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Abstract

Flocculation is a promising low-cost alternative to centrifugation for harvesting microalgae
for bulk lipid production. However, little is known about the effect of the harvesting method
on the lipid content on the one hand and the lipid extraction efficiency on the other hand. In
this study, both total lipid content (and fatty acid composition and free fatty acid amount) and
lipid extraction efficiency of Phaeodactylum tricornutum biomass were compared after
harvesting using either alum or alkaline flocculation, or centrifugation. Alum and alkaline
flocculation did not severely impact total lipid content when expressing results on ash-free dry
weight basis to account for the salts transferred to the biomass during flocculation. The fatty
acid composition does not change substantially and alum nor alkaline flocculation had any
effect on the extraction efficiency when using a commercial solvent system. This study
demonstrates that alkaline flocculation can be an excellent primary harvesting method for

Phaeodactylum tricornutum without impacting the lipid extraction efficiency.

Keywords: flocculation, dewatering, microalgae, biofuels, FAME, lipid extraction
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Introduction

Microalgae are seen as a promising new source of biomass that can serve as a
feedstock in various new production processes for food, feed, biofuels, or chemicals
integrated in novel biorefinery concepts [1-3]. Amongst others, Phaeodactylum tricornutum
is a microalgae species that accumulates valuable pigments, triacylglycerols, and omega-3
long-chain polyunsaturated fatty acids (omega-3 LC-PUFA) such as eicosapentaenoic acid
(EPA; C20:5) [4-6].

Production of microalgae on a commodity scale is however still hampered by high
cost and energy investment, so that solely high-value products such as food supplements,
pharmaceuticals or fine chemicals can be commercialized at limited scale [7-9]. The high
financial and energetic requirements of microalgal biomass production are to a large extent
due to the cost of harvesting. Since biomass densities are generally very low, >90% water
needs to be removed during a harvesting process [10,11]. Flocculation could reduce cost and
energy inputs via a first dewatering of the biomass by simple gravity sedimentation [12,13].
Consequently, the required water removal would be significantly reduced in a secondary
dewatering step using for example centrifugation [14].

Metal salts such as aluminum sulfate (alum) and ferric chloride are widely used
flocculants in (waste)water treatment [15]. Dissolved aluminum or ferric ions form positively
charged metal hydroxides that efficiently cause flocculation via charge neutralization or
sweeping flocculation, depending on pH and dose [16]. Biomass recovered by flocculation
with these metal salts can however have a certain amount of flocculant irreversibly bound to
it, which can be a limitation for certain biomass application [17]. Recently, alkaline
flocculation mediated by calcite and brucite precipitation at pH 9.5-11 has been described as

an interesting flocculation option for several species including Phaeodactylum tricornutum
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[18-22]. Alkaline flocculation is triggered by the coordination of those calcium and
magnesium mineral precipitates to anionic algal carboxylate groups [23]. Vandamme et al.
additionally demonstrated that magnesium precipitated as brucite caused flocculation of
Phaeodactylum tricornutum by charge neutralization, while calcium precipitated as calcite
caused flocculation dominantly by sweeping flocculation [21]. The only cost involved is that
of the base used to increase pH as background concentrations of calcium and magnesium are
high enough in most waters for flocculation to occur [12,24]. Moreover, it has been

demonstrated that calcium and magnesium could be recovered to be reused [25].

The application of flocculation methods should however not interfere with
downstream processes, such as the extraction, nor alter the biomass composition or stability.
Harvesting is thus a crucial process step that needs to be studied and designed carefully using
an integrated approach, not solely by evaluating harvesting efficiency, but also potential up-
and downstream process implications [26].

Only a few studies have up to now tested the effect of harvesting methods on biomass
and more specifically lipid composition and the results are clearly contradicting.
Chatsungnoen and Chisti [17] reported that metal salts such as aluminum sulfate and ferric
chloride irreversibly bind to the biomass of Chlorella, Neochloris, and Nannochloropsis sp.
The metal coagulants did however not significantly affect total lipid content in the biomass.
Also Lee et al. [27] and Anthony et al. [28] did not observe a significant effect of harvesting
method (for alkaline flocculation, aluminum sulphate and a microbial flocculant in Lee et al.
[27] and for cationic starch, aluminum sulphate and centrifugation in Anthony et al. [28] on
the lipid content of Botryococcus braunii and the total mass of transesterifiable lipids in
Scenedesmus obliquus. This is in contradiction to findings by Rwehumbiza et al. [29] who

observed a different total fatty acid methyl ester (FAME) content extracted from
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Nannochloropsis depending on the used flocculant dosage. Borges et al. [30] reported that the
use of polyacrylamides in the flocculation process did not affect total lipid content but did
affect the fatty acid composition although the effect did depend on species (Nannochloropsis
versus Thalassiosira) and on the type of polyacrylamide. Rios et al. [31] showed that total
lipid and total FAME content depend on the used harvesting cascade process (higher for cross
flow filtration followed by centrifugation compared to alkaline flocculation followed by cross
flow filtration) for both Phaeodactylum and Nannochloropsis.

Only Anthony et al. [28] studied the effect of harvesting method on the ability of the
extraction process (in their case wet lipid extraction with hexane after several other
biorefining steps) to isolate the algal lipids. The centrifuged samples had the highest recovery
efficiency of lipids and this was statistically significant compared to the cationic starches and
alum harvested microalgae. The yields for the cationic starches harvested microalgae were in

turn significantly higher than alum harvested microalgae.

The goal of this study was to further (hopefully clarify the contradicting results)
evaluate the impact of several harvesting methods on biomass composition in terms of lipid
content and fatty acid composition, but also (for the first time) in terms of free fatty acid
(FFA) content. Furthermore a potential influence on the extraction efficiency was studied.
Alum and alkaline flocculation were evaluated versus centrifugation as the reference method

for the marine diatiom Phaeodactylum tricornutum.
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Materials and methods

Cultivation of Phaeodactylum tricornutum

The marine diatom Phaeodactylum tricornutum 1055/1 (CCAP) was used as model
species and cultured in batch mode in 30-L plexiglass bubble column photobioreactors (20 cm
diameter) using modified Wright’s Cryptophyte medium prepared from pure salts and
deionized water [32]. Additional synthetic sea salt (Homarsel, Zoutman, Belgium) was added
at a final concentration of 30 g L. The reactors were aerated with 0.2-um-filtered air
(5 L min~!) and pH was maintained at 8.5 through pH-controlled addition of carbon dioxide to
the air flow. The culture was irradiated from two sides with daylight fluorescent tubes (Osram
Grolux Sylvania, Germany), yielding a photon flux of 60 pmol m~2 s™! at the surface of the
reactor. Microalgal biomass density was monitored by measuring absorbance at 750 nm. (ash-
free) dry weight was determined using GF/F filters according to method 16.2 in Moheimani et
al. [33]. Absorbance measurements were calibrated against dry weight, which was in turn
determined gravimetrically on pre-weighed GF/F glass fiber filters [25]. Harvesting was

carried out at stationary growth phase at day 13 of cultivation.

Harvesting: flocculation and centrifugation experiments

P. tricornutum was harvested using alum (Al), alkaline flocculation (pH), and
centrifugation (C). The optimal parameters for these flocculation methods were determined in
previous published studies [25,34]. Flocculation experiments were carried out in triplicate
using 2-L bottles. Cultures were mixed via magnetic stirring, and centrifuged at 4,000g for 20

min at 21°C. For alum flocculation, pH was adjusted to 7 using 1 M of a hydrochloric acid
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stock solution prior to addition of 20 ml of a 5 g L* stock solution of aluminum sulphate
octadecahydrate (ACS gradient, Sigma Aldrich). Subsequently, the broth was gently mixed at
250 rpm for 30 min. For alkaline flocculation, 12 mL of a 0.5 M sodium hydroxide solution
was added while the broth was gently mixed at 250 rpm for 30 min. Sedimentation was
allowed for 30 min for both flocculation methods. The separation efficiency, or the percentage
of microalgal biomass removed from suspension, was calculated based on changes in the
optical density (measured at 750 nm) prior to alum or sodium hydroxide addition (ODi) and

after settling (ODs):

Separation efficiency (%) = (%) x 100 (Eq.1)

After settling, the supernatant was decanted and the particulate phase was poured into
a volumetric cylinder to measure volume. The concentration factor (CF) was determined by
dividing the total volume (2 L) by the volume of the particulate phase. This parameter
provides useful information about the residual water content of the particulate phase after
flocculation [34]. Subsequently, the particulate phase was centrifuged at 4,000g for 20 min at

21°C and stored at —80°C prior to lyophilisation.
Biomass composition

The total lipid fraction was extracted from the harvested lyophilized microalgal
biomass with chloroform/methanol 1:1 using 100 mg of biomass and 24 mL of solvent
according to the method described by Ryckebosch et al. [35]. The total lipid content was
subsequently determined gravimetrically. The amount of extracted lipids was expressed on
the basis of both biomass dry weight and ash-free dry weight to compensate for residual

flocculant in the biomass fraction after harvesting. All extractions were performed in triplicate
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for each harvesting method replicate. The experimental and analytical replicates were pooled
to report mean values and standard deviations. All extracts were further analyzed in terms of

FFA content and fatty acid profile.

The determination of the FFA content of the extracts was based on the selective
formation of dimethyl amide derivates as described by Kangani et al. [36]. At the start of the
FFA determination, an internal standard (C12:0, Nu-Chek Inc., USA) was added to the
extract. The separation of the derivates was performed by gas chromatography (GC) with cold
on-column injection and flame ionization detection (FID) (Trace GC Ultra, Thermo Scientific,
Interscience, Louvain-la-Neuve, Belgium) using an EC Wax column (length: 30 m, ID 0.32
mm, film: 0.25 Im) (Grace, Lokeren, Belgium). The temperature-time program was:
100-160°C (10°C/min), 160-240°C (2 °C/min), 240°C (7 min). Peak areas were quantified
with Chromcard for Windows software (Interscience, France). The amount of FFA was
calculated by comparing the sum of the peak areas to the peak area of the internal standard

(C12:0).

To determine the fatty acid composition, fatty acid methyl esters (FAMES) were
formed by methylation of the lipid extracts as described by Ryckebosch et al. [35]. The
FAMEs were then separated by the same GC-FID as described above. The temperature-time
program was in this case: 70-180°C (5°C/min), 180-235°C (2°C/min), 235°C (9.5 min). Fatty
acid identification was performed using standards containing a total of 35 different FAMESs
(Nu-Chek Inc., USA). Peak areas were quantified with Chromcard for Windows software

(Interscience, France).
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Lipid extraction efficiency

The extraction efficiency with hexane/isopropanol (3:2) was determined as the ratio of
the extraction yield with hexane/isopropanol (HI) compared to the extraction yield with
chloroform/methanol (CM). The CM extraction (described above) has previously been
demonstrated to extract the total amount of lipids, while HI (3:2), although commercially
applicable and even food grade, is not able to penetrate tough, intact microalgal cell walls and
consequently functions less efficiently [37]. The HI extraction was conducted as described in
Ryckebosch et al. [37], without the disruption step during extraction to evaluate a potential
impact of the harvesting method on the extractability. The HI extraction efficiency was

determined in triplicate for each harvesting method replicate (n=9).

Statistical analysis

All experimental data are reported as mean values with an experimental error
calculated as 1 standard deviation of the mean (utlc). All results were statistically evaluated
using a one-way analysis of variance (ANOVA) test with a level of significance of 0.05,
followed by a Tukey’s post-hoc test to analyze pairwise differences. Normality of the data

was determined with the Shapiro-Wilk normality test (Sigmaplot 11, Systat Software Inc.).
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Results and discussion

Harvesting of Phaeodactylum tricornutum using alum and alkaline flocculation

Table 1 shows the flocculation parameters, separation efficiency, and concentration
factor for alum and alkaline flocculation. For both methods, the separation efficiency was
higher than 90 % and the concentration factor was above 10. This is comparable with
previous results [12,18], which demonstrates that flocculation was conducted in optimal
conditions in this study.

Table 1: Harvesting of Phaeodactylum tricornutum using alum and alkaline flocculation
(n=3; utlo)

Flocculation Dose pH Separation  Concentration
method (mM) efficiency (%) factor (-)
Alum 0.075 7 94+2 1842
Alkaline 3.0 10.6 91+3 12+2

While the separation efficiency was comparable for both flocculation methods, the dose to
obtain that efficiency was dramatically different (Table 1). Only 0.075 ton alum per ton
microalgae biomass was needed, while for alkaline flocculation 0.18 ton sodium hydroxide
ton per ton biomass was required to obtain efficient separation. The flocculant operational
expenses would consequently be lower for alum compared to alkaline flocculation (Table 2:
USD 23 ton! biomass versus 63 ton*! biomass for sodium hydroxide). However, the usage of
alum could limit the product application of the harvested biomass due to toxicological
concerns [17]. Alkaline flocculation could therefore be a good alternative supposing that there
IS no impact on downstream processing (e.g. impact on the lipid content and extraction

efficiency).

10
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225  Table 2: Estimation of flocculant operational expenses for alum versus alkaline

226  flocculation

Flocculant Alum? NaOHP
Dose (ton ton! biomass) 0.075 0.18
Cost (USD ton! biomass) 23 63

227 2 Alum industrial grade USD 300 ton [18]

228  PNaOH industrial grade: USD 350 ton [25]

229

230 Impact of the harvesting method on biomass composition in terms of total lipid content,
231  fatty acid composition and free fatty acid content

232

233 The total lipid content of Phaeodactylum harvested using alum, alkaline flocculation,
234 or centrifugation was determined by extraction using chloroform:methanol (Fig 1). When
235  expressed on dry weight basis, the total lipid content of biomass harvested using alum and
236  alkaline flocculation was significantly lower than biomass harvested via centrifugation

237  (p<0.001). However, when expressed on ash-free dry weight basis, no significant difference
238 in lipid content was observed between biomass harvested using alum and alkaline

239  flocculation. The centrifuged biomass however had a slightly higher amount of total lipids

240  (47%) compared to biomass harvested by alum (42%; p<0.001) or alkaline flocculation (43%;

241 p<0.001).

11
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Fig 1: Lipid content expressed as percentage of total dry weight (DW) and ash-free dry
weight (AFDW) basis for Phaeodactylum tricornutum harvested using alum (Al), alkaline
flocculation (pH), and centrifugation (C). (n=9; error bar = 16). Different letters indicate

statistical differences with a significance level of 0.05

Alum and alkaline flocculation are mediated by the precipitation of metal salts, and/or
calcium carbonate and this results in a transfer of those salts to the particulate phase after
separation [38,39]. This results in an increase of the ash content of the biomass and
consequently, a comparison of total lipid content expressed on dry weight biomass basis is
misleading. Lipid content can only be accurately compared on ash-free dry weight basis,
which is in agreement with previous observations using alum as flocculant [17,31]. This can
already explain some of the contradicting results obtained in literature as some authors have
neglected this necessary correction [29,30]. Another cause of contradicting results can be the
standard harvesting method with which the comparison is made and the method applied for

total lipid extraction.

12
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Our results correspond well with literature when only taking into account the studies which
have used centrifugation as the golden standard and have applied the correction using AFDW.
In Chatsungnoen and Chisti [17] and Anthony et al. [28] the slightly lower lipid content when
using alum compared to centrifugation was not significant (as in our case) but numerically
their results showed the same trend. Rios et al. [31] also observed the slightly but significantly
lower total lipid content for alkaline flocculation compared to centrifugation (in combination
with cross flow filtration).

The slightly lower lipid content of biomass obtained by flocculation (using alum or alkaline
flocculation) compared to biomass obtained by centrifugation might be explainable by the
extracellular algal organic matter (AOM) that is known to interfere with flocculation
processes by binding to the used coagulant [40,41]. While ash-free dry weight corrects for the
amount of minerals and salts present in the biomass, it does not correct for the AOM that
might partially be transferred to the particulate phase. For Chlorella, AOM comprised up to
20 mg C L1 which was nearly 15% of the total dry weight [42]. For Phaeodactylum, total
AOM concentrations between 2 and 5% have been observed (unpublished data). AOM can
increase the amount of ash-free biomass significantly for the flocculated biomass and this
might lead to seemingly lower total lipid results. This hypothesis disserves further study.

An interaction between the ions and the lipids leading to interference of the flocculants with
the CM extraction as suggested by Rios et al. [31] does not seem plausible to us, given the
strength of this solvent system. Moreover, one would then expect an even bigger effect when
a weaker solvent such as HI is used, which is completely not the case as shown in the next

section.

Apart from the total lipid content, the relative fatty acid profile (as FAMESs) was also

determined (Table 2). The main fatty acid was C16:1 which contributed more than 40% to the

13
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total FAME content. Other fatty acids present in substantial amounts were C14:0, C16:0,
C18:1 and C20:5. This coincides with what has been reported earlier in literature for
Phaeodactylum tricornutum, although some variation always exists depending on cultivation
conditions [43]. Between the different harvesting methods, no meaningful differences in fatty
acid profile were observed. The statistical analysis resulted only in one case, for C18:1, ina
very low p value (p<0.001), and therefore the rejection of the null hypothesis (Table 2).
However, the relative increase of 0.12% for C18:1 (reported as % of total FAME) for biomass
harvested by alum is, although statistically significant, very small, as compared to the results

of Rios et al. [31].

Table 2: FAME profile for Phaeodactylum tricornutum using chloroform:methanol 1:1

harvested using alum (Al), alkaline flocculation (pH), and centrifugation (C). (n=9;

utlo)
FAME (% of total FAME) Al pH C p-value
C14:0 5.19+0.05 5.23+0.03 5.16+0.02 0.003
C16:0 28.74+0.13  28.69+0.09 28.85+0.08 0.006
C16:1 43.76+0.15  43.83+0.10 43.90+0.08 0.100
C18:1 9.59+0.05 9.47+0.03 9.47+0.02 <0.001
C20:5 6.83+0.20 6.94+0.14 6.78+0.11 0.122

Finally, the FFA content was determined since it has been shown that even during
short storage of wet biomass, endogenous hydrolytic enzymes present in the biomass can
cause lipolysis, being the dissociation of FFA from the lipids [44]. These FFA are
disadvantageous for several applications and it is thus important that no lipolysis occurs

during the flocculation treatment.

In general, the FFA content was lower than 1.5 % of total lipids for all treatments (Fig
2). Moreover, there were no significant differences in FFA content between biomass

harvested using flocculation and centrifugation (p>0.115). This suggests that the flocculation

14
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306  procedures did not significantly enhance lipolysis, at least not when after flocculation the wet
307 biomass is immediately further processed (centrifugation and drying) as was the case in this

308  experiment.

2.0
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=
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309
310 Figure 2: Free fatty acid (FFA) content as % of total lipids for Phaeodactylum

311  tricornutum harvested using alum (Al), alkaline flocculation (pH), and centrifugation (C)
312 extracted using chloroform:methanol 1:1 (CM) (n=9; error bar = 10)

313  Different letters indicate statistical differences between harvesting methods with a

314  significance level of 0.05
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Impact of the harvesting method on lipid extraction efficiency

Hexane/isopropanol (H1) is one of the most efficient solvent systems for commercial
microalgae lipid extraction since it is a less toxic, non-halogenated system that combines
relatively high lipid yields with low non-lipid co-extraction. It is however not able to
penetrate tough, intact microalgal cell walls and consequently functions less efficiently than
CM. Therefore the extraction efficiency was determined as the ratio of the extraction yield
with HI compared to the extraction yield with CM, which has previously been demonstrated
to extract the total amount of lipids [37]. The harvesting method was hypothesized to have a
potential positive or negative effect on the extraction efficiency. A positive effect could come
from a possible cell (wall) disruption caused by a certain harvesting method and leading to a
better contact between the solvent system and the lipids. A negative effect could come from
an interference of the flocculants with the extraction procedure, especially when weaker

solvent systems such as HI are used (compared to CM).

Figure 3 shows the lipid extraction efficiencies for the three harvesting methods
applied in this research. It can be seen that about 70% of the total lipids obtained by CM
extractions were recovered using HI but that no significant differences occurred between the
different harvesting methods (p>0.05). This means that, at least for this species, none of the
above hypothesized influences on extraction efficiency occur. It cannot be excluded that
especially the first effect might be different for other microalgae species having another cell
(wall) structure.

The seemingly contradicting results of Anthony et al. [28], who did observe a lower

extraction efficiency when using alum compared to centrifugation, might be explainable by

16
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the different extraction method (hexane / isopropanol on dry biomass in this study versus
hexane on wet biomass in Anthony et al. [28] used. Hexane is less efficient in extracting
lipids from microalgae [37] and extraction from wet biomass is less efficient than from dry
biomass [45]; making that the wet extraction using hexane might be hindered more by an

interference from the flocculants.

100

a0 - A A A

60 —

40 —

Extraction efficiency (ww %)

20

Al pH C

Figure 3: Lipid extraction efficiency for Phaeodactylum tricornutum harvested using
alum (Al), alkaline flocculation (pH), and centrifugation (C). (n=9; error bar = 10)

Different letters indicate statistical differences with a significance level of 0.05

17
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Conclusions

Harvesting is a central process in any microalgae biomass production process. It is
therefore crucial that any kind of impact on biomass composition and downstream processing
is avoided. The present results show that alum and alkaline flocculation did not severely
impact total lipid content of the marine diatom Phaeodactylum tricornutum when one
correctly accounts for the salts which are transferred to the biomass when flocculation is used
(by expressing results on ash-free dry weight). The slightly lower total lipid content obtained
after flocculation might be explained by organic material transferred to the biomass (e.g.
AOM) during flocculation, which is not accounted for by expressing on ash-free dry weight.
Importantly also, the fatty acid composition does not change substantially and no detrimental
free fatty acids are formed during flocculation. Neither a positive nor a negative effect of the
flocculation on the extraction efficiency when using a commercial solvent system was
observed, but this result may be different for other microalgae species, flocculation methods

and extraction methods and thus disserves further study.

Acknowledgements

This study was financially supported by the Research Foundation — Flanders (FWO
Postdoctoral fellowship D. Vandamme 12D8917N and SB PhD fellowship L. Gheysen 1S
151287 16N). We thank Charlotte Lemahieu for the support in the Total lipids, FFA and FAME

analysis.

18



374

375
376
377

378
379
380

381
382
383

384
385
386
387

388
389
390

391
392
393
394

395
396
397

398
399

400
401
402

403
404

405
406
407

408
409
410
411

412
413
414

415
416
417

19

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

M. Vanthoor-Koopmans, R.H. Wijffels, M.J. Barbosa, M.H.M. Eppink, Biorefinery of
microalgae for food and fuel., Bioresource Technology. 135 (2013) 142-9.
doi:10.1016/j.biortech.2012.10.135.

L. Zhu, Biorefinery as a promising approach to promote microalgae industry: An
innovative framework, Renewable and Sustainable Energy Reviews. 41 (2015) 1376—
1384. doi:10.1016/j.rser.2014.09.040.

H.C. Greenwell, L.M.L. Laurens, R.J. Shields, R.W. Lovitt, K.J. Flynn, Placing
microalgae on the biofuels priority list: a review of the technological challenges.,
Journal of the Royal Society, Interface. 7 (2010) 703—-26. doi:10.1098/rsif.2009.0322.

M.M.M. Rebolloso-Fuentes, A. Navarro-Pérez, J.J. Ramos-Miras, J.L. Guil-Guerrero,
Biomass nutrient profiles of the microalga Phaeodactylum tricornutum, Journal of Food
Biochemistry. 25 (2001) 57-76. http://onlinelibrary.wiley.com/doi/10.1111/j.1745-
4514.2001.tb00724.x/abstract (accessed June 4, 2014).

E. Ryckebosch, C. Bruneel, K. Muylaert, I. Foubert, Microalgae as an alternative
source of omega-3 long chain polyunsaturated fatty acids, Lipid Technology. 24 (2012)
128-130. doi:10.1002/1ite.201200197.

E.T. Yu, F.J. Zendejas, P.D. Lane, S. Gaucher, B. a. Simmons, T.W. Lane,
Triacylglycerol accumulation and profiling in the model diatoms Thalassiosira
pseudonana and Phaeodactylum tricornutum (Baccilariophyceae) during starvation,
Journal of Applied Phycology. 21 (2009) 669-681. doi:10.1007/s10811-008-9400-y.

G. Markou, E. Nerantzis, Microalgae for high-value compounds and biofuels
production: a review with focus on cultivation under stress conditions., Biotechnology
Advances. 31 (2013) 1532—42. doi:10.1016/j.biotechadv.2013.07.011.

O. Pulz, W. Gross, Valuable products from biotechnology of microalgae., Applied
Microbiology and Biotechnology. 65 (2004) 635-48. doi:10.1007/s00253-004-1647-x.

L.M.L. Laurens, M. Chen-Glasser, J.D. McMillan, A perspective on renewable
bioenergy from photosynthetic algae as feedstock for biofuels and bioproducts, Algal
Research. 24 (2017) 261-264. doi:10.1016/j.algal.2017.04.002.

K.-Y. Show, D.-J. Lee, J.-S. Chang, Algal biomass dehydration., Bioresource
Technology. 135 (2013) 720-9. d0i:10.1016/j.biortech.2012.08.021.

A.l. Barros, A.L. Gongalves, M. Simdes, J.C.M. Pires, Harvesting techniques applied
to microalgae: A review, Renewable and Sustainable Energy Reviews. 41 (2015)
1489-1500. d0i:10.1016/j.rser.2014.09.037.

A. Schlesinger, D. Eisenstadt, A. Bar-Gil, H. Carmely, S. Einbinder, J. Gressel,
Inexpensive non-toxic flocculation of microalgae contradicts theories; overcoming a
major hurdle to bulk algal production., Biotechnology Advances. 30 (2012) 1023-30.
doi:10.1016/j.biotechadv.2012.01.011.

D. Vandamme, I. Foubert, K. Muylaert, Flocculation as a low-cost method for
harvesting microalgae for bulk biomass production., Trends in Biotechnology. 31
(2013) 233-9. d0i:10.1016/j.tibtech.2012.12.005.

J.J. Milledge, S. Heaven, A review of the harvesting of micro-algae for biofuel
production, Reviews in Environmental Science and Bio/Technology. 12 (2012) 165—
178. d0i:10.1007/s11157-012-9301-z.

19



418
419

420
421
422
423

424
425
426

427
428
429
430

431
432
433
434

435
436
437
438

439
440
441

442
443
444
445

446
447

448
449
450
451

452
453
454

455
456
457

458
459
460

461
462
463

20

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

J. Duan, J. Gregory, Coagulation by hydrolysing metal salts, Advances in Colloid and
Interface Science. 100-102 (2003) 475-502. d0i:10.1016/S0001-8686(02)00067-2.

E. Molina Grima, E.H. Belarbi, F.G. Acién Fernandez, A. Robles Medina, Y. Chisti,
Recovery of microalgal biomass and metabolites: process options and economics.,
Biotechnology Advances. 20 (2003) 491-515.
http://www.ncbi.nlm.nih.gov/pubmed/14550018.

T. Chatsungnoen, Y. Chisti, Oil production by six microalgae: impact of flocculants
and drying on oil recovery from the biomass, Journal of Applied Phycology. (2016) 1-
9. d0i:10.1007/s10811-016-0823-6.

S. Sirin, R. Trobajo, C. Ibanez, J. Salvado, Harvesting the microalgae Phacodactylum
tricornutum with polyaluminum chloride, aluminium sulphate, chitosan and alkalinity-
induced flocculation, Journal of Applied Phycology. 24 (2011) 1067-1080.
d0i:10.1007/s10811-011-9736-6.

J.S. Garcia-Pérez, A. Beuckels, D. Vandamme, O. Depraetere, I. Foubert, R. Parra, et
al., Influence of magnesium concentration, biomass concentration and pH on
flocculation of Chlorella vulgaris, Algal Research. 3 (2014) 24-29.
doi:10.1016/j.algal.2013.11.016.

M. Castrillo, L.M. Lucas-Salas, C. Rodriguez-Gil, D. Martinez, High pH-induced
flocculation-sedimentation and effect of supernatant reuse on growth rate and lipid
productivity of Scenedesmus obliquus and Chlorella vulgaris., Bioresource
Technology. 128 (2013) 324-9. doi:10.1016/j.biortech.2012.10.114.

D. Vandamme, P.1. Pohl, A. Beuckels, I. Foubert, P. V. Brady, J.C. Hewson, et al.,
Alkaline flocculation of Phaeodactylum tricornutum induced by brucite and calcite,
Bioresource Technology. 196 (2015) 656—661. doi:10.1016/j.biortech.2015.08.042.

J. Phasey, D. Vandamme, H.J. Fallow, Harvesting of algae in municipal wastewater
treatment by calcium phosphate precipitation mediated by photosynthesis , sodium
hydroxide and lime, Algal Research. 27 (2017) 115-120.
doi:10.1016/j.algal.2017.06.015.

P. V. Brady, P.l. Pohl, J.C. Hewson, A coordination chemistry model of algal
autoflocculation, Algal Research. 5 (2014) 226-230. doi:10.1016/j.algal.2014.02.004.

N. Drira, A. Piras, A. Rosa, S. Porcedda, H. Dhaouadi, Microalgae from domestic
wastewater facility’s high rate algal pond: Lipids extraction, characterization and
biodiesel production, Bioresource Technology. 206 (2016) 239-244.
doi:10.1016/j.biortech.2016.01.082.

D. Vandamme, A. Beuckels, G. Markou, I. Foubert, K. Muylaert, Reversible
Flocculation of Microalgae using Magnesium Hydroxide, BioEnergy Research. 8
(2015) 716-725. d0i:10.1007/s12155-014-9554-1.

K. Muylaert, D. Vandamme, I. Foubert, P. V Brady, Harvesting of Microalgae by
Means of Flocculation, in: Biomass and Biofuels from Microalgae, 2015: pp. 251-273.
d0i:10.1007/978-3-319-16640-7_12.

S.J. Lee, S. Kim, J. Kim, G. Kwon, B. Yoon, H. Oh, Effects of harvesting method and
growth stage on the flocculation of the green alga Botryococcus braunii, Letters in
Applied Microbiology. 27 (1998) 14-18. doi:10.1046/].1472-765X.1998.00375.x.

R.J. Anthony, J.T. Ellis, A. Sathish, A. Rahman, C.D. Miller, R.C. Sims, Effect of
coagulant/flocculants on bioproducts from microalgae, Bioresource Technology. 149
(2013) 65-70. doi:10.1016/j.biortech.2013.09.028.

20



464
465
466
467

468
469
470
471

472
473
474
475

476
477
478
479

480
481
482

483
484
485

486
487
488

489
490
491
492

493
494
495

496
497
498
499

500
501
502

503
504
505

506
507
508

509

21

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

V.M. Rwehumbiza, R. Harrison, L. Thomsen, Alum-induced flocculation of
preconcentrated Nannochloropsis salina: Residual aluminium in the biomass, FAMESs
and its effects on microalgae growth upon media recycling, Chemical Engineering
Journal. 200-202 (2012) 168-175. doi:10.1016/j.cej.2012.06.008.

L. Borges, J. a. Morén-Villarreyes, M.G.M. D’Oca, P.C. Abreu, Effects of flocculants
on lipid extraction and fatty acid composition of the microalgae Nannochloropsis
oculata and Thalassiosira weissflogii, Biomass and Bioenergy. 35 (2011) 4449-4454.
doi:10.1016/j.biombioe.2011.09.003.

S.D. Rios, J. Castafieda, C. Torras, X. Farriol, J. Salvadd, Lipid extraction methods
from microalgal biomass harvested by two different paths: Screening studies toward
biodiesel production, Bioresource Technology. 133 (2013) 378-388.
doi:10.1016/j.biortech.2013.01.093.

R.R.L. Guillard, C.L. Lorenzen, Yellow-green algae with chlorophyllide c, Journal of
Phycology. 8 (1972) 1-14.
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Yellow+green+algae
+with+chlorophyllide+c#0 (accessed April 5, 2011).

N.R. Moheimani, M. a. Borowitzka, A. Isdepsky, S. Fon Sing, Standard methods for
measuring growth of algae and their compositon, in: Algae for Biofuels and Energy,
2013: pp. 265-284.

D. Vandamme, K. Muylaert, . Fraeye, I. Foubert, Floc characteristics of Chlorella
vulgaris: Influence of flocculation mode and presence of organic matter, Bioresource
Technology. 151 (2014) 383-387. doi:10.1016/j.biortech.2013.09.112.

E. Ryckebosch, K. Muylaert, I. Foubert, Optimization of an Analytical Procedure for

Extraction of Lipids from Microalgae, Journal of the American Oil Chemists’ Society.
89 (2012) 189-198. doi:10.1007/s11746-011-1903-z.

C.0O. Kangani, D.E. Kelley, J.P. DeLany, New method for GC/FID and GC-C-IRMS
analysis of plasma free fatty acid concentration and isotopic enrichment, Journal of
Chromatography B: Analytical Technologies in the Biomedical and Life Sciences. 873
(2008) 95-101. doi:10.1016/j.jchromb.2008.08.0009.

E. Ryckebosch, C. Bruneel, R. Termote-Verhalle, K. Muylaert, I. Foubert, Influence of
extraction solvent system on extractability of lipid components from different
microalgae species, Algal Research. 3 (2014) 36—43. doi:10.1016/j.algal.2013.11.001.

D. Vandamme, I. Foubert, I. Fraeye, B. Meesschaert, K. Muylaert, Flocculation of
Chlorella vulgaris induced by high pH: Role of magnesium and calcium and practical
implications, Bioresource Technology. 105 (2012) 114-119.
doi:10.1016/j.biortech.2011.11.105.

Z.Wu, Y. Zhu, W. Huang, C. Zhang, T. Li, Y. Zhang, et al., Evaluation of flocculation
induced by pH increase for harvesting microalgae and reuse of flocculated medium.,
Bioresource Technology. 110 (2012) 496-502. doi:10.1016/j.biortech.2012.01.101.

D. Vandamme, I. Foubert, I. Fraeye, K. Muylaert, Influence of organic matter
generated by Chlorella vulgaris on five different modes of flocculation, Bioresource
Technology. 124 (2012) 508-511. doi:10.1016/j.biortech.2012.08.121.

R.K. Henderson, S.A. Parsons, B. Jefferson, The impact of differing cell and algogenic
organic matter (AOM) characteristics on the coagulation and flotation of algae., Water
Research. 44 (2010) 3617—-24. doi:10.1016/j.watres.2010.04.016.

D. Vandamme, A. Beuckels, E. Vadelius, O. Depraetere, W. Noppe, A. Dutta, et al.,

21



510
511

512
513
514
515

516
517
518

519
520
521

522

22

[43]

[44]

[45]

Inhibition of alkaline flocculation by algal organic matter for Chlorella vulgaris, Water
Research. 88 (2016) 301-307. doi:10.1016/j.watres.2015.10.032.

M.J. Griffiths, R.P. van Hille, S.T.L. Harrison, Lipid productivity, settling potential and
fatty acid profile of 11 microalgal species grown under nitrogen replete and limited
conditions, Journal of Applied Phycology. 24 (2012) 989-1001. doi:10.1007/s10811-
011-9723-y.

L. Balduyck, S. Bijttebier, C. Bruneel, G. Jacobs, S. Voorspoels, J. Van Durme, et al.,
Lipolysis in T-Isochrysis lutea during wet storage at different temperatures, Algal
Research. 18 (2016) 281-287. d0i:10.1016/j.algal.2016.07.003.

E.A. Ehimen, Z.F. Sun, C.G. Carrington, Variables affecting the in situ
transesterification of microalgae lipids, Fuel. 89 (2010) 677-684.
d0i:10.1016/j.fuel.2009.10.011.

22



