the participation of species from the bulk solution in bubble collapse. This led to
augmentation of the sonochemical effect34. Furthermore, during asymmetric collapse
the nonlinearity of the collapse is less efficient as some energy is lost into kinetic energy
of fluid motion19. As a result of this energy loss, the total energy required to produce
sonochemical activity in this situation is increased, meaning the acoustic threshold
would be increased. At 40 kHz, the lower power experiments were able to surpass the
yield of the higher power experiments further contradicting this hypothesis under these
flow conditions. Therefore rectified diffusion and the influence of the flow on bubble
collapse were rejected as key contributors to the observed augmentation of hydrogen
peroxide yields under these conditions.
Multi-frequency reactor

At the higher frequencies input power played an influential role on the trends of
sonochemical activity (Figure 3.4). At the higher power for 376 and 995 kHz (76 and
72 W L-1, respectively) no difference was observed upon the introduction of stirring.
Although, the average yields (0.46-0.55 and 0.77-0.85 µmol for 376 and 995 kHz) with
stirring were less than the yields without stirring (0.62 and 0.99 µmol for 376 and 995
kHz, respectively). However at the powers of 58 and 52 W L-1 for 376 and 995 kHz,
respectively, the yield was decreased with an increase in stirring speed. The average
yields were 0.35, 0.32 and 0.27 µmol at 376 kHz and 0.61, 0.52 and 0.36 µmol at 995
kHz for 0, 100 and 600 rpm, respectively. The yield of hydrogen peroxide was below
the detection limits for both frequencies at the lower power intensities. At 1179 kHz, 50
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W L-1 there was a 50% reduction of yield with stirring at 100 rpm compared to the still
experiment. Then, at 600 and 900 rpm no hydrogen peroxide was detected. With a
higher ultrasonic power, at 1179 kHz, the yield was decreased with stirring; 0.22 and
0.33 µmol compared to 0.54 µmol for 100 rpm, 600 rpm and still, respectively.
However no difference was determinable at 900 rpm. The sonoluminescence images
reinforce the effect of stirring at different ultrasonic powers (Figure 3.3). At 376 kHz
the stirred images show a disturbance to the standing wave pattern observed, with no
standing wave pattern observed at higher stirring speeds. Nevertheless streaming was
observed at all speeds, and the area of observed streaming reduced with increased
speed. The presence of the stirrer disturbed the propagation of the ultrasonic wave, as
can be seen at 100 rpm for 376 and 995 kHz. This disturbance may account for the
initial loss of activity at 100 rpm, but not the subsequent loss of activity observed as
stirring speed increased at the lower power setting. A reduction of apparent
sonochemiluminescence area with an increase in speed was also noted at 995 kHz and
1179 kHz. Furthermore, as the stirring speed increased the influence of the rotation of
the solution was observed in the sonochemiluminescence images. In all cases, the
reductions were more significant, with no detection of sonochemiluminescence at 900
rpm for the lower power setting. In conclusion the introduction of the overhead stirrer
demonstrated a reduction in hydrogen peroxide yield at the lower ultrasonic power for
all frequencies, and at 1179 kHz for the higher power. Furthermore the
sonochemiluminescence areas were apparently reduced with an increase in stirring
speed, which was more significant at the lower power setting.
3.3.3 The interaction of overhead stirring and the ultrasonic field
To comprehend the observed effects the interaction of the overhead stirring with the
travelling wave was considered. Fluid mechanic principles were considered in the
context of these tests. Firstly, the fluid flow from the overhead stirrer will be almost
perpendicular to the propagation of the acoustic wave. Secondly the strength of this
flow will decrease as the distance from the stirrer increases perpendicularly and increase
as the distance from the centre increases. Then the flow will move toward the central
axis of the reactor where it will spiral upward to the overhead stirrer (Figure 3.5A and
B). At high frequencies the acoustic streaming is concentrated along the central axis of
the reactor11, 35 (Figure 3.5C), and in the case of 995 kHz, this is also the area of high
sonochemical activity.
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Upon the introduction of flow into the ultrasonic fields we see, firstly at 100 rpm that
the sonochemical area was only reduced from the reduction of propagation beyond the
height of the stirrer. The stirrer prevented the propagation beyond the height of the
propeller blades and accounts for an initial decrease in average yields. In addition, at
low stirring speeds a certain degree of reflection of the wave occurred, as evidenced by
an increased standing wave structure at 376 kHz, below the location of the stirrer
blades. As the speed increased, the sonochemiluminescence images varied at each
frequency. In the case of 376 kHz the standing wave structure was reduced and
seemingly the streaming intensity at the bottom was increased. For 995 kHz, the widest
part

of

the

active

area

was

lowered

and

as

the

speed

increased

the

sonochemiluminescence was limited to a central region. Similarly at 1179 kHz, the
sonochemiluminescence was lowered and somewhat centralised (Figure 3.3). Thus as
the velocity of the fluid flow increased the fluid flow effect dominated as compared to
the effect of wave reflection and reduced sonochemical area. It was discovered that all
of the active areas correspond to areas of slower flow rates induced by the overhead
stirring or areas where the flow did not oppose the flow of the acoustic streaming, and
the acoustic amplitude was already highest (Figure 3.5). This indicated that at 600 and
900 rpm, the sonochemical activity was limited to the regions in the reactor of either
lower flow rates or non-opposing flow from stirring. The response to strong and weak
non-acoustic flow is explored in regards to sonochemical theory.
Mechanisms behind the observed changes in total sonochemical activity

There are numerous possible contributing factors to the observed response to
overhead stirring in the multi-frequency reactor. Theoretically overhead stirring can
affect high frequency waves in a variety of ways such as: altering the amount of
coalescence of small inactive bubbles, changing the area of sonochemical activity,
reflection of the ultrasonic wave, affecting degassing rates, affecting the collapse of the
bubble and via interference with the propagation of the pressure wave. Each of these
theories was considered with regards to the observed changes in sonochemical activity
and area.
Primary Bjerknes forces exist in sound fields36 which enables the collection of
bubbles of similar size. This then leads to coalescence of bubbles pulsating in phase via
Secondary Bjerknes forces which decrease as frequency increases18. Secondary
Bjerknes forces are not as significant at higher frequencies. Although, at high
frequencies small, inactive bubbles are produced18 which rely on growth through
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coalescence and rectified diffusion to increase the active bubble population17,18,30. The
reduction of bubble growth from Secondary Bjerknes forces with overhead stirring was
hypothesised to reduce sonochemical activity at high frequencies. This was supported
by the decrease of hydrogen peroxide yield with an increase in stirring speed at the
lower ultrasonic power for 376, 995 and 1179 kHz (Figure 3.4). However there was a
lack of a definitive trend in response to an increase in stirring speed at the higher
ultrasonic power setting for all three frequencies. This does not support the hypothesis,
since an increase in speed would increase the reduction of coalescence. In the high flow
rate regions it is possible that coalescence was reduced, however since the yield was not
reduced at higher powers, this was not the dominant mechanism effecting sonochemical
activity in this case. This is reasoned with the fact in this reactor, the travelling wave is
primarily responsible for the observed sonochemical activity. In a travelling wave the
acoustic streaming was already present, hence any additional flow does not add to a
decrease of coalescence and a retardation of sonochemical activity. Therefore, other
factors must be considered in relation to the travelling wave and transient cavitation.
Similar reasoning can be applied when considering the effect of an overhead stirrer on
degassing rates. Theoretically the overhead stirrer can increase the mass transfer and the
degassing rate of the solution, which would decrease nucleation sites and subsequent
sonochemical activity. However as the cavitational threshold increases with frequency,
a trend of sonochemical activity in the response to overhead stirring with respect to
frequency would also be observed. This was not the case and hence the degassing effect
was determined not to be a dominant cause of the observed trends in sonochemical
activity.
The reduction in sonochemically active area and an increase in the reflection of the
ultrasonic wave were evidenced in the sonochemiluminescence images. Initially, with
stirring at 100 rpm, at 376 and 995 kHz a reduction in the sonochemiluminescence area,
due to the introduction of the overhead stirrer was observed. The stirrer limits the area
of the standing wave patterns and an increase in activity was seen underneath the blades
at 376 kHz, 100 rpm. However as the stirring speed increased the reflection was not
seen in the sonochemiluminescence images and hence the fluid flow was more
influential at these settings. Overhead stirring, off centre to the transducer, in a previous
study at 490 kHz where acoustic streaming was observed did not result in a reduction of
sonochemiluminescence area, or in sonochemical efficiency11. Hence we deduce the
initial decrease with 100 rpm stirring in average yield at the higher power was due to a
decrease in volume exposed to ultrasound and disturbance of the standing wave area.
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This initial decrease of hydrogen peroxide yield was also seen at 40 kHz, with stirring at
100 rpm, for both ultrasonic intensities.

Figure 3.5

Schematic representations of fluid flow from overhead stirring and acoustic
streaming under various conditions. Arrows represent the effective direction of flow.
Long, solid arrows represent strong flow and dashed arrows represent weaker flows.
A) Cross section representation of the flow from the overhead stirrer. The flow
velocity in the vortex created by overhead stirring decreases as the distance from the
overhead stirrer increases. When the fluid flow reaches the bottom of the reactor, the
fluid flows back up toward the overhead stirrer in a spiral motion.
B) View from the top of the reactor for flow from the overhead stirrer. The flow
velocity in the vortex created by the overhead stirring decreases as the distance from the
centre decreases.
C) Representation of the acoustic flow. The flow created from the propagation of the
acoustic wave occurs predominantly in the direction of propagation, along the central
axis of the reactor.
D) Representation of the flow in the reactor with overhead stirring and
ultrasound. The flow created from the propagation of the acoustic wave occurs
predominantly in the direction of propagation, along the central axis of the reactor. The
circular flow perpendicular to the propagation of the wave dominates at the top of the
reactor but acoustic streaming is still present at the bottom of the reactor.

The strength of the acoustic streaming was also influential on the effects of overhead
stirring on sonochemical activity. At the lower ultrasonic input powers the overhead
stirrer had a more pronounced effect on the hydrogen peroxide yield. This was
attributed this to the lower strength of the acoustic streaming at lower pressure
amplitudes. In travelling wave dominant fields a pressure gradient exists which
increases with increasing acoustic power. Therefore, the acoustic streaming force of the
travelling wave increases with an increase in power11, 21. At the intensities of 58, 52 and
50 W L-1 for 376, 995 and 1179 kHz, respectively there was a trend for a decrease in
sonochemical activity and a decrease sonochemiluminescence area with an increase in
overhead stirring speed. The force of the overhead stirrer was therefore hypothesised to
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decrease the power of the ultrasound, and reduce the effective active area and hence
yield. This theory was supported by the shape alteration of the sonochemiluminescence
images (Figure 3.3). As previously discussed (Section 3.3.2) the area of sonochemical
activity was limited to the areas where flow from overhead stirring was slow or did not
oppose the acoustic streaming. Here the force of the flow was not strong enough to
overcome the ultrasonic energy, however in regions of high flow, in opposition to the
acoustic streaming, rate the force from the overhead stirring disturbed the acoustic
energy thus attenuating the wave and preventing the sonochemical effects from
occurring. The available area of the transient cavitational field which existed in the still
experiments was therefore reduced. This led to a reduction in active bubbles evidenced
by the reduced sonochemiluminescence areas and lower sonochemical yields.

The higher ultrasonic power and therefore amplitude facilitated transient cavitation in
the presence of an overhead stirrer. At the higher ultrasonic power there was a reduction
in average yield due to the introduction of an overhead stirrer, but no trend was
observed with an increase in speed. However, the sonochemiluminescence areas were
lowered with an increase in stirring speed. Both the upper and lower input power
settings were shown to have a travelling wave dominant field and hence a majority of
transient cavitation. The effects of the reduction in height and area of
sonochemiluminescence indicated the overhead stirring force was effecting the wave
propagation. Yet, at the higher power setting this did not result in a trend of decreasing
sonochemical activity. At 376 kHz the standing wave structure was reduced with
stirring speed, although, at the power setting, 76 W L-1, the streaming in the lower part
of the reactor visibly increases in intensity. Furthermore the wide portion of the
sonochemiluminescence at 995 kHz is lowered with an increase in stirring speed. The
ability for ultrasonic intensity to be retained in areas of low flow rates may play a role in
these observations. There are two possible reasons for this. Firstly, the low flow rates
concentrated the acoustic energy in the middle of the reactor, without loss of ultrasonic
power. Secondly, that the active area at the top of the reactor was partly replaced by an
increase in transient cavitation in the lower portion of the reactor. Previous works have
demonstrated spatial oscillations occur at the surface of the solution in a travelling wave
field23,24. If this is the case then the introduction of flow, without acting against the
propagation of the wave would be hypothesised to retain or increase the sonochemical
activity in a travelling wave. These theories will be explored in subsequent works of this
group.
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Previous research at 490 kHz, with an overhead stirrer reported an increase in
sonochemical activity11 and a maximal response to flow rate with respect to frequency
and power was proposed7,11. In addition if the results on the rate of degradation of
pentachlorophenol10 at 500 kHz are reinterpreted with respect to sonochemical activity,
a flow dependence is observed at all three volumes (Appendix A2). At high
frequencies, only a reduction in sonochemical activity was observed with respect to
flow rate in the present contribution. The similarities and differences between the
studies may account for the different trends observed. With overhead stirring, at 490
kHz, the stirrer was not opposite the transducer and the reactor width was four times the
width of the transducer. Reactors with much larger diameters compared to the
transducer have been found to decrease sonochemical activity attributed to the active
bubbles escaping from the ultrasound zone prior to producing sonochemical activity14.
Hence the stirrer allowed for more of the reaction solution to be exposed to ultrasonic
treatment providing additional cavitational nuclei and reaction solution without acting
in direct opposition to the ultrasonic propagation, and increasing the overall area of
sonochemical activity11. Similarly, for the degradation of pentachlorophenol, the reactor
was a flow-through reactor, hence additional nuclei could be provided for increased
sonochemical activity. In the configuration used in the present contribution, there were
no additional nuclei to be provided for the sonochemically active region with stirring
and hence no increase in activity was observed. Therefore the different geometries have
produced different effects of overhead stirring.

Here we have presented evidence for the reduction in sonochemical activity with an
overhead stirrer from several factors; reduction in the active sonochemical area,
influencing the ultrasonic field via prevention of wave propagation and reduction of the
standing wave portion which was counteracted either by an increase in travelling wave
component or a focusing of ultrasonic energy in the low flow regions. Further research
will allow us to ascertain the relative contributions of these factors in the reduction in
sonochemical activity.
3.3.4

Implications of these findings

These findings are relevant for the consideration of scale-up of ultrasound as well as
for the understanding of ultrasonic interactions with flow. Ultrasonic treatment may
wish to capitalise on the sonochemical or mechanoacoustic effects of ultrasound3. Here,
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the hydrogen peroxide yield was maximised at low frequency ultrasound in the presence
of overhead stirring. The yield of hydrogen peroxide yield at 40 kHz, was 1.57 µmol for
both 92 and 72 W L-1 with stirring at 900 rpm. However the maximum yield achieved at
low frequency was 0.99 µmol, at 995 kHz, without stirring. Therefore, if sonochemical
effects are required in a process then the scale up for a stirred reactor should consider
lower rather than higher frequencies. Furthermore the lower ultrasonic power was able
to achieve the same yield of hydrogen peroxide at 40 kHz. This is important because
additional energy input is one of the key challenges for the implementation of
ultrasound. Again, if sonochemical effects are desirable, we have shown maximum
effects at a given frequency can be achieved at a lower input power. This may reduce
the additional energy input, especially if a stirred reactor is required.
These results provide implications for the effects of flow in different ultrasonic fields.
The implications are significant for the ability to manipulate the ultrasonic field and the
behaviour of travelling wave dominant fields with overhead stirring. Firstly, the
discovered maximum of sonochemical activity found at 40 kHz, for both input power
settings. This demonstrated the potential manipulation of a bubble population produced
at a single frequency. This potential was recognised by Ashokkumar et al,29 when
transient and stable cavitation was shown to exist at low and high frequencies. The
sonochemical activity in the 40 kHz reactor was produced from both the travelling and
standing wave. Therefore the manipulation of the ultrasonic field was achieved when
the coalescence was reduced and more active bubbles were produced. However in the
multi-frequency reactor the sonochemical activity was mostly produced from cavitation
in the travelling wave. Hence the effects of flow were not limited to the reduction of
coalescence. The effects of flow were found to reduce the standing wave portion and to
compete with the propagation of the ultrasonic wave. This presents different effects of
flow in a travelling wave field which will be further explored in our subsequent paper.
3.4

Conclusions

Under the conditions of this investigation the sonochemical activity was maximised at
40 kHz with overhead stirring. Moreover, at 40 kHz, the overhead stirring increased
sonochemical activity with the speed of stirring, until 900 rpm, after which no
additional benefit of a speed increase was observed. This supported the hypothesis that
the prevention of coalescence at low frequencies increased the active bubble population.
Furthermore, stirring at 900 rpm in the 40 kHz reactor produced comparable amounts of
sonochemical activity for the two ultrasonic intensities.
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At high frequencies the hypothesis that stirring would decrease activity was only
supported at low intensities. For this reason several possible factors which affected the
sonochemical activity in a travelling wave field were considered, namely, the reduction
of the active sonochemical area, the influence of stirring on the propagation of the
ultrasonic wave and the reduction of the standing wave. Stirring also reduced the
standing wave portion of the field, which at higher ultrasonic power was compensated
for by either an increase in transient cavitation or a focusing of the ultrasonic energy.
3.5
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4. Opposing effects of fluid circulation on sonochemical
activity
OBJECTIVE AND CONTENT
The effect of flow from overhead stirring at high frequencies was not completely
understood. Therefore, in order to further elucidate the use of flow in high frequency
reactors, flow in a different mode, i.e. circulation was investigated. This demonstrated
that at high frequencies, flow, which did not oppose the propagation of the wave could
increase sonochemical activity. These findings led to the theory that in an ultrasonic
reactor, flow could increase the asymmetry of the bubble collapse and increase the
participation of the bulk solution in sonochemical activity.
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ABSTRACT
Fluid circulation in an ultrasonic reactor was reported to either increase or decrease
sonochemical activity at high frequencies in previous literature. Overhead stirring either
did not affect or decreased the sonochemical activity at 376, 995, and 1179 kHz,
therefore the interaction of fluid flow with ultrasound was further investigated in this
study. The effect of fluid circulation on radical production was investigated at two
circulation speeds, with and without surface stabilisation. The sonochemical activity
was determined by the yield of hydrogen peroxide, measured by iodide dosimetry. The
sonochemically active region was pictured using sonochemiluminescence imaging and
the flow fields were visualised with dyed flow videos. At 376 and 995 kHz, an increase
in sonochemical activity was observed with the slower flow rate; however at 1179 kHz,
the sonochemical activity was either not affected or decreased. The increase in
sonochemical activity was attributed to an increase in asymmetry of the bubble collapse
bought about by fluid motion.
4.1

Introduction

Literature reports of sonochemical activity measurements under the influence of fluid
flow have conflicting results1-5. However it was difficult to compare and relate the
effects of flow in these cases as the reactor geometries were all varied, and reactor
geometries are known to influence the sonochemical activity6-8.
The authors’ previous work established that overhead stirring either did not affect or
reduced the sonochemical activity at 376, 995 and 1179 kHz in a travelling wave
dominant reactor (Chapter 3)9. The response to the overhead stirrer was attributed to
several possible factors; reduction in the active sonochemical area, disturbance and
relocation of the ultrasonic intensity, and reduction of the standing wave portion. The
reduction of the standing wave portion was theorised to be counteracted from an
increase in transient cavitation. Therefore it was hypothesised that fluid flow, which
does not interfere with the propagation of the travelling wave would increase or retain
sonochemical activity. This hypothesis was tested by introducing fluid circulation at a
high and low speed into the travelling wave field at 376, 995 and 1179 kHz in the
present contribution.
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4.2

Methodology

Experiments were carried out in an ultrasonic reactor (Meinhart Ultraschalltechnik) as
described elsewhere (Chapter 3)9 with frequencies 376, 995 and 1179 kHz. Potassium
iodide (0.1 M) solution was pumped into the bottom of the reactor via a two speed
pump placed in a reservoir beaker at 414 ml min-1 and 34 ml min-1. The flow out of the
reactor from its upper portion returned to the reservoir beaker and a total volume of 1 L
was used for all circulation experiments and 0.5 L for still experiments. The height in
the reactor for still experiments and experiments with circulation was kept constant at
155 mm from the transducer plate. Experiments were conducted with and without
surface stabilisation in order to reflect the ultrasonic wave10-12. Surface stabilisation was
achieved with a lid made of foam and coated in parafilm, shaped to float on the surface
of the reactor solution. The sonochemical activity was measured as hydrogen peroxide
yield determined via iodide dosimetry13. Sonochemiluminescence images and
calorimetric power values were recorded as described previously, according to the
literature1, 13,14. Sonochemical activity and calorimetric experiments were repeated 4 to
7 times, and averages and standard deviations are reported.
The images of the flow patterns were taken by introducing a red dye into the reservoir
beaker during circulation and sonication of distilled water. The flow pattern was video
recorded using a Digital Single-Lens Reflex (DSLR) camera (Lumix). Videos were
recorded at different reactor and flow settings and still images at various time intervals
were captured using Picassa software.
4.3

Results and Discussion

The results were considered with regards to the hypothesis that flow which does not
interfere with the propagation of the ultrasonic wave, could increase or retain the
sonochemical activity. The sonochemical activity and the interaction of the acoustic
flow with the circulation flow were studied, and the observations were then discussed in
regards to sonochemical theory.
4.3.1

Sonochemical activity at different circulation speeds and
ultrasound frequencies

The introduction of circulation increased the yield of hydrogen peroxide at certain
speed and power settings for 376 and 995 kHz (Figure 4.1). The still experiments with
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and without surface stabilisation, were reported in a previous contribution and are
shown here for comparison (Chapter 3)9.
At 376 kHz circulation at both circulation rates increased the average sonochemical
activity at the higher power setting, and at the lower power setting with the slower
circulation rate (34 ml min-1). At the higher circulation rate, (414 ml min-1) and at the
higher power, 76 W L-1, without surface stabilisation, the hydrogen peroxide yield was
increased (0.77 µmol) compared to the still experiment (0.62 µmol) whereas for all the
other settings the introduction of circulation did not have a determinable difference on
the yield of hydrogen peroxide. Yet, the average value of the yield of hydrogen peroxide
was maximised at the slow flow rate, at 76 W L-1 with and without surface stabilisation
and at 58 W L-1 without surface stabilisation.
At 995 kHz the circulation at 34 ml min-1 generally increased the yield of hydrogen
peroxide (Figure 4.1). In contrast, the circulation at 414 ml min-1 either did not affect or
hindered hydrogen peroxide production. At the ultrasonic power of 72 W L-1, without
surface stabilisation there was no determinable difference between the still experiment
and the circulation at 414 ml min-1 (0.99 and 0.95 µmol, respectively) whereas the flow
at 34 ml min-1 increased the yield (1.19 µmol). At the lower power setting, 52 W L-1,
without surface stabilisation, the circulation at 414 ml min-1 resulted in a lower
hydrogen peroxide yield (0.45 µmol) compared to the circulation at 34 ml min-1 (0.60
µmol) and the still experiments (0.61 µmol). In addition, there was an increased radical
yield with the circulation at 34 ml min-1 (0.74 µmol) compared to the 414 ml min-1
circulation (0.49 µmol) at power 72 W L-1. Then, at 52 W L-1, the circulation at 34 ml
min-1 increased the yield (0.34 µmol) compared to the still experiment and the
experiment with flow at 414 ml min-1 (0.19 and 0.25 µmol respectively). In summary
the sonochemical activity tended to be maximised at the slower circulation flow rate
compared to still experiment and experiments at 414 ml min-1 at 376 and 995 kHz.
The observed trend at 1179 kHz did not correspond to the trends for 376 and 995 kHz.
At 1179 kHz there was no determinable difference on hydrogen peroxide yield caused
by different circulation speeds for all cases. Although, at 75 W L-1, the average yield of
hydrogen peroxide decreased with an increase in circulation speed; without surface
stabilisation, 0.54, 0.46 and 0.41 µmol, and with surface stabilisation 0.29, 0.26 and
0.23 µmol for still, 34 ml min-1 and 414 ml min-1, respectively, as shown in Figure 4.1.
Therefore, the different response to circulation at 1179 kHz indicated alternate
mechanisms were involved.
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Hydrogen peroxide yields at different settings. Frequencies, 376, 995 and 1179 kHz
(top to bottom), without surface stabilisation (left) and with a lid/ surface stabilisation
(right), without circulation and with circulation at 34 and 414 ml min-1. Two power
settings are presented, the shading represents the maximum power setting and the white
represents the lower power setting.

These results were considered with regards to the attributes of the ultrasonic fields. In
this case at each frequency the travelling wave was the primary wave responsible for the
production of sonochemical activity since the addition of surface stabilisation reduced
the yield of hydrogen peroxide. The effect of surface stabilisation is to increase the
standing wave component of the field10-12,

15

. In addition the travelling wave and

acoustic streaming are known to increase with an increase in frequency and power16.
Consequently the acoustic streaming was strongest at 1179 kHz, at 75 W L-1, without
surface stabilisation, and weakest at 376 kHz, at 58 W L-1 with surface stabilisation. The
threshold of cavitation was also considered. The cavitation threshold is the minimum
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power for cavitation to occur, and increases with an increase in frequency16. At 376
kHz, where the threshold was the lowest and the acoustic streaming the weakest, an
increase in yield was also observed for the faster circulation rate, 414 ml min -1.
However, this was only observed without surface stabilisation where there was a higher
proportion of the travelling wave. Then at 995 kHz, without surface stabilisation, the
circulation rate at 414 ml min-1 was found to decrease the yield. Furthermore, at 1179
kHz, where the threshold was the highest and the streaming the strongest, no increase in
yield was observed. Seemingly there were opposing mechanisms from the introduction
of circulation causing two observed trends: firstly, a tendency for circulation to augment
sonochemical activity with lower acoustic thresholds or lower portions of travelling
waves; and secondly, for circulation to impede sonochemical activity at higher
thresholds or increased travelling wave strengths. In order to understand this
phenomenon, the interactions of fluid flow from the travelling wave (acoustic flow) and
fluid flow from circulation (circulation flow) were explored.
4.3.2 The interaction of the acoustic flow and circulation flow
Videos of the flow patterns and sonochemiluminescence images were taken to further
elucidate the response of sonochemical activity to flow through the reactor, (Figures 4.2
and 4.3). The circulation of the fluid through the reactor was visualised with dye and
captured using still images of videos (Figure 4.2). The dye introduced into the flow
beaker with the pump was uniformly mixed and the still images of the videos at 6 s and
20 s time intervals for the flow at 414 ml min-1 and 34 ml min-1 respectively, are shown.
The fluid flow was directed by mechanical pumping of the solution through the reactor
or the acoustic streaming force, depending on the frequency, ultrasonic power and
circulation flow rate. The circulation was observed without ultrasound, and the fluid
flowed into the reactor, across the face of the transducer and toward the surface of the
solution (top of Figure 4.2). Some of the flow was also dispersed at an angle to the flow
inlet, as evidenced by the widening of the flow stream as the flow left the inlet. The
flow patterns were similar at both speeds.
The flow patterns were affected when ultrasound was introduced. When ultrasound
was set at 376 kHz, with circulation at 34 ml min-1, the flow across the face of the
transducer was not seen; rather an even mixing of the red colour was observed
throughout the reactor. Then, at 414 ml min-1 a collection of the red dye was observed at
the bottom of the reactor with more even mixing towards the top of the reactor. At 995
kHz the upward flow of the dye was observed at the inlet of the flow with circulation at
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34 ml min-1. In contrast, with circulation at 414 ml min-1 the red colour first reached the
other side of the reactor, before flowing upward. After the initial interaction with the
ultrasound the red dye became centralised along the middle axis of the reactor. When
the frequency was set to 1179 kHz flow in the upward direction was observed at the
flow inlet which was more obvious at the higher power setting. At the faster circulation
rate with ultrasound at 1179 kHz the flow was again pushed upward by the ultrasonic
force. Yet the circulation flow apparently had more influence, with more of a collection
of red dye at the bottom of the reactor.
In summary, at 376 kHz and 995 kHz with the higher circulation rate, the circulation
flow dominated the overall fluid flow pattern. In contrast at 376 and 995 kHz, with a
slower circulation flow rate, and for all settings at 1179 kHz, the acoustic flow
dominated the overall fluid flow direction.

Further to the dominant flow direction, the effect on the sonochemically active area
was elucidated. The sonochemically active area is the area where the luminol in solution
reacted with the sonochemically produced hydrogen peroxide and is observed by the
area of blue colour in the sonochemiluminescence images (Figure 4.3). Two distinct
trends were observed in relation to the different circulation speeds. Firstly, when the
circulation at 34 ml min-1 was introduced, the sonochemically active area increased in
height. Secondly, when the circulation at 414 ml min-1 was introduced the sonochemical
area tended to be reduced in the top two thirds of the reactor. This was attributed to the
attenuation and the support of the acoustic streaming, represented schematically in
Figure 4.4.
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58 W L-1

376 kHz
76 W L-1

995 kHz
52 W L-1

995 kHz
72 W L-1

1179 kHz
50 W L-1

1179 kHz
75 W L-1
Figure 4.2

Flow patterns with and without ultrasound. At circulation speed of 34 ml min-1,
captured at 20 s time intervals (left) and at circulation speed 414 ml min -1 at 6 s time
interval (right). From top to bottom; no ultrasound, 376 kHz/58 W L-1 , 376 kHz/76 W
L-1, 995 kHz/52 W L-1, 995 kHz/72 W L-1, 1179 kHz/50 W L-1, 1179 kHz/75 W L-1 at
different ultrasonic frequency and power settings.
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376 kHz
58 W L-1

376 kHz
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995 kHz
52 W L-1

995 kHz
72 W L-1

1179 kHz
50 W L-1

N/A

N/A

N/A
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Figure 4.3

Sonochemiluminescence images: Frequency/power settings (top to bottom), 376
kHz/58 W L-1 , 376 kHz/76 W L-1, 995 kHz/52 W L-1, 995 kHz/72 W L-1, 1179 kHz/50
W L-1, 1179 kHz/75 W L-1 and under experimental conditions (left to right), without
surface stabilisation 1) no circulation, 2) circulation at 34 ml min-1, and 3) 414 ml min-1,
then with surface stabilisation, 1) no circulation, 2) circulation at 34 ml min-1, and 3)
414 ml min-1. Where no image is present, sonochemiluminescence was not detected.
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At the higher circulation rate, the acoustic power was disturbed, increasing the
attenuation of ultrasound. At 376 kHz, with circulation at 414 ml min-1, there was a
decrease in the standing wave structure noted at both ultrasonic intensities. At 76 W L-1
the decrease in the active area in the top third was observed, with and without surface
stabilisation compared to the image taken with circulation at 34 ml min-1. Then, at 58 W
L-1, with and without surface stabilisation, the sonochemically active area was
decreased compared to the active area in the sonochemiluminescence image of the still
experiment. This trend was not as obvious at 995 kHz, without stabilisation, although an
apparent thinning of the active area was observed at 414 ml min-1. Then, with
stabilisation, at ultrasonic power 52 W L-1, a definite decrease in active area compared
to the still experiment was observed. Similarly, at 72 W L-1 with stabilisation, a decrease
in active area was observed compared to the observed active area for the still
experiment and the experiment with circulation at 34 ml min-1. Likewise, at 1179 kHz,
without stabilisation, a reduction in active area toward the top of the reactor was
observed, with circulation at 414 ml min-1, compared to the slower flow rate.
Subsequently, with stabilisation, the height of activity was reduced at 414 ml min -1,
compared to the image of the still experiment. In these cases the propagation of the
ultrasonic wave was disturbed and this caused an attenuation of the ultrasonic energy.
The attenuation from the circulation flow led to a reduction in sonochemical activity in
higher parts of the reactor.
For experiments with a slower circulation rate of 34 ml min-1, the area of
sonochemical activity tended to move further away from the transducer. This was
evidenced from both a decrease of activity close to the transducer and an increase in
activity toward the top of the reactor. At 376 kHz, with ultrasonic power of 76 W L-1 the
images with and without surface stabilisation showed increased sonochemical activity
toward the top of the reactor solution, and with stabilisation there was a decrease in
activity close to the transducer. Then, at 995 kHz, without stabilisation, the
sonochemical activity near the transducer was reduced and at 52 W L-1, the maximum
width was observed at an increased height compared to the image of the still
experiment. Similarly, at 72 W L-1, with surface stabilisation the active area was larger
with circulation at 34 ml min-1 than the active area in the image of the still experiment.
For 1179 kHz, this trend was only apparent without surface stabilisation. At 75 and 50
W L-1 the sonochemically active area was increased in height with circulation rate at 34
ml min-1, compared to the areas captured of the still experiment and of circulation at 414
ml min-1. The observations here suggest that the circulation flow energy was added to
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the acoustic flow, without significantly changing the ultrasonic power. The additional
flow velocity was able to carry the ultrasonic energy toward the surface of the solution
and change the area and location of sonochemical activity.
In summary, the fast circulation tended to add to the attenuation of the ultrasound.
This occurred through an increase in the disturbance of acoustic wave with the
introduction of circulation flow. Then, when slower flow rates were used, the acoustic
flow dominated and the increased velocity from the circulation flow enabled the shifting
of the acoustic energy toward the top of the reactor without attenuation of the ultrasonic
power (Figure 4.4). However, the ability of the circulation flow to increase the height
and area of sonochemical activity, and the incidences where acoustic flow was
dominant were not always coupled with an increase in sonochemical activity. Similarly,
where circulation flow was dominant, the sonochemical activity was not always
decreased, and in one incidence, at 376 kHz, the activity was increased. These
observations are considered with regards to the mechanisms behind sonochemical
activity.

Figure 4.4

Flow diagrams under various conditions. Arrows represent the effective direction of
flow. Long, solid arrows represent strong flow and dashed arrows represent weaker
flows.
A) Circulation flow from the pump. The introduced solution flows across the face of
the transducer, hits the opposite wall of the reactor and flows toward the top of the
reactor.
B) Representation of the acoustic flow. The flow created from the propagation of the
acoustic wave occurs predominantly in the direction of propagation, along the central
axis of the reactor.
C) Circulation-dominant flow. The flow goes across the face of the transducer,
interfering with the ultrasound propagation. The power of the ultrasound is reduced
from the disturbance, however the acoustic streaming centralises the flow.
D) Acoustic streaming dominant flow. The mechanical flow adds to the acoustic
streaming along the central axis of the ultrasonic field. The additional flow enables the
ultrasonic power to be retained at higher points of the reactor.
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4.3.3 Consideration of the sonochemical activity and flow patterns
The sonochemical yield tended to be increased at 376 and 995 kHz, with circulation at
34 ml min-1. In a travelling wave field it was hypothesised that flow, which did not
reduce the area of activity could retain or increase the sonochemical yield. This was
conjectured because at low flow rates the ultrasonic energy was not attenuated, rather
directed by the flow. At the higher circulation speed, 414 ml min-1 the
sonochemiluminescence images and flow behaviour indicated that the ultrasonic energy
was attenuated, hence the decrease of observed activity at 995 kHz was justified.
However the hypothesis does not explain the increases and retention of sonochemical
activity, when the ultrasonic energy was attenuated, nor the response to circulation flow
at 1179 kHz.
Consequently it was proposed the reasons behind this observed behaviour were due to
an effect on transient cavitation from the fluid flow. Sonochemical activity is produced
by both stable and transient cavitation16; stable bubbles produce sonochemical activity
slowly and eventually collapse whereas transient bubbles are short lived and collapse to
produce fragmentation bubbles as well as sonochemical activity. In a travelling wave,
the force from the acoustic streaming can create non-spherical shape perturbations
causing distortions of the otherwise stable cavitation which can lead to an increase in
transient cavitation17. Furthermore, it was shown that transient cavitation existed at high
frequencies and that the manipulation of the conditions was able to vary the type of
cavitation18. Therefore it was hypothesised that the non-linearity of the bubble collapse
was increased via the introduction of flow through the reactor, which increased the
participation of the bulk solution in the transient bubble population.

The observed increases in sonochemical activity at 376 and 995 kHz were attributed
to the increase in non-linearity of the bubble collapse from external flow introduced into
the solution. As a bubble’s radius size approaches resonance, the force from acoustic
streaming increases rapidly19 and hence the active bubbles are affected by changes in
acoustic streaming. This demonstrates that increasing the flow in the solution, can not
only influence the bubble population distribution, but also the location of active bubble
area, as observed. Additionally, during asymmetrical collapse of bubbles, microjets
were formed which bought non-reactive species from the bulk solution into the
collapsing bubble20,21. The observation was based on disturbance of the spherical bubble
collapse from surrounding forces from other bubbles in multi-bubble fields21. This was
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observed for the frequencies 205, 358 and 618, though at 1071 kHz, the bulk solution
was not observed as entering into the bubble20. The lack of an increase in activity at
1071 kHz was attributed to the smaller bubble size, since at lower frequencies the larger
bubble size means that such distortions and fragmentations are more likely. The smaller
bubble size at 1179 kHz was reasoned to be why an increase in yield at 1179 kHz with
an introduction of flow was not observed. Consequently the increases in sonochemical
activity were attributed to a theoretical increase in the travelling wave component of the
field. In the travelling wave field the activity was found to be reduced by an increase in
the standing wave component. Therefore the activity was predominantly from the
travelling wave component. The additional flow in the reactor increased the travelling
wave component which produced an increase in sonochemical activity from transient
cavitation.

The interaction of circulation flow with transient cavitation also reduced
sonochemical activity. Increasing the circulation speed of water in the reactor could
influence the acoustic pressure threshold. The acoustic pressure threshold for
sonochemical activity is the minimum energy required for sonochemical activity or
cavitation to occur. The acoustic cavitational threshold is influenced by viscosity,
temperature and pressure, and as frequency increases the threshold also increases22. In
this study either a decrease or no effect on sonochemical activity from flow was
observed when the acoustic threshold was higher, such as at 1179 kHz, or where the
acoustic energy was lower (lower ultrasonic power). When a non-spherical bubble
collapses some of the energy is lost to the kinetic energy of the fluid motion involved in
the collapse of the bubble17. Hence in the situations where either the cavitational
threshold was higher or the ultrasonic power was lower, this loss of energy may
contribute to the effective amount of sonochemical activity observed. Furthermore, the
increase in flow rate to 414 ml min-1 produces either no affect or a decrease in
sonochemical activity, except for at 376 kHz, at 72 W L-1. An increase in flow rate
would theoretically increase the shape instability of bubbles, and supports the idea of a
higher cavitational threshold with fluid flow. This was supported by the increase in
sonochemical activity at the higher power at 376 kHz and not at 995 kHz, as the
threshold would be higher at 995 kHz. Therefore it was surmised that the flow may also
increase the minimum power threshold at which sonochemical activity will occur.
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The alternative mechanisms for the observed changes in sonochemical activity that
were considered were coalescence and the provision of additional nucleation sites. At
high frequencies bubble population growth is achieved via coalescence from secondary
Bjerknes forces and rectified diffusion23,24. Coalescence from secondary Bjerknes forces
increases with power and decreases with frequency16. At higher frequencies, small
inactive bubbles can grow through coalescence to active bubble size24 and hence an
introduction of flow is thought to disturb coalescence and decrease the sonochemical
activity1. In a travelling wave Primary Bjerknes forces are significant25, which allows
the collection of bubbles oscillating in phase which is necessary prior to coalescence.
Nevertheless in travelling wave fields, the force from the travelling wave becomes
dominant19. Thus the reduction of coalescence would have occurred from the travelling
wave component. Hence additional fluid flow does not reduce sonochemical activity
any further. The increase in sonochemical activity at both 34 and 414 ml min -1 and
retention of sonochemical activity at 995 kHz, with 414 ml min-1 confirms that
coalescence was not influential on the observed changes of sonochemical activity.

The circulation of the reaction solution can provide additional nucleation sites which
may increase sonochemical activity. Yet, this does not seem to be the cause of the
increased sonochemical activity in this study. Nucleation sites are important for the
commencement of cavitation which will finally lead to sonochemical activity24.
Previous works have demonstrated that degassed solutions produce less sonochemical
activity than gas-saturated solutions26. This phenomenon was attributed to a lowering of
the cavitational threshold with an increase of nucleation sites in gas-saturated solutions.
The circulation into the reservoir beaker can expose the solution leaving the reactor to
air, enabling a refreshment of the relative gas content, as well as providing fresh
solution as demonstrated in previous flow studies5. The dyed flow images showed a
dominance of ultrasonic flow over the influence of the flow from the circulation pump
at the settings with 34 ml min-1. The introduced solution was directed by the flow field
from the acoustic streaming. Theoretically this introduction of fresh solution into the
sonochemically active zone would produce more nucleation sites, lower the cavitational
threshold and produce higher amounts of sonochemical activity. The fact that an
increase in activity with flow is seen in the presence of surface stabilisation supports
this hypothesis. Though at high frequencies, i.e. 1179 kHz, the cavitational threshold to
produce sonochemical activity is higher than at frequencies in the 100s of kHz range15,
22

. Consequently the high frequency at 1179 kHz would see the most influence on
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sonochemical activity from the additional nucleation sites, especially when acoustic
streaming force is increased at higher frequencies16. Yet at this frequency no increase in
sonochemical yield was observed, rather a decrease in the average yield was observed.
Furthermore the cases where acoustic streaming was dominant, did not always result in
an increase in sonochemical yield. Therefore, under these conditions the additional
nucleation sites were not responsible for the observed increases in sonochemical
activity.

In summary, the observed changes in sonochemical activity were attributed to the
increase in transient cavitation. The transient cavitation was increased from the nonlinearity of the solution, which was more effective at higher intensities and for
situations with lower acoustic thresholds. Transient cavitation increases the energy lost
during collapse and so when the acoustic threshold is higher the flow will further
increase the threshold for sonochemical activity. The low speed flow was able to
contribute to the acoustic streaming and move the area of sonochemical activity.
Theoretically the low speed flow could increase the travelling wave portion of the
ultrasonic field. Hence, when sonochemical activity is predominately from the travelling
wave, the activity can be further increased from an increase in non-linearity of bubble
collapse in the solution, increasing the exposure of the bulk solution to sonochemical
activity. This is similar to the increase of a standing wave with surface stabilisation,
which can increase sonochemical activity from stable cavitation in a standing wave
dominant reactor.
4.3.4

Comparison of overhead stirring and circulation and arising
implications

In a preceding contribution sonochemical activity was limited to areas of low flow
rates from an overhead stirrer (Chapter 3)9. Yet the decrease in sonochemical area did
not always correspond to a decrease in sonochemical activity. In this work, low
circulation flow rates promoted sonochemical activity via increased transient cavitation
in a travelling wave field. Therefore, the regions where the flow rate was lower, with an
overhead stirrer were likely to facilitate an increase in sonochemical activity, which
counteracted the decrease in area from the overhead stirrer.

The implications of these results are for travelling wave dominant fields. Previous
literature produced varying results which were considered with regards to the
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discussions presented here. Circulation at 23 kHz had a similar effect to overhead
stirring, with an increase in sonochemical activity1. The circulation speed in this case
was 4 L min-1 and the increase at the low frequency was attributed to decreased
coalescence. This agreed with previous findings about stirring at low frequencies and a
maximisation of sonochemical yield9. In addition, previous reports at higher frequencies
support the concept of an increase and decrease in sonochemical activity in response to
flow. An increase in sonochemical activity and a decrease in sonochemical activity was
reported with the introduction of flow at 94 and 133.2 kHz, respectively2,3. Furthermore,
a report on the effect of flow on the reaction rate of pentachlorophenol at 500 kHz,
found a decrease in reaction rate4. Yet when the results are examined with regards to
total sonochemical activity, a flow effect was observed (See Appendix A2).
Sonochemical activity was maximised at different flow rates between 6.7 and 60 ml
min-1 for different reactor volumes. Moreover, stirring in a rectangular reactor was able
to increase the sonochemical efficiency at 490 kHz5. Thus, the augmentation and
retardation of sonochemical activity with flow at different speeds was supported by the
literature. However, a previous report at 490 kHz attributed the increased activity to
increased nucleation with stirring5. This difference in trend was likely to be from the
different wave types present in the reactor. If nucleation was promoted in the current
work, then a more significant increase in yield would be expected at 1179 kHz, as
previously discussed. Furthermore the increase at 995 kHz should be more significant
than at 376 kHz. Therefore the possibility of increased participation in transient
cavitation in the previous studies should also be considered.

The implications for the results presented here are important for the consideration of
flow in a travelling wave field. When the sonochemistry is predominantly from the
travelling wave, the activity was increased with an increase in non-linearity of the
bubble collapse. But the non-linearity also increased the acoustic cavitational threshold.
So if scale-up of travelling wave dominant fields is considered a flow-through reactor
has the potential to enhance sonochemical yields. However, if the flow disturbs the
acoustic flow, then the yield may be decreased. In contrast, if the field is a mix of
travelling and standing waves then the flow effect is reasoned to mainly influence
coalescence, and hence would benefit low frequencies but not high frequencies. This
highlights the need to characterise the dominant contributor to sonochemical activity in
a reactor prior to the consideration of flow.
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4.4

Conclusions

The type of flow, frequency and ultrasonic power were demonstrated to influence
sonochemical activity in a high frequency reactor. The opposing effects of flow through
a reactor on the sonochemical activity at three frequencies, 376, 995 and 1179 kHz were
demonstrated. The sonochemical activity was increased at 376 and 995 kHz at the
higher power setting whereas at 1179 kHz the sonochemical activity was either not
affected or decreased. At the lower input power setting these trends were not as
apparent.

The changes in sonochemical activity were attributed to an increase in non-linearity
of the bubble collapse in solution which increased the bulk solution participating in the
bubble collapse and overall sonochemical activity. The opposing effect on
sonochemical activity at the higher circulation flow rate was considered to be due to a
decrease in the power threshold for acoustic cavitation for active bubbles in the
presence of flow, alongside a disturbance of acoustic propagation.
The interaction of the acoustic flow and circulation flow and the overall effect on
fluid flow was demonstrated. At low circulation flow rates, and higher acoustic
intensities, the acoustic flow dictated the direction of the flow and the circulation flow
added to the acoustic flow such that the area of sonochemical activity was moved.
However in the cases of higher circulation flow rates, the propagation of the ultrasonic
wave was disturbed, which increased the attenuation of the acoustic power.
High frequency ultrasound enhances radical reactions and if this is the purpose of the
implementation of ultrasound, then preservation of sonochemical yields is preferred.
Hence the recommended type of flow for a high frequency reactor would be flow
through at slower circulation rates rather than overhead circulation.
4.5
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5. Manipulation of ultrasonic effects on lignocellulose
through parametric variation
OBJECTIVE AND CONTENT
The effect of parameters on the ultrasonic treatment efficacy was identified as a gap
in the literature. The objective of this chapter was to further understand the effect of
frequency, flow, particle size and biomass loading on ultrasonic treatment of
lignocellulose. This investigation found that at high frequencies carbohydrate
solubilisation was favoured and at low frequencies delignification was favoured,
attributed to sonochemical and mechanoacoustic effects, respectively. In addition
stirring was hypothesised to reduce lignin condensation.
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ABSTRACT
The parameters, including ultrasonic frequency, still versus stirring, biomass particle
size and biomass loading were concurrently investigated for the ultrasonic treatment of
wheat straw. Experiments were conducted at three different frequencies; 40, 376, and
995 kHz using three different solid to liquid ratios, 1/50, 1/20, and 1/15 (g/ml), with and
without mechanical stirring. Additional treatments in different particle size ranges, <
0.5, 0.5–1, and 1–2 mm were performed at the solid to liquid ratio of 1/20 (g/ml).
Fractionation was improved at 40 and 995 kHz via different mechanisms.
Delignification was favoured at the ultrasonic treatment frequency of 40 kHz, biomass
loading 1/20 (g/ml) with stirring and particle size range of 0.5–1 mm. However at 995
kHz carbohydrate solubilisation was favoured, especially in the particle size range of <
0.5 mm. The treatment efficacies highlighted the use of ultrasound for physical and
chemical effects at different frequencies.
5.1

Introduction

In order to utilise lignocellulosic biomass for biofuel or biorefinery purposes the
biomass must be pretreated to enable either enzymatic or chemical conversion of
particular components1. The conversion of lignocellulosic biomass presents numerous
technical challenges specifically in the pretreatment step. Pretreatment and fractionation
must include a chemical mechanism to enhance the separation of the lignocellulosic
components in order to facilitate the utilisation of cellulose, hemicellulose or lignin2.
Ideally in a biorefinery all the components of the biomass would be utilised, however
the removal of lignin increases hydrolysis yields of sugar components as highlighted in
recent reviews3, 4. Here the use of ultrasound as a pretreatment technology for wheat
straw was considered.
The viability of ultrasound as a pretreatment option for lignocellulose was reviewed
and it was found that in order to realise the full potential of ultrasound the parametric
influences need to be better understood5. The parameters explored in this manuscript
were biomass loading, biomass particle size, frequency and stirring. Time was kept
uniform in order to evaluate the parametric effects under otherwise constant conditions.
In the literature, a majority of ultrasonic pretreatment was less than an hour, with a
concentration around the 30 min treatment5. Ultrasonic treatment is energy intensive
and hence shorter treatment times are more desirable. For the extraction of lignin and
carbohydrates from wheat straw the majority of the initial ultrasonic benefits occurs
within the first 20-30 min of treatment6, 7. In addition, longer treatment times are known
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to promote higher lignin condensation on the biomass8, 9. Therefore, for the purpose of
an evaluation of the parametric differences in ultrasonic treatment of wheat straw, a
shorter treatment time was chosen.
The solid loading determines how much biomass can be processed at one time but
also affects the ultrasound attenuation. A range of loadings under the same conditions
were investigated for lignocellulose delignification10 and hydrolysis11. Optimal loadings
varied between the studies as the purposes and feedstock were varied. The effect of
biomass loading on ultrasonic treatment was only investigated at low frequencies and
there is a lack of good understanding of this effect at high frequencies.
Generally ultrasonic treatment in the literature deals with biomass screened to
smaller than 1 mm. Ultrasonic treatment was successful in enhancement of hydrolysis12,
and fractionation and delignification8 for particle size ranges over 1 mm. These studies
demonstrate ultrasound can be effective over a range of particle sizes. However
delignification13 and sugar production14 were more effective at lower particle sizes.
Grinding to a small size is an energy intensive step in the consideration of pretreatment
on a larger scale. Therefore the efficacy of ultrasound over a range of particle sizes is an
important consideration for any treatment purpose.
Frequency affects the mechanoacoustic and sonochemical effects of ultrasound. At
lower frequencies, (under 100 kHz) the cavitation and collapse are more violent and at
higher frequencies, more active bubbles are generated, producing more radicals in
solution15-17. Previous work demonstrated ultrasound enhanced enzymatic and acidic
hydrolysis of cellulose to glucose12,

13, 18

, delignification of lignocellulose8-10,

19

and

liquefaction of lignocellulose8, 20. The augmentation of ultrasound for these purposes
may occur through chemical or physical effects of ultrasound. However, up until now,
no comparison has been made on the effects of ultrasound on lignocellulose over a
range of frequencies.
Stirring or agitation of an ultrasonic field can also influence the sonochemical yields
and acoustic streaming. Stirring and ultrasound was successful in improving enzymatic
hydrolysis18, delignification19 and liquefaction20, at low frequencies. However the effect
of stirring was not evaluated in these studies.
The literature on ultrasonic pretreatment of lignocellulose demonstrated ultrasound
could be a viable option for the enhancement of subsequent treatment. Furthermore,
ultrasonic theory demonstrated parameters will influence the ultrasonic field and
subsequent ultrasonic effects. Hence it was hypothesised that the parameters: frequency,
particle size, loading and reactor configuration would have significant differences on the
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efficacy of the ultrasonic pretreatment. To the best of the authors’ knowledge, no
studies have been presented comparing the concurrent effects of, frequency, particle
size, and stirring on ultrasonic pretreatment of lignocellulose. These parameters were
investigated on an agricultural residue, wheat straw, and evaluated in terms of
fractionation, delignification and carbohydrate solubilisation, compared to a control
treatment.
5.2

Experimental
5.2.1 Material

Wheat straw was sourced from the Wheatbelt region of Western Australia and was
manually downsized prior to processing in a Waring Blender for 1 min. The resultant
particle size ranged up to 5 mm in diameter with a particle size distribution of 1.8%,
15.0 %, 30.5% and 49.0% for ranges, > 2 mm, 2 - 1 mm, 1 - 0.5 mm and < 0.5 mm,
respectively, utilised for the experiments of different loadings. The sample was then
sieved into several size fractions of < 0.5, 0.5–1, and 1–2 mm, respectively, for
treatments with different particle sizes. The raw composition of the feedstock was 35 ±
3, 24 ± 3 and 14.9 ± 0.5% for cellulose, hemicellulose and lignin, respectively, as
determined following the National Renewable Energy Laboratory (NREL) procedures21.
5.2.2 Pretreatment methods
Pretreatments were conducted using two different reactors sourced from Meinhart
Ultraschalltechnik. The first reactor was of diameter of 90 mm and a frequency of 40
kHz and the second reactor was of diameter 57 mm and a transducer base of 50 mm
with frequencies of 376 and 995 kHz. For experiments with overhead stirring and the
control experiment, a Caframo overhead stirrer was used at 300 rpm. The blade
diameter was 55 mm, positioned 65 mm from the surface of the transducer in the 40
kHz reactor and 138 mm from the transducer plate in the multi-frequency reactor. The
power of each reactor was measured for comparison via standard calorimetric
techniques22, determined as: 92 ± 1, 76 ± 4, and 72 ± 7 W L-1 for 40, 376 and 995 kHz,
respectively. The control experiment was conducted in a beaker with overhead stirring.
For all pretreatments, 500 ml of air saturated deionised water at room temperature was
used and the pretreatment time was kept constant at 25 minutes. At each frequency,
(control, 40, 376 and 995 kHz), three different solid to liquid ratios (SLR), of 1/50, 1/20
and 1/15 (g/ml) were tested. Additional experiments at different particle sizes were
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performed at SLR 1/20 (g/ml), at each frequency with stirring. Each pretreatment and
analysis was repeated at least twice and the average and standard deviation were
determined.
5.2.3

Analysis of solid and liquid fractions

After pretreatment the solid fraction was filtered, and the liquor collected for
analysis. The solid residue was then washed with deionised water and air-dried. The
yield of the solid fraction was measured gravimetrically and the pH recorded. The
compositional analysis for acid insoluble lignin, cellulose and hemicellulose in the solid
and liquid divisions was determined following standard procedures set out by NREL
procedures21, 23.
Scanning electron microscopy (SEM) images of the air-dried solid residues, of the
different particle size ranges after treatment at various frequencies, coated with gold,
were captured on a Phillips XL30 ESEM.
5.2.4

Isolation of milled wood lignin in the solid residue

Treatments at SLR 1/20 (g/ml) of the mixed biomass were repeated six times at each
frequency, including the control, and combined for subsequent lignin isolation. After
pretreatment the straw was dewaxed with a 2:1 toluene: ethanol mixture via Soxhlet
extraction (6 h). The straw was then oven dried for 16 h at 55 °C.
The lignin was isolated following classical ball milled wood lignin isolation
methods24, with some modification. Briefly, the dewaxed sample (45 g) was ball milled
for 5 hours over 10 hours with a planetary ball mill (Fritsch, pulverisette 6) using a
zirconium jar and zirconium balls at 500 rpm. The samples, (40 g) were then extracted
twice in dioxane (96%) at room temperature for 24 hours with a solid to liquid ratio of
1/10 (g/ml) while kept in the dark. The residue was separated from the dioxane solution
after each extraction via centrifuge and washed with 96% dioxane. The combined
supernatants and washing liquor from each extraction were concentrated to 50 ml or less
under reduced pressure at a maximum temperature of 55 °C. The concentrated solution
was then added to 150 ml of 95% ethanol and allowed to stand for at least 5 hours for
precipitation of hemicelluloses in solution. The solid precipitation was then separated
via centrifugation, and the supernatants were combined and concentrated to less than 50
ml under reduced pressure at maximum temperature of 55 °C. The concentrated liquor
was added dropwise to 500 ml of hydrochloric acid (pH 1.5), with stirring. The acidified
solution was allowed to stand for 2 hours prior to separation of the solid and liquid
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division via centrifugation. The precipitate was washed with hydrochloric acid (pH 1.5)
and freeze-dried in a minimal amount of distilled water.
5.2.5 Characterisation of isolated lignin
The structure of the isolated lignin was characterised using infrared spectrometry.
The Fourier transform infrared (FTIR) spectra were collected using a Thermo Scientific
Nicolet iN10 FTIR Microscope (Thermo Nicolet Corporation, Madison, WI) equipped
with a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. Spectra were
taken in the range of 4000–650 cm-1 at 4 cm-1 with 64 scans per sample.
5.3

Results and discussion
5.3.1 Treatments at different frequencies

Effect of treatment at different frequencies on solid residue yield and composition

The fractionation was improved at 40 and 995 kHz, as measured by the solid residue
yield (Figure 5.1). At the SLR 1/20 (g/ml) with stirring, the treatment at 376 kHz had a
higher solid residue yield (59%) than at 995 and 40 kHz (55.2 and 56.2% respectively).
Additionally, without stirring, at the lowest SLR of 1/50 (g/ml) 376 kHz treatment
produced a higher solid residue yield (56.8%) as compared to the treatments at 995 and
40 kHz (53.2 and 54.1% respectively). This trend was also evident for the 1 – 2 mm
fraction, where 995 kHz and 40 kHz treatments resulted in lower solid residue yields
than the treatment at 376 kHz: 61.8 and 62.0% compared to 64.3%. Therefore
ultrasound at 40 and 995 kHz was solubilising the biomass more than at 376 kHz.
The fact that 376 and 995 kHz had comparable power but different solid yield results
indicated there was more than a heating effect which caused the observed differences in
the results. Therefore the effect of frequency on the composition of the solid residue
should elucidate the mechanisms of solubilisation at high and low frequency.
Higher frequencies were more effective at carbohydrate solubilisation (Figure 5.2).
The hemicellulose content was reduced by 6.2 and 9.1% with treatment of the < 0.5 mm
fraction at 995 kHz, compared to treatments at 376 and 40 kHz, respectively. Similarly,
the cellulose content was reduced by 6.9 and 10.2% with treatment of the < 0.5 mm
fraction at 995 kHz, compared to treatments at 376 and 40 kHz, respectively. Moreover,
at 40 kHz, SLR 1/20 (g/ml), with stirring the cellulose remaining was increased by 2.8%
compared to the control, however at 995 kHz without stirring the remaining cellulose
was reduced by 6.1% compared to the control. Then, at 995 kHz the total glucose
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detected in the pretreatment liquors the treatment at 995 kHz, SLR, 1/50 (g/ml), with
stirring demonstrated a higher percentage of total glucose; 9.0% compared to 6.6% for
the control and 6.9% for 376 kHz treatment (Figure 5.3). Therefore the fractionation
increase at 995 kHz was attributed to an increase in solubilisation of the carbohydrate
component of the biomass.
The lowest frequency, 40 kHz, was most effective for delignification (Figure 5.2).
At SLR 1/20, with stirring, the lignin remaining in the solid residue after treatment at 40
kHz was reduced by 7.2 and 5.7% compared to 376 and 995 kHz treatments,
respectively. Then at SLR, 1/50 (g/ml), the lignin remaining in the solid residue after 40
kHz was reduced by 1.7 and 3.4% compared to 376 and 995 kHz treatments,
respectively. Moreover, the percentage of lignin remaining after treatment of the 0.5 – 1
mm fraction decreased by 3.2, 4.7 and 3.9%, compared to the control for 40, 376 and
995 kHz, respectively. For the control, 376 and 995 kHz treatments the percentage of
hemicellulose and cellulose remaining decreased or remained the same in comparison to
the treatment for the 0.5 – 1 mm fraction to the < 0.5 mm fraction. Yet the lignin
percentage in the solid residue was comparable for all pretreatments for the < 0.5 mm
fraction. Logically the smaller particle size would enable solubilisation due to increased
accessibility. However, after 40 kHz treatment, the hemicellulose remaining was not
different between the two fractions (both 24.3% of the solid residue) and the cellulose
remaining was higher at the lower particle size range (33.4% compared to 32.4% of the
solid residue). The different response to the treatment at 40 kHz was indicative of
degradation of another biomass component, in this case, lignin. Therefore the
composition yields indicated that delignification was most efficient at 40 kHz.
The characterisation showed a structure typical to milled wood lignin with attached
hemicellulose. The FTIR assignment was completed with reference to previous
literature (Figure 5.4, Table 5.1)6, 25, 26. Aromatic skeletal vibrations were assigned to
the bands at 1594, 1508 and 1423 cm-1 and the hemicellulose signals of acetyl groups
(1732 cm-1), glycosidic linkages v(C-O-C) and C-O and C-C stretching (1048 cm-1) and
the arabinosyl side chains (1166 and 977 cm-1) were observed26. No significant
differences between the spectra of the milled wood lignin isolated from different
pretreatments were detected. Therefore, the delignification, favoured at 40 kHz did not
result in alteration of the structure of native lignin in the solid residue.
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Solid residue yields. A) Various biomass loadings; the 1/15, 1/20 and 1/50 represent
the solid to liquid ratios in g/ml, and B) various particle size ranges. The 2,1 and 0.5
correspond to wheat straw screened between 1-2, 0.5-1 and 0-0.5 mm, respectively.
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Composition of the solid residues. A) Various biomass loadings; the 1/15, 1/20 and
1/50 represent the solid to liquid ratios in g/ml, and B) various particle size ranges. The
2,1 and 0.5 correspond to wheat straw screened between 1-2, 0.5-1 and 0-0.5 mm,
respectively.
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Free and total glucose in the pretreatment liquor. A) Various biomass loadings; the 1/15, 1/20 and 1/50 represent the solid to liquid ratios in g/ml, and B)
various particle size ranges. The 2,1 and 0.5 correspond to wheat straw screened between 1-2, 0.5-1 and 0-0.5 mm, respectively.
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Figure 5.4

FTIR spectra of milled wood lignin isolated from raw and pretreated wheat straw.
In order from top to bottom: raw wheat straw, control pretreatment and pretreatment
with 40, 376 and 995 kHz of ultrasound.

Table 5.1

FTIR assignments of the fingerprint region of the milled wood lignin isolated from
the solid residues.

Absorption
(cm-1)
1732
1717
1703
1686
1652
1617
1594
1560
1542
1508
1457
1423
1360
1340
1262
1232
1166
1125
1079
1048
1030
977
916
839

Assignment
Acetylation of HC – acetyl ester band C=O
Carbonyl stretching not in conjugation with the aromatic ring
Unconjugated ketone and carboxyl stretching
Carbonyl stretching in conjugation with the aromatic ring
Conjugated carbonyl
Absorbed water
Aromatic skeletal vibrations (C-H deformations)
Absorbed water
Absorbed water
Aromatic skeletal vibrations
Asymmetric C-H deformations and aromatic ring vibrations
Aromatic skeletal vibrations
Symmetric C-H bending
Syringyl ring breathing with C-O stretching
Guaiacyl ring breathing with C-O stretching
Aromatic ring breathing with C-O and C=O
p-coumaric ester
Aromatic CH in plain deformation for syringyl types
C-O deformation, secondary alcohol and aliphatic esters
Glycosidic linkage v(C-O-C) and C-O and C-C stretching of
attached hemicellulose
Aromatic CH in plain deformation for guaiacyl types
Arabinosyl side chain of the attached hemicellulose
C-H out of plane in aromatic rings
Aromatic C-H out of bending
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Mechanisms of ultrasonic interaction with biomass at different frequencies

The sonochemical effects at these settings increased with frequency which coincided
with an increase in carbohydrate degradation. Cleavage of lignin-carbohydrate linkages
was enhanced by ultrasound in previous literature6. The detection of increased total
glucose amounts in solution at high frequencies indicated the radicals produced by
ultrasound were responsible for this cleavage. Furthermore, the decrease in remaining
carbohydrates in the solid fraction, only without stirring at high frequency, supports the
theory that sonochemical effects were responsible for solubilisation of the carbohydrate
component of the biomass. Previous observations of work into stirring at high
frequencies in this reactor demonstrated the radical yield was not affected at higher
input power or decreased at lower input power with an increase in stirring speed.
Evidence of increased attenuation of the ultrasonic wave with stirring of a
heterogeneous solution was shown with the pitch change at 40 kHz. Consequently
stirring at high frequencies in heterogeneous solutions would also attenuate the wave,
decreasing the radical production. Therefore at higher frequencies the increased
solubilisation of carbohydrates was attributed to the sonochemical effects of increased
radical production.
Mechanoacoustic effects are maximised at lower frequencies. The physical
disturbance was evidenced in the pits, accompanied by cracking, in the SEM images
(Figure 5.5). The pits were only observed for the 0.5 – 1 mm fraction where lignin
content was reduced at all ultrasonic frequencies. The pits were approximately 200 µm
in diameter. Acoustic cavitational pits were reported to be larger for aluminium foil (1.5
mm), however, the actual size would depend on the thickness and hardness of the
material as well as the occurrence of pit clustering27. Nevertheless, the size of the pits
were congruent with pits from hydrodynamic cavitation (20–220µm)28, therefore the
pits were attributed to cavitation from ultrasound. It should be noted the pits were only
observed on the wheat straw from the 0.5 – 1 mm fraction treatments and at 376 kHz,
the evidence was difficult to find compared to the numerous pits observed at 40 and 995
kHz. Lignin is the strengthening component of the cell wall29, and disturbance of the
biomass structure would increase solubilisation. In addition, although the power is in
the same order as the higher frequencies, the slight increase in power at 40 kHz was also
likely to contribute to the lignin degradation The similarity of the structures of the
isolated milled wood lignin supports the mechanoacoustic solubilisation pathway
(Figure 5.4). Likewise, in an ultrasonic environment where radical production was
promoted with low frequency ultrasound, lignin degradation within the lignocellulosic
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biomass was not promoted30. In the work presented here the mechanoacoustic effects
were the dominant means of delignification. Previous reports of the physical effects of
ultrasound demonstrated pretreatment improved the accessibility lignocellulose,
increased pore size and improved surface erosion9,

11, 12, 18

. The delignification of

lignocellulose was therefore attributed to the evident physical effects of ultrasound.
In summary, at both 995 and 40 kHz fractionation was improved. At 995 kHz the
solubilisation of carbohydrates was increased, attributed to enhanced radical attack from
increased sonochemical effects. Then, at 40 kHz, delignification was enhanced,
attributed to the enhanced accessibility from the physical effects of ultrasound such as
pits and cracking.

Figure 5.5

A

B

C

D

Scanning electron microscopy (SEM) images of the 0.5 – 1 mm fraction. A) control
treatment, B) 40 kHz treatment, C), 376 kHz treatment, and D) 995 kHz treatment.
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5.3.2

Stirring effects

Mechanical effects of stirring on fractionation and delignification

Overhead stirring was used to mimic the introduction of fluid flow in a batch or
continuous reactor. In the high frequency reactor very little biomass was moved with
ultrasound, without stirring, unlike the stirred experiment. Additionally, at 40 kHz, the
biomass seemed to form a stagnant layer at the top in the still experiments which was
moved in the stirred experiments. Stirring was necessary to expose the bulk of the
biomass to ultrasound as reflected in the solid residue yields. For example, at SLR 1/20
(g/ml) solid residue yields, with stirring were increased by 5.8 and 7.6% at 40 and 995
kHz, compared to the control. Also, at SLR 1/50 (g/ml) solid residue yields were
increased, with stirring 5.4% for both 40 and 376 kHz, compared to the control (Figure
5.1A). Furthermore, ultrasonic treatments for the 1 – 2 mm fraction, decreased the solid
residue yield compared to the control, by 6.8, 3.0 and 6.5% for 40, 376 and 995 kHz
respectively (Figure 5.1B). Improved fractionation, (lower solid residue yield)
compared to the control was only achieved with ultrasound and stirring, rather than
ultrasound alone.
The lignin content after 40 kHz treatment was reduced by 3.2, 7.2 and 8.1% from
stirring for SLRs 1/15, 1/20 and 1/50 (g/ml), respectively (Figure 5.2A). Stirring at
SLR 1/50 (g/ml) at 376 kHz also reduced the lignin content in the solid residue by
2.1%. The only differences with cellulose and hemicellulose with stirring were
increases of the hemicellulose and cellulose content by 8.9 and 7.8%, respectively at
995 kHz, SLR 1/20 (g/ml). Therefore stirring tended to improve delignification, but not
carbohydrate solubilisation.
Lignin condensation and stirring effects

Increases in the lignin content were observed at SLR 1/15 (g/ml) with 40 kHz.
Additionally, across all of the control experiments there was an increase or no notable
difference in the lignin composition compared to the raw biomass. Yet no significant
differences were observed in hemicellulose and cellulose content (Figure 5.2). This
implies condensation of lignin may have occurred. Lignin condensation has been found
to occur during non-ultrasonic3 and ultrasonic pretreatments of lignocellulose in
previous studies6, 8, 9.
The removal of lignin under the influence of low and high frequency ultrasound was
assisted or not affected by stirring. Furthermore, at SLR 1/20 (g/ml) after treatment at
995 kHz the percentage of cellulose and hemicellulose remaining in the solid fraction
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was higher with stirring which indicated the removal of another biomass component, in
this case of lignin. The assistance of lignin removal may be due to radical production
and/or a prevention of lignin condensation.
The radically induced homolytic cleavage of lignin occurs in solution with
ultrasound31. Furthermore, evidence of cleavage of inter-unitary lignin bonds was found
after sequential treatments which included an ultrasonic treatment6. Stirring increased
the radical production at low frequencies, in this reactor, and in other reactors32. The
fact ultrasound was more efficient in lignin reduction with stirring at 40 kHz, as
compared to the control, suggests the increase of radicals may increase lignin reduction.
However at the two higher frequencies, 376 and 995 kHz, more radicals were produced.
Therefore, if the increase in production of oxidising radicals from ultrasound caused an
increase in delignification, then more evidence of delignification should have been
observed at these two frequencies for still and stirred experiments. Hence it is likely
other mechanisms were involved in the differences between lignin percentage with and
without stirring.
Treatment at 40 kHz, without stirring, did not have an effect on the lignin content,
even though low frequency ultrasound was shown to enhance delignification8-10, 19 This
supports the theory of lignin condensation and precipitation on the biomass in this case.
In comparison to the still experiments, the stirred experiments resulted in a lower
percentage of remaining lignin and hence it was likely the influence of stirring on
ultrasound prevented lignin condensation. Lignin condensation during ultrasound may
be promoted at the bubble interface via radical combination reactions5. Furthermore,
fluid flow was hypothesised to decrease spherical cavitation, and hence fluid flow
would reduce the collection of species at the interface of spherical bubbles which would
then reduce the occurrence of condensation reactions. Therefore, the results indicated
the stirred experiments were more effective at delignification, most likely to be due to a
prevention of lignin condensation from increased fluid flow.
5.3.3 Particle Size
Particle size and increased carbohydrate solubilisation

The hemicellulose composition of the solid residue of the < 0.5 mm fraction was
13% less than the 1 mm fraction in the control experiments (Figure 5.2B). At 40 kHz,
treatment of the 1 – 2 mm fraction resulted in 20 and 17% more hemicellulose than the
0.5 – 1, and < 0.5 mm fractions, respectively. Furthermore at 995 kHz there was a
decrease in percentage composition of hemicellulose with a decrease in particle size;
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28.6, 26.8 and 22.1% hemicellulose content in the solid residue for the 1 – 2, 0.5 – 1,
and < 0.5 mm fractions, respectively. Similarly, at 376 kHz there was 11% more
hemicellulose in the solid residue of the 0.5 – 1 mm fraction than the < 0.5 mm fraction.
Therefore a decrease in particle size tended to result in an increase in hemicellulose
solubilisation.
The pH was decreased with particle size for the control experiment; 5.61, 5.58 and
5.54 for the 1 – 2, 0.5 – 1, and < 0.5 mm fractions, respectively (Figure 5.6). Similarly,
the recorded pH for the 40 kHz treatments also decreased with size; 5.57, 5.54 and 5.47
for the 1 – 2, 0.5 – 1, and < 0.5 mm fractions, respectively. The dissolution of
hemicellulose, coupled with the decrease in pH indicated acid moieties were produced
from hemicellulose. The acidic degradation products may have been caused by
oxidation of reducing end-groups of hemicellulose or the hydrolysis of the
hemicellulose to acids2. The trend was present in the control and the ultrasonic
treatments which implied that the increase in acidity comes from the hydrolysis of
hemicellulose rather than ultrasonic effects.
For the higher frequencies, 995 and 376 kHz, the cellulose in the < 0.5 mm fraction
was 3.3 and 11% less compared to the cellulose in the 1 – 2 mm fraction (Figure 5.2B).
Furthermore, treatment at 995 kHz to the < 0.5 mm fraction, reduced the cellulose
content by 12% compared to the 0.5 – 1 mm fraction. The decrease in cellulose with
particle size supports a trend in increased carbohydrate solubilisation with a decrease in
particle size. Thus, the results indicated a reduction in particle size will promote the
hydrolysis and solubilisation of hemicellulose and cellulose.
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Liquor pHs. A) Various biomass loadings; the 1/15, 1/20 and 1/50 represent the solid
to liquid ratios in g/ml, and B) various particle size ranges. The 2,1 and 0.5 correspond
to wheat straw screened between 1 - 2, 0.5 - 1 and < 0.5 mm, respectively

Particle size and fractionation and delignification

The solid residue yield, for the 0.5 – 1 mm fraction was reduced by 4.9 and 9.9%
relative to the < 0.5 and 1 – 2 mm fractions, respectively in the control experiment
(Figure 5.2B). Moreover, after treatment with ultrasound, the solid yield for the 0.5 – 1
mm fraction was reduced by 4.0, 8.2 and 4.3% compared to the 1 – 2 mm fraction for
40, 376 and 995 kHz, respectively. However no difference was seen in comparison of
the 0.5 – 1 mm fraction to the < 0.5 mm fraction, (59-63%) in ultrasonic treatments.
Furthermore, a reduction of solid residue yields was observed with ultrasound in the
particle size range 1 – 2 mm, compared to the control. As the particle size decreased, the
surface area of the biomass available increased and the mass transfer environment was
improved. Therefore at lower particle size ranges the ability for solubilisation of
components was enhanced. However, the control results suggest either the stirring was
not as effective as ultrasound at enhancing solubilisation, and/or condensation of
dissolved biomass components was occurring at the < 0.5 mm fraction. All in all, there
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was no benefit from additional sieving to < 0.5 mm compared to 0.5 – 1 mm to improve
fractionation.
Ultrasonic treatment for the 0.5 – 1 mm fraction, enhanced delignification at all
frequencies, compared to the control. Yet, 40 kHz was previously determined to be the
optimal frequency for delignification. In the control experiment, more hemicellulose
was dissolved with a decrease in particle size. Hence for the larger particle sizes in the 1
– 2 mm fraction, the degradation of hemicellulose was not as efficient. Similarly,
delignification was not effective for the 1 – 2 mm fraction, noted at 40 kHz, where
lignin degradation was expected. Then for the < 0.5 mm fraction, lower pHs of the
treatment liquor at 40 kHz and 995 kHz indicated a similar loss of hemicellulose
(Figure 5.6B). Hence no difference in lignin percentage at 40 kHz was observed for the
< 0.5 mm fraction due to a similar loss of the carbohydrate portion of the biomass. Yet,
in alkaline conditions the optimisation of delignification found the smallest size, 0.27
mm was more effective for delignification and sugar production13. The use of alkali
promoted delignification, hence the increased accessibility of the alkaline solution at the
smaller particle size could explain the different trends observed.
Therefore, with regards to delignification and fractionation, the results indicated that
the 0.5 – 1 mm fraction was better, or as good as the < 0.5 mm fraction. However, the
carbohydrate solubilisation benefited from a reduction in particle size, attributed to an
increase in surface area available for radical attack.
5.3.4

The solid loading effect

Loading and increased fractionation, delignification and carbohydrate solubilisation

In general the solid residue yield decreased with a decrease in loading from 1/20 to
1/50 (g/ml) (Figure 5.1A). For example, in the control experiment the solid residue
yield was reduced by 5.8% after treatment at 1/50 (g/ml) compared to 1/20 (g/ml). A
decrease in solid residue yield in comparison between SLR 1/15 and 1/20 (g/ml) was
only observed at 40 kHz, with a 6.5% reduction, attributed to ultrasonic effects.
Therefore with regards to fractionation, the most effective loading was 1/50 (g/ml) with
and without ultrasound.
A 7.0 and 4.7% decrease in the remaining percentage of lignin for 1/20 and 1/50
(g/ml) was observed compared to SLR 1/15 (g/ml), with stirring at 40 kHz (Figure
5.2A). Without stirring, at 40 kHz, the lignin content was decreased by 3.0% after
treatment of the 1/20 (g/ml) loading compared to the 1/15 (g/ml) loading. The efficacy
of delignification at 1/20 (g/ml) agrees with other ultrasonic effects on the
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delignification of three biomass types, bon bogori trunk, moj trunk and acacia nut
husks10. Hence from the results of this investigation, delignification was best at either
SLR 1/20 (g/ml).
For the control pretreatments, the hemicellulose remaining after treatment at SLR
1/20 (g/ml) was 7.0% less than the hemicellulose remaining after treatment at SLR 1/50
(g/ml) (Figure 5.2A). Similarly at 40 kHz, without stirring the remaining hemicellulose
in the solid fraction after treatment at SLR 1/20 (g/ml) was 12% lower than the
hemicellulose remaining after treatment at SLR 1/50 (g/ml). Moreover, the control
treatment at SLR 1/20 (g/ml) resulted in a 3.5% reduction in cellulose compared to SLR
1/50 (g/ml). This would indicate for the control and at 40 kHz more carbohydrates were
released at SLR 1/20 compared to SLR 1/50 (g/ml). However, the total glucose released
comparative to the initial biomass loading was favoured at SLR 1/50 (g/ml) for all three
frequencies and the control experiment, which did not support this theory. Hence the
increase in hemicellulose and cellulose observed at 1/50 (g/ml) was likely due to a
decrease in lignin, previously discussed. Furthermore, at 995 kHz, where carbohydrate
solubilisation was favoured, a 7.9 and 9.9% decrease in remaining cellulose and
hemicellulose, respectively was observed with a decrease in SLR from 1/15 to 1/20
(g/ml). In addition, at 376 kHz, the remaining cellulose was reduced by 3.3% going
from SLR 1/15 to 1/20 (g/ml). At the lower loading, although carbohydrate
solubilisation would be increased, lignin solubilisation is also increased, preventing the
observation of notable differences. These findings are supported by the work done on
the hydrolysis of sugarcane bagasse at a variety of biomass loadings which found 1/20
g/ml was the optimal loading for hydrolysis11. Furthermore at lower loadings, less
biomass was processed in the same time frame. Hence from the results presented here
and from previous literature the recommended loading for the purpose of solubilisation
and utilisation of cellulose and hemicellulose would be 1/20 (g/ml).
Biomass loading and ultrasonic propagation

The visual observations indicated there was a lack of movement of biomass when
ultrasound was used, without stirring. The biomass could either absorb or reflect the
ultrasound in solution, causing attenuation and a reduction of chemical or physical
ultrasonic effects which produced fractionation, delignification and carbohydrate
solubilisation. The delignification and carbohydrate solubilisation were hindered at 1/15
(g/ml) which indicated that at there was too much wheat straw in the reactor to allow for
ultrasound to be effective at producing physical or chemical effects. Then at 1/20 (g/ml)
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the carbohydrate solubilisation and delignification were facilitated, indicating that
ultrasonic-induced cavitation mechanisms were present in the reactor. When the loading
was further decreased to 1/50 (g/ml) the compositional differences from the alternate
ultrasonic effects were not as apparent, reducing the potential selectivity of the
parameters.
5.3.5

Degradation and depolymerisation of carbohydrates in solution

The relative percentage of free glucose in solution was less than half at SLR 1/20
(g/ml) than the treatment at SLR 1/15 (g/ml) in the control experiment produced
(Figure 5.3A). Then, for treatments with 40 kHz of ultrasound, without stirring, the free
glucose in solution increased with a decrease in SLR; 2.5, 4.1 and 5.5% for SLRs 1/15,
1/20 and 1/50 g/ml respectively. Similarly at 995 kHz, with stirring, the free glucose
yield in the liquor for SLR 1/20 (g/ml) was less than for SLR 1/50 (g/ml); 3.9 compared
to 5.1%. Therefore free glucose released into the liquor tended to decrease with solid
loading for the control experiments but tended to increase with loading for the
ultrasonic treatments.
The relative percentage for total glucose was higher at SLR of 1/50 (g/ml) (6.6%),
compared to 1/20 (g/ml), (4.3%) for the control experiments (Figure 5.3A). Similarly,
at 40 kHz without stirring, the total glucose percentage was doubled at SLR 1/50 (g/ml),
compared to at SLR 1/15 (g/ml), (7.3 compared to 3.6%). At 376 kHz, with stirring the
percentage of total glucose at SLR 1/50 (g/ml), was higher than at to SLR 1/20 (g/ml);
6.9% compared to 4.7% respectively. Furthermore, at 995 kHz, the treatment with
stirring at SLR 1/50 (g/ml) released more total glucose (9.0%) than both of the other
loadings; 5.4 and 5.6% for 1/20 and 1/15 (g/ml) respectively. Hence for the free
glucose, the ultrasonic trends were opposite to the control but for the total glucose, the
control and ultrasonic treatments increased with a decrease in biomass loading.
A comparison of the ratio of free glucose to total glucose is presented in Table 5.2.
Higher free to total glucose ratios demonstrated more glucose was in solution in the
monomer form after pretreatment. However when the free to total glucose ratio was
decreased, the hydrolysis produced more glucose monomers from polymers in the
pretreatment solution. The ratios of free to total glucose for the control experiments at
SLR 1/20 and 1/50 (g/ml) (both 0.4) are less than all of the ultrasonic experiments at
these two SLRs (ranging from 0.5 to 0.8). Furthermore after treatment of the 1 – 2 mm
fraction, control experiment produced a lower ratio (0.6) than the comparative
ultrasonic treatments (0.7–1.4). However at the higher SLR and lower particle sizes the
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control treatments did not show any trend in difference from the ultrasonic treatments.
Therefore, under those conditions there were no ultrasonic effects on depolymerisation.
The depolymerisation without ultrasound was likely to be assisted by increased
acidity from acetic acid solubilised with the solubilisation of hemicellulose. This was
indicated by the lower pHs of the pretreatment liquors of SLRs 1/15 (g/ml) and the 0.5 –
1 and < 0.5 mm fractions (Figure 5.6). Therefore at lower SLRs and for the 1 – 2 mm
particle size fraction, the results suggest depolymerisation in solution was enhanced by
ultrasound.
The degradation of carbohydrates in solution was evidenced by the higher percentage
of total glucose in solution from treatment at 376 kHz, compared to 40 and 995 kHz of
the 0.5 – 1 mm fraction; 6.5% compared to 3.9 and 4.2% for 376, 40 and 995 kHz,
respectively (Figure 5.3B). The reason for the increased total glucose at 376 kHz,
compared to treatment at 995 kHz was likely to be due to enhanced degradation
reactions of glucose units with the higher radical production. Additionally, the fact there
was a lower percentage of total glucose after treatment at 376 kHz for the < 0.5 mm
fraction compared to the 0.5 – 1 mm fraction, suggests the glucose, which was more
easily solubilised at lower particle sizes, was degraded in solution. Polymers have been
found to degrade through the mechanoacoustic and sonochemical effects of ultrasound
from a cumulative effect of the hydroxyl radicals, shear forces and degradation of
hydrophobic polymers in the hot region around the collapsing bubbles33, 34.
Solubilisation of carbohydrates was favoured at higher ultrasonic frequencies, and
the sonochemical effects under these conditions produced competing degradation and
depolymerisation reactions within the pretreatment liquor.
Table 5.2

Ratios of free to total glucose for different experimental settings. ST denotes stirred.

Frequency
(kHz)
Control

SLR
(g/ml)
1/15
1/20
1/50
1/15
1/20
1/50
1/15
1/20
1/50
1/15
1/20
1/50

40

376

995

Free / total
glucose ST
0.8
0.4
0.4
0.6
0.6
0.5
0.7
0.8
0.6
0.8
0.7
0.6

Free / total
glucose

0.7
0.8
0.8
0.6
0.7
0.6
0.2
0.6
0.6
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Fraction
(mm)
< 0.5
0.5 – 1
1–2
< 0.5
0.5 – 1
1–2
< 0.5
0.5 – 1
1–2
< 0.5
0.5 – 1
1–2

Free / total
glucose ST
0.9
0.9
0.6
0.8
0.8
1.4
1.1
0.7
0.8
0.8
1
0.7

5.3.6

Outcomes

A majority of studies use low frequency ultrasound to treat biomass, however, here
high frequency ultrasound was also effective. Delignification was enhanced from the
mechanoacoustic effects of ultrasound at low frequencies, more so than the radicals
produced. Then, the treatment of the carbohydrates within the biomass was affected by
the ultrasonic radicals at high frequencies, more so than the lignin.
The ability for stirring to reduce lignin condensation is significant for the treatment
of polymers with ultrasound. Lignin condensation can inhibit biomass accessibility and
is counterproductive when subsequent processing of delignified material is desired.
Hence if condensation is reduced with stirring, while retaining the benefits of ultrasonic
processing, the hydrolysis of the remaining carbohydrates can be improved.
From this investigation, fractionation and delignification did not benefit from particle
sizes below 0.5 mm. This was attributed to the mechanical effects of ultrasound having
more of an impact on larger particle size ranges. Nevertheless, the radically enhanced
solubilisation of carbohydrates was enhanced by smaller particle size ranges. Therefore
if mechanical effects are required, then the benefit of downsizing particles is reduced
compared to chemical treatment. This has the potential to reduce the overall cost of the
implementation of ultrasound for biomass processing.
The biomass loading was generally found to be optimal at 1/20 (g/ml), although in
some cases the optimal loading was also 1/50 (g/ml). Processing of higher loadings in
the same time frame can improve the desired yields at the same process cost. Therefore
it is recommended that ultrasonic processing of biomass should consider 1/20 (g/ml)
rather than lower loadings.
Ultrasonic pretreatment of wheat straw was only marginally improved in this
pretreatment scheme (Figure 5.1). However the key contributors to potential ultrasonic
enhancement were identified. Attributes such as increased accessibility, delignification
and carbohydrate solubilisation were found to occur under different experimental
conditions. In order to realise the full advantage the effect of ultrasonic pretreatment
should be evaluated with respect to desired downstream products.
5.4

Conclusions

High and low frequency treatment enhanced fractionation at both 40 and 995 kHz
with stirring. At 40 kHz, delignification was favoured due to the mechanical effect of
ultrasound at low frequencies and delignification of lignocellulose was augmented by
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stirring, attributed to a reduction of lignin condensation. Concomitantly, at 995 kHz the
carbohydrate solubilisation was increased due to the sonochemical effect of ultrasound.
Carbohydrate solubilisation increased with a decrease in particle size. However
fractionation and delignification did not benefit from particle size reduction below 0.5
mm. Lastly, the preferred treatment loading of wheat straw was 1/20 (g/ml) for
fractionation, delignification and carbohydrate solubilisation.
5.5
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6. Ultrasonic pretreatment in oxidative and non-oxidative
conditions
OBJECTIVE AND CONTENT
The objective of this section was to further understand the interaction of ultrasound in
oxidative environments for the pretreatment of lignocellulose. This was done with four
pretreatment solvents: peracetic acid, hydrogen peroxide, acetic acid and water. The
evaluation demonstrated lignin condensation was promoted in ultrasonic conditions and
that the interaction of ultrasound with the treatment solvent was an important
consideration.
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ABSTRACT
Ultrasound was shown to enhance pretreatment of lignocellulose for biofuel and
biorefinery applications, and can augment oxidative processes. Yet, few studies have
combined ultrasound with an oxidative environment for the pretreatment of
lignocellulose. In the present contribution, pretreatment of a wheat straw using a
combination of ultrasound with two oxidative pretreatments, peracetic acid and
hydrogen peroxide, as well as water and acetic acid, was tested. The experimentation
was conducted in an ultrasonic-microwave reactor with a comparison to silent
pretreatment with microwave heating alone. In addition, thermal heating was compared
to microwave heating for the water pretreatment. Ultrasound produced a higher purity
solid residue for all chemical pretreatments. However, ultrasound pretreatment reduced
the delignification efficacy by up to 50%, attributed to lignin condensation. The
chemical treatments were affected by sonolysis reactions and altered the recoverability
of the solubilised carbohydrates.
6.1

Introduction

Pretreatment aims to separate or enhance accessibility to the three main components
of lignocellulose: cellulose, lignin and hemicellulose, and was the subject of several
reviews1-3. Ultrasound as a pretreatment option was also reviewed4 and it was revealed
that ultrasound enhanced delignification, accessibility and selectivity of treatment of
lignocellulose. In addition, the potential combination of ultrasound with other
pretreatments was highlighted. Ultrasound is known to augment oxidative processes5
and the degradation of phenol with hydrogen peroxide and peracetic acid was improved
with ultrasound6, 7. Therefore, in this contribution, oxidative pretreatments combined
with ultrasonic pretreatment were considered, compared to ultrasound combined with
two non-oxidative pretreatments, water and acetic acid.
Peracetic acid is selective towards lignin which can augment pretreatment of a variety
of biomass types8-15. Delignification with peracetic acid occurs via hydroxonium ion
attack of lignin, which leads to oxidation reactions to break up the lignin
macromolecule3. Although augmentation of peracetic acid degradation of phenol with
ultrasound was observed6, no previous reports on the combination of ultrasound with
peracetic acid for lignocellulosic pretreatment were found.
Hydrogen peroxide is often used in combination with alkaline as a pretreatment 16-18.
The delignification of wheat straw was promoted at pH 11.5 due to the production of
the HOO- anion, which in turn promoted the production of hydroxyl (∙OH) and
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superoxide

radicals. Similarly, the promotion of radicals with ultrasound and a

Fenton reagent, enhanced solubilised lignin degradation and improved enzymatic
saccharification of kenaf powder19. Hydrogen peroxide has alternate oxidative
delignification mechanisms to peracetic acid, but a direct comparison of the two
oxidative pretreatments in ultrasonic conditions has not been previously explored.
Acetic acid pretreatment aims to degrade hemicellulose and disrupt the lignin
structure through solvation of lignin fragments3. Furthermore, it was found ultrasound
improved delignification by up to 13.8 and 9.9% and hemicellulose solubilisation by up
to 11.2 and 6.9% in water and 60% acetic acid, respectively for the treatment of olive
tree prunings20.
Microwave heating was utilised for pretreatment of lignocellulose21-27 and for corn
starch pretreatment for bioethanol production combined with ultrasound28. In general,
microwave heating reduced pretreatment time and provided an efficient heating
mechanism. Microwave heating energises polar bonds and creates heat energy
throughout the substance, and thus is more uniform and rapid than thermal heating.
Peracetic acid and hydrogen peroxide degrade lignin via alternative mechanisms and
acetic acid degrades hemicellulose. Ultrasound was hypothesised to augment the
oxidative power of hydrogen peroxide and peracetic acid, and to increase the efficacy of
acetic acid pretreatment. Moreover, acetic acid and water provide a comparison of nonoxidative pretreatment to the oxidative pretreatments in ultrasound. In addition, it was
proposed that microwave heating is a convenient alternative to thermal heating. These
hypotheses were tested using a model lignocellulose, wheat straw, treated with and
without ultrasound for peracetic acid, hydrogen peroxide and acetic acid solutions.
Then, three control pretreatments in water were conducted, using different heating
mechanisms: microwave, microwave plus ultrasound, and thermal heating.
6.2

Experimental
6.2.1

Material

Wheat straw was sourced from the Wheatbelt region of Western Australia and was
manually downsized prior to processing in a Waring Blender for 1 min. The resultant
particle size ranged up to 5 mm in diameter with a particle size distribution of 1.8%,
15.0%, 30.5% and 49.0% for ranges, > 2 mm, 2 - 1 mm, 1 - 0.5 mm and < 0.5 mm,
respectively. The raw composition of the feedstock was determined via the analytical
methods described below for the solid residue analysis.
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6.2.2 Pretreatment methods
In order to test the hypothesis that ultrasound could augment oxidative pretreatments,
four chosen solvents were tested with and without ultrasound: approximately 20%
(w/w) peracetic acid, 1 % (v/v) solution hydrogen peroxide, acetic acid 25% (v/v) and
water. Additional experiments were conducted using heating with an oil bath using
water as the solvent. The peracetic acid was made based on previous pretreatments29
and previous experiments of our laboratory. Briefly, glacial acetic acid and 30%
hydrogen peroxide were mixed in the ratio of 3:2 (v/v) with the addition of H2SO4 as a
catalyst (0.1% v/v) and left overnight to equilibrate. All chemical reagents were sourced
from Sinopharm chemical reagents, except for acetic acid which was sourced from
FUYU chemicals.
Since the focus of the investigation was the combination of ultrasound with different
pretreatments, the remaining parameters were kept constant. For all treatments, the
loading of wheat straw was 1/20 (g/ml) with treatment volume of 400 ml, and
temperature was kept constant at 50 ± 5 °C by ultrasonic energy input, microwave or
manual monitoring, depending on the experimental conditions. The microwave and
ultrasonic treatments were conducted using a XiangHu combined computer microwave
instrument (XH 300A). Wheat straw was suspended in the treatment solution with
stirring prior to treatments. For treatments with only microwave heating, the initial
power of the microwave was set to 800 W and preheat time to 50 °C was 90 s, after
which the temperature was set at 50 °C for 30 min, monitored automatically using
power input of the microwave reactor. For ultrasonic pretreatments combined with
microwave preheating, the same preheat conditions were used, and after preheating the
microwave power input was turned off, while the ultrasonic input turned on. The
ultrasonic input was pulsed at a ratio of 1:2, on: off at frequency of 25 kHz. The input
power of the ultrasound was set to 1600 W which corresponded to a power rating,
determined calorimetrically of, 74.8 ± 0.1 W L-1, following methods outlined by Koda
et al.30. The treatment time and ultrasonic modes were chosen in order for the
temperature change to have a minimal effect from increased heat from the dissipation of
the ultrasonic energy in the treatment solution. Additional pretreatments in water, using
conventional heating were conducted in an oil bath. The oil bath was preheated to 50 °C
prior to the submersion of the treatment mixture. The treatment mixture was allowed to
reach 50 °C, before timing of 30 min was commenced. The preheat time for the
conventional heating pretreatments was up to 45 min.
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After an experiment, the mixture was separated by filtration through a 300 mesh
nylon cloth. After separation the solids were washed thoroughly (at least four times)
with deionised water and dried at 39 °C in a fan forced oven. The pretreatment liquors
were refrigerated and analysed within 2 to 3 days. Each treatment and analysis was
repeated at least twice, and averages and standard deviations were reported.
6.2.3

Analytical methods

Solid residue analysis

The yield of the solid fraction was measured gravimetrically. The compositional
analysis for acid insoluble lignin, cellulose and hemicellulose in the solid and liquid
fractions was determined following standard procedures set out by the National
Renewable Energy Laboratory (NREL)31 with slight modification. All procedures
outlined by NREL were followed except a Bio-Rad HPX-87H column was used with a
5 mmol L-1 eluent on a High Performance Liquid Chromatograph (HPLC) 1200 series,
(Agilent).
Additional analysis of the solid fractions included scanning electron microscopy
(SEM), and crystallinity index determination via X-ray Diffraction (XRD) analysis.
SEM images of the air-dried solid residues, coated with platinum, were captured on a
Hitachi cold field SEM S-4800. XRD analysis was carried out on a D8 Advance XRD
from Bruker. The crystallinity index was determined via a method outlined by Segal et
al.32, using the following equation:

where Iam represents the crystallinity for the amorphous region of the biomass at
2θ=18.7° and I0.02 represents the crystallinity for the crystalline portion of the biomass
(cellulose) at 2θ=22.5°.
Pretreatment liquor analysis

The liquors were analysed by measurement of the pH, free sugar content and
hydrolysed sugar content. The free and hydrolysed glucose and xylose concentration in
the raw liquors were determined for all pretreatments following standard procedures set
out by NREL33.
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6.3

Results and Discussion
6.3.1 Overall effect of ultrasound

No significant differences in solid yield were observed between ultrasound and silent
pretreatments (62-65%, Table 6.1), although differences in composition were observed
(Figure 6.1). Microwave treatments reduced the lignin content by an additional 4.6%,
11.9%, 3.1%, and 2.6% for water, peracetic acid, hydrogen peroxide, and acetic acid,
respectively (Figure 6.1). Moreover, the additional reduction of remaining
hemicellulose, with microwave was 1.9%, 1.7%, 0.76%, and 1.1% for water, peracetic
acid, hydrogen peroxide, and acetic acid, respectively. Microwave treatment resulted in
a higher reduction of cellulose content compared to ultrasound for treatment with
peracetic acid and acetic acid: 2.6% and 2.9%, respectively. Conversely, for treatment
with water and hydrogen peroxide, the cellulose content was reduced to a higher degree
by ultrasonic treatment, by 0.37% and 1.15%, respectively. In total, the composition of
the biomass that corresponded to lignin, hemicellulose and cellulose was higher for
ultrasonic pretreatments than microwave pretreatments, by 1.2%, 3.6%, 0.3%, and 1.8%
for water, peracetic acid, hydrogen peroxide, and acetic acid, respectively. Therefore,
ultrasound tended to reduce the non-lignocellulosic component of the wheat straw, more
so than microwave. This finding was congruent with the ultrasonic treatment of olive
tree prunings, where the contents of ash and extractives were reduced by ultrasound 20.
However, the compositional analysis was measured on an extractive-free basis for this
study. Thus, the remaining components were considered.
The composition of the raw wheat straw was 18.1% lignin, 37.0% glucose and 27.3%
hemicellulose, which was a total of 82.3% of the dried wheat straw. This was similar to
the ranges of these components found in literature: 37.7-40.2% for cellulose and 14.122.6% for acid insoluble lignin. In previous reports, the hemicellulose was measured as
a total of xylose, mannose, galactose, arabinose and uronic acids and consisted of up to
39.5% of wheat straw34-38 with xylan measured as 24.5%39 in one instance. Thus, about
10% of the remaining composition of the wheat straw in this study was from other
hemicellulose components. Then, the additional components of pectin, inorganic
residue, acid soluble lignin and acetyl groups were likely to make up the remaining
portion of the biomass. Therefore, the ultrasound enhanced the degradation of one or all
of these components.
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Table 6.1

Solid residue yields and crystallinity and pretreatment liquor pHs and
free/hydrolysed glucose and xylose ratios. Water, PAA, HP and AA denote treatment
in water, peracetic acid, hydrogen peroxide and acetic acid, respectively. US, MW and
OB denote the reactor configuration, ultrasound, microwave and heating using an oil
bath, respectively.

Solvent
Water

Configuration
MW
US
OB
PAA
MW
US
HP
MW
US
AA
MW
US
Untreated wheat straw

Solid analysis
Solid
residue yield Crystallinity
(%)
Index (%)
62 ± 4
32.8 ± 0.5
63 ± 2
34 ± 5
61 ± 3
36 ± 1
65 ± 1
34 ± 3
63 ± 3
29 ± 4
64 ± 2
29.5 ± 3
63 ± 3
32.3 ± 1
63 ± 2
29.0 ± 0
62 ± 2
31.1 ± 0.4
28 ± 3

Water

Percentage Difference Compared to Raw

US

MW

PAA
OB

US

MW

Liquor analysis

pH
5.53
5.53
5.37
3.27
3.23
5.15
5.13
2.42
2.39

Free /
Hydrolysed
Glucose
0.8
0.8
0.7
1
0.9
2.3
2.5
0.8
0.7

HP
US

Free /
Hydrolyse
d Xylose
1.8
2.1
2.1
2.9
2.9
6.7
7.7
3.2
2.9

AA
MW

US

MW

5
0
-5
-10
-15
-20

Acid Insoluble Lignin
Cellulose

-25
Figure 6.1

Hemicellulose
Changes in composition of the solid residue after different pretreatments
compared to the raw material. Water, PAA, HP and AA denote treatment in water,
peracetic acid, hydrogen peroxide and acetic acid, respectively. US, MW and OB
denote the reactor configurations, ultrasound, microwave and heating using an oil bath,
respectively.
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For treatment in chemical solutions, the pH was lower in the liquors from ultrasonic
treatment (Table 6.1); with/without ultrasound 2.39/2.42, 3.23/3.27, and 5.13/5.15 for
acetic acid, peracetic acid, and hydrogen peroxide, respectively. Yet, the pH was the
same for both microwave and ultrasonic heating in water (5.53). A decrease in pH
indicated an increase in acidic moieties in solution from either additional solubilisation
of acetyl groups from hemicellulose, or degradation of hemicellulose40. Previously,
hemicellulose extracted with ultrasound had increased linearity, with a decrease in side
chain structures of arabinose, glucose, galactose and uronic acids, and was less acidic41,
42

. Moreover, when ultrasound reduced the reported ash and extractives, no trend of pH

was observed in comparison of ultrasound to silent pretreatments20. Therefore, in this
case, the increased purity of the solid residue after ultrasonic treatment was likely to be
from a reduction of additional hemicellulose components, coupled with a reduction in
inorganic material.
Microwave-only experiments tended to reduce the lignin content compared to
ultrasonic-assisted experiments. In previous literature, microwave treatment did not
affect or reduced the lignin content25,

27

, but the conditions which facilitated lignin

removal with microwave were more severe (190 °C) than the conditions used in this
experiment. In addition, in this study the microwave-preheat was used for both silent
and ultrasonic experiments. The highest microwave power input was during the 1.5 min
preheat time, which was the same for both treatment settings (Figure 6.2). In regards to
time, additional microwave time does not always add to the treatment efficacy21. Thus,
it was unlikely that the microwave mechanisms, considered at higher severities were the
reason for more effective delignification in the silent treatments in this study. Hence,
lignin condensation and hemicellulose degradation were considered. Ultrasound was
previously found to enable lignin condensation20,

36, 43, 44

and sugar solubilisation4, 45.

However, in treatment with water, the silent treatment decreased the relative
hemicellulose content compared to the ultrasonic treatment. Consequently, the lignin
reduction was not due to a relative increase in hemicellulose content. Lignin
condensation was observed in high biomass loadings for peracetic acid pretreatment11,
and in acetic acid treatment of lignocellulose46,

47

. Therefore, the combination of

ultrasound with these pretreatments was likely to promote lignin condensation.
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Figure 6.2

Typical heating curves. Ultrasonic (top) pretreatments and silent pretreatments
(bottom). The microwave power input is in black and the temperature in grey.
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6.3.2 Ultrasonic effects in different chemical environments
Peracetic acid

Ultrasound in combination with peracetic acid reduced delignification (Figure 6.1).
With only microwave heating, peracetic acid pretreatment reduced the lignin content by
22.6%. However, with ultrasound the lignin content was reduced by 10.7%. Then, the
hemicellulose content was also decreased more so with microwave than ultrasound; a
3.3% decrease, compared to a 1.5% decrease. Similarly, the decrease of cellulose
content was higher for microwave pretreatment; 4.4% decrease compared to 1.8%.
Therefore, although microwave, combined with peracetic acid was more effective for
delignification, this also led to an increase in sugar loss in the solid residue.
The degree of delignification with microwave heating was the highest with peracetic
acid, compared to other chemical environments (Figure 6.1). The efficacy of peracetic
acid in mild conditions over other pretreatments was also reported for sugarcane
bagasse, compared to sulphuric acid and sodium hydroxide for delignification and
enzymatic hydrolysis of sugar cane bagasse11. In addition, peracetic acid delignified,
increased crystallinity and increased the surface area through an exposure of fibres 12.
However, under the present conditions, no significant differences in the appearance of
the biomass nor in the biomass crystallinity were observed (Table 6.1). Although
peracetic acid was successful for delignification and pretreatment of sugarcane
bagasse12, 48, hybrid poplar8, 13, siam weed stem10 and aspen biomass9, 14, 15, it was not
effective for pretreatment of alfala stem15. Therefore, in this case peracetic acid was
demonstrated to be viable for the pretreatment of wheat straw through improved
delignification.
As previously discussed in Section 6.3.1, lignin condensation and degradation of nonxylose components of hemicellulose was likely. However, the lignin reduction with
ultrasound was halved with peracetic acid, but with all other treatments, the difference
in lignin loss was between 2.6% and 4.6% for microwave and ultrasonic heating,
(Figure 6.1) with the lowest reduction factor being 0.62 (compared to 0.47 for peracetic
acid). Therefore, the effects of ultrasound on peracetic acid were also considered.
The mechanism of peracetic acid degradation is through hydroxonium ion attack of
the electron sites within lignin, which leads to the breakdown of lignin through
oxidative demethylation, ring opening, side chain displacement, epoxidation and
cleavage of β-aryl ether bonds3. After fragmentation, the acetic acid and water in the
peracetic acid mixture solubilise the lignin pieces.
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Ultrasonically produced radicals promote oxidative degradation. The ultrasonic
conditions, including the increased radical production and hot spots around the
collapsing bubble could enhance homolytic and thermal degradation of peracetic acid as
observed in the presence of a catalyst with ultrasound6 and in a free radical system49.
Since peracetic acid delignification relies on attack from the hydroxonium ion, the
homolytic degradation of peracetic acid would reduce the delignification efficacy.
However, in this study, lignin degradation was still significant in the presence of
ultrasound. Ultrasound has the ability to promote homolysis of peracetic acid. Thus, the
delignification may have occurred via a radically driven pathway, alternate to the
hydroxonium ion driven delignification or the hydroxonium ion delignification may
have been reduced in ultrasonic conditions.
During pretreatment peracetic acid released lower amounts of carbohydrates,
compared to the water treatments (Figures 6.3 and 6.4). The percentage of free xylose
released with ultrasound was 23.6% compared to 28.1% for peracetic acid and water,
respectively; in addition, the free xylose concentration for microwave heated
pretreatment was 21.5% compared to 26.0% for peracetic acid and water, respectively.
Similarly, the free glucose detected after ultrasonic pretreatment was lower for peracetic
acid pretreatment with ultrasound, compared to the water pretreatment; 11.4%
compared to 13.2%, despite the higher loss of hemicellulose and cellulose from the
solid residue, after peracetic acid pretreatment (Figure 6.1). This insinuated that the
peracetic acid mixture degrades glucose and xylose in solution, attributed to the
presence of the sulphuric acid catalyst2, 11, 40.
Free xylose released from peracetic acid microwave pretreatment was lower (21.5%)
than peracetic pretreatment with ultrasound (23.6%), although the hydrolysed xylose
concentrations were comparable (Figure 6.3). This can be attributed to the
depolymerisation of carbohydrates in solution50, 51.
The effect of the post hydrolysis conditions were examined by the comparison of the
free to hydrolysed glucose and xylose ratios (right-hand columns of Table 6.1). The
glucose ratio from peracetic acid pretreatment was slightly higher than water (1 and 0.9
compared to 0.8 for microwave and ultrasound, respectively) and xylose ratio was
higher than water; 2.9 for both microwave and ultrasound compared to 1.8 and 2.1 for
microwave and ultrasound in water. This indicated that the presence of peracetic acid
has increased the xylose degradation during acid hydrolysis. This was likely to be due to
the presence of hydrogen peroxide and/or acetic acid, which is discussed below.
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Xylose released in the various pretreatment liquors before and after acid
hydrolysis (denoted as free and hydrolysed xylose, respectively). Water, PAA, HP
and AA denote treatment in water, peracetic acid, hydrogen peroxide and acetic acid,
respectively. US, MW and OB denote the reactor configurations, ultrasound,
microwave and heating using an oil bath, respectively.
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Glucose released in the various pretreatment liquors before and after acid
hydrolysis (denoted as free and hydrolysed glucose, respectively). Water, PAA, HP
and AA denote treatment in water, peracetic acid, hydrogen peroxide and acetic acid,
respectively. US, MW and OB denote the reactor configurations, ultrasound,
microwave and heating using an oil bath, respectively.
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Hydrogen Peroxide

Hydrogen peroxide in ultrasonic conditions decreased the lignin content by 12%
compared to 10.7% decrease for peracetic acid, 9.2% for acetic acid and 7.4% for water.
(Figure 6.1). Then, with microwave heating, hydrogen peroxide pretreatment reduced
the lignin content by 15.1%. If the ratios of lignin loss are considered, the microwave to
ultrasound loss ratio was 0.79 compared to 0.62 for hydrogen peroxide and water,
respectively. This was probably because the ultrasound worked together with the
hydrogen peroxide pretreatment mechanisms.
Hydrogen peroxide performs delignification via enhanced production of hydroxyl and
superoxide radicals18. In addition, an increase in temperature for pretreatment with
hydrogen peroxide in alkaline conditions, increased the cleavage of lignin and
hemicellulose, attributed to an increase of hydroxyl radicals16. Furthermore, the
degradation of lignin was enhanced from augmentation of radical production by
ultrasound in the presence of a Fenton reagent, in an ultrasonic environment. However,
delignification was not improved compared to the control in the treatment of the
lignocellulose19. Also, phenol degradation with hydrogen peroxide was accelerated with
ultrasound with a decrease in activation energy calculated7. Therefore, it was proposed
that the introduction of ultrasound for hydrogen peroxide treatment has enabled lignin
degradation via hydroxyl and superoxide radicals.
Without a ratio analysis, Figures 6.3 and 6.4 show a large decrease in hydrolysed
glucose and xylose. The actual free to hydrolysed glucose ratios were 2.3 and 2.5
(compared to 0.8 for water) and the free to hydrolysed xylose ratios were 6.7 and 7.7
(compared to 1.8 and 2.1 for water) for microwave and ultrasound, respectively (Table
6.1). The loss of glucose and xylose may be attributed to the increased oxidising
strength of hydrogen peroxide in acidic conditions or the exposure of sugar monomers
to oxidative degradation after acid hydrolysis40. The degradation of hemicellulose via
hydrogen peroxide in acidic conditions was previously observed in solution17.
Therefore, the carbohydrates in solution were not suitable for recovery by sulphuric acid
hydrolysis.
Acetic acid

The use of acetic acid with microwave did not result in a higher lignin loss than water,
(11.8% compared to 12% for acetic acid and water). Then, for ultrasound there was a
slightly higher loss of lignin with acetic acid, (9.2% compared to 7.4% for acetic acid
and water). However, the cellulose and hemicellulose losses were both more than the
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losses from water pretreatment (Figure 6.1). The cellulose content was reduced by
5.3% and 2.5% for acetic acid compared to the loss in water of 0.46% and 0.84% for
microwave and ultrasound, respectively. Similarly, for hemicellulose, acetic acid
resulted in lower remaining percentages than water. The percentage loss for
hemicellulose was 0.65% compared to a 0.09% gain for microwave pretreatment with
acetic acid and water, respectively. Then, for ultrasonic pretreatment, acetic acid
resulted in a gain of hemicellulose of 0.42% compared to a 2.0% gain for water. Acetic
acid degrades hemicellulose and works on the disruption of the lignin followed by
solvation of the fragments3. For example, 90% acetic acid was not effective for
delignification in mild conditions, without an acid catalyst52. This is congruent with the
results here, which demonstrated that acetic acid was no better for delignification than
water. Instead, acetic acid reduced hemicellulose and cellulose more so than water.
These observations agreed with previous literature20 where acetic acid reduced
hemicellulose more so than water.
For acetic acid pretreatment, the three major components of the solid residue were
less affected with ultrasound. It was hypothesised that ultrasound combined with acetic
acid may enhance solubilisation of hemicellulose and cellulose. However, this was not
observed, rather acetic acid with microwave heating produced higher loss of cellulose
and hemicellulose (Figure 6.1). In addition, ultrasound degrades acetic acid in
solution53 which would decrease the severity of the acetic acid pretreatment. Therefore,
acetic acid pretreatment was not suitable for augmentation with ultrasonic conditions.
The free and total glucose concentrations and ratios were similar to that of water
(Figure 6.4 and Table 6.1). However, the free to hydrolysed xylose ratios (Table 6.1)
were higher than the water pretreatment. The free to hydrolysed xylose ratios were 3.2
to 2.9 for acetic acid compared to 1.8 and 2.1 for water with microwave and ultrasonic
pretreatment. This was unsurprising since sulphuric acid catalyses hemicellulose
degradation from acetic acid52. Thus, if glucose monomers are the desired product,
acetic acid would be considered a pretreatment as an effective means of hemicellulose
removal.
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6.3.3

Physical effects

The crystallinity indexes are displayed in Table 6.1 and the SEM images are shown in
Figure 6.5. The SEM images show pits in the treated biomass, with ultrasound. It
should be noted that the pits were only found after particle size separation to isolate the
0.5-1 mm particles via sieving, and that no pits were observed when taking SEM images
of the whole range of biomass sizes (Figure 6.5). The pits were often accompanied by
cracks in the biomass, hence the SEM images are shown alongside cracks in the
biomass which are unaccompanied by pits, observed in the non-ultrasonic treatments.
However, for hydrogen peroxide treatments the only possible pit was the cross-like
cracking structure observed in Figure 6.5 (bottom two examples). The ultrasonically
produced pits demonstrate the ability of ultrasonic pretreatment to increase the exposure
of the biomass to the treatment solutions. The fact that the pits were only observed in
the 0.5-1 mm particle size range may present an optimal size range for ultrasonic
enhancement of pretreatment for increased accessibility for wheat straw.
Although, previous investigations found that microwave produced morphological
changes in biomass25 and decreased the crystallinity21, 27, no effects were observed here.
This was attributed to the mild conditions used in this study. Morphological differences
were only noticeable at 130°C or higher22, and loss of crystallinity was only observed at
higher treatment temperatures21. Therefore, under these conditions microwave did not
affect the crystallinity or morphology of the wheat straw.
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SEM images of pits and cracking caused by the ultrasonic pretreatments. W, PAA,
HP and AA denote treatment in water, peracetic acid, hydrogen peroxide and acetic
acid, respectively and US denotes ultrasound-assisted experiments.
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6.3.4

Thermal heating versus microwave heating

As with microwave heating, the total lignocellulose composition of the solid residue,
from thermal heating was reduced (Figure 6.1). In addition, thermal heating reduced the
cellulose (35.6%) and hemicellulose (27.1%) content compared to microwave and
ultrasonic treatment; 36.7%, 36.8% for cellulose and 27.3%, 27.8% for hemicellulose,
respectively. Thermal heating also reduced the lignin content (15.8%) compared to
ultrasonic heating (16.7%). The changes in lignin content support the theory that lignin
condensates on the biomass under ultrasound. Although both of the cellulose and
hemicellulose were reduced with the oil bath, the overall yield was not reduced. This
was similar to the comparison of microwave and ultrasonic treatments, thereby
suggesting that thermal heating reduced the relative content of lignocellulose in the
remaining solid residue. This hypothesis was supported by the change in crystallinity
observed after pretreatment in the oil bath, and the lower pH of the pretreatment liquor.
The crystallinity increased compared to the raw material (36% compared to 29%)
indicating that the pretreatment disrupted the hydrogen bonding in the cellulose coupled
with the removal of lignin and non-cellulosic polysaccharides. This was likely to be due
to the prolonged preheating time, of up to 45 min, to reach the desired temperature at
the point of the thermometer in the middle of the reaction mixture. Microwave heating
was rapid and more uniform, which did not produce areas of higher heat energy as with
thermal heating which would facilitate the loss of lignocellulose components. The low
severity of the microwave treatment was unlikely to affect the biomass structure, as
discussed in Section 6.3.1 and 6.3.3. The lower pH of 5.37, compared to 5.53 shows
additional support for degradation of hemicellulosic components, as previously
discussed. Therefore, from these experiments, microwave preheating was more efficient
at obtaining the desired reaction temperature, with a higher retention of the
lignocellulosic composition of the biomass, compared to thermal heating.
6.3.5

Outcomes of this research

This investigation demonstrated that ultrasound increased the purity of the solid
residue with respect to the main lignocellulosic components and altered the physical
structure. This demonstrates that for the subsequent use of the biomass under various
conditions, ultrasound is a constructive addition to pretreatment. Hence, for downstream
processing of lignin, cellulose or hemicellulose, ultrasound may augment pretreatment.
However, it was also found that microwave heated pretreatments were more effective at
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lignin degradation. Lignin degradation is desirable for subsequent hydrolysis of
hemicellulose and/or cellulose.
The potential effect of sonolysis in oxidative and non-oxidative solutions was also
highlighted. It was found it was likely that hydrogen peroxide delignification was
directed by ultrasonic degradation of peroxide, most likely via the production of
hydroxyl and superoxide radicals. Moreover, peracetic acid was likely sonolysed to
reduce delignification via the hydroxonium ion mode and potentially delignify via
alternate mechanisms. This was observed for the degradation of phenol with both
hydrogen peroxide and peracetic acid with ultrasound6, 7. Similarly, the acetic acid
treatment was less effective in ultrasonic conditions, likely to be from the sonolysis of
acetic acid in solution. Therefore, if ultrasound is considered for pretreatment, the mode
of chemical attack would benefit most if it was augmented by ultrasound.
The recoverability of carbohydrates in solution was affected by the chemical
treatments. The peracetic acid and the hydrogen peroxide liquors were not suitable for
recoverability via sulphuric acid hydrolysis. This would also indicate that in a
biorefinery setting, recovery of the carbohydrates from the solid residue via acid
hydrolysis would require thorough washing to remove peracetic acid and hydrogen
peroxide. Acid hydrolysis of the acetic acid liquor only affected the hemicellulose in
solution. Hence, if glucose was to be recovered, acetic acid would be a suitable
pretreatment. Therefore, the use of chemical treatments must consider the downstream
processing techniques.
The time to reach 50 °C with microwave was 1.5 min, opposed to up to 45 min with
thermal heating. Additionally, the use of microwave resulted in a solid residue with a
higher component of cellulose and hemicellulose compared to thermal heating. Previous
works showed that microwave pretreatment was effective for enhanced glucose
production and an increase in xylan removal25, 27. However, a comparison of microwave
with ultrasonic pretreatment, produced higher simultaneous saccharification and
fermentation yields with microwave28. But the saccharification and fermentation yields
were from starch, not from lignocellulosic, so different results would be expected from
lignocellulosic pretreatments. Therefore, microwave, as a preheat tool was more
efficient and time saving.
6.4

Conclusions

Treatments with ultrasound produced solid residues with higher total percentages of
lignin, xylose and cellulose, attributed to the increased degradation of inorganic material
162

and

non-xylose

components

of

hemicellulose.

Under

ultrasonic

conditions,

delignification was reduced, attributed to lignin condensation and the physical structure
of the biomass was altered, demonstrated by pits and cracking in the biomass.
Ultrasound combined with peracetic acid pretreatment halved the delignification
efficacy and with ultrasound hydrogen peroxide was more effective at delignification
than peracetic acid. This was attributed to alternate modes of interaction of ultrasound
with hydrogen peroxide and peracetic acid.
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7. Final evaluation
7.1

Introduction

The undertaking of this PhD work was to address the parametric influences of
ultrasound in homogeneous and heterogeneous mixtures for biofuel and biorefinery
applications. Initially a thorough literature review was conducted to identify the gaps in
the area of ultrasonic pretreatment of lignocellulosic materials. Firstly discrepancies
with respect to stirred batch, and flow-through ultrasonic reactors, in homogeneous
solutions were identified. It was hypothesised that the introduction of overhead stirring
would affect the coalescence at high and low frequencies, and hence alter the
sonochemical activity. Then it was hypothesised that circulatory flow that did not
interfere with the propagation of the ultrasonic wave could increase or retain
sonochemical activity in a travelling wave field. These hypotheses were tested at four
different frequencies under the two different flow modes. In addition gaps in the
literature were identified and investigated with respect to the interaction of ultrasound
with lignocellulosic biomass. Firstly, it was hypothesised that the parameters such as
frequency, particle size, biomass loading and reactor configuration would influence the
ultrasonic field and hence pretreatment efficacy. Secondly, it was hypothesised that
oxidative pretreatments could be chemically enhanced with ultrasound compared to
alternative chemical pretreatment options. These two hypotheses were investigated
using a model lignocellulosic biomass, wheat straw under the various experimental
conditions.
Although the treatment of lignocellulose over various time intervals was identified as
a gap in the literature in Chapter 2, kinetic analysis was not conducted. In regards to
biomass utilisation a kinetic analysis and rate constant determination is important for
reactor design and scale-up for any given purpose, however due to the complex nature
of pretreatment a global kinetic analysis is difficult. For example delignification of saw
dust followed a third order rate equation, yet the degradation of lignin followed first
order kinetics1, 2. As the interactions of ultrasound with lignocellulose are complex and
can result in a number of end products (Figure 7.1), firstly the mode of interaction and
desired end product must be decided upon. With regards to general pretreatment, the
kinetic analysis should come after a mechanistic understanding is developed.
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7.2

Key findings and original contributions of the thesis
7.2.1 Fluid flow and sonochemical activity

The hypothesis that overhead stirring could reduce coalescence was supported at low
frequency ultrasound (Chapter 3). However at high frequency ultrasound the evidence
suggested other factors were influential on the sonochemical activity. At low frequency
ultrasound, 40 kHz the sonochemical activity was maximised at 900 rpm at both power
settings, with a 3-fold increase in sonochemical activity at 92 W L-1, and a 4-fold
increase in activity at 72 W L-1, compared to still experiments. Maximisation of
sonochemical activity with overhead stirring was previously hypothesised at low
frequencies, 23-141 kHz3. The comparison of overhead stirring at the same power range
in reactors of similar geometry over a wide range of frequencies had not been
previously realised. At the high frequencies, and at the lower power setting the
sonochemical activity was reduced with stirring, in support of the hypothesis but at the
higher power setting the sonochemical activity was not reduced. This was attributed to
the dominant contribution of the travelling wave to sonochemical activity. The
consideration of the type of ultrasonic field contributing to sonochemical activity was
novel and led to the investigation of circulatory flow.

Fluid circulation in the travelling wave field which did not oppose the travelling wave
field was hypothesised to increase or not affect the sonochemical activity. This was a
novel approach to the elucidation of the interaction of fluid movement and
sonochemical activity. The sonochemical activity was maximised at the lower
circulation rates, with a 30 and 20% increase at 376 and 995 kHz, respectively, at the
higher power input, thereby supporting the hypothesis (Chapter 4). However at 1179
kHz, there was no increase in sonochemical activity and so alternate theories were
discussed. The increase sonochemical activity was ascribed to an increase in nonlinearity of the bubble collapse from additional fluid motion which increased the
participation of the bulk solution in sonochemical activity. However the non-linear
bubble collapse also required more energy and so the acoustic power threshold was
higher under the flow conditions. The consideration of the effect of fluid flow from the
ultrasonic wave attenuation was previously considered in a travelling wave field 4.
However the report that the circulation of fluid could increase the sonochemical activity
through increased non-linearity of the collapse was novel.
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The combination of an analysis of the literature and the results observed in Chapters
2 and 3 (Table 7.1) facilitated the comprehension of the response of sonochemical
activity at high frequencies to introduced fluid flow. The increase of sonochemical
activity was observed in areas of low flow rates and areas where the fluid flow was not
opposed to the acoustic flow therefore the effective travelling portion of the wave was
increased. This is similar to the increase of a standing wave with surface reflection; the
contribution of the travelling wave to sonochemical activity is increased with
disturbance of solution at low flow rates. The potential to manipulate the ultrasonic
properties in a reactor was recognised when transient and stable cavitation was shown to
exist at low and high frequencies5. The present contribution demonstrated that
manipulation could be achieved with a change in the fluid flow conditions within the
reactor. In summary, it was discovered that the type of wave in the reactor is important
when considering the introduction of flow. The comparison of the flow types at multifrequencies was an original contribution to the literature. This aided in further
elucidating the complex interaction of fluid flow with sonochemical activity.
Table 7.1

Comparison of the trends observed in the literature to the trends observed in this
work.

Activity and Reactor
conditions

F (kHz)

Flow
conditions

Results

Degradation of
pentachlorophenol in
100, 200 and 300 ml6.

500

Flow at 6.7 to 60 ml
min-1

A maximal flow effect with
respect to sonochemical
activity was found (A2)

Degradation of
chlorinated
hydrocarbons7.

100

Flow at 7, 10, 15 ml
min-1

Still was most efficient.
Degradation decreased with
an increase in flow rate.

KI oxidation over an
array of 14 transducers8.

133.2

Flow at 0.0223 –
0.101 ml min-1

Batch gave the highest
conversion rate.

Sonochemical efficiency
in a 4 L reactor9.

490

Overhead stirrer at
100 - 350 rpm

Sonochemical efficiency was
increased with revolutions.

Used an array of 6
transducers at different
frequencies3.

23, 44, 99
and 131

Stirring and
circulation (4000 ml
min-1)

Stirring and circulation
enhanced the
sonoluminescence.

KI oxidation in a 500 ml
reactor (Chapter 3)

40, 376,
995 and
1179

Overhead stirring (01300 rpm).

Stirring maximised
sonochemical activity at 40
kHz but not at other
frequencies.

KI oxidation in a 500 ml
reactor (Chapter 4)

40, 376,
995 and
1179

Fluid circulation (34
and 414 ml min-1)

For 376 and 995 kHz (not
1179 kHz) sonochemical
activity was maximised with
fluid circulation.
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7.2.2 Parametric influences of ultrasound in a heterogeneous
environment
The hypothesis that at different parameters, ultrasound would affect the biomass
differently was overall supported (Chapter 5). The parameters, frequency, loading,
stirring and particle size were examined. Although high frequency ultrasound had once
been considered for modification of lignocellulose fibres10, this contribution was the
first time a direct comparison of a range of frequencies was made. In addition, the use of
wheat straw for a parametric evaluation under ultrasound was novel. Previous efforts to
evaluate the influence of ultrasound on the pretreatment used alternate lignocellulosic
sources and did not encompass the range of parameters examined in this study
(Chapter 2). High frequency ultrasound was more effective at sugar solubilisation,
reasoned to be from the increased number of radicals produced under these settings.
Meanwhile, low frequency ultrasound was more effective for delignification of
lignocellulose, due to the physical mechanisms of ultrasound. Furthermore, stirring
increased the delignification, attributed to a prevention of the condensation of lignin on
the biomass. The discovery of a mode of prevention of lignin condensation under
ultrasound was novel and has potential application in treatment of other polymers,
discussed below. For carbohydrate solubilisation, a decrease of particle size increased
the treatment efficacy, although for delignification and fractionation, it was not
necessary to reduce the particle size below 0.5 mm. This was attributed to the dominant
modes of attack, in a chemical environment the reduced particle size was beneficial for
chemical access, however, without the chemical attack, solubilisation did not benefit
from the lower particle size. Furthermore, in the particle size range of 0.5-1 mm, pits
from ultrasonic cavitation were observed, increasing the accessibility of the wheat straw
(Chapter 5 and 6). For treatment with respect to delignification and carbohydrate
solubilisation, a loading of 1/20 g/ml was found to be optimal. However for
carbohydrate solubilisation, depolymerisation and degradation reactions were found to
occur in the treatment liquor. Therefore all of the parameters influenced the ultrasonic
treatment, supporting the hypothesis.

The chemical environment also affected the ultrasonic treatment of wheat straw
(Chapter 6). The different chemical environments, peracetic acid, acetic acid and
hydrogen peroxide all effected the treatment of wheat straw differently, although some
commonalities were observed. Firstly, the ultrasonic treatments resulted in a solid
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residue with a higher composition of lignin, cellulose and hemicellulose. Secondly,
compared to non-ultrasonic treatments, delignification was less efficient with
ultrasound, due to lignin condensation. However the differences in ultrasonic and nonultrasonic treatments were dependent on the chemical environment. This was attributed
to the sonolysis of the treatment chemical and the modes of delignification. The
delignification degree of peracetic acid and ultrasound was half that of peracetic acid,
combined with microwave heating. This was ascribed to the ultrasonic degradation of
peracetic acid, preventing the delignification via hydroxonium ion attack. Then, with
hydrogen peroxide the ultrasonic environment resulted in a lower lignin reduction by
3.1% compared to the microwave-only environment. This was thought to be from the
ultrasonic promotion of the hydroxyl and superoxide radical formation to enable
delignification, however condensation was still occurring. Then, with acetic acid a
decrease in hemicellulose with ultrasound was expected, which was not observed.
Acetic acid was believed to be degraded from sonolytic reactions, hence reducing the
efficacy of the treatment. Therefore the effect of ultrasound was dependent on the
chemical environment and the mode of ultrasonic interaction with the chemical
composition of the pretreatment solution.

The overall evaluation of the parametric effects with respect to ultrasonic processing
of lignocellulosic biomass is schematically summarised in Figure 7.1. The parametric
effects were significant with the novel discovery of the preferred high frequency for
carbohydrate solubilisation and the physical augmentation of delignification. The
addition of stirring to the treatment mode was discovered to reduce condensation of
lignin, which is significant for general ultrasonic treatment. In addition the interaction
of ultrasound with the treatment solution was proven to be an important consideration.
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Figure 7.1

A schematic representation of the means in which ultrasound can influence the pretreatment of lignocellulosic biomass
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7.3

Implications, limitations and future work
7.3.1

Wave fields and fluid flow

In the multi-frequency reactor the dominant wave type’s contribution to sonochemical
activity was an important consideration when introducing flow into an ultrasonic
reactor. Hence it was demonstrated that fluid flow, as well as frequency could be used
to manipulate the active bubble population in a reactor. Although a manipulation of the
types of waves in the reactor saw a change in sonochemical activity, a limitation of this
study was that a stable cavitation field was not investigated. Stable cavitation is often
dominant at high frequencies5, thereby increased with an increase of the standing wave
portion. The introduction of surface stabilisation increases the standing wave which
facilitates stable cavitation activity5. In addition, a reinterpretation of Gondrexon et al.’s
paper6 (Appendix 2), suggested that a dependence on flow rate existed at three different
reactor volumes. Since the volumes changed, this would in turn change the relative
percentages of the travelling and standing wave component. The fact that there was a
flow rate dependence on sonochemical activity, at all three volumes suggests the effect
of flow on the wave components may be considered over a range of geometries.
Therefore the effect of fluid circulation or overhead stirring in the presence of a field
where stable cavitation and standing waves are the dominant sources of sonochemical
activity should be elucidated. This understanding of effects of flow in a standing wave
dominant field could unify the theories presented here.
7.3.2

Lignin condensation and fluid flow

Overhead stirring reduced lignin condensation and overall lignin content of the
biomass. In the literature review, (Chapter 2) it was proposed that lignin condensation
occurred at the hot interfacial region of the bubble, where the lignin fragments could
collect and undergo radical recombination. Then, in Chapter 5, lignin condensation
was reduced with stirring, attributed to the increased transient cavitation from fluid flow
in solution. In Chapter 6, the ultrasound-microwave reactor was not able to facilitate
fluid flow which was a limitation of the experimental set up. Therefore in order to
prevent lignin condensation reactions and to improve delignification, low frequency
ultrasound with fluid flow would be recommended. However the effects of the
introduction of flow at low frequencies on sonochemical activity also need to be
considered. Firstly, if the coalescence forces are overcome at low frequencies, then
more radicals would be produced, which can augment delignification to a degree1.
175

However delignification and fractionation were enhanced by the physical effects of
ultrasound and increased radical production enhanced carbohydrate loss (Chapter 5).
Furthermore the introduced fluid flow would cause a reduction of energy in the
cavitational collapse4 and hence reduce the physical effects of ultrasound. Therefore an
optimum flow rate to expose the bulk of the lignocellulose to ultrasound, prevent lignin
condensation and to augment delignification would need to be found. Future work
should include an investigation of fluid flow at different speeds as well as fluid flow
combined with oxidative ultrasonic pretreatment.

The ability for stirring to reduce lignin condensation is significant for the treatment of
polymers with ultrasound. Lignin condensation can inhibit biomass accessibility and is
counterproductive when subsequent processing of delignified material is desired. Hence
if condensation is reduced with stirring, while retaining the benefits of ultrasonic
processing, the hydrolysis of the remaining carbohydrates can be improved. The
prevention of lignin condensation has application in the use of ultrasound for the
extraction of purified lignin. Moreover, the application of stirring during ultrasonic
treatment of polymers could reduce undesirable condensation reactions. Condensation
of hemicellulose was observed in the extraction of xylan11, after which new, unsaturated
structures were formed. If condensation in solution occurs at the interfacial region of the
bubble, stirring is able to reduce the stability of the cavitation and hence reduce the
accumulation of species at the bubble interface. Therefore stirring of ultrasonic
treatment of polymeric and other treatment solutions could be used for a higher degree
of control of the products from the sonicated solution.
7.3.3 High and low frequency treatment
Few studies examined the effects of high frequency ultrasound on lignocellulose. The
different responses observed in this study furthered the understanding of the interaction
of ultrasound with lignocellulose. Delignification was enhanced from the physical
effects of ultrasound, more so than the radicals produced. This implies that if
pretreatment is used to enhance delignification then the oxidising radicals are not
necessary, hence hydrodynamic cavitation can be considered12 as a lower energy
alternative. However, delignification can be improved in a chemical environment, such
as alkaline, peracetic acid or hydrogen peroxide. As demonstrated in Chapter 6, the
combination of sonolytic reactions with the chemical environment has a significant
effect on the treatment outcomes of lignocellulose. Therefore, although hydrodynamic
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cavitation may be desirable with respect to input energy, the full capitalisation of
sonochemical effects must also be realised. The ultrasonic microwave reactor had a
singular frequency of 25 kHz and a limitation of this work was that pretreatment in
different chemical environments was conducted at low frequency.

The treatment of the carbohydrates within the biomass was effected by the ultrasonic
radicals more so than the lignin. Ultimately the aim of ultrasound as a pretreatment is to
enable the utilisation of the different components of ultrasound for downstream
processing. The preferential solubilisation of carbohydrates at higher frequencies may
be capitalised on for biomass processing. Acid hydrolysis of raw lignocellulose was
enhanced by ultrasound13 and acid hydrolysis of pretreated sugarcane bagasse was also
enhanced by ultrasound14. Hydrolysis in acidic conditions may be further improved by
higher frequency treatment, rather than low frequency treatment, previously utilised.
However, the interaction of the sonolytic reactions with the solvent must be considered,
as demonstrated in Chapter 6, where acetic acid was not effective at hemicellulose
solubilisation in the presence of ultrasound. The treatment of raw, rather than pretreated
lignocellulose for hydrolysis can reduce costs as acids are cheaper than enzymes and
necessary treatment steps to produce usable chemicals from raw feedstock are reduced.
Furthermore, ultrasound depolymerised carbohydrates in solution in Chapter 5 and
with peracetic acid in Chapter 6, although degradation also occurred. However
depolymerisation and degradation could be manipulated by the parameters of the
treatment. Therefore ultrasound could have an additional use in direct processing of
lignocellulose for monomer sugar production.
7.3.4

Ultrasonic treatment schemes

The biomass treatment schemes were conducted under different conditions. The
microwave-assisted ultrasonic treatments were conducted at 50°C for 30 min, with
pulsed ultrasound, for a total time of 10 minutes of ultrasound (Chapter 6). Meanwhile
the ultrasonic treatments were conducted at room temperature for 25 min, with
continuous ultrasound (Chapter 5). Yet, the solid residue yields after ultrasonic
treatment at the same solid to liquid loading were in a similar range for both treatments;
55.2-64% for ultrasound alone (25 min ultrasound), and 61-65% for the microwaveassisted pretreatment (10 min ultrasound). However the ultrasonic treatments at 40 and
995 kHz produced the highest fractionation yields, with stirring; 56.2 and 55.2%,
respectively. This highlights the importance of stirring to prevent lignin condensation.
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In addition the different treatment mode demonstrates that the use of ultrasound may not
need to be continuous for benefits with chemical solutions. Investigation into the
ultrasonic promotion of peracetic degradation of phenol demonstrated that the benefit of
ultrasound was only seen in the first hour of treatment15. Therefore a latent remediation
approach was suggested, where ultrasound is only applied for a few minutes prior to
traditional silent treatment. The similar fractionation yields between the pulsed and
continuous ultrasonic treatments support the use of ultrasound in this manner. In
addition the ultrasonic pits were still observed from the shorter treatment time,
indicating that the ultrasonic benefit for increased surface area is likely to be achieved.
However a full cost-benefit and kinetic analysis with respect to the desired pretreatment
outcomes is required.
The treatment temperature utilised in Chapter 5 was room temperature, compared to
50 °C in Chapter 6. The maximisation of ultrasonic effects in aqueous solvents occurs
at mild temperatures, and ultrasonic pretreatments generally opt for temperatures below
60 °C. Ultrasound provides heat into the solution which can be measured
calorimetrically16 and will probably affect the treatment outcome. In Chapter 6, the
pulsed ultrasound provided enough heat energy into the solution to maintain 50 °C for
30 min, after which the temperature increased. The consideration of temperature effects
were not specifically dealt with, which was a limitation of this investigation. Optimal
temperatures would need to be discovered for any given treatment outcome prior to
implementation. In addition the heat provided from the ultrasound should be utilised to
maintain the desired treatment temperature, and to minimise additional heat transfer
operations
7.3.5 Chemical treatment
The degradation pathways in the presence of ultrasound for hydrogen peroxide and
peracetic acid should be capitalised upon. Firstly the delignification under hydrogen
peroxide could be enhanced with a higher concentration of peroxide. Alternatively a
heterogeneous catalyst could be introduced to further promote the formation of the
superoxide and hydroxyl radicals in a similar manner to catalysis of delignification for
pulps17. However, previous reports did not see an increase in delignification with a
Fenton reagent, sonocatalysis with TiO2 nor a combination of the two (Fentonsonocatalysis)1. Yet, in solution, lignin degradation and phenol degradation were
enhanced with the combination of ultrasound and peroxide solutions1, 18. Therefore, the
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promotion of the hydroxyl and superoxide radicals should be further investigated in
stirred or continuous reactors where lignin condensation should be prevented.
The interaction of peracetic acid with lignocellulose was altered in the presence of
ultrasound. The results suggested that peracetic acid in ultrasonic conditions retards
delignification; however the addition of catalysts would significantly alter the treatment
efficacy and may provide an alternate delignification pathway. This could enhance
delignification as observed in phenol degradation15. Therefore further work could focus
on the use of peracetic acid in the presence of catalysts aimed at promotion of sonolysis
or homolytic degradation of peracetic acid.

Delignification was most effective for peracetic acid pretreatment with microwave
heating, however there was also an increased loss of xylose. Ideally for pretreatment,
both the hemicellulose and cellulose would be utilised in downstream processing. The
loss of xylose from hemicellulose was attributed to the presence of a sulfuric acid
catalyst. Therefore it would be useful to consider utilisation of peracetic acid via
alternate means such as enzymatically synthesised peracetic acid19 or synthesis over a
heterogeneous catalyst20.
7.3.6

Future work

The evaluation of the outcomes of this work gives rise to several avenues of enquiry
in regards to the fundamental development of ultrasound for biorefinery applications. In
regards to the effects of fluid flow on ultrasonic activity, the theory of the ability of
fluid flow to increase the travelling wave portion should be considered in a standing
wave dominant ultrasonic field. Then, to further understand the significance of flow in
heterogeneous solutions, the effect of various speeds of flow on the treatment of
lignocellulose should be elucidated. The treatment of lignocellulose is affected by
condensation of polymers in solution and therefore a deeper understanding of the role of
fluid flow on transient cavitation and polymer condensation should be developed.
Furthermore, the interactions of ultrasound with the treatment solution should be
considered. Oxidative pretreatments have the potential to synergistically enhance
ultrasonic pretreatment; therefore the mechanisms of pretreatment with peracetic acid in
ultrasound should be elucidated. A fuller understanding of these fundamentals can then
allow future researchers to determine the optimal parametric conditions for the most
economic treatment.
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Ultrasound is an expensive option for treatment of lignocellulose and options which
could improve process economics should be considered. Some of the potential areas
identified were direct processing, latent remediation, minimisation of additional heat
energy and combinations with other pretreatments. Ultrasound at high frequencies has
potential in direct processing for glucose and xylose production. Latent remediation or
the shorter time use of ultrasound in oxidative solutions also can improve economics
through reduced energy input. A kinetic evaluation will provide additional information
for the latent remediation approach and eventual upscale and implementation.
Furthermore oxidative treatments can be enhanced with catalysis utilisation which
should be considered, especially heterogeneous catalysis which can be recycled.
Peracetic acid is also and expensive option and can lead to loss of xylose in solution.
Therefore the use of peracetic acid for pretreatment, generated over a heterogeneous
catalyst may also be considered.
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Appendices

A1.

Power calibration

The power calibrations of the 40 kHz reactor (Meinhardt), the multi-frequency reactor
(Meinhardt) and the microwave-ultrasound reactor (XiangHu) were completed
according to a standard calibration method1. The calibration of the Meinhardt reactors
involved a thermostat (Extech, type K) connected to a digital recorder and the
temperature was recorded at 5 s intervals. For calibration of the XiangHu microwaveultrasound reactor (XH 300A) the temperature increase over time was measured by an
internal thermostat which was part of the reactor. The slope, ΔT/ Δt of the temperature
versus time graph was taken after the reactor had reached steady state, determined
visually on the graph. For the Meinhardt reactor this was between 900 and 1500 s, and
for the XiangHu reactor this was between 30 and 300 s. The rate of temperature increase
was then used to calculate power using the following equation:

Where m represents the mass of water, calculated using a density of water of 0.997 g
ml-1, C was the specific heat capacity of water, using the value of 4.1813 J g-1 K-1, ΔT
denotes the change in temperature, Δt denotes the change in time and V represents the
volume of the solution during calorimetric measurements. Each power measurement
was completed at least three times, and the average and standard deviation were
recorded. A typical power versus time graph is shown in Figure A1. The power settings
were calculated via this method and are displayed in Table A1.
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Figure A1

An example of a time versus temperature curve used for the calibration of the
XianHu reactor. The input power setting was 1500 W.

Table A1

Ultrasonic powers at each setting in the Meinhardt reactors and the Xian Hu
reactor.

Reactor and frequency
Meinhardt 40 kHz
Meinhardt multi-frequency:
376 kHz
995 kHz
1179 kHz
XianHu reactor
40 kHz

Setting
A
B

Ultrasonic Power (W L-1)
72 ± 1
92 ± 1

A
B
A
B
A
B

58 ± 1
76 ± 4
52 ± 1
72 ± 7
50 ± 4
75 ± 7

Input of 1500 W

74.8 ± 0.1

Reference
1.
Koda, S.; Kimura, T.; Kondo, T.; Mitome, H., A standard method to calibrate
sonochemical efficiency of an individual reaction system. Ultrason. Sonochem. 2003,
10 (3), 149-156.
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A2

Re-interpretation of a past paper with respect to fluid flow

This is a brief note on the paper ‘Degradation of pentachlorophenol aqueous
solutions using a continuous ﬂow ultrasonic reactor: experimental performance and
modelling’1 which was bought to my attention by Prof Gondrexon in conversation.
The paper reported that the rate of degradation of pentachlorophenol (PCP) increased
with an increase in residence time (decrease in flow rate). The idea was to extend this
finding with respect to sonochemical activity. For simplicity here, only the first stage of
the three-stage sonochemical reactor will be discussed. The measurement of the reactor
efficiency was given by the rate (X) of degradation by the following equation;

Where c0 is the initial concentration of PCP (10-4 mol L-1) and c1 is the concentration
of PCP after passing through the reactor. The ‘X’ value is a measurement of the amount
of PCP destroyed compared to the PCP put in, which was for the evaluation of the
reactor performance in regards to the degradation of PCP. However this does not
necessarily relate to sonochemical activity over a certain time period. Sonochemical
activity was related to the radicals produced by the ultrasonic reactor under given
conditions, and to compare different conditions a constant time period was considered.
Therefore the given X values from the manuscript were converted into degradation
yields (Y) by the following equations:

Where Q is the flow rate through the reactor, and t is a given time period, and a time
period of 30 min was used. A resultant plot of sonochemical degradation versus flow
rate was produced and is shown in Figure A2. Peaks and troughs in sonochemical
activity were seen at different flow rates, supporting the theory of optimal flow rates
(for sonochemical activity) in reactors of different geometries and conditions.
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Figure A2

The degradation of pentachlorophenol as a function of flow rate in stage 1 of the
reactor at different volumes.

Reference
1.
Gondrexon, N.; Renaudin, V.; Petrier, C.; Boldo, P.; Bernis, A.; Gonthier, Y.,
Degradation of pentachlorophenol aqueous solutions using a continuous flow ultrasonic
reactor: Experimental performance and modelling. Ultrason. Sonochem. 1999, 5, 125131.
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