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ABSTRACT

Microalgae Chlorella fusca ACOI 621, Chlorella vulgaris ACOI 879, Scenedesmus
acutus ACOI 538 and Scenedesmus obliquus ACOI 550, all native from Portugal, were
characterized in terms of specific growth rate. The effect of pH and the presence of
Cr(VI) in concentrations up to 25 mg I (50 mg 1! for Chlorella fusca) has been

evaluated. The logistic equation of population growth n= 1/ ((1/ ny,—1/K)e™ +1/K )

adequately describes the cellular growth. Experiments at pH = 6.5 and temperature
around 24.5 °C, in the absence of Cr(VI), led to specific growth rates (x) of 0.0370,
0.0284, 0.0359 and 0.0162 h™' and maximum biomass concentrations (K) of 403.3, 369.2,
542.9 and 604.1 mg 1! for C. fusca, C. vulgaris, S. acutus and S. obliquus, respectively.
Experiments carried out with the same algae at approximately 21 °C, also in the absence
of Cr(VI), gave u values of 0.0241, 0.0357, 0.0272 and 0.0289 h™' and K values of 292.6,
169.9, 263.1 and 327.8 mg I'' for initial pH = 6.5 and 4 values of 0.0115, 0.0177, 0.0137
and 0.0158 h'! and K values of 35.9, 3.0, 32.8 and 54.7 mg I'! for initial pH = 7.9. Higher
pH results in a significantly lower growth rate and C. vulgaris seems to be the less
resistant microalgae to changes in the environmental conditions. Looking simultaneously
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at x4 and K values, the best performance in terms of growth kinetics was obtained for S.
acutus and C. fusca. Growth inhibition is visible for Cr(VI) > 5 mg I'' but concentrations
up to 1 mg I'' seem not to seriously affect algal growth, even increasing the C. fusca
specific growth rate. For Cr(VI) < 1 mg I'!, p varies between 0.08 and 0.17 h*!, depending
on the algal species. The growth of C. vulgaris is severely inhibited by Cr(VI) =5 mg I'.
The production of metabolites is small compared with biomass production, for all Cr(VI)
concentrations. The organic carbon content of algae is about 40%-50% (dry basis), except
for S. obliquus (around 30%). The biomass of C. fusca and S. acutus presents the greatest
sedimentation rates. The presence of high Cr(VI) concentrations negatively affects the
sedimentation.

Keywords: Microalgae; Chlorella fusca; Chlorella vulgaris, Scenedesmus acutus,
Scenedesmus obliquus; growth kinetics; chromium (VI)

1. INTRODUCTION

As population, population density, and development level increase, the issue of
wastewater-related nutrient loading has grown as one of the major concerns in environmental
management. On the other side, wastewaters resulting from human activities often contain
heavy metals [1]. These elements make part of a list of dangerous substances with toxicity
characteristics and a high potential of persistence and accumulation.

There has been considerable interest in using aquatic organisms for wastewater treatment.
Portugal presents, mainly in Centre and South areas, climatic conditions ecologically
favourable to green microalgae development, so the subject has been faced with increasing
attention. Because of the fact that, in those areas, the limiting factor to agriculture is water, a
judicious management of the hydric resources available is necessary, and so water reuse
constitutes an adequate contribution for solving ecological and water shortage problems
simultaneously.

Microalgae are often used for wastewater treatment due to their high growth rate and
simple growth requirements. Several works refer to nitrogen and phosphorous removal by
microalgae [2-6]. Lau et al. [7] show that carrageenan-immobilized Chlorella vulgaris cells
efficiently removed N and P (95 and 100%, respectively) from wastewater. Meiring et al. [4]
reported nitrogen removals of about 85%. Robinson [5] has obtained P removal efficiencies
of 80% to 95% using Chlorella emersonii in suspension. Continuous-flow culture studies
were also carried out using small-scale packed-bed reactors containing Chlorella immobilized
in alginate beads. Reactors were maintained at 25°C and illumination was provided at 60 puE
m? s7!. Gonzalez et al. [2] run 216 h-experimental cycles of batch cultures of Chlorella and
Scenedesmus and concluded that Chlorella vulgaris was less efficient than Scenedesmus
dimorphus in removing ammonia. Twist et al. [6] used Scenedesmus subspicatus cultures
incubated at 20°C with an incident photon flux density of 40 pE m™ s™!. The interaction of air
flow rate with nutrient supply was tested under controlled temperature (19+1°C) and light
(85-95 uE m™ s7!).

The pH of the culture medium determines CO, and minerals solubility and influences
directly or indirectly the algal metabolism. Becker [8] states that stopping agitation and/or
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CO; supply can cause an increase in pH, leading to the formation of algal flocs, which will
settle down. Experiments with Scenedesmus sp. to study the effect of pH showed that no
flocculation could be obtained for pH values between 5.0 and 7.5, whereas at pH values
above 8.5 almost 95% of the algal biomass could be removed.

Light is also of fundamental importance and, in algal cultures, light rapidly becomes
limiting due to absorption by the algal biomass. Light intensity also interacts strongly with
temperature. Algae growth rate increases with temperature until an optimal value is reached.
Further increases in temperature usually lead to a rapid decline in growth rate. At
temperatures close to the optimum, algae are also better able to tolerate much higher light
intensity before photoinhibition sets in [9].

In a general way, microalgae growth is complex, revealing non linear behaviours in
response to the alteration of several environmental parameters such as pH, temperature, light
intensity and nutrients, and the interactions between these factors are not well established [8,
10].

Heavy metals removal by the green algae has been widely recognized [11-15]. According
to Avery et al. [16], the accumulation of heavy metals comprises a rapid adsorption phase,
reversible and metabolism independent and a slower one, metabolism dependent, often
irreversible. Batch cultures of Chlorella fusca were used for testing the toxicity of Pb(II),
Cr(1II), Cr(VI) and Cd(II) [17].

Tam et al. [18] investigated the influence of the concentration of Chlorella vulgaris dried
cells on copper removal from aqueous solution. The evolution of nitrogen and phosphorus
uptake in presence and absence of Pb (10 M), at pH 7 and 4, was studied by Capelo et al.
[19] using the microalgae Selenastrum Capricornutum. Batch cultures of Chlorella fusca
were used for testing the toxicity of Cu(Il) and Zn(II) [20] and also Pb(II), Cr(III), Cr(VI) and
Cd(II) [17]. Lam et al. [13] evaluated the effect of Cd and Cu on Chlorella vulgaris growth.
The direct toxic effect due to copper addition and the indirect impact arising from a decrease
in pH following an increase in the metal ions concentration were investigated. Light intensity
was in the range 85-90 uE s™' m™. Lupi et al. [21] studied the inhibition of Chlorella vulgaris
by Cu, at 27 °C and 100 or 150 W m™ light intensity. The effect of the contact time on the
binding capacity of five toxic metals (Cd, Cu, Ni, Pb and Zn) in solution by Chlorella
vulgaris at pH 8.5 and constant temperature was also evaluated [14].

For an efficient biomass separation, good flocculation must occur [4, 22]. Algae
autoflocculation may result from a pH rise (>8), promoting an initial nucleation of calcium
phosphate crystals. In the presence of Ca®’, the calcium phosphate, positively charged,
precipitates, adsorbing the negatively charged cells, agglomerating them and promoting their
flocculation [8]. Under these conditions, polyvalent cations of Cr, Cu, Fe, Mn, Pb, Sr and Zn,
together with Ca and Mg, tend to become incorporated into the flocs, which settle down and
promote water clarification [23].

This work aims to describe the growth kinetics of pure cultures of four microalgae,
Chlorella fusca ACOI 621, Chlorella vulgaris ACOI 879, Scenedesmus acutus ACOI 538
and Scenedesmus obliquus ACOI 550. Results are compared with those obtained in the
presence of Cr(VI). The effect of temperature and initial pH upon algal growth was also
investigated.
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2. MODELLING

Growth of unicellular organisms like microalgae is often considered as a first-order
autocatalytic reaction [24-26]. So, the increase in biomass concentration, n (mg 1), as a
function of time, ¢ (h), can be expressed as:

dn
E:ﬂxn (D

where u is the specific growth rate of biomass (h'), characteristic of each organism and
culture medium, and is primarily governed by the growth capacity of the organism and the
environmental conditions [8, 25]. This model assumes unlimited exponential growth.
However, in batch systems every population is limited either by lack of nutrients or
accumulation of toxic metabolites and then some allowance must be made to restrict the
growth [25]. Verhulst derived the logistic equation of population growth, sometimes called
Verhulst model, in 1845 [24], which is frequently presented as the initial form of a Riccati
equation:

dn 1
E:,uxnx 1—?xn 2)

This equation can be easily integrated to obtain the logistic curve:

n= 3)

where ny is the initial biomass concentration (mg 1') and K the maximum biomass
concentration (mg 1'"). The logistic curve is sigmoidal and leads to a stationary population of
size K, i.e., for =, n =K.

The logistic equation perfectly describes the exponential and stationary growth phases,
but it does not include the initial lag phase and the decline phase. According to Krebs [27],
there are two ways of viewing the logistic curve. One is to view it as an empirical description
of how populations tend to grow in number when conditions are initially favourable. This is
the more general, more flexible viewpoint. The other way is to view the logistic model as an
implicit strict theory of population growth, as a “law” of population growth. This last one is,
perhaps, the one that interests us most.
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3. MATERIALS AND METHODS

3.1. Microalgae

Samples of Chlorella fusca ACOL 621, Chlorella vulgaris ACOIL 879, Scenedesmus
acutus ACOI 538 and Scededesmus obliquus ACOI 550 strains, all chlorophyceae, were
obtained from stock cultures maintained by the Algal Culture Collection ACOI, Department
of Botany, University of Coimbra, Portugal. The genera Chlorella and Scenedesmus belong to
the order Chlorellales [22]. All species are unicellular green algae, without motion capacity.
Species from the Chlorella gender are spherical or ellipsoidal, exhibiting a simple life cycle
and also simple nutritional needs. They are small cells, 1 to 5 um in diameter, which
reproduce asexually, each mature cell producing 6, 8, or, more rarely, 16 autospores. Species
from the Scenedesmus gender are largely distributed in water and soil. Cells are cylindrical
with rounded or sharp extremities. They can be found laterally united in 4, 8 or 16 — more
rarely — cells. They reproduce by autocolonies formation [22].

Algal cultures were stored at 4°C, in sterilized test tubes, and renewed with algae
proceeding from successive experiments performed in sterile conditions.

3.2. Growth medium

Table 1 presents the composition of the culture medium. As autoclaving leads to the
precipitation of certain mineral salts [8], four concentrated solutions (Table 2) were prepared
separately and aseptically filtered through 0.45 pum Gellman Sciences membranes. All
solutions were prepared with dechlorinated tap water, which was previously sterilized by
filtration. The only source of specific inorganic carbon was NaHCOs3, besides the CO; present
in the sterile air bubbled into the medium.

Table 1. Composition of the synthetic medium

Constituent Concentration (mg I'")
NaNOs3 525
NaHCO3 50
KH,PO, 626
K>HPO4 266
MgSO47H2O 500
CaCl,2H,0 55.87
Na;EDTA 50
NaOH 22.1

FGSO4'7H20 4.98
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Table 2. Composition of the concentrated inorganic solutions

Constituent Concentration (g I'!) Solution
NaNO; 5.25 1
NaHCO; 0.5 1
KH,PO4 6.26 1
K;HPO, 2.66 1
MgSO47H,O 5.0 2
CaCl,2H,O 0.559 2
Na,EDTA 50 3
NaOH 22.1 3
FeSO47H,O 4.98 4

One of the factors affecting microorganism growth is pH. Experiments aiming at
determining kinetic parameters must be performed at constant or approximately constant pH.
According to Mitchell and Slaughter [25], control of pH is also very important since in many
cases it changes during the development of a microbial population. Phosphate buffers are
especially useful to control pH, since phosphorus is required as nutrient and they buffer the
solution at around neutral pH, where microorganisms like microalgae grow optimally. In this
work, the culture medium was buffered with hydrogen / di-hydrogen phosphates.

3.3. Cr(VI) Solutions

Hexavalent chromium solution was prepared by dissolving K,Cr,O7 in distilled and
demineralised water. Test cultures were spiked with pre-defined volumes of this solution in
order to get different Cr(VI) concentrations.

3.4. Analytical Techniques

Light intensity was measured using a luxmeter (Luxmeter HD 8366 Delta OHM).

The cell concentration was determined by optical density measurements at 680 nm, as
used by Schelenz [28]. Optical densities were measured with a UV-VIS Jenway 6405
spectrophotometer, using the sterile medium culture as blank. In the range of optical densities
measured, cell concentration is proportional to optical density. A calibration curve was
prepared by plotting dry biomass weight against optical density. In order to eliminate the
interference of cell sedimentation in optical density values, samples were previously stirred in
a Vortex Mixtub, Raypa. The pH was daily measured with a 540 GLP/ WTW pH meter. Cells
were counted in an improved Neubauer hemacyclometer.

Total organic carbon (TOC) and dissolved organic carbon (DOC) concentrations were
measured using a Rosemount Analytical Dohrman DC-190 analyser. Prior to DOC
measurements, samples were centrifuged at 5470 rpm, in an Alresa Mod Digicen centrifuge,
for 15 minutes and then filtered through 0.45 um porosity membranes (Gellman Sciences).
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3.5. Experimental Procedures

Four 250-ml Erlenmeyer flasks containing 250 ml of medium were inoculated with the
above referred microalgae species to obtain an initial cell concentration around 100 000 cells
ml™!, which has given the best results in preliminary experiments. A flask containing only
culture medium was also used as blank for optical density measurements, sterilization control
and pH variation. Experiments were carried out at temperature approximately constant.
Mixing was accomplished and some CO; was provided by bubbling sterile air into the culture
medium. As source light, special Osram L36W/72 Biolux lamps, giving a spectrum similar to
sunlight, were used. Experiments were performed under a 24 h light photoperiod. All glass
material was sterilized at 180°C for 1 h 30 min.

In the first set of experiments, room temperature was controlled at 24.6+ 1.0°C
(mean * standard deviation). Daily pH measurements were carried out but no pH corrections
were performed.

Mixing was maintained approximately uniform in all flasks by adjusting the diffused air
flowrate. Besides, flasks were also manually stirred several times a day, to minimize the
formation of a biofilm onto the flask wall.

Light intensity values ranged from 2000 to 3000 lux (32-48 uE m? s!). Twist et al. [6,
29], Minowa and Sawayama [30] used similar values, 40, 30 and 40-60 uE m? s,
respectively.

A second set of experiments was carried out to evaluate the effect of pH on microalgae
growth rate. Experiments performed with buffered culture medium at pH =~ 8 were compared
with experiments where initial pH = 6.5. All the operating conditions were as before, except
temperature, which was around 20.8 + 1.8°C.
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Figure 1. Microalgal growth as a function of time. (T =24.6 °C; pH = 6.5).
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To study the effect of the addition of Cr(VI), pre-defined volumes of metal stock solution
were added simultaneously to 2000 ml-glass flasks containing 1500 ml of each algal culture
once a density of 100 000 cells ml™! was reached. Experiments with Cr(VI) concentrations of
0, 1, 5 and 25 mg I"! (50 mg 1! for Chlorella fusca culture) were carried out at room
temperature approximately constant: 21.6£1.1, 22.4£0.6, 21.0+0.71 and 21.0£0.3 °C (mean *
standard deviation) for Chlorella fusca, Chlorella vulgaris, Scenedesmus acutus and
Scenedesmus obliquus cultures, respectively. No pH corrections were performed. An
Erlenmeyer flask containing only sterile culture medium was submitted to the same operating
conditions, for each set of experiments, and used as blank to correct optical density
measurements over time. Daily samples were collected both in test and control flasks for pH,
biomass (optical density) and total, dissolved and suspended organic carbon.

Flocculation properties of algal cultures were evaluated through settling tests. Initial
optical densities were compared with those of the supernatants after a 6 h-settling period.

4. RESULTS AND DISCUSSION

4.1. Experiments under the Same Initial pH Value (T = 24.6 °C, pH = 6.5)

For each algae, the parameters 4, K and the initial biomass concentration, ng, were
determined by fitting the logistic equation to the experimental results, using the non-linear
least squares technique. Adjusting ny allows overcoming high experimental errors associated
with the measurement of low biomass concentrations. The growth curve obtained for all algae
species involved in this study are shown in Figure 1. All curves present a similar growth
pattern, although Scenedesmus acutus growth seems to increase after 150 h operation and
Chlorella fusca shows a slower growth rate in the beginning.

Growth curves obtained for each algae by fitting the logistic equation to the experimental
data are also presented in Figure 2. Scenedesmus acutus and Chlorella fusca show higher lag
phases. Maximum biomass concentration, K, ranges from 369 mg I'! for Chlorella vulgaris to
604 mg I"! for Scenedesmus obliquus. The pH increased from 6.4-6.5 to 7.2-7.7, after about
190 h operation, as observed in Figure 3. As it could be expected, algae species growing
faster are those presenting the highest pH variation, which is clearly visible for Chlorella
fusca, by comparing Figure 3 with Figure 2.

4.2. Experiments with Different Initial pH Values (T =20.8 °C, pH = 6.5 and
pH=17.9)

4.2.1. Effect of pH

The influence of the initial pH on algal growth was investigated, although maintaining
the temperature at a lower value than in the previous experiments. The initial pH was kept
around 6.5 in some experiments, whereas in others it was increased up to 7.9. Figure 4 shows
the experimental and predicted growth curves obtained and the parameters x4, K and ny,
determined by fitting the logistic equation to the experimental results.
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Figure 2. Microalgal growth (A) as a function of time. (—) Logistic model fittings (T = 24.6 °C; pH =
6.5).

As indicated by K values, there is no significant growth of biomass when the initial pH
was adjusted to around 7.9: the highest K value is = 54 mg 1"! for Scenedesmus obliquus,
whereas for Chlorella vulgaris is only = 3 mg I"!. The maximum biomass concentration
follows the same order as for pH = 6.5: Scenedesmus obliquus > Chlorella fusca >
Scenedesmus acutus > Chlorella vulgaris. The specific growth rate of biomass p is also
reduced by about 50% for all species, when compared to the values obtained at initial pH =
6.5.

In the experiments performed at a temperature of 20.8 °C and initial pH = 6.5, it was
obtained an increase in pH of around 0.5 after about 230 h incubation. Starting with a pH =
7.9, no visible alterations were visible during the same operating time. At higher pH values,
the amount of CO, available is smaller, thus affecting algal growth. Results confirm that a
high initial pH acts as an inhibitory factor preventing algae from developing normally [8].
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Figure 3. pH evolution over time for each alga (T = 24.6 °C; pH = 6.5).

4.2.2. Temperature Influence

Comparing the values of the model parameters for the experiments performed at pH = 6.5
and two different temperatures (24.6 and 20.8 °C), it can be concluded (Figure 2 and Figure
4) that although the variation of the specific growth rate of biomass,z, is casual, the
maximum biomass concentration, K, increases with temperature.

At 20.8 °C, it was possible to observe that the pH increased from 6.5-6.6 to 7.0-7.1, after
about 190 h operation, not reaching values so high as at 24.6 °C (Figure 3). The lower
production of biomass at 20.8 °C originates a lower impact on the initial pH.

The variation of kinetic parameters due to temperature variation can be also associated to
environmental stresses, as, according to Becker [8], living organisms like algae are extremely
susceptible to changes occurring in the environment.

4.3. Effect of Cr(VI) on Growth Kinetics

Figure 5 shows the experimental results of biomass growth for each algal species. Growth
in the presence of different Cr(VI) concentrations is compared with that obtained using
Cr(VI)-free culture medium. Cr(VI) concentrations of 1 mg 1" do not affect or slightly
improve algal growth. However, higher concentrations cause an inhibitory influence on
growth kinetics. The more marked effect is visible in C. vulgaris culture, since growth is
almost interrupted for Cr(VI) concentration as low as 5 mg 1"!. In the absence of Cr(VI) or for
low Cr(VI) concentrations (1 mg I'"), pH increases over time from the initial value around 6.5
to about 7.4-7.8 (Figure 6). As it could be expected, pH rises more slowly or even remains
constant when inhibition occurs.
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Figure 4. Microalgal growth as a function of time for different initial pH values. (A) pH = 6.5; (J) pH
=17.9. (—) Logistic model fittings (T = 20.8 °C).

The logistic fittings to the experimental results are also displayed in Figure 5 and the
corresponding parameter values are presented in Table 3. Hexavalent chromium
concentrations up to 5 mg I'' seem not to negatively affect the initial specific growth rate of
biomass (x) of C. fusca and the presence of 1 mg 1! even increases . However, the
maximum biomass concentration (K) continuously decreases as Cr(VI) concentration
increases. According to Wong et al. [20], C. fusca is known for its tolerance to heavy metals,
which explains this behaviour. On the other hand, C. vulgaris (Figure 5) is less tolerant to
Cr(VI) than C. fusca. Although the addition of 1 mg 1" does not affect the normal
development of the population, growth is interrupted within a few hours for Cr(VI) =5 mg I'".
The effect of the presence of Cr(VI) on growth kinetics of S. acutus is similar to that observed
for C. fusca, even though a lower maximum biomass concentration (K) has been reached for
Cr(VI) = 5 mg 1"'. The presence of Cr(VI) up to 5 mg 1" practically does not affect the
biomass specific growth rate of S. obliquus, but the maximum biomass concentration (K)
markedly decreases. However, K values are significantly higher than those obtained for the
other species. For Cr(VI) =25 mg 1! the algal growth is completely inhibited.
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Figure 5. Effect of Cr(VI) on algal growth as a function of time (T = 21-22 °C; initial pH = 6.6-6.7;
arrow indicates the moment of Cr addition). (—) Logistic model fittings.

Comparing the results obtained without Cr(VI) addition (Figure 4) with those presented
in Figure 5, one can conclude that growth rates are lower in the first experiments. The
difference may be due to the higher medium volume used in the second study (1500 ml
instead of 250 ml). As light intensity over the flasks was the same, the available light for algal
growth was lower. As light is one of the most important environmental factors influencing the
growth and development of photosynthetic organisms like chlorophyceae [21], the maximum
concentration of growing algae in a continuously mixed culture is determined by the degree
of penetration of light into the culture.
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Figure 6. Evolution of pH over time (T = 21-22 °C; initial pH = 6.6-6.7; arrow indicates the moment of
Cr addition).

4.4. Effect of Cr(VI) on Metabolites Production

Total, dissolved and suspended organic carbon was measured over time in each algal
culture. Table 4 presents the mean production of metabolites (in terms of dissolved organic
carbon) for different Cr(VI) concentrations. Dissolved organic carbon concentration is small
when compared with total organic carbon concentration. There are no indications that cellular
growth by non photosynthetic routes may have occurred. Results also indicate that an
outstanding dissolved organic carbon production due to the metal presence seems not to
occur. It is also possible to observe that Chlorella fusca yields the lowest dissolved organic
carbon concentration.
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Table 3. Specific growth rates of biomass () and maximum biomass concentrations (K)
obtained by fitting the experimental data to the logistic equation

Concentration of

Cr(VI) (mg I Microalgae 4 (h) K (mg1?) R’
Chlorella fusca 0.008 3724 0.97756
0 Chlorella vulgaris 0.014 171.4 0.98586
Scenedesmus acutus 0.013 356.1 0.99839
Scenedesmus obliquus 0.017 603.0 0.99914
Chlorella fusca 0.015 267.9 0.93015
| Chlorella vulgaris 0.015 182.7 0.99860
Scenedesmus acutus 0.015 313.6 0.99351
Scenedesmus obliquus 0.017 607.7 0.99973
Chlorella fusca 0.009 178.1 0.97919
5 Chlorella vulgaris 0 - -
Scenedesmus acutus 0.009 124.0 0.98879
Scenedesmus obliquus 0.016 254.6 0.99525
Chlorella fusca (CF) 0 - -
Chlorella vulgaris 0 - -
25 (50 for CF) Scenedesmus acutus 0 - -
Scenedesmus obliquus 0 - -

Table 4. Effect of Cr(VI) addition on the production of metabolites (expressed as
dissolved organic carbon, DOC) by the algal cells

Concentration of Cr(VI) (mg I'")

Microalgae 0 1 5 25 (50 for CF)
Metabolites (DOC average + standard deviation) (mg 1)
Chlorella fusca (CP) 11.0+4.9 8.0+4.1 8.9+3.9 16.2+6.7
Chlorella vulgaris 29.149.7 26.845.3 24.6+1.0 24.242.4
Scenedesmus acutus 29.244.3 40.9£29.6 38.4+34.6 28.9+5.2
Scenedesmus obliquus 26.243.7 28.3£8.6 35.3£21.8 26.242.6

Suspended organic carbon was plotted against biomass for each Cr(VI) concentration and
no significant dependence on Cr(VI) was observed. A global linear correlation between
biomass concentration and suspended organic carbon for each algal culture was found, as
shown in Figure 7. The percentage of organic carbon in the algal biomass varies from 29% (S.
obliquus ) to 53% (C. vulgaris). These results are in agreement with those reported by several
authors that present values of the same order of magnitude by using empirical formulas [23,

30-33].
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Figure 7. Suspended biomass as a function of dry biomass concentration. (—) Linear regression. SB =

Suspended Biomass; BC = Biomass Concentration.

4.5. Effect of Cr(VI) on Biomass Settling

The ability of algal biomass to settle down has been expressed in terms of the decrease of
the suspended biomass concentration after a 6 h-settling period. Results of the biomass-
settling rate for each algae species and different Cr(VI) concentrations are presented in Table
5. In the absence of Cr(VI) and for Cr(VI) = 1 mg I'!, the settling rate is similar for C. fusca,
S. acutus and S. obliquus but much lower for C. vulgaris. As Cr(VI) concentration increases,
the settling rate decreases for all algal cultures but the effect is particularly evident for C.
vulgaris and S. acutus. Results suggest that Cr(VI) > 5 mg 1" impairs algae autoflocculation.
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Table 5. Biomass settling rate (mg 1! h!)

Concentration of  Chlorella fusca Chlorella Scenedesmus Scenedesmus
Cr(VI) (mg I') (CF) vulgaris acutus obliquus
0 55.1 13.4 41.1 42.7
1 45.8 12.3 46.4 54.6
5 26.5 1.4 16.0 332
25 (50 for CF) nd 0.52 nd 6.5

nd — not determined.

5. CONCLUSIONS

Microalgae growth kinetics is adequately described by the logistic equation. Experiments
carried out at 24.6 °C and initial pH = 6.5 led to values of the specific growth rate of biomass,
4, of 0.0162, 0.0284, 0.0359 and 0.0370 h™! for Scenedesmus obliquus, Chlorella vulgaris,
Scenedesmus acutus and Chlorella fusca, respectively. The corresponding maximum biomass
concentration, K, was 604.1, 369.2, 542.9 and 403.3 mg I"! for the same algal species. In spite
of the low growth rate, Scenedesmus obliquus culture reaches the highest biomass
concentration. A decrease in temperature operation to around 21 °C originated lower u
(between 0.0241 and 0.0357 h'!) and K (between 169.9 and 327.8 mg 1'!) values. An increase
in pH to about 7.9 led to drastic decreases in the specific growth rate of biomass (below
0.0177 h!) and the maximum biomass concentration (below 54.7 mg 1"!). Results show that
pH plays a central role in microalgae growth. Chlorella vulgaris seems to be the less resistant
microalgae to changes in pH and temperature. Looking simultaneously at & and K values, the
best performance was obtained with Scenedesmus acutus and Chlorella fusca.

Growth inhibition of Chlorella fusca, Chlorella vulgaris, Scenedesmus acutus and
Scenedesmus obliquus by Cr(VI) occurs for concentrations > 5 mg 1", but concentrations up
to 1 mg 1" do not seem to seriously affect growth or even may increase it slightly. The more
marked effect of Cr(VI) on algal growth is observed in C. vulgaris culture. Metabolites
production has proved to be in small quantity either in presence or absence of chromium, thus
indicating that there was no relevant growth based on a non photosynthetic process.
Microalgal biomass produced in all experiments is composed of approximately 40 - 50%
organic carbon. C. fusca and S. obliquus are the algal species that present a higher degree of
autoflocullation, then being more easily separated from the liquid phase. However, Cr(VI) > 5
mg 1! impairs algae autoflocculation particularly of C. vulgaris and S. acutus cultures. For
Cr(VI) < 1 mg I'! only C. vulgaris flocs present a low settling rate.
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