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Microalgae have vast potential as a sustainable and scalable source of biofuels and bio-
products. However, algae dewatering is a critical challenge that must be addressed. Ultra-
sonic settling has already been exploited for concentrating various biological cells at
relatively small batch volumes and/or low throughput. Typically, these designs are operated in
batch or semicontinuous mode, wherein the flow is interrupted and the cells are subsequently
harvested. These batch techniques are not well suited for scaleup to the throughput levels
required for harvesting microalgae from the large-scale cultivation operations necessary for a
viable algal biofuel industry. This article introduces a novel device for the acoustic harvesting
of microalgae. The design is based on the coupling of the acoustophoretic force, acoustic
transparent materials, and inclined settling. A filtration efficiency of 70 6 5% and a concentra-
tion factor of 11.6 6 2.2 were achieved at a flow rate of 25 mL�min21 and an energy con-
sumption of 3.6 6 0.9 kWh�m23. The effects of the applied power, flow rate, inlet cell
concentration, and inclination were explored. It was found that the filtration efficiency of the
device is proportional to the power applied. However, the filtration efficiency experienced a
plateau at 100 W L21 of power density applied. The filtration efficiency also increased with
increasing inlet cell concentration and was inversely proportional to the flow rate. It was also
found that the optimum settling angle for maximum concentration factor occurred at an angle
of 50 6 5�. At these optimum conditions, the device had higher filtration efficiency in compari-
son to other similar devices reported in the previous literature. VC 2014 American Institute of
Chemical Engineers Biotechnol. Prog, 000:000–000, 2014
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Introduction

Although numerous technical and environmental chal-
lenges must be overcome to realize an economically viable
algal biofuel industry, phototrophic microalgae are arguably
the only biofuel feedstock that has the productivity required
for production at a scale commensurate with global liquid
fuel needs. If implemented sustainably into the global energy
and food portfolio, microalgal products can reduce green-
house gas emissions while simultaneously displacing a sub-
stantial percentage of our declining fossil fuel resources.1

Microalgal feedstocks have several potential advantages
when compared with current energy crops such as maize,
sugarcane, and soybeans. These potential advantages include:

1. Substantially higher productivity. Microalgae oil yield is
between 10 and 100 times higher (gallons�acre21�year21)
when compared with traditional oil crops. Thus microalgae
could be the only feedstock with the potential to displace
world oil consumption.2

2. No direct competition with food production and the ability
to grow in salt water. Some microalgae strains are able to
grow in sea water, which accounts for 70% of the surface
area of earth. Furthermore, microalgae could potentially be
cultivated in arid land using brackish water.3

3. Potential for carbon dioxide mitigation. Microalgae con-
sume carbon dioxide at a ratio of 1.83 kg of CO2 per kilo-
gram of biomass. Therefore, microalgal farms could be
colocated with power plants as a means of recycling green-
house CO2.4

4. Coproduction of animal feed. Microalgae can accumulate
up to 54% of dry weight as protein with a similar amino
acid profile to the Food and Agricultural Organization refer-
ence case for conventional foods.5

Despite the potential advantages described above, many chal-
lenges must be overcome if microalgae-derived fuels are used
to achieve the scale required to displace a substantial percent-
age of fossil fuels. For example, two critical steps remain that
are capital intensive and energy inefficient: the current cost of
cultivation at scale and the need for expensive high-speed cen-
trifuges to harvest microalgae.6 Algae dewatering, in particular,
is a critical challenge that must be addressed. As algae are typi-
cally cultivated at highly diluted concentrations (approx.,
99.9% water), algae dewatering typically represents the most
substantial energy sink in the entire microalgae to biofuel value
chain.7 Although gravity settling is an exception in terms of
energy requirements, it often requires long residence times or
the use of flocculants that could impact downstream processes
and/or require substantial operating costs.8

Acoustophoresis has been used as the prime force for the
separation of different particles and substances such as red
blood cells,9 hybridoma cells,10 Chinese hamster ovary
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cells,11 oil and water emulsions,12 milk,13 and palm oil.14

The acoustophoretic force is gentle and does not affect the
viability of the cell.15 Ultrasonically enhanced sedimentation
(UES) is the use of particle agglomeration by acoustophore-
sis which causes increased gravitational force from larger
effective particle size to increase the settling velocity of the
low-density cells.16 Although several acoustic separation
devices have been proposed in the prior art, very few of
them have been implemented for the separation of microal-
gae. Most of the current applications in ultrasonic separation
are tailored for the production of therapeutic proteins by per-
fusion filters in bioreactors. A recent thorough review of the
state of the art of acoustophoretic separation found only one
application for microalgae harvesting by UES.17 In that
study, the authors used a semicontinuous upward flow cham-
ber to harvest the strain Monodus subterraneus.18 In this
research, we present the development of a novel acoustic
separation device tailored for small, high-lipid content algae
cells such as the genus Nannochloropsis. The device could
also be potentially used for other types of microorganisms
such as yeast and mammalian cells.

Materials and Methods

Ultrasonically enhanced sedimentation

The use of ultrasonic standing waves has been reported in
the literature as an approach to manipulate the particles in a
fluid. The standing wave is the condition when fn 5 nc/2L,
which is also known as the resonance mode where fn are the
resonance frequencies, n the resonance number, c the speed
of sound in the acoustic layer, and L the thickness of the
layer. The standing waves exert an acoustic radiation force
that agglomerates the particles in acoustic nodes or antino-
des. This force moves the cells from the antinodes toward
the nodes according to the following equation:19

Fac54pR3kEacFsin 2kx (1)

where R is the particle radius (mm21), k is the wave number
(m21), Eac is the acoustic energy density (J�m23), and F is
the acoustic contrast factor. Equation (1) shows that the
wavelength of the acoustophoretic force is half that of the
acoustic wavelength. Therefore, the acoustophoretic force
has alternating bands of zero and its maximum magnitude
for every k/4 where k is the acoustic wavelength. Also, the
acoustic contrast factor, F, is an important physical property
that has a direct influence on the magnitude of the acoustic
force imparted on the particle. The acoustic contrast factor,
F, can be expressed as follows:19
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where K is the ratio of density of particle and the media
(K 5 qp/qm) and r the ratio of the speed of sound in the par-
ticle and in the media (r 5 cp/cm). The acoustic contrast fac-
tor will be different from zero if there is a relative difference
in the speed of sound and density between the cell and the
surrounding fluid medium. A laboratory scale test performed
by our research group is shown in Figure 1 in which the
acoustophoretic effect is demonstrated in batch mode using
polyamide particles and N. oculata cells, respectively. There
is, however, a decrease in the acoustophoretic force when
fn 6¼ nc/2L, a condition also known as a progressive wave.
For a progressive wave, the acoustophoretic force is much
smaller as it is proportional to R6 rather than R3.20

The dewatering process of cells by acoustophoresis in an
upward flow chamber is a competing effect between differ-
ent forces. The acoustic and gravity forces act as main driv-
ers for the separation, whereas the drag force associated with
the upward fluid velocity has an opposing effect. In the pre-
vious study, the use of “pulsed” or “on/off” acoustic cycles,
also known as semicontinuous devices, has been suggested
as a solution to the drag force problem.17 Another option
suggested in the literature is the use of the displacement of
individual cells in the acoustic field, also known as subwave-
length design.17 Although the movement of cells is the pri-
mary effect of the acoustophoretic force, this movement is in
the order of microns because the frequencies used for this
behavior are typically between 1 and 10 MHz21 and there-
fore k/4 5 374–37 mm. Therefore, although this principle has
been successfully applied for Lab-on-Chip applications, it
has not been demonstrated for the large bulk separation
required in the bioenergy industry.

Another approach is the use of a continuous flow-
enhanced gravity settling as presented below. Assuming the
Stokes-derived drag equation for low Reynolds number
(Re< 1), and the gravity force equation of a particle sus-
pended in a fluid, the following equation for critical particle
radius can be derived:22
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Here, the critical particle radius (rc) is the radius at which
drag force balances the gravity force (mm), g the viscosity of
the media (Pa�s21), mf the fluid velocity (m�s21), c the incli-
nation angle from horizontal axis (�) which is 0� for horizon-
tal flow and 90� for upward flow, g the acceleration owing

Figure 1. (a) Laboratory-scale experiment indicating the formation of acoustic agglomeration lines with a 1.7-MHz standing wave in a
quartz cuvette using polyamide particles (b) at time 5 0 s for the algae strain N. salina (c) at t 5 3 s after applying the acoustic
field.
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to gravity (m�s22), qp the density of the particle (kg�m23),
and qm the density of the media (kg�m23). For example,
assuming a liquid velocity of 1 mm�s21, the viscosity of
water, a vertical orientation with c 5 90�, a density differ-
ence of qp 2 qm 5 50 kg�m23, the critical radius is 100 mm,
which is roughly equivalent to an agglomerated radius of 3
3 105 cells. The maximum achievable radius is limited by
the frequency of the acoustic wave. The acoustophoretic
force will agglomerate the cells in the vicinity of k/4 or a
maximum agglomerated radius of k/8 as it has been
explained previously in the literature.22 Therefore, lower fre-
quencies are better to enhance settling as they create larger
clumps. However, it is also important to note that the acous-
tophoretic force is proportional to the frequency and it is
desired to operate at the highest frequency without decreas-
ing the agglomerated radius. Here, the highest frequency to
achieve an agglomerated radius of k/8 5 100 mm was found
to be 1.86 MHz.

A major challenge in utilizing acoustophoretic force for
microalgae harvesting is that microalgae cells typically have
a density and speed of sound close to the media, which
results in very small acoustic contrast factors and hence very
low magnitudes of acoustophoretic force (Fac 5 1 3 10214

N). In addition to the problem of low acoustic contrast factor
for microalgae cells in water, the small radii of microalgae
cells also result in low acoustophoretic force as the force is
proportional to the particle radius to the third power. At the
same time, the small difference between qp and qm results in
a larger critical settling radius, rc, for microalgae (rc 5 59
mm and qp 5 1.05 g�cm23) at a fluid velocity of 0.4 mm�s21

in comparison to other cells such as insect cells (rc 5 35 mm
and qp 5 1.15), yeast (rc 5 41 mm and qp 5 1.11) or bacteria
(rc 5 45 mm and qp 5 1.09).18 These factors make microalgae
a particularly challenging cell culture to separate by
acoustophoresis.

Inclined plate settling

Inclined plate settlers have been widely employed as a sep-
aration principle in the wastewater, mineral, and biotechnol-
ogy industries. In these applications, the media inside the
settling chamber precipitate on the inclined plane, creating a
sludge layer that slides to the bottom of the container. This
principle of settling stratification is also known as the Boycott
effect and was originally discovered in an experiment with
red blood cells.23 Inclined settlers have a higher settling area
in a smaller footprint when compared with traditional settling
devices, which is the reason why they are often called super-
settlers. The literature reports successful applications of
inclined plate settlers for hybridoma24 and Chinese hamster
ovary cells.25 However, these applications have been shown
to perform well for cells with a mean diameter of between
10 and 20 mm, whereas some algae cells of interest such as
Nannochloropsis have mean cell diameters of <5 mm.

In this research, the authors suggest a new approach to
this challenge, which is the use of an inclined plate in con-
junction with ultrasonic standing waves. The ultrasonically
enhanced inclined settler (UEIS) device produces acoustic
flocculation combined with the compacted area maximization
provided by the inclined settler (Figure 2). The main charac-
teristics of the UEIS device are the acoustic chambers with
an internal acoustic transparent layer (ATL). The inclined
ATL and reflector plate increase the settling area, creating a
layered separation of the material as indicated by regions

corresponding to a different average mass density. An acous-
tic wave is generated through the chamber and the ATL to
enhance settling and the flocculated product is recovered in a
concentrated fluid that exits from the bottom of the unit,
whereas the dilute fluid exits from the top.

In acoustics, the transmission of a normal acoustic wave
through an interface is a function of the impedance between
the materials:
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The acoustic impedance of Kapton
VR

has been estimated at
2 MRy.26 The acoustic impedance of water is 1.6 MRy and
therefore ut 5 0.88ui. Therefore, the majority of the acoustic
wave passes through the ATL, whereas for the fluid the ATL
represents a no-slip barrier such as a plate used in inclined
settlers.

Here, we present the performance results of laboratory-
scale UEIS device used to harvest N. oculata and Saccharo-
myces cerevisiae cells. Polyamide particles were also used to
assess the performance of the unit.

The acoustic harvester

The components of the laboratory-scale UEIS unit are
shown in Figure 3. The acoustic harvester consists of a set
of aluminum-holding plates, driving transducer disk, driving
glass plate, chamber body, acoustic transparent membrane,
sensing transducer disk, and reflector glass. The lead zircon-
ate titanate (PZT) transducer disks were obtained from
Steiner & Martins (Miami, FL) made from a modified PZT-4
material. The driving disk was chosen with a resonance fre-
quency of 1.5 MHz 6 5%. The sensing piezoelectric had a
different resonance frequency of 2.5 MHz 6 100 KHz to off-
set the natural frequencies of the chamber and to obtain an
accurate measurement of the resonance modes of the system.
Both the driving and the reflector plates were made of glass

Figure 2. Schematic diagram of the UEIS device indicating the
inclined chamber and ATL.
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to enable the visual observation of the acoustic flocculation
inside the chamber. The glass driving plate had 3/1600 thick-
ness and the reflector plate was 1/400 thick to match the
acoustic resonance of the water layer in the range of 1.6–1.8
MHz as explained in the Ultrasonically Enhanced Sedimen-
tation section. Both the driving and the sensing piezoelectric
disks were attached to the glass with an epoxy bonding (liq-
uid nails

VR

, PPG Industries, USA). The ATL was fabricated
from Kapton

VR

polyamide film of 125 mm and a length of 200.
The chamber body was built by stereolithography using a
water-resistant resin and consisted of one inlet and two out-
lets. The internal dimensions of the chamber were 100 thick
by 1.500 wide by 300 long with an internal volume of 76 mL.

The resonance modes

The resonance modes of the acoustic chamber were char-
acterized by measuring the amplitude in the frequency
domain of the chamber using a driving transducer connected
to a sinusoidal waveform generator (33220A, Agilent, USA),
which performed a frequency sweep with a Vpp 5 5 V. An
opposite sensing transducer was connected to an oscilloscope
(54855, Agilent Technologies, USA) that recorded amplitude
and frequency. Figure 4 shows the amplitude of the transmit-
ted acoustic signal vs. frequency. The peaks correspond to
the standing waves of the chamber in which the acoustopho-
retic force is maximized as explained in the Ultrasonically
Enhanced Sedimentation section. The largest acoustic
response peak was about 1,742 kHz with adjacent modes for
every 29 kHz as a consequence of the water layer thickness
(L 5 100). This peak corresponds to a superposition of the
glass reflector resonance (fn 5 1,294 kHz, 1,741 kHz, etc.)
and the driving piezoelectric resonance (fn 5 1,738 kHz).

One difficulty of acoustic separation is that the resonance
modes shift with the change of the temperature of the liquid
layer. This phenomenon is a consequence of the variation of
the speed of sound (c) with the temperature and has a critical
impact in the acoustophoretic force and therefore the separa-
tion performance. To maintain high performance, accurate
temperature control is required to combine with a frequency
tracking algorithm. We designed a control algorithm in the

graphical programming platform LabView
VR

(National Instru-
ments Corporation, USA) that performed a frequency sweep
to detect the resonant modes of the chamber. A similar feed-
back loop has been suggested in the previous literature.27

The amplifier was also connected to the workstation by an
RS-232 cable and provided the readings of the net-amplified
power supplied to the system (PN 5 Pf 2 Pr).

Experimental setup

The acoustic system and experimental setup is shown in
Figure 5. For each set of experiments, samples of N. oculata,
S. cerevisiae, or polyamide particles were placed in a grad-
uated glass beaker and constantly mixed by a magnetic stir
plate. The container was also immersed in a water bath kept
at 15 6 2�C to preserve the samples for each series of tests.
This procedure also maintained the culture temperature con-
stant and therefore the speed of sound constant to reduce the
shift in the resonance frequency. The pump #1 (peristaltic
pump, Masterflex L/S Digital Drive with Easy-Load II pump
head, Cole-Parmer, IL) delivered the sample to the acoustic
separator at the specified flow rate (fi) with platinum-cured
silicone tubing (Masterflex, Vernon Hills, IL). A continuous
flow rate (fc) was drawn from the acoustic chamber with the
concentrated cell slurry by pump #2 (Masterflex C/L
Variable-Speed Tubing Pump; 50–300 rpm, Cole-Parmer,
Vernon Hills, IL) and returned to the sample container for
its reuse after stirring. The difference between fi and fc pro-
vided the diluted flow rate (fd), which returned to the sam-
pling container for continuous agitation. The concentrated
flow rate (fc) was maintained constant at 1.24 mL�min21. All
of the flow rates presented are the inlet flow rates obtained
by pump #1 (fi). A separate recirculating loop was used to
collect the inlet sample. The sampling tubing was located
next to the inlet tubing as shown in Figure 5. We obtained
the samples from each returning line by collecting 3 mL of
aliquots into plastic vials.

An arbitrary waveform generator was used to generate a
sinusoidal wave with a peak-to-peak voltage (Vpp) of 150
mVpp that was amplified by a broadband linear RF power
amplifier (350L, Electronics & Innovation, Rochester, NY)

Figure 3. Design of the UEIS device indicating the driving and
sensing PZT and reflecting plates.

Figure 4. Acoustic frequency response of the UEIS using a
sinusoidal excitation signal of 5 Vpp and a frequency
sweep of 1 Hz increment. The water resonance
modes are spaced every 29 kHz and the best reso-
nance condition is close to 1,742 kHz.
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to generate the acoustic standing wave. The sensing piezo-
electric transducer disk was connected to the digital oscillo-
scope that measured the frequency and amplitude of the
acoustic wave. The oscilloscope and the function generator
were connected to a PC workstation.

Sampling statistics

The chamber residence time was calculated for each flow
rate. The sample rate was defined for every two consecutive
residence times. For example, for fi 5 25 mL�min21, the resi-
dence time was 175 s. We collected three samples, one at
175 s, one at 350 s, and one at 525 s, or at each two resi-
dence times, and this was considered one test (n 5 1). The
unit was then fully drained and rinsed. Next, the test was
repeated two additional times (n 5 3) and the mean and
standard deviation were calculated for all of the dependent
variables measured. The error bars shown in Figure 5 repre-
sent the calculated standard deviations for all measurements.
The inlet concentration was sampled every time to ensure a
proper evaluation of the performance of the system as the
sample was recirculated in each test. If the variation within
the test was higher than 10%, then the test was discarded.

Cell cultivation, sample preparation, and acoustic contrast
factor

N. oculata cultures were provided by Solix Biosystems
(Fort Collins, CO). The strain used was 525 from the
NCMA Bigelow Laboratory for Ocean Sciences and was cul-
tivated in a Solix AGS photobioreactor under outdoor condi-
tions until the cell concentration reached about 3 3 108

cells�mL21 (dry weight, 3.2 g L21). The medium used was a
modified f/2 recipe with a salinity of 16 g�L21, 10 mM
NO3

2 L21, 7.9 mM PO4
2 L21, and 1 mL�L21 of Guillard

trace metals.

S. cerevisiae (Brewer’s yeast) and yeast extract peptone
dextrose (YPD) powder were obtained from Fisher Scientific
(USA). The yeast (1 g) was cultivated in 500 mL of demine-
ralized water with 50 g�L21 of YPD at 27�C for 48 h until
the cell concentration was 3.0 3 107 6 9% cells�mL21.
Spherical polyamide particles (Dantec Dynamics A/S, Skov-
lunde, Denmark) with a mean diameter of 5 mm, q 5 1.05 kg
m23, F 5 0.05, and c 5 2,200 m s21 were diluted in demine-
ralized water with surfactant Tween

TM

20 at a concentration
of 0.01% v/v. The concentration of the particles used was
2 g�L21.

The cell diameter was estimated for n 5 25 cells using a
microscope and a measuring grid (Nikon TM-50, Japan).
The mean diameter of the N. oculata was 3.72 mm 6 23%
and for S. cerevisiae was 7.8 mm 6 16%. The cell density
and speed of sound were measured by concentrating the
cells, measuring the biovolume, and determining the speed
of sound and density using an Anton Paar DSM5000 vibrat-
ing tube densitometer. The volumetric factor was computed
for each sample and the cell speed of sound and density was
determined using Urick’s equations.28 The results for N. ocu-
lata were q 5 1.042 g�cm23 6 2%, c 5 1,533 m�s21 6 3%,
and F 5 0.03 and for S. cerevisiae were q 5 1.162 6 1%,
c 5 1,596 6 2%, and F 5 0.12.

Cell density and separation performance

The cell density (mL21) in terms of number of cells was
measured using a hemocytometer counting chamber (Bright-
Line, Sigma Aldrich). Ten cell counts were performed and
the standard deviation was reported. The optical density was
measured with a spectrophotometer at 750 nm for N. oculata
and 600 nm for S. cerevisiae and polyamide particles
(GENESYSTM 20, Thermo Fisher Scientific, USA) using
disposable polystyrene cuvettes with a 10-mm light path
(FisherbrandTM, Thermo Fisher Scientific, USA). The valid
absorbance was defined between 0.1 and 1 absorbance units
(Au) and all the samples were serially diluted until the
absorbance was obtained in the mentioned range and the
dilution factor was recorded. A calibration curve relating
absorbance to cell count was derived for each sample of
interest with N. oculata (y 5 3.7 3 107OD750, R2 5 0.97) S.
cerevisiae (y 5 6.0 3 106OD600, R2 5 0.99) and polyamide
particles (y 5 6.4 3 106 OD600, R2 5 0.99).

The filtration efficiency (u) and concentration factor (e)
were calculated from the following equations as previously
suggested in the literature29,30:

u5
xi2xd

xi

e5
xctr

xi

(5)

where xi is the inlet cell concentration, xd the diluted outlet
cell concentration, and xctr the concentrated outlet cell
concentration.

The Effects of concentration, power, flow rate, and
inclination angle

The applied Voltage (Vpp) to the RF amplifier was varied
from 50 to 300 mVpp, which corresponded to 1–13 W of net
acoustic power. The forward power (Pf) into the PZT and
reflected power (Pr) from the PZT were measured every
20 s. The net acoustic power was determined by PN 5

Pf 2 Pr over the duration of the test. The standard deviation
for PN was calculated for n 5 3 and it is represented in the
error bars.

The effect of flow rate on the filtration efficiency was
determined by increasing the inlet flow rate (fi) from 20 to
80 mL�min21. The other variables such as c, ci, and PN

were kept constant for these tests. The influence of cell con-
centration on the separation performance was also evaluated.
For these experiments, the highest culture concentration was
used to determine the maximum filtration efficiency. Then,
the culture was serially diluted in original media to deter-
mine the change in the performance of the unit. Finally, the
effect of the inclination angle (c) on the separation efficiency

Figure 5. Acoustic testing setup indicating the feedback recir-
culating loop and the PC control system.
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was determined. Specifically, the inclination of the unit was
varied from 0 to 90� by using a steel protractor with a preci-
sion of 65�.

Experimental comparison with other design approaches

The filtration efficiency of the UEIS device was compared
with other approaches reported in the literature for cell har-
vesting. We did not test competitor’s devices, but we oper-
ated our device in configurations similar to those in the
literature. Kilburn et al.31 proposed several designs and one
of them is the foundation for the semicontinuous acoustic
separator BioSep

VR

. This design is characterized by a vertical

orientation (c 5 0) and does not use an internal ATL. One
challenge of the vertical design is that the flow will create a
direct opposition between the drag force and the gravity
force. In this study, we tested a vertical chamber with no
ATL as indicated in Table 1(a). Another design proposed by
Kilburn et al. does have an internal ATL. In this design, the
ATL is used to create a “U”-shaped flow in an attempt to
create a settling area at the bottom of the chamber. However,
a problem with this design is that the liquid bulk velocity
(mf) is doubled as the cross-sectional area is reduced by half.
This increases the critical radius required for settling. In this
study, we tested a vertical chamber with an internal ATL in
a “U” configuration as indicated in Table 1(b). Another
design reported in the literature uses an inclined chamber
with UES.32 Here, we tested an inclined separation chamber
without intermediate ATL as indicated in Table 1(c) with
c 5 50�. Another design reported in the literature uses an
inclined plate settler without the use of UES.33 Here, we
tested the inclined chamber without UES and c 5 50� as
indicated in Table 1(d). To initially compare the perform-
ance of the UEIS in comparison with a similar device with-
out UES, the UEIS device was tested as indicated in Table
1(e) with c 5 50�.

In this study, we tested all the previously mentioned
designs of Table 1 with a culture of N. oculata and the same
conditions of cell inlet concentration (ci 5 3.08 3 108

mL21), inlet flow rate (fi 5 25 mL min21), concentrated flow
rate (fc 5 1.24 mL min21), and applied wave voltage
(V 5 200 mVpp).

Results and Discussion

The Effects of net input power and system throughput

Figure 6 is a plot of filtration efficiency as a function of
net power input for N. oculata, S. cerevisiae, and spherical
polyamide particles, respectively. These experiments were
conducted at a fixed inclination angle of 50�. As shown in

Table 1. Comparison with Different Designs Suggested in the Literature

Brief Description Design Tested Filtration Efficiency (%) Concentration Factor Settling Area (cm2)

(a) Vertical UES harvesting chamber
without internal ATL.10,11,34

30 6 7 3.0 6 0.2 7.7

(b) “U”-shaped UES harvesting
with an ATL division31

43 6 7 3.6 6 0.2 9.6

(c) Inclined UES harvesting chamber
without an intermediate ATL

48 6 6 2.0 6 0.5 20.5

(d) Inclined cell settler33 10 6 1 1.2 6 0.1 34.2

(e) Our design 70 6 5 11.6 6 2.2 34.2

Figure 6. Effect of the power input on the filtration efficiency
with a flow rate of 25 mL�min

21, c 5 50�, ci 5 2.06 3
109 cells mL21 for N. oculata, ci 5 2.03 3 107 cells
mL21 for S. cerevisiae, ci 5 2.73 3 107 cells mL21

for polyamide particles and PN 5 5 W. The filtration
efficiency and the power input increased proportion-
ally in the UEIS.
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Figure 6, the filtration efficiency increased with increasing
net power applied to the piezoelectric disk by the amplifier
for all cells and particles tested. The filtration efficiency (u)
increased sharply for the polyamide particles from 12 6 4%
at 1.96 0.7 W to 836 6% when the power was increased to
7.46 0.9 W (equivalent to 99 W�L21). The similar behavior
was observed for the S. cerevisiae culture in which an
increase in filtration efficiency (u) from 49 6 3 to 79 6 4%
was observed. The efficiency also increased when the N.
oculata cells were used. For the N. oculata cells, the filtra-
tion efficiency doubled when the power input was doubled.
The device achieved a filtration efficiency of 70% with a net
power input of 5.5 W for N. oculata. This corresponds to an
energy consumption of 3.6 kWh�m23. Collectively, these
results suggest a strong dependence of the filtration effi-
ciency with PN. This result is a consequence of higher
acoustic power, resulting in increased acoustic energy den-
sity (Eac) and increased acoustophoretic force acting on the
particles (Eq. (1)). The increased acoustophoretic force
results in increased particle velocity toward the acoustic
nodes, which promotes agglomeration for enhanced settling.
Nii et al. and Leong et al. also found an increasing separa-
tion efficiency with power for oil droplets and milk fat
creaming.13,35

However, the increase in efficiency with net power was
observed only for net power less than PN 5 7.5 W or 100
W�L21. At higher levels of power input, the filtration effi-
ciency of the S. cerevisiae and N. oculata was roughly con-
stant and the filtration efficiency for the polyamide particles
decreased. We observed the presence of circulation zones in
front of the driving PZT, which resulted in flow reversal that
limited the performance of the unit for higher power inputs.
The previous publications have suggested the formation of
convective currents inside the device when the applied
power is increased above a certain value.36,37 For example, it
has been shown that temperature gradients inside the cham-
ber produce circulation patterns that inhibit particle floccula-
tion. For this reason, some acoustic separation designs are
air cooled.38 Acoustic streaming created by the dissipation of

acoustic energy has also been suggested as responsible for
decreasing the separation efficiency.39 ATLs have been used
to decrease the streaming path length and enhance particle
flocculation.40

Figure 7 is a plot of measured filtration efficiency as a
function of the total system throughput (i.e. volume flow
rate) and associated average bulk velocity for the S. cerevi-
siae and N. oculata cultures. The two samples exhibited a
decrease in the filtration efficiency with increasing flow rate
and liquid velocity. This result is in agreement with Eq. (3)
as a higher bulk velocity results in a squared increase in the
critical radii for settling. Furthermore, increasing the flow
rate also decreases the residence time of the cells in the
vicinity of the acoustic field, which reduces the time avail-
able for flocculation. The strongest acoustic field and there-
fore agglomeration was created only in front of the
transducer. A new design could improve the homogeneity of
the acoustic field by using larger transducers such as square
or rectangular shape. Similar results of reduced performance
with increasing flow rates are the characteristic of UES and
inclined plate devices. Therefore, scaling up the technology
will potentially require multiple units to process large flow
rates with low superficial velocities. As shown in Figure 7,
the reduction in filtration efficiency with increased flow rate
was more dramatic for N. oculata in comparison to S. cerevi-
siae, which can be attributed to higher cell volume, higher
density, and higher acoustic contrast factor of the yeast in
comparison to the microalgae. Cells with a lower acoustic
contrast factor will require more time to agglomerate in the
nodes or antinodes of the acoustic field and this decreases
their probability of settling for the same residence time.

The Effects of culture concentration and inclination angle

As shown in Figure 8, the effect of the sample concentra-
tion on filtration efficiency was also assessed. When the
sample of S. cerevisiae had a high cell concentration of 3.1
3 107 cells�mL21, the filtration efficiency was the highest at
82 6 4% and the efficiency decreased logarithmically to
52 6 6% when the sample was diluted to 9.25 3 105

cells�mL21. A similar effect was observed for the N. oculata
cells where the highest efficiency of 75 6 4% was achieved
with a cell concentration of 3.1 3 108 cells�mL21 (dry
weight, ca. 3.2 g L21) followed by an exponential decrease
to 11 6 9% at 3.1 3 107 cells�mL21. This decrease in the fil-
tration efficiency can be explained by Eq. (3). Here, the
acoustophoretic force is used to create a cell agglomeration
larger than the critical radius of 76 mm or 1.6 3 104 cells.
The agglomerated volume will settle only when the critical
radius is exceeded. However, the cells can only travel k/4
and they must do it while passing through the acoustic field.
Therefore, decreasing the cell concentration will decrease the
number of cells available in the k/4 vicinity to achieve rc.
Also, farther cells will have to travel a longer distance to
achieve rc, and the probability of the agglomerated volume
exiting the acoustic field before the critical radius is
achieved will be higher. This logarithmic dependence with
the concentration has also been reported in the previous pub-
lications.36 The cell concentration required to exceed a filtra-
tion efficiency of 50% in our experiments was 5 3 105 cells
mL21 for the S. cerevisiae and 7 3 107 cells mL21 for N.
oculata cells. N. oculata cells require a higher cell concen-
tration owing to their lower density, smaller cell diameter,
and lower acoustic contrast factor in comparison to S.

Figure 7. The effect of flow rate and superficial fluid velocity
with ci 5 2.06 3 109 cells mL21 for N. oculata,
ci 5 2.03 3 107 cells mL21 for S. cerevisiae, c 5 50�,
and a net power input PN 5 5 W.

The filtration efficiency decreases with the flow rate.
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cerevisiae. However, as Nannochloropsis sp. bioreactors usu-
ally operate in cell concentrations of 108 cells mL21,41 the
UEIS described herein is a viable technology for this appli-
cation. More work will need to be done to achieve reasona-
ble filtration efficiencies for more dilute cultures such as
those more typical in open ponds as the efficiency of the
UEIS device achieved filtration efficiencies of 30% or lower
under these dilute conditions of 6 3 107 cells�mL21.

Finally, as shown in Figure 9, the influence of the inclina-
tion angle on the concentration factor (e) was assessed. The
concentration factor is defined as the ratio of the outlet con-
centration to the inlet concentration. The results of this study
suggest a very strong dependence of inclination angle (c) on
the measured concentration factor. The concentration factor
increased from 1.2 6 0.1 when the UEIS was operated hori-
zontally (c 5 0�) to 8.5 6 1.9 when the unit was inclined to
c 5 50�. The concentration factor decreased to 2.4 6 0.1
when the unit was vertically oriented (c 5 90�). The separa-
tion performance is inversely proportional to the angle.
Under vertical operation, the critical radius is the largest.
However, under horizontal operation, the critical radius is
zero but it is difficult to recover the biomass while avoiding
clogging of the unit without greatly increasing the fluid
velocities owing to the constraint in cross-sectional area. The
increase in the angle produces a self-cleaning effect on the
inclined plates wherein the biomass slides along the inclined
plates and settles at the bottom of the unit for its recovery.42

Here, the optimum angle that results in maximum self-
cleaning effect while minimizing critical settling radii was
found to occur at c 5 50�. Other applications for inclined set-
tling have reported optimum inclination angles of 50–60�.43

Comparison of the UEIS with other designs

The results of Table 1 show that the UEIS achieved the
highest filtration efficiency of 70 6 5% and a concentration
factor of 11.6 6 2.2. The control inclined plate settler, which
was configured as described by Thompson and Wilson33

without UES, achieved a filtration efficiency of 10 6 1% and
a concentration factor of 1.2 6 0.1. A similar configuration
has been successfully used for animal cells.24 However, as
explained in the Ultrasonically Enhanced Sedimentation sec-

tion, the N. oculata cells are smaller than those reported by
Choo et al.24 and have a density closer to that of water. This
indicates that the increased gravity effect alone did not sepa-
rate the microalgae cells from the continuous flow. There-
fore, the use of the acoustophoretic settling resulted in a
factor of 7 increase in filtration efficiency under the same
conditions of velocity, angle, and cell concentration. The
chamber was also oriented vertically (c 5 0�) with and with-
out a “U” flow divider as previously suggested by Kilburn
et al.31 The results are summarized in Table 1(a) and (b).
The efficiency of the vertical chamber without ATL divider
was 30 6 7% which was lower than the same configuration
with the divider (43 6 7%). This result indicates that the
divider enhanced the performance of the chamber by forcing
a change in the fluid direction.

Inclined plate settlers increase the effective settling area
that results from the projection of the extended area in the
horizontal plane. The extended settling surface area equation
is defined elsewhere.44 The calculated surface area for each
configuration is given in Table 1. The effective area for
cases (a) and (b) was considered as the area of the bottom
outlet. Both options had similar performance with the “U”-
shaped design slightly superior in terms of filtration effi-
ciency. However, the small settling area combined with the
direct opposition of the gravity and drag force in both cases
results in a lower filtration efficiency compared to the UEIS.
The UEIS reported herein resulted in a twofold increase in
filtration efficiency and concentration factor. A benefit of the
“U” design is faster biomass recovery, which could be an
important criterion for sensitive cells that require low resi-
dence times inside the chamber.

The UEIS was also compared with an inclined chamber
proposed elsewhere where the acoustic propagation axis has
an acute angle with the flow.32 The difference between the
UEIS and this design is the presence of an inner ATL for
inclined settling, and hence the effective area can be
increased as summarized in Table 1(c) and (e). The UEIS
had a factor of 1.5 higher filtration efficiency than the
inclined chamber without ATL. This increase in the filtration

Figure 9. The effect of the inclination angle with a flow rate of
25 mL min21, constant inlet cell concentration of
ci 5 2.06 3 109 cells mL21 for N. oculata and input
voltage of 200 mVpp for the UEIS.

There is an optimal angle of operation at 50 6 5�.

Figure 8. The effect of cell concentration on the filtration effi-
ciency with a flow rate of 25 mL�min

21, c 5 50�, and
a net power input PN 5 5 W for the UEIS.

Lower inlet cell concentration reduces the filtration efficiency
of the UEIS.
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efficiency was proportional to the increase in the projected
area as a consequence of the ATL.

In conclusion, the UEIS design produced 1.5- to 7.5-fold
higher filtration efficiencies than other design approaches
suggested in the literature when compared under the same
conditions of flow rate, cell concentration, and power. Fur-
ther study is required to reduce its energy consumption.

Conclusions

Microalgae harvesting is a critical challenge for the scaleup
of microalgae-derived biofuels and bioproducts. UES offers
an alternative to existing methods for harvesting microalgae
cells with no moving parts, suggesting lower operational and
maintenance costs. Here, we presented a novel design that
was developed by a combination of UES and inclined settling.
A laboratory-scale UEIS was built with an internal ATL and
with an effective settling area higher than other designs.

The results of this study showed that the filtration efficiency
of the UEIS device decreased with increasing flow rate. The
filtration efficiency increased proportionally with the input
power for lower net input power but decreased after a net
power input of 100 W L21, which could be attributed to con-
vective currents inside the device. It was found that an opti-
mal operational inclination angle existed at 50�. Higher inlet
cell concentrations increased logarithmically the performance
of the unit. The UEIS design was compared with the previous
designs suggested in the literature under the same conditions
of flow rate, power, and inclination, and it was found that the
performance is 1.5 to 7.5 times higher in terms of the filtra-
tion efficiency. Overall, the use of UEIS design was success-
fully demonstrated for N. oculata and S. cerevisiae.
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