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ABSTRACT: Traditional microalgae harvesting techniques consume a lot of energy. Flocculation, or the
formation of aggregates, is an energetically favorable process to collect biomass. Flocculation is hormally
carried in tanks to allow the formation of the aggregates after stirring, however, this consumes time and
physical resources. In thiswork, flocculation of Chlorella vulgaris and Scenedesmus sp. by acidification and
alkalization was compared to chemical flocculation in aturbulent medium for short periods of time (30 seconds
and 2 minutes). Floccul ation with potassium hydroxide at pH=10 showed to be nearly asefficient astraditional
flocculation by using ferric sulphatum after two minutes. Acid floccul ation with nitric acid was not as effective,
even at values of pH=4. Flocculation by pH does not generate toxic wastes and the remaining added flocculants
turn into nutrients after harvesting. After flocculation and neutralization, the remaining cellsin the medium
wereviableto recultivate. Since pH-driven floccul ation does not allow harvesting the total microalgae culture,
remaining cells can be used to keep growing. Based on these results a semi continuous harvesting method

incorporated in the microal gae growing phase seems promising.
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INTRODUCTION

Microalgae, photosynthetic microorganisms, area
potential source of vegetable oil and other products
like carbohydrates and protein for energy and food
production. Some speci es have reached morethan 70%
lipids on a dry weight basis when cultivated in
controlled laboratory reactors (Ghasemi et al, 2012), and
they grow exponentially under optimal conditions.
Microalgae currently cost more to cultivate than
traditional crops, and to make microalgae production
economical feasibleit isnecessary to use most biomass
compounds available for product development
(Vanthoor-K oopmanset al, 2013). Moreover, lowering
production cost due to technological development is
also important and possible. One of the main obstacles
in the production process of microalgae is the
harvesting (Weschler et a., 2015). Most microalgae are
naturally dispersed in the medium, and it isdifficult to
collect the biomass once it has reached optimal
densities. Traditional harvesting by centrifugation can
damagethe cell under the gravitational forces, it needs
expensive equipment and it presents high energy
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consumption (Chen et al., 2012). Harvesting via
filtrationis suitable for larger microalgae (Kimet al.,
2015), but for small cellsrequires special membranes
and flux reduction occurs after awhile dueto fouling
(Riosetal., 2012).

Flocculation, the formation of stable particle
aggregates in an aquatic medium is a natural
phenomenaunder certain conditions such as estuarine
mixing. The physical properties of the medium, such
as pH and temperature, and the presence of metal ions
promote the floccul ation and subsequent precipitation
of solid aggregates (Shamkhali Chenar et a., 2013). In
wastewater treatment, flocculation has been used to
easily collect microalgae and other microorganisms
via filtration or decantation (Chen et al., 2015).
However, most microalgae do not flocculatein normal
conditions due to the repulsion caused by the
negatively-charged cell membranes. Nevertheless,
flocculation can be induced by flocculants and has
been proposed as a better alternative to harvesting
microalgae than centrifugation or filtration or asafirst
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step to improve the performance of both (Vandamme
etal., 2013). In estuaring mixing, natural floccul ation
promotes the reutilization of certain nutrients
(Karbassi and Heidari, 2015). Therefore, after
flocculation of microalgae cultures, harvested medium
could be reused depending on the flocculation
conditions. Flocculation has shown to concentrate a
dilute microal gae suspension of 0.5 g/l dry matter to
a slurry of 10-50 g/l (Wileman et al., 2011). The
requirements for a second and final dewatering step
viacentrifugation or filtration are easier to achieve or
even unnecessary. Traditional flocculants like metal
salts, chitosan, or polyelectrolytes have been studied
and recommended for microalgae flocculation
(Stephenson et al, 2010; Rashid et al., 2013; Gorin et
al., 2015), but presents disadvantages like residual
contaminants, long flocculation times and economical
costs (Granados et al., 2012; Gerardo et al., 2015;
Golzari et d., 2016).

Microalgae flocculation in response to pH
variation has been previously studied in both
directions, by alkalization and acidification (Pezzolesi
et al., 2015). Subsequent neutralization to reuse the
medium after harvesting has been proven feasible
(Cadtrillo et al., 2013). Flocculation mechanism by
alkalization is accepted to occur due to metallic
hydroxide precipitates, which requires a pH value
around 11 (Huo et al ., 2014). However, flocculationisa
complex process that not only relies on cell charges
neutralization, but also on the probability of collision
between cells. At alkaline pH below 11, flocculation
has been observed when there is a high microalgae
density (Schlesinger et al., 2012; Besson and Guiraud,
2013). The acidification process has been poorly
studied but it seems to occur by neutralization of cell
membrane chargesaswell (Liuet a., 2013).

Until now, flocculation as harvesting mechanism
has been proposed as a multi-step process (Lucas-
Salas et al, 2013; Collet et a, 2014), first to stop the
medium flow and flocculate the culture; then harvest
is conducted, and reconditioning the medium is the
final step in the process. However, in larger scale
microalgae production, every process step implies an
increase in costs, both initial and operational (Barros
et al., 2015). Considering this, it isimportant to know
the behavior of pH induced flocculation in a non-
steady medium. If flocculation, harvesting and
regrowing of the remaining cells can be incorporated
in a single step, the possibility of a continuous
production and harvesting of microalgae can result in
cheaper and smaller production units. Until now, there
are few reports on the possibility to flocculate
microalgae in a turbulent medium, i.e., inside a
photobioreactor (Yahi et a., 1994), this previouswork
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proposed a system for continuous flocculation of
microalgae, achieving 95% efficiency with pH between
11 and 11.5 &fter aresidence time of 5 minutes.

In this study, flocculation by pH variation is
evaluated under non-steady conditions, comparing its
separation efficiency after filtration with traditional
flocculant salts. Factors like pH, microalgae
concentration and time of flocculation are eval uated.
The final medium is neutralized and viability assays
are conducted in order to prove the feasibility of the
culture.

MATERIALS& METHODS

Scenedesmus sp. and Chlorella vulgaris supplied
by UAM-I ztapalapaDistrito Federal, Mexico were used
in this study. The culture medium was prepared with
water and 0.1% of acommercial foliar fertilizer (Bayfolan
Forte©, Total N 11.4%, phosphorus as P,0O, 8%,
potassium as K, O 6%). Both species were grown in
eight different 1 L glass recipients, incubated at room
temperature and illuminated using cool-white QW LED
lamps 24 h/day and continuously aerated by bubbling
air. Samples of 50 mL with different microalgae
concentrationswere used in the different experiments.
Optical density at 750 nm (0D, ) of microalgae cultures
was measured every 24 h, and the subsequent
acidification and alkalization experimentsexplained in
the next sections were conducted every 48 h. The
cultureswere maintained for 10 days.

A pH-meter Horiba model f-74BW was used to
measure pH. The pH of each sample was acidified by
adding 0.1 N HNO, and alkalized with 0.1 N KOH. A
curve of pH variation in response to HNO, and KOH
was obtained for different microalgae concentrations
to determine the necessary amount of each solution to
achieve the desired pH levels for both species.

Flocculation experiments were performed with 50
ml culture samples at six different initial microalgae
concentrations. Flocculation efficiency was tested at
pH 4, 5, 7.3 (control), 8.5 and 10. For every pH value
two time lapses were tested, 30 seconds and two
minutes. For every time lapse, for both species, three
samples of every concentration were stirred at 350 rpm
after achieving desired pH values. After the specified
time the samples were passed through a 20 pm pore
sizefilter. The OD_,, the medium was measured before
and after filtering to determine the efficiency of the
biomass separation comparing initial and final OD,
measurements. A t-test was performed in order to
determine if the measured OD.__. in the different
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experiments were different fromthe control.

A test with ferric sulphate (FeSO,) was performed
in order to compare the efficiency of pH driven
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separation with a standard flocculant used in water
treatment. Four different experimental treatments,
alkalineflocculation (pH=10 adding KOH 0.1 N), acid
flocculation (pH=4 adding HNO, 0.1 N), and two
chemical flocculation substances (CuSO, 1 g/l, FeSO,
2 g/l) were performed for the same two time lapses (30
seconds and 2 minutes) for Chlorella vulgaris, and
OD,,, wasread after filteringit.

After flocculation at the different pH levels (4, 5,
7.3, 8.5and 10) and filtration, the remaining microal gae
cultures were neutralized to pH=7.3 and were left to
grow in the original conditions with the purpose to
verify if both the microalgae cells and the neutered
medium werereusable. OD._ was measured daily after
flocculation and filtration during three daysto measure

growth rate.

RESULTS& DISCUSSION

In order to calculate the necessary volume of HNO,
0.1 N and KOH 0.1 N required to change the pH to
desired levels, a pH versus volume curve at different
microalgae concentrations was obtained for
acidification and akalization (Fig. 1).
In the acidification curve -for both species- at pH
valuesbetween 6.5 and 7, the acidification of the culture
was very slow, and it behaves similar to a buffer
solution. This behavior can be explained by the fact
that at these pH values the charges in the microalgae

cell membranes are being neutered by the protons(Liu
etd., 2013). Asthe carboxyl groupsinthecell membrane
absorbsthe H*, the medium has arelatively stable pH,
and when the addition of HNO, continues, the charges
are totally neutered after which a quick drop in pH
values is observed. This behavior can be confirmed
by the fact that at higher microalgae concentrations
more HNO, wasrequired to acidify the culture.

In the alkalization case, the behavior was typical
of a neutralization curve, though it seemed to behave
similar to abuffer while approaching to a pH value of
11. These results suggest that, at pH values between
10 and 11, akaline flocculation involves a membrane
charge-related mechanism similar to theacid mechanism
-for example, cation bridging- besides salt precipitations
(Brady etal., 2015).

Results for OD,_, changes after flocculation and
filtration are shown in Fig. 2. The obtained values are
shown in Table 1. For the acid experiments the
separation after filtration was not very effective, and
for the pH value of 5 there was no significant difference
with the control (t<2.22 for 0=0.95). Flocculation,
however, was observed as small aggregates after
stirring. Nevertheless, after filtration, the OD, for acid
floccul ation was only afraction |ower than the control.
For the pH value of 4, adecrease of 30.43%+ 5.69%in
OD,,, for Scenedesmus sp. and 43.5% + 10.52% for

Chlorella vulgaris was observed. These results
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Fig. 1. Changeof pH in responseto addition of HNO, and KOH 0.1 N with different initial microalgae
concentrations(OD,, )
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Fig. 2. Comparison of optical density (750nm) after different pH treatmentsallowing flocculation at different
timeintervalsand passing through a20 um filter

Table 1. Aver age decr ease compar ed toinitial OD,,  after pH change, stirring and filtration for both species

Scenedesmus sp. Chlorella vulgaris

pH Time |Averagedecrease (%) SD (%) | Averagedecrease (%) | SD (%)
4 30s 14.71 4.6 18.38 7.08
2min 30.43 5.69 435 10.52
5 30s 18.17 7.3 13.98 5.16
2min 20.16 8.39 19.18 8.54
7.3 30s 15.34 6.94 12.34 4.69
2min 15.67 6.19 12.63 6.03
85 30s 2311 8.67 20.23 6.65
2min 36.55 13.3 35.66 9.11
10 30s 40.17 9.37 33.6 12.31
2min 72.07 10.1 86.35 7.32

indicate that acid treatment does not seemto formstable
flocculates and the neutralizati on of the negative charge
inthe cell membraneisnot enough to provide ahighly
effective flocculation in a non-steady culture. Acid
flocculation of microalgae, however, cannot be
discarded immediately, and more research isneeded to
explain the mechanism and the better conditions for
this treatment.

In alkaline flocculation, a higher separation
efficiency was obtained based on the optical density
before and after filtration. Results on Scenedesmus sp.
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for OD,_, measurement after filtration showed a
minimum decrement of 23.11% * 8.67% at pH=8.5for
30 seconds dtirring; and amaximum of 72.07%+ 10.10%
at pH=10 for 2 minutes stirring. And for Chlorella
vulgaris, aminimum decrement was obtained of 20.23%
+ 6.65% at pH=8.5 for 30 seconds stirring; and a
maximum of 86.35% + 7.32% at pH=10 for 2 minutes
stirring. Time is an important factor to consider, and
resultsindicate that a 30 seconds lapse is not enough
to achieve high levelsof flocculation. Thetwo minutes
lapse showed better results.
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Overall, the results suggest that alkaline pH
flocculation does not entirely depends on salt
precipitations, since flocculation was observed at both
alkaline pH values tested (8.5 and 10). A membrane-
based alkaline flocculation has been suggested before.
After experiments with different pH values and
microal gae species, flocculation has been observed at
pH=10 for several species, but mutant membrane
deficient Chlamydomonas reinhardtii did not
flocculate even at pH=12, which suggests that
membrane charges are related to alkaline flocculation
(Schlesinger et al., 2012).

Theformed microal gae flocculeswith alkaline pH
values were stable enough to be retained by a filter
with arelative big poresize (20 pm), even with constant
gtirring, which can help reduce the difficulty of simple
filtration for harvesting. Since flocculation also occurs
in a turbulent medium, this process can be directly
incorporated in the culture systems without the need
of a second unit for harvesting.

Flocculation by pH change was compared to the
traditional flocculant ferric sulphate and copper
sulphate, metallic salts used for algal control in water.
Results are shown in Fig. 3, OD_ after flocculation
and simple filtration in turbulent medium using ferric
sulphate is O after 30 seconds. This means ferric
sulphateis highly efficient as complete harvest occurs.
Efficiency of copper sulphate is higher than acid
flocculation but lower than alkaline flocculation.
Flocculation by pH change is not as effective as
traditional chemical flocculation. However, if not all
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cellsare separated from the medium, theremaining cells
could be used to keep the culture growing in the same
media after neutralization if they stay viable. If the
highly effective ferric sulphate flocculation is used,
residual salts could affect the reuse of the filtered
medium (Rwehumbiza et al., 2012). Copper sulphate
alsoishighly toxicfor microalgae, anditisnot aviable
option if the intention isto reuse the medium to grow
microalgae.

After the flocculation experiments, the remaining
microalgae cells were able to keep growing after the
pH was neutered to 7.3. Thisindicatesthat non filtrated
cells remain viable and keep growing in the same
medium. After returning to neutral pH conditions, the
increase in OD_ as a function of population growth
was measured for several days, and the behavior was
similar inall casesfor theacidification and akalization

treatments(Fig. 4).

A typical logistic population growth was obtained
for al the neutered cultures. It can be seen that the
control experiment was in lag phase for the first 24
hours, whilethefloccul ated experiments were already
growing. Also, it was observed that after theinitial 24
hours, al the samples had similar behavior and only
the cellsfloccul ated at pH=5 presented aslightly lower
OD_,,. These results indicate that after pH-change
induced flocculation, the remaining algal cellsbehave
similar to anormal culture. The addition of potassium
and nitrogen due to potassium hydroxide and nitric
acid added to induce flocculation and neutralize the

Fe504 Cus04

Flocculants

Chlerella 2 min

Fig. 3. Comparison of OD,, after different flocculation processesand timesfor Chlorellavulgaris(initial
OD__=0.889).
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Fig. 4. Microalgaegrowth curve measured in optical density (750nm) after flocculation and filtration at
different pH levels

medium could explain the difference in behavior
between the treated samples and the control, as the
salts can be assimilated as nutrients by the microalgae.
Also, the decline of growing after several daysfor the
2 minutes experiment for Scenedesmus sp. and for the
30 seconds experiment for Chlorella vulgaris was
observed for the treatments and the controls, and this
might not be related to the variables used in this
experiment but it could be linked to other stress-
inducing factors.

CONCLUSIONS

Alkaline flocculation was highly effective for
Chlorella vulgaris and Scenedesmus sp., even when
the medium isin constant agitation; this could allow
to adapt a semi-continuous inline harvesting system
in atypical bioreactor with no need of a separation
tank. Alkalineflocculation efficiency isnot as effective
as typical FeSO, chemical flocculation. However, it
presents very acceptable efficiency rates, and once
the flocculated microalgae are harvested and the
medium neutered, it is possible to reuse the medium
immediately after neutralization. Acid flocculation
does not form stable flocculesin turbulent conditions
for both species; hence, it limits the application of
this mechanism to a two-step process. Even when
the behavior of the two species used on this
experiment was similar, more research is needed in
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order to observe how pH induced flocculation is
related to particular species, specifically to its
membrane properties.

ACKNOWLEDGMENTS

This research was finantially supported by
Universidad Auténoma de Querétaro, and Consgjo
Nacional de Cienciay Tecnologia(CONACY T) through
FOMIX QRO-2014-C03-250295 project. The authors
want to thank Centro de Estudios Académicos sobre
Contaminacion Ambiental (CEACA-UAQ) for the
equipment collaboration and Andrea Macias for the
help provided in the laboratory.

REFERENCES

Barros, A.l., Gongalves, A.L., Simdes, M. and Pires, J.C.M.
(2015). Harvesting techniques applied to microalgae: A
review. Renewable and Sustainable Energy Reviews, 41,
1489-1500.

Besson, A. and Guirard, P. (2013). High-pH-induced
flocculation—flotation of the hypersaline microalga Dunaliella
sdlina. Bioresource Technology, 147, 464-470.

Brady, P.V., Pohl, P.I. and Hewson, J.C. (2014). A
coordination chemistry model of algdl autoflocculation. Algal
Research, 5 226-230.

Castrillo M., Lucas-Salas L.M., Rodriguez-Gil C. and
Martinez D. (2013). High pH-induced flocculation—
sedimentation and effect of supernatant reuse on growth



Int. J. Environ. Res., 10(4):593-600, Autumn 2016

rate and lipid productivity of Scenedesmus obliquus and
Chlorellavulgaris. Bioresource Technology, 128, 324-329.

Chen, C.L., Chang, J.S. and Lee, D.J. (2015). Dewatering
and Drying Methods for Microalgae. Drying Technology,
33, 443-454.

Chen, F, Liu, Z., Li, D,, Liu, C., Zheng, P. and Chen, S.
(2012). Using ammoniafor algae harvesting and as nutrient
in subsequent cultures. Bioresource Technology, 121, 298-
303.

ColletP, Lardon L., HéliasA., Bricout S., Lombaert-Valot I,
Perrier B., Lépine O., Steyer J.P. and Bernard O. (2014).
Biodiesel from microalgae - Life cycle assessment and
recommendations for potential improvements. Renewable
Energy, 71, 525-533.

Gerardo, M.L., Van Den Hende, S., Vervaeren, H., Coward,
T. and Skill, S.C. (2015). Harvesting of microal gae within a
biorefinery approach: A review of the developments and
case studies from pilot-plants. Algal Research, 11, 248-
262.

Ghasemi, Y., Rasoul_Amini, S., Naseri A.T.,
Montazeri_Najafabady N., Mobasher M.A. and Dabbagh
F. (2012). Microalgae Biofuel Potentials (Review).
Applied Biochemistry and Microbiology, 48 (2), 126-
144.

Golzary, A., Abdoli Mohammad, A., Khodadadi, A., Karbassi,
A. and Imanian, S. (2016). Investigation of electro and
chemical coagulatin processes for marine microalgae
separation. Nashrieh Shimi Va Mohandesi Shimi Iran, 35
(1), 39-52.

Gorin, K.V., Sergeeva Y.E., Butylin, V.V., Komova, A.V.,
Pojidaev, V.M., Badranova, GU., Shapovaova A.A., Konova
I.A. and Gotovtsev, P.M. (2015). Methods coagulation/
flocculation and flocculation with ballast agent for effective
harvesting of microalgae. Bioresource Technology, 193, 178-
184.

Granados, M.R., Acién F.G, Gémez, C., Fernandez-Sevilla,
JM. and MolinaGrima, E. (2012). Evaluation of flocculants
for the recovery of freshwater microalgae. Bioresource
Technology, 118, 102-110.

Huo, S., Wang, Z., Zhu, S., Cui, F,, Zou, Bin., You, W.,
Yuan, Z. and Dong, R. (2014). Optimization of Alkaline
Flocculation for Harvesting of Scenedesmus quadricauda
#507 and Chaetoceros muelleri #862. Energies, 7, 6186-
6195.

Karbassi, A. R. and Heidari, M. (2015). An investigation
on role of salinity, pH and DO on heavy metals
elimination throughout estuarial mixture. Global Journal
of Environmental Science and Management, 1 (1), 41-
46.

Kim, K., Shin, H., Moon, M., Ryu B.G, Han, J.., Yang
JW. and Chang, Y.K. (2015). Evaluation of various
harvesting methods for high-density microalgae,
Aurantiochytrium sp. KRS101. Bioresource Technology,
198, 828-835.

599

Liu, J., Zhu, Y., Tao, Y., Zhang, Y., Li, A., Li, T., Sang, M.
and Zhang, C. (2013). Freshwater microal gae harvested via
flocculation induced by pH decrease. Biotechnology for
Biofuels, 6(1), 98.

Lucas-Salas L.M., Castrillo M. and Martinez D. (2013).
Effects of dilution rate and water reuse on biomass and
lipid production of Scenedesmus obliquusin atwo-stage
novel photobioreactor. Bioresource Technology, 143, 344—
352.

Pezzolesi, L., Samori, C. and Pistocchi, R. (2015).
Flocculation induced by homogeneous and heterogeneous
acid treatmentsin Desmodesmus communis. Algal Research,
10, 145-151.

Rashid N., Rehman S.U. and Han J. (2013). Rapid harvesting
of freshwater microalgae using chitosan. Process
Biochemistry, 48, 1107-1110.

Rios, S.D., Salvadé, J., Farriol, X. and Torras, C. (2012).
Antifouling microfiltration strategies to harvest
microalgaefor biofuel. Bioresource Technol ogy, 119, 406—
418.

Rwehumbiza, V.M., Harrison, R. and Thomsen, L. (2012).
Alum-induced flocculation of preconcentrated
Nannochloropsissalina: residual aluminiumin the biomass,
FAMEs and its effects on microalgae growth upon media
recycling. Chemical Engineering Journal, 200-202, 168-
175.

Schlesinger, A., Eisenstadt, D., Bar-Gil, A., Carmely, H.,
Einbinder, S. and Gressdl, J. (2012). Inexpensive non-toxic
flocculation of microal gae contradicts theories; overcoming
a major hurdle to bulk algal production. Biotechnology
Advances, 30, 1023-1030.

Shamkhali Chenar, S. S, Karbassi, A., Hajizadeh Zaker, N.
and Ghazban, F. (2013). Electrofloccul ation of metalsduring
estuarine mixing (Caspian Sed). Journd of Coastal Research,
29 (4), 847-854.

Stephenson A.L., Kazamia E., Dennis J.S., Howe C.J.,
Scott S.A. and Smith A.G. (2010). Life-Cycle
Assessment of Potential Algal Biodiesel Production in
the United Kingdom: A Comparison of Raceways and
Air-Lift Tubular Bioreactors. Energy Fuels, 24, 4062—
4077.

Vandamme, D., Foubert, I. and Muylaert, K. (2013).
Flocculation as alow-cost method for harvesting microal gae
for bulk biomass production. Trends in Biotechnology, 31
(4), 233-239.

Vanthoor-Koopmans, M., Wijffels, R.H., Barbosa, M .J.
and Eppink, M.H.M. (2013). Biorefinery of microalgae
for food and fuel. Bioresource Technology, 135, 142-
149.

Weschler, M K., Barr, W.J., Harper, W.F. and LandisA.E.
(2714). Process energy comparison for the production and
harvesting of algal biomass as a biofuel feedstock.
Bioresource Technology, 153, 108-115.



Microalgae flocculation while stirring

Wileman, A., Ozkan, A. and Berberoglu, H. (2011.)
Rheologica properties of algae slurries for minimizing
harvesting energy requirements in biofuel production.
Bioresource Technology, 104, 432-439.

Yahi, H., Elmaleh, S. and Coma, J. (1994). Algal
flocculation-sedimentation by pH increase in a
continuous reactor. Water Science and Technology, 30
(8), 259-267.

600





