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Abstract

Microalgae are an attractive feedstock for biofuel production. Low harvesting cost upholds the use of

flocculation as initial dewatering step. Two freshwater microalgae (Chlorella sp. and Scenedesmus sp.)

native from the Colombian plateau, with low/medium biomass concentrations, were selected for this study.

The effects of pH, Z-potential and flocs size in dictating the behavior of chitosan as flocculant, were

evaluated. This study found that the optimal flocculation efficiency of microalgae was determined at pH 7.0;

besides the zeta-potential was positively correlated with the flocculant dose. The zeta-potential increases

positively with a flocculant dose. The Chlorella sp. is smaller than the Scenedesmus sp. but requires a little

more dose of flocculant; this aspect is due to the nature of the flocculant solution and not the size of the

studied microalgae. It was observed that for Chlorella sp., chitosan coagulation shifted the flocs size from

2-4 µm to 70-80 µm, with 1.0 ml of the 40 ppm chitosan solution. The flocculation with chitosan can yield

compact flocs and accelerate the settling. For Scenedesmus sp. the flocs size was shifted from 3-4 µm to

60-70 µm and less percentage in the flocs volume. Flocculation response of the microalga Scenedesmus

sp. is different in comparison to that of Chlorella. The flocculant dose required is greater, although the

percentage of flocculation is also higher and the flocs size is only slightly larger. Further work is needed to

confirm these observations.
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Resumen

Las microalgas son unas atractivas cepas de pienso para la producción de biocombustibles. Los bajos costos

para cosecharlas, soportan el uso de la floculación como paso inicial para la extracción del agua. Dos tipos

de microalgas de aguas frescas: Chlorella sp., Scenedesmus sp., nativas de la meseta colombiana, con una

concentración de biomasa baja/media, fueron seleccionadas para este estudio. Se evaluaron los efectos

potenciales del pH, Z y los tamaños de los flóculos, en la determinación del quitosano como floculante.

Este estudio halló que la eficiencia óptima para la floculación de las microalgas se logra con un pH 7.0;

además, el potencial zeta fue correlacionado positivamente con una dosis del floculante. La Chlorella sp., es
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menor que la Scenedesmus sp., pero requiere una dosis un poco mayor de floculante; este aspecto se debe a

la naturaleza de la solución floculante y no al tamaño de las microalgas estudiadas. Se observó que para la

Chlorella sp., la coagulación del quitosano cambiaba los tamaños de las madejas, de 2-4 µm a 70-80 µm, con

1.0 ml de la solución de quitosano 40 ppm. La floculación con quitosano puede producir flocs compactos

para una operación más rápida. Para la Scenedesmus sp., las dimensiones de los flóculos cambiaron de 3-4

µm a 60-70 µm y menor porcentaje en el volumen de los flocs. La respuesta de floculación de la microalga

Scenedesmus sp., es diferente a la Chlorella. La dosis requerida de floculante es mayor, aunque el porcentaje

de floculación es más elevado y las dimensiones de los flóculos solo son un poco mayores. Se requiere más

trabajo para confirmar estas observaciones.

Palabras clave: Floculación, Microalgas, Quitosano, Potencial-Z.

1. Introduction

World population growth and improved standards

of living in developing economies, imply new initia-

tives to change the economy from a fossil-fuel-based

one, to another bio-based, a part of it will be, that

petroleum will be replaced by biomass [1]. A re-

markable source for biofuel production, and today

disregarded, is the micro algae biomass; however, its

crop recovery means, i. e. harvesting, to assume for

at least a 25% of the total biomass production cost,

due to the highly diluted nature and the small size of

microalgae culture.

Flocculation is one of the preferred techniques for

harvesting microalgae, because of its simplicity and

relative low cost. It is preferred to other traditionally

used techniques such as centrifugation, sonication,

filtration and coagulation. Flocculation methods re-

sult in higher particle sizes that enable gravity sedi-

mentation, centrifugal recovery as well as filtration

[2]. Flocculation is an effective process, that allows

rapid treatment with great quantities of microalgae

cultures [3]. Flocculation is the coalescence of sepa-

rate suspended microalga cells into larger attached

conglomerates. Firstly, the cells are aggregated into

greater particles, via the interaction of flocculants

with the surface charge on the cells. Then, the ag-

gregates coalesce into large flocs that settle out of

suspension [4]. A large number of chemical products

have been tested as, flocculants, including various

inorganic multivalent metal salts [5] and organic

polymer/polyelectrolytes [6]. In addition, recently

some microbes have been applied to flocculating

certain microalgae [7-9].

Harvest of medium or large-scale cultivation of

algae, by flocculation, is a more convenient process

than contemporary methods such as centrifugation

or filtration, and allows the treatment of large quanti-

ties of microalgae [10], besides can be applied to a

wide range of species [11]. Different flocculants ha-

ve been used for microalga harvesting. Among them,

aluminum and ferric salts, which are preferred due to

their high efficiency and suitability of forming flocs

with microbial cells, such as those of microalgae.

Aluminum Sulphate (Alum) is most widely used for

removal of algae, because of ease application [12,

13]. However, it cannot be applied over a wide pH

range. Moreover, flocs size with alum when compa-

red to ferric flocs is smaller, resulting in ineffective

sedimentation [12]. Although Alum (hydrated alumi-

num potassium sulfate) and other aluminum salts are

widely used as flocculants, for sewage dewatering

and for removal of algae from drinking water, are

undesirable for animal feed unless the aluminum is

removed [14]. Some cations such as calcium and

magnesium also have a positive effect on floccula-

tion at high pH [15]. In addition, cationic polymers

such as chitosan [16] or alkalis such as NaOH have

been used to achieve better flocculation. However,

in spite of that, chitosan is a very efficient floccu-

lant. It works only at low pH, but pH in microalga

cultures is relatively high [17]. An alternative to chi-

tosan is a cationic starch, which is prepared from

starch by addition of quaternary ammonium groups.

The charge of those quaternary ammonium groups

is independent of pH and therefore, cationic starch,

works over a broader pH ranges than chitosan [6].

Other examples of biopolymers than can be used

to flocculate microalgae are poly-γ glutamic acid

[18] or carbohydrates as chitosan and polyacryla-

mide polymers [19]. A general problem of polymer

flocculants is that they undergo coiling at high io-

nic strengths and become ineffective [20]. Therefore,

they are less suitable for harvesting microalgae culti-

vated in seawater. Alkaline iron III hydroxides may
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also be used as a flocculant but has some toxicity

problems. Toxic flocculants are also unacceptable be-

cause they do not allow the whole algae or residues

after oil extraction to be used as feed, or as feedstock

for further fermentation.

Without considering its relatively high price, an

adequate alternative to overcome these limitations

is to use natural polymers such as chitosan. This is

a linear poly-amino-saccharide, obtained from dea-

cetylation of chitin. Chitosan is soluble in acids but

insoluble in water, has a viscosity of 20-280 centi-

poises, a molecular weight of 5-19 X 104, a density

of 0.15-03 g.cm−3 and a deacetylation degree of 75-

85%. Besides, chitosan has high flocculation ability,

low dose requirements for harvesting, non-toxic im-

mediate effects on downstream applications for fish

and animals, among others.

There are several studies related with the concen-

tration of microalgae, and the most adequate amount

of flocculant required for the best flocculation results.

It has been assumed that there is a direct, linear, stoi-

chiometric relationship between the number of algal

cells and the amount of flocculant required no mat-

ter what the concentration of algae. As a part of

such studies, for instance, the relationship between

an aluminum flocculant and the zeta potentials of

dilute freshwater algae, and Cyanobacteria was stu-

died. The zeta potential does not need to be reduced

to zero, even in those conditions. It only needs to

be sufficiently lowered so as not to inhibit surface

aggregation [21]

According to this theory, the amount of flocculant

required, should be a direct function of the number

of algal cells except for polymeric polyelectrolytes,

such as chitosan that can flocculate by “bridging”

(cross-linking) between cells, It is statistically “ea-

sier” to form aggregates at higher alga densities with,

cross-linking flocculants [16]. Such bridging is not

expected with small molecular weight flocculants,

even divalent ones. In this study, flocculation induced

by the pH increase for harvesting microalgae was

evaluated. Increasing the medial pH value induced

the highest flocculation efficiency of up to 90% for

freshwater microalgae (Chlorella sp. and Scenedes-

mus sp.) with low/medium biomass concentrations.

2. Methods

2.1. Microalgae Strains and Culture

Conditions

Two microalgae strains from Boyacá lagoons

belonging to the modified Bold Basal medium was

composed of (mg/L): KH2PO4 (175), CaCl2.2H2 O

(25), MgSO4.7H2O (75), NaNO3 (250), K2HPO4

(75), NaCl (250), Na2EDTA (50), KOH (31),

FeSO4.7H2O(4.98), H2SO4(conc.) (1µl),H3BO3

(11), MnCl2.4H2O (1.81), ZnSO4.7H2O (0.222),

NaMoO4.5H2O (0.39), CuSO4.5H2O (0.079),

Co(NO3)2.6H2O (0.0494), NaOH(0.01N).

All the microalgal strains were grown in a glass

photobioreactor (volume 4L) at 26 ºC, and exposed

to a continuous illumination at a light intensity of

300 µmol m−2 s−1 by cool- white fluorescent lamps.

The cultures were continuously aerated by gently

bubbling air containing 1% CO2 (v/v). Chitosan was

obtained by Sigma Aldrich. 100 mg of dry weight

Chitosan was mixed with 10 mL of water with 1%

of Acetic Acid (HAc) solution, with continuous sti-

rring for 30 minutes. The solution was diluted to 100

mL, using deionized water to make final chitosan

concentration of 1000 mg/L [22].

3. Flocculation Efficiency

After the flocculation of microalgal cells, an ali-

quot of culture was withdrawn and used to measure

OD550 (optical density at the wavelength of 550 nm)

using a UV/Vis Spectrometer Genesys 20 TM. [16,

23, 24]. The flocculation efficiency was calculated

according to the following equation (Ec. 1):

Flocculation Efficiency% =

(

1−
A

B

)

×100 (1)

A: OD550 of sample; B: OD550 of reference

Zeta potential measurements were obtained using

a Malvern Zetasizer 2000HSA (Malvern, UK).

OD550 was measured using a Genesys 10 spectrome-

ter (Perkin-Elmer Instruments). Microscopic pictu-

res were taken on an optical microscope (OLYMPUS

CX41RF).

Flocculation experiments were all run with small

volumes of the medium (20 mL) distributed in cylin-

drical glass tubes (40 mL). For freshwater microal-

gae with low/medium biomass concentrations (dry
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weight ≤ 1 g/L), effective flocculation was achieved

by adjusting the pH with 1 M NaOH. The pH of the

suspension was controlled with a Fisher Model 230

pH meter and adjusted by adding 0.2 N H2S04 or 0.1

N NaOH prior to stirring.

After the pH had been adjusted; the glass tube was

vortexes thoroughly for 30 s and allowed to stand at

room temperature for 10 minutes. Then an aliquot

of a medium was withdrawn and used to measure

OD550.

4. Results and Discussion

The pH medium affects the harvest efficacy of mi-

croalgae [25]. Using chitosan as flocculant in the Sce-

nedesmus sample, the highest harvesting efficiency

of 99 ± 0.6% (with 40 mg/L of chitosan) was ob-

tained (table 1). A pH 7.0 was the optimal pH; this

agrees with reports from different authors [6]. The

pH effect can be explained by physical property of

chitosan and physicochemical interactions between

chitosan and microalgae cells [26].

It is well known that a change in pH affects the

flocculant structure. At neutral pH, the flocculant

is present in coiled like structure. At acidic pH, it

forms large flocs due to more positive charge, which

work as ligands. As a result, flocculation efficiency

increases [27].

Figure 1. The effect of chitosan dose on harvesting

efficiency, and floc size of Chlorella sp.

At pH 7.0, the zeta-potential was positively corre-

lated with the flocculant dose. Some other authors

have reported that the zeta potentials were pH de-

pendent and negative about pH values of practical

interest. For freshwater microalgal systems in so-

me cases, the trends of zeta potentials, firstly, went

downwards and then upwards [26]. Table 1 shows

that the zeta-potential increased from −48,4 ± 0.4

mV (in control) to −25 ± 0.4 mV at 40 mg/L of

chitosan, in Scenedesmus sp and from −34.2 ± 0.3

mV (in control) to −21,0± 0.3 mV at 1o mg/L of chi-

tosan, in Chlorella sp. Generally, the zeta-potential

of microalgae culture increases positively with a

flocculant dose. In those experiments in which the

zeta potential decreases, the declining trend of zeta-

potential is likely due to dissociation of carboxylic

acid groups of microalgae cells’ surface, which ge-

nerates negative ions. Wu et al. have observed the

decreasing trend of zeta-potential with an increase

in the flocculant dose [28] and [21]. In general, diffe-

rences observed in zeta potential vs. coagulant dose

curves are explained in terms of varying pH, char-

ge density or complexation of coagulant. When an

experiment is conducted at the same pH and the coa-

gulant dose is normalized against the charge density

of the algae. Hence, the various doses required to

achieve a neutral zeta potential and gradient reffect

a difference in coagulant interaction mechanism of

the cells, particularly with respect to complexation.

Nevertheless, flocculation depends on the properties

of microalgal cell surfaces; these properties differ

between species and vary within a species depending

on culture conditions. The cell surface to biomass

ratio increases with decreasing cell size. Therefo-

re, slighter species will require a higher flocculant

dose to harvest the same amount of biomass than

larger species. However, in this study, Chlorella sp.

is smaller than Scenedesmus sp but required a lesser

dose of flocculant. Probably, this aspect is due to the

nature of the flocculant solution and not the size of

the studied microalgae.

The aforementioned increase in zeta-potential in-

dicates a decrease in surface charge of microalgae

cells. Positively charged amino group of chitosan

decreased the repulsion and electrostatic double la-

yer. As a result, charge neutralization occurred to

flocculate the microalgae cells. It is widely accepted

that microalgae cells are negatively charged, howe-

ver, a local functional group on microalga cell can be

positive. Ulberg and Marochko have demonstrated

that during cell microalgae growth, a negative charge

is accumulated inside the cells and of contrary sign

outside the cell [29]. Nevertheless, inactive cells or

dead cells do not have ionic transport system, and

thus, surface charge is determined by the surface

equilibrium charge.

The results of the particle size distributions of the

coagulated samples after 30 minutes settling with

and without different concentration of flocculant for

Chlorella sp and Scenedesmus sp, are shown in Fi-

gures 2 and 3. It is observed that for Chlorella sp.,
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Table 1. The effect of chitosan dose on flocculation efficiency and zeta-potential.

Microalgae Scenedesmus sp., 200, ppm Chlorella sp., in mL, 200 ppm

Flocculant doses,

mL

0,0 2,5 3,5 4,0 4,5 0,0 0,2 0,4 0,8 1,0

Flocculation

efficiency,%

0,0 82,4 99,28 99,36 99,7 0,0 40,58 52,66 63,7 74,8

Z Potential, (mV) -48,4 −42,4 −39,06 −30,1 −25,8 −34,2 −33,26 −30,8 −25,4 −21,0

chitosan coagulation shifted the flocs size from 2-4

µm to 70-80 µm, with 1.0 ml of the 40 ppm chitosan

solution. The flocculation with chitosan can yield

compact flocs for a more rapid settling. For Scene-

desmus sp the flocs size was shifted from 3-4 µm to

60-70 µm and less percentage in the flocs volume.

 

0,01 0,1 1 10 100 1000

0

2

4

6

8

10

 

 0,2 mL 

 

 

 0,4 mL

 

 

 0,6 mL

 

 

 0.8 mL 

 

 

 1.0 mL 

V
ol

um
e(

%
)

Particle Size (micrometers)

 Sin floculante

Figure 2. Particle Size distributions for the Chlorella

sp. samples.

Flocculation response of the microalga Scenedes-

mus sp. is different in comparison to that of Chlorella.

The flocculant dose required is greater, although the

percentage of flocculation is also higher and the flocs

size is only slightly larger.
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Figure 3. Particle Size distributions for the Scenedes-

mus sp. samples.

5. Conclusions

The effect of chitosan as flocculant on separation

efficiency of microalgae was identified; (94-99%)

cell removal was achievable for both microalgae spe-

cies providing sufficient coagulant addition. Found
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Figure 4. Particle Size distributions for the Scenedes-

mus sp. samples.

pH 7, 0 to support the highest efficiency. Parameters

like size distributions, Z-potential and their conse-

quences on separation efficiency, have been evalua-

ted and studied, too. Flocculation depends on the

properties of microalgal cell surfaces; these proper-

ties differ between species and vary within anyone

of them, depending on culture conditions. The zeta

potential at optimum removal was measured and it

was observed that when the zeta potential was redu-

ced to between −42.4 mV and −21.0 mV, removal

of microalgae and some of the associated organic

material was optimized, irrespective of the coagulant

dose.
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