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Synopsis

This paper is concerned with the rheology of algae suspensions relevant to algae biofuel processing

for a range of concentrations up to 15 vol. % using mostly a piezoaxial vibrator (PAV) rheometer

as a method of measuring rheological properties. Linear viscoelastic (LVE) measurements of a

Scenedesmus obliquus [culture collection of algae and protozoa (CCAP) 276=7] living algae strain

were obtained and a curve for complex viscosity (g*) as a function of concentration=volume

fraction derived. The PAV complex viscosity data increased exponentially with cell concentration

and elasticity (G0) developed in a similar way with increasing concentration. The results indicated

the presence of interaction between algae cells at all measured concentrations. For concentrations

above �5 vol. %, steady shear data obtained using a Couette geometry showed non-Newtonian

“shear-thinning” behavior and at higher concentrations there was a divergence from the Cox–Merz

rule. A difference in the LVE rheological measurements was found for cells that were either alive

or dead indicating that cell motility and significant interparticle contact and interactions influenced

levels of viscoelasticity. The results are of potential scientific relevance and also useful in relation

to the design of algae bioprocessing for the production of biofuels. VC 2012 The Society of
Rheology. [http://dx.doi.org/10.1122/1.4717494]

I. INTRODUCTION

The fast depletion of mineral oil reserves, environmental deterioration due to the emis-

sion of carbon dioxide linked with global warming potential as well as the quest for

national energy security is a growing global issue. The rapid development of renewable

alternatives to fossil-derived liquid transport fuels is therefore desirable in order to ensure

sustainable energy supply. Biofuel provides a potential source of alternative energy; how-

ever, production from conventional feedstock resources is associated with sustainability

issues. First generation biofuels such as biodiesel from soybean, rapeseed, canola, linseed

and sunflower [Schmidt (2007)] and bioethanol from sugar cane, sugar beet, starch,

wheat and corn [Hahn-Hägerdal et al. (2006)] as well as second generation biofuels from

nonfood feedstock (switch grass, coppice willow, and forestry waste) [Schaub et al.
(2007)] have received criticism concerning their carbon mitigation potential and provid-

ing a sustainable fuel supply, as this method of energy production competes for arable
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land with agricultural food crops and is associated with low oil yield per crop area

[Righelato and Spracklen (2007)].

One biofuel feedstock that has gained significant attention due to its potential advan-

tages over the sustainability issues of first and second generation feedstocks is microalgae

[Benemann (2008)]. Some potential benefits include: (1) algae being a nonfood resource

does not affect global food supply, where currently over 800� 106 people suffer from

hunger and malnutrition in developing countries [FAO (2007)]1; (2) algae does not

require high quality agricultural land and water resources to grow the biomass when com-

pared, for example, with lignocellulosic biomass for ethanol production which requires

good soil and clean water [Lynd et al. (1991)]; (3) algae has higher yields than land

plants due to a higher photon conversion efficiency [Schenk et al. (2008)] and is charac-

terized by a short harvesting cycle (�1–10 days) allowing batchwise harvest nearly all

year round; (4) algae has the potential to produce more oil per hectare than energy-based

crops. For example, under optimal conditions, microalgae could produce �40 tons ha�1

yr�1 of oil on a large scale which is significantly greater than �1.5 tons ha�1 yr�1 of oil

from oil rapeseed grown in the U.K [Rodolfi et al. (2009)].

Despite the fact that the algae-to-fuel technology presents a potentially attractive sus-

tainable approach to biofuel production, the study of large scale production of algae

growth is still a relatively limited field of study [Rodolfi et al. (2009); Hu et al. (2008);

Ugwu et al. (2008); Sheehan et al. (1998)] and is thus faced with various challenges

which hinder the commercialization of the algae biofuel production. Major concerns

include the lipid content limitation within the algae which is dependent on algal strain

and growth conditions as well as the maximum concentration that algae can be grown.

Furthermore, the rate and extent of lipid accumulation is uncertain while a trade-off

between algae strains with rapid growth rate and high lipid content has to be reached. For

instance, green alga Botryococcus braunii can have up to 60 wt. % lipid [Metzger and

Largeau (2005)] but has a very slow growth rate. Other concerns include that the current

low concentration of 0.1 vol. % (1 g=l dry weight) at which algae cells can be grown,

mass transfer limitations in photobioreactors, high mixing energy requirements and high

cost of production and downstream processing as well as lack of scale-up capacity

[Ugwu et al. (2008); Lee (2001); Sheehan et al. (1998)].

A key aspect in the application of algae biofuel production is the concentration up

to which the algae can be grown. At present the biomass concentration is between

0.01 vol. % (0.1 g=l) and 0.05 vol. % (0.5 g=l) in open raceway ponds and between 0.05

vol. % (0.5 g=l) and 0.8 vol. % (8 g=l) in photobioreactors [Tschirley (2009); Javanmar-

dian and Palsson (1991)]. For a viable and economic algae biofuel production, these val-

ues should be very much higher. One active research area geared to improve the overall

algae biofuel production process is the rheological characterization of algae suspensions.

The relevance of rheology to algae production is targeted to enhance either the effective

engineering design of cultivation bioreactors to optimize growth conditions (e.g., levels

of nutrients, carbon dioxide utilization, temperature, pH, light intensity, and energy for

mixing) or to improve some downstream processing of algae such as harvesting and

dewatering.

Algae growth at modest concentrations of up to 5 vol. % (50 g=l dry weight) is essen-

tially Newtonian and the rheology relatively weak, however, as algae cell concentration

increases, for example, during downstream processing which involves algae dewatering

and harvesting, rupture of cells and recovery of oil, the rheology of algae becomes

1www.fao.org.
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significant and begins to play a crucial role. Hence, there is the need for research and

development to establish the scientific knowledge and understanding of the fluid behav-

ior of algae for effective algal growth and processing toward a large scale production of

economic liquid biofuels. Rheological characterization of algae will assist in the under-

standing of processing issues and the scientific understanding of algae behavior and

rheology.

II. MATERIALS AND METHODS

A. Algal strain and growth media

Scenedesmus obliquus, algal strain 276=7, was obtained from the culture collection

of algae and protozoa (CCAP) at Dunstaffnage Marine Laboratory, Oban, Scotland.

The strain was cultivated autotrophically in a 3N Bold Basal MediumþVitamins

(3N-BBMþV) made up of inorganic salts. The composition of the growth medium

contained (per liter of water): 750 mg NaNO3, 25 mg CaCl2.2H2O, 75 mg

MgSO4.7H2O, 75 mg K2HPO4.3H2O, 175 mg KH2PO4, 25 mg NaCl; 6 ml of trace ele-

ment solution containing (per liter of water): 97 mg FeCl3.6H2O, 41 mg MnCl2.4H2O,

5 mg ZnCl2.6H2O, 2 mg CoCl2.6H2O, and 4 mg Na2MoO4.2H2O; 1 ml vitamin B1 so-

lution (1200 mg=l thiamine HCl in water) and 1 ml vitamin B2 solution (0.1 ml=cyano-

cobalamin in water).

B. Continuous culture in fermenter and growth protocol

The algal strain S. obliquus was grown in a 2-liter Applikon
VR

ADI bio reactor system.

The bioreactor is a fermenter tank consisting of a cylindrical jacketed glass vessel and a

stainless steel header. The header was designed to allow a number of vertical openings

which include an impeller (located at the center of the header and driven by an

Applikon
VR

ADI 1010 power unit), feed and extraction ports, a sparger, a condenser, and

several probes entering the suspension. The probes were connected to an ApplikonVR ADI

1018 Thermocirculator and were used to monitor the temperature, pH, and dissolved O2

levels. A total of 40 W of light were provided using a cool blue fluorescent lamp and a

light box below the tank. The light intensity measured at the surface of the reactor was

�120 lmol=m2 s. Optimum growing temperature was maintained at 25 6 1 �C through a

water jacket linked to a temperature controller. The culture was agitated with an impeller

of diameter 45 mm operating at 300 rpm and by bubbling enriched air (5 vol. % CO2,

8 l=h) through the culture using a sparger. The pH of the culture was monitored and

maintained between 6.0 and 6.5 by altering the gas flow rate, hence ensuring the supply

of adequate CO2 for cell growth.

In order to obtain consistent and homogeneous cell population upon which rheological

measurements were to be performed, the cells in the bioreactor were maintained in the

exponential growth phase throughout the experiment by a draw-and-fill practice which

involved the removal of reactor broth after a growth period and the replacement with an

equal volume of fresh culture media. This growth protocol ensured that the cell composi-

tion and cell wall had similar properties across the entire sample concentration investi-

gated, thus controlling the effect of cell elasticity and rigidity. The growth data from a

typical batch cultivation of the algae cells revealed that the exponential phase occurred in

the bioreactor with cell concentrations in the range of 0.04 vol. % and 0.1 vol. %. Hence,

the criteria set for the draw-and-fill process was to maintain this concentration range

in the bioreactor. The maximum cell concentration attainable within the fermenter was

measured to be 0.16 vol. %.
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C. Sample preparation and dry cell concentration

In order to establish the rheological properties of algae, different concentrations of

algae samples were prepared. A known volume of S. obliquus culture was harvested

from the bioreactor using a sterile 50 ml BD plastipakTM syringe and placed in 50 ml

plastic centrifuge tubes. The sample was centrifuged in a Beckman
VR

Model TJ-6 cen-

trifuge for 5 min at a relative centrifugal force of 1917� g (3500 rpm) after which

different algae concentrations were obtained by decanting the supernatant to a known

volume for a particular concentration. Concentrated S. obliquus cells were subse-

quently diluted and suspended in fresh culture medium to obtain low cell concentra-

tion samples. A homogeneous mixture of the final sample was achieved using a

vortex mixer. For the alive and dead experiments, samples prepared were split into

two equal parts in centrifuge tubes. One half containing the alive algae cells was

used as the reference sample, while the other half was placed in a Gallenkamp
VR

Series 9B 3420E oven at 70 �C for 20 min to kill and subsequently immobilize

the cell.

The algae concentration for centrifuged samples was quantified in grams of dry weight

per liter of sample. A known volume of the sample was measured using a 10 ml serologi-

cal pipette and filtered through a preweighed Fisherbrand
VR

MF200 microfibre filter paper,

0.2 lm in pore size, which has been previously stored under moisture-free conditions in a

desiccator containing silica beads for a minimum of 24 h. The pipette was rinsed with a

few ml of deionised water to remove residual solids after which vacuum was then applied

from a compressor for 1–2 min to substantially remove all the liquid component of the

sample, leaving the cell paste. The filter paper containing the algal cell paste was dried in

the incubator at 70 �C for 24 h and left in a desiccators for 24 h before reweighing to

determine the dry cell concentration.

III. RHEOLOGICAL MEASUREMENTS

A. Piezoaxial vibrator (PAV) measurements

The PAV is a squeeze-flow rheometer that uses eight piezoelements to make rheo-

logical measurements at frequencies ranging from 1 Hz up to 10 kHz [Crassous et al.
(2005)]. The PAV has been used to characterize the viscoelastic behavior of soft mat-

ter, e.g., inks [Vadillo et al. (2010)], wormlike micelles [Oelschlaeger et al. (2010)],

blood [Groß et al. (2002)], and other complex polymer fluids [Hoath et al. (2009);

Crassous et al. (2005)]. The general background theory of squeeze-flow rheometry

has been described by Bird et al. (1987) and this has been extended to the PAV by

Kirschenmann (2003). A schematic diagram of the PAV is shown in Fig. 1 where

eight piezoelements are glued to four thin walled stainless steel rectangular tubes. The

first set of four actor piezoelements applies an oscillatory deformation to the sample

fluid placed in between a plate by exerting an axial vibration. The second set of four

sensor piezoelements detects and measures the fluid response signal as a function of

stress (s) [s ¼ G0c0 sin xtð Þ þ G00c0 cos xtð Þ], where G0 is the storage=elastic modulus

(Pa), x is the angular frequency of oscillation (rad=s), t is the time (s), and G00 is the

loss=viscous modulus (Pa). A Stanford
VR

SR 850 digital lock-in-amplifier which distin-

guishes the in-phase and out-of-phase responses of the fluid was used to operate the

PAV. By comparing these dynamic displacement responses in loaded measurements

to a reference measurement (unloaded sample), storage modulus (G0) and loss modu-

lus (G00) values were obtained from which complex viscosity (g*) was subsequently

calculated from.
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g� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

G02 þ G002
p

x
: (1)

The upper lid and the lower plate made of stainless steel define the boundaries of the rhe-

ometer and the thickness of the test sample (the gap size) can be altered by inserting ring-

shaped aluminum foil of different sizes. In this study, gap sizes of 0 (no foil), 10, 15, 25,

and 35 lm which correspond to gap depths of 13, 22.4, 26.4, 38, and 48 lm respectively

were used for rheological measurements of concentrations in the range of 0–15 vol. %.

The variation of gap depth was important as measurements of a particular range of con-

centration produced a large number of reliable data with minimal error at an optimal gap

size. The PAV rheometer was operated at a strain of order 0.01% and frequency range of

50–3000 Hz. The relatively small range of frequency selected can be attributed to two

main factors. For a mechanically driven oscillatory rheometer, a low frequency limit is

usually characterized by low stress signal and high noise levels arising from a small

change in-phase angle (h) between the input and measured signals in the case of the

PAV. At high frequency limits, inertial effects oscillation becomes important [Macosko

(1994); Whorlow (1992)].

IV. RESULTS AND DISCUSSION

A. Dynamic strain properties

The linear viscoelastic region (LVR) in which the storage modulus (G0) and the loss

modulus (G00) are independent of strain was determined for higher concentrations from

dynamic strain sweeps at a constant frequency of 10 rad=s (1.6 Hz) using the advanced

rheometric expansion system (ARES). Cell concentrations between 0.6 and 15 vol. %

were investigated using dynamic shear, since the ARES rheometer is constrained with

only measurement of concentrated and highly viscous fluids. The dynamic strain sweeps

for different S. obliquus cell concentrations are presented in Fig. 2. These data show that

the LVR for a 6.8 vol. % algae concentration falls between strain values of 1–2%. This

LVR extends to higher strain values reaching up to 10% for cell concentrations of 9 and

15 vol. %. Therefore, it can be assumed that there is a concentration dependence on the

critical strain which defines the LVR for S. obliquus algae suspension.

It was not possible to perform strain sweeps to establish the LVR using the PAV appa-

ratus. The applied strain of the PAV is difficult to measure; however, it is well below

FIG. 1. (a) A photograph of the PAV; (b) longitudinal cut of the PAV (left-hand side) and transverse cut (right-

hand side) of the tube containing the piezoelements. Reproduced from Crassous et al., Journal of Rheology 49,

851–863 (2005).
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0.1% strain, and so the data are assumed to be well within the linear viscoelastic

(LVE) region.

B. Validation of the PAV measurements

The PAV data were validated using a standard parallel plate rheometer, the ARES.

The LVE behavior of a high concentration algae suspension was investigated where both

ARES and PAV data could be obtained as the ARES rheometer was limited to only meas-

urements of high algae concentration. Figure 3 shows a validation experiment performed

at a high concentration using a 9 vol. % algae suspension. The ARES data are shown in

the graph at low frequencies between 1.6 and 15.9 Hz, while the PAV data are those at

higher frequencies between 32 and 2299 Hz using a 25 lm gap size. Overlapping experi-

mental data between the ARES and PAV could not be achieved due to a low frequency

FIG. 2. Dynamic strain sweep measurement on different concentrations of S. obliquus algae suspension at con-

stant frequency of 10 rad=s using the ARES. G0 data (empty symbol) and G00 data (full symbol). Cell concentra-

tions of 15 vol. % ( ), 9.0 vol. % ( ), and 6.8 vol. % ( ).

FIG. 3. Validation experiment on the PAV data with the ARES data for a 9 vol. % S. obliquus suspension.

ARES data (empty symbol) and PAV data with a gap size of 25 lm (full symbol). g* ( ), G00 ( ), and G0 ( ).
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limitation of the PAV rheometer for these fluids. However, extrapolation of results shows

that there is a reasonable match between the ARES and PAV data. The agreement

between LVE, ARES, and PAV data is expected and provides some confidence that the

PAV data are reliable.

The rheological footprint for the LVE response of a 9 vol. % S. obliquus algae suspen-

sion is also shown in Fig. 3. The plot shows the features of algae suspensions with both

G0 and G00 increasing with frequency and g* decreasing with increasing frequency. Over

the entire low frequency domain where the oscillatory shear (ARES) experiments are per-

formed, and at frequencies below approximately 1000 Hz for the oscillatory experiments

(PAV), the viscoelastic response is G00 dominated and the algal suspension behaves

dominantly as a viscous fluid. Furthermore, the complex viscosity shows a weak “shear-

thinning” characteristic.

It is well known that the low frequency limit of a single mode Maxwell fluid is expected

to give a slope of two for G0 curve and a slope of one for G00 curve [Han (1976)]. However,

it is observed in Fig. 3 that both G0 and G00 curves for the algae suspension increase linearly

with a slope of the order of 1. This non-Maxwellian response has been observed using a

multimode Maxwell model for polymeric and colloidal fluids (Mackley et al. 1994) and

also in the experimental work carried out on fluids containing particles [Vadillo et al.
(2010)] and carbon nanotube suspensions [Ma et al. (2009)]. This deviation is assumed to

be due to significant particle–particle interactions. At present, there is no theory to explain

the observed behavior of a low frequency limit for G0 with particulate systems.

C. Dependence of complex viscosity (g*) on volume fraction

Oscillatory measurements using the PAV were performed for algae suspensions with

concentrations ranging from 0 to approximately 15 vol. %. Figure 4 shows a plot of the

complex viscosity against volume fraction at three different frequencies; 49, 95, and 241

Hz. In general, it was observed that g* for any given volume fraction was highest at low

frequency and decreased with increasing frequency. The complex viscosity increased

with increasing volume fraction. This observation is qualitatively consistent with recent

results reported for different green algae, Dunaliella primolecta [Ewoldt et al. (2010)].

FIG. 4. Variation of complex viscosity with volume fraction at different frequencies of 49 Hz ( ), 95 Hz ( ),

and 241 Hz ( ) obtained using PAV at 25 �C. A linear straight line shows the Einstein prediction.
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Below a volume fraction of 5%, the algae suspension displayed a Newtonian behavior

with a linear increase of viscosity with volume fraction, whereas above this limit, a

shear-thinning flow behavior was observed that increased exponentially with concentra-

tion. The change from linear to exponential concentration dependence is consistent with

similar experiments carried out on a range of different concentrated cell suspensions

[Chen et al. (1997); Klein et al. (2005)].

The rheological behavior of suspensions has been characterized using hard spheres as

a model under several assumptions [Mueller et al. (2009)]. The Einstein equation for vis-

cosity enhancement of noninteracting hard spherical particles in a Newtonian matrix is

given by Eq. (2) and also plotted in Fig. 4.

g ¼ gs 1þ 2:5uð Þ; (2)

where g is the viscosity, gs is the viscosity of the base solvent, and u is the volume frac-

tion. The coefficient of the volume fraction is the intrinsic viscosity for a rigid sphere.

Even at low volume fractions the observed complex viscosity enhancement is greater

than that of the Einstein equation. With increasing volume fraction the divergence

between the Einstein predictions and experimental results progressively increases. The

deviation of the experimental from those of hard spheres can have several origins. One of

the possible reasons of the disparity could be attributed to the assumptions made for the

ideal model which is not fully characteristic of an algae suspension. Algal suspensions

are nonspherical, deformable, and nonrigid. Also, algal cells have different shape and

sizes and violate the neutral density assumption as they eventually settle when left

undisturbed.

Most probably, the observed deviations can be attributed to interactive forces which

are as a result of the cell wall properties. These forces include Van der Waals and electro-

static forces as well as chemical binding forces, i.e., ionic and covalent which exist on

the surface of the algal cell walls [Davis et al. (2003)]. Another further possible origin

for the deviation at low volume fraction could be due to active swimming motion of the

algae. Flagella are found in green algae and in particular, S. obliquus, the algal strain

used in this study has two flagella which introduce the effect of cell migration. Aggrega-

tion may also arise from the entangling of the flagella resulting in an elastic behavior as

observed in polymer chains.

D. Dependence of storage modulus (G0) on volume fraction

The effect of increasing algae volume fraction on the LVE response for algae suspen-

sions is presented in Figs. 5 and 6. The G0 and G00 data are split across two graphs for

clarity. At a given frequency, both G0 and G00 increase with volume fraction. Similarly,

G0 and G00 increase with frequency at a given volume fraction. For dilute algae suspen-

sion below a volume fraction of about 5%, there is a minimal G0 response over the range

of frequency tested confirming a Newtonian behavior where the suspension behaves

dominantly as a viscous fluid. However, as volume fraction increases above this value

elasticity becomes very significant. This result is consistent with previous work on a dif-

ferent suspension system by Potanin et al. (1995) who considered the case of weakly

aggregated polystyrene latex dispersion where G0 was predicted theoretically and proven

experimentally to increase with volume fraction at high frequency.

A good insight into the relative increase in elasticity at higher cell loadings can be

explained using the phase angle. During PAV dynamic analysis, oscillatory deformation

applied on a material result in a corresponding material response. The phase difference
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between the applied strain and the stress response is represented by a phase angle (h) and

its tangent is given by G00=G0. The advantage of the phase angle is that it gives a good

description of the viscoelastic response of a material and clearly differentiates the elastic

and viscous properties of that material. The plot of phase angle (in degrees) as a function

of volume fraction at a frequency of 241 Hz is shown in Fig. 7. As expected, at lower cell

concentrations, the phase angle is closer to the theoretical 90� for Newtonian fluids. How-

ever, a relative increase in elasticity is observed at higher cell loading where the phase

angle falls to about 60� when the cells begin to associate more.

In general, it is anticipated that the source of elasticity in algae suspensions can be

said to originate from significant interparticle contact and interaction arising from

increased volume fraction when algal cells are adjacent to one another. Elasticity could

FIG. 5. Dependence of storage modulus (G0) on volume fraction at different frequencies of 49 Hz ( ), 95 Hz

( ), and 241 Hz ( ) from PAV measurements at 25 �C.

FIG. 6. Dependence of loss modulus (G00) on volume fraction at different frequencies of 49 Hz ( ), 95 Hz ( ),

and 241 Hz ( ) from PAV measurements at 25 �C.
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also be present from binding of algae cells due to tangling of flagella, as it has been

shown that S. obliquus form colonies of 4, 6, or 16 cells bound together in a chain under

conditions of stagnation [Henderson et al. (2008)]. Although, it is difficult to measure G0

accurately for fluids with very low viscosity, PAV is specifically designed to measure the

LVE properties of fluids with low viscosity such as ink jets [Vadillo et al. (2010)], worm-

like micelles [Oelschlaeger et al. (2010)], soft matter fluid such as blood [Groß et al.
(2002)], and other complex polymer fluids [Hoath et al. (2009); Crassous et al. (2005)].

The algae suspension has a low viscosity with a maximum value of approximately

12 mPa s for a concentration of 15 vol. %. Value of G0 presented has been repeated and

reproduced with minimal experimental error dependent on the measuring instrument.

E. Cox–Merz relationship

Cox and Merz (1958) established an empirical relationship which is valid for homoge-

neous, concentrated polymer systems which predict that the shear rate dependence of the

steady shear viscosity (apparent viscosity, ga) is equivalent to the frequency dependence

of the LVE viscosity (complex viscosity, g*) as shown as

g�ðxÞ ¼ gað _cÞ; with x ¼ _c: (3)

For dispersions or gels, the Cox–Merz rule is only obeyed in the LVE regime (i.e.,

low frequency and low shear rate limit). Deviations are observed with an increase in fre-

quency and shear rate, where g*> ga [see, for example, Soltero et al. (1999)]. The Cox–-

Merz plot for a 12 vol. % algae suspension using the ARES and PAV with a gap size of

35 lm is shown in Fig. 8. The apparent viscosity (ga)—shear rate curve and the complex

viscosity (g*)—frequency curve both demonstrate a similar shear-thinning behavior but

do not overlay as there is significantly more shear-thinning observed in the steady shear

experiments. At low shear rate=frequency, Wientjes et al. (2000) reported a deviation

from the Cox–Merz rule for guar gum. Soltero et al. (1999) also reported violations from

the Coz–Merz rule for cetyltrimethylammonium p-toluenesulfonate at high shear

FIG. 7. A plot of the phase angle (h) as a function of volume fraction at a frequency of 241 Hz using the PAV

at 25 �C. The graph shows that at low concentration, h is closer to the theoretical 90� for Newtonian fluids.
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rate=frequency. However, our study shows that the Cox–Merz relationship is not obeyed

by S. obliquus algae suspension over the entire range of frequency and shear rate

investigated.

F. Microstructure changes in algae suspension

In rheological terms, the observed departure from the Cox–Merz rule was presumed to

be due to microstructure changes in the algae suspension during steady shear experi-

ments. Optical investigation of possible microstructural changes was performed using the

Linkam
VR

shearing system (CSS450) with a gap size of 100 lm. Figure 9 shows the

micrographs for a dilute algae suspension of 0.2 vol. % subjected to increasing shear rate

for a period of 20 s. Prior to optical investigation of changes in microstructure, any form

of aggregates in the algae sample was broken up by hand shaking the sample tubes and

placing the sample in a Whatman
VR

Type FS 100 ultrasound for a minimum of 10 min.

Hence, there is no cell aggregation observed in Fig. 9(a) where the algae sample is in a

nonequilibrium state. Figure 9(b) shows that at a shear rate of 10 s�1 interparticle forces

of attraction (such as Van der Waals) dominates resulting in aggregation of algae cells. In

other words, a network of algae cells cluster within the flow which increases the drag and

subsequently leads to a high viscosity. However, at high shear rates the influence of

deformation rates exceeds the attractive forces which cause the network of aggregated

algae cells to break up, first to a smaller cluster [Fig. 9(c)] and finally reduced to separate

individual algae cells [Fig. 9(d)]. Deviation from the Cox–Merz rule is indicative of

microstructural changes caused by shear-induced destruction of aggregated cells leading

to pronounced shear-thinning and low shear viscosity.

G. Effect of cell motility on the LVE properties of algae

The model algae investigated in this work, S. obliquus, has two whiplike flagella

which allow cell movement through a suspension. In order to establish the effect of cell

motility on rheological properties, experimental measurements were performed on differ-

ent algae samples when alive and dead. Living algae cells reported here refer to motile

cells, while dead algae cells are those that have been immobilized via heat treatment. The

FIG. 8. Cox–Merz plot showing apparent viscosity from ARES steady shear ( ) and complex viscosity from

ARES dynamic frequency sweeps ( ) and PAV frequency sweeps with a gap size of 35 lm ( ) on a 12 vol. %

S. obliquus suspension at 25 �C.
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optimal growth temperature for most algae ranges between 15 and 35 �C [Chisti (2007)]

with Scenedesmus sp. having a high temperature tolerance reaching up to 40 �C [Huertas

et al. (2011)]. Furthermore, algae cells are made up of rigid cell walls which are quite dif-

ficult to disrupt. Hence, the choice of heating the cells in an oven at a moderate tempera-

ture of 70 �C for 20 min was employed to inactivate the cells while preventing cell

damage and protein denaturation. The temperature of 70 �C used here to “kill” the cells

is well below the 160 �C for a duration of 1 h recommended by Sridhar Rao (2008)2 to

completely denature cells where significant morphology changes might be expected.

After the heat treatment, which imposed a stress condition on the cells, no change in

the morphology (shape, size, and color) as well as the volume of the algae sample was

observed. The size distribution for both alive and dead cells was observed using an opti-

cal microscope and a graticule prior to rheological measurements. Also, the shape of the

cells before and after the heat treatment remained in oval form. The results were repeat-

able and consistent over the concentration range of investigation. Figure 10 shows the

effect of motility on an algae suspension of �3 vol. % using the PAV with a gap size of

10 lm. In Fig. 10(a), cell motility has a significant influence on the development of stor-

age modulus. It is seen that a difference exists in the experimental data where the G0

curve for alive algae cells lies above that for the dead algae samples. A similar trend is

FIG. 9. Optical micrographs of 0.2 vol. % S. obliquus algae suspension taken with an Olympus BH-2 at

50� magnification during shearing (a) no shear, (b)–(d) with shear rate of 10 s�1, 100 s�1, and 1000 s�1, respec-

tively, after 20 s.

2www.microrao.com.
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observed in the loss modulus plot [Fig. 10(b)] but with a smaller difference in the G00

curves for both alive and dead samples. The result indicates that “Brownian” cell motility

can enhance in particular the elastic G0 contribution. The result is consistent with the

work of Rafai et al. (2010) who showed for green algae suspensions Chlamydomonas
reinhardtii, the shear viscosity of motile algae suspension was greater than for suspen-

sions containing the same volume fraction of dead cells.

V. CONCLUSIONS

This paper has shown that there is a progressive increase in complex viscosity with

algae concentration, and the results are in a good agreement with recent related work on

green algae, D. primolecta [Ewoldt et al. (2010)]. The initial linear increase in viscosity

as a function of concentration is above that predicted by the classic Einstein equation

suggesting that even at the lowest concentrations tested; algae interaction plays a role in

terms of viscosity enhancement. Currently, algae bioreactors operate at a concentration

of around 1 vol. % and at this concentration the algae viscosity is of order 1.7 mPa s.

This increase in viscosity above that of water alone would be of marginal significance in

terms of the fluid mechanics created within most existing bioreactors. As the concentra-

tion progressively increases, the complex viscosity curve becomes nonlinear and an ex-

ponential fit was shown to give a reasonable approximation to the behavior and this data

could be of value in terms of the design for dewatering units.

Because of the high sensitivity of the PAV, it was possible to obtain G0 data for

algae suspensions as a function of volume fraction. The value of G0 was negligible below

FIG. 10. Effect of motility on LVE response for a 3 vol. % S. obliquus algae suspension from PAV measure-

ment with a gap size of 10 lm. (a) Storage modulus, G0 (b) loss modulus, G00 and (c) complex viscosity, g*.
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5 vol. % concentration; however, at higher cell concentrations, there was a progressive

increase in G0. The presence of elasticity was suspected to be due to algae cell interpar-

ticle interaction and algae motility. The Cox–Merz relationship for high concentrations

was found not to hold and this could be the result of microstructural changes during

shearing experiments where aggregated cells form at low shear rates and individual cells

exist at high shear rate. Differences in the rheological properties for alive and dead algae

cells have been established and this shows that complex viscosity enhancement and the

presence of elasticity are influenced by the motility of alive cells.
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