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Surface characteristics of microalgae and their effects on

harvesting performance by air flotation
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Abstract: Flotation is considered as an effective and energy efficient method for harvesting microalgae. However, the interaction
mechanism between bubble-algae cell and cell-cell interfacial boundaries in microalgae flotation is not completely clear. To
better understand the effects of surface characteristics on microalgae flotation performance, the hydrophobicity and the zeta
potential of two different microalgae species were quantified based on experimental measurements and the extended DLVO
(Derjagin—Landau—Verwey—Overbeek) theory. Flotation experiments were then carried out and the effects of surface
characteristics on microalgae flotation performance were analyzed. Algae Chlorella vulgaris and Anabaena vasriabilis show
naturally hydrophilic and hydrophobic properties, respectively. The addition of a cationic surfactant (C;¢TAB) can modify
hydrophilic microalgae cells into hydrophobic and further Chlorella hydrophobicity is enhanced with increased C;sTAB
concentrations. The zeta potentials of both algae strains are negative in the tested pH range. Compared with Chlorella vulgaris,
the magnitude of zeta potential of Anabaena vasriabilis is found larger at the same pH, resulting in a more dispersed distribution in
the suspension. In addition, flotation experiments demonstrated that microalgae hydrophobicity and zeta potential have significant
impacts on the harvesting efficiency and concentration factor. The hydrophobic attraction is found to play a more important role
in determining the harvesting performance than electrostatic repulsion between the interacting surfaces, especially for
hydrophobicity algae in the present study. Finally, the highest flotation efficiency and the highest concentration factor could not

be concurrently obtained for both algae strains, suggesting that optimized flotation conditions should be selected as a compromise.
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harvesting performance by air flotation.

1 Introduction

Microalgae have been considered as having a great
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potential to become the most efficient future feedstock for
valuable bioproducts, including biofuels, health food and
animal feed'. Although microalgae present numerous
advantages such as fast growth rate, high oil production
and wide range of applications, microalgae production
has been not economically viable yet’®. One of the
major reasons for preventing the economical mass
production has been recognized as the process of
separation and concentration of biomass from cultures
(e.g., harvesting process), as it represents 20%-30% of the
total biomass production cost”. It is difficult to
separate microalgae from culture medium because the
size of microalgae is under 30 um and they grow in very
dilute cultures with densities close to that of water™).
Therefore, it is of great importance to choose appropriate

microalgae harvesting technique for the development of
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sustainable industrial-scale production of microalgae
biomass.
Various  techniques, such as centrifugation,
sedimentation, flotation, flocculation and membrane
separation have been applied to the microalgae harvesting

(6]

process . However, the majority of harvesting methods

are either of low efficiency or high cost. Flotation,
originally applied in the mineral separation process, has
been proved to be an effective separation technique to
remove algae from suspension in recent yearsm. Ina
flotation process, gas is generally introduced into a
flotation column and dispersed in the form of small
bubbles, followed by colliding with and attaching to the
surface of microalgae suspended in culture medium to
form agglomerates. The agglomerates then rise due to
buoyancy to the surface of liquid, forming a concentrated
layer of foam which is separated from the water by
skimming!®).

Although many studies have been conducted focusing
on microalgae harvesting by using flotation technique,
these works provide mostly experimental results on the
harvesting efficiency as a function of various parameters,
e.g., the kind and the concentration of reagents, salinity,
airflow rate, and initial concentration ete.'”  The
fundamentals of bubble attachment to algae cell and cell
interactions in microalgae flotation are not completely
clear. According to Ozkan and Berberoglu!'!), accurate
knowledge of the cell to bubble and cell to cell interaction
mechanisms are very important in developing
energetically and economically feasible harvesting
techniques. However, reports on a relationship between
flotation performance and algae surface properties are
limited. More recently, Garg et all"? employed a
modified adherence-to-hydrocarbon method to quantify
hydrophobicity of microalgae surface and indicated that
algae hydrophobicity played important roles in
determining microalgae flotation efficiency, irrespective
of whether these are marine or freshwater microalgae,
noting that their method cannot provide the wetting
property of microalgae directly and precisely. In
addition, the electrochemical properties of the algae cell
also have important influence on the electrostatic

interactions between the bubbles and the microalgae cells,

and further affecting overall flotation efficiency!’!.

Nevertheless, the quantitative measurements of
electrochemical properties of microalgaec are not yet
sufficient.

The aim of this study was to better understand the
effects of surface characteristics on microalgae flotation
performance. Therefore, the surface free energy
properties of two different microalgae strains were
quantified based on the contact angle measurements and
liquid surface tension parameters. Moreover, the zeta

potentials of species were determined using

electrophoretic mobility measurements. The free energy
of cohesion of the microalgae was then determined based
on the calculated surface energy properties. Finally,
flotation experiments were carried out and the effects of
surface characteristics on microalgae flotation efficiency

were discussed.
2 Materials and methods

2.1 Algae cultivation

The microalgae strains (Chlorella vulgaris and
Anabaena variabilis) used in this study were obtained
from Freshwater Algae Culture Collection at the Institute
of Hydrobiology (FACHB-collection, China).  The
microalgae strains were cultured in a constant
temperature incubator (Shanghai Yiheng, LRH-150,
China) at (2543)°C and shaken three times per day. The
Chlorella vulgaris was cultured in BG-11 nutrient
medium (pH 7.1) and the Anabaena variabilis was
cultured in ASP-M medium (pH 7.5)!'. Lighting was
supplied by cold fluorescent tubes giving a luminance
range between 3000 Ix and 3500 Ix for Chlorella vulgaris
(12 h/d) and 1200 Ix and 1400 Ix for Anabaena variabilis
(24 h/d).

phase (less than 5% increases in cell numbers per day)

Microalgae cultures in the stationary growth

were washed twice with distilled water and then used to
prepare algae suspension samples for the following
measurements and experiments.
2.2 Zeta potential measurements of algae cells

The zeta potential of the microalgae cells in the
prepared samples was determined using a Zetasizer
(DelsaTM Nano Beckman Coulter, USA).
the effects of settling, the sample was kept undisturbed

To minimize
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for 10 min, allowing the flocs to settle and then the algae
culture was obtained for use in measurements. A total
of 10 mL of the algae culture was placed in a test
chamber. Zeta potential measurements were performed
for at least three times.
2.3 Contact angle measurements of algae cells

The washed samples were centrifuged at 5000 r/min
for 15 min and the microalgae cells were obtained in the
bottom. Subsequently, the microalgae cells were
prepared in the form of a flat surface. According to
Prochazkova et al!" suspensions of the tested
microalgae cells were deposited on a 0.45 um filter
(nitrate cellulose membrane, Whatman, USA) under
negative pressure, forming an algae lawn. The
microbial lawns were then deposited on agar plates to
stabilize its moisture content until the start of contact
angle measurements.

The contact angle was measured with sessile drop
method using a goniometer (SL200KS, USA).

the measurements, the lawns were removed from the agar

During

plates, fixed on a microscopic glass slide, and allowed to
air dry for 40-50 min to eliminate excess water to reach a
plateau region. Measurements were performed at 25°C
with three probe liquids (i.e., water, glycol and glycerol),
and readings were taken after 0.5 s of deposition. To
quantify the contact angle accurately, images from the
goniometer and the angle analysis software (CAST;)
were used. The results presented are the average of at
least five measurements with a standard deviation of
3.6%".
2.4 FElement analysis of algae

Element analysis of algae samples was carried out
using an element analyzer (Elementar Vario EL Cube,
Germany) in order to determine the element composition
of both algae species. The elements C, H and N were
detected by means of a TCD (Thermal Conductivity
Detector) and the element O was detected by using an IR
(Infrared Radiation) method in the present analysis.
Digestion temperature was set at 1200°C and helium was
used as a carrier gas. The results presented are the
average of at least three measurements.
2.5 Surface energy parameters of algae cells

The surface free energy of the algae lawns was

calculated using the Lifshitz-van Waals/acid-base
approach (the LW/AB method)!'?).

surface free energy is decomposed into Lifshitz-van der

In this approach,

Waals component (y*") and Lewis acid-base component
(yAB) that is split into a Lewis acid component (y") and a
Lewis base component (y). The LW/AB method can be

expressed as Equation (1):

2LWLW% 2+7% 2*+%
N o' n) N (7)) N (r.7)

cosd=-1 (1)
71 7 Vi

r =240y )

o=+ ") 3)

where, 6 is the measured contact angle, subscripts of s
and [/ refer to the solid surface and probe liquid,
respectively. In order to obtain the surface free energy
of the solid, it is necessary to make three independent
contact angle measurements with three probe liquids
whose surface free energy components are known. In
this study, water, glycol and glycerol were used as the

probe liquids whose parameters are shown in Table 1.

Table 1 Surface energy parameters of the probe liquids

MJ'm™
n" " "
Water" 21.8 25.5 25.5
Glycol® 29.0 1.92 47.0
Glycerol * 34.0 3.92 57.4

Note: * From [16].

According to the extended DLVO theory, the degree
of hydrophilicity and hydrophobicity of the algae surfaces
were determined based on their free energy of cohesion

(AG_,1), as shown in Equation (4):

AG«O},=—2(\/7§7—W)2—4(\/737§+
Vnr =\rn —Jm:)

A negative value of AG,,;, suggests a hydrophobicity

4)

while a positive value indicates a hydrophilicity.
2.6 Hydrophobicity test

Hydrophobicity of microalgae was quantified by
using adherence-to-hydrocarbon method. A total of
4 mL of the algae sample was placed in a test tube to
which 1 mL of 98% pure n-hexane was added and shaken
vigorously for 1 min. The emulsion was allowed to

settle for 2 min, and then 3 mL were carefully obtained
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from the aqueous layer at bottom of the test tube by
sterilization spear quickly. Its absorbance was read at
540 nm using a spectrophotometer (Hitachi, Model
U-2800) to represent the concentration of microalgae.
Each experiment was repeated three times.  The
extractability (H) of the hexane layer on organic
substances in the algae suspension was calculated using
the following expression' *:

oD, - OD
D,

H=( 1Y% 100% )

0
where, OD, is the initial absorbance of the microalgae
suspension and OD; is the absorbance of the aqueous
phase after being settled for two min.

2.7 Flotation experiments

Flotation experiments were carried out using a 1.0-L
Denver Flotation Cell (ShunZe, XFD-1, China). The
microalgae cultures were stirred vigorously for 2 min,
weighed (F), and the density of cells (f) was calculated by
using the haemocytometer, followed by transferring into
the flotation cell. The pH of the flotation pulp was
adjusted with HCl (0.1 mol/L) or NaOH (0.1 mol/L)
adding the collector, tetradecyl trimethyl
(Ci6TAB).

suspension was conditioned by mixing at 800 r/min for

before
ammonium bromide The microalgae
5 min at first, and then at 600 r/min for 10 min for
flotation test. All floatation harvests were conducted
under air flow rate of 180 L/h. The results presented are
the average of 3 measurements ",

efficiency (HE) and

concentration factor (CF) were determined using the

Microalgae  harvesting

following equations:

HE=1-1L (6)
Ef
o tE (7)
1-T/F

where, T is the wet mass of the tailing (or sink left in the
flotation cell); F is the wet mass of the feed; ¢ is the

microalgae concentration in the tailing!").

3 Results and discussion

3.1 Zeta potential
Figure 1 shows the variation of zeta potentials of

microalgae with different pHs. As seen from Figure 1,

the zeta potential values of both algae remain less than 0
in the pH range, suggesting that the surfaces of both algae
cells are -electronegative. An increase in the
electronegative zeta potential can be found from
—6.72 mV to —13.73 mV for Anabaena vasriabilis cells
when the pH ranges from 4 to 9. The zeta potential
tends to be constant when the pH is larger than 9. These
results suggest that the Anabaena vasriabilis cells tend to
be more dispersed at high pH, and the optimum pH value
for the growth of Anabaena vasriabilis may be in the
range of 9-10. Figure 1 also shows a sharp increase in
the electronegative zeta potential from —10.20 mV to
—16.88 mV for Chlorella vulgaris when the pH value is
from 4 to 5. The zeta potential decreased further to a
minimum of —16.88 mV at pH 7 and started increasing
gradually to —15.01 mV and -14.96 mV when the pH
reached 9 and 10, respectively. This result is analogous
to that reported by Ouyang et al.'”) where the optimum

pH for Chlorella vulgaris was in alkaline environment.

8

—®— Anabaena variabilis
4k —&— Chlorella vulgaris
Z 0
3
5 o
Q
a
8
St
_12 -
_16 -
1 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11
pH
Figure 1 Zeta potentials of Anabaena vasriabilis and

Chlorella vulgaris under different pH

According to Chen et al.l"™ the electric property of
cell surfaces mainly depends on the surface structure and
extracellular products, which are directly related to the
growth and metabolic level of the microalgae cells. The
microalgae cell can produce large amounts of protein and
sugar in or out the cell membrane which can enhance the
surface electronegativity. It can be found from the
present culture experiments that the Chlorella vulgaris
hardly grows well as pH<4. Few protein and sugar can
be produced under such pH condition, which makes the
microalgae flocculating serious. The Chlorella vulgaris

reactivates obviously at pH 5.  With a further increase in
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pH, therefore, the growth rate and intracellular metabolic
rate of algae cells generally increase, resulting in the
increase in unicellular mobility. Further, this may lead
to an increase in intercellular interaction between
individual cells in the culture and may induce a net
electronegative zeta shield around the cells. Therefore,
this creates a massive repulsion between cells, making
algae cells dispersed in the culture and flocculation
weakened significantly. This conjecture explains the
reason why a change in pH from 4-5 causes the largest
change in the zeta potential.

According to the present results, the zeta potential is
least if the microalgae are under optimum pH condition.
The optimum pH for Chlorella vulgaris is about 7.
Therefore, the zeta potential decreases when pH<7 and
then increases when pH>7. In contrast, the optimum pH
for Anabaena vasriabilis is about 10. As a result, the
zeta potential shows a constant decreasing trend under the

present pH range tested. The zeta potential of Chlorella

vulgaris is lower than that of Anabaena vasriabilis at the
same pH. A possible reason is that the Chlorella
vulgaris has smaller equivalent diameter and more
dispersed distribution in the culture.
3.2 Contact angles and surface properties

Table 2 summarizes the contact angles measured with
the probe liquids and the physico-chemical properties of
microalgae. The results show that the microalgae
contact angles are highest in water, followed by glycerol
and glycol. The differences can be attributed to the
surface tensions of probe liquids. The higher surface
tensions, the contact angle. The surface energy (y;) of
Chlorella vulgaris 1is higher than that of Anabaena
vasriabilis, implying that more energy is required to
change equal volume of Chlorella vulgaris than that of
Anabaena vasriabilis.  This also explains why the
Chlorella vulgaris cells have smaller equivalent diameter
and more dispersed distribution in the culture than

Anabaena vasriabilis.

Table 2 Surface characteristics of Anabaena vasriabilis and Chlorella vulgaris

Contact angles/(°)

Free energy components, free energy of cohesion/MJ-m™

0,ir oot Osyceral 7" r 7 s AGeon
Anabaena vasriabilis 97.5£1.5 74£2.1 86+3 29.19 29.19 0 5.47 0 —55.85
Chlorella vulgaris 49+0.9 12+0.43 45+1.1 47.15 10.94 36.2 10.07 32.55 1.21

The free energy of cohesion (AG..) of Chlorella
vulgaris is larger than zero (1.214 MJ/mz) while
Anabaena vasriabilis is less than zero (—55.83 MJ/m?),
indicating a hydrophilic surface for Chlorella vulgaris
cells and a hydrophobic surface for the Anabaena
This may be attributed to the different
The cell walls of
Anabaena vasriabilis contain the long carbon chain
compounds, such as CsyixHogioxO (X=0-12), CxHyx-0O
(X=15, 17, 19) and CxHax 100 (X=32, 33, 34" in

which a large amount of hydrophobic groups (e.g.,

vasriabilis cells.

components of the cell walls.

methyl and ethyl) but only a few hydrophilic groups (e.g.,
hydroxyl) result in the hydrophobic feature of Anabaena
vasriabilis. This can be also supported by the identified
results of main element content of Chlorella vulgaris and
Anabaena vasriabilis shown in Table 3. As can be seen
from the Table, the C, H and N contents of both
microalgae are similar. But the O content of Chlorella

vulgaris is ten percentage points higher than that of

Anabaena vasriabilis. Since the oxygen element here
mainly constitute the hydroxyl (-OH), carboxyl (-COOH)
and aldehyde (-CHO) group etc., and these groups are
mainly hydrophilic, it is not surprising that Chlorella
vulgaris shows hydrophilic while Anabaena vasriabilis
hydrophobic. Stumm et al.”! found that cellulose films
had similar surface free energy to that of Chlorella

Therefore, the cell walls of Chlorella vulgaris
1

vulgaris.
mainly consisting of cellulose™ is expected to result in
their hydrophilic.

Table 3 Main element content of Chlorella vulgaris and

Anabaena vasriabilis

wt%
C H (e} N
Chlorella vulgaris ~ 46.67+0.24  6.929+0.08 37.97+0.13  8.436+0.08
Anabaena vasriabilis  46.67+0.23  6.79£0.06  27.82+0.09  9.63+0.10

The results in this study also revealed that Anabaena
vasriabilis showed much higher adhesion strength than

Chlorella vulgaris due to its hydrophobic surface.
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3.3 Microalgae harvesting efficiency and
concentration factor
Figure 2 presents the harvesting efficiency of
Chlorella vulgaris and Anabaena vasriabilis as a function
of pH. As clearly seen in Figure 2, the efficiency of
Anabaena vasriabilis is apparently higher than that of
Chlorella vulgaris at the same pH. For example, at pH
6, the harvesting efficiency of Chlorella vulgaris is
31.9% while it is 65.6% for Anabaena vasriabilis. This
difference can be attributed to the difference in surface
properties of microalgae, especially explained by the

algae surface hydrophobicity, as shown in Table 2.

100
—=— Anabaena variabilis

—=o— Chlorella vulgaris

90 |-

80

70 -

60

50 +

Harvesting efficiency/%

40t

30

20 1 1 1 1 1 1 1 I

Figure 2 Harvesting efficiency of Chlorella vulgaris and
Anabaena vasriabilis at CsTAB concentration of 50 mg/L under
different pH

According to Ozkan and Berberoglu[lz], the surface
hydrophobicity, or the acid—base attraction, can be one of
the main mechanisms that promote the initial adhesion of
algae cells to surfaces. Niecikowska et al.”’! further
indicated that the effect of electrostatic interactions had
practically no importance at highly hydrophobic surfaces.
Since the surface of Anabaena vasriabilis cells is strongly
hydrophobic, the hydrophobic attraction between
bubble-cell and cell-cell bubble

attachment to the cell surface and the formation of algae

can facilitate the

aggregations, resulting in high harvesting efficiency.
Moreover, pH variations have a significant impact on
As the pH

increased, the significant increases in the harvesting

the harvesting efficiency of both microalgae.

efficiency can be observed for both microalgae. For
example, the harvesting efficiencies increase from 26.6%
and 42.8% at pH 4 to 90.1% and 94.5% at pH 10, for

Chlorella vulgaris and Anabaena vasriabilis, respectively.

The bubble—particle adhesion in the flotation process
is usually described through the extended DLVO
(Derjagin—Landau—Verwey—Overbeek) theory. In the
extended DLVO theory, the total energy of interaction
between two interfacial boundaries can be expressed as
the contribution of van der Waals (LW), electrostatic
(EL), and acid-base (AB) interaction energy. The
electrostatic interactions depend on the magnitude of the
zeta potentials of the interacting surfaces as well as on the
thickness of the electric double layer. As seen in Figure
1, there is an increase in the magnitude of negative zeta
potential with increasing pH for both microalgae. Bubbles
are usually negatively charged®”. As a result, the
electrostatic forces between the interacting surfaces are
repulsive and the repulsive electrostatic interactions
increases at high pH. However, it is worth noting that a
cationic surfactant (Ci¢TAB) is added as the flotation
CisTAB can

adsorb onto the surface of negatively charged algae cells,

collectors for microalgae harvesting.

making the cell hydrophobic and thus available for
bubble attachment'™. On the other hand, C;sTAB may
modify the surface properties of the bubble by supplied
positive charges, and thereby electrostatically attracted to
the negatively charged algae cells!.  Ttis expected that
the repulsive electrostatic interactions of cell-cell or
cell-bubble are overcome by the attractive van der Waals
and acid-base hydrophobic interactions. Therefore, it is
not surprising that the flotation performance was
improved in this study.

Figure 3 shows the concentration factor of harvesting
Chlorella vulgaris and Anabaena vasriabilis under
different pH.

factor of Chlorella vulgaris increased dramatically when

It can be found that the concentration

the pH value increased from 4 to 7 and reached a
maximum (12.31%) at pH 7.

the pH, the concentration factor declined clearly.

While further increasing

Similar variation trend in the concentration factor is also
found for Anabaena variabilis. However, its maximum
(10.62%) appeared at pH 9.

It can be clearly found from Figures 2 and 3 that the
highest flotation efficiency and the highest concentration
factor could not be concurrently obtained for both algae

in the tested pH range, which attributes to the drainage
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behavior of the liquid film. According to previous
research®, a thin liquid film would be formed as a
bubble and an algae granule getting close, followed by
the drainage behavior of the liquid film. This drainage
behavior may make the film thinner and thinner until
rupture, and then the stable bubble-algae agglomerate is
formed. In this process, the drainage behavior of the
liquid film was controlled by the fluid dynamics of the
film and the physicochemical factors of the particle
surface. In our present experiment, the aqueous layer of
algae became more stable after the surfactant adsorbed on
the algae surface reaches the saturated value at high
surfactant concentration.  Accordingly, the drainage
behavior is suppressed, resulting in lowered hydrophobic
force, and further reducing concentration factor. The
surfactant improves the harvesting efficiency by
increasing the stability of bubble-algae agglomerate.
Meanwhile, the water entrained or carried by the
agglomerate is also increased, resulting in the decreased
concentration factor. At pH 7, the concentration factor
of Chlorella vulgaris reaches the maximum. As pH>7,
the agglomerate becomes more stable and the number of
the agglomerate also increases. However, the number of
microalgae in the culture remains constant, resulting in
that the agglomerate carries more water rather than the
algae. As a consequence, the harvesting efficiency

increases and the concentration factor decreases.

—=®— Anabaena variabilis
—=— Chlorella vulgaris

Concentration factor/%

pH
Figure 3 Concentration factor of Chlorella vulgaris and Anabaena
vasriabilis at C;¢TAB concentration of 50 mg/L under different pH
Figure 4 further shows the relation of concentration
factor and harvesting efficiency of Chlorella vulgaris and
Anabaena vasriabilis.  As shown in Figure 4, the

concentration factor of Chlorella vulgaris is 12.45% with

only 55.4% harvesting efficiency at pH 7. By
comparison, the concentration factor of Anabaena
vasriabilis reaches 11.3% with a flotation efficiency of
92.3% at pH 9 when using 50 mg/L C;cTAB. This
suggests that an optimized flotation condition should be
selected as a compromise between the flotation efficiency
and concentration factor.

14

—B— Anabaena variabilis

12k —B— Chlorella vulgaris pH7m
e 10F
= pHO6 ™
3]
& 8F
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O 4l

pH4 = o
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2k
pH 4 -/
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0 10 20 30 40 50 60 70 80 90 100
Harvesting efficiency/%

Figure 4 Relations of concentration factor and harvesting efficiency
of Chlorella vulgaris and Anabaena vasriabilis at 50 mg/L C,TAB

As discussed above, the addition of a cationic
surfactant (C1sTAB) can modify the surface properties of
microalgae cells, even changing once the hydrophilic
microalgae cells were hydrophobic. To further examine
the effect of surface hydrophobicity on microalgae
floatation efficiency, this study also investigated the
variation in surface hydrophobicity of Chlorella vulgaris
with C¢TAB collector of different concentrations, and
established the relationship between the harvesting
efficiency and the hydrophobicity of Chlorella cells, as

shown in Figures 5 and 6.

70 -

60 | /i/i
50

40

Microalgae hydrophobicity/%

0 1 1 1 1 ]
0 20 40 60 80 100

Surfactant dosage/mg-L"

Figure 5 Surface hydrophobicity of Chlorella cells at different
concentrations of C;¢TAB at pH 8
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Figure 6 Relationship of hydrophobicity and harvesting
efficiency of Chlorella with using C,sTAB at pH 8

The surface hydrophobicity of Chlorella vulgaris is

significantly enhanced by varying C;sTAB concentrations.

As the C;cTAB concentration increases from 0 to
80 mg/L, microalgae hydrophobicity increases from 1%
to 64%, causing a relative increase in hydrophobicity by
2.37 times . In general, both hydrophilic and hydrophobic
surface groups are present in the molecular structures of
effective surfactants. When added to the microalgae
suspension, these surfactants adsorb onto the surface of
microalgae cells, causing them to directionally align with
hydrophobic groups

facing outward, increasing the

surface hydrophobicity of Chlorella cells. A point of
saturation can be achieved, where flotation reagents
reached a maximum level of adsorption of surfactant
molecules, from which point the hydrophobicity of
Chlorella shows no further change.

It can be found in Figure 6 that hydrophobicity of
Chlorella vulgaris cells shows a significant linear
correlation with the harvesting efficiency (¥Y=1.5225H-
3.6616, R*=0.9547). It means that the harvesting
efficiency increases proportionally with the increased
hydrophobicity of Chlorella. Moreover, the results in
this study also indicated that C;sTAB shows the
effectiveness as a surfactant in increasing the recovery of

Chlorella cells with surface hydrophilicity.
4 Conclusions

A set of measurements of surface physicochemical
properties of two microalgae strains and flotation
experiments have been conducted, along with the

extended DLVO theory to gain a deeper insight on the

effects of surface characteristics on microalgae flotation
performance.

Chlorella

electronegative, and Chlorella vulgaris and Anabaena

The results show that the surface of algae

vulgaris and Anabaena vasriabili are
vasriabilis show naturally hydrophilic and hydrophobic
cell surface, respectively. Moreover, the results indicate
that microalgae hydrophobicity and pH have significant
impacts on the harvesting performance. The harvesting
efficiency of Chlorella vulgaris is lower than that of
Anabaena vasriabilis at the same pH because the latter
The good

correlation between microalgae flotation recovery and

has a stronger degree of hydrophobicity.

hydrophobicity of Chlorella vulgaris suggests that the
flotation performance of microalgae can be improved by
using some collectors which can make microalgae surface
more hydrophobic.  Finally, the present data and
methods may be expected to provide critical information
for conducting further experiments and theoretical studies
linkage

characteristics of microalgae and harvesting performance

on establishing the between  surface

by air flotation.
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