ABSTRACT

WANG, MENG. Ultrasound Induced Microalgal Cell Disruption: Experimental and
Computational Research. (Under the direction of Dr. Wengiao Yuan).

Microalgae are a very promising biofuel feedstock that can potentially address the challenges
of energy security, global warming, and environmental protection due to their fast growth
rates, high lipid contents, and CO- biofixation capabilities. However, most microalgal cells
are difficult to disrupt owing to their strong cell-wall structures. This research was focused
on the use of ultrasound techniques to enable high-efficiency algal cell disruption for lipid
extraction. The experiment investigations were conducted on the effects of ultrasound
devices with different operating parameters on microalgal cell disruption and lipid extraction
represented by the change of algal cell debris concentration, chlorophyll a fluorescence
density (CAFD), Nile red stained lipid fluorescence density (NRSLFD) or cell sizes. Two
algal species including Scenedesmus dimorphus and Nannochloropsis oculata were
evaluated. The first objective was to understand the effect of operating parameters, including
ultrasound amplitude, spraying pressure, nozzle orifice diameter, and initial cell
concentration on microalgal cell disruption and lipid extraction in an ultrasonic nozzle
spraying system (UNSS, 20 kHz). Optimal cell disruption was achieved at higher ultrasound
amplitude, and moderate spraying pressure or nozzle orifice diameter depending on the algal
strains and specific settings. Increasing initial algal cell concentration significantly reduced
cell disruption efficiency. The second objective was to understand the effect of operating
conditions of a continuous high-power ultrasonic flow system (UFS) on cell disruption of
two algal strains. Increasing ultrasound intensity improved cell disruption efficiency of test
algal strains owing to more severe cell disruption or de-clumping. Increasing sonication-

processing time increased cell disruption. Cell recirculation was also found beneficial to cell



disruption probably due to more uniform distribution of acoustic energy. The third objective
was to evaluate the effectiveness of high-frequency focused ultrasound (HFFU, 3.2-MHz, 40-
W) in microalgal cell disruption, when compared with a 100-W, low-frequency (20 kHz)
non-focused ultrasound (LFNFU). It was found that HFFU was more effective and energy
efficient in the disruption of microalgal cells than LFNFU. The combination of high and low
frequency treatments was even more effective than single frequency treatment at the same

processing time.

The fundamental bubble dynamics referred to as the overall cavitational activity and its
distribution in the 3D scale (X, y, z) was developed and implemented to understand the
mechanism of algal cell disruption in a sonochemical reactor. The modeling results were
used to correlate with algal cell disruption, and the ultrasonic operating parameters were
optimized. The fourth objective was to predict acoustic cavitation induced microalgal cell
disruption by simulating the dynamics of bubble oscillation in an acoustical field and the
radical Kkinetics occurring in the bubble during its oscillation, as well as calculating the
pressure pulse of the bubble collapse. Cumulative collapse pressure of bubbles (CCP, number
of bubbles multiplied by the collapse pressure of a single bubble) was found to strongly
correlate with algal cell disruption. The fifth objective was to predict microalgal cell
disruption in a sonochemical reactor by simulating and correlating with pressure field
distribution. The simulated local ultrasound pressure at any given location (X, y, z) by solving
the Helmholtz equation using a three-dimensional acoustic module in the COMSOL
Multiphysics software was found to correlate with cell disruption of a freshwater alga,

Scenedesmus dimorphus. The sixth objective was to optimize the operating parameters of



ultrasound for inducing cell disruption and lipid recovery of a marine alga Nannochloropsis
oculata. Based on response-surface-methodology experiments, the predicted maximum Nile
red stained lipid fluorescence density per cell was 1.25x10, which was in close agreement
with the measured NRSLFD of 1.15x10™ at sonication duration of 3.42 min, power input of

364 W, and cell concentration of 1.20x10" cells/ml.
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Chapter 1 Introduction

1.1 The importance of algal biofuels

The Energy Independence and Security Act mandates that the U.S. produce at least 21 billion
gallons of advanced biofuels by 2022 (EISA, 2007). If biodiesel were the sole biofuel used to
meet this requirement, an unsustainably large cropping area would be needed when using any
bio-based sources other than algae (Table 1.1). This scenario can be changed, however, if
algae are used to produce biodiesel. Given the demonstrated algae oil yield in
photobioreactors (Chisti, 2007), less than 1% of the total existing U.S. cropping area, or three
million acres, is needed to grow algae to achieve the 21 billion-gallon-goal. Unlike other oil
crops, algae can be grown in controlled open environments, and, therefore, will not compete
for arable lands currently used for human food and animal feed production. Algae can also
grow in brackish water, so competition for valuable fresh water can be reduced. Along with
their CO2 biofixation potential (Benemann, 1993; 1997), algae have been regarded as the
most promising source of biodiesel (Chisti, 2007) and other renewable energy (Donohue and

Cogdell, 2006; Schenk et al., 2008; Rodolfi et al., 2009).



Table 1.1 Comparison of biodiesel sources

Cropping area needed

Cropping area needed to produce L.
pping P versus total existing U.S.

Oil productivity per year

Source 21 billion gallons of biodiesel .
(gallons/acre) - cropping area
(million acres) N
(%)
Soybeans 48 438 98
Canola 127 166 37
Oil palm 635 33 7
Algae 6,276 3 1

1.2 Lipid compositions of microalgae

As with carbohydrates, lipids serve both as energy reserves and structural components of the
cell (Williams and Laurens, 2010). Usually algal lipids can be categorized as: polar and non-
polar (Fig. 1.1). The non-polar lipids (neutral) are important energy reserves, which are of
great interest as a source of biologically-produced fuel substitute (Guckert et al., 1988;
Williams and Laurens, 2010). The polar lipids including phospholipids and glycolipids
mainly constructed for membranes, for example, the glycolipids are found in the chloroplast
membranes, and more polar phospholipids and glycolipids in the plasma membranes, where
the hydrophilic polar phosphate or sugar moieties and the level of saturation of the fatty acyl
chains maintain the fluidity of the membranes under different conditions (Guckert et al.,

1988; Williams and Laurens, 2010).



Hydrocarbons = | Long-chain terpenoids ‘
| Wax esters containing fatty
. ) Metabolites of long-chain
< > |_such as omega fatty acids
Saturated fatty acids,
[ m— Unsaturated fatty acids,
Polyunsaturated fatty acids
Microalgal Acylglycerols — | Monoacyl, diacyl, ‘
lipids — triacylglycerols

— Phosphoglycerides
Phospholipids — Phosphatidic acid

Polar — ethanolamine

Glycolipids — | Glycosyl acylglycerols ‘

Figure 1.1 Different classes of microalgal lipids (adopted from Kumar et al. (2015))

Non-Polar
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1.3 The importance and current status of algal cell disruption and lipid

extraction

Five steps are involved in algae biodiesel manufacturing: algae culture, harvesting, drying,
oil extraction, and biofuel conversion (Fig. 1.2). Drying and oil extraction combined accounts
for 26% of the total biofuel cost and are very challenging. Algae production and harvesting
have been extensively studied since 1990s. Tremendous improvements were achieved in
algae open-pond production and biomass harvesting technologies under the support from
DOE through the Aquatic Species Program (Sheehan et al., 1998). However, lipid extraction,
which significantly affects algae lipid yield and quality, has been left far behind. Due to their
strong cell-wall structures, most microalgal cells are difficult to disrupt. Different from other

terrestrial oil crops, the extracellular coverings of algae vary significantly, ranging from



multiple layers of elaborate scales to highly mineralized coats to complex cell walls
consisting of structural fibrils enmeshed in complex matrices (Domozych, 2011). These
strong cellular walls and membranes are resistant to disintegration, which makes lipid
extraction from microalgae difficult (Adam et al., 2012; Lam and Lee, 2012; Araujo et al.,

2013).

Several technologies have been investigated such as direct extraction, supercritical CO2,
sonication, French press, bead-beater and wet milling. These methods can be effective at the
lab scale but have not been viable at the commercial level for biofuel production (Nonomura,
1987; Rodriguez-Ruiz et al., 1998; Lee et al., 1998; Shen et al., 2009). Large equipment and
machines, such as bead mills, homogenizers, and expellers are available in the market, but
they are not developed to handle microalgal cells in an effective way. More recently,
ultrasonication as one of the algal cell disruption methods has received broad attention in the
literature (Hao et al., 2004; Wu et al., 2011). For example, there are numerous reports in the
literature that described the control of harmful algae blooms by ultrasound irradiation. It was
reported that ultrasound effectively decreased the growth rate of algae, inhibited cell division,
or caused immediate damage of photosynthetic systems of algae, as well as physically
breaking the cell wall/membrane (Suslick, 1988; Bosma et al., 2003; Hao et al., 2004;
Srisuksomwong, 2011; Wu et al., 2011). In addition, ultrasound was also used for harvesting
algae, bacteria and yeast (Hawkes et al., 1997; Bosma et al., 2003), as well as extraction of

carotenoids, chlorophyll (Macias-Sancheza et al., 2009; Wiyarno et al., 2011), and bioactive



compounds from plants (Rodrigues et al., 2008). Ultrasound disruption of algal cells to assist

oil extraction has also been investigated and proven effective (Wiyamo et al., 2010; Wiyamo

7

i Algal culture

et al., 2011; Adam et al, 2012; Araujo et al., 2013).

Cost distributions

™ Harvesting
M Drying
M Oil extraction

M Oil conversion

Figure 1.2 Algae biofuels: major inputs, steps, and cost distributions (photos adopted from

Hu and Sommerfeld, (2008))

1.4 Current state of knowledge of algae cell disruption methods

1.4.1 Current algae disruption methods

The disruption of the microalgae cell is one of the major unit operations employed in the
extraction of intracellular lipid. A useful classification of current cell disruption methods
which have been applied in microalgae is given in Fig. 1.3. The mechanisms or application of
these methods will be presented in the following parts. The advantages and limitations of

these methods are summarized in Table 1.2.
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Figure 1.3 Current algal cell disruption methods (adopted from Chisti and Moo-Young,

1986)

Table 1.2 Summary of advantages and limitations of algal cell disruption (adopted from

Show et al., 2015)

Methods

Advantages

Limitations

High pressure
homogenization

Spray drying

Bead mill

Physical disruption

Chemical disruption

Enzymatic disruption

Efficient disruption, higher extraction
yields

Rapid and efficient

High-rate cell disruption; practical method
of largescale
mechanical cell disruption

Easy to use, no solvent involved

Relatively inexpensive solvents, results are
reproducible
Used in combination with other disruption
methods
for faster and higher yields of extractions

High energy requirement, expensive
large-scale operation

High operating cost and low
digestibility of
dried algae
Degree of disruption depends on
characteristics of bead;
requires a large amount of energy in
large-scale
No large-scale applications owing to
high cost
Residues of solvent in extracts, toxic
and expensive

Expensive




1.4.1.1 Mechanical methods

(1) Ultrasound

Ultrasound as a liquid-shear method has been widely applied in inactivation, disruption or
removal of various algal species. For example, Mahvi et al. (2005) found that short exposure
(150s) to ultrasound caused algae sedimentation and reduced the photosynthetic activity of
algae populations. In addition, it has also been reported that algal cells can be ultrasonically
disrupted to release lipids for biofuel production (Wiyarno, 2010; 2011; Wang et al., 2014).
Tang et al. (2003; 2004) examined the effect of ultrasonic waves on growth inhibition of
irradiated algal cells, Spirulina (Arthrospira) platensis, and concluded that the growth rate of
algal cells was reduced to 38.9% of the control from a 5-min treatment due to changes in the
functioning and integrity of cellular and subcellular structures. In a similar study using
ultrasound to repress the growth of Microcystis aeruginosa, Ahn et al. (2003) concluded that
ultrasound was the most effective in reducing the growth rate because of the disruption of gas

vesicles in cells and disturbance of the cell cycle and divisions.

Ultrasound has been reported to be one of the most effective, energy efficient, and time-
saving methods for algal cell disruption (Wang et al., 2014; Wang and Yuan, 2015).
However, most of the ultrasound energy absorbed into the cell suspensions ultimately is
converted to heat, and a good temperature control is necessary (Chisti and Moo-Young,
1986). Sonication may cause significant degradation of enzymes due to heat denaturation

because of insufficient cooling in close proximity of the sonication probe (Geciova et al.,



2002). The detailed mechanisms describing ultrasound disruption of algal cells will be
discussed in 2.2.

(2) High pressure homogenization

Disruption in a high-pressure homogenizer (HPH) is achieved by passing a cell suspension
under high pressure (usually up to 150 MPa but can be as high as 400 MPa with some
specialized models), through an orifice to collide against a valve seat. The cells are then
spread across the seat surface and collide on an impact ring (Geciova et al., 2002; Lee et al.,
2012). A range of mechanisms have been proposed for disruption which occurs in HPH,
including: impingement of cells on the hard surfaces of the valve seat and impact ring (Kelly
and Muske, 2004); turbulence (Engler and Robinson, 1981); viscous and high pressure shear
(Miller et al., 2002); the sudden decrease in pressure and the subsequent release of gas
bubbles which burst inside the cells (Clarke et al., 2010); and the collapse of cavitation

bubbles due to decreased flow velocities (Save et al., 1994).

Extensive research has been done on the application of HPH for algal cell disruption. For
example, the susceptibility to rupture of the various microalgae species by high pressure
homogenization was compared by Spiden et al. (2013), who found that the pressure required
to achieve rupture of 50% of the cells per pass was 170, 1070, 1380, and ca. 2000 bar for
Tetraselmis sp., Chlorella sp., S. cerevisiae, and Nannochloropsis sp., respectively.
Similarly, HPH was shown by Samarasinghe et al. (2012) to be an effective technique to

rupture Nannochloris oculata cell walls. The most significant parameters were the pressure



differential across the nozzle and the number of passes through the homogenizer. HPH has
also been confirmed to be very effective to assist lipid extraction. Cho et al. (2012) reported
that after a marine microalgae Scenedesmus sp. was subjected to the conventional Folch
method of lipid extraction combined with high-pressure homogenization pretreatment
process at 1200 psi and 35°C. Algal lipid yield was about 24.9% through this process,
whereas only 19.8% lipid can be obtained by a conventional lipid extraction procedure

without pretreatment.

Mechanical cell disruption by high pressure homogenization is a particularly promising
technique for microalgae, as it is effective in aqueous environments (eliminating the need for
energy intensive drying) and can be scaled up to process large volumes (Spiden et al., 2013).
However, the disadvantage of the valve homogenizers when applied to extraction of heat
sensitive materials is the need for external cooling, more energy input is also required to
achieve the high temperature, because the operating pressure is directly proportional to the
power consumption.

(3) Spray-drying

Spray-drying is a unit operation by which a liquid product is atomized in a hot gas current to
instantaneously obtain a powder. The process of spray-drying includes the following three
steps (Gharsallaoui et al., 2007): 1) Atomization: it is carried out by pressure or centrifugal
energy. The goal of this stage is to create a maximum heat-transferring surface between the

dry air and the liquid in order to optimize heat and mass transfers. 2) Droplet - hot air
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contact: this contact takes place during atomization, which initiates the drying stage. 3)
Evaporation of droplet water: Just after the hot air - liquid contact, heat transfer principally
causes the increase of the droplets temperature up to a constant value, then the evaporation of

water droplets occurs.

Spray drying has been considered to be a preferred method of drying high value micro-algal
products based on its high efficiency, and it has been widely used in the food industry and
has produced satisfactory results in the drying of Dunaliella salina (Leach et al., 1998).
However, freeze drying is expensive, especially for large scale operation and probably
uneconomic for the production of micro-algal biofuels (Brennan and Owende 2010). Another
disadvantage is that spray drying can cause significant deterioration of micro-algal pigments
(Brennan and Owende 2010). Therefore, the current application of spray drying for algal cell
disruption for lipid extraction is very rarely used.

(4) Bead mill

A bead mill provides a simple, common and effective means for disrupting microalgae,
because of its direct mechanical damage to cells based on high-speed spinning with fine
beads (Prabakaran and Ravindran, 2011). It uses a jacketed grinding chamber with a rotating
shaft through its center, and the shaft imparts kinetic energy to small beads in the chamber,
forcing them to collide with each other. The bead diameter and bead loading in the grinding
chamber of the mill are considered to be the major factors for the efficiency of cell

disruption. It has been found that bead loading increases the degree of disruption due to
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increased bead-to-bead interaction, and more rapid disruption is generally achieved with
smaller beads, and the optimal diameters of the beads are 0.1 mm for bacteria and spores and
0.5 mm for yeast, mycelia, microalgae, and unicellular animal cells (Chisti and Moo-Young,
1986; Middelberg, 1995; Lee et al., 2012). The efficiency of disruption also depends on the
bead materials, usually the beads made of zirconia-silica, zirconium oxide or titanium carbide
are more desirable, presumably because of their greater hardness and density. After
treatment, the beads are separated by gravity and denser beads have the advantage of easier
separation from the agitated solution (Lee et al., 2012). Increasing the impeller tip speed
increases the disruption effect at the expense of increased power usage and heat generation
(Geciova, 2002). Similarly increasing the milling time (batch operation) or mean residence
time (continuous operation) would normally increase the level of disruption. However, for a
continuous operation, increasing the mean residence time by decreasing the flow rate can
sometimes lead to an overall reduction of the effectiveness as the degree of back-mixing
increases. To increase the effectiveness and to narrow the residence time distribution, two or
more mills in series can be used to increase the mean residence time instead of slowing the

flow rate (Kula and Shutte, 1987).

Currently, some research are focusing on the application of bead mill on algal cell disruption
to assist lipid extraction. For example, Shen et al. (2009) found that 20.5% lipid content from
S. dimorphus and 18.8% from C. protothecoides were achieved by using a bead-beater for

cell disruption. Lee et al. (2010) disrupted 100 mL suspensions (mass concentration 5 kg/m?®)
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of the microalgae Botryococcus, Chlorella and Scenedesmus, by bead mill and obtained the
recovered lipid content of around 30, 8, 9.5 (wt %), respectively, in addition, by which bead
mill was with an energy input of 840 W for 5 min, this energy consumption is equivalent to

504 MJ kg* of the dry mass.

Bead mills indeed provide a simple and effective means for disrupting microalgae, and it also
can be used in conjunction with solvents to recover oil, and are one of the most effective and
economical cell disruption methods, when cell concentrations are significant around 100 to
200 g/L and when extracted products are easily separated after disruption (Mercer and
Armenta, 2011). However, production of heat due to impacts and friction between the
grinding elements is a general problem in agitated mills, besides, the addition of beads which
may need to be removed later in the process also increase processing cost significantly
(Gerde et al., 2012).

1.4.1.2 Non-mechanical methods

(1) Physical disruption

Currently, only a few physical methods with potential application for algal cell disruption are
proposed, including freezing-press, osmotic shock, thermolysis etc. Freeze-pressing of
microbial cell suspensions can be used to disrupt algal cells, through forcing a frozen paste of
cells through a narrow slit or orifice in the Hughes press, either in the presence of an abrasive
at temperatures just below zero or without the abrasive at temperatures of about -25°C (Chisti

and Moo-Young, 1986; Show et al., 2015). Due to the small volume that the freeze-pressing
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equipment can treat, combined with its high energy input, the industrial freeze-pressing
application in an economic way is very difficult to be achieved. In the case of osmotic shock,
which refers to the sudden reduction of osmotic pressure across the algal cell membrane. The
stress from the rapid change in movement created by the addition of high concentrations of a
solute or other additive (e.g., salt, substrates, neutral polymers, such as, polyethylene glycol,
dextran) causes the cells to rupture, releasing the intracellular components (Show et al.,
2015). For example, after 10% NaCl solution mixed with algae solutions in a vortex for 1
min and maintained for 48 h, 6.8-10.9 g/L of lipid contents from Botryococcus sp., Chlorella
vulgaris, and Scenedesmus sp. was obtained (Lee et al., 2010). The thermolysis involves heat
treatment of the microorganism cells to break the outer membrane and release intracellular
desired compounds. For example, microwaves (of frequencies about 2.5 GHz) disrupts a cell
by placing it in a rapidly oscillating electric field, heat generated by the frictional forces from
the inter- and intra- molecular movements causes the water vapour to disrupt the cells
(Rosenberg and Bogl, 1987). Autoclave also has been used to disrupt microalgae cells such
as Chlorella vulgaris, and Scenedesmus sp. at 121 °C for 30 min (Lee et al., 2010). However,
an autoclave has been found to have a lower disruption effectiveness than microwaves
because water absorbs microwave energy and promotes the disruption by internal
superheating within the cells; whereas during autoclaving, the heat can only be diffused from
the surroundings through the cell membrane to the interior of the cells, the cell membrane
resists heat transport (Lee et al., 2012). Further, a hot water bath can be directly used to

disrupt algal cells. For example, after Nannochloropsis oculata cells were treated by
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thermolysis, which was induced by heating the vessels using a hot water bath to a
temperature of 90 °C for 20 min, the cell disruption rate of 87.72 £ 1.82% was achieved
(McMillan et al., 2013). However, because of the low efficiency, high energy consumption
and production of a large amount of undesirable debris, the physical disruption methods are
less-efficient for algal cell disruption.

(2) Chemical disruption

Chemical methods rely on the disruptive interaction between the chemicals and components
of the algal cell wall or membrane. A variety of chemicals like antibiotics, chelating agents,
chaotropes, detergents, solvents, or by hydroxides and hypochlorites have been utilized for
cell lysis (Chisti and Moo-Young, 1986; Geciova et al., 2002). However, the huge drawback
that chemical treatments brings is the ‘‘contamination’’ of the cell suspension by the active
compound (often non-food grade), which results in higher degree of complexity of the
downstream process operations, besides, some kinds of chemicals are quite expensive, so
large-scale use may not be possible.

(3) Enzymatic disruption

An alternative, relatively safe and environmentally conscientious method is using enzymes to
break algal cell wall to release cell contents. It has the potential to partially or fully disrupt
cells with minimal damage to the inside products. It is reported that enzymatic treatment with
a mixture of 0.1% protease K and 0.5% driselase in a phosphate buffer can disrupt encysted
cells of Haematococcus pluvialis to recover astaxanthin (Mendes-Pinto et al., 2001).

Enzymatic hydrolysis of algal cell wall with immobilized cellulase has been suggested with
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the goal of weakening the cell wall to assist lipid extraction. Studies have shown high lipid
extraction efficiencies, as much as 84% (Fu et al., 2010). However, the sophisticated
procedures and high cost of enzymes makes enzymatic cell disruption yet impractical in
indusial scale (Samarasinghe et al., 2012). Another big challenge with enzymes application is
that in order to design an effective enzymatic procedure for hydrolyzing algal cells, it is
necessary to firstly determine the composition of the algal cells. However, unfortunately
different from other terrestrial oil crops, the extracellular coverings of algae vary
significantly, ranging from multiple layers of elaborate scales to highly mineralized coats to
complex cell walls consisting of structural fibrils enmeshed in complex matrices, might be

very difficult to identify (Domozych, 2011).

Based on careful analysis of literatures, mechanical cell disruption is applied in most cases as
it offers an approach that avoids further chemical contamination of the algal preparation as
well as preserves most of the integrity of the compounds within the cell. Both solid shear
(e.g. bead mill) and liquid shear (e.g. high pressure homogenizer, ultrasonics) based methods
of cell disruption have been applied broadly. In comparison, ultrasound has the advantage of
being able to disrupt cells without the addition, consumption, or separation of beads when
compared to bead milling (Middelberg, 1995). In addition, ultrasound is able to disrupt cells
with less energy loss compared with high-shear force methods, in which the power
consumption is directly proportional to operating pressure or flow velocity (Chisti and Moo-

Young, 1986). Ultrasonic devices can be scaled-up and operated continuously, while some
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high-pressure methods like the Hughes press or French press are applicable for use at
laboratory scale only (Geciova et al., 2002; Gerde et al., 2012). Thus, ultrasound has been
demonstrated to be effective in disrupting algal cells, which will be discussed in the
following part.

1.4.2 The application of ultrasound in algal cell disruption: a review

1.4.2.1 Introduction

Ultrasound, in its most basic definition, refers to acoustic waves of which frequencies are
higher than the upper limit of the human hearing range, usually from 20 kHz to 10 MHz
(Piyasena et al., 2003; Legay et al., 2011). Ultrasound transmission in medium refers to the
formation, growth, oscillations, and powerful collapse of gas bubbles or cavities occurring in
extremely small intervals of time (milliseconds) releasing large magnitudes of energy over a
very small location (Gogate, 2002a). In liquids, sound waves induces molecular motion
through a series of compression and rarefaction cycles (Fig. 1.4). During the rarefaction
cycle, the average distance between the molecules exceeds the molecular distance required to
hold the liquid intact, the gas bubbles or cavities containing small quantities of solvent
vapour are created. In the succeeding compression wave, the bubbles grow in size through
subsequent cycles by a process known as rectified diffusion. After a number of compression
and rarefaction cycles, the bubbles attain a critical size in which sonic energy is unstable to
keep the vapor inside, eventually they become unstable and undergo violent collapse
releasing a large amount of energy which produces spectacular effects (Miller et al., 1996;

Gogate et al., 2001). The use of ultrasound induced acoustic cavitation as a source of energy
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has been reported to generate both physical and chemical effects, which are responsible for
disrupting algal cell walls effectively. For example, the physical effect involves intense shock
waves and shear forces produced by the bubble collapse. It is known to break down algal cell
walls and membranes, wash out cell contents, reduce the particle size of algae cells to
accelerate the extraction kinetics and to enhance the extraction yield of intracellular lipid (Ma
et al., 2005; Adam et al., 2012; Wu et al., 2012). In contrast, the chemical effect is arising
from the formation of highly reactive radicals such as H» and *OH from the decomposition of
water vapour within the collapsing cavities (Joyce et al., 2003), because each cavitation
bubble collapse results in extreme conditions involving high temperatures (>5000 K) and
high pressures (several thousand atmospheres), this combination is easily capable of
fragmenting water into radicals. Redox reactions initiated by these radicals have been found
to weaken the components of microbial cell walls such as glycoproteins and polysaccharides

to the point of disintegration (Joyce et al., 2003; Wu et al., 2012; Karki, 2009).

compression compression compression
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forms grows unstable size violent collapse

Figure 1.4 Motions of bubbles during cavitation (adopted from Cobley and Mason,

2010)
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More recently, ultrasound has been demonstrated to be effective in disrupting various
microorganisms. For example, there are numerous reports in the literature that described the
control of harmful algae blooms by ultrasound irradiation. It was reported that ultrasound
effectively decreased the growth rate of algae, inhibited cell division, or caused immediate
damage of photosynthetic system of algae, as well as physically breaking the cell
wall/membrane (Suslick, 1988; Bosma et al., 2003; Hao et al., 2004; Srisuksomwong, 2011,
Wu et al., 2011). In addition, ultrasound was also used for harvesting algae, bacteria and
yeast (Hawkes et al., 1997; Bosma et al., 2003), as well as extraction of carotenoids,
chlorophyll (Macias-Sancheza et al., 2009; Wiyarno et al., 2011), and bioactive compounds
from plants (Rodrigues et al., 2008). Ultrasound disruption of algal cells to assist oil
extraction has also been investigated and proven effective (Wiyamo et al., 2010; 2011; Adam
et al, 2012; Araujo et al., 2013). It has been found that the efficiency of ultrasound induced
algal cell disruption depends on the operating parameters of sonochemical reactors and the
liquid properties, which is reviewed in below.

1.4.2.2 Analysis of the parameters

(1) Effect of equipment properties

i.  Frequency of ultrasound
High frequencies of ultrasound is believed to be beneficial for cavitational effects, and for
algal cell disruption or removal, which can be explained by the fact that lower cavity sizes at

higher frequencies require fewer acoustic cycles to reach the requisite resonant size, and in
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which the collapse of the cavity is very rapid therefore leading to an increase in the
magnitude of the collapse pressure (Gogate et al., 2002a; 2002b; 2003). The high frequencies
resulting in beneficial effect on algal removal or cell disruption has been demonstrated by
many researchers. For example, Zhang et al. (2006) found that high ultrasound frequency
benefited the removal of Microcystis aeruginosa, at the highest frequency of 1320 kHz (80
W), the algae removal rate constant was 0.114 min*t at 1320 kHz whereas only 0.0224 min™
at low frequency 20 kHz. Similar result was obtained by Hao et al. (2004), who reported that
the inhibition effectiveness on the cyanobacteria Spirulina platensis from blooms at a high
frequency of 1.7MHz was found to be much greater than at a low frequency of 20 kHz.
Wang et al. (2014) also found that high frequency focused ultrasound and a combination of
high and low frequency ultrasounds were effective in microalgal cell disruption. In addition,
another reason that explains higher ultrasonic frequencies being more effective is its
proximity to the resonance frequency of the gas vesicles/vacuoles in algae, making them
more likely to undergo acoustic cavitation and collapse (Tang et al., 2004; Hao et al., 2004;
Zhang et al., 2006; Rajasekhar et al., 2012). However, it must be kept in mind that the
frequency of ultrasound cannot be increased infinitely. Because at extremely high
frequencies, the threshold intensity or power to attain cavitation also increases, thus at the
same operating intensity of ultrasound, the number of cavitation events will be lower
therefore reducing the cumulative effect of cavitation (Gogate et al., 2003). This is in
accordance with what Purcell (2009) concluded, after sonication of filamentous algal species

at different frequencies (20, 582, 862 kHz and 1.144 MHz). The filamentous cyanobacterium



20

Aphanizomenon flos-aquae was best inhibited at higher frequencies, whereas the filamentous
diatom Melosira sp. was best inhibited at lower frequencies. This might be explained by their
differences in the cellular characteristics, as the former contains gas vacuoles and has a
flexible cell wall leading to pronounced sonication effects at higher frequencies and
significantly disruption of the filament structure. Melosira sp. has a comparatively more rigid
exoskeleton (composed of silica) and lower frequencies produce intense cavitation effects to
disrupt its cell wall/frustule. Similar results were obtained by Joyce et al. (2010), who
investigated the effect of ultrasound on suspensions of Microcystis aeruginosa at different
frequencies, the order of efficiency for algae reduction is 20 < 1146 < 864 < 580 kHz.
However, although the concept of optimum frequency of ultrasound is well established, there
is still no formal guidelines to follow for setting up frequency.
ii.  Intensity of ultrasound

Ultrasonic intensity is the power dissipated per unit of surface area of the sonotrode and is
defined in W/cm?. Usually the range of ultrasound used for algae cell disruption/removal in
sonochemical reactors is 1-300 W/cm?. Typically the increased power dissipated into the
system generates seizes to the ultrasonic activity, in other words, the cavitational yield
increases initially but at a particular limit of power dissipation beyond which the yield
decreases (Gogate et al., 2003). It is because as the intensity of ultrasound increases, the ratio
of maximum radius to initial radius increases, which results in more cavitationally active
volume, hence enhanced cavitational effects (Sutkar and Gogate, 2009). Conversely, with an

increase in the intensity of the ultrasound, the bubble wall pressure at the collapse point of
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the cavity decreases, because the lifetime of the cavity is also observed to increase during
which the energy associated with the bubble may be taken up by the compressible liquid
medium (Gogate et al., 2003). It also cannot be ignored that the fact that higher power input
requires more energy and is not always desirable. Recently, more studies have focused on
optimizing power input for algal cell disruption. For example, Saez et al. (2005) have
performed experiments in a sonochemical reactor (of diameter 68mm, height of 84mm with
frequency of 20 kHz and maximum power rating of 100W) to investigate the effects of
intensity of irradiation over the range of 0-8W/cm? on the sonochemical yield. Results show
that as intensity increases, the yield of reaction increases up to a threshold value and then
decreases. However, for ultrasound-assisted extraction of lipids from fresh Nannochloropsis
oculata microalgae cells, ultrasonic power of 300, 450, 650, 850, 1000 W, was used to
estimate the optimum conditions for oil extraction through response surface methodology
(RSM), and the maximum oil recovery was achieved at power 1000 W (Adam et al., 2012).
Thus, the effect of ultrasonic intensity on algal cell disruption is more complex, it depends on
the applied sonochemical reactors, the corresponding operating parameters, as well as the
type of cell treated.

(2) Effect of liquid phase properties

The optimum liquid phase conditions for achieving maximum benefits from ultrasound have
been given in Table 2.2. The simple explanations for the effects of all these parameters are as

follows:
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For vapor pressure, with an increase in the vapor pressure of the liquid, the vapor content of
the cavity increases thereby lowering the energy that the cavity releases during the collapse.
However, there is also a corresponding increase in cavities number owing to lowering of the
cavitation threshold, thus there might exist an optimum vapor pressure (Gogate et al., 2003;

Karki, 2009).

For viscosity, more viscous liquids were believed to cause severe attenuation of the sound
intensity and substantially reduced active cavitation zone (Gogate et al., 2003). Therefore, the
culture medium with less algal cells (less than 1.20x107 cells/mL based on Chapter 7) is

desirable for disruption and lipid recovery during ultrasound treatment.

For bulk liquid temperature, generally a low bulk liquid temperature is recommended for
sonochemical reactions. Though an increase in liquid temperature can increase the number of
cavitation bubbles at a low acoustic intensity, because an increase in temperature results in
the decrease of the cavitation threshold. However, the higher number of bubbles would act as
the barrier to sound transmission, and might lead to the decreased acoustic effects. In
addition, the high temperature corresponding with the increase in the vapor pressure of the
liquid can increase the vapor content of the bubble, thereby lowering the energy released

during the collapse (Gogate et al., 2003; Karki, 2009).
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The effect of above mentioned factors on cavitation is somewhat complex and optimization
will have to be done depending on the specific application and reaction conditions. Besides,
the other liquid properties such as surface tension, gas and particulate matter may also
influence the cavitation effect, but is not yet conclusively established.

Table 1.3 Optimum liquid phase conditions for cavitation (adopted from Gogate et al., 2003)

No. Property Affects Favorable conditions
Intensity of irradiation (range: 1- Number of cavities, collapse U.SG power dissipation till an
1 ) h - optimum value and over a wider
300 W/cm?) pressure of single cavity e
area of irradiation
Frequency of irradiation (range: 20- Collap_se time of the cavity as Use enhanced frequencies till an
2 well as final pressure/temperature ;
200 kHz) pulse optimum value
Liquid vapor pressure (range: 40- CaV|taft|0r_1 threshold, intensity of  Optimum value exists, generally
3 100 mm of Hg at 30 °C) cavitation, rate of chemical low vapor pressures are
reaction preferable
4 Viscosity (range: 1-6 cP) Transient threshold Low viscosity
. a0, Intensity of collapse, rate of the . .
5 Bulk liquid temperature (range: 30 reaction, threshold/nucleation, Optimum value exists, generally

70 °C) low temperatures are preferable

almost all physical properties

(3) Sonochemical reactors

Currently, the common reactor designs used for generating acoustic cavitation have been
characterized as ultrasonic horns, bath and flow cells. An ultrasonic horn is usually operated
at a fixed frequency, and the rated power is dissipated through a specific horn area. It can be
operated in continuous mode. However, this results in heating of the horn, therefore, cooling
is required during or after operation. The ultrasonic bath also operates at a fixed frequency
with a rated output power, and the transducers are attached at the bottom of the reactor to
provide acoustic energy, usually batch mode is operated at the ultrasonic bath. The flow cell

consists of several sets of transducers mounted on a big vessel, the transducers might operate
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at the same frequency or different ones with specific power rating per set, it can be operated

in a batch or continuous mode (Gogate et al., 2001; Csoka et al., 2011).

1.5 Research objectives

The goal of this research was to improve ultrasound techniques to enable high-efficiency
algal cell disruption for lipid extraction. Specific objectives and approaches are as follows:
(1) to understand the effect of operating parameters, including ultrasound amplitude,
spraying pressure, nozzle orifice diameter, and initial cell concentration on microalgal cell
disruption and lipid extraction in an ultrasonic nozzle spraying system (UNSS);

(2) to understand the effect of operating conditions of a continuous high-power ultrasonic
flow system (UFS) on cell disruption of two algal strains;

(3) to evaluate the effectiveness of high-frequency focused ultrasound (HFFU) in microalgal
cell disruption;

(4) to predict acoustic cavitation induced microalgal cell disruption by simulating the
dynamics of bubble oscillation in an acoustical field and the radical kinetics occurring in the
bubble during its oscillation, as well as calculating the pressure pulse of the bubble collapse;
(5) to predict microalgal cell disruption in a sonochemical reactor by simulating and
correlating with pressure field distribution;

(6) to optimize the operating parameters of ultrasound for inducing cell disruption and lipid

recovery of a marine alga.
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Chapter 2 Microalgal cell disruption via ultrasonic nozzle

spraying
A paper published in Applied biochemistry and biotechnology, cited as “M Wang, W
Yuan. 2014. Microalgal Cell Disruption via Ultrasonic Nozzle Spraying. Applied

biochemistry and biotechnology, 175, 1111-1122.”

Abstract The objective of this study was to understand the effect of operating parameters,
including ultrasound amplitude, spraying pressure, nozzle orifice diameter, and initial cell
concentration on microalgal cell disruption and lipid extraction in an ultrasonic nozzle
spraying system (UNSS). Two algal species including Scenedesmus dimorphus and
Nannochloropsis oculata were evaluated. Experimental results demonstrated that the UNSS
was effective in the disruption of microalgal cells indicated by significant changes in cell
debris concentration and Nile red-stained lipid fluorescence density between all treatments
and the control. It was found that increasing ultrasound amplitude generally enhanced cell
disruption and lipid recovery although excessive input energy was not necessary for best
results. The effect of spraying pressure and nozzle orifice diameter on cell disruption and
lipid recovery was believed to be dependent on the competition between ultrasound-induced
cavitation and spraying-generated shear forces. Optimal cell disruption was not always
achieved at the highest spraying pressure or biggest nozzle orifice diameter; instead, they

appeared at moderate levels depending on the algal strain and specific settings. Increasing
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initial algal cell concentration significantly reduced cell disruption efficiency. In all UNSS
treatments, the effectiveness of cell disruption and lipid recovery was found to be dependent
on the algal species treated.

Keywords Microalgae; Ultrasound; Nozzle spraying; Cell disruption; Lipid extraction

2.1 Introduction

Microalgae have been considered one of the most promising biofuel feedstocks that can
potentially address the challenges of energy security, global warming, and environmental
protection [1, 2]. There are at least four main stages in algal biofuel production, including
algae cultivation, harvesting, lipid extraction, and biofuel conversion. Algae cultivation and
harvesting have been extensively studied in the USA since the 1990s [3]. Tremendous
improvements were achieved in algae open pond production and biomass harvesting
technologies under the support from the US Department of Energy through the Aquatic
Species Program. However, oil extraction, which significantly affects algae oil yield and
quality, has been left far behind. Due to their strong cell wall structures, most microalgal
cells are difficult to break for cell content release. Several technologies have been
investigated such as direct extraction, supercritical CO2, French press, bead beater, and wet
milling [4-7]. These methods can be effective at the lab scale but have not been viable at the
commercial level for biofuel production. Large equipment and machines, such as bead mills,
homogenizers, and expellers, are available in the market, but they are not developed to

handle microalgal cells in an effective way.
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Ultrasonication as one of the algal cell disruption methods has also received attention for
inactivation, disruption, or removal of various algal species. For example, Mahvi et al. [8]
found that short exposure (150 s) to ultrasound caused algae sedimentation and reduced the
photosynthetic activity of algae populations. Tang et al. [9, 10] examined the effect of
ultrasonic waves on growth inhibition of irradiated algal cells, Spirulina (Arthrospira)
platensis, and concluded that the growth rate of algal cells was reduced to 38.9 % of the
control after 5-min treatment due to changes in the functioning and integrity of cellular and
subcellular structures. In a similar study using ultrasound to repress the growth of
Microcystis aeruginosa, Ahn et al. [11] concluded that ultrasound was the most effective in
reducing the growth rate because of the disruption of gas vesicles in cells and disturbance of
the cell cycle and divisions. In addition, it has also been reported that algal cells can be

ultrasonically disrupted to release lipids for biofuel production [12-14].

In addition to ultrasonic treatment, liquid spraying is another method that can be potentially
effective in algal cell disruption. Liquid spraying is a process of crucial importance in
improving the performance of internal combustion engines and rocket engines [15, 16]. A
spray is defined as a flow of individual liquid droplets evolving in a surrounding gaseous
medium. The spray results in deformation and breakup of large drops into smaller liquid
fragments/droplets [16—18]. The fine droplets are produced by strong shear forces when a

longitudinal oscillation imposing on a liquid stream causes periodic surface instabilities. The
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wave and surface friction result in strong shear tensions to break up the liquid into a chain of
uniform droplets [19]. However, to the best knowledge of the authors, combining ultrasound
treatment and liquid spraying for algal cell disruption has never been investigated elsewhere.

In this study, for the first time, an ultrasonic nozzle spraying system (UNSS) was applied to
disrupt microalgal cells for lipid extraction. The system achieves atomization of a pressurized
liquid by applying ultrasonic energy to a specific volume of liquid contained in a capillary
chamber immediately before it is passed through an orifice. The nozzle is not ultrasonically
excited; instead, the liquid is ultrasonically pumped by the tip of the horn moving with a
piston-like (linear) motion relative to the inner face of the fixed nozzle orifice (capillary
zone). This generates a very high but instantaneous pressure in the nozzle which provides
very high particle velocities at the nozzle exit for cell disruption. The objective of this study
was to understand the effect of UNSS operating parameters on algal cell disruption and lipid
recovery. Ultrasound amplitude, nozzle orifice diameter, spraying pressure, and initial

microalgal cell concentration were individually evaluated.

2.2 Materials and Methods

2.2.1 Algae Sample Preparation

The freshwater microalga Scenedesmus dimorphus (UTEX 417) and a marine microalga
Nannochloropsis oculata (UTEX 2164) were obtained from the University of Texas at
Austin Culture Collection of Algae (Austin, TX). These two strains were selected because

they have been well studied and identified as promising candidates for lipid production [4,
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20]. Cultures were carried out in two 45-1 tubular airlift photobioreactors, each containing
approximately 38 1 of growth media at 25+1 °C. Light (100 to 120 umol photons/m?/s) was
provided by cool white fluorescent lamps with 12 h:12 h light and dark cycles. The medium
recipe of N. oculata was optimized from a previous study [4], containing 36 g/l instant ocean
sea salt supplemented with 0.54 g/l urea and 13.2 mg/l K2HPOas. S. dimorphus was grown in
the basal medium [21] containing the following chemicals: KNO3z (1250 mg/l), K:HPO4 (850
mg/l), KH2PO4 (400 mg/l), MgSO4-7H20 (1000 mg/l), EDTA (500 mg/l), HsBO3 (114.2
mg/l), CaCl2-2H20 (111 mg/l), FeSOs4-7H.0 (49.8 mg/l), ZnSO4-7H20 (88.2 mgl/l),
MnCl2-4H,0 (14.2 mg/l), CuSO4-5H20 (15.7 mg/l), and Co(NOz3)2-6H.O (4.9 mg/l). The
inorganic carbon source for algal photo-synthesis was from the CO.-enriched air. Algal
samples were collected during the stationary growth phase and diluted to three concentrations
of approximately 4.3x10° 8.5x10° and 1.7x107 cells/ml, corresponding to dry weight
concentrations of 0.80, 1.73, and 3.56 g/l (for S. dimorphus) and 0.55, 0.96, and 2.10 g/I (for
N. oculata), labeled C1, C2, and C3, respectively.

2.2.2 Experimental Setup

The UNSS setup is shown in Fig. 2.1a. The system consisted of one 3.8-1 algal supply tank,
an external piston pump (Hydra-Cell pump, model MO3SASGHFECA, Wanner Engineering
Inc, Minneapolis, MN, US), and the ultrasonic horn and nozzle set, a pressure control valve
and gauge, along with an ultrasound generator (Dukane 20 kHz Model 20A3005CE) and
wattmeter,(Dukane 20 kHz Model 48A365), all provided by Aurizon Ultrasonics (Kimberly,

Wisconsin,,US). The ultrasound generator generated the wave signal with frequencies from
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19,500 to 20,500 Hz at different voltage amplitudes with 1.5 gain booster. The wattmeter
measured and displayed the amount of power that the ultrasonic generator delivered to the
ultrasonic horn. The canister was used to receive the supply of pressurized algae solutions
and direct the flow of algae solutions to the nozzle zone. In the nozzle zone, a specific
arrangement (Fig. 2.1b) between the tip of the ultrasonic horn and the exit orifice allowed the

liquid to be ultrasonically pumped when the power to the generator was on.

A Aurizon Ultrasonic Nozzle Spray System B

Pump Canister UltraSonic

Horn \
N

Ny

‘ 8 7
Generator Y
Fluid |
Nozzle orifice set up Chamber : ‘Nozzle

Figure 2.1 The diagram of (A) the ultrasonic nozzle spraying system and (B) the spraying

UltraSonic Horn ‘
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Housing

PPPPP

.....
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Algae product discharge
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2.2.3 Experimental and Analytical Procedures
The processing parameters including initial cell concentration (C1, C2, C3), nozzle orifice
diameter (NOD) (0.010, 0.015, and 0.019 in.), spraying pressure (600, 750, and 900 psi), and

ultrasound amplitude (60, 73, and 87 % of full power at 1250 V, corresponding to 15, 20, and
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25 % dial settings on the control panel, respectively) were individually evaluated. The
experimental design is shown in Table 2.1. During the experiments, the algal sample flow
rate was measured by directly collecting the samples out of the nozzle orifice.

Table 2.1 The experimental design

Treat # 1 (control) 2 3 4 5 6 7 8 9 10
Cell concentration C2 C2 C2 C2 C2 C2 C2 C2 C1 C3
NOD (inch) original 0.015 0.015 0.015 0.015 0.015 0.010 0.019 0.015 0.015

Pressure (psi) algae culture | 750 750 750 600 900 750 750 750 750

Amplitude (%) No treatment | 60 73 87 73 73 73 73 73 73

After cells pass through a nozzle orifice, the shear force induced is a function of the relative

velocity between the cell and surrounding air, defined as [22]

T=HXZ—; 1)

where 1 is shear force (Pa), p is fluid dynamic viscosity (Pa s), V is the velocity of the fluid
along the chamber (m/s), and y is the distance to nozzle exit. Kelemen and Sharpe found that
the extent of cell disruption was strongly related to shear forces [23]. Since the surrounding
air was stationary and all other parameters were kept the same in this study, the shear force
was dependent only on liquid viscosity and cell flow velocity. In this study, liquid viscosity
was dependent on cell concentration and the cell flow velocity at nozzle exit is expressed
below:

V= 0.0062%Q (2)

nTXNOD?2

where Q is liquid flow rate (ml/s) and NOD is nozzle orifice diameter (inch).
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An increase or decrease in cell/particle number usually indicates a positive response of cell
disruption [14]. In this study, immediately after the UNSS treatment, a Millipore cell flow
cytometer (guava easyCyte, Billerica, MA) equipped with two class Il1b lasers operated at
488 and 640 nm in CWmode was used to measure the absolute number of algal cells. The
forward scatter (FSC) and 90° side scatter (SSC) signals were collected in linear mode.
Analysis of the flow cytometer data was performed by GuavaSoft software, version 2.2. Nile
red as a dye can emit fluorescence in the presence of nonpolar moieties such as
triacylglycerol-rich droplets; this property was used in the detection and quantification of
relative intracellular lipid content [14, 24]. In this study, a 2-ul Nile red acetone solution (250
mg Nile red per liter of acetone) was added to 2 ml of algal suspension, and then the mixture
was vigorously agitated by a vortex mixer. Fluorescence was measured 30 s after staining
using the Synergy Mx microplate reader (Synergy Mx, Winooski, Vermont) with a 552-nm

excitation wavelength and a 636-nm emission wavelength [7].

Each treatment was conducted with four replications, and the results were presented as mean
+ standard deviation (SD). The data were subjected to ANOVA analysis using SPSS version
12.0 software (SPSS Inc., Chicago, Illinois, USA), and differences (p<0.05) between means
were determined using the Duncan-Waller test.

2.2.4 Lipid Extraction

Before UNSS treatments, a 10-ml algae suspension was filtered through a pre-dried (75 °C

for 5 h in an oven) and weighed (wO0) glass-fiber filter paper (55 mm, nominal pore size 1.2
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um) under vacuum. The filter paper was dried again in the same oven (75 °C for 5 h) and
kept in a vacuum desiccator overnight before weighing (wl). Algae biomass DW was
obtained by subtracting w0 from wl. After UNSS treatments, algal sample of selected
treatments (based on Nile red-stained lipid fluorescence density) was transferred to 50-ml
centrifuge tubes. Hexane was then added to the sample to make the total volume 45 ml in
each tube (hexane: sample=1:1, V/V). The tube containing disrupted algal cells and solvent
was shaken on a reciprocating shaker (150 r/min) overnight. After that, the tube was
centrifuged at 2020g for 15 min to remove algal solids. The supernatant was carefully
collected and evaporated and then dried in an oven at 95 °C for 1.5 h. Lipids left in the flask
without solvent were weighed to calculate recoverable crude lipids [4] by the following
equation:

.. g Lipid yield (g /1)
Recoverable crude lipids (E) = Biomass dry weight &) 3
l

2.3 Results and Discussion

2.3.1 The Effect of Ultrasound Amplitude

The amplitude of horn vibration is a function of the voltage applied to the transducer by the
generator, which indicates the amount of ultrasonic energy to be transferred to the treated
sample. The effect of ultrasound amplitude on cell debris number change can be seen in Fig.
2.2A. Cell debris concentration of S. dimorphus increased significantly under all treatments
compared to the control. It is also evident that larger amplitude (73 and 87 vs. 60 %) resulted

in higher cell debris concentration because of more input energy causing more severe cell
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disruption or de-clumping. There was no significant differences between 73 and 87 %
amplitude treatments though, indicating that excessive energy input was not necessary for
cell disruption. Increasing amplitude also caused significant changes in cell debris
concentration of N. oculata. However, the effect of ultrasound amplitude on N. oculata was
different from S. dimorphus in that cell debris numbers were significantly reduced rather than
increased with boosted amplitude. This opposite consequence of the same treatment on the
two species could be explained by the differences in cell shape and structure between N.
oculata and S. dimorphus. When sufficient ultrasonic energy was applied to S. dimorphus
cells, their cell clusters were de-clumped, and individual cells (10-20 um) might break into
smaller cell debris, which all increased cell/ particle numbers (concentration). However, N.
oculata cells are small (2-4 pm) and dispersed. When they were broken into even smaller
particles, some particles might not be detected by the device [14]; therefore, there was a
tendency of cell debris number reduction for greater degree of cell disruption. Similar to
what was found with S. dimorphus, there was no significant difference in cell debris

concentration between 73 and 87 % amplitude treatment for N. oculata.
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Figure 2.2 The effect of ultrasound amplitude on (A) cell debris concentration and (B) Nile
red stained lipid fluorescence density of S. dimorphus and N. oculata. Other processing
parameters were: cell concentration C2, nozzle orifice size 0.015 inch, spraying pressure 750

psi. Significant differences are marked with different letters (p<0.05)

Cell/particle size change is another direct indicator of cell disruption, which can be reflected
by the side scatter vs. forward scatter graph of a cell flow cytometer [14]. Smaller cell sizes
after the treatment usually indicate successful disruption of cells. The change of cell sizes of

S. dimorphus can be seen from Fig. 2.3. The forward scatter intensity of the treatment shifted
to the left, which means that cell sizes reduced after the treatment. The medium forward
scatter intensity decreased to approximately 2000 (Fig. 2.3b) after the treatment number 4,
compared to approximately 3000 of the control (Fig. 2.3a). It indicated that cells became

smaller after the treatment.
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Figure 2.3 Forward scatter vs. 90° side scatter plots showing the reduction of cell size of S.

dimorphus (A the control, B treatment no. 4)

The effect of ultrasound amplitude on Nile red-stained lipid fluorescence density (NRSLFD)
is presented in Fig. 2b. NRSLFD of S. dimorphus and N. oculata increased significantly
under all treatments compared to the control. It is also apparent that greater amplitude
resulted in higher NRSLFD because the dye was more accessible to intracellular lipid
droplets due to more severe cell disruption. It is important to note that there seems no direct
correlation between cell debris concentration and NRSLFD. For example, there were no
significant differences in cell concentration between 73 and 87 % amplitude treatments, but
NRSLFD of the treatments were significantly different for S. dimorphus. This might suggest
that cell structure change occurred before whole cell disruption. Usually cell disruption is a
two-step process, which involves point break of cell envelope followed by disintegration of
cell wall along with degradation of cell debris [25].

2.3.2 The Effect of Spraying Pressure

The measured average flow rate and calculated cell flow velocity are shown in Table 2.2.

Table 2.2 Cell flow rate and velocity at nozzle exit under various spraying pressures

Spraying NOD  Average flow rate Average cell flow

pressure (psi)  (inch) (measured, ml/s)  velocity (calculated, m/s)

600 0.015 8.22 72.10
750 0.015 9.16 80.34
900 0.015 0.88 86.66
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From Table 2.2, increasing spraying pressure led to increased cell flow velocities at the
nozzle exit and consequently greater shear forces based on Eq. 1. As can be seen from Fig.
2.4a, spraying pressure above 600 psi had no significant differences in cell breakup of S.
dimorphus; however, all treatments had significantly higher cell debris concentration than the
control, indicating that all treatments were similarly effective. In the case of N. oculata, 750-
and 900-psi treatments generated significantly lower cell debris concentration, indicating that
cell disruption of 750 and 900 psi was more effective than 600 psi. The effect of spraying
pressure on NRSLFD can be seen from Fig. 2.4b. It seems 750 psi was most effective on S.
dimorphus while 900 psi was the best for N. oculata in terms of lipid recovery. There might
be at least two possible reasons to explain why higher spraying pressure was not necessarily
better for certain algal species. One reason is that higher spraying pressure (at the same
orifice size) caused a higher flow rate, so the same amount of ultrasound energy was applied
to more cells. In other words, each cell received less ultrasound energy when spraying
pressure was higher. Theoretically, there must be a sweet spot where the combined effect of
shear force and ultrasound was maximum. Based on the experimental results, it seems the
sweet spot was at moderate (750 psi) or high (900 psi) spraying pressure when ultrasound
energy input was moderate (73 % amplitude). The other reason is related to the
characteristics of algal cells. A previous study of the authors showed that N. oculata was not
as sensitive as S. dimorphus to ultrasound treatment [14]. In that study, NRSLFD of N.
oculata was significantly lower than that of S. dimorphus after the same ultrasound

treatment. This seems to suggest that nozzle spraying is probably more effective to the
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disruption of N. oculata. When both ultrasound and nozzle spraying were applied, the effect
of shear force due to nozzle spraying seemed to dominate cell disruption for N. oculata;
therefore, higher spraying pressure increased NRSLFD from 600 to 900 psi. On the other
hand, ultrasound-induced cavitation was probably dominant in the disruption of S. dimorphus

because S. dimorphus was very sensitive to ultrasound treatment [14].
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Figure 2.4 The effect of spraying pressure on a cell debris concentration and b Nile red-
stained lipid fluorescence density of S. dimorphus and N. oculata. Other processing
parameters were: initial cell concentration C2, amplitude 73%, nozzle orifice size 0.015 inch.

Significant differences are marked with different letters (p<0.05).

2.3.3 The Effect of Nozzle Orifice Diameter

The effect of nozzle orifice size on cell disruption is similar to that of spraying pressure.
Changing orifice size changes cell flow rate and velocity (Table 2.3). Bigger orifice leads to
a higher flow rate and higher flow velocity under the same spraying pressure, which means

greater shear force but less ultrasound energy on each cell.
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Table 2.3 Cell flow rate and velocity at nozzle exit under various nozzle orifice sizes

Spraying NOD  Average flow rate Average cell flow

pressure (psi)  (inch) (measured, ml/s)  velocity (calculated, m/s)

750 0.01 3.78 74.60
750 0.015 9.16 80.34
750 0.019 16.05 87.74

With above explanations, it is not surprising to find that the best cell disruption and lipid
recovery were obtained at medium or large orifice sizes for both algal species (Fig. 2.5a, b),
similar to spraying pressure effects. Specifically, for S. dimorphus, maximum cell disruption
and NRSLFD were at a 0.015-in. orifice size although they were not significantly different
from 0.019 in. For N. oculata, the best orifice size was 0.015 in. It seems to be contradictory
to the results of spraying pressure effect (Fig. 2.4b) where the highest spraying pressure (the
highest flow velocity) had the best lipid recovery. However, a careful look into Table 3 tells
that a 0.019-in. orifice size caused a too large cell flow rate. From 0.015- to 0.019-in. orifice
size, flow rate almost doubled, which means each cell received significantly less ultrasound
energy although shear force applied on the cell was greater. Again, it was a balance or
competition between cavitation (due to ultrasound energy) and shear force (due to nozzle
spraying) effects. It was possible that the sudden pressure change also contributed to cell
disruption when cells left the nozzle orifice under pressure into the atmosphere, similar to
cell disruption by a French press [4]. However, the pressure changes in this study were small
(600 to 900 psi) compared to those of a French press. Figure 2.4 shows that higher spraying

pressure was not necessarily better for cell disruption, and vice versa, Table 2.3 indicates that
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cell disruption was affected by something other than spraying pressure. Therefore, the effect
of sudden pressure change on cell disruption in this study might not be significant compared
to ultrasound induced cavitation or spraying-generated shearing forces. However, more

investigation is needed to confirm this hypothesis.
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Figure 2.5 The effect of nozzle orifice diameter on A cell debris concentration and B Nile
red-stained lipid fluorescence density of S. dimorphus and N. oculata. Other processing
parameters were initial cell concentration C2, amplitude 73 %, and spraying pressure 750 psi.

Significant differences are marked with different letters of a, b, or ¢ (p<0.05)

2.3.4 The Effect of Initial Algal Cell Concentration
The rate of change in cell concentration (RCCC) and the NRSLFD per cell are used to
represent how cells respond to UNSS treatment when initial algal cell concentration varied.
RCCC and NRSLFD per cell are expressed as follows:

The final cell concentration after UNSS treatment (cells/ml)

RCCC = x 100% 4

The initial cell concentration (cells/ml)

NRSLFD after UNSS (5)
The initial cell concentration

NRSLFD per cell =
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As can be seen from Fig. 2.6a, RCCC of S. dimorphus decreased and N. oculata increased
with initial algal cell concentration increased. This suggests that there was a negative
correlation between cell disruption and initial cell concentration for both algal species.
NRSLFD per cell of both algae strains decreased as shown in Fig. 2.6b, which is consistent
with RCCC response to initial cell concentration. One reason for the negative correlation
between cell disruption and initial cell concentration can be the reduced ultrasound energy
input per cell with higher initial cell concentration, similar to what was found by Halim et al.
[26]. In addition, cell concentration affects the viscosity of the liquid. More viscous liquids
were believed to cause severe attenuation of the sound intensity and substantially reduced
active cavitation zone [27]. This is also in agreement with the finding of Adam et al. [28],
who reported that the more viscous the medium was, the lower the recovered lipid amounts
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and spraying pressure 750 psi. Significant differences are marked with different letters of a,

b, or ¢ (p<0.05)

2.3.5 Lipid Extraction and Energy Consumption

Crude lipids in algae were extracted after UNSS treatments. The correlation between
recoverable crude lipid content and NRSLFD was developed using randomly selected
samples with low, medium, and high NRSLFD of both algal species. A correlation
coefficient of 0.945 (Fig. 2.7) suggests that quantification of algae crude lipid content after
UNSS treatments can be achieved by the simple, rapid, and sensitive Nile red staining
method. However, the accuracy of the method depends on characteristics of individual algal
strains, particularly the cell wall composition, as well as concentrations of chlorophyll, polar
membrane lipids, and various other lipophilic compounds in the cell that may affect the
amount of fluorescence background [30]. Therefore, caution should be taken when using the

correlation to quantify algal crude lipids for other algal strains or cell disruption methods.
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Figure 2.7 The correlation of Nile red stained lipid fluorescence density and recoverable

lipids of the control and selected UNSS treatments

Table 2.4 summarizes the specific energy consumption of each UNSS treatment. Both the
pumping and ultrasound energy consumptions were included. The total energy consumption
ranged from 12.1 to 106.4 MJ/kg dry mass depending on the treatment conditions and algal
species, which are lower than what was reported by Lee et al. [29], who found that 132
MJ/kg dry mass was needed for the sonication of Chlorococcum sp. The specific energy
consumption was also less than other algal cell disruption methods such as bead milling,
microwave, and high pressure homogenization, which consumed more than 400 MJ/kg dry

mass energy [29], indicating that UNSS treatment is relatively more energy efficient.
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Table 2.4 Energy consumption of each treatment

1

Treat # 2 3 4 5 6 7 8 9 10
(control)
Energy | o dimorphus 0 219 240 307 324 206 590 138 538 121
consumption
(Mi]/'gfs)dry N. oculata 0 395 433 553 584 37.2 1064 249 784 211

2.4 Summary and Conclusions

Ultrasonic nozzle spraying was effective in algal cell disruption for lipid recovery. For both
algal species of S. dimorphus and N. oculata, increasing ultrasound energy input generally
improved cell disruption efficiency and lipid recovery although excessive energy was not
necessary for best results. Increasing spraying pressure and nozzle orifice diameter tended to
enhance cell disruption because of higher cell flow velocity at the nozzle exit. However, the
effectiveness was restricted by less ultrasound energy applied to each cell because a higher
spraying pressure and a bigger nozzle orifice also resulted in a higher cell flow rate. Thus, the
optimal cell disruption was not always achieved at the highest spraying pressure or biggest
nozzle orifice diameter; instead, they appeared at the medium levels depending on the algal
strain and specific setting. Increasing initial algal cell concentration significantly reduced cell
disruption efficiency as expected because of lower energy input on each cell and higher
viscosity of the treated sample. In all UNSS treatments, the effectiveness of cell disruption

and lipid recovery was found to be dependent on the algal species treated.
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Chapter 3 Microalgal cell disruption in a high-power ultrasonic

flow system

A paper published in Bioresource Technology, cited as “M Wang, W Yuan. 2015.
Microalgal cell disruption in a high-power ultrasonic flow system. Bioresource

Technology, 193, 171-177.”

Abstract A 2-kW continuous ultrasonic flow system (UFS) was found effective in the
disruption of two microalgal strains: Scenedesmus dimorphus and Nannochloropsis oculata.
Compared to the control, cell debris concentration of UFS treatments increased up to 202%
for S. dimorphus and 112% for N. oculata. Similarly, Nile red stained lipid fluorescence
density (NRSLD) increased up to 59.5% and 56.3% for S. dimorphus and N. oculata,
respectively. It was also found that increasing ultrasound intensity improved cell disruption
efficiency indicated by up to 54% increase in NRSLFD of the two strains. Increasing
sonication-processing time to 3-min resulted in 33.0% increase for S. dimorphus and 45.7%
increase for N. oculata in NRSLFD compared to the control. Cell recirculation was found
beneficial to cell disruption, however, higher initial cell concentration significantly reduced
cell disruption efficiency, indicated by 98.2% decrease in NRSLFD per cell when initial cell

concentration increased from 4.25 x 108 to 1.7 x 107 cells ml.
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Keywords Microalgae; Ultrasound; Cell disruption

3.1 Introduction

Ultrasound, in its most basic definition, refers to acoustic waves of which frequencies are
higher than the upper limit of human hearing range, usually from 20 kHz to 10 MHz
(Piyasena et al., 2003; Legay et al., 2011). Many phenomena such as acoustic cavitation,
acoustic streaming, heating and nebulization arise from propagation of ultrasonic waves into
a fluid, and more particularly into a liquid medium (Legay et al., 2011), which were
purposefully used in wastewater treatment (Gogate and Pandit, 2004; Gogate et al., 2006),
textile processing (Yachmenev et al., 1999), and crystallization (Koutsianitis et al., 2015),
etc. Lee et al. (2001) found that under high-power ultrasound, whole algal cells or gas
vacuoles within the cells were ruptured severely. Transmission electron microscope evidence
confirmed this effect on a single Microcystis aeruginosa cell following ultrasonic treatment
at 28 kHz for 30 s (power intensity of 1.2 x 10" W/m®). In a similar study using ultrasound to
destroy cells of Microcystis aeruginosa, Zhang et al. (2006) found that 5 min exposure of
cells to 25 kHz ultrasound (power intensity of 3.2 x 1077 W/m?3) caused algae sedimentation
and reduced the photosynthetic activity of algae population. Ahn et al. (2003) concluded that
ultrasound was effective to reduce the growth rate of algae because of the disruption of gas
vesicles in cells and disturbing of the cell cycle and divisions. Similarly, Tang et al. (2003;

2004) concluded that the disruption in the functionality and integrity of cellular and
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subcellular structures after 5-min ultrasound treatment reduced the growth rate of Spirulina

(Arthrospira) platensis to 38.9% of the control.

More recently, ultrasound has been considered an effective algal cell disruption method for
lipid extraction. For example, solvent-free ultrasound-assisted extraction significantly
improved oil recovery of Nannochloropsis oculata compared with conventional extraction
methods (Bligh and Dyer) (Adam et al., 2012). Similarly, Wiyamo et al. (2011; 2012) found
that solvent extraction of lipids in Nannocloropsis sp assisted by ultrasound reduced the
extraction time. Wang et al. (2014) found that high frequency focused ultrasound and
combination of high and low frequency ultrasounds were effective in microalgal cell
disruption for lipids recovery. Recently, an ultrasonic nozzle spraying system has also been
investigated and proven effective to disrupt algal cells and recover lipids (Wang and Yuan,
2015). Compared with other algal cell disruption techniques such as bead/grind milling,
French-press, supercritical CO2, and high-pressure homogenizer, ultrasound has the
advantage of being able to disrupt algal cells without the addition, consumption, or
separation of non-cell materials (Middelberg, 1995) or using extensive energy (Chisti and

Moo-Young, 1986).

Most of the above mentioned research used ultrasonic bath or ultrasonic horn/probe systems.
Ultrasonic bath systems have been widely applied for cleaning and particle dispersion.

However, the delivered power is highly attenuated by the medium contained in the bath and
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by the walls of the device. Thus different locations within the bath experience different levels
of ultrasound energy, resulting in lack of uniform distribution of energy (Gogate, 2007). The
ultrasonic horn/probe systems are much more powerful compared to the bath system. They
can be directly immersed into the samples so the energy can be focused on a localized
volume. These devices are popular in cell disruption, emulsification and homogenizing, but
can handle only small quantities of biological matter (Hoffmann, 1998). Ultrasonic horn and
bath were mostly operated at the power input less than 1 kW and used in batch mode as
reported in the literature (Wang et al., 2014; Gogate et al., 2002). There are always limits to
increasing power output for a single horn or probe system because when the frequency is
fixed (e.g., at 20 kHz), power depends on the amplitude, which is limited for system stability.
In contrast, ultrasonic flow systems can use multiple probes/horns and have the advantages of
more uniform cavitational activity and increased acoustic zones even at large-scale
operations. The position of the transducers and their numbers are adjustable so that the wave
patterns generated by the individual transducers can overlap (Gogate, 2007). Gogate and
Pandit (2004) concluded that flow cells are more energy efficient (energy efficiency ~ 56%)
due to the uniform energy dissipation over a wider area rather than the concentrated energy

dissipation in the horn (energy efficiency < 10%) or the bath (energy efficiency =~ 18%).

Because of its unique advantages, continuous-flow, radially focused ultrasonic systems have
been used to disrupt microorganisms, such as in lysing Bacillus spores (Chandler et al.,

2001). However, to the best knowledge of the authors, continuous ultrasonic flow systems
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have never been applied in microalgal cell disruption for lipid extraction, although the flow
cells for such operations are commercially available. In addition, the extracellular coverings
of algae vary significantly ranging from multiple layers of elaborate scales to highly
mineralized coats to complex cell walls consisting of structural fibrils enmeshed in complex
matrices (Domozych, 2011). These strong cellular walls and membranes are much more
resistant to disintegration compared to bacteria; therefore, it is critical to study algal cell

disruption in ultrasonic flow systems.

In this study, a continuous high-power ultrasonic flow system (20 kHz, 2-kW full capacity)
was used. The objective of this work was to understand the effect of operating conditions of
the UFS on cell disruption of two algal strains, S. dimorphus and N. oculata. The change of
algal cell debris concentration, cell size, and Nile red stained lipid fluorescence density

(NRSLFD) were used to represent the performance of cell disruption.

3.2 Materials and Methods

3.2.1 Algae Sample Preparation

The freshwater microalga Scenedesmus dimorphus (UTEX 417) and marine microalga
Nannochloropsis oculata (UTEX 2164) used in the experiments were obtained from the
University of Texas at Austin Culture Collection of Algae (Austin, TX). Cultures were
conducted in batch mode in a tubular airlift photobioreactor (PBR, 45 L) under continuous

illumination by cool white fluorescent lamps of 100 to 120 umol (photons) m2 s at 12h:12h
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light:dark period. Culture homogenization was achieved by air injection at approximately 1
gas volume flow per unit of liquid volume per minute from the bottom of the PBR. The
culture temperature was regulated at 23 + 2 °C by in-door air-conditioning. The medium
recipe of Nannochloropsis oculata was optimized from a previous study (Shen et al., 2009)
containing 36 kg m= instant ocean sea salt supplemented with 0.54 kg m= urea and 0.0132
kg m® K;HPO,. Scenedesmus dimorphus was grown in the basal medium (Sorokin and
Krauss, 1958) containing the following chemicals in one liter of DI water: KNO3 (1250 mg);
K2HPO4 (850 mg); KH,PO4 (400 mg); MgSQO4-7H20 (1000 mg); EDTA (500 mg); H3BOs3
(114.2 mg); CaCl>-2H,0 (111 mg); FeSOs7H.0O (49.8 mg); ZnSOs-7H.O (88.2 mg);
MnCl2-4H20 (14.2 mg); CuSO4-5H20 (15.7 mg); Co(NOz3)2:6H20 (4.9 mg). The inorganic
carbon source for algal photo-synthesis was from the COz-enriched air. These two strains
were selected because they have been well studied and identified as good candidates for lipid
production (Shen et al., 2009; Converti et al., 2009). Algal samples of both stains were
collected during the stationary growth phase and diluted into three initial cell concentrations
of C1, C2, C3, corresponding to 4.25x10°8, 8.5x10° 1.7x107 cells mI and dry weight
concentrations of 0.80, 1.73, 3.56 kg m™ for S. dimorphus and 0.55, 0.96, 2.10 kg m™ for N.
oculata.

3.2.2 Experimental Setup

The system included a 3.78-I algae supply tank, an external piston pump (Hydra-cell pump,
model MO3SASGHFECA, Wanner Engineering INC, Minneapolis, Minnesota, US), an

ultrasonic generator with an electric power rating of 2 kW (Dukane 20 kHz Model
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20A3005CE, Aurizon Ultrasonics, LLC, Kimberly, Wisconsin, US). The flow cell consisted
of a cylindrical vessel with 14-cm diameter and 28-cm height (approximately 2.2-1 sample
holding capacity) with three ultrasonic transducers that operated at the frequency of 20 kHz.
A photo of the ultrasonic horn and the flow system assembly as well as the major dimensions

of the system are shown in Fig. 3.1.

Output Flow cell assembled

Unit: cm

Transducers

28

t= =
- O

+-‘ ...... K

|
Input

Figure 3.1 The photo and schematic dimensions of the flow cell. Parts are not to scale

3.2.3 Experimental and Analytical Procedures

The processing parameters including initial cell concentration (C1, C2, C3, corresponding to
4.25%x10%, 8.5x106, 1.7x107 cells mIY), sonication time (1, 2, 3 min), ultrasound intensity
(60%, 73%, 87% of full power at 1250 V, corresponding to power input of 0.8, 1.36, and
1.76 kW, respectively) were individually evaluated. Moreover, in order to understand the

effect of cell flow on disruption effectiveness, the algal cell suspension was circulated in the
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reactor for several times (1, 2, or 3 times) while keeping the total sonication duration

constant (2 min) by adjusting the pump flow rate, which was 2.2 | min for 2 circulations and

3.3 | min? for 3 circulations. The experimental design is summarized in Table 3.1. The

amount of energy dissipation in each treatment was measured by calorimetric studies using

the following equation:

where Cp (J kg K1) is the heat capacity of the solution, m (kg) is the mass of the solution,

dT (K) is the temperature difference between the initial temperature and the final

dT
Power (W) = mC, (E

temperature after a specific reaction time dt ().

Table 3.1 The experimental design

Treat # 1 2 3 4 5 6 7 8 9 10
Cell concentration Cc2* c2* C2* Cc2* Cc2* Cc2* c2* Cc2* C1* C3*

Amplitude (%) 73 73 73 60 87 73 73 73 73

No
Sonication time (min) 1 2 3 2 2 2 2 2 2
treatment

Recirculation times 1 1 1 1 1 2 3 1 1
Power input (kw) 1.36 1.36 1.36 0.8 1.76 1.36 1.36 1.36 1.36
Horn power output (kw) 0.63 0.63 0.63 0.33 0.93 0.63 0.63 0.63 0.63

* C1, C2, C3, corresponding to 4.25x10°, 8.5x108, 1.7x107 cells ml~.

The temperature of the algal cell suspension was approximately 23 °C (room temperature).

The cell suspension was well mixed in the supply tank by a magnetic stirrer before

treatments to ensure a good homogeneity of the sample. The absolute number of algal
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cells/debris and relative cell size prior to and after treatments were measured using a
Millipore cell flow cytometer (guava easyCyte, Billerica, Massachusetts, US) equipped with
two Class Il1b lasers operated at 488 nm and 640 nm in CW mode. The forward scatter (FSC)
and 90° side scatter (SSC) signals were collected in linear mode. Analysis of the flow
cytometer data was performed by guavaSoft software, version 2.2. In addition, Nile red
stained intracellular lipid content released during the disruption process was considered as an
important indicator to evaluate algal cell disruption efficiency (Wang et al., 2014). In this
study, 2-ul Nile red acetone solution (250 mg Nile red per liter of acetone) was added to 2 ml
of algal suspension, and then the mixture was vigorously agitated by a vortex mixer.
Fluorescence was measured 30 s after staining using the Synergy Mxmicroplate reader
(Synergy Mx, Winooski, Vermont, US) with a 552 nm excitation wavelength and a 636 nm

emission wavelength.

Each treatment was conducted with four replications, and the results were presented as mean
+ SD (standard deviation). The data were subjected to ANOVA analysis using SPSS Version
12.0 software (SPSS Inc., Chicago, Illinois, US) and differences (p < 0.05) between means

were determined using the Duncan-Waller test.
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3.3 Results and Discussion

3.3.1 The effect of ultrasound intensity

Ultrasound vibration amplitude is a function of the voltage applied to the transducer by the
generator, which represents the intensity of the ultrasound and amount of energy to be
applied to the treated sample. In this study, 60%, 73%, and 87% of maximum amplitude (full
power at 1250 V) were applied and compared. As can be seen from Fig. 3.2, cell debris
concentration and NRSLFD of S. dimorphus and N. oculata increased significantly under all
treatments compared to the control. It is also apparent that stronger amplitude resulted in
higher cell debris concentration and higher NRSLFD for both algal strains, which can be
explained by more severe cell disruption due to more energy input at higher amplitudes.
Specifically, the acoustic driving pressure (Pa, Pa) leading the transmission of ultrasound
wave in a liquid is correlated with the ultrasound intensity I, (W m™) as:

Pa = /2Ipic

where c is the speed of sound in the liquid (m s) and p is the density of the liquid (kg m™)
(Gogate and Pandit, 2000). From the above equation, it can be seen that greater ultrasound
intensity results in higher driving pressure. Higher driving pressure is beneficial for the
formation of cavitation that is responsible for decomposing water into highly reactive
radicals such as H- and -OH. These radicals have been found to weaken algal cell walls to the
point of disintegration (Joyce et al., 2003; Merouani et al., 2014). In addition, as the intensity

of ultrasound increases, the maximum cavity radius produced by ultrasound in the solutions
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also increases, which results in greater acoustically active volume, therefore enhancing

ultrasound effects (Sutkar and Gogate, 2009).
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Figure 3.2 The effect of ultrasound intensity on (A) cell debirs concentration and (B) Nile red
stained lipid fluorescence density of S. dimorphus and N. oculata. Other processing
parameters were: cell concentration C2, sonication time 2 min. Significant differences are

marked with different letters (p<0.05)

The change of cell debris sizes of S. dimorphus and N. oculata after ultrasound treatment is
shown in Fig. 3.3. The medium forward scatter intensity of S. dimorphus decreased to
approximately 1500 (Fig. 3.3B) from 3000 of the control (Fig. 3.3A). Similarly, a
pronounced decrease in the relative medium cell size after A87 treatment by the UFS was
observed for N. oculata. The peak of forward scatter intensity histogram shifted to the left,
e.g., the medium decreased to 1,122 (Fig. 3.3D) from 1,313 of the control (Fig. 3.3C),

indicating more smaller cells were generated by UFS treatment. This is in agreement with the
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finding of Spiden et al. (2003) that the cell size of algae Chlorella sp decreased significantly

after ultrasound treatment.
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Figure 3.3 Forward scatter vs. 90° side scatter plots showing the reduction of cell size of S.
dimorphus ((A) the control; (B) the processing conditions were: cell concentration C2,
ultrasound intensity 87%, processing time 2 min); Cell counts vs. forward scatter histogram
plots showing the reduction of cell size of N. oculata ((C) the control; (D) the processing

conditions were: cell concentration C2, ultrasound intensity 87%, processing time 2 min
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3.3.2 The effect of sonication time

The effect of sonication time on the disruption of S. dimorphus and N. oculata is displayed in
Fig. 3.4. It can be seen that increasing exposure to UFS did increase cell disruption efficiency
indicated by significantly increased cell debris numbers and NRSLFD, probably because of
more ultrasound energy input. However, it should be noted that further longer processing
time did not always result in desirable cell disruption, for example, there was no significant
difference in the change of cell debris concentration and NRSLFD between 2 and 3 min
treatments for both algae. One reason may be that as the process continues, particle numbers
increased so more energy was consumed by cell fragments due to ultrasound attenuation (Lee
et al., 2012). Another reason might be that some smaller particles were not detected by the
flow cytometer (the detection limit was approximately 1 pm). In the case of constant
NRSLFD at prolonged sonication time, it might be explained by the finite lipid bodies in
algal cells. After most cytoplasmic lipid bodies were disrupted, the energy from prolonged
sonication time could not further increase lipid release. In addition, it is interesting to note
that for N. oculata, short processing time (1 min) did not show significant changes in cell
debris concentration or NRSLFD compared to the control). It indicates that the energy input

from the UFS was probably not sufficient until 2 minutes to disrupt N. oculata cells.
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Figure 3.4 The effect of sonication time on cell debris concentration (A) and Nile red stained
lipid fluorescence density (B) of S. dimorphus and N. oculata. Other processing parameters
were: cell concentration C2, ultrasound intensity 73%. Significant differences are marked

with different letters (p<0.05)

3.3.3 The effect of cell recirculation

Fig. 3.5 shows the effects of cell recirculation on algal cell debris concentration and
NRSLFD. It can be seen that all treatments significantly increased cell debris concentration
and NRSLFD when compared to the control. More cell recirculations (R2 and R3 vs. R1)
resulted in higher cell disruption. This can be explained by the fact that increasing cell
recirculation could increase the probability of cell exposure to the ultrasound cavitation zones.
However, there was no statistical difference in cell debris concentration and NRSLFD

between R2 and R3 treatments on both algal strains (Fig. 3.5).
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Figure 3.5 The effect of cell recirculation on cell debris concentration (A) and Nile red
stained lipid fluorescence density (B) of S. dimorphus and N. oculata. Other processing
parameters were: cell concentration C2, ultrasound intensity 73%. Significant differences are
marked with different letters (p<0.05). C1, C2, C3, corresponding to 4.25x10°, 8.5x10°,

1.7x107 cells ml2,

3.3.4 The effect of initial algal cell concentration
The rate of change in cell concentration (RCCC) and the NRSLFD per cell are used to

represent how cells respond to UFS treatments when initial algal cell concentration varied as

follows:
RCCC = The final cell a.m.ce.ntration after UN.SS treatment (cells/ml) % 100% (4)
The initial cell concentration (cells/ml)
NRSLFD per cell — NRSLFD after UNSS (5)

The initial cell concentration

Theoretically, the term disrupted cells/initial cells (%) can better present the disruption
efficiency. However, some cells could break into multiple fragments and some cells could be

intact after the treatment, therefore, in this study it was impossible to know which cells were



76

actually disrupted. Thus, the authors were not able to count the number of disrupted cells,
instead, it was generally believed that the more cell fragments were observed, the more
severe or efficient the cell disruption was. Therefore RCCC was used to represent cell
disruption efficiency in this work. The results are presented in Fig. 3.6. It can be seen that
RCCC and NRSLFD per cell of S. dimorphus and N. oculata decreased significantly with
increasing initial algal cell concentration, indicating that algae cell disruption was inversely
proportional to the initial algal cell concentration for both algal strains. One cause could be
the increased viscosity of the liquid resulting from higher initial cell concentration. More
viscous liquids were believed to cause severe attenuation of the sound intensity and
substantially reduced active acoustic zones (Gogate et al., 2003). The more viscous the
medium is, the more difficult to disrupt cells, similar to what was found by Adam et al.
(2012) and Halim et al. (2012). Another reason can be the reduced ultrasound energy input

per cell with higher initial cell concentration (Wang et al., 2014).
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and N. oculata after ultrasonication. Other processing parameters were: ultrasound intensity

73%, sonication time 2 min. Significant differences are marked with different letters (p<0.05)

3.3.5 Energy analysis

Table 3.2 provides an estimate of specific energy consumption of each treatment. It is
apparent that the initial cell concentration had the biggest effect on specific energy
consumption. Higher initial cell density was desirable, however, cell disruption effectiveness
of high cell concentration may be poorer as previously discussed in section 3.3.4. Still, the
specific energy consumption of the UFS was generally lower than reported values by Lee et
al. (2012) who found that 132 MJ/kg dry mass was needed in the sonication of
Chlorococcum sp (0.2 1, 8.5 kg m=, 750 W, 5 min). Similarly, by using the same algal strains
as in this study, Wang et al. (2014) estimated that the energy consumption in cell disruption
of S. dimorphous was 330 MJ kg-1 dry mass (30 ml, 0.31 kg m=) and of N. oculata was 285
MJ kgt (30 ml, 0.35 kg m™) by an ultrasonic horn system (100 W, 0.5 min). Moreover, the
process is more energy efficient than traditional algal cell disruption technologies such as
bead mills, microwave, or high-pressure homogenization, in which the energy consumptions
are generally greater than 400 MJ kg-1 dry mass (Lee et al., 2012). This suggests that the

UFS in this study is relatively energy efficient and has the potential for larger scale use.
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Table 3.2 Energy consumption of all treatments

Treatment # 1 (control) 2 3 4 5 6 7 8 9 10
Energy | 5 dimorphus 0 109 215 326 168 252 217 217 421 105
consumption
fn'\g‘slg)‘g Y N oculata 0 218 431 653 337 505 435 435 751 197

3.4 Conclusions

A high power ultrasonic flow system was found effective in algal cell disruption. Increasing
ultrasound intensity or sonication duration improved cell disruption efficiency of both algal
strains owing to more severe cell disruption or de-clumping. Cell recirculation was found
beneficial for cell disruption probably due to more uniform distribution of acoustic energy. In
addition, increasing initial algal cell concentration significantly reduced cell disruption
efficiency because of lower energy input on each cell and higher viscosity of the treated
sample. The energy consumption analysis showed that the UFS was energy efficient

compared to other processes.
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Chapter 4 Disruption of microalgal cells using high-frequency

focused ultrasound

A paper published in Bioresource Technology, cited as “M Wang, W Yuan, X Jiang, Y
Jing, and Z Wang. 2014. Disruption of microalgal cells using high-frequency focused

ultrasound. Bioresource Technology, 153: 315-321.”

Abstract The objective of this study was to evaluate the effectiveness of high-frequency
focused ultrasound (HFFU) in microalgal cell disruption. Two microalgal species including
Scenedesmus dimorphus and Nannochloropsis oculata were treated with a 3.2-MHz, 40-W
focused ultrasound and a 100-W, low-frequency (20 kHz) non-focused ultrasound (LFNFU).
The results demonstrated that HFFU was effective in the disruption of microalgal cells,
indicated by significantly increased lipid fluorescence density, the decrease of cell sizes, and
the increase of chlorophyll a fluorescence density after treatments. Compared with LFNFU,
HFFU treatment was more energy efficient. The combination of high and low frequency
treatments was found to be even more effective than single frequency treatment at the same
processing time, indicating that frequency played a critical role in cell disruption. In both
HFFU and LFNFU treatments, the effectiveness of cell disruption was found to be dependent
on the type of cell treated.

Keywords Microalgae; Ultrasound; Cell disruption; Lipid extraction
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4.1 Introduction

The development of renewable and carbon neutral biofuels has attracted tremendous
attention in recent years (Jones and Mayfield, 2011) because of depleting crude oil resources
and environmental problems associated with petroleum use (Pienkos and Darzins, 2009).
Among several candidates, microalgae have been regarded as one of the most promising
feedstock that can potentially address the twin challenges of energy security and
environmental protection due to their fast growth rates, high lipid contents, and CO>
biofixation capabilities (Benemann 1997; Brennan and Owende, 2010; Scott et al., 2010).
However, different from other terrestrial oil crops, the extracellular coverings of algae vary
significantly, ranging from multiple layers of elaborate scales to highly mineralized coats to
complex cell walls consisting of structural fibrils enmeshed in complex matrices (Domozych,
2011). These strong cellular walls and membranes are resistant to disintegration, which
makes lipid extraction from microalgae difficult (Adam et al., 2012; Araujo et al., 2013; Lam

and Lee, 2012).

Current algal cell disruption methods can be classified into two categories, non-mechanical
and mechanical. Some examples of non-mechanical cell disruption are chemical (e.g. using
detergents, solvents, antibiotics), physical (e.g. electric or osmotic shock, pressure,
supercritical CO»), and enzymatic treatments (Chisti and Moo-Young, 1986; Geciova et al.,
2002; Middelberg, 1995). Mechanical methods include bead/grind milling, high-shear

mechanical processing, high-pressure homogenization, ultrasonication, etc. (Chisti and Moo-
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Young, 1986; Geciova et al., 2002). Chemical additions are potentially toxic towards humans
and are environmentally unfriendly (Adam et al., 2012; Lam and Lee, 2012). Enzymatic
degradation methods are restricted by not only the high cost but also low effectiveness
(Chisti and Moo-Young, 1986). Physical treatments are more economical, but most of these
methods are either not effective for treating tiny algae cells or difficult to scale up (Geciova
et al., 2002). More recently, ultrasonication as one of the algal cell disruption methods has
received broad attention in the literature (Hao et al., 2004; Wu et al., 2011; Zhang et al.,
2006). Ultrasound has the advantage of being able to disrupt cells without the addition,
consumption, or separation of beads when compared to bead milling (Middelberg, 1995). In
addition, ultrasound is able to disrupt cells with less energy loss compared with high-shear
force methods, in which the power consumption is directly proportional to operating pressure
or flow velocity (Chisti and Moo-Young, 1986). Ultrasonic devices can be scaled up and
operated continuously, while some high-pressure methods like Hughes press or French press
are applicable for use at laboratory scale only (Geciova et al., 2002; Gerde et al., 2012).
Ultrasound has been demonstrated to be effective in disrupting various algal species. For
example, there are numerous reports in the literature that described the control of harmful
algae blooms by ultrasound irradiation. It was reported that ultrasound effectively decreased
the growth rate of algae, inhibited cell division, or caused immediate damage of
photosynthetic systems of algae, as well as physically breaking the cell wall/membrane
(Bosma et al., 2003; Hao et al., 2004; Srisuksomwong et al., 2011; Suslick, 1988; Wu et al.,

2011). In addition, ultrasound was also used for harvesting algae, bacteria and yeast (Bosma
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et al., 2003; Hawkes et al., 1997), as well as extraction of carotenoids, chlorophyll (Macias-
Sancheza et al., 2009; Wiyarno et al., 2011), and bioactive compounds from plants
(Rodrigues et al., 2008). Ultrasound disruption of algal cells to assist oil extraction has also
been investigated and proven effective (Adam et al., 2012; Araujo et al., 2013; Wiyarno et
al., 2010, 2011). However, most of these studies have focused on low frequency non-focused
ultrasound (mostly 20-40 kHz). It is well known that high-intensity focused sonic energy can
locally pressurize/heat and destroy cells or tissue, however, the concept of using high-

frequency focused ultrasound for algal cell disruption has never been validated.

The objective of this study was to evaluate the effectiveness of high frequency (3.2 MHz)
focused ultrasound (HFFU) in microalgal cell disruption. The change of algal cell debris
concentration, cell size, chlorophyll a fluorescence density (CAFD) and Nile red stained lipid
fluorescence density (LFD) were used to evaluate the performance of cell disruption. For
comparing purpose, low frequency (20 kHz) non-focused ultrasound (LFNFU) treatment was

also studied, and the combination of HFFU and LFNFU was also evaluated.

4.2 Materials and Methods

4.2.1 Algae Sample Preparation
Scenedesmus dimorphus (UTEX 417) and Nannochloropsis oculata (UTEX 2164) were
obtained from the Culture Collection of Algae at the University of Texas at Austin (Austin,

TX). S. dimorphus was cultivated in modified Basal medium containing 1.8 g urea, 0.4 g
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KH2POs, 0.85 g KoHPOs, 1 g MgSOs-7H,0, 0.5 g EDTA, 0.1142 g H3BOs, 0.111 g
CaCl2-2H20, 49.8 mg FeSO4-7H20, 88.2 mg ZnS0O4-7H,0, 14.2 mg MnCl2-4H,0, 15.7 mg
CuSO04-5H20, and 4.9 mg Co(NOz3)2:6H20 in one liter of distilled water. N. oculata was
grown in modified artificial seawater medium containing the following chemicals in one liter
of distilled water: 30 g NaCl, 2.44 g MgSO4-7H20, 0.6 g KCIl, 1 g NaNOgz, 0.3 ¢
CaCl2-2H20, 50 mg KH2POg4, 1 g Tricine, 0.27 g NH4Cl, 1 ml P-1V metal solution, 1 ml
vitamin B12, 1 ml Biotin vitamin solution, and 1 ml Thiamine vitamin solution. These two
strains were selected because they have been well studied and identified as good candidates
for lipid production (Converti et al., 2009; Shen et al., 2009). Cells of S. dimorphus are bean
shaped, big (long axis 10-20 um) and normally clustered as groups (Shen et al., 2009). In
contrast, cells of N. oculata are round shaped, small (diameter ranging from 2 to 4 um), and
normally dispersed (Converti et al., 2009). Cultures were carried out in 1-1 Erlenmeyer flasks
containing 600-ml growth media at 25+1 °C under continuous shaking (150 rpm). Light (60-
70 umol photons m2-s1) was provided by cool white fluorescent lamps with 12 h:12 h
light:dark cycles. Algal samples were collected during the stationary growth phase and
diluted to the optical density of 0.42 at 440-nm wavelength before experiments. The dry
weight concentration was approximately 0.31 and 0.35 g/l for S. dimorphus and N. oculata,
respectively.

4.2.2 Experimental Setup

The HFFU (Fig. 4.1A) was operated at 3.2 MHz and 40W input power. A 50% duty cycle

electric sine wave generated from a function generator (Tektronix AFG 3101, Tektronix,
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Inc., Beaverton, Oregon, USA) and a 50 dB amplifier (ENI 3100L, Electronic Navigation
Industries Inc., Rochester, New York, USA) was applied to the transducer (Blatec Inc., State
College, Pennsylvania, USA). The concave front surface of the transducer was immersed in
algae suspension where a magnetic stirrer was used to agitate the sample. The LFNFU (Fig.
4.1B) was a low frequency (20 kHz) ultrasonic processor (FB-505, Fisher Scientific,
Hampton, New Hampshire, USA). The converter was equipped with a standard titanium
alloy 1/200 horn, and operated at 100W input power. An ice bath was used in both treatments

to absorb ultrasonic heat.
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Figure 4.1 The diagram of ultrasonic devices used in this study: (A) high frequency focused

Amplifier

ultrasound, and (B) low frequency non-focused ultrasound. Parts are not to scale

4.2.3 Experimental and Analytical Procedures

Thirty-ml algae sample was placed in a magnetically stirred, 50-ml beaker, then sonicated for
1, 2 or 5 min by one of the two types of ultrasonic devices. Another treatment was set up that
combined the two devices in which the sample was sonicated sequentially by the HFFU and

LFNFU for 1 min each. Immediately after the treatment, the CAFD was measured by a
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Synergy Mx monochromator based multi-mode microplate reader (Synergy Mx, Winooski,
Vermont, USA) at an excitation wavelength of 450 nm and an emission wavelength of 680
nm (Bai et al., 2011). Nile Red, a vermeil phenoxazine dye, was used to stain algae for the
determination of relative lipid content. This method is considered simple, rapid, and sensitive
for relative or absolute lipid content measurement of algae (Huang et al., 2009; Lee et al.,
1998). In this study, 2-pul Nile Red acetone solution (0.25 g Nile red per liter of acetone) was
added to 2 ml of algal suspension, and then the mixture was vigorously agitated by a vortex
mixer. Fluorescence was measured 30 s after staining using the Synergy Mx microplate
reader (Synergy Mx, Winooski, Vermont, USA) with a 552 nm excitation wavelength and a
636 nm emission wavelength (Lee et al., 1998). The absolute number and relative size of
algal cells were measured by a Millipore cell flow cytometer (guava easyCyte, Billerica,
Massachusetts, USA) equipped with two Class Il1b lasers operated at 488 and 640 nm in CW
mode. The forward scatter (FSC) and 90° side scatter (SSC) signals were collected in linear
mode. Analysis of the flow cytometer data was performed using guavaSoft software, version

2.2.

Each treatment was conducted with four replications, and the results were presented as mean
+ SD (standard deviation). The data were subjected to ANOVA analysis using SPSS Version
12.0 software (SPSS Inc., Chicago, Illinois, US) and differences (p < 0.05) between means

were determined using the Duncan-Waller test.
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4.3 Results and Discussion

4.3.1 The effect of ultrasound on algal cell debris concentration

Cell number/concentration change is a direct indicator of cell disruption or de-clumping. An
increase or decrease in cell number usually indicates a positive response of cells to
ultrasound treatment. The effect of HFFU treatment on cell debris concentration can be seen
in Fig. 4.2. For S. dimorphus, HFFU did not have significant effect on cell debris
concentration (compared to the control) when the processing duration was short (1 or 2 min).
However, longer exposure (5 min) to HFFU did significantly increase cell/particle numbers,
which suggested that the energy input from the HFFU was probably not sufficient until 5 min
to disrupt or de-clump S. dimorphus cells. In contrast, the LFNFU treatment significantly
increased cell debris concentration even with short processing times. It must be noted that the
LFNFU had higher power input (100 W), which again suggested that energy input might be

critical in the processing.

The effect of ultrasound treatment on the cell debris concentration of N. oculata was different
from that of S. dimorphus as shown in Fig. 4.2B. No significant change in cell debris
concentration was observed for HFFU treatment even at the 5 min processing duration.
LFNFU treatment also had no significant change in cell debris concentration until 5 min
processing time, by which cell numbers significantly reduced. The different effect of
ultrasound on S. dimorphus and N. oculata can probably be explained by their differences in

cell size, shape or structure. As previously mentioned, the cells of S. dimorphus are bean
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shaped, big (long axis 10-20 pum) and normally clustered as groups (Shen et al., 2009),
therefore, de-clumping of S. dimorphus was expected to occur more easily than N. oculata,
which has cells of round shaped, small (2-4 pum), and dispersed. De-clumping is the process
to break cell aggregates apart, then, form individual cells. When sufficient ultrasonic energy
was applied on S. dimorphus cells, some clusters might be de-clumped, and some single cells
might break into smaller cell debris, which all increased cell/particle numbers (concentration).
In contrast, de-clumping was not likely to happen on N. oculata because cells were normally
dispersed already. On the other hand, the initial cell concentration of N. oculata was
approximately 3 times higher than that of S. dimorphus, which might necessitate more energy
input for disruption of N. oculata. It seems to explain why HFFU was not effective on N.
oculata but was effective on S. dimorphus at even 5 min treatment. When the input ultrasonic
energy was sufficient (e.g. 5 min of LFENFU treatment), cells could be disrupted into small
particles. However, the observed cell debris concentration of N. oculata significantly reduced
instead of increasing like S. dimorphus. This is probably related to the small cell size of N.
oculata and the limited sensitivity of the cell counting device. Because N. oculata cells are
small, when they were broken into even smaller particles, some particles might not be

detected by the device (the detection limit was approximately 1 pm).
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Figure 4.2 The effect of ultrasound treatment on cell debris concentration of S. dimorphus

(A) and N. oculata (B). Significant differences are marked with different letters (p<0.05)

The relative change of cell debris concentration (RCCC) of all treatments are summarized in
Table 4.1. RCCC is expressed as follows:

The rate of change in cell debris concentration

cell debris concentration of the treatment — cell debris concentration of the control
cell debris concentration of the control

X 100%
RCCC of S. dimorphus were positive, ranging from 24.3% to 91.2%. For N. oculata, RCCC
were negative and small, meaning that there was a tendency of cell number reduction,

however, such tendency was relatively minor compared to S. dimorphus for the above

mentioned reasons.
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Table 4.1 The effect of ultrasound on cell concentration

Treatments The rate of change in cell debris concentration (%)
S. dimorphus N. oculata
1 min HFFU 243%11 -8.8+0.7
2 min HFFU 32724 0.0x0.0
5 min HFFU 82.4+35 -89+04
1 min LFNFU 66.3+3.2 -1.5%£0.0
2 min LFNFU 72019 -0.1+0.0
5 min LFNFU 91.2+64 -276+3.1
1min HFFU + 1min LFNFU 140.1+ 6.6 0.42+0.0

4.3.2 The effect of ultrasound on algal cell size

Cell/particle size change is another direct indicator of cell disruption. Smaller cell sizes after
exposure to ultrasound usually indicates successful disruption of cells. The change of cell
sizes of S. dimorphus can be seen from Fig. 4.3. The medium forward scatter intensity
decreased to approximately 3100 (Fig. 4.3B) after 5 min treatment by HFFU, compared to
3900 of the control (Fig. 4.3A). It indicated that cells became smaller after the treatment. The
forward scatter intensity of the treatment also became more scattered and shifted to the left,

which means that cell size range increased due to more smaller cells after the treatment.
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Figure 4.3 Forward scatter vs. 90° side scatter plots showing the reduction of cell size of S

.dimorphus (A: the control; B: 5 min HFFU treatment)

Cell size reduction of N. oculata can be seen from Fig. 4.4. The 5 min treatment by HFFU
caused a pronounced decrease of the relative medium cell size of N. oculata. As can be seen
from Fig. 4.4B, the peak of forward scatter intensity histogram shifted to the left, which
means more smaller cells were produced after the treatment. Indeed, the medium of forward
scatter intensity decreased to 1,650 from 2,150 (the control, Fig. 4.4A). The effect of
rupturing during HFFU treatment led to more cell fragments; however, some of them were
probably not detected by the flow cytometer, which explains why the cell debris

concentration of N. oculata kept constant but the cell size decreased.
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Figure 4.4 Cell counts vs. forward scatter histogram plots showing the reduction of cell size

of N. oculata (A: the control; B: 5 min HFFU treatment)

4.3.3 The effect of ultrasound on chlorophyll a fluorescence density

When a cell is disrupted into smaller fragments containing chlorophyll a or when its cell wall
is ruptured although the cell is physically intact, it usually emits much stronger fluorescence
than the intact cell of the same kind (Gerde et al., 2012; Gieskes and Elbrachter, 1986). For
this reason, CAFD can be used as an indirect indicator of cell disruption. As can be seen
from Fig. 4.5A, CAFD of S. dimorphus increased significantly under all treatments by the
HFFU and LFNFU compared to the control. This suggests that ultrasound was effective in
changing the cell structure. It is important to note that there seems no correlation between
cell debris concentration and CAFD. For example, 1 and 2 min treatments by HFFU did not
significantly increase the cell debris concentration of S. dimorphus, but CAFD did
significantly increase. This indicates that cell structure change occurred before whole cell
disruption. In the case of N. oculata, all treatments were also effective in increasing CAFD.

Different from S. dimorphus, the 5 min treatment by LFNFU generated significantly higher
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CAFD. This is in accordance with cell debris concentration change (Fig. 4.2B). As
previously mentioned, the 5 min LFNFU treatment significantly increased cell debris
concentration due to whole cell disruption, so the cell fragments containing chlorophyll a
emitted much stronger fluorescence. This phenomenon was consistent with that described by
Gerde et al. (2012), who reported that the amounts of chlorophyll released from

Chlamydomonas reinhardtii after sonication increased with increasing energy levels.
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Figure 4.5 The effect of ultrasound on chlorophyll a fluorescence density of S.
dimorphus (A) and N. oculata (B). Significant differences are marked with different

letters (p<0.05)

The relative change of chlorophyll a fluorescence density (RCCAFD) of all treatments are

summarized in Table 4.2. RCCAFD is expressed as follows:

CAFD of the treatment — CAFD of the control

%X 1009
CAFD of the control %

The rate of change in CAFD =

RCCAFD of both S. dimorphus and N. oculata were positive, meaning that there was a

tendency of CAFD increase after ultrasonic treatments. Similar to cell debris concentration
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change, RCCAFD for S. dimorphus were generally larger than N. oculata. It is also important
to note that, although the RCCAFD of 5 min treatments were not statistically different from 2
min treatments on S. dimorphus, there seemed to have a tendency of CAFD reduction with
longer treatment times. Matile et al. (1999) reported that chlorophyll could rapidly degrade
once cells collapse. It was possible that the chlorophyll a of S. dimorphus degraded due to
excessive exposure to ultrasound in 5 min treatments. More data are needed in future
research to confirm and correlate chlorophyll degradation with ultrasonic treatment.

Table 4.2 The effect of ultrasound on chlorophyll a fluorescence density

Treatments The rate of change in CAFD (%)
S. dimorphus N. oculata
1 min HFFU 223+12 106 +04
2 min HFFU 369+29 7.02+0.3
5 min HFFU 30514 8.58+0.3
1 min LFNFU 21115 125+11
2 min LFNFU 37419 105+ 0.6
5 min LFNFU 29.2+0.8 264+15
1min HFFU + 1min LFNFU 425+37 323+£17

4.3.4 The effect of ultrasound on Nile Red stained lipid fluorescence density

Because the main purpose of ultrasound treatment on algae in this study was to assist with
lipid extraction, it would be interesting to see how much lipid could be extracted after the
treatment. However, because of the small sample volumes, the gravimetric method would not

be accurate to determine the lipid recovery rate, instead, the relative lipid content indicated
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by Nile Red stained cell lipid fluorescence can be more meaningful. Similar to chlorophyll a
fluorescence, Nile Red fluorescence can be stronger if a cell is broken into small fragments
or if the cell wall is ruptured because Nile Red dye can more easily stain lipid droplets in the
cell once the cell structure is physically damaged (Gerde et al., 2012). Therefore, relative
lipid content represented by Nile red stained lipid fluorescence density is a more direct
indicator of recoverable lipids than chlorophyll a fluorescence. As can be seen from Fig.
4.6A, LFD of S. dimorphus increased significantly under all treatments compared to the
control. It is evident that longer processing times resulted in higher LFD because of more
severe cell disruption. It is also interesting to note that the 5 min HFFU treatment generated
statistically same LFD as the 5 min LFNFU treatment, even though the ultrasound energy
input of the former was much lower. This indicates that the HFFU could be more energy

efficient than LFNFU in the disruption of S. dimorphus.

For N. oculata, the effect of ultrasound treatment was similar to S. dimorphus. All treatments
had significantly higher LFD than the control. Resulted LFD also had similar trend as cell
debris concentration and chlorophyll a florescence change. There was no significant
difference in LFD among all treatments except for 5 min LFNFU treatment, which was
significantly higher than the others. This again suggests that N. oculata probably needs more
energy for cell disruption. This is in agreement with the finding of Nowotarski et al. (2012),

who reported that N. oculata was resistant to ultrasonication. Even after 16-min of treatment,
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cell destruction was not completed while complete cell destruction achieved between 4 and 8

min on another algal species (D. salina).
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Figure 4.6 The effect of ultrasound on Nile red stained lipid fluorescence density of S.
dimorphus (A) and N. oculata (B). Significant differences are marked with different letters

(p<0.05)

The relative lipid increase rates (RLIR) of all treatments are summarized in Table 4.3.

Relative lipid increase rate is expressed as follows:

LFD of the treatment — LFD of the control

Relative lipid i te = x 1009
elative lipid increase rate LFD of the control %

As can be seen from Table 4.3, RLIR of S. dimorphus ranged between 49% and 113%, which
generally increased with increasing processing times. Compared to S. dimorphus, N. oculata
had lower RLIR, ranging between 25% and 49%. This suggests that the effectiveness of
ultrasound treatment depends on the cell to be treated. Cell concentration, size, shape and

structure may all play a role in cell-acoustic interaction. It also seems that HFFU was as
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effective as LFNFU in all cases except for one condition (N. oculata treated by LFNFU for 5
min). This suggests that high frequency focused ultrasonic treatment can be effective in cell
disruption at lower energy input. At high ultrasonic frequencies, the mechanical energy of
cavitation is less but a larger proportion of free radicals are produced from the ultrasonic
degradation of water; these radicals can attack membranes leading to lysis of cell walls
(Koda et al., 2009; Wu et al., 2012). In addition to frequency effect, ultrasound energy also
played an important role in cell disruption. For example, N. oculata had significantly higher
RLIR by LFNFU treatment for 5 min, apparently because of the larger energy input.
Normally higher ultrasound power causes more violent cavitation and mechanical damages
to cell structures (Adam et al., 2012; Wu et al., 2012; Zhang et al., 2006).

Table 4.3 The effect of ultrasound on relative lipid content

Treatments Relative lipid increase rate (%)
S. dimorphus N. oculata
1 min HFFU 543+23 274+9.2
2 min HFFU 64.5+8.7 245+33
5 min HFFU 112.7+1.1 27.3+43
1 min LFNFU 486122 31.1+9.1
2 min LFNFU 78.3+£0.9 30.1+14
5 min LFNFU 96.4+8.8 486+7.1
1min HFFU + 1min LFNFU 102.0£5.7 40.0£45

If both frequency and power are important in cell disruption, a combination of high and low

frequency treatments might be more effective than single frequency treatment. To test this
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hypothesis, the two algal strains were sequentially treated by the HFFU and LFNFU each for
one minute. The RLIR of the combined treatment is also shown in Table 1. For both S.
dimorphus and N. oculata, the RLIR of the combined treatment was significantly higher than
their single frequency treatment for 2 min. This increase cannot be explained by total energy
input because the total energy input of the combined treatment was smaller than 2 min
treatment of LFENFU. High frequency or the combination of high/low frequency treatments
must have played a critical role in increasing RLIR. A balance between mechanical and
chemical effects might change with the rise in frequency (Mason et al., 2011). Combination
of high frequency and high amplitude disruption method may prove useful on algal cell
disruption for expected intracellular content releasing, but more investigation is needed to

understand the phenomenon.

4.4 Conclusions

HFFU could be as effective as LFNFU in algal cell disruption with lower energy use. The
combination of high and low frequency treatments was more effective than single frequency
treatment, indicating that frequency must have played a critical role in algal cell disruption.
This study confirmed that HFFU treatment can be an effective algal cell disruption method to
assist with lipid recovery. It has the potential to reduce energy consumption compared to
LFNFU treatment, and combining high and low frequency ultrasound treatments seems to be
a promising approach to improve the effectiveness and energy efficiency of ultrasonic

treatment of microalgae.
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Chapter 5 Modeling bubble dynamics and radical kinetics in

ultrasound induced microalgal cell disruption

A paper published in Ultrasonics Sonochemistry, cited as “M Wang, W Yuan. 2016.
Modeling bubble dynamics and radical kinetics in ultrasound induced microalgal cell

disruption. Ultrasonics Sonochemistry, 28, 7-14.”

Abstract Microalgal cell disruption induced by acoustic cavitation was simulated through
solving the bubble dynamics in an acoustical field and their radial kinetics (chemical kinetics
of radical species) occurring in the bubble during its oscillation, as well as calculating the
bubble wall pressure at the collapse point. Modeling results indicated that increasing
ultrasonic intensity led to a substantial increase in the number of bubbles formed during
acoustic cavitation, however, the pressure generated when the bubbles collapsed decreased.
Therefore, cumulative collapse pressure (CCP) of bubbles was used to quantify acoustic
disruption of a freshwater alga, Scenedesmus dimorphus, and a marine alga, Nannochloropsis
oculata and compare with experimental results. The strong correlations between CCP and the
intracellular lipid fluorescence density, chlorophyll-a fluorescence density, and cell
particle/debris concentration were found, which suggests that the developed models could
accurately predict acoustic cell disruption, and can be utilized in the scale up and

optimization of the process.
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Keywords Acoustic cavitation; Bubble dynamics; Cell disruption; Microalgae; Radical

kinetics

5.1 Introduction

Acoustic cavitation, as the basis of many applications of ultrasound in the high frequency
range (from 20 kHz to 10 MHz), usually involves the formation, growth, oscillation, and
powerful collapse of bubbles or cavities. Because the event of bubble collapse occurs in
small intervals of time (milliseconds) and releases large magnitudes of energy over a very
small space, a significant increase in temperature (up to several thousand degrees Kelvin) and
pressure (several hundred atmospheres locally) is obtained [1-4]. The extremely high
temperatures and pressures formed in collapsing bubbles in aqueous solutions are capable of
decomposing water vapor into highly reactive radicals such as H- and -OH [5,6]. Redox
reactions initiated by these radicals have been found to weaken the composition of microbial
cell walls such as glycoproteins and polysaccharides to the point of disintegration [5,7]. In
addition, intense shock waves and shear forces produced by the bubble collapse are known to
break down biological cell walls and membranes, wash out cell contents, and reduce particle

sizes of vegetal materials [8-10].

The vast majority applications of acoustic cavitation are in wastewater treatment [11-13],
textile processing [14], crystallization [15], and biological processing [2]. Acoustic cavitation

has also been reported to effectively decrease the growth rate of algae, inhibit cell division,
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or cause immediate damage on photosynthetic activities of algae, as well as physically
breaking the cell wall/membrane. For example, Lee et al. [16] found that under high power
ultrasound, acoustic cavitation could directly rupture whole cells or gas vacuoles within the
cells. TEM evidence has shown this effect on a single Microcystis aeruginosa cell following
ultrasonic treatment at 28 kHz for 30 s (intensity of 0.12 W/cm?3). In a similar study using
acoustic cavitation to inhibit the growth of irradiated algal cells, Spirulina (Arthrospira)
platensis, Tang et al. [17,18] concluded that the growth rate of algal cells was reduced to
38.9% of the control in 5-min treatment due to changes in the functionality and integrity of
cellular and subcellular structures. Zhang et al. [19] found that 5 min exposure of Microcystis
aeruginosa to 25 kHz ultrasound (intensity of 0.32 W/cm?®) caused algae sedimentation and
reduced the photosynthetic activity of algae population. In addition, some researchers have
used acoustic energy for microalgal cell disruption and lipid extraction. For example,
solvent-free ultrasound-assisted extraction significantly improved oil recovery of
Nannochloropsis oculata compared with conventional extraction methods (Bligh and Dyer)
[20]. Wang et al. [9] found that high frequency focused ultrasound and combination of high

and low frequency ultrasounds were effective in microalgal cell disruption.

Some research has been conducted to understand the bubble dynamics in acoustical field and
their radical kinetics. For example, Gogate and Pandit [21] described the motion of a single
bubble by solving the Rayleigh-Plesset equation numerically, and developed an empirical

correlation for predicting the pressure generated where the cavity collapses as a function of
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ultrasound intensity and frequency, and the initial nuclei size. In addition, for energy balance
analysis of an isolated oscillating spherical bubble in water irradiated by an ultrasonic wave,
the Keller-Miksis equation as a bubble dynamics model was studied by Merouani et al. [22].
In his subsequent research, the number of active bubbles in an acoustic cavitation field was
also predicted by describing the dynamics of the bubble and simulating the chemical kinetics
occurring in the bubble [6]. To the best knowledge of the authors, however, ultrasound
induced microalgal cell disruption has never been simulated by the model of bubble

dynamics in acoustical field, or their radical kinetics.

The objective of this study was to predict acoustic cavitation induced microalgal cell
disruption by simulating the dynamics of bubble oscillation in an acoustical field and the
radical Kkinetics occurring in the bubble during its oscillation, as well as calculating the
pressure pulse of the bubble collapse. The concept of cumulative collapse pressure (CCP,
number of bubbles multiplied by the collapse pressure of a single bubble) was used to
correlate with algal cell disruption, which was represented by the change of algal cell/debris
concentration, chlorophyll-a fluorescence density (CAFD) and Nile red stained lipid

fluorescence density (NRSLFD).

5.2 Models and computational methods

5.2.1 Bubble dynamics

The differential equation for the motion of the pulsating bubble is expressed as
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where water is considered as the cavitation medium, R is the radius of the bubble (um), Ro is
the initial radius of the bubble (10 um), pi is the density of the liquid (998 kg/m®), o is the
surface tension (0.0725 N/m), u is the viscosity of the liquid (0.001 Pa-s), Po is the ambient
static pressure (1.01325x10° Pa), P« is the variation in bulk pressure (Pa) as function of time
which is given by P, = Py — P,Sin(2mft) , in which f is the sound frequency (kHz), Pa is the
driving pressure (Pa) that is correlated with the acoustic intensity la (W/m?) as Py = \/m

where c is the speed of sound in the liquid (1500 m/s).

The above model given by Eatock [23] is called the modified RPNNP equation. It describes a
radially symmetric free bubble in an acoustic field P« [24]. The modified RPNNP equation
(Eq. (5-1)) describing the dynamics of the bubble is a non-linear second-order differential
equation and can be numerically solved using the Runge-Kutta fourth-order method by
Matlab (version 2014a). For the numerical simulation, growth of the bubble is considered
isothermal and the collapse of the bubble becomes adiabatic when partial pressure of the gas
(Pg) inside the bubble equals to the liquid-medium vapor pressure (Py) with the consideration
of Flynn’s assumption [25]. When adiabatic collapse starts (Pq= Pv), the radius of the bubble
corresponding to this point is called the critical radius, Rerit [26]. The temperature inside the
bubble at any instant during the adiabatic phase can be calculated from the bubble size, using

the adiabatic law [6]:

T = Ty, ()20 (5-2)
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where T is the bulk liquid temperature and vy is the ratio of specific heat capacities (cp/cv) of
the vapor/gas mixture. Pressure inside the bubble during the adiabatic phase is thus given by
[26]:

Py = 2P, (F)3Y (5-3)

where R ¢ = RO(ZP%‘V’)W, Pyo = Py + (20/R,) — P, which is the gas pressure in the bubble

at its ambient state (R = Ro).
5.2.2 Radical kinetics
For a bubble initially composed of oxygen and water vapor, series of reversible chemical
reactions take place inside the bubble owing to the extreme conditions of temperature and
pressure developed during the strong collapse phase [6,22]. A kinetic mechanism consisting
of a series reversible chemical reactions (Table 5.1) is taken into account involving Oz, H.0O,
:OH, H-, O, HO2:, H2 and H.0O radicals. Rate expressions for the reactions involving K
radicals can be represented in the general form as [27]:

Yh=1 Vii' Xk © D=1 Vii" X (5-4)
in which vy; is the stoichiometric coefficients of the ith reaction and Xk is the radical symbol

for the k' species. K is the number of species. The superscript’ indicates forward
stoichiometric coefficients, while " indicates reverse stoichiometric coefficients. The rate r;
for the i reaction is given by the difference of the forward and reverse rates as [27]:

1y = kg TTEC [Xi ]V — kg TR [Xo ] (5-5)
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where [X] is the molar concentration of the k™ species and ki and ki are the forward and
reverse rate constants of the i reaction, respectively. The forward and reverse rate constants

for the i reaction are assumed to have the following Arrhenius temperature dependence

[27]:
by Eayj
Kii = AT fexp(— ) (5-6)
g
— bri _% -
Kri - AriT eXp( RgT) (5 7)

where Ry is the universal gas constant, Asi (Ari) is the pre-exponential factor, bsi (bri) is the
temperature exponent and Efi (En) is the activation energy. The rate constants of the

important reactions are listed in Table 5.1.
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Table 5.1 Scheme of possible chemical reactions inside an O cavitation bubble. M is the

third body. Subscript “‘f*” denotes the forward reaction and

TR
r

denotes the reverse reaction.

A (cm®mol?s?) is for two body reaction, b (cm® mol2s?) is for a three body reaction, and Ea

is the activation energy (cal mol™) [6].

N# Chemical reaction At br Ear Ar br Ear

1 H,O0+M«—H: -+ OH+M 1.912x10%  -1.83  1.185x10° 2.2x10% -2.2 0.0

2 0,+M-0+0+M 4515x10Y | -0.64  1.189x10° 6.165x10% -0.5 0.0

3 H>0+0O«-OH+-OH 2.97x10° 2.02 1.34x10* 1.465%10° 211 -2.904x10°
4 H:+02+M«<HO,-+M 1.275x10% 0.6 0.0 3.09x10%? 0.53 4.887x10*
5 H-+-OH~O+H; 2.667x10* 2.65 4.88x10° 3.82x10%? 0.0 7.948x10*
6 H-+H>0«-OH+H> 2.298x10° 14 1.832x10* 2.16x108 1.52 3.45x108
7 HO2+0<«>-OH~+O; 3.25x10%® 0.0 0.0 3.252x10%? 0.33 5.328x10*
8 HO;+H-« OH+-OH 7.079x10% 0.0 2.95x10? 2.027x10% 0.72 3.684x10*
9 H,0+HO,-«+H,0,+0 1.838x10%° 0.59 3.089x104 1.0x10%2 0.0 0.0

10 ‘OH+HO2 -H20,+0 8.66x10° 2.68 1.856x10* 9.550x108 2.0 3.97x10°
11 HO; +H-—H2+0; 1.66x10% 0.0 8.23x10? 3.164x10% 0.35 5.551x10*
12 | -:OH+ OH+MeH>0+M 1.0x10% -0.37 0.0 2.951x10% 0.0 4.843x10*
13 HO;:+HO;2: ->H20,+0; 4.2x10% 0.0 1.198x10* 4.634x10'®  -0.35 5.067x10*

The simulation of the reactions started at the beginning of the adiabatic phase. The amount of

water vapor and oxygen, and the temperature and pressure profiles in the bubble during

adiabatic phase were obtained by solving the dynamics equation (Eg. (5-1)). The amount of

all species (O, H20, -OH, H:, O, HO2-, H2 and H20y) inside the bubble was calculated at

any temperature by the chemical dynamic simulation through solving the reactions shown in

Table 5.1 via Matlab. The amount of each species was defined as that of the end of the
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bubble collapse [22,28]. The criterion of bubble collapse was when the bubble volume

reduces to the material volume of molecules present in the bubble [29].

Assuming that the bubble contents mix directly with the liquid surrounding the bubble at the
end of the collapse, the number of collapsing bubbles per unit time per volume (Nbubbles) IS
determined using material balances for -OH, HO2- and H20: in the liquid phase, which is
given as [22]:

I'H,0
y _ 505 5-8
bubbles ny,0,+0.5(N.og+NHoO,-) ( )

The water vapor trapped in the collapsing bubbles is thermally dissociated into reactive
hydroxyl radials (-OH) and hydrogen atoms (H-) during acoustic cavitation, and these
active species can recombine or react with other gaseous species present in the bubble to
form other active species such as HO2- and O-. Mostly these primary active species of
sonolysis recombine and form H20: according to the following reactions [22]:

2+ 0H - H,0, (5-9)

The amount of hydrogen peroxide generated by sonication can be quantified by the following
two reactions:
H,0, 4+ 21" = I, + 20H™ (5-11)

2+ oI5 (5-12)
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Weissler reaction [30] was used as a model reaction to determine the amount of iodine

liberated after 20 min irradiation, the following equation with an R? value of 0.94 was given
[2]:

. . . g -6 Rmax 3 -4
Amount of iodine liberated (E) =8.562 x 10 (R—) —3.847 x 10 (5-13)

0

where Rmax Was obtained by solving the bubble dynamics Eq. (5-1) and Ro was 10 um. Eq.
(13) gave the rate of iodine liberation, which based on Egs. (5-11) and (5-12) was equal to
the production rate of H2O> (rH202, the numerator in Eg. (5-8)). With known rH20.,
cavitation bubbles were then calculated by solving Eq. (8). Although Rmax/Ro indicates size
change of a single bubble, it is actually correlated with bubble number/density. For example,
Merouani et al. [6] showed that each Rmax correlated with its specific bubble number,

therefore, the amount of iodine liberated can be formulated as a function of Rmax/Ro.

In addition to active bubble numbers, the bubble wall pressure at the collapse point of one
bubble is another important parameter as described in Eq. (5-3). When determining cell
disruption efficiency during acoustic cavitation acting on algal cells, the correlation obtained
for the prediction of pressure pulse generated by a single bubble is given by the following
equation [21], which was used to cross check the collapse pressure calculated by Eq. (5-3):
Peollapse = 114(Ro) T+*(D) 7 (H* (5-14)
The preceding correlation uses the initial bubble size Ro (mm), intensity of ultrasound |

(W/cm?), frequency f (kHz), and the collapse pressure Peoniapse (atm). Details about the effect
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of ultrasound intensity and frequency and the initial nuclei sizes on the magnitude of pressure

pulse have been presented by [21].

5.3 Materials and methods

5.3.1 Algae Sample Preparation

Scenedesmus dimorphus (UTEX 417) and Nannochloropsis oculata (UTEX 2164) were
obtained from the Culture Collection of Algae at the University of Texas at Austin (Austin,
TX). The details about culture conditions and medium can be found in our earlier work [9].
Algal samples were collected during the stationary growth phase and the concentrations of
both algal strains was approximately 7.5x10° cells/ml, corresponding to dry weight
concentrations of 1.51 g/l (for S. dimorphus) and 0.96 g/l (for N. oculata), respectively.

5.3.2 Experimental and analytical procedures

A low frequency (20 kHz) ultrasonic processor with a power rating of 500 W (FB-505,
Fisher Scientific, Hampton, New Hampshire, USA) was used in experiments. The transducer
was equipped with a standard titanium alloy “2-inch tip. An ice bath was employed to absorb
ultrasonic heat. Thirty-ml algae sample was placed in a 50-ml beaker, then subjected to four
ultrasound intensities (20%, 30%, 40%, 50% of the maximum power) and four sonication
durations (30s, 1 min, 2 min and 5 min). The amount of energy actually dissipated in each

treatment was measured by calorimetric studies using the following equation [31]:

dT
Power (W) = mC, (a
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where Cp (J/kg-K) is the heat capacity of the solution, m (kg) is the mass of the solution, dT
(K) is the temperature difference between the initial temperature and the final temperature
after a specific reaction time dt (s). Table 5.2 gives the values of actual power dissipated into
the algae suspension and the corresponding driving pressure Pa at these settings.

Table 5.2 Actual power dissipation at different intensity (maximum power rating=500W) and

their driving pressure Pa

Power intensity of Area of Actual power dissipated in |~ Acoustic intensity P (atm)
horn (W) dissipation(cm?) the given volume (W) (W/cm?)

100 (20% of max) 1.33 9.70 7.30 4.67

150 (30% of max) 1.33 15.73 11.83 5.95

200 (40% of max) 1.33 22.35 16.80 7.09

250 (50% of max) 1.33 27.78 20.88 7.90

Immediately after the treatment, the chlorophyll-a fluorescence density (CAFD) was
measured by a Synergy Mx monochromator based multi-mode microplate reader (Synergy
Mx, Winooski, Vermont, USA) at an excitation wavelength of 450 nm and an emission
wavelength of 680 nm. Algal lipid was measured by Nile Red stained method. In this study,
2-ul Nile Red acetone solution (0.25 g Nile red per liter of acetone) was added to 2 ml of
algal suspension, and then the mixture was vigorously agitated by a vortex mixer.
Fluorescence was measured 30 s after staining using the Synergy Mx microplate reader with
a 552-nm excitation wavelength and a 636-nm emission wavelength. The absolute number of
algal cells was measured by a Millipore cell flow cytometer (guava easyCyte, Billerica,

Massachusetts, USA) equipped with two Class Il1b lasers operated at 488 and 640 nm in CW
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mode. Analysis of the flow cytometer data was performed using guavaSoft software, version

2.2.

5.4 Results and Discussion

5.4.1 Acoustic bubbles and radicals

Table 5.3 summarizes the numerical results of bubble dynamics. Rmax/Ro was in the range of
35.2-51.1. With the intensity increased, this ratio also increased. The bubble radius history of
100-W power intensity as an example is shown in Fig. 5.1 and other intensities had similar
trends. In Table 5.3, rH2O2 was calculated based on equation (13) and substituted as the
numerator in equation (8), where the denominator Nmoles Was obtained from simulated radical
kinetics, thus the number of collapsing bubbles per unit time per volume (Nbubbles) Was
obtained. It can be seen from Table 5.3 that the number of active bubbles increased as the
ultrasound intensity increased. It can be interpreted by the fact that the ratio Rmax/Ro (which
indicates the maximum size attained by the bubble during its growth phase) increased with an
increase in the ultrasound intensity (Table 5.3). The increase in the maximum size of the
bubble resulted in more cavitationally active volume with higher life time [32,33]. However,
although there was an increase in the size of the bubble from increased ultrasonic intensity,
the lifetime of the bubble was also observed to increase during which the energy associated
with the bubble may be taken up by the compressible liquid medium as Tomita-Shima
equation demonstrated [32], which resulted in reduced bubble wall pressure at the collapse

point of the bubble when keeping initial size of the bubble (Ro) and frequency (f) constant
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(Table 5.3). The last two columns of Table 5.3 also show that the predictions from the

RPNNP equation and Equation (14) are close, indicating that Equation (14) as an empirical

formula is reasonably valid for the operating conditions of this study. Therefore, the

collapsing bubble number and the corresponding collapse pressure were combined into

cumulative collapse pressure (CCP, number of bubbles multiplied by the collapse pressure of

each bubble), which was calculated based on sonication duration and volume to correlate

with algal cell disruption in the following discussion.

Table 5.3 Numerical results of the H.O2 production rates, the number of collapsing bubbles

and the mole number ny, o, + O.S(n.OH + nHoz.) released by each bubble at the end of the

bubble collapse, as well as the collapse pressure with respect to the ultrasound power

intensity
Power rH,0, Pcollapse (Pa) Pcollapse (Pa)
. . Nimotes/ Nbubbles
intensity = Rmax/Ro | (mol-Is?) . /bubble from  /bubble from
Ny,o0, + O.S(n.OH + nHoz.) (st
(W) Ea (3) Eq (14)
100 35.2 2.46x106 7.80x1012 3.15x10° 7.38x10% 6.59x10%
150 422 4.21x106 8.27x10? 5.09x10° 6.80x10% 6.07x10%
200 47.6 6.05x106 8.49x101? 7.13x10° 6.35x10% 5.72x10%°
250 51.1 7.51x10°6 9.02x101? 8.32x10° 6.12x10%° 5.51x10%°
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Figure 5.1 The bubble radius history of simulation for 100-W power intensity

5.4.2 Cell debris concentration

The increase or decrease in cell debris concentration due to severe cell disruption or de-
clumping can be considered as a positive response of cells to ultrasound cavitation [9]. Fig.
5.2 shows the change of cell debris concentration as a function of energy input considering
sonication duration and ultrasound intensity. For S. dimorphus, the energy input did have
significant effects on cell debris concentration, the longer the sonication time or the stronger
the intensity was, the higher the cell debris concentration was observed (Fig. 5.2A). It is also
important to note that as the sonication duration increased, the rate of cell debris
concentration increase became slower. It might be explained by the fact that as processing
continued the energy input would be distributed by more cell fragments, thus the energy

received by each debris was reduced [9,34], which was also called cell debris grinding
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effects. The effect of ultrasound intensity and sonication duration on the cell debris
concentration of N. oculata was different from that of S. dimorphus as shown in Fig. 5.2B.
Although there were significant increases in cell debris concentration when compared to the
control (no sonication), cell debris concentrations significantly reduced with increased
sonication duration or ultrasound intensity. At sufficiently high energy input (e.g., 5 min at
250 W), the cell debris concentration was even lower than the control, owing to too severe

cell disruption.
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Figure 5.2 The cell debris concentration of S. dimorphus (A) and N. oculata (B) vs.

sonication duration and ultrasound intensity

The correlations between cell debris concentration and CCP (natural logarithm) for S.
dimorphus (Fig. 5.3A) and N. oculata (Fig. 5.3B) are in close agreement with experimental
results and trends shown in Fig. 5.2. For S. dimorphus, there was a positive linear correlation
between cell debris concentration and CCP (R?=0.955), suggesting that more acoustic energy

input yielded more cell debris (more severe cell disruption), which was the same as the
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experimental conclusion. For N. oculata, an inflection point (In(CCP) around 38.9) was
found. When In(CCP) was less than 38.9, a positive correlation between cell debris
concentration and CCP was found, but a negative correlation was observed above the
inflection point. This is also in close agreement with experimental results shown in Fig. 5.2B.
Both the modeling and experimental results indicate that too much energy input to N. oculata
reduced cell particle numbers. The different effects of ultrasonic cavitation on S. dimorphus
and N. oculata can be explained by the difference in their cell size, shape or structure [9]. In
brief, S. dimorphus are bean shaped, big (long axis 10-20 um) and normally clustered as
groups, therefore, some clusters being de-clumped and some single cells breaking into
smaller cell debris resulted in increased cell/particle numbers (concentration) after sufficient
energy was applied. In contrast, N. oculata with cells of small (2-4 um), round shaped, and
dispersed, might be disrupted into small particles, but with increased energy levels, some of
the particles were broken into smaller ones or completely disappeared (dissolution) as
observed under the microscope (photos not shown), which might not be detected by the
device (the detection limit was approximately 1 um). The reduction in cell debris could
actually reflect the extent of cell disruption and the change of cell structure corresponding

with increased energy level. Similar phenomenon was observed in previous studies [9,35].
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Figure 5.3 The correlation between measured cell debris concentration and calculated CCP

for S. dimorphus (A) and N. oculata (B)

5.4.3 Chlorophyll-a fluorescence density

Fig. 5.4 shows the change of CAFD vs. sonication duration for both algal strains. As can be
seen from Fig. 5.4A, there were significant increases in CAFD of S. dimorphus with
increasing processing duration for 0.5, 1 and 2-min treatments, however, CAFD of all 5-min
treatments became lower. The reduction in CAFD during excessive exposure to ultrasound
can be explained by degradation of chlorophyll, which was also found by some other
researchers [9,36]. Different from that of S. dimorphus (Fig. 5.4A), all treatments including
5-min treatments increased CAFD, and CAFD increased with increasing energy levels
because of more severe cell disruption as shown in Fig. 5.4B, thus, the cell fragments
containing chlorophyll-a emitted much stronger fluorescence. As explained in previous

papers [9,34], N. oculata required more energy input for cell disruption than S. dimorphus,
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thus 5-min treatments were probably not long/severe enough to degrade chlorophyll to cause

reduced CAFD like for S. dimorphus.
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Figure 5.4 Chlorophyll-a fluorescence density of S. dimorphus (A) and N. oculata (B) vs.

sonication duration and ultrasound intensity

Again, the correlations between CAFD and CCP (natural logarithm) for S. dimorphus (Fig.
5A) and N. oculata (Fig. 5.5B) are in close agreement with experimental results and trends
shown in Fig. 5.5. There were two independent linear correlations between CAFD and CCP
for S. dimorphus, separated by 5-min treatments as shown in Fig. 5.5A, indicating that there
might be an energy-threshold value acting on the degradation of chlorophyll of algal cells
during ultrasonic processing. Published research [9,34,37] also revealed that when energy
input reached certain levels, chlorophyll started to degrade. The actual CAFD was believed
to depend on the competition between chlorophyll degradation and emissivity increase due to
cell disruption. In the case of N. oculata, there was only one strong linear correlation

(R?=0.960) in all of treatments between CAFD and CCP (Fig. 5.5B), indicating significantly
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positive effects of cumulative pressure pulse generated from collapsing bubbles on cell

disruption (CAFD). The reason of a single correlation between CAFD and CCP for N.

oculata was probably that the threshold value for chlorophyll degradation was not reached

yet even in 5-min treatments.
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Figure 5.5 The correlation between chlorophyll-a fluorescence density and Ln(CCP) of S.

dimorphus (A) and N. oculata (B)

5.4.4 Nile Red stained lipid fluorescence density

Nile Red staining method has been widely used in algal lipid detection [9,38]. Thus, relative

lipid content represented by Nile Red stained lipid fluorescence density (NRSLFD) as a

direct indicator of algal cell disruption was used to correlate with ultrasonic bubbles. As can

be seen from Fig. 5.6, NRSLFD increased significantly under all treatments compared to the

control for both algal strains. In addition, it is evident that the boosted energy levels resulted

in higher NRSLFD because of more severe cell damage.
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Figure 5.6 Nile red stained lipid fluorescence density of S. dimorphus (A) and N. oculata (B)

vs. ultrasound intensity and sonication duration

The linear correlation coefficients of R?=0.909 for S. dimorphus and R?=0.916 for N. oculata
between NRSLFD and CCP (natural logarithm) were obtained (Fig. 5.7). The strong
correlations indicate that the numerical results of acoustic bubbles (represented by CCP) can

predict algal cell disruption (represented by NRSLFD).
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It is important to note that each of chlorophyll a fluorescence density, cell debris
concentration and Nile red stained lipid fluorescence density reflects a different aspect of cell
disruption and they are not directly comparable. For example, chlorophyll a fluorescence
density represents chlorophyll emissivity and degradation due to cell damage or breakup.
Cell debris change is a more direct indicator of cell disruption; therefore both CAFD and cell
debris concentration are sensitive to the degree of energy input (or Ln(CCP)). Nile red
stained lipid fluorescence density reflects both complete cell disruption (causing cell debris)
and cell wall damage (causing penetration of Nile red), and it is not easily affected by the
degree of cell disruption or total energy input, therefore, the correlation between Nile red
stained lipid fluorescence density and collapse pressure is more consistent than the other two

indicators.

5.5 Conclusions

A method for predicting ultrasound induced microalgal cell disruption was developed.
Modeling results expressed by cumulative collapse pressure was correlated with and
validated by experimental results of algal cell disruption represented by Nile red stained lipid
fluorescence density, chlorophyll-a fluorescence density, and cell debris concentration. Close
agreement between modeling and experimental results was found, which indicated that

cumulative collapse pressure computed from the bubble dynamics and radical kinetics
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models could quantitatively reflect the effectiveness of algal cell disruption by ultrasound

treatment.
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Chapter 6 3D simulation of ultrasound induced microalgal cell
disruption

A paper submitted to Applied Biochemistry and Biotechnology, cited as “M Wang, W
Yuan, A Hale. 3D simulation of ultrasound induced microalgal cell disruption. Applied

Biochemistry and Biotechnology, under review.”

Abstract The 3D distribution (X, y, z) of ultrasound induced microalgal cell disruption in a
sonochemical reactor was predicted by solving the Helmholtz equation using a three-
dimensional acoustic module in the COMSOL Multiphysics software. The simulated local
ultrasound pressure at any given location (X, y, z) was found to correlate with cell disruption
of a freshwater alga, Scenedesmus dimorphus, represented by the change of algal cell
particle/debris concentration, chlorophyll-a fluorescence density (CAFD) and Nile red
stained lipid fluorescence density (LFD), which was also validated by the model reaction of
potassium iodide oxidation (the Weissler reaction). Furthermore, the effect of ultrasound
power intensity and processing duration on algal cell disruption was examined to address the
limitation of the model.

Keywords Microalgae; Ultrasound; Cell disruption; Cavitation
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6.1 Introduction

Microalgae are a very promising source of biodiesel [1] and other renewable energy [2, 3]
due to their fast growth rates, high lipid contents, and tremendous potential in water
conservation [4] and CO: biofixation [5]. However, due to their strong cell-wall structures,
most microalgal cells are difficult for disruption. Several technologies have been investigated
such as direct extraction, supercritical CO2, French press, bead-beater and wet milling. These
methods can be effective at the lab scale but have not been viable at the commercial level for
biofuel production [6]. Large equipment and machines, such as bead mills, homogenizers,
and expellers are available in the market, but they are not developed to handle microalgal
cells in an effective way. Sonication has also been studied. The use of ultrasound induced
acoustic cavitation as a source of energy has been reported to generate both physical and
chemical effects, which are responsible to disrupt algal cell walls effectively. For example,
the physical effect involves intense shock waves and shear forces produced by the bubble
collapse. It is known to break down algal cell walls and membranes, wash out cell contents,
reduce in particle size of algae cell to accelerate the extraction kinetics and to enhance the
extraction yield of intracellular lipid [7-9]. In contrast, the chemical effect is arising from the
formation of highly reactive radicals such as H* and *OH from the decomposition of water
vapour within the collapsing cavities [10], because each cavitation bubble collapse results in
extreme conditions involving locally high temperatures (>5000 K) and high pressures
(several thousand atmospheres), this combination is easily capable of fragmenting water into

radicals. Redox reactions initiated by these radicals have been found to weaken the
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composition of microbial cell walls such as glycoproteins and polysaccharides to the point of

disintegration [9, 10].

Though ultrasound has been regarded as one of the effective methods for algal cell
disruption, fundamental knowledge about the effect of ultrasound treatment and energy
distribution on cell disruption and intracellular lipid extraction is very scarcely, which could
be used to guide the design of large-scale sonochemical reactor and optimization of its
processing conditions for effective algal lipid extraction. A careful analysis of the literature
indicates that intensive researches have focused on the numerical prediction of cavitational
activity distribution in terms of pressure field. For example, one of the earliest work in this
area had been done by the group of Keil [11, 12], who reported that the maximum cavitation
activity displayed near to the transducer and decreased away by solving Helmholtz and
Kirchhoff integral equations. Later, Saez et al. [13] characterized the ultrasonic field
propagation and obtained the spatial distribution of the ultrasound effect based on the
solution of the Helmoltz equation. More recently, Sutkar et al. [14] and Csoka et al. [15]
predicted the cavitational activity in terms of pressure field distribution in different
geometries of sonochemical reactors using the numerical simulations of the sound wave
equation. With these theoretical analysis results, one can obtain the ultrasound pressure field

distribution in any sonochemical reactor with various geometries and operating conditions.
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However, to the best knowledge of the authors, no work has been reported in correlating
cavitational activity with predicted pressure field distribution therefore to predict the
distribution of ultrasound induced microalgal cell disruption in a sonochemical reactor. The
objective of this study was thus to predict microalgal cell disruption in a sonochemical
reactor by simulating and correlating with pressure field distribution. The change of algal cell
concentration, chlorophyll-a fluorescence density (CAFD) and Nile red stained lipid
fluorescence density (LFD) at different locations were used to correlate with the theoretically
predicted pressure. Besides, the model reaction as the decomposition of potassium iodine

(K1) to give iodine due to the chemical effect of cavitation was evaluated in this study.

6.2 Materials and Methods

6.2.1 Sonochemcial reactor

A low frequency (20 kHz) ultrasonic processor with a power rating of 500 W (FB-505,
Fisher Scientific, Hampton, New Hampshire, USA) was used. The converter was equipped
with a standard titanium alloy ¥2-inch tip. The horn was always dipped 3 cm below the liquid
level as depicted in Fig. 6.1A. The experiments were conducted in a beaker of 1-L capacity

(diameter = 10.6 cm, height = 13 cm) completely filled with distilled water or sample.
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scale

The wavelength A of ultrasound in water was 7.5 cm for operating frequency of 20 kHz (by
assuming speed of sound as 1500 m/s). For investigations of cavitational activity, the reactor
was divided into three planes (along z-direction) at height corresponding to close to the horn
tip (0.5 cm away), 0.5X and 1A. The exact distance from bottom of the reactor was 9.5, 6.25,
2.5 cm, respectively. The obtained plane was again subdivided at equal distances of 1.7-cm
along the center in the radial direction (locations at 1.7, 3.4, 5.1 cm away from the center)
(Fig. 6.1B). Totally 21 locations were selected for investigations, 7 on each plane. In
addition, the measurements were also made in axial direction with increasing distance from

the tip of the horn as shown in Fig.1B (marked with ‘asterisk’).



140

6.2.2 Quantification of cavitational activity using Weissler reaction

The reaction of decomposition of KI liberating free iodine (Weissler reaction) has been
widely used to quantify the cavitational effects and for the analysis of the distribution of
acoustic energy in ultrasonic reactors [16-20]. In this study, the reaction was carried out at
different locations as depicted in Fig. 1B. Specifically, 1.5 ml of 5% (w/v) KI solution was
taken in a small glass test tube (of outer diameter of 1.5cm and height of approximately 2
cm). The ultrasound duration was fixed at 2 min, and operated at 250 W (50%) input power.
The amount of energy actually dissipated in ultrasonically treated system was 27.8 W
measured by calorimetric studies. The extent of iodine liberated during the reaction was
estimated with the help of a Synergy Mx monochromator based multi-mode microplate
reader (Synergy Mx, Winooski, Vermont, USA) by measuring its absorbance at 355 nm
wavelength. The same procedure was repeated for all the locations for three times and the
average value of iodine liberation was reported.

6.2.3 Algal sample preparation

Scenedesmus dimorphus (UTEX 417) was obtained from the Culture Collection of Algae at
the University of Texas at Austin (Austin, TX). S. dimorphus was cultivated in modified
Basal medium containing 1.8 g urea, 0.4 g KH>PO4, 0.85 g K;HPO4, 1 g MgS0O4-7H20, 0.5 g
EDTA, 0.1142 g H3BOs3, 0.111 g CaCla-2H,0, 49.8 mg FeSO4-7H,0, 88.2 mg ZnSO4-7H0,
14.2 mg MnCl»-4H;0, 15.7 mg CuSO4-5H20, and 4.9 mg Co(NO3)2:6H20 in one liter of
distilled water. Cultures were carried out in 1-1 Erlenmeyer flasks containing 600-ml growth

media at 25+1 °C under continuous shaking (150 rpm). Light (60-70 umol photons m™2-s™)
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was provided by cool white fluorescent lamps with 12 h:12 h light:dark cycles. Algal sample
was collected during the stationary growth phase and the concentrations of S. dimorphus was
approximately 7.5x10° cells/ml, corresponding to dry weight concentration 1.51 g/1.

6.2.4 Algal cell disruption

A similar procedure of Weissler reaction was adopted for algal cell disruption. Instead, 2 ml
of algae suspensions were filled in the test tube, after 2 min sonication, immediately the
CAFD was measured by a Synergy Mx monochromator based multi-mode microplate reader
(Synergy Mx, Winooski, Vermont, USA) at an excitation wavelength of 450 nm and an
emission wavelength of 680 nm. Algal liberated lipid was measured by Nile Red stained
method. One-ul Nile Red acetone solution (0.25 g Nile red per liter of acetone) was added to
1 ml of algal suspension, and then the mixture was vigorously agitated by a vortex mixer.
Fluorescence was measured 30 s after staining using the Synergy Mx microplate reader
(Synergy Mx, Winooski, Vermont, USA) with a 552 nm excitation wavelength and a 636 nm
emission wavelength. The absolute number of algal particles was measured by a Millipore
cell flow cytometer (guava easyCyte, Billerica, Massachusetts, USA) equipped with two
Class Il1b lasers operated at 488 and 640 nm in CW mode. Analysis of the flow cytometer

data was performed using guavaSoft software, version 2.2.

In addition, to study the effect of ultrasound duration and intensity, location A in Fig. 2 was
chosen as the model point, the algal suspensions at this point were sonicated after 0.5, 1, 2, 4,

6, 8 and 10 min at 250 W input power, or at 100, 150, 200, 250, 300, 350, 400, 450, 500 W
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input power with the fixed irradiation time of 2 min, and the samples were analyzed as
mentioned above.

6.2.5 Theoretical modeling

Numerical solution of the sound wave equation has been used for predicting the evolution of
acoustic pressure p as a function of space r and time t. The propagation of sound wave in one

dimension (x direction) can be described by the following equation as [25]:

——-—=—=0 (6-1)
where p is acoustic pressure (N/m?) and c is the speed of sound in medium (m/s). This
equation can be solved by assuming constant speed of sound and expressing the acoustic
pressure as a function of the ultrasound frequency as follows:

p = posin(wt £ kx) (6-2)
where o is angular frequency and k is wave number, po is the amplitude of driving pressure,
which is correlated with the ultrasound intensity | (w/m?), as p, = \/Tpc where ¢ is the

speed of sound in the liquid (m/s), p is the density of the liquid (kg/m®).

Extending the same logic (Eg. (6-1)), the wave equation considering all the three dimensions

in homogenous liquid medium can be written as:

v2pl - 1P _ (6-3)

czp;£;

92 a? a?
2_97p p p
where V= —— + pe t52
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The detailed modeling information including the assumptions, damping effects, and
boundary conditions of the sound waves have been demonstrated by Sutkar et al. [24] and
Csoka et al. [15]. As a result, the following equation known as Helmholtz equation was

applied to demonstrate the propagation of sound wave:

2

1
Vpr-Sop= (6-4)

The Helmholtz equation was solved by a three-dimensional acoustic module in the COMSOL

Multiphysics software version 4.4.

6.3 Results and Discussion

6.3.1 Axial distribution

The solid lines in Fig. 6.2 show the profile of predicted local pressure with vertical distance
away from the horn tip along the center of the reactor. Overall, predicted absolute pressure
decreases significantly as the distance from the horn tip increases. Specifically maximum

pressure field intensity (5.4 X 10° Pa) is observed around the location of the horn tip, which

decreases exponentially with increased distance, and vanishes at a distance of as low as 0.75
cm, where a new cycle starts. It can also be seen from Fig. 6.2 that a pressure peak appears as
ultrasound wave transmits. Moholkar et al. [20] reported that the presence of the
subharmonic peak in the acoustic-emission spectrum is representative of the transient
cavitation, and transient cavitation is much more desirable, because it results in a relatively
more violent collapse of cavities compared to stable cavitation, can induce molecular

fragmentation, and produce highly reactive radial species in these locations, which are
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responsible for iodine liberation, as well beneficial to algal cell disruption for the release of

intracellular lipid [8, 10, 21].
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Figure 6.2 Predicted local absolute pressure vs. (A) iodine liberation and lipid fluorescence
density and (B) cell debris concentration and chlorophyll a fluorescence density in the axial

direction of the ultrasonic horn. (— Absolute pressure, A lodine liberation, B Lipid

fluorescence density, % Cell debris concentration, <>Chlorophyll a fluorescence density)

Experiments were performed at different axial locations using Kl decomposition as the
model reaction to check the dependency of Kl decomposition rates with the predicted
absolute pressure. As can be seen from Fig. 6.2A, iodine liberation closely followed the
predicted pressure curve, indicating that the simulated pressure was reliable for representing
ultrasonic activity. If the simulated pressure amplitude can represent the violent cavitation
events and reflect the distribution of ultrasound activity, the distribution of algal cell
disruption owing to the collapsing cavities might be predicted. Thus, at all these axial

locations, experiments were also performed using algal cell cultures instead of KI solution.
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LFD, cell debris concentration and CAFD were considered as the indicators of algal cell
disruption, their changes usually represent the positive response of cells to ultrasound
treatment [22-24]. As can be seen from Fig. 2, comparison with experimental cell disruption
(LFD, cell debris concentration and CAFD), there was a good agreement with the obtained
trends in terms of absolute pressure, indicating that the simulated results can effectively
correspond with algal cell disruption. However, it is important to note that there was
significantly increase in algal cell disruption at the location close to the wall shown in Fig.
6.2A and 6.2B, which might be explained by the violent collapse of cavitation bubbles near a
rigid boundary, in which the velocity of a liquid jet impacting on the bubble surface tended to
increase, leading to increased tensile stress and decreased bubble distance, eventually the
bubbles flattened and a liquid film was formed between bubbles, which resulted in the
increase in shear force, and more serious effect [25-27]. However, the wall effect did not
function at KI decomposition, it might be explained by the fact that Weissler reaction is not
induced by shear stress [18].

6.3.2 Radial distribution

In order to correlate the simulated pressure with algal cell disruption in radial direction, the
comparison of obtained results are shown in Fig. 6.3. It can be seen that the ultrasound waves
are transmitted symmetrically from radial point of view. For z=6.25 and 2.5 cm, their
longitudinal distance away from the horn (0.5 and 1A) ensure that the transmitted wave
completes half or one cycle, thus the maximum absolute pressure is achieved in the center.

Fig. 6.3 also displays the radical distribution of cell debris concentration and CAFD at
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various locations corresponding with acoustic pressure, a good agreement was observed. It is
also important to note that higher ultrasound pressure resulted in stronger cell disruption.
However, exceptions were observed at the locations near to the boundary of reactor,
especially around the bottom wall (Fig. 6.3C), which could be explained by the severe
cavitation effects induced by the walls, particularly the pressure on the concave wall from the
bubble collapse was higher than that on the convex wall or flat one ([28]. Indeed, the
relatively low ultrasound pressure at locations near the bottom (1A away from the horn tip)
resulted in much higher cell debris concentration and CAFD (Fig. 6.3C), compared with what

displayed in Fig. 6.3B.
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Figure 6.3 Predicted local absolute pressure vs. measured cell debris concentration and

chlorophyll a fluorescence density in the radial direction at planes of (A) z=9.5cm, (B) z =

6.25 cm, and (C) z = 2.5 cm from the bottom of the reactor. (— Absolute pressure, % Cell
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To achieve the complete profile of the comparison between the modeling cavitational activity
and algal cell disruption, the surface variation of ultrasound pressure distribution at various
planes in reactor as well as the corresponding LFD distribution is presented in Fig. 6.4. As
expected, there was similar configuration between Fig. 6.4A and 6.4B in various planes,
indicating that algal lipid liberty via ultrasound disruption can be effectively predicted by the

modeling results represented by ultrasound pressure.
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Figure 6.4 (A) Predicted local pressure distribution contours in the reactor and (B) measured

lipid fluorescence density distribution contours on various planes

6.3.3 Limitation of the model and its improvement

The abovementioned model and the experimental results strongly suggest that the
distribution of microalgae cell disruption in a sonochemical reactor could be qualitatively
predicted by solving the Helmholtz equation in terms of absolute pressure. However, it
should be noted that the simulation was conducted without a time-dependent solver, and
usually optimal sonication duration is considered as one of the most important parameters,
because short processing durations could not result in sufficient cell disruption, but too long
processing would lead to unnecessary power consumption. Thus, in this study, the
experiments about the effect of sonication duration on iodine liberation, as well as algal cell

disruption were conducted and the results were shown in Fig. 6.5. It can be seen that the rate
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of iodine liberation was positively correlated to the sonication duration, which might be
explained by the fact that the hydrogen and hydroxyl radials that oxidize potassium iodide to
give iodide were formed by paralyzing water molecules during sonication, and the longer the

duration of sonication was, the more the radials were generated [15, 18].

Considering the time effect on algae cell disruption (Fig. 6.5), increasing sonication duration
resulted in more particles (Fig. 6.5B), indicating more severe cell disruption due to more
energy input. It is also important to note that as the sonication duration increased, the rate of
cell debris concentration increase became slower. It might be explained by the fact that as
processing continued the energy input would be distributed by more cell fragments, thus the
energy received by each debris was reduced, which was also called cell debris grinding
effects [29]. The effect of ultrasound duration on CAFD was different from that of cell debris
concentration as shown in Fig. 6.5B, in which although there were significant increases in
CAFD of S. dimorphus with increasing processing duration for 0.5, 1, 2, 4, 5-min treatments,
CAFD of all samples exposed to longer than 5-min treatments became lower. The reduction
in CAFD during excessive exposure to ultrasound can be explained by degradation of
chlorophyll, which was also found by some other researchers [22, 30], and there might be an
energy-threshold value acting on the degradation of chlorophyll of algal cells during
ultrasonic processing. As the main purpose of ultrasound treatment on algae in this study was
to assist with lipid extraction, it would be interesting to see how ultrasound duration affected

LFD. It can be seen from Fig. 6.5A that initially increasing sonication duration as expected
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resulted in higher LFD because of more disrupted sites in algal cell due to more severe cell
disruption, however, theoretically the lipid bodies in algal cells are finite, after most
cytoplasmic lipid bodies were disrupted, the energy from prolonged sonication time could

not further increase lipid release.
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Figure 6.5 The effect of sonication duration on iodine liberation and algal cell disruption (A:
A lodine liberation, M Lipid fluorescence density, B: *Cell debris concentration, <

Chlorophyll a fluorescence density. The solid lines are trend lines.)

In this model, although the ultrasound intensity is considered in the amplitude of driving
pressure at equation (2), the effect of intensity on ultrasonic activity is more complex than the
model demonstrates. Typically the increased power dissipated into the system generates
seizes to the ultrasonic activity, the cavitational activity increases initially but at a particular
limit of power dissipation beyond which the activity decreases [31]. It is because as the
intensity of ultrasound increases, ratio of maximum radius to initial radius also increases,

which results in more cavitationally active volume, hence enhanced cavitational effects [32].
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Conversely, with an increase in the intensity of the ultrasound, the bubble wall pressure at the
collapse point of the cavity decreases, because the lifetime of the cavity is also observed to
increase during which the energy associated with the bubble may be taken up by the
compressible liquid medium [31, 33]. Besides, high power input costs more energy use and is
not always desirable. Therefore, in this study, the effect of ultrasound power on iodine
liberation and algal cell disruption was examined and shown in Fig. 6.6. It can be seen that as
ultrasound power increased, indeed, the yield of reactions increased up to the threshold value
and then decreased, though optimum powers were different depending on the reactions. This
is in agreement with the finding of Hua et al. [34], who reported that the enhanced
sonochemical effects with increasing power dissipation in the system were only obtained
until an optimum intensity value of 1.2 W/cm? beyond which the rates of degradation of p-
nitrophenol decreased. Sivakumar and Pandit [35] and Zhang et al. [36] have also reported

the existence of optimum intensity of ultrasound.
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Figure 6.6 The effect of ultrasound power intensity on iodine liberation and algal cell

disruption (A: Alodine liberation, M Lipid fluorescence density, B: *Cell debris

concentration, <>Chlorophyll a fluorescence density. The solid lines are trend lines.)

Although the effects of power intensity and processing duration of ultrasound on algal cell
disruption were experimentally examined and found theoretically sound, such effects may
not be the same for extended ranges of power intensity and processing duration. A closer
look at Figures 5 and 6 reveals that linear relationships between cell disruption (indicated by
cell debris concentration, LFD, and CAFD) and power intensity or processing duration
existed only when power intensity was lower than 300 W and processing duration was less
than 3.5 min for the system studied. The correlations are shown in Fig. 6.7. This suggests that
the model may not be accurate to predict cell debris concentration, LFD, and CAFD if the
input power is too large or the processing duration is too long. It should also be noted that
algal species can be significantly different from each other, therefore, one needs to be
cautious to apply the conclusions in this study to algal species other than Scenedesmus

dimorphus.
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6.4 Summary and conclusions

Local ultrasound pressure at any given location (X, y, z) in a sonochemical reactor was
simulated. The predicted pressures were effectively to indicate cell disruption of
Scenedesmus dimorphus, represented by the change in its cell debris concentration,
chlorophyll-a fluorescence density and lipid fluorescence density. The model developed in
this study can be utilized for predicting ultrasound-induced algal cell disruption, which
consequently can guide the design of sonochemical reactors and optimization of their
processing conditions. Limitations of the model were identified, suggesting that the power
intensity, processing duration and algal species effects on ultrasound-induced cell disruption

need to be further considered.
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Chapter 7 Optimization of ultrasound induced microalgal cell

disruption and lipid recovery

A paper submitted to Transaction of ASABE, cited as “M Wang, W Yuan. Optimization
of ultrasound induced microalgal cell disruption and lipid recovery, Transaction of

ASABE, under review.”

Abstract The objective of this work was to optimize the operating parameters of ultrasound
for inducing cell disruption and lipid recovery of a marine alga Nannochloropsis oculata.
Based on response-surface-methodology experiments, a second-order polynomial model was
developed to examine the effect of sonication duration (SD), power input (PI), and cell
concentration (CC) on Nile red stained lipid fluorescence density (NRSLFD) per cell. The
results showed that there was a positive stoichiometric relationship between SD and PI, but
existed negative correlations between SD and CC or between Pl and CC, suggesting that low
CC was desirable for increasing NRSLFD per cell. The predicted maximum NRSLFD per
cell was 1.25x10*, which was in close agreement with the measured NRSLFD of 1.15x10*
at SD of 3.42 min, Pl of 364 W, and CC of 1.20x10" cells/ml. In addition, the recoverable
crude lipids at the predicted optimal conditions for maximum NRSLFD per cell accounted
for 74.5% of total lipid content. Long-chain and unsaturated lipids were degraded into short-

chain and saturated lipids with ultrasonic cavitation.
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7.1 Introduction

Ultrasound, in its most basic definition, refers to acoustic waves for which frequencies are
higher than the upper limit of the human hearing range, usually from 20 kHz to 10 MHz
(Piyasena et al., 2003; Legay et al., 2011). The ultrasound generated by periodic mechanical
motion of an ultrasonic probe transfers energy into the solution and causes alterations in
pressure leading to the creation of small rapidly growing bubbles. These bubbles are enlarged
during the negative pressure cycle and after undergoing oscillations in size during multiple
acoustic cycles, finally collapse violently which generates high pressures, temperatures and
shear forces, which are responsible for its many biochemical applications such as cell
disruption, microbial disinfection, crystallization, and emulsification of food materials
(Gogate and Pandit, 2004; Legay ey al., 2011; Subhedar and Gogate, 2014). Ultrasound as
one of the algal cell disruption methods has effectively reduced the growth rate of algae,
inhibited cell division, or caused immediate damage to photosynthetic systems of algae, as
well as physically breaking the cell wall/membrane. For example, Mahvi and Dehghani
(2005) found that short exposure (2.5 min) to ultrasound caused algae sedimentation and
reduced the photosynthetic activity of algae populations. Tang et al. (2003; 2004) examined
the effect of ultrasonic waves on growth inhibition of irradiated algal cells, Spirulina

(Arthrospira) platensis, and concluded that the growth rate of algal cells was reduced to 38.9
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% of the control in 5-min treatment due to changes in the functioning and integrity of cellular
and subcellular structures. In a similar study using ultrasound to repress the growth of
Microcystis aeruginosa, Ahn et al. (2003) concluded that ultrasound was the most effective
method in reducing the growth rate because of the disruption of gas vesicles in cells and
disturbance of the cell cycle and divisions. Wang et al. (2014) found that high frequency
focused ultrasound and combinations of high and low frequency ultrasounds were effective
in microalgal cell disruption for lipids recovery. Recently, an ultrasonic nozzle spraying
system and a high power ultrasonic flow system have also been investigated and proven

effective to disrupt algal cells and recover lipids (Wang and Yuan, 2015a, 2015b).

In the studies of ultrasound applications in algal cell disruption, sonication duration, power
input, and cell concentration are considered important parameters for improving algal cell
disruption efficiency. Theoretically too short processing durations could not result in
effective cell disruption, but too long ones would lead to more electric power consumption
that is needed. For power input, typically the increased power dissipated into the system
generates seizes to the ultrasonic activity, the cavitational activity increases initially but at a
particular limit of power dissipation beyond which the activity decreases (Gogate et al.,
2003). It is because as the intensity of ultrasound increases, the ratio of maximum radius to
initial radius also increases, which results in more cavitationally active volume, hence
enhanced cavitational effects (Sutkar and Gogate, 2009). Conversely, with an increase in the

intensity of the ultrasound, the bubble wall pressure at the collapse point of the cavity
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decreases, because the lifetime of the cavity is also observed to increase during which the
energy associated with the bubble may be taken up by the compressible liquid medium
(Gogate et al., 2000; 2003). Besides, high power input costs more energy use and is not
always desirable. Algal cell disruption was found to be inversely proportional to algal cell
concentration (Wang and Yuan, 2015a, 2015b). One cause could be the increased viscosity of
the samples resulting from higher initial cell concentration. More viscous liquids were
believed to cause severe attenuation of the sound wave and substantially reduced active
acoustic zones (Gogate et al., 2003). The more viscous the medium is, the more difficult to
disrupt cells. Another reason can be the reduced ultrasound energy input per cell with higher

initial cell concentration (Wang et al., 2014).

To the best knowledge of the authors, no work has been reported to optimize the operating
parameters of ultrasound in disrupting algal cells. The objective of this work was to optimize
the operating parameters for cell disruption and lipid recovery of Nannochloropsis oculata by
an ultrasonic horn system. A second-order polynomial model was developed using response
surface methodology (RSM) to maximize lipid recovery as indicated by Nile red stained lipid

fluorescence density (NRSLFD) per cell resulting from ultrasound disruption.
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7.2 Materials and Methods

7.2.1 Algae Culture

The marine alga N. oculata (UTEX 2164) was obtained from the University of Texas at
Austin Culture Collection of Algae (Austin, TX, USA). Algae were grown in Erlenmeyer
flasks and then were transferred to a 45-1 tubular airlift photobioreactor, containing
approximately 25 1 of growth media at 25+1 °C. Light (100 to 120 pmol photons/m?/s) was
provided by cool white fluorescent lamps with 12 h:12 h light and dark cycles. The medium
recipe of N. oculata contained 36 g/l instant ocean sea salt supplemented with 0.54 g/l urea
and 13.2 mg/l KoHPO4. The inorganic carbon source for algal photo-synthesis was from the
COz-enriched air. Algal samples were collected during the stationary growth phase and algal
cells were settled for 2 days to increase the biomass concentration and then immediately re-
suspended to various concentrations for ultrasound tests.

7.2.2 Experimental Setup

A low frequency (20 kHz) ultrasonic processor with a power rating of 500 W (FB-505,
Fisher Scientific, Hampton, New Hampshire, USA) was used. The converter was equipped
with a standard titanium alloy %2-inch tip. The horn was always dipped 3 cm below the algal

sample. An ice bath was used in all treatments to absorb ultrasonic heat.

RSM is widely used in the optimization design of multiparameter multilevel experiments. In
this study, the central composite design (CCD) of RSM was introduced to analyze the effect

of cell concentration (CC), sonication duration (SD), and power input (PI) on cell disruption
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efficiency. Table 7.1 shows the complete CCD that has 20 experiments. Based on the
previous results (Wang and Yuan, 2015a, 2015b), SD was selected ranging from 1.32 to 4.68
min with a center point of 3 min, Pl was set from 132 to 468 W with a center point of 300 W,
and CC was chosen from 1.06 x 107 to 1.04 x 108 cells/ml with a center point of 5.73 x 10’
cells/ml. According to the orthogonal quadratic design of the response surface, the parameter

of oo was chosen to be 1.68.
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Table 7.1 The central composite design of RSM experiments

Coded factors Actual values
Treat #
SD PI cc SD (min) PI (W) CC (cells/mLx107)

1 1 -1 1 4 200 8.5

2 1 -1 -1 4 200 2.95
3 0 0 0 3 300 5.73
4 +a 0 0 4.68 300 5.73
5 0 0 0 3 300 5.73
6 -1 1 1 2 400 8.5

7 1 1 -1 4 400 2.95
8 -o 0 0 1.32 300 5.73
9 0 0 0 3 300 5.73
10 -1 -1 -1 2 200 2.95
11 -1 -1 1 2 200 8.5

12 0 +a 0 3 468 5.73
13 0 0 -0 3 300 1.06
14 1 1 1 4 400 8.5

15 0 0 0 3 300 5.73
16 0 -0 0 3 132 5.73
17 0 0 0 3 300 5.73
18 0 0 +a 3 300 104
19 -1 1 -1 2 400 2.95
20 0 0 0 3 300 5.83

Thirty-ml algae sample was placed in a 50-ml beaker and sonicated by using an ultrasonic
device following the RSM experimental design as shown in Table 7.1. Immediately after the
treatment, NRSLFD during the disruption process was analyzed. Specifically, 2-ul Nile red

acetone solution (250 mg Nile red per liter of acetone) was added to 2 ml of algal suspension,
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and then the mixture was vigorously agitated by a vortex mixer. Fluorescence was measured
30 s after staining using the Synergy Mxmicroplate reader (Synergy Mx, Winooski, Vermont,
US) with a 552 nm excitation wavelength and a 636 nm emission wavelength. The Design
Expert software version 9.0.5 (Statease, Minneapolis, MN, USA) was used to formulate and
analyze the data. Further experimental validation was conducted based on the predicted
conditions for maximum NRSLFD per cell.

7.2.3 Lipid Extraction

The lipid contents of algae cultures were extracted after ultrasound treatment at the predicted
conditions for maximum NRSLFD per cell. Specifically, a 10-ml algae suspension was
filtered through a pre-dried (75 °C for 5 h in an oven) and weighed (wo) glass-fiber filter
paper (55 mm, nominal pore size 1.2 um) under vacuum. The filter paper was dried again in
the same oven (75 °C for 5 h) and kept in a vacuum desiccator overnight before weighing
(w1). Algae biomass dry weight was obtained by subtracting wo from ws. After ultrasound
treatments, the algal sample was transferred to 50-ml centrifuge tubes. Hexane was then
added to the sample to make the total volume 45 ml in each tube (hexane: sample=1:1, V/V).
The tube containing disrupted algal cells and solvent was shaken on a reciprocating shaker
(150 r/min) overnight. After that, the tube was centrifuged at 2020g for 15 min to remove
algal solids. The supernatant was carefully collected and evaporated and then dried in an
oven at 95 °C for 1.5 h. Lipids left in the flask without solvent were weighed to calculate
recovered crude lipids by the following equation:

_ Lipid yield (g/1)
~ Biomass dry weight(g/1)

Recovered crude lipids (g)
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The total recoverable lipid content of algae was also measured to compare with the lipid
contents extracted after ultrasound disruption described above. Typically, cells were
harvested by centrifugation at 2020g for 5 min and washed twice with distilled water. After
freeze drying the samples, the samples were pulverized in a mortar and extracted using a
mixture of chloroform: methanol (2:1, v/v). About 50 ml of solvents were used for every
gram of dried sample in each extraction step. After stirring the sample using a magnetic
stirrer bar for 5 h and ultrasonicated for 30 min, the samples were centrifuged at 2020g for 15
min to separate the solid phase. The solvent phase was evaporated in a rotary evaporator
under vacuum at 60 °C. The procedure was repeated three times until the entire lipid was
extracted.

7.2.4 Fatty Acid Composition Analysis

Algal cells after ultrasound treatment under the predicted conditions for maximum NRSLFD
per cell were harvested and freeze-dried for fatty acid analysis. The algal culture without
ultrasound treatment was set up as the control. Fatty acid methyl esters (FAME) were
prepared from dried algal biomass according to the protocol developed by Chi et al. (2007).
A 4-ml mixture of methanol, concentrated sulfuric acid, and chloroform (1.7:0.3:2.0, v/viv)
being added into a tube containing ~20 mg of freeze-dried cell biomass. The tubes were
heated in a water bath at 90 °C for 40 min, and then cooled down to room temperature, at
which point 1 ml of distilled water was added. The liquid in the tubes was thoroughly mixed

with a vortex for 1 min, and then settled for separation of the two phases. The lower phase
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containing the FAME was transferred to a clean vial and dried with anhydrous Na>SOas. One-
half milliliter dried solutions were transferred into a vial and analyzed by gas
chromatography. A  Shimadzu 2010 gas chromatography-mass spectrometry
(Shimadzu GCMS- QP2010 system, Shimadzu, Kyoto, Japan) was used for FAME analysis.
The Gas Chromatograph was equipped with an Agilent DB-5HT column (30 m, 0.25 mm ID,
0.10 um) and a mass spectrum detector The oven was programmed to hold at 80 °C for 2
min, ramped at 3 °C min! to 300 °C and held at 300°C for 19 min. The injector temperature
was 300 °C, the column oven temperature was 80 °C and the injector split ratio was set at
50:1. Helium was used as the carrier gas at a flow rate of 1.15 ml/min. The mass range was
2~1090 amu, scan speed was 5000 amu/s, ion source temperature was 200 °C, and the
interface temperature was 275 °C. The compounds were identified by comparing their mass
spectra with those from the National Institute of Standards and Technology (NIST) mass

spectral data library.

7.3 Results and Discussion

7.3.1 Second-Order Model Analysis

A second-order polynomial model was developed to analyze the effect of independent
variables (SD, PI, and CC) on NRSLFD per cell. The equation in terms of actual values is

shown below:
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NRSLFD per cell = -3.07 x 10° + 5.42 x 10°x SD + 1.27 x 10" x PI - 1.09 x 10?x CC -
1.09 x 108 x SD x Pl - 2.81 x 103 x SD x CC - 6.37 x 10® x PI x CC - 3.26 x 10°® x SD? +

1.36 x 10 x P12+ 1.03 x 10%° x CC?

The significance of the regression model and individual variables were determined at 95%
confidence level. As shown in Table 7.2, the P value of the model was lower than 0.05,
which indicates that this model was statistically significant. Based on the P values, all the
three variables of SD, P, and CC were significant on NRSLFD per cell, but their interactions
or square terms except for SDxCC, Pl x CC and C2 were not significant.

Table 7.2 Analysis of variance of second-order polynomial models

Source Sum of Squares F value P value
Model 1.48 x 108 32.92 <0.0001
SD 3.19 x 10° 63.77 <0.0001
Pl 5.85 x 10710 11.71 0.0065
cC 9.37 x 10°° 187.31 <0.0001
SD x Pl 9.56 x 102 0.19 0.6712
SD x CC 4.86 x 1070 9.72 0.0109
Pl x CC 2.50 x 101 0.50 0.0155
SD? 1.53 x 10°%0 3.07 0.1104
PI2 2.68 x 1013 5.37 x 107 0.9430
cc? 9.15 x 1010 18.29 0.0016
Residual 5.00 x 100

Lack of Fit 4,69 x 10710 15.04 0.0049
Pure Error 3.12x 101

Cor Total 1.53 x 108
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7.3.2 Interactions between SD and PI

Fig. 7.1 shows the interaction between SD and Pl when CC was constant at the center point
of 5.73x107 cells/ml. It can be seen that increasing SD reduced power input on NRSLFD per
cell when CC was constant, because increasing exposure to ultrasound resulted in the
accumulation of acoustic energy. Similarly stronger power input also increased the energy
exerted on algal cells, suggesting that short processing durations required greater power input

to achieve equivalent cell disruption efficiency.

NRSLFD per cell

400
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200
2.0 25 3.0 3.5 4.0
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Figure 7.1 The interaction between SD and Pl (CC=5.73x10" cells/ml) on NRSLFD per cell

7.3.3 Interactions between SD and CC
The interactions of SD and CC was different from that of SD and PI as shown in Fig. 7.2, in
which increased CC required more processing times to disrupt cells. The more cells were in

the sample, the longer the processing time was needed, because higher CC caused severe
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attenuation of the sound wave and substantially reduced active acoustic zones (Gogate et al.,
2003), meanwhile the ultrasound energy input per cell with higher CC was decreased. The

results suggested that low CC was desired to increase NRSLFD per cell.
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Figure 7.2 The interaction between SD and CC (PI = 300 W) on NRSLFD per cell

7.3.4 Interactions between Pl and CC

Fig. 7.3 shows the interaction between Pl and CC when SD was at the center point. The
contour lines show a positive stoichiometric relationship between Pl and CC; higher CC
required more power input, and vice versa, for higher NRSLFD per cell. As explained
previously, a critical minimum CC was beneficial for cavitation. It is also evident from Fig.
7.2 and 7.3 that CC played a major role in determining NRSLFD per cell; the maximum

NRSLFD per cell was achieved at the minimum CC, which is consistent with what was
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shown in Table 7.2 that the interactions of PIXCC, SDxCC and square terms CC? were

significant to the model (p<0.05).
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Figure 7.3 The interaction between Pl and CC (SD=3 min) on NRSLFD per cell

7.3.5 Optimization and Validation

The predicted optimal conditions for maximum NRSLFD per cell are shown in Table 7.3.
The predicted maximum NRSLFD per cell was 1.25x10* at SD of 3.42 min, Pl of 364 W,
and CC of 1.20x10" cells/ml. The predicted condition was validated by triple experiments,
and the measured NRSLFD per cell was 1.15x10* + 4.46x10®, which was reasonably

accurate being about 8% lower than the prediction.
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Table 7.3 The comparison of NRSLFD per cell between the model prediction and validation

experiment
Parameters SD (min) Pl (W) CC (cells/ml) NRSLFD per cell
Prediction 3.42 364 1.20x107 1.25x10*
Validation 3.42 364 1.20x107 1.15x10* + 4.46x10°

7.3.6 Lipid Extraction and Fatty Acid Composition Change

The recovered crude lipids (RCL) at the predicted optimal conditions accounted for 74.8% of
the total crude lipids (TCL) as shown in Table 7.4, indicating that ultrasound at the predicted
optimal operating conditions was reasonably effective in cell disruption for lipid recovery.

Table 7.4 Results of lipid extractions

Lipids extraction RCL TCL
Biomass dry weight (g) 0.455 2.024
Lipid recovered (g) 0.035 0.210
Lipid yield (g/g) 0.077 0.103
Recovery rate (%) 74.8% 100% (baseline)

As shown in Table 7.5, the total lipid content with ultrasonication increased compared with
the control. The data were subjected to ANOVA analysis using SPSS Version 12.0 software
(SPSS Inc., Chicago, lllinois, USA) and differences (p < 0.05 marked with different letters)
between means were determined using the Duncan-Waller test. It can also be seen that long-
chain fatty acids such as C20:5 decreased but short-chain lipids such as C12:0 and C16:0

increased, and unsaturated fatty acids such as C18:1, C18:2 and C20:5 decreased, whereas
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saturated lipids such as C16:0 and C18:0 increased. It can be explained by the cavitation
effect on carbon chain molecules, briefly, the water molecules inside the cavity were ionized
by the electrical charges and immediately decomposed into free hydroxyl ions and hydrogen
atoms (Cheng et al., 2014). The highly active free electrons break the chemical bonds of the
lipids, oxidize the double bonds to saturated single bonds, thus lead to a decrease in long-
chain and unsaturated lipids and an increase in short-chain and saturated lipids.
Table 7.5 Fatty acid compositions of lipids by ultrasonic treatment vs. the control (no

treatment). Different letters following the values indicate significant differences between the

control and treatment (p < 0.05)

Molecular formula Fatty acid Control sample (%)  Ultrasonic treatment (%)
C13H260> C12:0 6.08 £ 0.086 a 8.20+0.121b
C17H3402 C16:0 30.30+3.240a 35.40+2.470 b
C17H3202 C16:1 2140+ 1.360 a 22.60+1.280a
C1oH3s0> C18:0 531+£0.379a 9.40+0.132b
C19H360> ci18:1 9.63+0.062 a 6.20+£0.020 b
Ci19H3402 C18:2 0.28+0.002 a 0.15+0.001 b
C21H3402 C20:5 10.20+1.013 a 4.60+0.028b

Total 83.18 86.55

7.4 Summary and Conclusions

The operating parameters of ultrasound for inducing cell disruption and lipid recovery of a
marine alga N. oculata were optimized. A second-order polynomial model was developed

based on the response surface methodology and accurately predicted the Nile red stained
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lipid fluorescence density (NRSLFD) per cell. The predicted optimal conditions for N.
oculata were sonication duration of 3.42 min, power input of 364 W, and cell concentration
of 1.20x107 cells/ml. Low cell concentration was found to be desirable for increasing
NRSLFD per cell. The crude lipids recovery rate at the predicted optimal conditions was
74.5%. In addition, ultrasonic cavitation was found responsible for degrading long-chain and

unsaturated lipids into short-chain and saturated lipids.
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Chapter 8 Conclusions and Recommendations

8.1 Conclusions

The research was focused on the ultrasound techniques to enable high-efficiency algal cell
disruption for lipid extraction. There were several findings from this study:

1) Ultrasonic nozzle spraying was effective in algal cell disruption for lipid recovery.
Increasing ultrasound energy input generally improved cell disruption efficiency and lipid
recovery although excessive energy was not necessary for best results. Increasing spraying
pressure and nozzle orifice diameter tended to enhance cell disruption because of higher cell
flow velocity at nozzle exit. However, the effectiveness was restricted by less ultrasound
energy applied to each cell because higher spraying pressure and bigger nozzle orifice also
resulted in a higher cell flow rate. Increasing initial algal cell concentration significantly
reduced cell disruption efficiency as expected because of lower energy input on each cell and
higher viscosity of the treated sample.

2) A high-power ultrasonic flow system was found effective in algal cell disruption.
Increasing ultrasound intensity or sonication duration improved cell disruption efficiency of
both algal strains owing to more severe cell disruption or de-clumping. Cell recirculation was
found beneficial for cell disruption probably due to more uniform distribution of acoustic
energy. The energy consumption analysis showed that the UFS was energy efficient

compared to other processes.
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3) High frequency focused ultrasound could be as effective as Low frequency non-
focused ultrasound in algal cell disruption with lower energy use. The combination of high
and low frequency treatments was more effective than single frequency treatment, indicating
that frequency must have played a critical role in algal cell disruption.

4) A method for predicting ultrasound induced microalgal cell disruption was
developed. Modeling results expressed by cumulative collapse pressure was correlated with
and validated by experimental results of algal cell disruption. Close agreement between
modeling and experimental results was found.

5) Local ultrasound pressure at any given location (x, y, z) in a sonochemical reactor was
simulated. The predicted pressures were effectively to indicate cell disruption of
Scenedesmus dimorphus. The model developed in this study can be utilized for predicting
ultrasound-induced algal cell disruption, which consequently can guide the design of
sonochemical reactors and optimization of their processing conditions. Limitations of the
model were identified, suggesting that the power intensity, processing duration and algal
species effects on ultrasound-induced cell disruption need to be further considered.

6) The operating parameters of ultrasound for inducing cell disruption and lipid recovery
of a marine alga N. oculata were optimized. The predicted optimal conditions for N. oculata
were sonication duration of 3.42 min, power input of 364 W, and cell concentration of
1.20x10" cells/ml. Low cell concentration was found to be desirable for increasing NRSLFD

per cell. The crude lipids recovery rate at the predicted optimal conditions was 74.5%. In
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addition, ultrasonic cavitation was found responsible for degrading long-chain and

unsaturated lipids into short-chain and saturated lipids.

8.2 Recommendations

The development of large-scale multiple frequency/multiple transducer reactors operated in a
continuous mode might be the direction of future applications of ultrasound in algal cell
disruption. The computational models developed in this study can serve as a useful starting
point in establishing the design, optimization and scale-up strategies. The use of different
process intensifying parameters under optimized conditions such as the presence of solid
particles, dissolved salts and introduction of air may also help increase treatment efficiency

and reduce the cost of operation.



