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Abstract

The global dem and for biomass for food, feed, biofuels, and chemical production 
is expected to  increase in th e  coming decades. M icroalgae are  a prom ising 
new source of biomass th a t may complement agricultural crops. Production of 
microalgae has so far however been limited to high-value applications. In order 
to  realize large-scale production of microalgae biomass for low-value applications, 
new low-cost technologies are needed to  produce and  process microalgae. A 
m ajor challenge lies in th e  harvesting of th e  m icroalgae, which requires the  
separation of a low am ount of biomass consisting of small individual cells from 
a large volume of culture medium. Flocculation is seen as a promising low-cost 
harvesting m ethod  for prim ary  concentration . In th is  study, we overview the  
challenges and possible solutions for flocculating microalgae focussing on three 
flocculation modes: flocculation using cationic starch, electro-coagulation and 
flocculation induced by high pH. Secondly, those modes were com pared to  two 
reference modes (flocculation using aluminum sulphate and chitosan) in function 
of the ir in teraction  w ith algal organic m a tte r and  floe properties.

We evaluated th e  p o ten tia l of cationic starch  as a flocculant for harvesting 
microalgae using ja r  test experiments. Cationic starch was an efficient flocculant 
for freshw ater (Parachlorella, Scenedesmus) b u t not for m arine m icroalgae 
(Phaeodactylum , Nannochloropsis). A t high cationic starch  doses, dispersion 
restab ilization  was observed. T he required cationic starch  dose to  induce 
flocculation increased linearly w ith the initial algal biomass concentration. Of 
th e  two com m ercial cationic starch  flocculants tested , Greenfloc 120 (used in 
wastewater treatm ent) was more efficient th an  Cargill C*Bond HR 35.849 (used 
in paper m anufacturing). For flocculation of Parachlorella using Greenfloc 
120, th e  cationic starch  to  algal biom ass ra tio  required  to  flocculate 80% of 
algal biomass was 0.1. For Scenedesmus, a  lower dose was required (ratio 0.03). 
F locculation  of Parachlorella  using Greenfloc 120 was independent of pH  in 
th e  pH range of 5 to  10. M easurem ents of th e  m axim um  q u an tum  yield of 
PSII suggest th a t Greenfloc 120 cationic starch was not toxic to  Parachlorella. 
I t could thus be concluded th a t  cationic starch  may be used as an  efficient,
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nontoxic, cost-effective, and widely available flocculant for harvesting microalgal 
biomass.

Secondly, th e  use of electro-coagulation flocculation (EC F) as a m ethod  for 
harvesting a freshw ater ( Chlorella vulgaris) and  a m arine (Phaeodactylum  
tricornutum ) m icroalgal species is evaluated. E C F  was shown to  be more 
efficient using an  alum inum  anode th an  using an  iron anode. Furtherm ore, it 
could be concluded th a t the  efficiency of the EC F process can be substantially  
im proved by reducing th e  in itia l pH  and  by increasing th e  tu rbulence in the  
m icroalgal suspension. A lthough higher curren t densities resulted  in a more 
rap id  flocculation of the microalgal suspension, power consum ption, expressed 
per kg of microalgae harvested, and release of aluminum were lower when a lower 
current density  was used. The alum inum  content of th e  harvested  m icroalgal 
biom ass was less th a n  1% while th e  alum inum  concentration  in th e  process 
w ater was below 2 mg L _1. U nder op tim al conditions, power consum ption of 
the  E C F process was around 2 kW h kg-1  of microalgal biom ass harvested for 
Chlorella vulgaris and 0.3 kWh kg-1  for Phaeodactylum tricornutum. Compared 
to  centrifugation, EC F is thus more energy efficient. Because of the lower power 
consum ption of E C F  in seaw ater, it is a particu larly  a ttrac tiv e  m ethod  for 
harvesting m arine microalgae.

We explored th e  p o ten tia l of flocculation induced by high pH  for harvesting 
Chlorella vulgaris. O ur results dem onstrated  th a t flocculation can be induced 
by increasing m edium  pH  to  11. A lthough b o th  calcium  and  m agnesium  
p recip ita ted  when pH  was increased, only m agnesium  (0.15 mM) by the  
form ation of magnesium hydroxide proved to  be essential to induce flocculation. 
T he costs of four different bases (sodium  hydroxide, po tassium  hydroxide, 
calcium  hydroxide, m agnesium  hydroxide) were calculated and  evaluated and 
the use of calcium hydroxide appeared to  be the most cost-efficient. Flocculation 
induced by high pH  was thus shown to  be a po ten tia lly  useful m ethod  to  
preconcentrate freshwater microalgal biomass during harvesting.

M icroalgae excrete relatively large am ounts of algal organic m a tte r  (AOM) 
th a t  may interfere w ith flocculation. T he influence of AOM  on flocculation 
of Chlorella vulgaris was stud ied  using five different flocculation m ethods: 
alum inum  sulfate and chitosan as reference modes in comparison w ith cationic 
starch, electro-coagulation-flocculation (ECF) and pH-induced flocculation. The 
presence of AOM was found to  inhibit flocculation for all flocculation m ethods 
resulting  in an  increase of dosage dem and. For pH -induced flocculation, the  
dosage required to  achieve 85% flocculation increased only 2-fold when AOM 
was present, while for chitosan, this dosage increased 9-fold. For alum, E C F and 
cationic starch  flocculation, th e  dosage increased 5 to  6-fold. Interference by 
AOM is an  im portan t param eter to  consider in the  assessm ent of flocculation- 
based harvesting of microalgae.
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Flocculation of microalgae should not only be effective in term s of flocculation 
efficiency, b u t also in term s of settling  ra te  and  concentration of the  biomass. 
Floe characteristics such as settling velocity, concentration factor and floe size 
were therefore studied for the five previously m entioned flocculation modes for 
Chlorella vulgaris. These floe characteristics were influenced by the flocculation 
m ode, which depends on th e  coagulation m echanism : adsorp tion  -  charge 
neutralization, sweeping or bridging. Secondly, the influence of the  presence of 
AOM was evaluated. This resulted in a decrease of the concentration factor. The 
floe characteristics upon flocculation using cationic starch  were least affected 
by th e  presence of AOM , while flocculation using chitosan was m ost affected. 
The im pact on floe characteristics is an  im portan t param eter to  consider next 
to  flocculation efficiency in th e  assessm ent of flocculation-based harvesting of 
microalgae.





Samenvatting

In de nabije toekom st zal de vraag  n aar biom assa ais basisgrondstof voor de 
aanm aak van voedingsproducten, voeders of biobrandstoffen alsm aar toenemen. 
B iom assa afkom stig van micro-algen is een veelbelovende nieuwe bron van 
biom assa en kan een aanvulling kan zijn op traditionele biobrandstofgewassen. 
Momenteel heeft de productie van microalgen enkel hoogwaardige toepassingen. 
O m  ook op grote schaal m icroalgen te  kunnen gebruiken voor laagw aardige 
producten, zijn er nieuwe en goedkopere technologieën nodig om microalgen te 
produceren en te  verwerken. In het bijzonder vorm t het efficiënt en goedkoop 
oogsten van m icroalgen m om enteel nog steeds een uitdaging. Het gebruik 
van flocculatie is veelbelovend om  de to ta le  productiekost een grootteorde 
te  doen dalen. In deze stud ie  worden de m ogelijkheden van drie flocculatie 
technieken van nabij bestudeerd: flocculatie via het biopolym eer kationisch 
zetm eel, electrocoagulatie  flocculatie en flocculatie bij hoge pH. Deze drie 
technieken werden daarenboven vergeleken met twee referentietechnieken om de 
interactie van organisch m ateriaal geproduceerd door microalgen met flocculatie 
beter te  begrijpen. D aarbij werd eveneens de invloed op de vlokeigenschappen 
na flocculatie bestudeerd.

K ationisch zetmeel is een interessant biopolymeer dat geregeld gebruikt wordt 
bij het zuiveren van afvalw ater. T ijdens onze experim enten bleek d a t dit 
biopolym eer enkel een efficient flocculant was voor zoetw ater m aar niet voor 
zoutwater micro-algen. Bij toevoeging van hoge hoeveelheden van het flocculant 
tra d  herstabilitatie  op w aardoor de flocculatie efficiëntie daalde. De benodigde 
dosis kationisch zetm eel bleek lineair toe te  nem en m et de initiële biom assa 
concentratie. Er werd een duidelijk verschil in flocculatie efficiëntie waargenomen 
tussen de twee geteste kationische zetm elen. Greenfloc 120, gebruikt in 
waterzuiveringstoepassingen, was beduidend efficiënter dan het zetmeeltype dat 
gebruikt w ordt tijdens papierp roductie  (Cargill C*Bond H R  35.849). O m  de 
zoetw aterm icro-alg Parachlorella op tim aal te  doen flocculeren, was 0.1 g g-1 
biom assa noodzakelijk. M aar voor een andere  zoetw atersoort (Scenedesm us) 
was dit slechts 0.03 g g-1  biom assa nodig. E r kon dus besloten worden dat
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kationisch zetm eel is dus een efficiënt en mogelijk goedkoper a lternatief is om 
zoetw ater m icroalgen te  oogsten.

E lectrocoagulatie flocculatie werd geëvalueerd voor zowel zoetw ater ( Chlorella 
vulgaris) ais zoutw ater (Phaeodactylum tricornutum ) m icro-algen. Een eerste 
reeks experim enten toonde aan  d a t het gebruik van alum inium  ais ka thode 
m ateriaa l efficiënter was dan  ijzer. D aarenboven werd duidelijk da t lagere 
initiële pH waarden en het creëren van turbulentie in het medium de flocculatie 
efficiëntie ten  goede kwamen. In het algemeen leidde een hogere stroom sterkte 
to t een hogere aluminium vrijgave aan de kathode. In optimale omstandigheden 
was het alum inium  gehalte in de biom assa onder 1% en in het m edium  onder 
2 mg L _1 na flocculatie. De benodigde elektrische energie was 2 kW h kg-1 
biom assa voor het oogsten van Chlorella terw ijl d it slechts 0.3 kW h kg-1 was 
voor Phaeodactylum. Ju is t omwille van het lage energieverbruik in zoutw ater, 
is deze techniek dus u ite rm ate  in teressant voor het oogsten van zoutw ater 
micro-algen.

F locculatie  via verhoogde pH werd bestudeerd  voor Chlorella vulgaris en we 
toonden  aan  dat flocculatie geïnduceerd kon worden vanaf een pH  van 11. 
N iettegenstaande het feit dat zowel calcium ais magnesium zouten precipiteerden, 
werd aangetoond dat magnesium door middel van magnesium hydroxide vorming 
een belangrijke rol speelde tijdens het coagulatie proces. De kost van vier 
verschillende basen (natrium  hydroxide, kalium  hydroxide, calcium  hydroxide 
en magnesium hydroxide) werd berekend, waarbij calcium hydroxide het meest 
po ten tieel had. E r kon besloten worden d a t flocculatie via verhoogde pH een 
interessante m ethode vorm t om micro-algen op te  concentreren.

Micro-algen staan  bekend om het feit dat ze in bepaalde om standigheden grote 
hoeveelheden organisch m ateriaal afscheiden, w at voor mogelijke interferentie 
tijdens het flocculeren kan zorgen. De invloed van de aanwezigheid van organisch 
m ateriaa l op flocculatie werd onderzocht voor Chlorella vulgaris. De drie 
eerder verm elde flocculatie m ethoden  w erden geëvalueerd in vergelijking m et 
2 referentie m ethoden: flocculatie via alum inium  sulfaat en via chitosan. De 
aanwezigheid van organisch m ateriaal had een inhiberend effect op de flocculatie 
en dit voor alle geteste m ethoden. O m  een flocculatie efficiëntie van 85% te  
verkrijgen, was de dosering bij flocculatie via verhoogde pH in aanwezigheid 
van organisch m ateriaa l dubbel zo hoog. M aar voor chitosan verhoogde de 
dosis negen m aal in aanwezigheid van organisch m ateriaal. Voor alum inium  
sulfaat en electrocoagulatie flocculatie verhoogde de dosis vijf to t zes keer. Deze 
studie toonde aan  da t mogelijke interferentie door aanwezigheid van organisch 
m ateriaa l een belangrijke bijkom ende param eter is tijdens de evaluatie van 
flocculatie van micro-algen.
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N aast flocculatie efflcientie w erden ook vlokeigenschappen zoals sedim entatie  
snelheid, concentratiefactor en vlokgrootte geëvalueerd voor Chlorella vulgaris en 
dit voor de vijf eerder vernoemde flocculatie methoden. Deze vlokeigenschappen 
w erden beïnvloed door de flocculatie m ethoden, en m eer bepaald  door het 
coagulatie m echanism e van deze m ethoden. Bijkom end werd de invloed van 
de aanwezigheid van organisch m ateriaa l getest. D aarbij werd het duidelijk 
d it vooral de concentratie  factor beïnvloedde. Aanwezigheid van organisch 
m ateriaa l zorgde vooral voor een afnam e van de vlokcom pactheid, en d it in 
het bijzonder voor flocculatie via chitosan. De vlokeigenschappen bekomen na 
toevoeging van kationisch zetmeel werden daarentegen het minst beïnvloed door 
de aanwezigheid van organisch m ateriaal. De im pact op vlokeigenschappen is 
naast flocculatie efflcientie een belangrijke param eter om  te  gebruiken tijdens 
de evaluatie van flocculatie gebaseerde oogstm ethoden voor micro-algen.





Abbreviations

ALA alpha-linolenic acid
alum alum inum  sulphate
AL flocculation using alum inum  sulphate
AVI aggregated volume index
AOM algal organic m atte r
ASP aquatic  species program
C A PEX capital expenditures
CF concentration factor
CH flocculation using chitosan
es flocculation using cationic starch
DHA docosahexaenoic acid
DW dry weight
EC F electro-coagulation flocculation
EPA eicosapentaenoic acid
H RA P high ra te  algal ponds
O PEX operating expenditures
PUFA polyunsatu ra ted  fatty  acid
ROS reactive oxygen species
SI sa tu ra tion  index





List of symbols

Ç zeta poten tia l [mV]
l z ionic streng th  [mol m -3 ]
k- 1 Debeye length [m]
c* m olar concentration [mol m - 3 ]
Zi num ber of charges [-]
e electrical perm ittiv ity  [C2 J -1  m -1 ]
k  B oltzm ann constant (1.380 IO-23) [J K -1
N a Avogadro num ber (6.022 IO23) [mol-1 ]
e elem entary charge (1.602 IO-19) [C]
T  tem pera tu re  [K]
V particle settling  velocity [m s -1 ]
r  cell radius [m]
g gravitational acceleration (9.81) [m s -2 ]
pp m ass density particle [kg m -3 ]
p /  m ass density fluid [kg m -3 ]
r¡ dynam ic viscosity [N s m - 2 ]
î]a microalgae flocculation efficiency [%]
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Context and aim

A bout 12% of the  world’s ice-free land area is currently being used to  produce 
biom ass from  ag ricu ltu ra l crops. This corresponds to  m ore th a n  1.5 billion 
hectares. This biom ass is m ainly used for food (65%) and  anim al feed (35%). 
Due to  an  increase in th e  w orld’s popu lation  and im proving living stan d ard s 
in developing and  transitional economies, global dem and for biom ass for food 
or feed p roduction  is expected  to  increase w ith  m ore th a n  50% in th e  next 
two decades [61]. O n th e  o ther hand, to  reduce emissions of carbon dioxide 
th rea ten ing  to  d isrupt the  clim ate, developed economies are taking initiatives 
to  move from a fossil fuel economy to a biobased economy. In such an  economy, 
biomass replaces petroleum  as a source of transpo rt fuel and as a feedstock for 
the  chemical industry  [84]. As a result, in developed economies, an  increasing 
proportion  of agricu ltu ra l crops is converted to  biofuels or chemicals [130]. 
This growing dem and for biom ass for food, feed, fuel and  chemicals is already 
resulting  in a rise in food prices, w ith  dram atic  consequences for th e  w orld’s 
poorest people [101]. Therefore, there is a need for additional sources of biomass 
th a t can complement agricultural biomass production.

M icroalgae are  curren tly  considered to  be th e  m ost prom ising new source of 
biomass [41]. They do not require arable land and thus do not compete for land 
with agricultural crops. Many microalgae can be cultivated in seawater and thus 
do not depend on the world’s limited freshwater supplies. But even for microalgae 
th a t grow in freshwater, water dem and is lower th an  for terrestrial crops because 
m icroalgae do not actively tran sp ire  w ater [145]. Furtherm ore, m icroalgae 
can produce m ore biom ass per un it land area th a n  agricu ltu ra l crops. They 
are capable of producing betw een 40 and  90 tonnes dry biomass h a -1  year- 1 , 
depending on th e  technology used and  th e  local clim ate [194]. Therefore, 
microalgae are a ttrac tive  for biomass production  in a crowded world. Because 
they  do not require roo ts and  shoots for w ater up take or support, m icroalgal 
biom ass contains less s tru c tu ra l com pounds such as lignin and  cellulose and  
therefore produces less waste products and  more useful products such as lipids 
and proteins th an  agricultural crops.

i



2 C O N TEXT A N D  AIM

However, for microalgal biomass to  become a commodity like most agricultural 
crops, th e  cost of p roduction  has to  be reduced. T he past years have seen an 
explosion in research and development on microalgal biomass production, bo th  
in academ ia and  industry  [42]. M uch progress has been m ade in increasing 
th e  yield th rough  pho tob io reacto r design [125], selection of stra ins [102] and  
genetic engineering of m etabolic pathw ays [67]. M uch less progress has been 
m ade on research and  innovation in dow nstream  processing, although th is  is 
essential to reduce the cost of the production process [38, 72]. Today, microalgal 
production is rapidly moving from lab- and pilot scale to  full-scale installations 
[67], p rom pting the need for cost- and  energy efficient dow nstream  processing 
technologies.

A m ajor challenge in dow nstream  processing of m icroalgae lies in separating  
the microalgae from their growth medium, i.e. the  harvesting process. Because 
a high biom ass concentration leads to  m utual shading of th e  m icroalgal cells 
and  thu s a reduction in productiv ity , biom ass concentrations in m icroalgal 
cultures are  usually low: from 0.5 g L _1 in open pond reactors to  abou t 
5 g L _1 in photobioreactors. This m eans th a t  a large volume of w ater has to  
be removed to  harvest the biomass. Due to  the small size of the microalgal cells 
(2 -  20 /im ), harvesting  by m eans of sed im entation  or sim ple screening is not 
feasible, except perhaps for larger species such as Arthrospira. C entrifugation 
is a proven technology for fast and  effective harvesting of m ost m icroalgae, 
b u t is curren tly  not feasible as single step  harvesting  m ethod  for low-value 
applications of microalgae because of its high capital and operational costs [23]. 
If th e  m icroalgae could be p rim ary  concentrated  by coagulation-flocculation 
and gravity sedim entation prior to  further dewatering steps, the energy demand 
for harvesting could be strongly reduced.

The aim of the present study was to  investigate and evaluate several flocculation 
based harvesting processes as prim ary concentration step for microalgae biomass 
production. O ur research was focussed on defining the variables th a t influence 
flocculation, understand ing  th e  coagulation m echanism  and  specifying the  
implications involved in the  integration of flocculation into microalgal processing.

In this study, Chlorella vulgaris was selected as model species. Chlorella vulgaris, 
a freshw ater green algae belonging to  th e  phylum  C hlorophyta, is one of the  
most studied microalgae and it is known for its high productivity under various 
cultivation  conditions [102, 140]. To evaluate the  effect of m edium  salinity, 
Phaeodactylum tricornutum  was used. This microalgae species is a well-studied 
m arine diatom , belonging to  the phylum H eterokontophyta, th a t can be rich in 
long chain omega-3 p o lyunsa tu ra ted  fa tty  acids (PUFAs, Section 1.1.3) [202]. 
Additionally, other species were also tested  in particular p arts  of this study  for 
comparison (Parachlorella kessleri, Scenedesmus obliquus, and Nannochloropsis 
salina).



C O N TE X T AN D  AIM 3

C hapter 1 gives a brief overview of current lite ra tu re  on some general aspects 
of m icroalgae biotechnology concerning applications, p roduction  process and  
the  challenges of harvesting microalgae. Additionally, the  recent evolutions of 
several approaches for m icroalgae flocculation are  discussed. In C h ap ter 2 to  
4, we evaluate novel approaches for flocculation, including flocculation using 
cationic starch  (C hap te r 2), electrocoagulation (C hap ter 3) and  pH  induced 
flocculation (C hap ter 4). Especially for th e  la tte r  approach a lot of a tten tio n  
is paid  to  th e  coagulation m echanism . Furtherm ore, we com pare different 
flocculation m odes in function of th e ir  in teraction  w ith  algal organic m a tte r 
and  floe properties. In C h ap te r 5, th e  influence of organic m a tte r  generated 
by Chlorella vulgaris on the  flocculation efficiency is investigated for the  three 
flocculation modes presented in C hap ter 2-4 in com parison w ith two reference 
modes: flocculation using aluminum sulphate (alum) and chitosan. Additionally, 
the link between floe properties, coagulation mechanism and presence of organic 
m a tte r is investigated in C hap ter 6. Finally, the outcom es are in tegrated  in a 
last C h ap ter 7, w here conclusions are draw n and  fu tu re  research avenues are 
explored.





Chapter 1

Harvesting as a key challenge 
for sustainable microalgae 
production

A d ap ted  from: V andam m e D, F o ubert I, M uylaert K. 2013. F loccu la tion  as a  low-cost 
m eth o d  for h a rvesting  m icroalgae for b u lk  b iom ass p roduction . T rends in  Biotechnology,
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1.1 Microalgae: from biology to biotechnology

1.1.1 W hat are microalgae?

Any organism  w ith  chlorophyll a and  a thallus which is not differentiated 
into roots, s tem  and  leaves is regarded by phycologists to  be an  alga [105]. 
Therefore, th e  te rm  m icroalgae refers to  th e  microscopic algae sensu stricto  
and  th e  oxygenic pho tosynthetic  bacteria , i.e. th e  cyanobacteria. M icroalgae 
are m ostly unicellular and  can be found in m arine, brackish or freshw ater 
environm ents. T hey are found all over th e  world, m ainly d istribu ted  in the  
w aters, b u t also on th e  surface of all type  of soils. Besides w ater, they  need 
C O 2 , phosphate , n itra te  and  specific trace  elem ents such as zinc and  copper. 
Due to  their simple structures, microalgae are able to  achieve high growth rates 
and photosynthetic efficiencies. The photosynthetic m echanisms of microalgae 
are sim ilar to  th a t of land plants, bu t microalgae are able to  capture nutrients 
very efficiently out of their aquatic environment. In addition to  this, microalgae 
are able to  grow exponentially  when th e  conditions are  optim al. Because of 
these unique characteristics, m icroalgae have th e  po ten tia l to  becom e one of 
the w orld’s m ost efficient organism s to  transform  light into biomass.

T he industria l value of m icroalgae lies prim arily  in th e ir  po ten tia l utilization 
for food, feed and  fine chemicals, using solar energy (Section 1.1.3). Only 
recently, they  gained add itional in terest as feedstock for biofuels [40]. The 
origins of applied phycology most probably date back to  the establishm ent of a 
cu ltu re  of Chlorella by Beijerinck in 1890 [9]. Even today, Chlorella takes up 
an  im portan t place in the commercial use of these micro-organisms m ainly for 
hum an nutrition .

Generally, th e  chemical com position of m icroalgae is com parable w ith  soya. 
T hey can contain high p ro tein  and  lipid levels. Table 1 shows a com parison 
of th e  global chemical com position of different m icroalgae versus trad itio n a l 
hum an food sources. V ariations in carbohydrates, lipids and  soluble proteins 
are species and even s tra in  specific. A dditionally, th e  cultivation  conditions 
(Section 1.1.2) can affect the chemical composition.

1.1.2 Biological principles of mass cultivation

M icroalgae have a typical sigmoid grow th response over tim e w ith  a d istinct 
difference between the  grow th phases: lag, exponential, linear, s ta tionary  and 
declining growth phase. In the lag phase, the microalgae population is adapting 
to  th e  environm ental conditions. D epending on several conditions such as
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T able 1.1: G lobal chemical com position of different m icroalgal species
com pared w ith hum an food sources (% of dry m atter) [8, 180, 31, 150].

Com m odity Pro tein C arbohydrates Lipids
Rice 8 77 1
Egg 47 4 41
Soya 37 30 20
Chlorella vulgaris 55 15 18
Phaeodactylum tricornutum 34 26 18
Nannochloropsis salina 17 23 26
Arthrospira platensis 65 18 8

nutrient availability, light intensity, tem perature and contam ination, the growth 
can achieve its m axim um  ra te  during the  exponential phase. W hen nu trien ts 
are depleted or light is lim ited, a transition  to  linear and  s ta tio n ary  grow th 
will occur. U nder these conditions, com petition  w ith  o ther organism s such 
as different algae species, Zooplankton, bacteria  and  fungi can lead to  culture 
contam ination resulting in a declining growth rate.

One of th e  m ajor stud ied  factors influencing grow th and  productiv ity  is light 
[152, 77, 97, 4], T he conversion of light into chemical energy is covered by 
th e  photosynthetic  efficiency. Only a sm all fraction of th e  photon  flux can be 
absorbed and used by the photosynthetic complexes w ithin the cells. Moreover, 
light intensity decreases exponentially w ith depth in water surfaces, resulting in 
light and dark zones. This is especially im portan t for the  design of microalgae 
photobioreactors (Section 1.1.4). D epending on th e  light in tensity  and  the  
m icroalgae species, there  is no increase in biom ass yield beyond a certain  
am ount of solar rad iation . In o ther words, light sa tu ra tio n  will occur and  
th is will affect th e  photosynthetic  ra te . In addition , high light intensities can 
lead to  photo inhib ition  and  causes dam age to  th e  pho tosynthetic  complexes. 
Additionally, increasing cell density causes a m utual shading effect and  affects 
th e  light pen e tra tio n  depth . T he photosystem s of those cells present in 
th e  dark  zones will ad ap t to  th e  new light conditions, a process known as 
photoacclim atisation . Studies have shown th a t  th e  ré in troduction  of those 
cells by for exam ple m ixing, will result in stronger pho to inhib ition  [82]. All 
these factors contribute to  the  fact th a t the photosynthetic efficiency in existing 
cultivation  system s is only around  1 %, while theoretically  4.5% is possible 
[191],

Besides light, nu trien t availability is a key factor for the  growth of microalgae. 
The availability of carbon, nitrogen and phosphorous is essential. Next to  these 
nu trien ts, a series of trace  elem ents such as zinc, iron, m agnesium , calcium , 
potassium , cobalt, m anganese and  boron are  necessary. The m inim al am ount
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and  ra tio  of carbon, nitrogen and  phosphorous is determ ined by the  Redfield 
ratio: 106C:16N:1P. This means th a t for each mole of C, 0.11 mole N and  0.01 
mole P  needs to  be available. It m ust be noted  th a t  th is  ra tio  depends on 
species and  cultivation conditions [66]. C arbon is commonly supplied by C O 2 

and HCOcT. Contrary to  land plants, atm ospheric CO 2 alone cannot satisfy the 
C-requirements of high yielding autotrophic algal production systems. Diffusion 
ra tes for C O 2 from the atm osphere into open ponds can a t m ost sustain  algal 
productivities around 10 g m ~ 2 d _1 [152]. As a consequence, it is not uncommon 
to m easure p H ’s as high as 11 in high algal density production system s where 
no additional CO 2 has been supplied. Secondly, C O 2 supply is im portan t w ith 
respect to  resp iration  activity , which is determ ined by th e  ra tio  of dissolved 
O 2 and  C O 2 concentrations. T he transfer of these molecules is catalysed 
by ribu lose-l,5 -b isphosphate  carboxylase oxygenase, commonly known as the  
enzyme Rubisco. Although Rubisco has a 60 tim es higher affinity for CO 2 than  
for O 2 , high dissolved O 2 concentrations in combination w ith depleted CO 2 can 
result in a high photorespiration activity. This consequently leads to  a tem poral 
decrease in biom ass productiv ity . P revention  of C O 2 depletion can therefore 
lim it respiration activity.

A fter carbon, nitrogen is th e  m ost im p o rtan t nu trien t con tribu ting  to  the  
biomass production. Nitrogen content can range from 1% to more th an  10% and 
it not only varies between different groups (e.g. low in diatoms) but also within 
a particular species, depending on the supply and availability. Typical responses 
to  nitrogen lim itation  are  discolouration of th e  cells (decrease in chlorophylls 
and  increase in carotenoids) and  accum ulation  of organic carbon com pounds 
such as polysaccharides and  lipids [76]. N itrate  and  also urea are m ostly used 
for nitrogen supply, w ith sim ilar growth ra tes recorded [202].

Phosphorus is essential not only for growth but also for many cellular processes 
such as energy transfer, biosynthesis of nucleic acids, etc. O rthophosphate  
(PO 2 - ) is the preferred form to  be supplied to  microalgae. A lthough less then  
1% phosphorus contributes to  the  algal biomass composition, it is often one of 
the m ost im portan t growth lim iting factors in algal cultivation. Phosphorus is 
easily bound to  o ther ions (e.g. calcium or iron) resulting in precip itation and 
consequently rendering it unavailable for algal uptake. Interestingly, microalgae 
are known to be able to store excess phosphorus in polyphosphate bodies during 
the so-called luxury uptake [152].
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1.1.3 Applications: from high value to bulk products

History of microalgal mass cultivation

The cultivation of microalgae in the laboratory only started  140 years ago, while 
com m ercial p roduction  was only in itia ted  less th a n  60 years ago. It is thus 
one of the  m odern biotechnologies in com parison to  the  thousands of years of 
experience in production of conventional crops. The first unialgal cultures were 
achieved by Beijerinck in 1890 w ith Chlorella vulgaris [9], and the  use of such 
cultures for studying p lan t physiology was developed by W arburg in the  early 
1900’s. Mass culture of microalgae really began to  be a focus of research after 
1948 a t S tanford  (USA), Essen (G erm any) and Tokyo and th e  classic book 
edited by Burlew (1953) sum m arises m any of these early studies [32]. In terest 
in applied algal culture continued, especially w ith studies on the use of algae as 
photosynthetic gas exchangers for space travel and as microbial protein sources.

C om m ercial large-scale p roduction  of m icroalgae s ta rte d  in th e  early 1960s 
in Jap an  w ith  th e  cu ltu re  of Chlorella, followed in th e  early 1970’s w ith  the  
establishm ent of an  Arthrospira  (form erly known as Spirulina) culturing  and  
harvesting facility in Lake Texcoco, Mexico by Sosa Texcoco S.A. In 1977 Dai 
N ippon Ink and  Chemicals Inc. established a commercial Arthrospira p lant in 
T hailand , and  by 1980 th ere  were 46 large-scale factories in A sia producing 
approxim ately  5,000 kg of m icroalgae (m ainly Chlorella) per m onth. In 1996 
ab o u t 2,000 tonnes Chlorella was trad ed  in Jap an  alone. O th er Arthrospira  
plants were established in the USA (e.g. E arthrise N utritional LCC in California 
and  C yanotech C orp in Hawaii). In th e  la te  nineties, Arthrospira  p roduction  
becam e established in China and  rapidly grew to a yearly production  of 5,000 
tonnes. Commercial production  of Dunaliella salina, as a source of ß-carotene, 
becam e th e  th ird  m ajor m icroalgae industry  when p roduction  facilities were 
established by W estern Biotechnology L td  and  B eta tene  L td  (now Cognis 
N utrition  and  Health) in A ustralia in 1986. These were soon followed by other 
commercial plants in Israel and the USA w ith an estim ated yearly production of 
>1,000 tonnes. More recently several plants producing Haematococcus pluvialis 
as a source of astaxan th in  have been established in Israel, the  USA and  India. 
In a short period of ab o u t 30 years th e  industry  of m icroalgal biotechnology 
has grown and  diversified significantly.

Simultaneously w ith the developments in Japan  in the sixties, W illiam Oswald 
and  colleagues a t th e  U niversity of California did pioneering research on the  
large-scale m icroalgae p roduction  for w astew ater trea tm en t using high ra te  
algal ponds (H RA P) [135]. In the ir s tudy  the  ferm entation of m icroalgae was 
proposed to produce m ethane as a source of energy. This work was the basis for 
a new critical assessment of algae for energy by Oswald en Benem ann towards
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the end of the 1970s [134]. In 1980, the US D epartm ent of Energy in itiated the 
"Aquatic Species Program " (ASP) aim ed to  develop algae as sources of liquid 
oil fuels which would be able to  compete w ith fossil fuels. The ASP programme 
dem onstra ted  th e  technical feasibility of th e  large scale cultivation of some 
species of microalgae for relatively long periods in open pond system s (Section 
1.1.4). However, th e  application  of biofuel p roduction  from these m icroalgae 
was evaluated  as not econom ically viable. Moreover, th e  rep o rt s ta ted  th a t 
th e  only possible near- to  m id-term  application  of m icroalgae biofuels needs 
in tegration  w ith  w astew ater trea tm en t [166]. R ecent increase in fossil energy 
prices boosted new in terest for microalgal biofuels research and applications.

Present s ta te  of microalgal production and applications

Today, only a few species are  available on th e  m arket in com m odity 
scale, com prising a to ta l annual m icroalgae production  of less th a n  10,000 
tonnes (Table 1.2). Basically, all established species are extrem ophiles and  
therefore easier to  control during cultivation. Chlorella favours high nu trien t 
concentrations, while Arthrospira is cultivated a t high alkalinity and Dunaliella 
in highly saline w aters. O th er species cu ltivated  on sm all scale w ith  niche 
applications are Nannochloropsis, Porphyridium , Haematococcus, Tetraselmis, 
Phaeodactylum , Pavlova, Skeletonem a, Thalassiosira  and  Chaetoceros. The 
m ain products are high in value and  re la ted  to  hum an and  anim al nu trition , 
aquacu ltu re  and  cosmetics. Exam ples are tab le ts  of dried Arthrospira  
or Chlorella sold as nu tritional supplem ents, food enriched p roducts w ith 
Arthrospira or Chlorella, or purified phycocyanin (blue pigment) from Arthrospira 
used in candy and  sweets. In anim al nu trition , b o th  species are  also used 
for chicken or fish feed. Specific species are used as food for larval fish in 
aquacu ltu re  (Nannochloropsis, Tetraselmis, Thalassiorisa  and  Chaetoceros) 
[128]. For cosmetics, m ostly Chlorella and  Arthrospira are used in creams and 
soaps while astaxan th in  ex tracts are often used in skin-care products.

Novel applications of microalgae

C urrently , new prom ising high-value applications based on lipids are under 
developm ent. T he lipid content of m icroalgae can be up to  30% (Table 1.1). 
Especially m arine species can be rich in long chain omega-3 po lyunsa tu ra ted  
fa tty  acids (PUFAs) such as eicosapentaenoic acid (EPA) or docosahexaenoic 
acid (DHA). Those PUFAs are known to have beneficial effects for cardiovascular 
diseases and for neuropsychiatrie disorders including depression and  dem entia. 
Several beneficial effects of PU FA s are  legally accepted claims [62]. Secondly, 
short chain omega-3 fatty  acids such as alpha-linolenic acid (ALA) can be found
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T able 1.2: Present s ta te  of established m icroalgal production  on com m odity 
scale [8, 152, 23, 173],

S p e c ie s A n n u a l  
p r o d u c t io n  

( to n  d w )

P r o d u c e r  c o u n t r y A p p l ic a t i o n P r ic e  o r d e r  
(U S $  k g - 1 )

A r th r o s p i r a > 5 0 0 0 C h in a ,  I n d ia ,  U S A , 
J a p a n

h u m a n  a n d  a n im a l  
n u t r i t i o n ,  
c o s m e tic s

8 -15

C h lo r e l la 5 0 0 0 T a iw a n , G e rm a n y , 
J a p a n

h u m a n  a n d  a n im a l  
n u t r i t i o n ,  

a q u a c u l tu r e ,  
c o s m e tic s

20 -30

D u n a l ie l la
s a l in a

> 1 0 0 0 A u s t r a l i a ,  I s ra ë l ,  
U S A , C h in a

/3 -c a ro te n e 6 0 0 -3 ,0 0 0 1

H a e m a to c o c c u s
p lu v ia l i s

3 0 0 U S A , I n d ia ,  I s r a ë l a s t a x a n th i n 1 0 ,0 0 0 2

1 : p r ic e  /3 -c a ro te n e  
2 : p r ic e  a s t a x a n th i n

in a wide variety of microalgal species. This type of PUFAs can have interesting 
applications as biobased bulk chemicals in industrial applications such as paints, 
lubricants or bioplastics [84].

M icroalgae contain an tiox idants to  p ro tec t th e  cells against reactive oxygen 
species (ROS) which are continuously produced when exposed to  light. Next to 
the carotenoids th a t can be found in plants (e.g. /3-carotene, lutein, zeaxanthin), 
microalgae contain additional carotenoids such as astaxanth in  and fucoxanthin 
[49]. They also have phycobiliproteins such as phycocyanin (Arthrospira) and 
phycoerytrin  (Porphyridium ) which are interesting pigm ents th a t can be used 
as n a tu ra l colorants. O th er im p o rtan t an tiox idants found in m icroalgae are 
th e  v itam ins C (ascorbic acid) and  E  (tocopherols) and g lu ta th ion  [148, 25]. 
R ecent studies have shown the  p o ten tia l of m icroalgae as source of bioactive 
com pounds w ith pharm aceutical potential such as halogenated fa tty  acids and 
su lphated  polysaccharides [170, 25, 78]. C urrently  the  focus of th is research is 
still on screening of species and  strains.

N ext to  these high value applications, th e  use of m icroalgae in th e  nu trien t 
recovery process in w astew ater trea tm en t holds great po ten tia l. Recent 
studies revealed successful trea tm en t of m unicipal, agricu ltural and  industrial 
w astew aters [35]. In con trast to  conventional m ethods, th e  use of m icroalgae 
leads to  an efficient removal of bo th  N, P and toxic metals. They can therefore 
play an  im portan t rem ediation role in the  fu ture particu larly  during th e  final 
(tertiary) trea tm en t of w astew ater [142].
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Biofuels from microalgae

R ecent increases in fossil oil prices have worldwide boosted  th e  search for 
renewable energy resources. The production of microalgae has gained increasing 
in terest for bioenergy p roduction  to  im prove fuel security  and  reduce C O 2 

emissions. M icroalgae are  p articu larly  in teresting com pared to  o ther crops 
because they can be produced on non-arable land, utilizing saline and wastewater 
stream s [102]. Moreover, lipid accum ulation can be boosted  by applying 
stress conditions resulting  in ’fa t’ m icroalgae enriched in triacylglycerols 
(TAGs). These TAGs can th en  be used directly  or converted to  biodiesel 
by transestérification. A lternatively, hydrogen can be produced  by certain  
m icroalgae (e.g. Chlam ydom onas reinhardtii) under specific conditions such 
as an  anaerobic environm ent or sulfur deprivation [170]. To date , published 
studies concerning biofuels from microalgae have focused on less th an  20 species 
taken from culture collections. Of these publications, 70% refer to  only one of 
the genera and are thus not comparative studies (Fig 1.1). A significant number 
of scientific papers have published optim istic num bers of oil yield derived from 
microalgae biomass which strengthened the promise of biofuels from microalgae, 
while other studies posed concerns about economical viability and sustainability 
[72, 40, 161, 191, 141, 115, 194, 182],
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F ig u re  1.1: (a) M icroalgae strain-specific publications re la ted  to  biofuels 
published in Web of Science since 1991. The references presented capture 70% 
of all m icroalgal biofuel publications, (b) N um ber of publications by year for 
microalgae biofuel publications referring to  biodiesel, hydrogen and lipids [102].

In 2009, research funding and  private  in itiatives were boosted  by th e  $600M 
initiative by Exxon Mobil Corporation to research and develop next-generation
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biofuels produced by photosynthetic organisms. Today, new initiatives are taken 
worldwide to  bring th a t promise into reality. A recent example is the construction 
of a 120 ha green crude farm in New Mexico, USA by Sapphire Energy to  yearly 
produce 3.8 million liter of je t fuels and  biodiesel. Recently, num erous studies 
have proposed th e  concept of a biorefinery in order to  m eet th e  econom ical 
challenges of biofuels p roduction  from  m icroalgae. This approach in tegrates 
nutrient recovery processes w ithin a concept of a sequential production of various 
co-products, including biofuels [189, 133, 52]. Unlike for m atu re  biorefineries 
such as sugar, starch, vegetable oil or lignocellulosic pulp, the proof-of-concept 
for microalgal biorefineries rem ains to  be established [153].

1.1.4 General production process

Several production steps are needed in order to  obtain  dry microalgal biomass. 
F irst, m icroalgae are  cu ltivated  in specific open or closed system s. Secondly, 
th e  m icroalgae are  harvested  and  subsequently  dried. A dditionally, fu rther 
downstream processing like cell disruption and extraction is necessary to  produce 
specific products derived from microalgae (Fig 1.2).

C ultivation H a rv estin g Drying Cell d is ru p tio n E xtraction

F ig u re  1.2: General production process of microalgae and  derived products

Cultivation

Microalgae can be cultivated using two main types of system: open pond culture 
system s or closed photobioreactors (Fig 1.3). O pen ponds are  curren tly  the  
m ain system used to  commercially produce microalgae, while most research and 
development is done on the im provem ent of closed photobioreactor systems.

O pen pond system s can broadly be classified into three types: circular central- 
pivot ponds, raceway ponds and shallow lagoons and ponds (Fig 1.4). Circular 
ponds are  m ixed using a ro ta tin g  a rm  and  are th e  oldest type  of ponds. 
They are still used for com m ercial cultivation of Chlorella in Taiwan (Section
1.1.3). Raceway ponds are the m ost widely used culture system for commercial 
microalgae cultivation as well as in wastewater treatm ent [23]. Typically, water
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F igu re 1.3: Exam ple of open raceway pond  reactors (Ingrepro, T he
N etherlands) and  a novel design of a low-cost pho tobioreactor (Proviron, 
Belgium) [187].

flow ra te s  of betw een 20 and  30 cm s-1 are required  to  achieve reliable high 
p roductiv ities and  are m ainly ob tained  by using paddlewheels. Shallow pond 
systems are similar to  raceway ponds, bu t have the additional feature of being 
sloped. This results in the need of pumping the culture back to the highest point 
of the system. Such a system does not continuously require agitation power and 
allows the im plem entation of a pum ping strategy dependent on environm ental 
conditions such as tem pera tu re  and light intensity.

PADOLE WHEEL
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F igu re 1.4: M ain types of open pond cultivation systems. 1 C ircular central- 
pivot ponds. 2a Single raceway pond. 2b joined raceway ponds. 3 Shallow pond 
w ith circulating pum p [8].

Photobioreactors are closed systems to  cultivate microalgae and can be divided 
into two m ain types: flat panel and  tu b u la r photobioreactors [125]. For b o th
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T able 1.3: Advantages and drawbacks of design approaches for algae production 
[42].

D e s ig n C u l t u r e
d e n s i t y 1

P r o d u c t i v i t y '2 G a s  e x c h a n g e S c a la b i l i ty C u l t u r e  c o n t ro l

R a c e w a y  p o n d 0 .2 5 -1 10-20 L ow H ig h L ow
T u b u l a r  s y s t e m 1.5-5 2 0 -3 0 V e ry  low M e d iu m H ig h
B io f i lm  s y s t e m 5 0 -7 0 3 5 -1 0 H ig h H ig h L ow

1 : e x p re s s e d  in  g  L ~ 1 
2 : e x p re s s e d  in  g  m ~ 2 d ~ 1 
3 : b a c t e r i a  a r e  in c lu d e d

types, productivities are generally higher when compared to  open pond systems 
because light is provided more efficiently to  the system. At this moment, only a 
few hundred tonnes of microalgae are being produced in closed photobioreactors, 
especially for high value p roducts  such as a s tax an th in  production  (Section
1.1.3). The development of new types of photobioreactors is m ainly focused on 
decreasing cap ita l costs and  im proving tem p era tu re  control of th e  system . A 
good exam ple is th e  P rov iA P T  system  developed by the  Proviron Holding in 
Belgium [154] (Fig 1.3).

An alternative system is cultivation using biofilms. In this case, microalgae are 
grown attached  to  supportive m aterial and as such the challenge of harvesting 
is overcome (Section 1.2). Biofilm form ation benefits from th e  presence of 
bacteria  and  therefore th is  approach is m ainly used in w astew ater trea tm en t 
applications.

B oth  open and  closed system s have th e ir  advantages and  draw backs (Table
1.3). Among scientists, there is an  ongoing debate abou t which system  is m ost 
suitable for large scale production of microalgae. In most cases, the choice for a 
particular system will depend on the application. Generally, open systems have 
a lower cap ita l and  operational cost th an  closed system s while closed system s 
can deliver higher cu ltu re  densities and productiv ities. T em peratu re  control 
and gas exchange needs special a tten tio n  during photobioreactor design while 
open system face evaporation. Since closed systems allow b e tte r process control, 
culture m anagem ent is easier in closed system s com pared to  open systems.

Harvesting, dewatering and drying

A fter cultivation, m icroalgae are  harvested  and  subsequently  dew atered and  
dried. A huge am ount of w ater needs to  be rem oved in order to  ob ta in  a dry 
concentrate  (>90% ) since cultivation  densities can be lower th a n  0.05%. In 
a first step , m icroalgae are  harvested  as a wet p aste  w ith up to  15-25 % dry 
solids. The fundam ental properties of microalgae such as particle shape, particle
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size, presence of a cell wall, specific weight and  surface charge will influence 
th e ir  recovery. T he challenge of harvesting  is discussed in fu rther detail in 
Section 1.2. Subsequently, the wet paste is further dewatered using solar drying, 
spray-drying, drum -drying or freeze-drying. T he choice of a drying m ethod 
can have consequences w ith respect to  stab ility  of th e  biom ass content. A 
recent s tu d y  showed th a t  spray-dried  Phaeodactylum tricornutum  was more 
susceptible to  oxidation than  freeze-dried microalgae, possibly due to  breakdown 
of protecting  carotenoids upon spray-drying [157].

1.1.5 Challenges for microalgae production

For com m odity applications of microalgae, production  cost is the m ain driver 
for process developm ent. C urrently , p roduction  costs need to  be reduced a t 
least an order of m agnitude to  become competitive for energy m arkets. A recent 
study  s ta ted  th a t  p roduction  costs need to  be less th a n  US$ 1 kg-1  biom ass 
in order to  becom e cost-com petitive on th e  energy m arket. B ut even then , a 
biorefinery approach (1.1.3) is needed to  valorise all co-products [195].

Im proving cost efficiency can be done by reducing th e  cost of each process 
step. For example, the  harvesting process can be improved (Section 1.2). The 
challenge of harvesting is discussed in detail in Section 1.2. Additionally, drying 
is also a very energy intensive process and extra energy is also needed to  unlock 
microalgal compounds from the cells in order to  achieve satisfactory extraction 
yields. C urrent research is focused on the development of wet extraction routes 
in order to  exclude the drying process and  energy-efficient disruption m ethods 
to  improve extraction yield [190, 160].

Alternatively, a lot of research has focussed on the im provem ent of microalgal 
productiv ities. T heoretical p roductiv ities can be calculated  based on light 
energy conversion using the photosynthetic  efficiency as im portan t param eter. 
As sta ted  in Section 1.1.2, numerous factors influence this param eter resulting in 
a disagreem ent in lite ra tu re  about a realistic ta rget. Conservative calculations 
propose 4.5% as a p o ten tia l fu tu re  ta rg e t [191] resulting  in a theoretical 
p roductiv ity  of 130 to n  h a -1  y r_1. Based on curren t p roductiv ities in 
pond  system s, ac tua l pho tosynthetic  efficiencies can be estim ated  to  be 
around  1%. C urrently , research is focusing on im proving th e  biology of 
photosystem s by reduction of the cellular antenna size as well as on improvement 
of pho tob io reacto r design w ith  respect to  light dilution, gas exchange and  
tem pera tu re  control [125].

N ext to  cost and  productiv ity , new challenges will ap p ear in th e  near future. 
A lot of species and  s tra in  selection is ongoing w ith  respect to  screening for 
bioactive compounds. This will trigger the need for research on novel cultivation
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methodologies since current cultivation processes are only established for a few 
- m ostly extrem ophilic - species. T he developm ent of new process tools for 
m onitoring and controlling large scale cultivation system s is boosted by recent 
developm ents in low cost and  m in iaturised  sensor technology. Besides th is, 
culture m anagem ent is still a challenge. There is a need for the  development of 
long term  cultivation control strategies preventing contam ination and predation.

1.2 The challenge of harvesting microalgae

A m ajor challenge in downstream processing of microalgae lies in separating the 
m icroalgae from the ir grow th m edium , i.e. th e  harvesting process. Because a 
high biomass concentration leads to  m utual shading of the microalgal cells and 
thus a reduction in productivity, biomass concentrations in microalgal cultures 
are usually low: from  0.5 g L_1 in open pond reactors to  ab o u t 5 g L _1 in 
photobioreactors. This means th a t a large volume of w ater has to  be removed 
to  harvest the biomass. Due to  the small size of the microalgal cells (2 -  20 /mi) 
and their colloidal stab ility  in suspension (Section 1.3.1), harvesting by means 
of sedim entation  or simple screening is not feasible, except perhaps for larger 
species such as Arthrospira.

W hen m icroalgae are produced for high-value p roducts, harvesting is done 
in one step  by centrifugation. C entrifugation is however too  expensive and  
energy-intensive if biomass is to  be used for low-value products such as biofuels 
due to  the  large volumes of culture m edium  th a t need to  be removed (Section 
1.2.1). F inding an  a lternative  technology th a t  is capable of processing large 
volumes of cu ltu re  m edium  a t a m inim al cost is thus essential to  reduce the  
cost and increase the scale of microalgal biomass production to a level th a t will 
make commercial application of low-value products feasible [121, 181, 28, 162]. 
Furtherm ore, alternative harvesting approaches should minimize contam ination 
of th e  biom ass and ex trac ted  com pounds and  avoid interference during cell 
d isrup tion  or ex trac tion  processes. Finally, th e  harvesting process may not 
inh ib it th e  recycle of th e  cultivation  m edium  after harvesting  by interfering 
w ith the growth of the microalgae.

Microalgal biomass can be spoiled in hours if the moisture content rem ains higher 
th a n  85%. Therefore, th e  residence tim e during harvesting  is also im portan t 
in the evaluation of harvesting m ethods because it will additionally  determ ine 
cost and  reliability of m ethods for further processing [117].
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1.2.1 State of the art harvesting technology 

Centrifugation

Centrifugation is based on the generation of a centrifugal force which acts radially 
and  accelerates th e  separation  of particles based on th e ir  density  difference. 
Since th e  density  of m icroalgae is sim ilar to  th a t  of w ater (density Chlorella 
=  1.070 kg m ~3), high centrifugal forces and  thereby  a high energy inpu t is 
needed to  achieve separation. On the other hand, centrifugation can be operated 
continuously and can be used for almost all types of microalgae. Generally, three 
types of centrifuges are used for harvesting  microalgae: disc stack, decanter, 
and spiral p late  centrifuges.

Disc stack  centrifuges are  th e  m ost com m only used in com m ercial p lan ts for 
high value algal products [121]. This type of centrifuge operates w ith a rotating, 
relatively shallow cylindrical bowl containing a num ber of closely spaced m etal 
discs. They are  ideally suited  for separating  particles of th e  size (3-30/im) 
and concentration (0.02-0.05%) of microalgae cultures up to  15 % solids while 
consuming 0.7-1.3 kW h m ~ 3 [120].

T he decanter or scroll centrifuge is one of th e  m ost prom ising centrifugal 
devices for recovery of microalgae. They can operate continuously, have a high 
capacity and low m aintenance requirements. However, the high capital cost and 
energy dem and often lim its the ir use to  high value products. Essentially, this 
type  of centrifuge contains two concentric ro ta tin g  elem ents surrounded  by a 
sta tio n ary  cover and  can deliver m icroalgae biom ass concentrates up to  22% 
while consuming 8 kW h m ~3 [120].

Recently, a centrifuge system  based on spiral p la te  technology was designed 
specifically for microalgae harvesting by Evodos™. The system contains rotating 
curved p lates inside a sliding cylindrical d rum  to  reduce th e  partic le  settling  
distance and  the  system  is operated  a t low ro ta tion  speed. It is claimed to  be 
able to  concentrate Nannochloropsis from 0.025% up to  31.5% w ith an  energy 
usage of 0.95 kW h m ~ 3. C urren t system s only allow a discrete discharge of 
harvested m icroalgae lim ited to  4 m 3 h _1 and  long te rm  reliability has yet to  
be proven [120].

Filtration

Numerous types of filtration system s such as m icro-stainers, vibrating screens, 
filter presses, belt filters and vacuum drum s have been used to  harvest microalgae. 
Generally, filtration can be classified by the pore size of the  membrane; m acro­
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filtra tion  (>  10 /im ), m icro-filtration (0.1-10 /im ), u ltra-filtra tion  (0.02-2 /im) 
and reverse osmosis (<0.001 /im). Pressure is needed to  force the liquid through 
the mem brane. Generally, the required energy for th is increases w ith reducing 
m em brane pore size.

M acro-filtration is widely used for larger microalgae species like Arthrospira. Belt 
filters are able to  filter up to  20% w ith an  energy consumption of 0.5 kW h m ~3 
if the  feed is pre-concentrated a t 4%.

M icro-filtration is seen to  have th e  m ost ap p ro p ria te  pore size to  re ta in  the  
m ajority of common species. While it has been sta ted  th a t micro-filtration could 
be even less economic th a n  centrifugation  for th e  recovery of m icroalgal cells 
on a large scale [121], recent studies showed th a t  harvesting using subm erged 
filtration in com bination w ith centrifugation could achieve concentration up to 
22% and  reduce energy needs under 1 kW h m ~3 [16].

U ltra-filtra tion  is a possible a lternative  in particu lar for very fragile cells, bu t 
has not generally been used for recovery of m icroalgae since operating  and  
m aintenance costs are high [155, 120]. Energy consum ption is believed to  be 
between 1 and 3 kW h m ~ 3.

Flotation

F lo ta tion  is a separation  process based on th e  adhesion of particles to  a ir or 
gas bubbles, which carry  th e  particles to  th e  liquid surface, allowing fu rther 
separation usually via skimming. Classification of flotation processes is based on 
the m ethod of bubble production: dispersed air flotation, dissolved air flotation 
and suspended air flotation [196].

During dispersed air flotation, air is continuously pum ped into a flotation cell 
and foam is created using a surface-active chemical. Hydrophobic solids adsorb 
to  the air bubbles and are separated from the suspension. W hile concentration 
factors between 50 and 200 have been reported  in the  past, th is m ethod is not 
widely used for recovery of microalgae. A recent study however claims th a t this 
m ethod has po ten tia l as prim ary  concentration m ethod. In itial concentration 
a t a very low cost can improve efficiency and  costs of secondary or te rtia ry  
dew atering m ethods. T he energy requirem ent concentrating  Chlorella up to  
2.5% was 0.015 kW h m ~3 [45].

Higher flotation efficiencies can be obtained if air-supersaturated water is injected 
under pressure in th e  flotation cell, a process known as dissolved air flotation. 
In addition, the solid concentration th a t can be achieved in dissolved flotation 
systems is higher (7%). Unfortunately, operational costs of such systems is high
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due to  the  high energy cost of supersaturating the water w ith air under pressure 
[83].

Suspended a ir flo tation elim inates th e  need for a com pressor and  sa tu ra to r  
for th e  creation  of sm all a ir bubbles. However, th is system  utilises chemicals 
such as cationic su rfac tan t to  create sm all bubbles. In addition , th e  bubbles 
can be electrically-charged to  increase float stability. Bench-scale results claim 
an energy usage of 0.003 kW h m ~3 to  concentrate m icroalgae up to  5% [196]. 
However, this technology is ra ther new and upscale reliability is yet to  be proven.

Sedim entation

Solid-liquid separation  by sed im entation  is one of th e  sim plest ways to  
harvest m icroalgae. T he separation  is caused by grav ita tional forces and  
th e  sed im entation  ra te  is determ ined by Stokes’ Law, which s ta te s  th a t  the  
sedim entation velocity is proportional to the radius of the cells and the difference 
in density  betw een th e  m icroalgae and  th e  m edium  (Eq 1.1). This m ethod 
acquires low design costs and  low requirem ents for skilled operators. For a 
spherical shaped microalgae, Chlorella, the  settling  velocity was calculated to  
be 0.1 m  day-1  [120]. B u t S tokes’ law holds only for spheroid shapes, while 
microalgae are most often not spherical. In a study on 24 autotrophic microalgae 
ranging in size from 10 - 1,000 g m  it was found th a t  th e  sed im entation  ra te  
varied between 0.4 to  2.2 m day-1  [138]. Especially motile species are not forced 
to  settle.

2 2 P p  ~  P.f  
v  =  vJ g—— -  i . i9 r¡

V particle settling  velocity [m s_1]
r  cell radius [m]
g gravitational acceleration (9.81) [m s~ 2]
pp m ass density particle [kg m ~3]
pƒ m ass density fluid [kg m ~3]
T] dynam ic viscosity [N s m ~ 2]

Cell recovery using sed im entation  is generally low : 60-65% w ith a solid 
concentration up to  1.5%. Energy consum ption of sedim entation using lamella 
separators is up to  0.1 kWh m ~3. Settling velocity, cell recovery as well as solid 
concentration can be improved by inducing flocculation prior to  sedim entation. 
T he different approaches for m icroalgae flocculation are discussed in Section 
1.3.
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T able 1.5: Com parison of s ta te  of th e  a r t  m icroalgal harvesting m ethods 
[120, 121] ,

M e th o d A d v a n ta g e s D ra w b a c k s D S 1
(% )

E R /1 (k W h
m “ 3 )

C e n t r i f u g a t io n r a p id ,  e f f ic ie n t , s u i t a b le  
fo r m o s t  m ic ro a lg a e

h ig h  C A P E X 3 &  O P E X 4 10-22 0 .7 -8

F i l t r a t i o n
F lo t a t i o n

s p e c ie s
h ig h  s y s t e m  v a r i e ty  
f a s te r  t h a n  s e d im e n ta t io n

s p e c ie s  s p e c if ic , fo u lin g  
s p e c ie s  s p e c if ic , h ig h  
C A P E X

2-27
2 .5 -7

0 .5 -3
0 .0 1 5 -1 .5

S e d im e n ta t io n low  C A P E X  &  O P E X s p e c ie s  s p e c if ic , low  f in a l 
c o n c e n t r a t io n

0 .5 -3 0 .1 -0 .3

1D S  =  d r y  s o l id s  o u t p u t  c o n c e n t r a t io n  
2 E R  =  e n e rg y  r e q u i r e m e n t  
3 C A P E X  =  c a p i ta l  e x p e n d i tu r e s  
4 O P E X  =  o p e r a t in g  e x p e n d i tu r e s

Comparison of m ethods

A recent review s ta ted  th a t  there  is no superior m ethod  for harvesting  and  
dew atering of microalgae [181]. An overview of advantages and  drawbacks are 
given in Table 1.5. Centrifugation can rapidly and efficiently handle m ost algal 
species, bu t capital and operational costs rem ain high. F iltra tion  is best suited 
for m icroalgae species w ith  large cells b u t struggles from tim e to  tim e w ith 
fouling issues. F lo ta tion  can be m ore rap id  th a n  sedim entation , b u t is very 
algae specific and  costly. Sedim entation is prom ising because of its low cost, 
bu t is lim ited to  specific non motile species.

1.3 Approaches for microalgae flocculation

1.3.1 Colloidal stability of microalgal suspensions

Surface charge

Microalgae exhibit a slightly negative charge at neutral pH, due to  the  presence 
of pro ton-active carboxylic, phosphoric, phosphodiester, hydroxyl and  am ine 
functional groups [81, 121]. To m aintain electrical neutrality, opposite charged 
ions (counter-ions) will be a ttrac ted  in the surrounding solution, while negative 
ions (co-ions) will be repelled. Close to  th e  partic le  surface, th e  counter-ions 
form  a dense layer th a t  is inaccessible to  o ther counter ions, which is called 
th e  S tern  layer. A dynam ic equilibrium  of charges a ttr ib u te d  by counter-ions 
and co-ions is established and is free to  move around the S tern layer to  form a 
diffuse layer. This layer extends from  th e  edge of th e  S tern  layer to  a certain
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distance in the surrounding solution until the concentration of counter-ions and 
co-ions are identical and there is a zero charge. This results in the development 
of a surface p o ten tia l around  th e  particle. T he to ta l system  of th e  particle 
surface charge and associated counter ions in the surrounding solution is called 
the electrical double layer (Fig 1.5a).

The surface potential is difficult to measure but can be estim ated by the surface 
charge, which is determ ined by pH  titra tio n  [81]. A nother frequently used 
param eter of any colloid is the potential a t the end of the  diffuse layer (slipping 
plane), known as the  zeta  (()  po ten tia l (Fig 1.5a). This param eter is related , 
b u t not identical to  the  surface potential. In contrast to  the surface potential, 
th e  zeta  p o ten tia l is however easy to  m easure by determ ining th e  m obility 
of charged particles in an  electric field. For m icroalgae, th e  zeta  po ten tia l is 
typically negative and  is usually w ithin the range of -10 to  -35 mV [85].

Interaction between charged particles

The interaction  betw een colloidal charged particles is described by th e  DLVO 
theory, which is nam ed a fte r its developers: D erjaguin, Landau, Verwey and  
Overbeek. This quantitative theory describes the interaction between colloids as 
a com petition model between a ttrac tion  by van der Waals forces and electrostatic 
repulsion in term s of energy as function of the distance between particles (Fig 
1.5b).

The zeta potential is an im portan t param eter to  evaluate the colloidal stability 
of a system . W hen the  zeta po ten tia l is high (>  25 mV, positive or negative), 
electrical repulsion between particles is strong and  the suspension is said to  be 
stable. W hen th e  zeta  p o ten tia l is close to  zero, particles can approach each 
other to  a point where they  will be a ttra c te d  by Van der W aals forces. W hen 
th a t happens, particles will aggregate and flocculation or coagulation will occur.

N ext to  th e  zeta  po ten tia l, th e  size of th e  double layer is also im p o rtan t as 
it will determ ine th e  relation betw een a ttra c tio n  and  repulsion and  is m ainly 
dependent on the ionic strength  (Iz), which is a measure for all ions present in 
the solution (Eq 1.2). Increasing the Iz results in a decreased size of the double 
layer, which will prom ote a ttrac tio n  and  finally aggregation. This phenomenon 
is known as double layer com pression and  is highly relevant to  th e  stab ility  
of colloidal particles. T he thickness of th e  double layer can be quantified as 
the  Debye length k _1 according to  Equation (1.3). For typical sea w aters and 
n a tu ra l w aters, values of th e  Debye length k _1 can range from  less th a n  1 
nm  to  around  100 nm  or more. For com pletely deionized w ater a t 25 °C, the  
concentrations of H + and  OH~ are each 10~7 M and  k _1 is 960 nm.
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F ig u re  1.5: (a) S truc tu re  of th e  electrical double layer of charged ions in 
solution surrounding a negatively charged m icroalgal cell and th e  po ten tia l 
difference between the particle and the  bulk fluid as a function of the  distance 
from the particle surface [187] (b) Potential energy diagram  for the interaction 
of equal spheres. The curves show the electrical (V e ), van der Waals (V ^), and 
to ta l (V t)  interaction energy [73].

(L2)

ƒ, ionic strength  [mol nr- 3 ]
Cj m olar concentration [mol nr-3 ]
Zi num ber of charges [-]
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. - i Debye length [nr] 
e electrical perm ittiv ity  [C2 J -1  nr- 1 ]
k  B oltzm ann constant (1.380 10~23) [J IW 1]
N a Avogadro num ber (6.022 IO23) [mol-1 ]
e elem entary charge (1.602 IO-19) [C]
T  tem pera tu re  [K]
I z ionic strength  [mol nr- 3 ]
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F ig u re  1.6: Overview of different coagulation m echanism s (a) charge
neu tra liza tion  (b) e lectrostatic  p a tch  m echanism  (c) bridging m echanism  (d) 
sweeping flocculation.

1.3.2 W hat is flocculation?

Flocculation  is th e  process whereby destabilized particles are induced to  
coagulate, make contact, and thereby form larger agglomerates [26]. Flocculation 
of particle suspensions can often be a ttribu ted  to four coagulation mechanisms, 
acting alone or in combination. (1) Charge neutralization is the phenomenon in 
which charged ions, polymers or colloids strongly absorb on the opposite charged 
surface of a particle, followed by destabilization, coagulation and  flocculation 
(Fig 1.6a). (2) The electrostatic patch mechanism is the phenomenon in which a 
charged polymer binds to a particle w ith opposite charge. The polymer locally 
reverses the charge of the particle surface, resulting in patches of opposite charge 
on the particle surface. Particles subsequently connect w ith each other through 
patches of opposite charge, causing flocculation (Fig 1.6b). (3) B ridging is 
th e  phenom enon in which polym ers or charged colloids sim ultaneously b ind 
to  th e  surface of two different particles to  form  a bridge betw een them . This 
bridge brings th e  particles together and  causes flocculation (Fig 1.6c). (4) 
Sweeping flocculation is th e  process in w hich particles are en trapped  in a 
massive precipitation  of a m ineral which causes their flocculation (Fig 1.6d).
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1.3.3 Chemical flocculation

M etal salts such as alum  and  ferric chloride are widely used for flocculation in 
industries such as water treatm en t and mining. A lthough m etal salts are being 
applied for harvesting microalgae (e.g. Dunaliella [11]), their use results in high 
concentrations of m etals in the harvested biomass. These m etals rem ain in the 
biomass residue after extraction of lipids or carotenoids [156], bu t may interfere 
w ith th e  use of th e  p ro tein  fraction in th is residue. D espite th is shortcom ing, 
m etal coagulants provide a good model system to study the interaction between 
flocculants and  m icroalgal cells because the ir p roperties are  well understood  
[198, 204],

O th er com m only used chemical flocculants in o ther industries are  syn thetic  
polyacrylamide polymers. These may however contain traces of toxic acrylamide 
and  thus also con tam inate  the  m icroalgal biom ass [26]. F locculants based on 
n a tu ra l biopolym ers are  therefore a safer a lternative. To be able to  in teract 
w ith th e  negative surface charge of m icroalgal cells, these biopolym ers should 
be positively charged, which is rare in nature. A well-known positively charged 
biopolym er is chitosan, which is derived from chitin, a w aste p roduct from 
shellfish production . C hitosan  is a very efficient flocculant b u t it works only 
a t low pH, while th e  pH in m icroalgal cultures is relatively high (Fig 1.7a) 
[113, 51, 200]. An alternative to  chitosan is cationic starch, which is prepared 
from starch by addition of quaternary ammonium groups (Fig 1.7b; C hapter 2). 
O th er exam ples of biopolym ers th a t  can be used to  flocculate m icroalgae are 
poly-y-glutam ic acid (an extracellu lar polym er produced by Bacillus subtilis) 
[205] or polymers present in flour from Moringa oleifera seeds [179]. A general 
problem  of polym er flocculants is th a t  they  undergo coiling a t high ionic 
streng ths and  becom e ineffective [181]. Therefore, they  are  less su itab le for 
harvesting microalgae cultivated in seaw ater. Two very recent studies showed 
th a t  th e  usage of cationic a lum inum  and  m agnesium  backboned organoclays 
has poten tia l to  be used for microalgae flocculation [107, 58].

1.3.4 Autoflocculation

Flocculation often occurs spontaneously in microalgal cultures when pH increases 
above 9 [172]. This type of flocculation is often referred to  as autoflocculation 
because it occurs spontaneously  in m icroalgal cultures as a resu lt of a pH 
increase due to  photosynthetic  C O 2 depletion. A utoflocculation is associated 
w ith  th e  form ation of calcium  or m agnesium  precip itates. D epending on the  
conditions, these p recip ita tes carry  positive surface charges and  can induce 
flocculation (C hapter 4).
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F igu re  1.7: S tructure  of (a) chitosan and (b) cationic amino starch.

Calcium  phosphate  p recip ita tes are positively charged w hen calcium  ions are 
in excess of phosphate  ions and  in terac t w ith  th e  negative surface charge of 
m icroalgal cells [42, 162], High phosphate concentrations are required for this 
type of flocculation to occur. As a result of the declining phosphate resources and 
increasing prices of phosphate, flocculation by calcium phosphate precipitation 
is unsustainable, except perhaps in applications where m icroalgae are used 
for w astew ater trea tm en t and  excess phosphate  needs to  be rem oved [114]. 
M agnesium hydroxide or brucite also precip itates a t high pH (C hapter 4).

1.3.5 Physical flocculation methods

C ontam ination  of th e  biom ass could be avoided if it were possible to  induce 
flocculation by applying only physical forces. For instance, flocculation of 
m icroalgae can be accom plished by applying a field of stand ing  u ltrasound  
waves. Although this m ethod works well in the laboratory, it is difficult to apply 
on larger scales [24], In electrocoagulation flocculation, flocculation is induced 
th rough  electrolytic release of m etal ions from a sacrificial anode and  avoids 
contam inations of anions (C hapter 3). OriginOil™  claims to  have developed a 
system th a t is similar to this principle. Their m ethod uses only electromagnetic 
pulses to neutralize the surface charge of microalgal cells and induce flocculation

Recently, several studies have explored th e  use of m agnetic nanoparticles to  
harvest microalgae [147]. M agnetite (Fe2 C>3 ) nanoparticles may adsorb directly 
on the microalgal cells, upon which the cells can be separated from the medium 
by applying a m agnetic field. T his m ethod  th u s com bines flocculation and  
separation in a single process step [37]. M agnetite nanoparticles seem to adsorb

[69].
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more easily on some microalgal species th an  on others [199]. Adsorption can be 
im proved by coating th e  nanoparticles w ith  cationic polym ers [110, 112]. An 
advantage of using m agnetite nanoparticles is th a t they can be recovered after 
harvesting and  reused la ter [37].

1.3.6 Biological flocculation

In natu ral blooms of microalgae in lakes or rivers, flocculation sometimes occurs 
spontaneously. This spontaneous flocculation is assum ed to  be caused by 
ex tracellu lar polym er substances in th e  m edium  and  is called bioflocculation 
[102]. B ioflocculation is often used successfully for harvesting m icroalgae 
in facilities w here m icroalgae are  employed for w astew ater trea tm en t [46]. 
T he underlying m echanism , however, is poorly understood  and  deserves 
fu rther research as it may lead to  a chemical-free m ethod  for flocculating 
m icroalgae. Some m icroalgal species flocculate m ore readily th a n  others and  
such na tu ra lly  bioflocculating m icroalgae can be m ixed w ith  o ther species to  
induce flocculation [158, 159]. There are indications th a t bioflocculation may be 
in itia ted  by infochemicals. Recently, an  infochemical isolated from a senescent 
and  flocculating cu lture  of a Skeletonem a  species was found to  be capable of 
inducing flocculation in a culture of another species of microalgae [178].

Bacteria or fungi can also induce bioflocculation of microalgae. Some fungi, for 
instance, have positively charged hyphae th a t can in teract w ith the negatively 
charged microalgal cell surface and  cause flocculation [203, 206, 207]. Specific 
consortia of bacteria can also induce flocculation of microalgae [80, 104]. These 
flocculating fungi or bacteria can be cultivated separately or in combination w ith 
th e  microalgae. In the  la tte r case, a carbon source is required in th e  medium. 
In w astew ater, a carbon source is usually present which allows co-cultivation 
of m icroalgae and  bacteria. This results in a cu ltu re of mixed a lgal-bacteria l 
floes th a t  can easily be harvested  [175, 183]. T he use of bacteria  or fungi as 
a flocculating agent avoids chemical contam ination of the biom ass bu t results 
in microbiological contam ination , which m ay also interfere w ith  food or feed 
applications of the  microalgal biomass.

1.3.7 Flocculation induced by genetic modification

M any research efforts are curren tly  directed tow ards genetic m odification of 
microalgae. Most recently published studies and granted patents in this field are 
aim ed a t increasing biom ass p roductiv ity  or increasing p roduction  of specific 
m etabolites, m ost often lipids [67, 102]. However, genetic m odification may 
also be a prom ising way to  harvest microalgae [42, 67]. Here, achievem ents in
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genetic modification of yeast may be used as an example. In yeast, genetically 
modified stra ins have been developed th a t  express flocculin pro teins in th e ir 
cell walls, causing the cells to  aggregate [70]. The expression of these proteins 
can be induced by an  environm ental trigger or during a specific growth stage. 
Sapphire Energy™  has described a m ethod for flocculating microalgae in which 
ligand -recep to r pairs can be expressed in different stra ins th a t  are mixed to  
induce flocculation, or th a t are expressed sequentially in the  same stra in  [119]. 
Genetic modification or selection may also be aimed a t facilitating flocculation 
by other m ethods. For instance, a cell wall-deficient m utant of Chlamydomonas 
has been found to  flocculate much more easily under alkaline conditions th an  
the wild type stra in  [163]. This indicates th a t minor genetic modifications may 
greatly facilitate flocculation.
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Cationic starch as a novel 
flocculant to harvest 
microalgae
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2.1 Introduction

Harvesting microalgae by means of flocculation has a lot of potential to  decrease 
microalgal biomass production costs. However, the  applied flocculants need to 
be cheap, efficient and avoid contam ination of biomass and minimize toxicity of 
residual medium after cultivation. Inorganic flocculants such as alum  and  iron 
chloride are efficient bu t are required in high doses and result in contam ination 
of the biomass w ith aluminum or iron [8]. Biodegradable organic flocculants do 
not contam inate the  algal biomass and  are often required in lower doses [169]. 
T hey are  based on biopolym ers like chitin, guar gum, alginic acid, or starch. 
O f these, chitosan has been shown to  be an  effective flocculant for microalgae 
[51]. I t has no apparent toxic effects on fish feeding on the harvested algae [99]. 
It is, however, a high-value product w ith  a m arket value of abou t $US 10 per 
kilogram  [8, 149].

S tarch  consists of a m ix ture  of am ylose and  am ylopectin  and  is one of the  
most abundant natu ral polymers. Chemically modified starches have properties 
very different from the parent starch  and  have m any applications in industrial 
processes [146]. Cationic starch is prepared by addition of quaternary ammonium 
groups to  the glucose hydroxyl groups. Because of its low cost (about $US 1-3 
per kilogram), cationic starch is increasingly used as an  alternative for inorganic 
and  synthetic  organic flocculants in liquid-solid  separation  processes, more 
specifically in wastewater treatm ent and paper mill industries [136]. As polymer 
flocculants are often specific, flocculants th a t are effective for clay dispersions 
or cellulose are not necessarily applicable to  algal cells. The goal of this chapter 
is to  evaluate the poten tia l of cationic starch  for flocculation of microalgae.

2.2 Materials and methods

Four m icroalgal species were ob tained  from cu ltu re  collections: Parachlorella 
kessleri (SAG 27.87), Scenedesmus obliquus (C C A P 276j3A), Phaeodactylum  
tricornutum  (C C A P 1055/1), and  Nannochloropsis salina  (SAG 40.85). The 
m icroalgae were cu ltu red  in W righ t’s C ryp tophy te  m edium  [79], which was 
prepared from pure salts and deionized water. The concentration of the medium 
was increased five times to  allow the microalgae to a tta in  a biomass concentration 
com parable to  com m ercial cu ltu re  system s (up to  0.5 g dry weight per liter). 
For th e  m arine species, syn thetic  sea salt (U ltram arine S ynthetica, W aterlife 
Research, UK) was added  a t a concentration  of 30 g L_1. T he m edium  was 
ad justed  to  pH  8 and  autoclaved. An inoculum  was added under a sterile 
hood a t a 1:10 ratio . The microalgae were cultured  in five parallel 2 L bottles 
incubated in a tem perature controlled room (20°C). The bottles were irradiated
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w ith daylight fluorescent tubes (light in tensity  =  100 /rinoi photons m ~ 2 s_1) 
and  were bubbled  w ith  sterile-filtered air a t a ra te  of approxim ately  200 mL 
m in-1  to  create turbulence and avoid CO 2 lim itation. Flocculation experiments 
were carried out when algae were in their exponential growth phase. The algal 
biomass concentration in the reactors a t th a t moment varied between 0.15 and 
0.5 g dry weight p er liter. A lgal biom ass was estim ated  from  optical density 
m easurem ents a t 550 nm  using a spectropho tom eter (Hach Lange D R  2800). 
O ptical density was calibrated against dry weight m easured gravim etrically on 
preweighed G F /F  glass fiber filters (R 2 >  0.98).

Two com m ercial cationic starches were used in the  experim ents. Greenfloc 
120 (H ydra 2002 Research, Developm ent and  C onsult, H ungary) is a cationic 
starch  w ith a degree of su b stitu tion  of 0.15 th a t is m ainly used in w astew ater 
treatm en t. I t was supplied as a concentrated solution in water (16%) th a t was 
ready for use. Cargill C*bond H R  35.849 (Cargill Deutschland, Germany) is a 
cationic starch  w ith  a degree of substitu tio n  of 0.11 th a t  is used in the  paper 
m anufacturing industry. I t was supplied as a dry product th a t was dissolved in 
w ater and  heated  to  80°C for 20 m in before use.

Flocculation of microalgae after addition of cationic starch was evaluated using 
ja r  tests [44]. The algal suspensions were divided into replicate 100 mL beakers. 
The initial algal biomass concentration in the  beakers was estim ated  from the 
optical density a t 550 nm. C ationic starch was added a t a specific dose under 
intensive stirring (1,000 rpm) using a m agnetic stirrer. After 5 min, the stirring 
speed was reduced to  250 rpm . S tirring  was stopped  30 m in after addition  of 
the cationic starch. After another 30 min, the optical density of the supernatant 
was m easured a t half the  height of the  clarified layer. The percentage of algal 
biomass removed was estim ated from the ratio of the initial over the  final optical 
density. To evaluate the  influence of pH on flocculation, pH was adjusted using 
0.5 N HC1 or 0.5 N NaOH. R esults were sta tistically  evaluated using one-way 
analysis of variance (ANOVA) and a Tukey’s test (Sigmaplot 11, Systat Software, 
Inc.). The potential toxicity of cationic starch on the microalgae was evaluated 
using m easurem ents of the maximum quantum  yield of photosynthetic efficiency 
of photosystem  II, m easured using an AquaPen-C fluorometer (Photon Systems 
Instrum ents, Czech Republic). This param eter is a sensitive indicator of stress 
experienced by microalgae and is often used for evaluating toxicity of substances 
tow ards m icroalgae [43]. T he quan tu m  yield of pho tosynthetic  efficiency of 
photosystem  II was m easured 3 h after addition of cationic starch  and after 20 
m in of dark  ad ap ta tio n  of th e  microalgae. S ta tis tica l analysis was perform ed 
using one-way ANOVA (Sigmaplot 11, Systat Software, Inc.).
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2.3 Results and discussion

O ur results indicate th a t  cationic starch  is an  efficient flocculant for the  
freshwater microalgae Scenedesmus and Parachlorella. Suspensions of unicellular 
m icroalgae are  stabilized by th e  negative surface charge of th e  algal cells. 
Cationic starch can induce flocculation of negatively charged particles through 
bridging a n d /o r  p a tch  charge neutra liza tion  [165, 26]. In ja r  tests  using 
Parachlorella and  the cationic starch  Greenfloc 120, the  flocculation efficiency 
increased strongly over a relatively narrow range of cationic starch concentration 
(abou t 10-20 mg L_1; Fig 2.1). A t th e  op tim al dose, m ore th a n  90% of the  
biom ass was rem oved by th e  flocculant. T he Greenfloc 120 cationic starch  
dose required to  flocculate 80% of Parachlorella biom ass was above a certain  
concentration  linearly re la ted  to  th e  algal biom ass concentration (Fig 2.2). 
A linear re la tion  betw een flocculant dose and  partic le  concentration  is often 
observed in cationic polyelectrolyte flocculants [19].

T he ra tio  of cationic starch  over Parachlorella biom ass required  to  achieve 
80% flocculation was approxim ately  0.1. For Scenedesm us, a  lower dose of 
Greenfloc 120 cationic starch  was required to  induce flocculation. T he ra tio  
of cationic starch  over algal biom ass required  to  achieve 80% flocculation for 
Scenedesmus was 0.03 or less (Fig 2.3). As Parachlorella and Scenedesmus have 
a com parable charge density [86], th is difference can probably  be ascribed to  
the  larger size of Scenedesmus. Larger particles often require a lower polym er 
dose for flocculation th an  smaller particles [26].

In the experim ents w ith low biomass concentrations of Parachlorella as well as 
in th e  experim ent w ith  Scenedesm us, it was clear th a t  overdosing of cationic 
starch  resu lted  in dispersion restabilization . This phenom enon is commonly 
observed w ith polyelectrolyte flocculants, including cationic starch [59, 27, 112] 
and is probably the result of steric hindrance a n d /o r electrostatic repulsion.

For th e  m arine m icroalgae Nannochloropsis and  Phaeodactylum , th e  ra tio  of 
Greenfloc 120 cationic starch over algal biomass required to  induce flocculation 
was around 1 (results not shown). Therefore, it appears th a t cationic starch  is 
inefficient for flocculating marine microalgae. This is probably due to  high NaCl 
concentrations. In experim ents w ith kaolin dispersions, a decrease in flocculation 
efficiency of cationic starch was observed at high NaCl concentrations [18]. Like 
cationic starch, chitosan is also ineffective for flocculating microalgae in seawater 
[17, 51, 112, 86],

In dense microalgal cultures, pH is often highly variable: it may increase to  10 
due to  intensive prim ary production or decrease to  6 during CO 2 addition or as 
a result of respiration. As pH affects the zeta potential of charged particles, it 
may interfere w ith flocculation. F locculation of Parachlorella using Greenfloc
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120 cationic starch increased slightly bu t significantly w ith pH over a pH range 
of 5 to  10 (Fig 2.4, ANOVA, p  <  0.001).

This is in con trast to  flocculation of m icroalgae using chitosan, which is only 
efficient a t a pH  below 8 [51, 112]. In  cationic starch , the  positive charge 
is due to  q u a te rn ary  am m onium  salts, which m ain ta in  the ir positive charge 
even at relatively high pH. The increase in flocculation efficiency at high pH is 
probably due to  some autoflocculation of Parachlorella, which occurs a t a pH 
of 10 or higher (unpublished results). The Greenfloc 120 cationic starch  had  
no significant (ANOVA, p =  0.330) effect on the  m axim um  quan tum  yield of 
photosynthetic efficiency of photosystem  II in Parachlorella (Fig 2.5). Therefore, 
it appears th a t cationic starch has no short-term  effects on the  viability of the 
algae.

For Parachlorella, we compared flocculation by two commercial cationic starch 
polyelectrolytes, b o th  w ith  a relatively low degree of substitu tion . Greenfloc 
120 is a flocculant designed for w astewater treatm en t while C*bond HR 35.849 
is designed for applications in the  paper industry. Using C*bond HR 35.849, a
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higher dose was required com pared to  the  Greenfloc 120 cationic starch  (Fig 
2.6). The ratio  of C*bond HR 35.849 cationic starch over algal biomass required 
to  achieve 80% flocculation was approxim ately 0.3. Moreover, the flocculation 
increased more slowly w ith increasing cationic starch concentration. The lower 
flocculation efficiency of C*bond HR 35.849 may be due to  the lower degree of 
substitution (0.11 versus 0.15). It is well-known th a t the flocculation efficiency of 
polyelectrolytic flocculants in general and cationic starch in particular is related 
to  the degree of substitu tion [27]. However, the flocculation efficiency generally 
increases linearly w ith the degree of substitu tion , especially a t a low degree of 
su b stitu tio n  [100]. As the  degree of su b stitu tio n  of Greenfloc 120 is only 1.4 
times th a t of C*bond HR 35.849, while the optim al dose for flocculation was at 
least three tim es lower, other factors probably contributed  to  the  difference in 
flocculation efficiency. T he location  of the  su b stitu tions [168], the  m olecular 
weight of the  polym ers [100], the  steric configuration [59], and the  amylose to 
am ylopectin  ra tio  have been shown to  influence the  flocculation efficiency of 
cationic starch  [136].
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cationic starch  (w hite points correspond to  Greenfloc 120 and  black points 
correspond to  Cargill C*Bond HR 35.849). Initial algal biomass was 0.3 g L_1.
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2.4 Conclusions

O ur results show th a t  cationic starch  is a po ten tia lly  useful flocculant for 
harvesting freshwater microalgae. Com pared to  inorganic flocculants, cationic 
starch  requires a lower dose. Moreover, it is approved for food contact and  for 
use in trea tm en t of drinking w ater [100]. In these aspects, cationic starch  is 
sim ilar to  chitosan. Due to  th e  lower num ber of functional groups, th e  dose 
required for cationic starch is higher th an  th a t for chitosan. On the other hand, 
chitosan is more expensive th an  cationic starch; it is not available in very large 
volumes and  is more difficult to  apply due to  its pH-dependence.

The cationic starches used in this study  were not designed for harvesting algae. 
The large difference between the two cationic starches tested suggests th a t there 
is room  for im provem ent of th e  efficiency of cationic starches for flocculating 
algae. The flocculation efficiency might be improved by increasing the degree of 
substitu tion . It should be noted, however, th a t the production cost of cationic 
starch  increases w ith the degree of substitu tion . O ther options to  improve the 
flocculation efficiency include modification of the amylose to  am ylopectin ratio 
or m odification of the  polym er chain lengths.
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3.1 Introduction

M icroalgae can easily be flocculated using m etal coagulants such as Fe3+ or 
Al3+ salts [1, 13, 137]. In wastewater treatm ent, electro-coagulation flocculation 
(EC F) has been proposed as an  alternative  for chemical coagulants [123, 122]. 
In E C F , iron or a lum inum  ions are  released from  a sacrificial anode th rough 
electrolytic oxidation. Compared to  coagulation-flocculation w ith Fe3+ or Al3+ 
salts, E C F has the advantage th a t no anions such as chlorine and  sulphate are 
in troduced in th e  process w ater. T he electrolytic oxidation of th e  sacrificial 
anode, however, requires electricity.

During E C F, the following reactions occur a t the anode.
Using an  alum inum  anode:

AÍ —>■ Al3+ +  3e~  (3.1)

xA13+ +  yOH~ Alx(OH)y+ (3.2)

The spéciation of the aluminum hydroxides formed during EC F is highly variable 
and is strongly influenced by pH [126].

Using an  iron anode:

Fe —>■ Fe2+ +  2 e~ (3.3)

Fe2+ +  2 OH~ Fe(O H )2 (3.4)

or

Fe —>■ Fe3+ +  3 e~ (3.5)

Fe3+ +  3 OH~ Fe(O H )3 (3.6)

It is not clear w hether ferrous or ferric ions are form ed during E C F  [12]. 
Moreover, Fe2+ can be rapidly  oxidized in solution to  Fe3+ in th e  presence 
of oxygen. Release of Fe2+ during E C F leads to  green hydroxide precipitates,
while Fe3+ ions result in yellow hydroxide precipitates.

At bo th  the AÍ and Fe anodes, w ater is oxidized as a side reaction and  oxygen 
is produced:

2H20 ->■ 02 + 4H+ + 4e (3.7)
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The m ain reaction a t the cathode is the reduction  of w ater and  the form ation 
of hydrogen gas:

2 H 20  +  2 e~ —► H 2 + 2  OH~ (3.8)

So far, the use of EC F for harvesting microalgal biomass has not been thoroughly 
evaluated. Some studies have investigated th e  use of E C F  for rem oval of 
microalgae from drinking or wastewater [3, 5, 63, 64, 144, 174]. In these studies, 
however, microalgal densities were much lower th an  those typically occurring in 
microalgal production systems. Moreover, these studies all focused on freshwater 
and not on m arine microalgae. The chemical com position and  conductivity of 
freshw ater and  seaw ater differ strongly  and  th is may have a strong effect on 
th e  efficiency of th e  E C F  process. It is relevant to  evaluate th e  use of EC F 
as a harvesting m ethod for m arine m icroalgae because m arine m icroalgae are 
a ttrac tive  as a source of biofuels due to  their lim ited dependence on freshwater 
resources.

T he general aim  of th is  chap ter is to  dem onstra te  th e  proof of principle for 
harvesting of microalgae using electro-coagulation flocculation (EC F) in bo th  
a freshw ater and  a m arine environm ent. Specific goals are  (1) to  study  the  
influence of several im portan t variables on th e  efficiency of th e  E C F  process, 
(2) to  evaluate contam ination of the microalgal biomass and process w ater w ith 
m etals released from th e  sacrificial anode, and  (3) to  estim ate  th e  electricity 
dem and of the  E C F process.

3.2 Materials and methods

3.2.1 C ultivation o f  m icroalgae

Because we expected large differences in th e  efficiency of E C F  for harvesting 
m icroalgae from m arine and  freshw ater m edium , all experim ents were carried 
out w ith the freshwater chlorophyte Chlorella vulgaris (SAG, Germany, 211-11B) 
and  the  m arine d iatom  Phaeodactylum tricornutum  (U G ent, Belgium, P t 86). 
B oth Chlorella and Phaeodactylum  are promising species for the  production  of 
microalgal biomass for food, feed, or fuel, and are currently intensively studied. 
Chlorella vulgaris was cultured in W right’s cryptophytes medium prepared from 
pure chemicals dissolved in disinfected tap  w ater [79].

Phaeodactylum tricornutum  was cultured in WC medium prepared in deionized 
w ater to  which 30 g L_1 synthetic  sea salt (Hom arsel, Z outm an, Belgium) 
was added. Table 3.1 illustra tes th e  differences in chemical com position and
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T able 3.1: Main differences in chemical composition of freshwater and marine 
cultivation medium.

Freshw ater (mM) M arine w ater (mM)
Cl 1.7 442.1
Na 1.9 338.6
Mg 1.0 80.5
Ca 2.7 9.1
K 0.3 6.4
so4 1.3 40.2
Conductivity  (mS cm - 1 ) 0.8 43.0

conductiv ity  betw een b o th  m edia. B oth  species were grown in 30 L plexiglas 
bubble column photobioreactors (diam eter 20 cm). Degassing was carried out 
w ith humidified and filtered air a t a ra te  of 5 L m in- 1 . The pH was controlled 
a t 8.5 by addition of C 0 2 (2-3%) using a pH -stat system. The EC F experiments 
were carried out a t the  beginning of th e  s ta tionary  phase, corresponding to  a 
microalgal density of 0.3-0.6 g dry weight per liter.

3.2.2 ECF experiments

All th e  E C F  experim ents were carried ou t a t room  tem p era tu re  in a PV C 
batch  reacto r of 20 cm (length) x 5 cm (w idth) x 15 cm (height) filled w ith 
1 L of m icroalgal b ro th . T he electrodes consisted of two parallel flat m etal 
p la tes w ith  a surface area of 200 cm 2, placed 4.4 cm a p a rt near th e  walls 
of th e  reactor. A lum inum  or iron p lates were com pared as anodes while an 
inert net of I r 0 2/ T i 0 2 was used as the  cathode. The anode and cathode were 
connected to  th e  positive and  negative ou tle ts of a DC power supply (EHQ 
Power PS3010), respectively. T he current density was controlled by changing 
the current of the DC power supply, which was operated in the constant current 
mode. The microalgal b ro th  in the vessel was stirred  using an  overhead stirrer 
(IKA Labortechnik E urostar digital Model RW-16).

To determ ine the microalgal recovery efficiency r¡a of microalgal biomass, samples 
were collected a t different tim e points during the E C F process. 10 mL samples 
were collected a t 5 cm below th e  w ater surface in th e  E C F  reactor. In the  
samples, floes of microalgae either settled to  the bottom  or floated to  the surface 
of the sample tube. F lotation  of the floes was caused by the form ation of H2 at 
th e  cathode and  0 2 a t  th e  anode. T he m icroalgal recovery efficiency r¡a was 
determ ined based on the decrease in optical density of the microalgal suspension
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(m easured a t 550 nm  w ith an  IJV-VIS spectrom eter Therm o Scientific Nicolet 
Evolution 100). The recovery efficiency r¡a was subsequently calculated as:

ODi  —  OD f
=  — o d T ^  <3 9)

where OD¿ is the optical density of the  suspension prior to  the s ta rt of the ECF 
process, and  OD ƒ is the optical density of the  suspension a t tim e t.

3.2.3 Influence of variables on the ECF process

T he influence of several im p o rtan t variables on th e  E C F  process was stud ied  
using a one-variable-at-a-tim e approach. Consecutively, th e  influence of the  
anode m ateria l (Fe or AÍ), th e  sed im entation  tim e after finishing th e  EC F- 
trea tm en t, th e  current density, th e  (initial) pH, and  th e  stirring  speed were 
investigated. T he influence of a specific variable was stud ied  using th e  best 
values found for the  variables th a t were already investigated.

3.2.4 Calculation of the power consumption

The power consum ption E (in kWh kg-1  of recovered microalgae) was calculated 
as

E = iooovVaCi ( 3 ' 1 0 )

where U is the  voltage (V), I the current (A), t the tim e of the EC F treatm en t 
(h), V th e  volum e of th e  m icroalgal solution trea ted  (m 3), r¡a th e  m icroalgae 
recovery efficiency, and c¿ the initial microalgae biomass concentration (kg m ~ 3).

3.2.5 Al, Ca, and Mg analyses in the harvested algal biomass 
and the process water

To determ ine th e  degree of contam ination  of the  m icroalgal biom ass and  the  
process water, the AÍ, Ca, and Mg content of the microalgal biomass recovered 
during the E C F process as well as of the supernatan t rem aining after the EC F 
trea tm en t was determ ined. AÍ, Ca, and  Mg in solution were determ ined by 
atom ic absorption spectroscopy (AAS, Solaar UNICAM 989). For measurements 
on the  m icroalgal biom ass, calcination was done in a furnace a t 550°C during 
4 h and  th en  th e  ashes were dissolved in 37% fum ing hydrochloric acid. The 
to ta l am ount of m etals released during E C F was estim ated  by assum ing th a t



42 EVALUATION OF ECF FOR MICROALGAE CONCENTRATION

the electrical efficiency for the  release of m etal was 100%. This is in reality an 
overestim ation, as th e  form ation of 0 2 com petes w ith  Al3+ form ation a t the  
anode.

3.3 Results and Discussion

3.3.1 Influence of variables

In all E C F  experim ents, r¡a increased w ith  tim e following a sigmoid p a tte rn . 
This observation is in accordance w ith  a m odel in which m etal ions such 
as A l3+ or Fe2+ /F e 3+ are  continuously released from  th e  anode during the  
EC F treatm ent. These aluminum and iron ions react w ith water to  form m etal 
hydroxides [53]. Positively charged soluble m etal hydroxides bind to  the negative 
surface of th e  m icroalgal cells and  destabilize th e  m icroalgal suspension by 
charge neutralization. Insoluble m etal hydroxides can destabilize the microalgal 
suspension through a m echanism  known as sweeping flocculation, resulting in 
enmeshment of microalgae and insoluble precipitates [54]. For bo th  mechanisms, 
the inflection point of the sigmoidal curve corresponds to  the tim e required to 
produce a sufficient am ount of alum inum  or iron hydroxides to  destabilize the 
microalgal dispersion [123, 122].

Visual observation of the solution during the EC F process revealed the formation 
of insoluble m etal hydroxides, either as brown-green precipitates when using an 
iron anode, or as a milky precipitate when using an aluminum anode. The brown- 
green color of the  precipitates, formed when an  iron anode was used, suggests 
th a t Fe2+ rather th an  Fe3+ was released from the anode during ECF. The m etal 
hydroxide p recip ita tes interfered to  some ex ten t w ith  th e  spectrophotom etric 
quantification of microalgal biomass. O n the one hand, they  may have caused 
a residual tu rb id ity  in th e  solution after r¡a reached a p la teau  and therefore 
may have caused a slight underestim ation of the maximum r¡a • These insoluble 
m etal hydroxides also explain why in some cases negative recovery efficiencies 
were m easured prior to  the destabilization of the  microalgal suspension.

In F igure 3.1, th e  perform ance of a lum inum  and  iron electrodes is com pared. 
For b o th  Chlorella vulgaris and  Phaeodactylum tricornu tum , dispersion 
destabilization of the microalgal suspension occurred much faster w ith aluminum 
electrodes th an  w ith iron electrodes. The lower efficiency of the iron electrodes 
is probably due to  the  lower current efficiency generated by iron electrodes when 
compared to  aluminum electrodes [33, 209]. Also, iron hydroxides are relatively 
inefficient coagulants compared to  aluminum hydroxides [57]. In a study on the 
use of EC F for removal of microalgae from eutrophic surface waters, Gao et al.



RESULTS AND DISCUSSION 43

100

60 -

40 -

20  -

XX

-20
0 20 40 60 80 100

100
—o

60 -

40 -
r

20  -

-20
0 20 40 60 80 100

ECF time (min) ECF time (min)

F ig u re  3.1: M icroalgae recovery efficiency rja as function of E C F tim e using 
different electrodes. C onditions: (A) Chlorella vulgaris, (B) Phaeodactylum, 
tricornutum , 3mA cm - 2 , pH =  8, no stirring  and no sedim entation time.

(2010) also noted  a higher efficiency of alum inum  com pared to  iron electrodes 
[63]. Because of this higher efficiency, aluminum electrodes were selected as the 
anode m aterial in fu rther experim ents.

W hen samples were taken from the ECF reactor, destabilization of the microalgal 
suspension continued after sam pling. This is illu stra ted  for Chlorella vulgaris 
and Phaeodactylum tricornutum  in Tables 3.2 and 3.3, respectively. Particularly 
for samples collected at tim e points close to the inflection point of the sigmoidal 
curve, th is  continued coagu la tion-flocculation-sed im entation  of m icroalgae 
after sam pling resulted  in a su bstan tia l increase of rja, up to  25% over a 
period of 30 min. T his can be ascribed to  continued reaction betw een 
dissolved m etal hydroxides and  m icroalgal cells and to  th e  fact th a t  some 
tim e is needed for sedim entation of th e  floes. Because of th is  continued 
coagu lation-flocculation-sed im entation  after sam pling, ga was determ ined in 
further experim ents 30 min after sampling.

As electricity  is th e  driving force for th e  reactions occurring a t th e  anode, 
curren t density  is an im p o rtan t variable in th e  E C F process (Fig 3.2). For 
Chlorella vulgaris, curren t densities betw een 1.5-12 mA cm -2 were evaluated. 
It was not possible to  m ain tain  a lower current density in a stable way in the 
freshwater medium. For Phaeodactylum tricornutum, current densities between 
0.6-3 mA cm -2 were used. The use of higher current densities in the salt water 
medium resulted in the electrolytic form ation of NaCIO or bleach, which visually
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T a b le  3 .2 : M icroalgae recovery T a b le  3 .3 : M icroalgae recovery
efficiency r¡a (%) as function of efficiency r¡a (%) as function of
add itional sed im entation  tim e ST add itional sed im entation  tim e ST
for different ECF times. Conditions: for different ECF times. Conditions:
Chlorella vulgaris, 3 mA cm - 2 , pH Phaeodactylum tricornutum , 3 mA
=  8, no stirring. cm - 2 , pH =  8, no stirring.
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ST (min) 
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F ig u re  3 .2 : M icroalgae recovery efficiency rja in function of E C F tim e
using different curren t intensities. C onditions: (A) Chlorella vulgaris, (B) 
Phaeodactylum tricornutum , pH =  8, no stirring, sedim entation tim e =  30 min.

led to  th e  d isappearance of m icroalgae floes. T his bleach form ation was also 
reported  by Gao et al. (2010) and  should be avoided [64]. For bo th  Chlorella 
vulgaris and  Phaeodactylum tricornutum , th e  tim e required to  destabilize the 
m icroalgal suspension decreased w ith  increasing curren t density. To reach an 
rja of 95% for Chlorella vulgaris, 50 min ECF was required using 1.5 mA cm - 2 , 
while only 10 m in E C F was required using 12 m A cm - 2 . For Phaeodactylum  
tricornutum , an rja of 80% was reached after 30 min using a current density of 
0.6 mA cm - 2 , while only 10 min were required using 3 mA cm - 2 .

In Figure 3.3, the  influence of the initial pH on the EC F process is shown. For 
b o th  Chlorella vulgaris and  Phaeodactylum tricornutum , th e  efficiency of the
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F ig u re  3 .3 : M icroalgae recovery efficiency rja as function of E C F tim e using 
different pH levels. C onditions: (A) Chlorella vulgaris, (B) Phaeodactylum, 
tricornutum , 3 mA cm - 2 , no stirring, sedim entation tim e =  30 min.

process decreased w ith increasing pH. This influence of pH was more pronounced 
for Phaeodactylum tricornutum  th a n  for Chlorella vulgaris. It is well known 
th a t  pH is an  im p o rtan t variable in E C F [126], as it determ ines spéciation 
of alum inum  hydroxides in th e  solution [54, 73]. U nder acidic conditions, 
th e  form ation of positively charged m onom eric alum inum  hydroxides such 
as A l(O H )2+, or polym eric alum inum  hydroxide cations such as Al6(O H ) ^ ,  
Al7(O H )i+, Al8 (0 H )^+,A li3 0 4 (0 H)^+, and A1i3(OH)^+ is prom oted [33, 123]. 
These react w ith  th e  negatively charged surface of th e  m icroalgal cells and 
are able to  destabilize the  m icroalgal suspension by charge neutralization. At 
m ore alkaline pH levels, th e  form ation of th e  negatively charged alum inum  
hydroxide A l(O H ) 4  is prom oted, which will not react w ith  th e  negatively 
charged m icroalgal cells. U nder these conditions, coagulation-flocculation  of 
m icroalgal cells is p robably  m ostly  due to  sweeping coagulation-flocculation  
by insoluble alum inum  hydroxide A l(O H )3. In the ir study  on th e  use of EC F 
for removal of microalgae from eutrophic surface waters, Gao et al. (2010) also 
noted th a t a low pH had a positive effect on the recovery efficiency of microalgae 
during E C F [64]. Because of th is  positive effect of a low in itia l pH, an  initial 
pH value of 4 was used in all subsequent experim ents.

F igure 3.4 illustrates th e  influence of stirring  during th e  E C F process on rja. 
For an  increase in stirring  speed from 0 to  60 and 150 rpm , th e  tim e required 
to  achieve destab ilization  of th e  m icroalgal suspension decreased by alm ost 
a  factor two. A t th e  m axim um  stirring  speed of 200 rpm , however, th e  tim e
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F ig u re  3 .4 : M icroalgae recovery efficiency rja as function of E C F tim e at 
different stirring speeds. Conditions: (A) Chlorella vulgaris, (B) Phaeodactylum  
tricornutum , 3 mA cm - 2 , pH =  4, sedim entation tim e =  30 min.

required to  achieve destab ilization  increased again. P revious studies on E C F 
for o ther applications have also dem onstra ted  th a t  stirring  can improve the  
coagulation-flocculation efficiency [33]. Stirring improves the recovery efficiency 
by enhancing contact rates between the coagulants and the microalgal cells [122]. 
The highest stirring rate, however, probably caused break-up of microalgal floes 
due to  the high shear forces applied, resulting in a longer time needed to achieve 
a sim ilar recovery efficiency. Because th e  tim e needed to  achieve a m axim al 
rja was shortest for a stirring speed of 150 rpm , this stirring speed was used in 
subsequent experim ents.

The reproducibility of the ECF process was evaluated in a new set of experiments 
in trip le t, working under th e  following (optim al) experim ental conditions: 
A lum inum  anode, pH 4, sed im entation  tim e of 30 min, and stirring  speed 
of 150 rpm. For bo th  types of microalgae, the two lowest current densities from 
the range tested above were used (1.5 and 3 mA cm -2  for Chlorella vulgaris and 
0.6 and 1.5 mA cm -2 for Phaeodactylum tricornutum ). F igure 3.5 illustrates 
th a t, for bo th  species, the  tim e required to  in itia te  flocculation as well as the 
final recovery efficiencies are reproducible.
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F ig u re  3 .5 : (A and B) Microalgae recovery efficiency i]a, AÍ in (C and D) liquid 
phase, and (E and F) in residual biomass m easured using two different current 
densities. Conditions: (A, C, E) Chlorella vulgaris, (B, D, F) Phaeodactylum  
tricornutum , pH =  4, stirring speed =  150 rpm , sedim entation tim e =  30 min 
(n =  3).
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3.3.2 Accumulation of aluminum during ECF

During the above-mentioned experiment, we also investigated the accum ulation 
of alum inum  in bo th  the recovered microalgal biomass and in the liquid phase 
during th e  course of th e  E C F  process (Fig 3.5). As pred icted  by F arad ay ’s 
law, th e  concentration of alum inum  in b o th  th e  biom ass and  th e  liquid phase 
increased w ith tim e and with current density. Aluminum content in the recovered 
microalgal biomass was about twice as high a t the higher current density th an  
a t th e  lower curren t density. For b o th  species, th e  alum inum  content in the  
m icroalgal biom ass continued to  increase after th e  m axim al r¡a was reached, 
which can be ascribed to  continued p recip ita tion  of alum inum  hydroxides. In 
th e  experim ent w ith Chlorella vulgaris, a lum inum  concentration in th e  liquid 
phase was relatively high and  continued to  increase after th e  m axim al r¡a was 
reached. In Phaeodactylum tricornutum , on the contrary, the AÍ concentration 
in the liquid phase was much lower and appeared to  stabilize when the maximal 
r¡a was reached.

The difference in aluminum concentration in the w ater between the marine and 
freshwater species are most likely due to  differences in the chemical composition 
of the  freshwater and the seawater medium. The seawater medium contains high 
concentrations of sulphate anions. These sulphate anions are known to facilitate 
prec ip ita tion  of a lum inum  hydroxides [74, 54]. This probably  explains the  
low residual alum inum  concentrations in the  process w ater in the experim ents 
w ith  Phaeodactylum tricornutum . T he seaw ater m edium  also contains high 
concentrations of m agnesium  and  calcium  cations (Table 3.1). E lectrolytic 
release of hydroxyl anions a t the  cathode may lead to  high pH levels near the 
cathode. This is known to  cause prec ip ita tion  of carbonates and  hydroxides 
of calcium  and  m agnesium  [116, 193]. We m onitored calcium  and  m agnesium  
concentrations in the experim ents w ith Phaeodactylum tricornutum  a t a current 
density of 1.5 mA cm ~2. Calcium concentrations did not decrease appreciably in 
the medium during the course of the experiment but magnesium concentrations 
decreased by about 15%, suggesting th a t precipitation of magnesium carbonates 
or hydroxides did indeed occur. M agnesium  concentrations in th e  biom ass 
did not increase during th e  experim ent, m ost likely because m agnesium  was 
p rec ip ita ted  on th e  cathode. In long-term  operation , th is  may lead to  an 
increased current consum ption during the EC F process.

B oth  in the m arine and  the freshwater m edium , it is clear th a t the alum inum  
content in bo th  the water and the microalgal biomass can be kept low by using 
a lower current density. To avoid accum ulation  of excess a lum inum  in e ither 
th e  liquid phase, th e  biom ass, or b o th , E C F  should not be continued beyond 
the point where r¡a reaches the sa tu ra tion  phase. Taking this into account, the 
alum inum  content in th e  m icroalgal biom ass could be kept below 1% in the
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harvested  biom ass. In the  process w ater it could be kept below 2 mg L_1 for 
Chlorella vulgaris or 0.5 mg L _1 for Phaeodactylum tricornutum  in the  process 
water.

In th e  experim ents described in th is research, m icroalgae were coagulated- 
flocculated by aluminum hydroxides. This mechanism of coagulation-flocculation 
is com parable to  coagulation-flocculation of m icroalgae using alum inum  salts 
like alum. According to the literature [167], 80-250 mg alum L_1 corresponding 
to  7.2-23 mg Al L _1 is needed to  coagulate/flocculate a microalgal suspension. 
For harvesting Chlorella m inu tissim a , Papazi et al. (2009) used 750 mg L_1 
alum , which corresponds to  120 mg L_1 of a lum inum  [137]. If we assum e 
th a t only alum inum  oxidation occurred a t the  anode, we estim ated th a t in the 
experim ents in which the lowest current density was used, only 3.5 mg Al L _1 
was released in th e  experim ent w ith  Chlorella vulgaris and  1.7 mg Al L _1 in 
th e  experim ent w ith  Phaeodactylum tricornutum . This suggests th a t  E C F  is 
more efficient in term s of aluminum consum ption th an  coagulation-flocculation 
using alum. These findings coincide w ith the results of Cañizares et al. (2009) 
on the use of E C F  for trea tm en t of textile  w aters [34].

3.3.3 Power Consumption

The experim ental results indicated th a t similar microalgal recovery efficiencies 
could be ob tained  by applying a high current density during a short tim e 
as by applying a low curren t density  during a longer tim e. From  an  energy 
consum ption point of view, it is unclear which stra tegy  is best. Therefore, for 
th e  d a ta  presented in F igure 3.2, the  global power consum ption, expressed as 
kW h kg-1  dry  weight m icroalgal biom ass recovered during th e  E C F process 
was calculated using E quation  3.10 for each sam pling tim e (Tables 3.4 and  
3.5). For each EC F run, a point in tim e could be identified a t which the power 
consum ption per unit of microalgal biomass recovered was minimal. This point 
in tim e generally corresponded to  the  tim e a t which r¡a reached the sa tu ra tion  
phase. For Chlorella vulgaris, for instance, th is corresponded to  an  E C F tim e 
of 40 m in a t a curren t density  of 1.5 mA cm ~2 and  20 m in a t  6 mA cm ~2. 
For Phaeodactylum tricornutum , th is point in tim e was situa ted  a t 20 m in a t a 
current density of 0.6 mA cm ~2 and  3-5 m in a t 3 mA cm ~2.

These analyses clearly indicated th a t the m inimal power consum ption per unit 
of m icroalgal biom ass recovered is much lower if lower curren t densities are 
used th a n  when higher curren t densities are used. For Chlorella vulgaris,
1.3 kW h kg-1 recovered m icroalgae was consum ed a t a curren t density  of 
1.5 mA cm ~2 while 9.5 kW h kg-1  recovered m icroalgae was consum ed a t 
6 mA cm ~2. For Phaeodactylum tricornu tum , th e  difference was sm aller,
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T a b le  3 .4 : Power consum ption (kW h kg-1 dry weight recovered microalgae) 
using different current densities (CD) for Chorella vulgaris based on previous 
experim ent (Fig 3.2).

CD (mA cm 2) 10 20
E C F tim e (min) 
30 40 50 60 70 80

1.5 5.3 8.4 2.3 1.3 1.5 1.9 2.1 2.4
3 11.3 3.6 4.1 5.7 7.0 8.3 - -

6 13.4 9.5 14.1 - - - - -

12 25.4 34.3 - - - - - -
- =  no d a ta  available: E C F  process com pleted

T a b le  3 .5 : Power consum ption (kW h kg-1 dry weight recovered microalgae) 
using different current densities CD for Phaeodactylum tricornutum  based on 
previous experim ent (Fig 3.2).

CD (mA cm 2) 3
E C F tim e (min)

5 8 10 20 30
0.6 - - 0.4 0.2 0.3
1.5 - 1.1 0.4 0.5 0.8
3 0.4 0.4 0.5 0.5 0.8 1.7

- =  insufficient microalgae recovery achieved to  calculate realistic values

w ith  0.2 kW h kg-1  recovered m icroalgae consum ed a t 0.6 mA cm ~2, and  
0.4 kW h kg-1  recovered m icroalgae were consum ed a t 3 mA cm ~2. Previous 
studies, in which EC F was used to  remove microalgae from surface waters, have 
also indicated th a t the energy consum ption to  achieve coagulation-flocculation 
is lower when a lower curren t density  is used [63]. A lthough a higher current 
density thus leads to  a more rap id  coagulation-flocculation of th e  microalgae, 
the use of a low current density is more efficient, from an  energy consum ption 
point of view. It should be noted, however, th a t the use of a low current density 
requires relatively long reten tion  tim es of th e  w ater in th e  reactor. It is not 
unusual, however, to  use long reten tion  tim es in o ther applications of EC F 
[50, 208]. Nevertheless, the  reten tion  tim e should be taken into account when 
the process is applied a t an  industrial scale. A long retention tim e will require 
a larger reacto r to  process th e  sam e volum e of w ater. A long re ten tion  tim e 
may also influence the  quality of the algal biomass th a t is harvested.

For th e  experim ents depicted in F igure 3.5, th e  m inim um  value of th e  power 
consum ption was 2.1 kW h kg-1  of biom ass harvested  for Chlorella vulgaris 
and  0.2 kW h kg-1  of biom ass harvested  for Phaeodactylum tricornutum , a t a 
current density of 1.5 and  0.6 mA cm ~2, respectively. These d a ta  confirm the 
low power requirem ents of E C F , especially for th e  m arine species. T he lower
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power consum ption needed for the  m arine species is m ainly due to  the  higher 
conductivity of the m arine medium when com pared to  the freshwater medium, 
which results in a higher efficiency of the electrolytic release of alum inum  from 
the anode [96], bu t o ther phenom ena could also play a role here. M ouedhen et 
al. (2008) reported  th a t chloride ions present in seawater a ttack  the aluminum 
oxide layer formed on th e  surface of the  anode, thereby  enhancing th e  release 
of alum inum  from the  anode [126].

In existing m icroalgal p roduction  system s for high value applications, cen­
trifugation  is curren tly  th e  m ost com m only used technology for harvesting 
m icroalgae. For low value applications, however, th e  use of conventional 
centrifuges is not economically feasible [121]. Power consumption of conventional 
centrifugation has been estim ated a t 8 kWh m ~3 of microalgal suspension [48]. 
Assum ing a m icroalgal biom ass concentration  of 0.5 kg m ~3, which is typical 
for m icroalgal p roduction  system s and  com parable to  th e  m icroalgal biom ass 
concentration  used in our experim ents, th is  would correspond to  a power 
consum ption of 16 kWh kg-1  microalgal biomass recovered. The experim ents in 
this study indicate th a t, for the freshwater microalgae Chlorella vulgaris, power 
consum ption of EC F is an order of m agnitude lower th an  for centrifugation. For 
Phaeodactylum tricornutum , th e  difference is nearly  two orders of m agnitude. 
Because EC F is a complex process involving electrolysis, coagulation-flocculation 
and sedim entation/flotation, there is no straightforward approach for estim ating 
the challenges and costs associated w ith scaling-up of the  technology [88]. Pilot- 
scale tests are therefore required to  confirm w hether rates of power consumption 
can be extrapolated to  industrial scale EC F reactors, and to  estim ate additional 
costs of a full-scale setup. A n im portan t param eter th a t  will influence power 
consum ption in large-scale system s which was not investigated in th is  study  
is th e  distance betw een th e  electrodes, which has an  im portan t influence on 
power consum ption [88, 96]. Nevertheless, our results indicate th a t  E C F may 
be a prom ising technology for harvesting microalgae, in particu la r for species 
cultivated in seawater.

3.4 Conclusions

A lthough b o th  a lum inum  and  iron anodes achieved destabilization  of the  
m icroalgal suspensions, alum inum  anodes proved to  be more efficient. During 
E C F, Al3+ and  Fe2+ are released from  th e  sacrificial anode and  form  m etal 
hydroxides in th e  solution. D estabilization of th e  m icroalgal suspension was 
probably achieved through a combination of charge neutralization by positively 
charged m etal hydroxides and  sweeping coagulation-flocculation by insoluble 
m etal hydroxides. The efficiency of the  EC F process using aluminum as an  anode
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could be significantly im proved by reducing th e  in itial pH  and  by increasing 
th e  turbulence. It is also recom m ended to  include a sed im entation  period 
between E C F and  the removal of the  microalgal floes as destabilization of the 
microalgal suspension continues after removal of the microalgal suspension from 
th e  E C F reactor. A lthough higher curren t densities resu lted  in a m ore rap id  
destabilization of the microalgal suspension, this also resulted in a higher power 
consum ption and  release of a lum inum  from th e  sacrificial anode. Release of 
aluminum in the process water is lower, probably due to  enhanced precipitation 
of aluminum hydroxides related to  the presence of sulphates in seawater. W hen 
EC F is compared to  chemical coagulation-flocculation using alum, consumption 
of a lum inum  appears to  be lower when E C F  is used. Power consum ption of 
EC F was an order of m agnitude lower th an  centrifugation when applied to  the 
freshw ater m icroalgae Chlorella vulgaris and  nearly two orders of m agnitude 
lower when applied to  the marine microalgae Phaeodactylum tricornutum. ECF 
is therefore an a ttrac tive  technology for harvesting microalgae, particularly  for 
harvesting m arine microalgae.
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4.1 Introduction

Several studies have dem onstrated  th a t flocculation of microalgae can also be 
induced by increasing th e  m edium  pH, a phenom enon th a t  is often referred 
to  as ‘autoflocculation’. Golueke and  Oswald (1970) observed th a t microalgae 
in w aste stab ilisation  ponds flocculated on w arm  and  sunny days, when C 0 2 
was depleted and  th e  pH  increased [68]. M icroalgal suspensions are generally 
stabilised by a negative surface charge of the cells which is generated by carboxyl 
a n d /o r sulphate groups [81]. The fact th a t flocculation of microalgae occurs a t 
a high pH is therefore surprising, since the surface charge of microalgal cells is 
expected to  become more negative a t a high pH and flocculation is thus inhibited 
[103]. I t has been suggested th a t flocculation a t high pH is caused by chemical 
p rec ip ita tion  of calcium  a n d /o r  m agnesium  salts a t  a high pH  [167]. Indeed, 
Nurdogan and Oswald (1995) noted th a t autoflocculation did not occur in waters 
poor in calcium  and  m agnesium  [132]. T hey dem onstra ted  th a t  flocculation 
in such w aters could be induced by add ition  of lime. Sukenik and  Shelef 
(1984), on th e  o ther hand, suggested th a t  flocculation a t high pH was caused 
by prec ip ita tion  of calcium  phosphate  [176]. High phosphate  concentrations 
(0.1-0.2 mM) are  required  for th is process to  be effective. Lavoie and  De la 
Noüe (1987) could not induce flocculation of Scenedesmus in a m edium  th a t 
was low in phosphate, which supports the  role of calcium phosphate [103].

Although it appears from these previous studies th a t calcium an d /o r magnesium 
play a role in flocculation of m icroalgae a t high pH, there  is still uncerta in ty  
about the  general underlying mechanism. Moreover, the  practical implications 
and the potential for reducing the cost of harvesting microalgae have not been 
fully explored. T he goal of th is  s tudy  is therefore, (1) to  investigate th e  role 
of calcium  and  m agnesium  in th e  flocculation process, and  (2) to  evaluate 
th e  p ractical im plications for flocculation induced by high pH  for harvesting 
microalgae.

4.2 Materials and methods

4.2.1 Culturing of microalgae

We used Chlorella vulgaris (211-1 lb  SAG, G erm any) as a m odel species 
for investigating th e  m echanism  of and  p ractical im plications for th e  use of 
pH  induced flocculation in freshw ater m edium . C. vulgaris is a prom ising 
species for th e  production  of m icroalgal biom ass for food, feed or fuel, and  
is curren tly  intensively stud ied  [60]. C. vulgaris as cu ltu red  in dechlorinated
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T a b le  4 .1 : C oncentrations of th e  m ain ions in th e  m edium  used to  cu lture 
Chlorella.

Freshwater (mM)
Cl 1.7
Na 1.9
Mg 1.2
Ca 2.0
K 0.3
P 0.06
s o 4 1.3
C onductivity  (mS cm - 1 ) 0.8

ta p  w ater enriched w ith inorganic nu trien ts according to  the concentrations of 
the W right’s cryptophytes medium [79]. Table 4.1 shows the concentrations of 
th e  m ain ions in th is  m edium . T he m icroalgae were cu ltured  in 30 L bubble 
colum n photobioreactors th a t  were mixed by sparging w ith  0.2 /rm -filtered 
a ir (5 L m in- 1 ). G row th of th e  m icroalgae was m onitored by m easuring the  
absorbance at 550 nm. Flocculation experim ents were conducted at a microalgal 
density of approxim ately 0.5 g dry weight per litre.

4.2.2 General setup of flocculation experiments

Flocculation of the microalgal suspensions induced by high pH was investigated 
using ja r  te s t experim ents (n =  2). These experim ents were carried ou t in 
100 mL beakers th a t  were stirred  using a m agnetic stirrer. pH  was ad justed  
by addition of 0.5 M sodium hydroxide. The microalgal suspension was mixed 
intensively (1000 rpm ) for 10 m in during and ju s t after pH adjustm ent. Then, 
the suspensions were mixed gently (250 rpm) for another 20 min, after which they 
were allowed to  settle for 30 min. The flocculation efficiency r¡a was estim ated 
by comparing absorbance a t 550 nm between the pH -adjusted trea tm ent and  a 
control treatm ent. Samples (3.5 mL) were collected in the middle of the clarified 
zone. The flocculation efficiency r¡a was calculated as:

ODi — CD  f

* = — id d t -  (4'1}
where OD¿ is the optical density of the suspension after 30 m in sedim entation 
w ithout pH adjustm ent, and ODƒ is the optical density of the  suspension after 
the complete trea tm ent.
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4.2.3 The role of magnesium and calcium

Flocculation induced by high pH was tested a t different pH levels between 9 and 
12. To unequivocally dem onstrate the role of bivalent cations in the flocculation 
process, we tested  if flocculation induced by high pH  could be inhibited  by 
add ition  of EDTA (10 m M ), a chelating agent th a t  can sequester polyvalent 
cations. This was done a t the three pH levels where flocculation occurred (pH 
11, 11.5 and 12).

To investigate th e  fate of calcium  and  m agnesium  during pH  increase, we 
m onitored concentrations of these cations in th e  dissolved and particu la te  
phase before and  a fte r pH  induced flocculation a t pH 11. C oncentrations 
of cations in th e  dissolved phase were m easured after rem oval of algal cells 
by centrifugation followed by filtra tion  over W hatm an  G F /C  glass microfibre 
filters. C oncentrations in th e  particu la te  phase were m easured in th e  pellet 
ob tained  during centrifugation. T he pellet was first dried a t 100 °C for 24 h, 
then  incinerated a t 450 °C for 24 h and the ashes were dissolved quantitatively 
in HNC>3:HC1 1:1. C alcium  and  m agnesium  concentrations were m easured 
using Inductively Coupled P lasm a O ptical Emission Spectrom etry  (ICP-O ES, 
Jobin-Y von U ltim a, H oriba Scientific) and  a mass balance was constructed . 
In addition  to  these m easurem ents, we calculated the  sa tu ra tio n  index (SI) of 
C a3( P 0 4)2, C a C 0 3, C aM g(C 03)2, C a S 0 4 and M g(OH)2 at different pH levels 
between 10 and 11.5 using PH R EEQ C  version 2 (USGS, USA) to  estim ate the 
influence of pH  on precip itation  of different calcium and  m agnesium  salts.

To fu rther investigate th e  relative im portance of calcium  and  m agnesium  in 
th e  flocculation process, we tested  w hether flocculation a t  high pH  could be 
induced in a m edium  lacking calcium  or m agnesium . To do so, Chlorella 
was separated  from the  m edium  using centrifugation and  resuspended in fresh 
medium lacking calcium and magnesium. Prelim inary experim ents dem onstrated 
th a t concentration of Chlorella using centrifugation and subsequent resuspension 
in th e  original m edium  had  no influence on flocculation induced by high 
pH. In a first series, Chlorella cells were resuspended in a m edium  lacking 
m agnesium  and  containing different calcium  concentrations ranging betw een 
0 and  2.5 mM. In a second series, calcium  was om itted  and  m agnesium  was 
added in concentrations ranging between 0 and 1.5 mM. The range of calcium 
and  m agnesium  concentrations used encom passed th e  range of calcium  and  
m agnesium  observed in typical surface w aters [30].



RESULTS AND DISCUSSION 57

4.2.4 Practical implications of using flocculation induced by 
high pH for harvesting microalgae

The efficiency of several widely available bases (sodium  hydroxide, po tassium  
hydroxide, calcium hydroxide, magnesium hydroxide and sodium carbonate) was 
compared for flocculation induced by high pH. We gradually added a 0.5 M base 
solution to  100 mL beakers filled w ith a Chlorella suspension and  m onitored 
the increase in pH until coagulation could be visually observed. We estim ated 
th e  ra tio  of base over m icroalgal biom ass required  for flocculation based on 
th e  quan tity  of base added and  th e  biom ass concentration  of Chlorella in the  
medium.

We also investigated the influence of the pH increase on the viability of the cells. 
F irst, cell num bers were com pared before and  after flocculation. Flocculation 
tests were done by increasing the pH to 12, resulting in a flocculation efficiency 
of 99%. T he m edium  was removed, th e  particu la te  phase was resuspended in 
distilled water, neutralised (pH 6.5) and stirred a t 550 rpm for 60 min, resulting 
in a com plete dissolution of th e  floes and  resuspension of th e  algal cells. Cell 
num bers were determ ined by counting intact cells using a Bürker count chamber. 
A m inim um  of 200 algal cells were counted in duplicate  giving a counting 
error of m axim um  5%. Average cell num bers before and after flocculation and 
resuspension were com pared using a t- te s t w ith  equal variances (as checked 
w ith  an  F -test; S igm aplot 11, S ysta t Software, Inc.). Secondly, th e  quan tum  
yield of photosystem  II of th e  m icroalgal cells was com pared before and  after 
flocculation by pH  increase (pH 10.5, 11, and  12). T he quan tum  yield was 
m easured after 20 m in of dark  ad ap ta tio n  of th e  cells using a PSI A quaPE N  
PAM  fluorom eter (sam ple size =  3.5 mL; n =  3). T he q u an tum  yield is a 
sensitive indicator for stress in microalgae [43].

4.3 Results and discussion

4.3.1 The role of magnesium and calcium

T he influence of pH  on flocculation efficiency was tested  in a pH range from 
9 to  12 (Fig 4.1 -  pH trea tm en t). No flocculation occurred up to  pH 10.5. 
A t pH 11, a flocculation efficiency of 75% was observed. A t pH 11.5 and  12, 
the  flocculation efficiency exceeded 95%. This indicates th a t Chlorella can be 
flocculated efficiently by increasing the pH of the culture to  11. This observation 
is in agreem ent w ith previous studies [21, 201].
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F ig u re  4.1: Flocculation efficiency rja of Chlorella vulgaris as a function of pH 
in trea tm en ts w ith and w ithout EDTA (0.5 M).

Several studies have suggested th a t bivalent cations such as calcium  and 
m agnesium  play a role in the  flocculation process a t high pH [132, 167]. We 
w anted to  unequivocally confirm  the  role of calcium  a n d /o r  m agnesium  in 
pH-induced flocculation by addition of EDTA to  remove bivalent cations from 
solution at pH levels 10.5, 11 and 12 (Fig 4.1 -  pH treatm ent +  EDTA). Addition 
of EDTA resulted in a strong and significant decrease in the flocculation efficiency 
T}a a t the three pH levels tested, confirming th a t bivalent cations such as calcium 
an d /o r m agnesium  are indeed involved in flocculation a t high pH.

To evaluate w hether flocculation a t high pH was re la ted  to  p rec ip ita tion  of 
calcium an d /o r magnesium, we m onitored both  cations in the dissolved (medium) 
and particulate (biomass) phase before and after flocculation at pH 11 (Fig 4.2). 
Before flocculation, 97% of magnesium and 41% of calcium was in the dissolved 
phase. A fter flocculation, only 41% of the  m agnesium  and 6% of the  calcium 
was in the dissolved phase. This indicates th a t during flocculation, precipitation 
of bo th  calcium and m agnesium occurred. The fact th a t a substantial fraction 
of the calcium was already found in the particulate phase before the increase of 
pH to  11 suggest th a t some precipitation may already have occurred, probably 
due to increases in pH as a result of photosynthetic depletion of carbon dioxide. 
This observed p rec ip ita tion  of calcium  and m agnesium  is in agreem ent w ith  
predictions of the  P H R E E Q C  m odel, which indicates th a t a t pH 11 b o th  
calcium  and  m agnesium  are expected  to  p rec ip ita te  as calcium  carbonate , 
calcium magnesium carbonate, calcium phosphate and magnesium hydroxide.

I pH treatment
I pH treatment +10ml EDTA (0.5M)

10.5

PH
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F ig u re  4.2: Mass balance of calcium (A) and magnesium (B), before treatm ent 
(BF) and  after flocculation trea tm en t (AF) a t pH  11 for the  dissolved phase 
and the  particu late  phase.

We th en  evaluated  w hether p rec ip ita tion  of calcium  and  m agnesium  salts 
separately were capable of inducing flocculation of the Chlorella suspension. We 
therefore isolated Chlorella cells from the growth medium and resuspended them  
in fresh m edium  lacking either calcium  or m agnesium  or bo th  and  quantified 
the  flocculation efficiency r\a a t pH  10.5, 11 and  12. W hen Chlorella was 
resuspended in m edium  lacking b o th  calcium  and  m agnesium  r\a was low a t 
all pH  levels (<20% ) (Fig 4.3, control). This confirms the  results of the  
EDTA addition experiment th a t calcium an d /o r magnesium are essential for the 
occurrence of flocculation at high pH. W hen calcium was added to the medium 
a t concentrations ranging between 0.025 and 2.5 mM (Fig 4.3A), r]a rem ained 
low (<20%) at all pH levels. This indicates th a t, although calcium precipitated, 
it did not induce flocculation. In a similar experim ent, m agnesium  was added 
to  the  medium  at concentrations between 0.015 and 1.5 mM. At a magnesium 
concentration  of 0.015 mM , the  flocculation efficiency was below 20% a t the  
th ree  pH levels. At a concentration  of 0.075 mM , the  flocculation efficiency 
increased w ith pH, being about 25% at pH 10.5 and close to  85% at pH 12. At 
m agnesium levels of 0.15 mM or higher, the flocculation efficiency was between 
90% and  100% a t the  th ree  pH levels tested . This indicates th a t in contrast 
to  calcium, m agnesium  precip ita tion  was capable of inducing flocculation of 
Chlorella.
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control 0.025 0.125 0.25 1.25 2.5

Ca (mM)

control 0.015 0.075 0.15 0.75 1.5

Mg (mM)

F ig u re  4 .3 : Flocculation efficiency r¡a of Chlorella vulgaris a t three pH levels as 
a function of the calcium concentration (A) and the magnesium concentration (B) 
in the medium. Control treatm ent is w ithout addition of calcium or magnesium.

T he DLVO theory  sta tes  th a t  suspensions are stabilised by surface charges 
of the  particles [26]. In the  case of m icroalgal cells, the  surface charges are 
negative. The balance betw een the  e lectrostatic  repulsion and  the  Van der 
W aals a ttra c tio n  can be shifted tow ards a ttrac tio n , causing coagulation and 
flocculation through several mechanisms. F irst of all, flocculation can result from 
an increase in medium ionic strength, which causes double layer compression. It 
is unlikely th a t this mechanism was involved in our experiments, as the change 
in ionic strength caused by pH increase is limited. Furtherm ore, this mechanism 
cannot explain the observed differences in flocculation behaviour upon addition 
of calcium versus magnesium. A nother possible mechanism can be a reduction 
in surface charge of the  m icroalgae. However, as m icroalgae generally carry 
a negative surface charge, an  increase in pH  will cause an  increase in surface 
charge ra ther than  a decrease, excluding this mechanism as a possible cause for 
flocculation induced by high pH.

In contrast, we propose th a t flocculation in our experim ents was caused by a 
th ird  mechanism, being charge neutralisation. During pH increase, magnesium 
hydroxide or b rucite  is formed. In  brucite , some of the  bivalent m agnesium  
cations in the crystal structure are replaced by trivalent cations such as iron or 
aluminium, resulting in a layered double hydroxide crystal th a t carries positive 
charges [2]. These positive charges probably  neutralise the  negative surface 
charge of the microalgal cells, reducing the energy barrier between cells and thus 
causing destabilisation and subsequent flocculation of the microalgal suspension.
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In w astew ater trea tm en t, p rec ip ita tion  of m agnesium  hydroxides a t  high pH 
is indeed som etim es used as an  a lte rna tive  for m etal coagulants or syn thetic  
polymeric flocculants to  remove po llu tan ts from w astew ater [108, 164].

Although calcium also precipitated when pH was increased, this precipitation did 
not appear to  induce flocculation of Chlorella. Calcium may have precipitated as 
calcium carbonate or calcium phosphate. In contrast to  magnesium hydroxide, 
calcium  carbonate  crystals are not charged and  are thus unlikely to  induce 
coagulation by charge neutralisation . O n th e  o ther hand, Sukenik and  Shelef 
(1984) dem onstra ted  th a t  flocculation of m icroalgae a t high pH  was related  
to  prec ip ita tion  of calcium  phosphate  [176]. T hey found th a t  th e  calcium  
phosphate  p rec ip ita te  had  a positive surface charge, inducing flocculation 
th rough  charge neu tralisation , sim ilar to  th e  m echanism  proposed here for 
magnesium hydroxide. A concentration above 0.1 mM phosphate was required 
to  induce flocculation at high pH. It should be noted th a t in our experiments, the 
phosphate concentration before the flocculation trea tm en t was only 0.006 mM. 
Therefore, calcium phosphate precipitation  was probably insufficient to  induce 
flocculation. Possibly, a t higher phosphate concentrations, calcium  phosphate 
precip itation plays a more im portan t role in flocculation induced by high pH.

4 .3 .2  P rac tica l im plications o f  using f locculation  induced by 
high pH for harvesting  m icroalgae

Because flocculation of m icroalgae induced by high pH  is correlated  to  
prec ip ita tion  of m agnesium , th e  m echanism  is dependent on th e  presence of 
magnesium in the growth medium. As magnesium is removed from the medium 
during flocculation, this may also have implications for the recycling of process 
w ater, which is required for sustainab le  cultivation of m icroalgae and  th e ir 
products. W hen Chlorella was flocculated induced by high pH, the magnesium 
concentration in the medium was reduced from an initial concentration of 1 mM 
to a final concentration of 0.35 mM. As we showed th a t a minimum concentration 
of abou t 0.15 mM of m agnesium  is required to  induce flocculation a t high pH, 
th is m eans th a t repeated  re-use of the  w ater may lead to  gradual depletion of 
m agnesium , resulting  in a failure of pH induced flocculation. Consequently, 
m agnesium  addition  will be required from tim e to  time.

Based on th e  mass balance in Fig 4.2, per 100 mL of m icroalgal culture, 1.2 
mg of m agnesium  is transferred  to  th e  particu la te  phase a fte r flocculation, 
which resu lts in an  increase of 30 mg Mg g_1 biom ass dry  weight. However, 
if the  m agnesium  concentration in the  m edium  is higher, the concentration of 
m agnesium  hydroxide th a t  p recip ita tes is also likely to  be higher. F u rther 
research is required  to  evaluate w hether th is may interfere w ith specific
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T a b le  4 .2 : Com parison of the  use of four bases to  induce coagulation a t high 
pH.

NaOH KOH C a(O H )2 M g(O H )2
p H  c o a g u l a t i o n 10.8 10.8 10.8 9.7
F inal base concentration 5.75 8.00 4.00 11.5
(mM)
R equired am ount of base 9 12 18 27
(mg g_1 biomass)

applications of th e  m icroalgal biom ass (e.g. as anim al feed) or w ith fu rther 
processing of the  biomass.

H arvesting of m icroalgae induced by high pH requires th e  add ition  of a base 
to  raise th e  pH. A lthough we used sodium  hydroxide to  increase pH  in our 
experim ents, o ther bases may be cheaper or safer to  use in an  industria l 
environm ent. We thus te s ted  w hether o ther bases could be used to  induce 
flocculation (Table 4.2). Sodium  carbonate  failed to  induce flocculation, even 
when pH was increased to  well above 11 (data  not shown). Potassium  hydroxide 
and calcium hydroxide induced flocculation at the  same pH as sodium hydroxide 
(pH 10.8). T he lowest q uan tity  of base was required  for sodium  hydroxide 
(9 mg g_1 biom ass), followed by po tassium  hydroxide (12 mg g_1 biomass) 
and  calcium  hydroxide (18 mg g_1 biom ass). M agnesium  hydroxide induced 
flocculation a t a lower pH th an  the o ther bases (pH 9.7) bu t a relatively large 
quantity  of base was required (27 mg g_1 biom ass). In industrial applications, 
b o th  th e  low cost and  th e  low risk would favour calcium  hydroxide or slaked 
lime over th e  o ther bases tested . A ssum ing a cost of 150$ to n -1  slaked lime, 
flocculating microalgae induced by high pH would cost approxim ately 18$ to n -1 
biomass. Obviously, the sludge obtained after flocculation should be dewatered 
fu rther using centrifugation. In our experim ents w ith  Chlorella, flocculation 
induced by high pH could be used to  concentrate m icroalgal suspensions by a 
factor of about 50, which implies a large reduction in the  electricity consumption 
during centrifugation.

An alternative to the use of lime may be to induce an increase in pH by intense 
microalgal photosynthesis. In cultures of Phaeodactylum, Spilling et al. (2011) 
observed th a t flocculation occurred w ithout addition of base when C 0 2 supply 
was in te rru p ted  and  pH increased to  9.5 as a result of photosynthesis [172]. 
Nurdogan and Oswald (1995) also noted th a t flocculation of microalgae in high 
ra te  algal ponds occurred during w arm  and  sunny days, when low solubility 
of C 0 2 and  high pho tosynthetic  up take of C 0 2 resu lted  in a high pH. M ore 
research is required to  investigate w hat conditions favour a n a tu ra l increase 
in pH  in m icroalgal cultures up to  a po in t th a t  p rec ip ita tion  of m agnesium
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T a b le  4 .3 : Cell num bers for u n trea ted  m icroalgae (control) and  m icroalgae 
after flocculation a t pH 12 (AF pH 12).

Control A F (pH 12) p (a  =  0.05)
Cell num ber ö .lO xlO 7 ±  2 .1 2 x l0 6 
(#cells m L- 1 )

5 .1 5 x IO7 ±  1 .1 4 x IO6 0.034

hydroxides occurs.

The use of flocculation induced by high pH for harvesting microalgae may have 
as advantage th a t  th e  high pH  effectively sterilises th e  m icroalgal biom ass as 
well as the  process water. This may be advantageous when microalgae are used 
in w astew ater trea tm en t, as the  high pH may kill pathogenic m icroorganism s 
[164],

Care should however be taken th a t the high pH does not destroy the microalgal 
cells, as th is  may resu lt in loss of useful b ioproducts from  th e  biom ass. To 
evaluate w hether th e  high pH  causes cell lysis of Chlorella , th e  cell num bers 
were compared before and after flocculation by pH increase to  pH 12 (Table 4.3). 
A lthough a significant decrease in cell num bers was detected upon flocculation 
(p =  0.034; a =  0.05), it is clear th a t  th e  m ajor p a rt of th e  m icroalgal cells 
was still in tac t (>85% ). Secondly, we m easured th e  m axim um  quan tum  yield 
of photosystem  II in Chlorella biom ass a fte r flocculation induced by high 
pH  using lime. We did not notice a significant decrease in th e  m axim um  
quantum  yield as long as pH rem ained below 12. The results of b o th  m ethods 
suggest th a t  the  loss of useful bioproducts will m ost likely be minim al. Using 
light microscopy, Knuckey et al. (2006) also did not observe any apparen t 
deterioration of microalgal biomass harvested after pH increase. B ut an  earlier 
study  by B lanchem ain & G rizeau (1999) noted  th a t  cell lysis occurred after 
1 h a t  pH 10.2 for Skeletonem a costatum  based on colour change of th e  algal 
cu ltu re  from brown to  green [99, 20]. Taken together, these findings suggest 
th a t operation tim e will be an  im portant process param eter to  take into account 
in the development of a pH induced harvesting process for microalgae. However 
m ore exact and  standard ized  m ethods to  m easure cell lysis are needed for an 
in-depth  and  quantita tive analysis of its influence on the cell viability.
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4.4 Conclusions

O ur experim ents dem onstra te  th a t  th e  term inology ‘au toflocculation’ is 
m isleading because flocculation induced by high pH  is not re la ted  to  changes 
in properties of th e  m icroalgal cells, b u t is a form  of chemical flocculation in 
which precipitation of magnesium is involved. Flocculation induced by high pH 
is a potentially  useful m ethod to  preconcentrate microalgal biomass. However, 
the m ethod depends on sufficiently high magnesium (>0.1 mM) concentrations. 
From  a cost as well as safety perspective, pH is best increased using calcium  
hydroxide. Further research regarding the im pact of pH induced flocculation on 
cell viability and recycling of process w ater is needed.
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Influence of organic matter 
generated by 
vulgaris on five different 
modes of flocculation

A dapted from: Vandam m e D, Foubert I, Fraeye I, M uylaert K. 2012. Influence of organic 
m a tte r  g enera ted  by  C hlorella  vu lgaris  on  five different m odes o f flocculation. B ioresource 
Technology, 124, 508-511.
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5.1 Introduction

P rim ary  concentration of m icroalgae can be achieved by flocculation, a 
phenom enon which can be induced by th e  addition  of polyvalent m etals such 
as alum inum  sulfate (alum) or ferric chloride, or by electrochem ical release of 
m etal ions from  a sacrificial anode in electro-coagulation flocculation (EC F) 
(C hapter 3). Alternatively, cationic biopolymers, such as chitosan or the cheaper 
a lternative  cationic starch  (C hap te r 2), can be used. Finally, flocculation of 
microalgae can be induced by increasing the pH, which leads to  precipitation of 
magnesium hydroxides which act as a flocculant (Chapter 4). Polyvalent m etal 
ions, cationic polym ers and  m agnesium  hydroxides precip itates carry positive 
charges th a t  in teract w ith the  negative surface charge of m icroalgal cells and  
induce flocculation by charge neu tralization  a n d /o r bridging.

D uring cultivation, m icroalgae release significant am ounts of algal organic 
m a tte r  (AOM ). In m icroalgae cultivation system s, m icroalgae can excrete 
up to  17% of fixed carbon, which can am ount to  60-80 mg C L_1 in closed 
photobioreactors [90]. This AOM comprises a wide range of com pounds such 
as proteins, n eu tra l and  charged polysaccharides, nucleic acids, lipids and  
sm all molecules, b u t polysaccharides com prise th e  m ajor fraction [127]. It is 
well-known th a t AOM interferes w ith th e  removal of particu la tes using m etal 
coagulants in the  production of drinking water, where concentrations of AOM 
are much lower th an  in algal production  system s (0.1-1.5 mg C L_1; [15, 87]). 
L ittle is known abou t the possible interference of high concentrations of AOM 
present in dense algal cultures w ith flocculation-based harvesting of microalgae. 
I t was dem onstrated for the cyanobacterium  Aphanotece [39] and for the green 
alga Chlorella zofingiensis [204] th a t  excreted polysaccharides resulted  in an 
increased dose of m etal coagulant needed to  induce flocculation. No publications 
have focused on interference w ith o ther flocculants. Therefore, in th is chapter, 
th e  influence of AOM on flocculation of Chlorella vulgaris using five different 
flocculation technologies was evaluated.

5.2 Materials and methods

5.2 .1  C ultivation  o f  Chlorella vulgaris

C. vulgaris (211-1 lb  SAG, G erm any) was used as a m odel species and  was 
cultured in dechlorinated tap  water enriched w ith inorganic nutrients according 
to  the concentrations of the W right’s cryptophyte medium [79]. The microalgae 
were cu ltu red  in 30 L bubble colum n photobioreactors in which th e  cultures
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were mixed by sparging w ith  0.2 /rm -filtered a ir (5 L m in- 1 ). G row th of 
th e  m icroalgae was m onitored by m easuring th e  absorbance a t 550 nm  [75]. 
M icroalgal dry weight was determ ined gravim etrically  by filtra tion  using 
W hatm an glass fiber filters (Sigma-Aldrich) and drying at 105°C until constant 
weight. All flocculation experim ents were perform ed in th e  early sta tio n ary  
growth phase a t a biomass concentration of 0.25 g L _1.

5 .2 .2  G eneral s e tu p  o f  f locculation exp er im en ts

To investigate th e  relative im portance of AOM  in th e  flocculation process, 
flocculation of Chlorella was com pared in medium w ith and  w ithout AOM. To 
remove AOM, Chlorella was separated  from th e  m edium  using centrifugation 
(4,000g) and  resuspended in fresh W righ t’s cryp tophy te  m edium . AOM  
concentration in the original medium and in the fresh medium w ith resuspended 
m icroalgae was estim ated  th rough  m easurem ent of th e  to ta l carbohydrates, 
which com prise th e  m ajor fraction of th e  AOM  [127]. C arbohydrates were 
m easured using the phenol-sulfuric acid m ethod [55]. C arbohydrate content in 
the original medium was 5 mg C L-1 and this was reduced to  only 0.5 mg C L-1 
in th e  fresh m edium  w ith resuspended microalgae. P relim inary  experim ents 
dem onstrated  th a t centrifugation and resuspension of Chlorella in the original 
m edium  had no influence on flocculation, confirm ing th a t  these operations 
themselves did not affect the  results.

Five flocculation m ethods were evaluated and  th e  flocculant dem and for 
Chlorella was com pared in th e  presence and  absence of AOM: alum , electro­
coagulation-flocculation  (E C F), chitosan, cationic starch  and  pH -induced 
flocculation. For EC F, the setup described in Section 3.2.2 was used. In short, 
th is setup consisted of a 1 L rectangular PVC reactor w ith an  aluminum anode 
and an inert titanium  oxide cathode and a power supply controller (EHQ Power 
PS3010 DC). Current density in the experim ents was set a t 1.5 mA cm - 2 . Metal 
release was directly proportional to  the operation time, as s ta ted  by F araday’s 
law. The flocculation efficiency r¡a was estim ated  by com paring absorbance at 
550 nm  betw een the  flocculation trea tm en t and  a control. Samples of 3.5 mL 
were taken  every 5 min in th e  m iddle of th e  clarified zone and optical density 
was measured after 30 m in of sedim entation. The flocculation efficiency r¡a was 
calculated as:

_  O D j  O D f  . .
Va ~  O D i

where OD¿ is the optical density of the suspension after 30 m in sedim entation 
without flocculation treatm ent, and ODy is the  optical density of the suspension
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after the  com pleted flocculation trea tm en t.

The four other flocculation mechanisms were assessed using ja r  test experiments. 
For each m ethod, the flocculation efficiency was estim ated at different flocculant 
doses. For alum, the pH was adjusted  using 0.5 N HC1 to 5.5 prior to  addition 
of th e  coagulant. A solution of 0.015 M A12(S 0 4)3 • 18H 20  (Sigm a Aldrich) 
was added and  th e  pH  was im m ediately re-ad justed  to  5.5. For flocculation 
using chitosan (from crab shells, practical grade, Sigma Aldrich), the pH of the 
suspension was re-adjusted to  7.5. A solution of 5 g L _1 chitosan in 0.01 M HCl 
was used. For cationic starch flocculation, a stock solution of 10 g L _1 Greenfloc 
120 (H ydra 2002 Research, H ungary) was prepared. The pH was not adjusted, 
as it has been shown th a t flocculation efficiency is not pH -dependent (Section 
2.3). For pH -induced flocculation, 0.5 N NaO H  was used to  increase th e  pH. 
T he ja r  te s t experim ents were carried ou t in 100 mL beakers whose contents 
were s tirred  using a m agnetic s tirrer. D uring add ition  of th e  flocculant, the  
microalgal suspension was intensively mixed (500 rpm ) for 10 m in followed by 
gentler mixing (250 rpm ) for an additional 20 min. Subsequently, the suspension 
was allowed to  settle for 30 min. In order to  estim ate the flocculation efficiency 
7]a, sam ples (3.5 mL) were collected in th e  m iddle of th e  clarified zone and  
absorbance a t 550 nm  was m easured. The flocculation efficiency r¡a was again 
calculated according to  Equation 5.1.

5.3 Results and discussion

The dose response curves of Chlorella cells in their original medium containing 
AOM  and  resuspended in fresh m edium  w ithou t AOM  are presented  in Fig 
5.1. To facilitate comparison between different treatm ents, the dose required to 
achieve 85% flocculation efficiency (D85 %) was estim ated from each dose response 
curve. For each of th e  five flocculation technologies tested , 85% flocculation 
efficiency (D85%) was achieved a t  a much lower dose in th e  m edium  w ithout 
AOM  th a n  in th e  m edium  w ith  AOM. For alum , D85% was only 20 mg L_1 
in th e  absence of AOM  and  115 mg L_1 in th e  presence of AOM . For EC F, 
flocculation occurred after 5 m in in th e  absence of AOM (electricity dem and: 
0.2 kW h kg-1  biom ass) and  after 25 m in in th e  presence of AOM  (electricity 
dem and: 1.2 kW h kg-1  biom ass). For chitosan, (D85%) was 8 mg L _1 in the  
absence of AOM and 75 mg L_1 in the  presence of AOM. For cationic starch, 
D 85 % increased from 20 mg L_1 in th e  absence of AOM  to  90 mg L _1 in the  
presence of AOM. Finally, when pH-induced magnesium hydroxides precipitation 
was used to  flocculate Chlorella, flocculation occurred at pH 10.5 in the  absence 
of AOM (requiring 22 mg L _1 NaOH) and a t pH 11.5 in the  presence of AOM 
(requiring 49 mg L _1 NaOH). The doses required to  induce flocculation in the
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F ig u re  5 .1 : Dose response curves for different flocculation m ethods: for 
Chlorella vulgaris in original (A O M +) m edium  and resuspended (AOM-) in 
fresh medium: (A) alum , (B) EC F, (C) cationic starch, (D) chitosan, (E) pH 
induced flocculation.

Chlorella cells in their original medium were in the range of the doses mentioned 
in previous studies [184, 186, 188], while the doses required after resuspension 
in the fresh m edium  were generally much lower.

Flocculation induced by alum required six times higher doses in the presence of 
AOM. For ECF, in which aluminum ions were released from a sacrificial anode, 
D 85 % was expressed as a function of energy consum ption, which is d irectly  
p roportional to  operation  tim e. T he 5-fold increase in energy consum ption 
needed to  achieve flocculation in the  presence of AOM  using E C F was in 
accordance to  the  6-fold increase of the  alum  dosage for the  alum  flocculation 
m ethod. T his outcom e is not surprising, as E C F releases alum inum  directly  
proportional to  current density and operation tim e and flocculation by EC F is 
thus essentially based on the same underlying mechanism as alum  flocculation. 
It is well-known from studies on w ater trea tm en t th a t AOM interferes w ith  
flocculation using m etal coagulants such as alum  and ferric chloride [14, 87]. 
B ernhardt et al. (1989) showed th a t AOM contains extracellular polysaccharides 
w ith negatively charged carboxyl groups th a t interact with the positively charged
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m etal coagulants making them  unavailable for microalgae flocculation and thus 
resulting in a higher coagulant dem and [15]. B oth the num ber and position of 
these carboxyl groups and the size of the  polysaccharide polymers influence the 
interaction  w ith m etal coagulants [15, 87]. In addition, the protein  fraction of 
th e  AOM can form  complexes w ith th e  m etal coagulants, again m aking them  
unavailable for flocculation of th e  m icroalgae and  thus resulting  in a higher 
coagulant dem and [143, 177]. B ernhard t et al. (1989) showed th a t  even low 
concentrations of AOM (a few mg C L_1) resulted in a strong increase in the  
coagulant dem and. C om pared to  these low concentrations in surface w ater 
systems, AOM concentration of Chlorella cultivated in closed photobioreactors 
is a t least an order of magnitude higher [90]. Therefore, it is no surprise th a t the 
alum dem and and  EC F energy consum ption increased strongly in the presence 
of AOM.

T he present results showed th a t  AOM  also interferes w ith  flocculation using 
cationic biopolymers such as chitosan and cationic starch. Cationic biopolymer 
flocculants m ay in terac t w ith oppositely  charged polyelectrolytes w ith in  the  
AOM, such as carbohydrates and proteins. Interference by AOM was particularly 
im p o rtan t for chitosan, w here a 9-fold increase in th e  flocculant dose was 
observed. For cationic starch, the increase was slightly lower (5-6-fold). Possibly, 
the difference is related to  differences in the  threedim ensional structure  of both  
cationic biopolym ers [27]. O verdosing cationic starch  leads to  a decrease in 
th e  flocculation efficiency. This phenom enon of dispersion restab ilization  is 
commonly observed w ith polyelectrolyte flocculants, including cationic starch 
and  is p robably  th e  result of steric hindrance a n d /o r  e lectrosta tic  repulsion 
[186],

The present results dem onstrated th a t AOM also interferes w ith flocculation by 
m agnesium  hydroxide precip itates formed a t a high pH. Lee et al. (1998) also 
showed th a t flocculation induced by high pH in cultures of Botryococcus braunii 
was affected by growth stage [106], which is also known to have an influence on 
the am ount of AOM [89]. Com pared to  the other flocculation technologies, the 
dose of sodium hydroxide required to  induce flocculation was only about 2-fold 
higher in the presence of AOM. The reason for th is is not clear. Possibly, it is 
due to the fact th a t sodium hydroxide is not the prim ary flocculant, but induces 
prec ip ita tion  of m agnesium  hydroxides which ac t as th e  flocculant [184, 197]. 
As precipitation of magnesium hydroxides increases non-linearly w ith pH [108], 
a lim ited increase in the am ount of base added may result in a strong increase 
in m agnesium  hydroxide precipitates.

Our results clearly showed th a t most of the flocculant dose required to  flocculate 
Chlorella in an  exponentially growing cu lture is lost on the  AOM ra th e r th an  
being used for ac tu a l flocculation of th e  cells. T he degree of inhibition  of 
flocculation by AOM is most likely related to  the quantity  and the composition
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of th e  AOM  present in th e  m edium , and  these variables will therefore have a 
m ajor influence on the cost of harvesting microalgal biomass using flocculation. 
A lthough all microalgae produce AOM, the  quan tity  and quality of the  AOM 
differ betw een species and is influenced by cu lture  conditions. For instance, 
cyanobacteria tend to  produce AOM th a t is relatively rich in proteins compared 
to  eukaryotic m icroalgae [177, 143]. T he num ber and  position of carboxyl 
groups on polysaccharides and  th e  size of th e  polysaccharides differ betw een 
species of microalgae and also change w ith culture age [89, 143]. For C. vulgaris 
in s ta tio n ary  grow th phase, th e  com position of AOM  was analyzed in detail 
by H enderson et al. (2010) [87]. Chlorella produced abou t 0.0029 ng AOM  
per cell. The charge density of AOM was 3.2 meq g_1 and  AOM contribu ted  
84% of the  to ta l charge of the culture. The AOM had a pro teim carbohydrate 
ra tio  of 0.4% and  60% of th e  AOM  consisted of >30 kD a molecules. The 
current results suggested th a t some flocculation techniques are more sensitive 
to  inhibition  by AOM  th a n  others, although th e  degree of inhibition  of the  
different techniques may be different w ith  o ther species of m icroalgae a n d /o r  
o ther culture conditions.

T he present findings have im p o rtan t im plications for th e  developm ent of 
m icroalgal biofuels. To m axim ize lipid production  in m icroalgae, cultures are 
often subjected  to  nu trien t stress [194]. As nu trien t-lim ited  cells generally 
produce m ore AOM  th a n  exponentially  growing cells [127], m axim izing 
lipid production  will m ost likely also result in a higher flocculant dem and. 
Furtherm ore, m edium  recycling is essential to  m inim ize th e  w ater dem and 
and  thus th e  ecological im pact and  production  costs of m icroalgal biofuels 
[29]. D uring m edium  recycling, AOM  is likely to  accum ulate in th e  m edium , 
probably  resulting in a gradual increase in flocculant dem and. In w astew ater 
trea tm en t, several technologies, such as chlorine trea tm en t or ozonation, have 
been proposed to  reduce the load of AOM [86]. Given the high concentrations of 
AOM in dense microalgal cultures, it is questionable whether such technologies 
will be effective in sufficiently reducing AOM in intensive microalgal production 
systems. O xidation of AOM may also result in lysis of algal cells, which m ight 
further increase flocculant dem and [86].

5.4 Conclusions

AOM present in m icroalgal cultures interferes strongly w ith harvesting of the  
biom ass using flocculation as a pre-concentration  technique. This may have 
im p o rtan t consequences for th e  cost of flocculation based harvesting. Some 
flocculation technologies are more sensitive to  interference by AOM th an  others. 
The cost (related to  the am ount of base necessary) of pH -induced m agnesium
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hydroxides flocculation, for instance, increases only 2-fold in th e  presence of 
AOM  while a 9-fold increase was observed for chitosan. F u rther research is 
needed to  determ ine w hether these differences in inhibition by AOM between 
flocculation techniques apply  for all species of m icroalgae and  under various 
culture conditions, and  to  elucidate the underlying causes for these differences.
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6.1 Introduction

Floes th a t are formed by various coagulation mechanisms can exhibit different 
floe characteristics such as floe size, s tru c tu re  and density and  th is  will affect 
im portan t param eters such as settling  velocity and concentration factor [109]. 
The settling velocity is a key param eter in the design of large scale sedim entation 
units while the concentration factor is im portan t to  evaluate the  w ater content 
of th e  particu la te  phase. T he final w ater content of th e  particu la te  phase in 
add ition  to  th e  flocculation efficiency will determ ine th e  overall efficiency of 
a flocculation mode. M ost studies however only focus on th e  evaluation of 
flocculation based on flocculation efficiency. Recently, a few studies investigated 
these additional param eters for pH induced and chitosan flocculation [91, 171]. 
However, those results were not re la ted  to  coagulation m echanism , floe size 
and structure. Therefore, in this study, the influence of coagulation mechanism 
on the floe characteristics of Chlorella vulgaris using five different flocculation 
modes was evaluated.

Microalgae are known to  release significant am ounts of organic m atte r (AOM). 
In m icroalgae cultivation system s, AOM can am ount to  60-80 mg C L _1 [90]. 
The m ajor fraction of this AOM consists of neutral or charged polysaccharides, 
b u t o ther com pounds such as proteins, nucleic acids, lipids and  o ther sm all 
molecules can be present as well [87, 127]. In C hapter 5, the  effect of AOM on 
flocculation efficiency of Chlorella vulgaris, induced by five different flocculation 
modes, was evaluated. To the best of our knowledge, however, no publications 
have focused on th e  effect of th e  presence of AOM  on th e  floe characteristics 
such as settling  velocity, concentration factor and  floe size. Therefore, in this 
chapter, also the influence of the presence of AOM on these floe characteristics 
of Chlorella vulgaris using five different flocculation modes was evaluated.

6.2 Materials and methods

6.2.1 Cultivation of Chlorella vulgaris

Chlorella vulgaris (211-l i b  SAG, Germany) was cultivated in dechlorinated tap  
w ater enriched w ith  inorganic nu trien ts according to  the  concentration of the  
W rights cryptophyte medium [79]. Bubble column photobioreactors (30 L) were 
used to  cultivate the microalgae. The system was mixed by sparging with 0.2 /mi 
filtered air (5 L m in- 1 ) and pH was controlled at 8.5 through 2-3% C 0 2 addition 
using a pH -stat system. Growth of the microalgae was monitored by measuring 
the absorbance at 550 nm. Microalgal dry weight was determined gravimetrically
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by filtration using W hatm an glass fibre filters (Sigma-Aldrich) and drying until 
constant weight a t 105°C. Flocculation experim ents were performed in the early 
sta tionary  phase a t a biomass concentration of 0.3 g L _1 .

6 .2 .2  Flocculation pro tocol

Five different flocculation modes were assessed: addition of alum  (AL), electro­
coagulation- flocculation using alum inum  anodes (E C F), addition  of chitosan 
(CH ), add ition  of cationic starch  (CS) and  flocculation induced by high pH 
(pH). In addition, the  influence of AOM on the flocculation process was studied 
for each flocculation mode. To do so, flocculation of Chlorella was compared in 
medium w ith and w ithout AOM. To remove AOM, Chlorella was separated from 
th e  m edium  using centrifugation (4,000g) and  resuspended in fresh m edium . 
This approach has already been used successfully in previous studies and it has 
also been dem onstrated  th a t centrifugation and  resuspension of Chlorella, as a 
trea tm en t as such, has no influence on the  flocculation efficiency [185].

In a prelim inary study, the  flocculation param eters (pH and  dosage) resulting 
in a flocculation efficiency higher th an  85% were determ ined in ja r  tests on 100 
ml scale. For each flocculation mode, this was based on a protocol used in our 
previous study  (Section 5.2.2). For alum  (A12(S 0 4)3 • 18H 20 ; Sigma Aldrich), 
th e  pH  was ad justed  to  5.5 prior to  and  im m ediately after add ition  of the  
coagulant. For ECF, the setup described in a previous study was used (Section 
3.2.2). In short, th is se tup  consisted of a 1-L rec tangu lar PV C  reacto r w ith 
an  alum inum  anode and  an inert titan iu m  oxide cathode and  a power supply 
controller (EHQ Power PS3010 DC). C urren t density in th e  experim ents was 
set at 1.5 mA cm ~2. For flocculation using chitosan (from crab shells, practical 
grade, Sigma Aldrich), the pH of the suspension was adjusted to  7.5 prior to  and 
im m ediately after addition. For cationic starch flocculation, a stock solution of 
10 g L _1 Greenfloc 120 (H ydra 2002 Research, H ungary) was prepared. The 
pH was not adjusted, as it has been shown th a t flocculation efficiency was not 
pH -dependent (2.3). For pH -induced flocculation, 0.5 N NaO H  was used to  
increase the  pH.

6 .2 .3  S ed im en ta t io n  analysis

A fter flocculation, using each of th e  flocculation modes, sedim entation was 
followed in order to  calculate th e  settling  velocity. This analysis could not be 
performed for EC F because flotation simultaneously occurred with flocculation. 
For each flocculation treatm ent, coagulation was induced in 1 L cylindrical vessels 
according to  th e  dosage ob tained  in th e  prelim inary  flocculation experim ent.
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F ig u re  6 .1: Exam ple of sedim entation analysis: grey values were analysed in 
function of d istance (A; red line). T he interface of suspended and  particu la te  
phase could be detec ted  by an  increase in  grey value (B). T h e  corresponding 
height was p lo tted  as function of tim e (C).

T h e  suspension was s tirred  for 15 m in a t  300 rpm  using an  overhead stirrer. 
T hen the  suspension was transferred to  1 L imhoff cones, allowing sedim entation 
for 15 min. Images (Fig 6.1 A) were autom atically taken a t fixed tim e intervals 
using a  webcam. Grey values were analysed as function of height using Im ageJ 
(NIH, USA) allowing to  determ ine th e  height of th e  interface betw een th e  
suspended  an d  p a rticu la r phase a t  each tim e step  (Fig 6.1 A; red  line +  6.1 
B). T h e  corresponding height was th en  p lo tted  as function  of sed im entation  
tim e (F ig 6.1 C). T h e  se ttling  velocity is defined as th e  velocity in  cm s-1  to  
achieve com plete biom ass settling  w ithout fu rther observed increase of settled  
floe volume. To calculate this, the  distance a t which th e  moving front remained 
constant was divided by th e  corresponding settling  tim e.

A fter 15 m in of sedim entation, the  suspension was allowed to  settle  an  additional 
15 m in to  determ ine th e  concentration factor (CF) and th e  aggregated volume 
index (AVI). B oth param eters are related to  each other and provide information 
ab o u t th e  residual w ater conten t of th e  pa rticu la te  phase. T he C F  was 
determ ined  by dividing th e  to ta l volum e of 1000 m l by th e  volum e of th e  
pa rticu la te  phase after 30 m in  of sedim entation. T h e  AVI was calculated  
according to  th e  m ethod of Javaheri and  Dick [92]. It is defined as th e  volume 
in  m illiliters occupied by 1 g of algal suspension in  th e  particu la te  phase after 
30 m in of settling  and  is calculated as:
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volum e o f  se ttled  biom ass (m L  L  1) .
A V I { m L g  ) =  — --------— — -------- - ---------- —— ---- — -  x 1000 (m g g )

m icroalgal biom ass dry w eigh t (rag L  l )
(6 . 1)

6.2.4 Particle size analysis

After sedim entation, a subsample of the particulate phase was taken and diluted 
10 times. The floes were then analysed using a stereo zoom microscope (Olympus 
SZX10) and images were taken using a cam era (Lum enera Infinity 2). Particle 
size analysis was conducted  using Im ageJ (NIH, USA). T he original images 
were transform ed to 8 bit, the  background was substracted and particles smaller 
th an  100 px2 were thresholded (Fig 6.2). After transform ation of the  image, the 
average F ere t’s diam eter was calculated.

6.3 Results

T he optim al flocculation param eters, pH  and  dosage, in order to  achieve a 
m inim al flocculation efficiency of 85% were assessed in a prelim inary  study  
and  th is for all flocculation m odes w ith  and  w ithou t th e  presence of AOM. 
Table 6.1 shows the pH and  dosage selected for the  rem ainder of the  study  to  
induce coagulation on 1 L scale for floe characterization based on sedim entation 
and  partic le  size analysis. For all flocculation m odes, th e  dosage to  ob ta in  a 
flocculation efficiency of 85% increased between 1.5 and 5-fold when AOM was 
present. This is in correspondence w ith previous results (Section 5.3).

Fig 6.3 presents floe front height as function of tim e for four different flocculation 
m odes containing AOM  (indicated as A O M +; Fig 6.3 A) and  resuspended in 
fresh m edium  w ithou t AOM  (indicated  as AOM-; Fig 6.3 B). This analysis 
could not be perform ed for E C F  because flo tation occurred sim ultaneously 
w ith  flocculation. For all flocculation m odes w ith and  w ithou t th e  presence 
of AOM , th e  biom ass se ttled  w ith in  15 m in of sedim entation. A lum  and  
chitosan flocculation resulted  in a faster sed im entation  th a n  pH induced 
flocculation. In b o th  trea tm en ts , cationic starch  flocculation resu lted  in 
th e  slowest sedim entation . T he settling  velocities were calculated for each 
flocculation m ode and  ranged betw een 0.06 and  0.6 cm s_1 w ith  a m axim al 
standard  deviation of 12%. They confirmed the first observations m ade on the 
basis of th e  graphs. W hen AOM  was present, th e  settling  velocity was the  
highest for chitosan flocculation (0.4 cm s_1), followed by alum  flocculation 
(0.2 cm s_1) and  th e  lowest for pH induced flocculation (0.09 cm s_1) and
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F ig u re  6.2: O riginal and  transform ed images used for partic le  size analysis 
for alum  flocculation (AL), electro-coagulation-flocculation (E C F), chitosan 
flocculation (CH), cationic starch flocculation (CS) and pH induced flocculation 
(pH) for Chlorella vulgaris w ith and  w ithout the presence of AOM.
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T a b le  6 .1 : Flocculation param eters (pH and dosage) of alum  flocculation (AL), 
electro-coagulation-flocculation (E C F), chitosan flocculation (CH), cationic 
starch flocculation (CS) and pH induced flocculation (pH) for Chlorella vulgaris 
w ith and  w ithout the presence of AOM.

Flocculation mode pH
A O M +

Dosage 
(mg L - 1)

pH
AOM-

Dosage 
(mg L - 1)

AL 5.5 100 5.5 20
EC F 8.5 1.21 8.5 0.41
CH 7.5 80 7.5 15
e s 8.5 150 8.5 100
pH 12 872 11.5 502

1: Dosage for EC F expressed as power consum ption (kWh kg 1 microalgae) 
2: Dosage for pH expressed as concentration added NaOH

cationic starch  flocculation (0.06 cm s_1). W ith o u t AOM , settling  velocities 
m ostly  increased, b u t th e  order as function of flocculation m ode in general 
rem ained the same. In the  fast settling cases of chitosan and alum flocculation, 
th e  settling  velocity increased to  0.6 cm s - 1 . For pH induced flocculation, 
it increased to  0.2 cm s_1. For cationic starch  however, th e  settling  velocity 
decreased to  0.04 cm s_1 .

A dditional inform ation ab o u t th e  residual w ater content of th e  particu la te  
phase is provided by calculating the concentration factor (CF; Fig 6.4 A) and 
th e  aggregated volum e index (AVI; Fig 6.4 B). A high concentration  factor 
corresponds to  a low AVI. Using cationic starch , th e  algal biom ass could be 
concentrated  m ore th a n  100 tim es, in th e  presence of AOM. A fter removal of 
AOM , th is  even increased to  180 tim es. This corresponds w ith  an  AVI lower 
th an  25 mg g_1 . W hen AOM was present, the other flocculation modes resulted 
in a clearly lower CF of between 15 and 35, corresponding to a distinctly higher 
AVI of between 70 and 140 mg g_1. In the absence of AOM, the CF increased 
and the  AVI decreased for all flocculation modes. The F ere t’s d iam eter of the 
settled  floes for the  five different flocculation modes was also determ ined (Fig
6.4 C). I t varied between 130 and 2300 pm . W hen AOM was present, the  floes 
were larger, except for flocculation by cationic starch. For chitosan flocculation 
in the presence of AOM, floes w ith a diam eter higher th an  2 mm were observed.
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F ig u re  6 .3 : Sedim entation  analysis for four flocculation modes: alum
flocculation (AL), chitosan flocculation (CH), cationic starch flocculation (CS) 
and pH induced flocculation (pH) for Chlorella vulgaris (A) w ith (AOM +) and 
(B) w ithout the  presence of AOM (AOM-).
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F ig u re  6 .4 : C oncentration  factor (A), AVI (B) and F ere t’s d iam eter (C) for 
five flocculation modes: alum flocculation (AL), electro-coagulation-flocculation 
(E C F), chitosan flocculation (CH), cationic starch  flocculation (CS) and  pH 
induced flocculation (pH) for Chlorella vulgaris w ith (AOM +) and w ithout the 
presence of AOM (AOM-).
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6.4 Discussion

The present results show th a t the type of flocculation mode affects the microalgal 
floe characteristics such as settling  velocity, concentration factor and floe size. 
Flocculation of microalgae should not only be effective in term s of flocculation 
efficiency, b u t also in term s of settling  ra te  and  concentration of the  biomass. 
Those param eters are im portant in the design of a harvesting process including 
a secondary harvesting step using for example centrifugation. As a consequence 
of this, the delivery of a fast settled and high concentrated biomass is desirable 
before centrifugation in order to  im prove overall energy consum ption. Three 
mechanisms, i.e. charge neutralization, sweeping by precip itation  enm eshm ent 
and bridging have been dem onstrated  in coagulation processes and differences 
in these m echanism s may explain th e  influence of flocculation m ode on floe 
characteristics [22].

For flocculation modes using inorganic m etal salts, the coagulation mechanism is 
absorption-charge neutralization or sweeping flocculation caused by precipitate 
enm eshm ent or a com bination of b o th  [7]. T he usage of for exam ple alum  as 
coagulant introduces w ater-binding am orphous precipitates, which are present 
in large am ounts especially when coagulation occurs by sweeping flocculation. 
During absorption-charge neutralization those precipitates are present in limited 
am ounts and this has consequently less im pact on the floe size [98, 6]. A bsorption­
charge neutralization may thus result in smaller floes com pared to  flocculation 
based on sweeping. For alum  flocculation, operating  conditions such as 
biomass density, coagulation pH and coagulant dosage determ ine the coagulation 
m echanism  [54]. In th is study, pH  was ad justed  and  controlled a t 5 for alum  
flocculation, which is known to facilitate coagulation dom inated by absorption- 
charge neutra liza tion  [98, 65]. In con trast, pH  was not controlled during EC 
flocculation using alum inum  anodes. T he initial pH  was 8.5 (Table 6.1) and  
is known to  rise as function of operation  tim e because of th e  hydroxide ions 
released a t the  cathode [188]. In those conditions, sweeping flocculation is the 
dom inant flocculation m echanism  [54]. This could explain th e  overall larger 
floes for the EC flocculation mode when compared to  alum flocculation (Fig 6.4 
C).

For flocculation induced by high pH, sim ilar floe sizes as for alum  flocculation 
were observed, b u t th e  floe com paction was inferior com pared to  alum  
flocculation (Fig 6.4 A /B ). Positively charged m agnesium  hydroxides are 
involved in in itia ting  coagulation by adsorption-charge neutra liza tion  and  
partia lly  also by sweeping flocculation, depending on pH and  m agnesium  
concentration  [184]. W ith  an  increasing pH , large quantities of am orphous 
hydroxides are allowed to  precipitate. These are known to  have a high affinity 
for w ater arising from  m echanical trapp ing  and  hydrogen bonding and  thus
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affect the  w ater content of the  particu la te  phase [6].

C ationic biopolym ers have been used in coagulation/flocculation  processes as 
flocculation aid for water purification and are known to lower flocculation dosage 
requirem ents, increase settlem ent and  decrease sludge volume [22]. Generally, 
flocculation using biopolymers is induced by a bridging mechanism. This type 
of flocculation occurs when a polym er serves as a bridge after form ation of 
a lot of particle-polym er-particle aggregates [109]. In general, th e  usage of 
polym ers results in a higher effective density  and thereby  im proved settling  
and  a higher floe com paction [6], In th is study, chitosan and  cationic starch  
flocculation indeed resulted  in a higher com paction of th e  settled  biom ass, in 
absence of AOM (Fig 6.4 A /B ). Furtherm ore chitosan flocculation indeed had 
th e  highest se ttling  velocity, a lthough  cationic starch  flocculation resu lted  in 
the lowest settling velocity (Fig 6.3). I t m ust be noted th a t in th is study  bo th  
biopoly mers were used as prim ary  coagulant, while settling  im provem ent is 
mostly achieved when biopolymers acts as flocculant aid in combination w ith a 
prim ary coagulant such as alum  [151].

From  previous studies [15, 185, 204], it is known th a t  th e  flocculant dosage 
needed to  achieve efficient flocculation is increased by the presence of AOM. In 
this study, similar results were obtained (Table 6.1). The present results however 
show th a t the  presence of AOM also affects the  microalgal floe characteristics 
such as settling velocity, concentration factor and floe size. It was found th a t in 
th e  presence of AOM  th e  se ttled  biom ass has a g reater w ater content, bigger 
floe size and th a t the settling velocity is lower (Fig 6.3 and 6.4). Henderson et 
al. (2010) characterized in detail the  AOM produced by Chlorella vulgaris [87]. 
In the  sta tionary  growth phase, the  AOM had a proteim carbohydrate ratio  of
0.4 and  a hydrophilicity of 71%. These hydrophilic a ttr ib u te s  may contribute 
to  the increase in water content of the settled biomass, but it is more likely th a t 
th e  increase in w ater content is caused by th e  increase of flocculation dosage 
due to  AOM  interference [6, 98]. As for th e  influence on needed flocculant 
dosage, also the im portance of the influence of AOM on the floe characteristics 
was clearly depending on th e  floe mode. W hile cationic starch  flocculation 
seemed to  be hardly influenced by the presence of AOM, the characteristics of 
the floes obtained by addition of chitosan were very much influenced by AOM. 
For chitosan, the presence of AOM resulted in the highest increase of flocculant 
dosage needed, while for cationic starch , th is  increase was th e  lowest (Table 
6.1). Chitosan is known to have a high affinity for dissolved organic m atter and 
th is affected the required flocculant dosage in presence of AOM [22, 111, 129]. 
A bundant chitosan was as such available and floes w ith a more open structure  
were thus allowed to  form. This explains b o th  th e  fact th a t  chitosan based 
flocculation in the  presence of AOM resulted in floes w ith the lowest compaction 
and the largest floe size.
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6.5 Conclusions

Floe characteristics such as settling  velocity, concentration factor, aggregated 
volume index and floe size were studied for five different flocculation modes for 
Chlorella vulgaris. This study  showed th a t coagulant dose and  type determ ine 
coagulation mechanism and by th is affect the  floe characteristics of the  settled 
m icroalgal biom ass. T he presence of AOM  resulted  in a lower concentration 
of the settled biomass. O ur study  thus showed th a t in addition to  flocculation 
efficiency, the im pact on the characteristics of the formed floes needs to  be taken 
into account as well in the  overall assessm ent of flocculation based harvesting 
m ethods for microalgae.
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7.1 Development of low-cost flocculation technolo­
gies

To produce m icroalgal biom ass for bulk food, feed or biofuels, th e  scale of 
production has to be increased and the cost of production decreased by a t least 
an  order of m agnitude. In particular, cost-effective harvesting is considered to 
be one of the  biggest challenges to  realize large-scale and  low-cost production 
of m icroalgae biofuels. T he energy needed for harvesting m icroalgae from 
typical open pond system s (0.03%) using centrifugation was calculated to  be 
14 M J kgD W -1 of m icroalgae [131]. W hen energy applications are th e  only 
focus, th is  would im ply th a t  m ore th a n  50% of th e  to ta l com bustion energy 
(estim ated at 25 M J kgDW - 1 ) is to  be invested in a one step harvesting process 
using centrifugation. Moreover, if biodiesel (7-10 M J kgD W - 1 ) is th e  only 
product, th is would result in unsustainable  production  of biofuels [120]. This 
simple calculation dem onstrates the urgent need for low-cost and energy-efficient 
harvesting m ethods. Flocculation is seen as a promising approach for reducing 
the cost and  energy input of microalgae harvesting.

Flocculation is a widely used technology in different fields of industry. Increasing 
the particle size and  concentration by flocculation increases the ra te  of settling 
and  decreases th e  slurry  volum e th a t  needs fu rther dew atering. F locculation 
processes are  already frequently em ployed in w ater purification system s to  
remove m icroalgae or in w astew ater system s to  concentrate  sludge. Sim ilar 
to  those system s, flocculation efficiency, settling  ra te  and  concentration factor 
are im portan t in th e  design of an  efficient flocculation m ethod  for harvesting 
microalgae. B ut in con trast to  applications in o ther industries, the  harvested 
biomass is the desired end-product during production  of microalgae instead of 
th e  purified w ater. Consequently, th e  cost is re la ted  to  th e  ra tio  of flocculant 
dose over th e  harvested  biom ass and  not by th e  ra tio  of th e  flocculant dose 
over the volume of purified water. Secondly, because chemical flocculants added 
during th e  process end up in th e  biom ass, contam ination  of th e  biom ass is 
a critical evaluation criterion when developing flocculation technologies for 
harvesting microalgae. C ontam ination  of th e  biom ass w ith  flocculation aids 
may lim it the use of the  biomass or fractions of the biom ass for food and  feed 
applications, or they may interfere w ith downstream  processing of the biomass 
(e.g. lipid extraction). Moreover, the addition of chemicals should not lim it the 
reuse of the  cultivation medium after harvesting. The given argum ents indicate 
th a t  knowledge transfer from  existing industries can certain ly  be in teresting 
and  useful, b u t needs to  be applied w ith in  th e  boundaries of th e  p roduction  
process of microalgae biomass.
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Polym ers are  widely used flocculants in w ater and  w astew ater trea tm en t. 
Synthetic  polym ers such as polyacrylam ide are often used. However, because 
they may contain toxic acrylamide residues, their use for harvesting microalgae 
would result in contam ination  of th e  biom ass as well as th e  cu ltu re  m edium . 
N atu ra l biopolym ers are therefore preferred. C hitosan is a widely used 
biopolym er m ade from  shellfish w aste and  has been shown to  be effective for 
harvesting microalgae [124, 51, 91]. The cost of chitosan, however, is too high to 
be used for harvesting microalgae. As an alternative biopolymer, cationic starch 
was evaluated in th is study. F locculation  using cationic starch  showed to  be 
especially efficient for harvesting freshwater species and independent of pH, which 
is not common for biopolymers. The optim al dosage of cationic starch compared 
to  chitosan is high but flocculant price is substantially lower, resulting in a much 
lower to ta l flocculant cost. A dditionally, th is flocculation m ode was capable 
of increasing th e  biom ass concentration  by th e  highest concentration factor. 
Cationic starches w ith a low degree of quaternary ammonium group substitutions 
are rou tinely  used in w astew ater trea tm en t and  do not pose environm ental 
toxicity issues. Cationic starch is cheaper th an  reference flocculants such as alum 
and chitosan, bu t is probably still too expensive to  use for biofuel production. 
Since our study, several o thers have continued to  work w ith  cationic starch. 
Recently, it was proposed to  harvest freshwater microalgae using cationic starch 
in a biorefinery concept for the treatm ent of wastewater systems, production of 
biofuels and  high added value products [133]. In a study  addressing flocculant 
effects on th e  p roduction  of biodiesel, biosolvents and  bioplastics, a novel 
designed and patent-protected cationic starch was claimed to  be a more reliable 
and  cheaper flocculant in com parison w ith  alum  [R.J. Anthony, P hD . U tah  
S tate University USA, personal correspondence]. Besides cationic starch, there 
is still a scope for research on th e  p o ten tia l of o ther low-cost and  non-toxic 
polym ers based on pro teins and  peptides, tann ins or M oringa oleifera seed 
ex tracts [139, 10, 179].

Secondly, as a lternative  for alum , electro-coagulation flocculation (EC F) was 
evaluated. During electrolysis, aluminum is dissolved in the  medium a t the  anode 
and the released AÍ formes hydroxides th a t cause flocculation. An advantage of 
E C F over th e  use of m etal salts is th a t  no anions are  released in th e  m edium  
during th is process. O ur experim ents indicated  th a t  AÍ anodes were more 
efficient th a n  Fe anodes. E C F  was capable of flocculating m icroalgae in b o th  
freshwater and m arine media. Due to  the  low electrical resistance of seawater, 
the energy consum ption was much lower in seawater th an  in freshwater. During 
our experim ents, we encountered b o th  flocculation and  flotation, affecting the 
final concentration  of th e  m icroalgae. Even in op tim al conditions, residual 
alum inum  was detected  a t relatively high concentrations (1%) in the  biomass 
which can have lim itations for food and  feed re la ted  applications. O n the  
other hand, a new study concluded th a t the biomass quality of Nannochloropsis
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after electro-coagulation was not significantly changed in term s of to ta l lipids, 
fa tty  acid and  pigm ent profile [118]. Two recent studies also showed th a t  the  
concept of electro-coagulation flocculation can still be improved by using polarity 
exchange in a continuous harvesting system  [94, 95].

It is a well-known phenomenon in open pond cultivation systems th a t microalgae 
sometimes flocculate spontaneously a t high pH. Studies in the 1980’s indicated 
th a t this phenomenon of ’autoflocculation’ is related to  precipitation of calcium 
phosphates a t high pH. Flocculation by calcium phosphates is efficient, but it is 
not economically feasible nor sustainable due to  the  high phosphate requirements. 
B u t flocculation also occurred in our experim ents in absence of calcium  and  
phosphates in th e  m edium . This was investigated fu rther for th e  freshw ater 
species Chlorella vulgaris. In our study, it has been shown to be associated w ith 
the form ation of magnesium hydroxide precipitates. As pH is already quite high 
in microalgae cultivation system s due to  CO 2  uptake by the microalgae during 
photosynthesis, th e  need for a base to  increase pH  is m inim ized. If calcium  
hydroxide or slaked lime is used to  increase the pH, the cost of this flocculation 
m ethod  is very low. A lthough m agnesium  and  calcium  will p rec ip ita te  and  
lime will be needed to  increase pH, th is m ethod  has significant po ten tia l in 
term s of cost effectiveness. T he biom ass will contain high concentrations of 
m inerals w ith a low toxicity risk. For feed or food related  applications, it will 
however be preferable to  remove them  from th e  biom ass, which can im ply an 
add itional cost. Several o ther recent studies have highlighted the  po ten tia l of 
th is flocculation m ethod including th a t the  flocculated m edium  can be reused 
after neu tralization  [36, 162, 171, 197].

Table 7.1 sum m arizes th e  p o ten tia l of th e  flocculation m odes using cationic 
starch, electro-coagulation flocculation and pH induced flocculation com pared 
w ith the two reference modes alum  and chitosan flocculation as discussed above. 
The operating expenditures (O PEX ) are estim ated only based on the required 
dosage and the flocculant cost per ton  and thus exclude operator costs and cost 
of m ixing energy. Rapid m ixing or flash mixing can be done in a flow-through 
s tirred  ta n k  and  average shear ra tes are  usually in the  region of 20-70 s- 1 . 
For a w ater volum e of 400 m 3 and  using a m otor w ith  a power of 1 kW  and  
an efficiency of 60%, th e  effective shear ra te  tu rn s  out to  be abou t 40 s_1
[56]. By th is, m ixing energy for m icroalgae flocculation is calculated  to  be
1.5 kW h tonD W - 1 . As this cost is a fraction of the flocculant cost it has been 
neglected in th is comparison.

From the above it can be concluded th a t a single best flocculation mode is yet to 
be identified. There are however strong argum ents presented in this work th a t no 
single mode will be suited for all microalgae species or applications. The choice 
will be largely dependent on th e  application  and  th e  cultivation  conditions. 
As a consequence, it may be necessary to  use a less efficient m ethod  to  lim it
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T a b le  7 .1: P o ten tia l of flocculation using cationic starch  (CS), electro­
coagulation flocculation (E C F), and  pH induced flocculation (pH) com pared 
w ith alum inum  sulphate (AL) and chitosan (CH).

C S E C F pH A L CH
M e d iu m  ty p e 1 F M F F F
D o sag e  ( to n  to n D W - 1 ) 0.1 0.02 0.02-0 .05 0.15 0.03
F in a l  c o n c e n tra t io n 2 (% ) 3.8 0.4 0.6 1.2 0.6
B io m a ss  c o n ta m in a tio n  risk low m e d iu m low h ig h low
O P E X  3 ($ t o n D W - 1) 150 80 < 5 0 300 500

1: fre sh w a te r  (F ) o r  m a r in e  (M ) 
2 : in it ia l  c o n c e n tra t io n  is 0 .04 % 
3 : e s t im a te d  b y  f lo cc u la n t co st

restrictions on the further downstream processes or upstream  medium recycling. 
Chemical flocculation has the  disadvantage th a t it results in contam ination of 
the biomass, although the use of na tu ra l polym ers such as cationic starch  may 
m inim ize th is  problem . E lectro-coagulation flocculation has a low electricity 
dem and when the m ethod is used in seawater and may be a promising low-cost 
m ethod for harvesting m arine microalgae cultivated for biofuel production. pH 
induced flocculation holds prom ise as low-cost flocculation m ethod  b u t also 
results in contam ination of the biomass, albeit w ith m ineral precip ita tes w ith 
only low toxicity.

O ther novel flocculation approaches are currently under development. The use 
of m agnetic nanoparticles could facilitate  m agnetic separa tion  of m icroalgae 
th a t  are bound to  those m agnetic particles. Those nanoparticles are today  
prohibitively expensive but their cost may go down in the future if new m ethods 
for producing them  becom e available. In addition , recycling these particles is 
needed to  improve the feasibility of this m ethod. Bioflocculation by addition of 
flocculating microalgae [158, 159], fungi [207] or bacteria [183] has also potential. 
This m ethod requires cultivation of these flocculating microorganisms, bu t the 
cost for doing so is substantially lower than  the cost of centrifugation. This cost 
can be avoided altogether if non-flocculating microalgae are co-cultivated w ith 
flocculating microalgae or bacteria. The la tte r is possible if the medium contains 
a carbon source for the bacteria, as is often the case in wastewater. This approach 
holds great p o ten tia l and  deserves fu rther research. Additionally, controlled 
flocculation of m icroalgae th rough  infochemicals or genetic m odification is a 
promising technology but requires further basic research before it can be applied 
[67, 178]. The use of bo th  infochemicals and genetic modification is likely to  be 
highly species specific, which implies th a t research and development investments 
will have to  be m ade for each species of m icroalgae th a t  is used for large- 
scale production. So far, v irtually  no inform ation is available on th e  identity
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of infochemicals th a t  induce flocculation. For m ost species of m icroalgae, a 
toolbox for genetic m odification is not yet available.

7.2 Influence of organic m atter on flocculation

During our experim ents, we observed large differences in flocculation efficiency 
of microalgae th a t were resuspended in fresh m edium  com pared to  microalgae 
th a t were left in their original cultivation medium. We suspected th a t th is was 
due to  organic m a tte r produced by the microalgae. This was studied in detail 
by com paring five flocculation m ethods: th e  th ree  modes developed in th is 
thesis (CS, ECF, pH) and the two reference m ethods (AL and CH). O ur results 
showed th a t  algal organic m a tte r  (AOM) is im p o rtan t to  take into account. 
AOM present in Chlorella cultures interfered w ith all tested flocculation modes 
which may have su bstan tia l consequences for th e  cost of flocculation. We 
showed th a t  organic m a tte r  has an  effect, b u t nothing is yet known abou t 
th e  differences in th e  effect of organic m a tte r  betw een species or abou t the  
influence of culture conditions on quantity  and com position of organic m atter. 
Although in our experiments, only inhibition of flocculation was observed, other 
studies have repo rted  prom otion of flocculation in th e  presence of AOM  in 
specific conditions for Scenedesmus obliquus [15]. This dem onstrates the  need 
for further fundam ental research to  understand  the in teraction  between AOM 
and flocculation as function of microalgae species and cultivation conditions.

7.3 Sludge and floe properties as a parameter 
for integration of flocculation as a two-step 
harvesting process

W hen flocculation is used for harvesting  m icroalgae, it is p a rt of a tw o-step 
harvesting process in which flocculation is used to  preconcentrate the biomass 
to  a slurry  w ith  a 1-4% dry m a tte r content before final dew atering to  a paste  
w ith a 25% dry m a tte r  content using a physical m ethod  (Fig 7.1). T he more 
w ater can be removed during the  first flocculation step, the  lower the  cost for 
th e  second m echanical dew atering step  will be [93]. To m inim ize th e  cost for 
mechanical dewatering, it is also im portan t th a t flocculation results in a small 
algal sludge volume [47]. Furtherm ore, the rate  a t which w ater can be removed 
during flocculation and  sed im entation  is im p o rtan t as rapidly  settling  floes 
will require a smaller harvesting unit and thus incur lower investm ent costs for 
subsequent sedim entation by gravity thickeners or lamella separators.



S H O R T  A N D  M EDIUM  TE R M  P E R S P E C T IV E S 91

Algae effluent 

0.02-0.06 %

Flocculation + 
sédim enta tion

Centrifugation

15-25%

F ig u re  7 .1: Flow diagram for the harvesting of microalgae biomass: integration 
of flocculation as p a rt of a two-step harvesting process.

So far, few studies on flocculation of microalgae have taken param eters such as 
th e  sludge volum e or th e  sed im entation  ra te  into account [71]. In th is study, 
we therefore evaluated slurry  volum e by assessing th e  concentration  factor, 
floe size and  settling  ra te  for th e  th ree  m odes developed in th is s tudy  (CS, 
E C F , pH) com pared w ith two reference modes (AÍ, CH). O ur studies showed 
th a t  th e  in troduction  of a flocculation based concentration  m ethod  is able to  
increase solid concentration from an initial concentration of 0.04% to maximal 
3.8% (Table 7.1). A lthough there was a strong variation between the different 
flocculation modes, we minimally noted a 15-fold increase in solid concentration 
for every tested m ethod. This significant reduction in microalgal biomass slurry 
th a t  needs fu rther dew atering (for exam ple by centrifugation) underscores 
th e  advantage of using flocculation in a tw o-step harvesting process. Large 
differences in settling  ra tes and  floe size were observed. This has im portan t 
implications for the  choice of flocculation m ethod. It is therefore recommended 
th a t the assessment of concentration factor, floe size and settling ra te  is included 
in future studies.

7.4 Short and medium term perspectives

This study  has dem onstra ted  th e  p o ten tia l of flocculation based harvesting 
m ethods for microalgae biomass production. The proof of concept given in this 
study for flocculation using cationic starch, electro-coagulation flocculation and 
pH induced flocculation already have and will continue to  trigger new initiatives 
towards the integration of flocculation in existing harvesting processes. Cationic 
starches can be designed ta ilo red  to  a specific m icroalgae species, which also 
enables dose optim ization . New types of electrodes or process regimes (e.g. 
polarity exchange) can further lead to  improved harvesting by electro-coagulation
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flocculation. Prelim inary results of pH induced flocculation for m arine species 
offer favourable prospects. T he high m agnesium  concentrations in m arine 
m edia are  beneficial in lowering th e  sensitiv ity  of th e  harvesting  system  to 
m ineral depletion. Moreover, th e  use of base or acids to  apply  pH  induced 
flocculation or to  recover m agnesium  will have less im pact on th e  salinity  in 
marine systems. Finally, the development of novel approaches such as recyclable 
m agnetic nanoparticles as coagulants or bioflocculation using bacteria , o ther 
algae, infochemicals or flocculation induced by genetic modification could greatly 
reduce the costs and lower contam ination risks in the  m edium  term .

Algal organic m atter (AOM) was shown to interfere w ith all tested flocculation 
m odes, which may have a substan tia l im pact on th e  cost of flocculation. 
A t present, th e  underlying m echanism s of th e  production  of AOM  and  the  
interference w ith flocculation rem ains a m atte r of conjecture. F urther research 
is needed to  understand the relationship between the dynamics of AOM released 
into the medium or attached to  the cell wall and its interference w ith flocculation.

Our study showed th a t settling rate, floe size and floe compaction are im portant 
p aram eters next to  flocculation efficiency. B ut after flocculation, add itional 
dewatering is needed by for example centrifugation or filtration. Further insights 
in the flocculation m echanisms could improve the dew aterability of microalgal 
biomass during sedim entation. Therefore it would be interesting to  assess floe 
density  as well. This can result in th e  developm ent of efficient flocculation 
aids. A n in tegra ted  approach is therefore recom m ended in fu tu re  work to  
study  th e  im pact of flocculation on th e  efficiency of subsequent dew atering 
m ethods. Finally, th e  biom ass needs to  undergo fu rther handling which will 
im ply shear stress during pum ping. The stress resistance of the  obtained floes 
should be incorporated  as well in fu tu re  studies concerning th e  evaluation of 
floe characteristics of microalgal biomass.

7.5 Long term perspectives

Im proved living standards in developing and transitional economies trigger an 
increasing dem and for natu ral resources for food, feed and fuel. The worldwide 
concerns about CO 2  emissions and the need for resource security have boosted 
decision m akers to  increase research funding for projects concerning renewable 
sources of energy. C urrently, m icroalgae are considered to  be one of the  most 
promising new sources for biofuels production. The responsibility of researches 
lies in the objective assessment of the potential of these new approaches including 
fuel from microalgae.
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Several key publications in high im pact scientific journals have projected  
scenarios to  bring the  prom ise of fuel from microalgae into reality. To replace 
17% of petro leum  th a t  has been im ported  into th e  USA in 2008, an  area the  
size of South  C arolina (=  8.2 x lO 6 ha) is needed for m icroalgae cultivation. 
Moreover, a q u arte r of th e  to ta l am ount of w ater th e  country  curren tly  uses 
for irrigated  agricu lture  is needed when freshw ater m icroalgae are  used [192]. 
For Europe, if all tran sp o rta tio n  fuels need to  be replaced by biodiesel from 
microalgae, the land the size of Portugal (=  9.2 x lO 6 ha) is needed [194]. These 
num bers show th a t a change from fossil to  renewable fuels from microalgae will 
still have an  im pact on society and  environm ent.

These types of projections are  p robably  im portan t for decision m akers, bu t 
from a scientific point of view, this kind of analyses contain a lot of uncertainty. 
Industria l experience on th is  large scale is not present and  therefore th e  p re­
assum ptions m ade during those analyses are more im portan t th a n  th e  ac tual 
outcome. New initiatives taken to  install demo plants worldwide will hopefully 
deliver add itional d a ta  and  remove uncerta in ty  ab o u t productiv ities. It is 
reasonable to  th ink  th a t  fuel from m icroalgae has a fu ture as a by-product in 
an  integrated process where value is created by extracted compounds. Nutrient 
and  w ater recuperation  will be crucial in order to  m eet susta inability  criteria. 
Sim ilar to  o ther biorefinery concepts, th e  m a tu rity  of th e  industry  together 
w ith a suited legislative governance will determ ine the success of microalgae as 
a com m odity for the  upcom ing biobased economy.
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