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Abstract
The removal of nutrients by Scenedesmus sp. in a high-rate algal pond, and
subsequent algal separation by coagulation-flocculation or flotation with ozone to recover
biomolecules, were evaluated. Cultivation of Scenedesmus sp. in wastewater resulted in
complete NH3-H removal, plus 93% total nitrogen and 61% orthophosphate removals.
Ozone-flotation obtained better water quality results than coagulation-flocculation for most
parameters (NH3-N, NTK, nitrate and nitrite) except orthophosphate. Ozone-flotation, also
produced the highest recovery of lipids, carbohydrates and proteins which were 0.32 ±
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0.03, 0.33 ± 0.025 and 0.58 ± 0.014 mg/mg of biomass, respectively. In contrast, there was
a low lipid extraction of 0.21 mg of lipids/mg of biomass and 0.12 - 0.23 mg of protein/mg
of biomass in the coagulation-flocculation process. In terms of biomolecule recovery and
water quality, ozone showed better results than coagulation-flocculation.

Keywords: Scenedesmus sp., coagulation-flocculation, ozone-flotation, wastewater, high
rate algal pond

1. Introduction
Microalgae has stood out as a renewable raw material for biofuel generation. Many of
the resources required for algal mass cultivation are present in wastewater (Ni et al., 2018);
simultaneously microalgae can help remove nutrients (N, P) and metals from residual
effluents (Christenson and Sims, 2011; Gupta et al., 2016). Carbon dioxide (CO2 )
sequestration by microalgae can help offset air pollution caused by processes (Zhu et al.,
2017). CO2 is the main driver of biomass and lipid generation in algal production and so is
an effective way to mitigate emissions whilst also producing green energy (Eloka-Eboka
and Inambao, 2017).
One of the promising genera are freshwater microalgae Scenedesmus, which are
widely available (Das et al., 2016) and a potential alternative as feedstock for biofuel, due
to their high growth rates and desirable intrinsic metabolites (Miranda et al., 2012).
Scenedesmus have been effective in treating municipal and other industrial wastewater
(Mandal and Mallick, 2009; Shen et al., 2015), efficiently fix CO2 (consumption rate
1420.6 mg.L-1.d-1) and show good lipid/carbohydrate production (Ho et al., 2012) for
2
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biofuel generation. Growing algae in wastewater offers numerous economic and
environmental merits, providing one of the most sustainable ways of producing biodiesel
derived from microalgae (Komolafe et al., 2014).
However, an important aspect in microalgal harvesting is finding an efficient,
economical and sustainable separation method for splitting algal biomass from the high
proportion (~98%w) of liquid medium used for cultivation. The cost of biomass harvesting
can be up to 20–30% of total biofuels production costs (Rawat et al., 2011) or
approximately 50% of the energy consumption in the total biodiesel production process
(Seo et al., 2016). But, most harvesting methods are not cost effective enough (Sharma et
al., 2013). Disrupting algal cell walls to liberate their constituents (lipids and carbohydrates
among others) and making them available for the biofuel production steps is also a
challenging task for large-scale biofuel production from microalgae (Christenson and Sims,
2011).
According to Japar et al. (2017), coagulation-flocculation is one of the most suitable
techniques to harvest microalgae due to its high harvesting efficiencies, moderate
operational/logistical costs, lack of negative impacts on the environment, and short
harvesting time. Coagulation-flocculation for harvesting microalgae is applied by
decreasing or neutralizing the surface charges of negatively charged cells through the
application of chemical agents, resulting in the aggregation of cells that form flakes and
allow removal by a solid-liquid separation unit. Numerous chemical coagulants or
flocculants have been tested for microalgal flocculation (Rakesh et al., 2014). Metal salts
(aluminum sulfate and ferric chloride) are generally preferred because they lead to
improved harvesting efficiency (Ummalyma et al., 2016). Aluminum salts are usually more
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effective than iron salts (Papazi et al., 2010) mostly because it is economically more viable,
making them useful for the recovery of Scenedesmus with efficiencies of 99% (Reyes and
Labra, 2016). However, the potential presence of metals in the biomass can become
problematic for downstream processes (Vandamme et al., 2013). Alternative solutions to
this problem include the use of plant-based bioflocculation, microbial flocculation,
bioflocculation by microalgal-fungal association or autoflocculation (Ummalyma et al.,
2017), using flocculants such as chitosan (Yunos et al., 2017), cationic polymers
(Polydiallyldimethylammonium chloride), Superfloc (Gerchman et al., 2017) among others.
In contrast, separation using ozone-flotation has the advantage of not using chemical
or biochemical agents but two physiochemical processes in one: the separation of particles
by the emission of bubbles (flotation), and the oxidation of organic compounds due to the
high oxidation potential of ozone. Different doses of ozone have been tested, showing an
effect dependent on the liquid culture medium, morphology, microalgae structure and
concentration. Betzer et al. (1980) observed for the first time, the separation of microalgae
by ozone-induced flotation, with O3 doses of 15 to 50 mg/L, which obtained a complete
separation of the microalgae without the addition of coagulants. Nguyen et al. (2013)
reported that pre-oxidation of microalgae by ozone can induce cell lysis and, therefore, the
release of intracellular organic matter. Moreover, it is an effective cell rupture method for
biodiesel production with high lipid extraction and more saturated hydrocarbon products
(Huang et al., 2014), and reduces the cell’s surface charge (Cheng et al., 2011).
Previous studies, evaluate other types of harvesting methods using microalgal
biomass grown in culture medium while in this work wastewater is used for microalgal
growth. Additionally, there is little information on the recovery of macronutrient
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components such as lipids, proteins and carbohydrates for the selected harvesting methods.
The importance and efficiency of Scenedesmus sp. cultivation in the treatment of
wastewater for nutrient removal was evaluated. After cultivation, two techniques of
harvesting were compared, coagulation-flocculation which is a very efficient and proven
technique for harvesting microalgae (Das et al., 2016; Reyes and Labra, 2016; Vandamme
et al., 2013) and ozone-flotation, which is currently being developed (Cheng et al., 2011;
Komolafe et al., 2014; Valeriano González et al., 2016; Velasquez-Orta et al., 2014; Orta
Ledesma de Velásquez et al., 2017). The evaluation for both processes was performed by
determining nutrient removal at different water processing stages: 1) after treatment by
Scenedesmus, and 2) after recovering the biomass. In addition to ozone-flotation, the mass
transfer of ozone and coagulation-flocculation with a dose of aluminum sulfate were
evaluated. The objective of this study was to evaluate the removal of nutrients from
wastewater through a mixed microalgae culture dominated by Scenedesmus sp via
comparison the two aforementioned methods for microalgae harvesting. The conventional
harvesting method (coagulation - flocculation) and the new ozone-flotation method were
compared taking into account the recovery of microalgae biomass as SST and specific
biomolecules of energy interest (lipids, carbohydrates and proteins). Additionally, the
removal of nitrogen and phosphorus was determined as part of an integral wastewater
treatment process.

2. Materials and methods
2.1 Cultivation of Scenedesmus sp. in wastewater
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Biomass used was obtained from the cultivation of Scenedesmus sp. isolated from
"Lago Nabor Carrillo" located in Texcoco, Mexico, grown in raw wastewater from a
Ciudad Universitaria wastewater treatment plant. Microalgae were fed with residual water
filtered to remove solids, prior to being transferred into a lab-scale High Rate Algal Pond
(HRAP). The microalgae were produced in an HRAP with a capacity of 30 liters (height:
15 cm, width: 115 cm and diameter: 24 cm), cultivated in a ratio of 14 liters of wastewater
to 14 liters of microalgae culture, from November 2016 to May 2017. They were kept
under lighted conditions (photoperiod 24:0 light:darkness) and controlled agitation (21.6
cm/s).
Biomass concentration (as total suspended solids, TSS), was used to monitor
microalgae growth and was determined, indirectly, by gravimetry using standard methods
(APHA, 2005). The growth curve was determined from day zero, immediately after mixing
wastewater and the culture, up to 16 days. Biomass concentration (TSSr) and evaporation
rate (EV) were determined according to equations1 and 2, respectively:
TSSr = (TSS*Vi)/Vd

(1)

EV = (Vi-Vf)/T

(2)

Where Vi is the initial volume in the reactor (in L), V d represents the volume measured on a
given day (in L); Vf represents the final volume in the reactor (in L) and T is the time the
culture was maintained (in days). In all harvesting analyses, microalgal growth was
monitored for 14 days. After this time coagulation-flocculation and ozone-flotation tests
were carried out. The percentage of microalgal biomass harvested was calculated by
subtracting the TSSr content in the initial sample from the TSSr remaining.
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2.2 Harvesting of Scenedesmus sp.
2.2.1 Coagulation-flocculation
Coagulation-flocculation tests were carried out in batches, using a Phipps & Bird and
model 7790-900B laboratory bench jar test, which holds six samples in cups, under the
same conditions of stirrer speed and time. The following conditions were applied: (1)
stirring at 120 rpm for a period of 1 min for coagulation, (2) stirring at 25 rpm for 12 min of
flocculation (Reyes and Labra, 2016), and (3) a settling time of 30 min; these were used for
all experiments.

2.2.2 Ozone-flotation
Ozone-flotation experiments were conducted using 1L of a freshly homogenized
culture of Scenedesmus sp. Batch flotation tests were carried out using a skimmer-type
reactor, coupled to a Labo 76 ozone generator (Emery Trailigaz, USA) with a production
capacity of 19 g O3/h. The biomass was harvested through a collector, which was located at
the top of the reactor. Ozone was injected at the bottom of the reactor (using a glass
diffuser: 10-15 μm pore size) at different flow rates (0.2, 0.6 or 1 L/min) and different
concentrations (800 or 1200 mg/L biomass) for 20 minutes, to apply a dose of 0.14 mg
O3/mg of dry biomass which had been previously reported by Valeriano-Gonzalez, et al.
2016. The ozone concentration in the gas phase used for each test was determined using the
Iodometric Method (Birdsall & Jenkins, 1952).

2.2.3 Experimental design
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For the experiments, a design with two factors was proposed, with variables coded to
represent the ozone flux, the aluminum sulfate dose and the biomass concentration. The
design involved carrying out 16 experiments, each with four replicates. The combinations
of levels were done using the statistical software Minitab 17, to obtain the best relation of
the factors to the variable tested.
In the ozone-flotation tests, a 3x2 factorial was constructed, for evaluating the ozone
flow rate (0.2, 0.6 and 1 L/min) and biomass concentrations (800 and 1200 mg SST/L). For
coagulation-flocculation, a 5x2 factorial was constructed using doses of Al2(SO4)3 (0.5, 1.0,
1.5, 2 and 2.5 g/L) and biomass concentrations (800 and 1200 mg SST/L). The influences
of these operational variables were determined for the following responses: cell biomass
recovery, amount of lipids, protein and carbohydrates extracted and water quality
(ammonia nitrogen, total Kjeldahl nitrogen, orthophosphate, nitrate and nitrite).

2.3 Water quality
Water quality was determined on day zero and monitored during the 14 days of
microalgal growth while evaluating nutrient removal and the efficiency of the cultivation of
Scenedesmus sp. as a treatment technique for wastewater. After the treatment of wastewater
with microalgae cultivation, the influence of the coagulation-flocculation and ozoneflotation treatments on water quality was also determined; to verify efficiency for the
treatments the water quality was measured at the end of microalgae cultivation and after
treatments. The parameters determined in water quality were total Kjehdal nitrogen (TKN)
and ammonia nitrogen (APHA, 2005), orthophosphate, nitrate and nitrite (HACH 3900
spectrophotometer).
8

2.4 Biomolecules
Total lipid, proteins and carbohydrates were extracted from the harvested microalgae
biomass in coagulation-flocculation and ozone-ﬂotation treatments. For total lipids, the
sulpho-phospho-vanillin reaction by colorimetric method (Barnes and Blackstock, 1973)
was used. Total proteins were quantified by the Biuret colorimetric method (Gornall et al.,
1948); and total carbohydrates were determined by the colorimetric method phenol–sulfuric
acid (Dubois et al., 1956). The initial lipid concentration ranged from 0.03 to 0.075 ± 0.02
mg lipid/mg of biomass and carbohydrates from 0.06 to 0.44 ± 0.16 mg carbohydrate/mg of
biomass.

2.5 Statistical analysis
Statistical analysis was performed using R software version 3.2.2 with an analysis of
variance (ANOVA) at the 5% significance level, to analyze and compare the experimental
data. The null hypothesis was that there was no difference between different treatments. If p
≤0.05, the null hypothesis was rejected, meaning that the difference was significant. If there
was a significant difference between the treatments, the multiple comparisons test by the
Tukey test was performed. If p ≥0.05, the null hypothesis was accepted, that is, there was
no significant difference between treatments.

3. Results and discussion
3.1 Growth and wastewater treatment by Scenedesmus sp.
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Fig. 1 shows the results of the growth of Scenedesmus sp. and the consumption of
ammonia nitrogen and orthophosphate over 16 days. The maximum biomass concentration
of 1200 mg/L was obtained during the 14 days with an evaporation rate of 0.8 L/day.
As observed in Fig. 1, the growth trend of microalgae was related to nutrient
consumption. A high consumption of ammonia nitrogen and orthophosphate occurred until
day 12, while over that same period the exponential phase of microalgae growth occurred.
A strong correlation between biomass and ammonia nitrogen consumption (R2 = - 0.90)
and biomass with orthophosphate consumption (R2 = - 0.97) was obtained. For both, the
correlation was inverse, which means that biomass accumulation was directly related to
nutrient consumption.
Because of the scarcity of nutrients (day 12), the Scenedesmus sp. cells entered a
stationary phase, and from the 14th day of cultivation, into a phase of decline and death. It
is advantageous to consider the stationary phase for harvesting microalgal biomass, due to a
lower metabolic activity and cell mobility, presenting higher intercellular interactions, as
the zeta potential decreases (Barros et al., 2015).
Table 1 shows the efficiency of nutrient removal from residual water by
Scenedesmus sp, achieving complete removal of ammonia nitrogen, 93% of total nitrogen
removal and 61% orthophosphate removal. The higher nitrogen removal compared to
phosphorus, was a consequence to the fact that the wastewater used in the study has a
nitrogen deficiency (N/P: 2.3). It is known that the N/P ratio for an optimal growth of the
genus Scendesmus without limitations is around 30 (Rhee, 1978). According to these
results, it can be concluded that the strain of Scenedesmus sp. can be an alternative for
wastewater treatment, thanks to their ability to absorb nutrients, using them as a food
10

source for growth. In contrast, the algal treatment resulted in an increase of nitrite and
nitrate levels in the final effluent after treatment and may be a consequence of favorable
conditions for nitrification. The same was observed by Gupta et al. (2016), where the
species Scenedesmus obliquus removed the N-NH3, but resulte in an increase in the levels
of nitrite and nitrate. The author related this as a consequence of favorable conditions for
both, ammonia oxidation and nitrification. Lorenzen et al. (1998) also observed nitrification
in the presence of microalgae and attributed it to photosynthetic oxygen.
Results from this work showed that nutrient costs can be eliminated, since no
nutrients have been added for Scenedesmus growth besides the nutrients already present in
the wastewater. At the same time, this can also help reduce the problems caused by the
release of wastewater into water bodies without proper treatment.
In some studies such as that carried out by Gupta et al. (2016) the species
Scenedesmus obliquus obtained a removal of 99 ± 3 % for nitrogen and 98 ± 4% of
orthophosphate, while Sacristán de Alva et al.(2013), using pretreated wastewater for the
cultivation of Scenedesmus acutus, achieved 66% removal of phosphorus and 94% for
organic nitrogen (94%). In another study, the cultivation of Scenedesmus sp. showed a
maximum biomass concentration (0.90 g/L) and maximum removal of ammonia nitrogen
(86%) and phosphorus (97%)(da Fontoura et al., 2017). Scenedesmus sp. have also been
shown to effectively metabolize both nitrogen and phosphorus without suppressed
assimilation of any nutrients (Kim et al., 2015).

3.2 Biomass and biomolecule recovery
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The use of microalgae strains for biofuel production being economically viable
depends on several factors, and according to Ho et al. (2012) it is necessary that microalgae
achieve the highest productivity of lipid and carbohydrate content. Achieving microalgae
species with a high growth rate, lipid content and easy harvesting plus extraction may help
overcome one of the major biological challenges for the production of biofuels (Greenwell
et al., 2009).
Within the variables tested, the most significant effect for biomass harvesting and
proteins extracted presented an ANOVA p-value of 0.004. In the case of lipids, the initial
concentration of algae and aluminum sulfate dose were the most significant factors
(ANOVA p-value of 0.00002 and 0.003, respectively). For carbohydrates, both the
aluminum sulfate dose and the initial concentration of algae had significant effects (p-value
of 0.00) with no interaction between them (p-value of 0.13).
According to Fig. 2A, biomass harvesting values higher than 85% with a maximum
recovery of 98% were obtained. For biomass harvesting, the best Al2(SO4)3 dosage was 1 to
2.5 g/L for a microalgae concentration of 800 mg SST/L (1.3 – 3.1 mg aluminum
sulfate/mg of biomass) obtaining 93-98% removal that did not statistically differ.
Additionally for the biomass of 1200 mg SST/L, dosages showed no significant difference
in all tested range (0.5 to 2.5 g/L of aluminum sulfate). The results of this study compared
with those published by other authors are shown in Table 2. Similar results were presented
by Reyes and Labra (2016) who obtained a removal efficiency of 98% using Scenedesmus
sp. with a concentration of 1.5 g/L of Al2(SO4)3. With the same species, Chen et al. (2013)
obtained a removal of 98% after 10 min of settling with 0.3 g/L of Al2(SO4)3.
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For lipids, carbohydrates and proteins (Fig. 2B, 2C and 2D) an influence from the
higher aluminum sulfate dose in the initial biomass concentration of 800 mg/L was
observed. The extractions of lipids and carbohydrates (Fig. 2B and 2C) were higher for the
biomass concentration of 800 mg/L, with an extraction of 0.21mg lipid/mg of biomass and
0.38 mg carbohydrates/mg of biomass. While for the proteins (Fig. 2D) the release values
were 0.12 - 0.23 mg protein/mg of biomass. As shown in Fig. 2, for carbohydrates, lipids
and proteins, the dose of sulfate influences the cells, that is, when the dose of coagulant
applied increases, extraction increases to a certain extent. Due to the focus of the work, the
concentration of metals in the biomolecules was not evaluated, however, it is recommended
that further studies evaluate the influence of aluminum sulfate on biomolecules.
The best efficiency with the lowest evaluated biomass (800 mg/L) may be due to the
greater contact between the coagulant and the cells, as observed by Papazi et al. (2010) in
which the addition of Al2(SO4)3 resulted in cells lysis of about 10% for the total number of
cells, demonstrating a lower efficiency when using a higher concentration (1200 mg/L),
even almost null the difference between the biomass harvested but with a great difference
when evaluated the recovery of biomolecules.
For ozone-flotation (Figure 3), even with a low recovery of biomass (62%), there was
high extraction of lipids (0.15 - 0.3 mg of lipids/mg of biomass), carbohydrates (0.25-0.3
mg of carbohydrate/mg of biomass) and proteins (0.14 – 0.5 mg of protein/mg of biomass),
using a dose of ozone of 0.14 mg O3/ mg of biomass, 3- 22 times lower compared to
aluminum sulfate. This is due to the ozone actions on the cells of the microalgae by
reducing the surface charge and oxidizing the cells, which favors the collection of biomass
and the extraction of biomolecules.
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In previous studies, Velasquez-Orta et al. (2014) found a biomass recovery of 79%
and a lipid yield of 0.12 mg of lipids/mg of biomass, using higher doses of ozone (0.23 mg
O3/mg of biomass) and a lower concentration of microalgae (420 mg SST/L). ValerianoGonzález et al. (2016), obtained a recovery of 75% of biomass, with a lipid yield of 0.16
mg lipids/mg of biomass, with the same dose of ozone used in this study (0.14 mg O3/mg of
biomass), but a lower concentration of microalgae (400 mg/L). The differences in biomass
recovery obtained in this work, with respect to previous reports, are mainly due to the type
of microalgae used and the required dose of ozone. In this study, a microalgal aggregation
(dominated by Scenedesmus sp.) grown in a wastewater in a high-rate reactor was used
with an evaporation rate of 0.8 L/day. The latter causes contaminants in the culture to
almost duplicate in concentration which compete for the ozone used to harvest microalgae,
resulting in a less efficient process. In future studies, it is advisable to adjust the dose of
ozone used to compensate for secondary ozone demands.
Biomass concentration and O3 flow were significantly affecting algal recovery (pvalue <0.00) for the evaluated response parameters (harvested biomass, lipids,
carbohydrates, protein and ozone mass transfer). As shown in Fig. 3A, the maximum
biomass recovery was 62% with flow greater than 0.85 L/min and high biomass
concentration (1200 mg/L), predominating the physical effect of the ozone flow. Not only
does the recovery require a higher dose of ozone as reported by Valeriano González et
al.(2016), but also a higher flow of ozone to separate the biomass. The extraction of lipids
and carbohydrates was obtained with lower concentrations of biomass (Fig. 3B and 3C)
with extraction higher than 0.30 mg lipid/mg of biomass and 0.30 mg carbohydrate/mg of
biomass. For proteins, the best results were obtained with a gas flow less than 0.5 L/min
14

(Fig. 3D) with values > 0.5 mg protein/mg of biomass, due to the higher concentration of
ozone in contact with the biomass. As mentioned above, under these conditions, there is
greater availability of ozone due to lower algal demand; this is consistent with what was
obtained by Valeriano González et al. (2016), who reported greater recovery of proteins
with higher concentrations of ozone.
According to the Tukey analysis, when a biomass concentration of 800 mg/L was
used, no differences were found between the flows, but for the concentration of 1200 mg/L,
the best flows with statistical difference were 0.6 and 1 L/min. Low ozone flow (0.2 L/min)
was not efficient for the biomass harvest, probably due to the lower inlet bubble
concentration and higher biomass concentration, which makes it difficult to float the
microalgae. In order to achieve greater than 90% mass transfer of O3 (Fig. 3E), for the
range of biomass concentrations studied at 800-1200 mg/L, flows between 0.2 and 0.68
L/min were required. The largest mass transfer of ozone (95%) was achieved with a
biomass of 1200 mg/L and a flow of 0.6 L/min, which did not differ statistically from the
biomass of 800 mg/L for a flow of 0.2 and 0.6 L/min with transfers of 93% and 92%,
respectively.
For lipid and carbohydrate extraction, the best biomass concentration was 800 mg/L,
with an O3 flow of 0.6 L/min for the lipids, obtaining an extraction of 0.32 mg lipids/mg of
biomass; for carbohydrates, the best O3 flows were 0.6 and 1 L/min, with an efficiency of
0.33 and 0.302 mg carbohydrates/mg of biomass. Keris-Sen and Gurol (2017) reported that
the application of ozone leads to cell disruption in microalgae. With a lower concentration
of microalgae (800 mg/L) a higher concentration of available ozone permeates the
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membrane and results in a greater recovery of lipids, showing the best results compared to
coagulation-flocculation.
Higher lipid extraction is observed in relation to the greater mass transfer due to the
action of ozone in microalgae cells. According to Li et al. (2013) the intracellular space of
the cells is occupied by lipid bodies, which is distributed in all tissues, especially in cell
membranes and fat cells. Carbohydrates are similar to lipids and need treatment (O 3) to
break the cells, but extraction is greater with higher concentrations of biomass. Though
cells contain a large portion of stored carbohydrates, cell walls also hold carbohydrates
(Kim, 2015) that are easier to extract, and their extraction was not as dependent on the
transfer of O3 as the lipids were. For proteins the largest extractions were with the highest
O3 transfers, as the proteins are present in the cell wall and inside the cell (Sierra et al.,
2017); the O3 breaks the cells, but with less transfer this action is diminished and
consequently, the extraction of proteins decreases.

3.3 Nutrient removal efficiency by coagulation-flocculation and ozone-flotation
In this study, different dosages of aluminum sulfate were used to evaluate
coagulation-flocculation and varying O3 gas flows were used to evaluate ozone-flotation.
Both of these were also used to evaluate two biomass concentrations (800 and 1200 mg/L)
in terms of nutrient removal from residual water after treatment with microalgal culture.
The experiments found high removal for nitrate and orthophosphate (> 60%) using a
biomass concentration of 800 mg/L, reaching 99% of nitrate remnants with the highest
dosage (2.5 g/L) of Al2(SO4)3 (Table 3). However, note that the efficiency for NH3-N, TKN
and nitrite was not satisfactory (<33%), probably due to the low concentration of these in
16

the culture since the majority was consumed by the microalgae for its growth. As already
discussed, the treatment with microalgal culture in wastewater decreases or completely
removes NH3-N and TKN from the water, and can complement the coagulationflocculation technique. It can also be observed (Table 3) that the lowest nutrient removal
efficiencies were with the biomass concentration of 1200 mg/L, which in contrast to the
concentration of 800 mg/L, did not obtain significant removal results. This was perhaps due
to a lower interaction of sulfate with the medium due to high concentration of biomass.
Table 5 shows that the biomass had a greater influence (p-value <0.05) than the dose of
coagulant applied; for all statistical analyzes the best efficiency in the removal of nutrients
was for the biomass of 800 mg/L with a 2.5 g/L dose of Al2(SO4)3. This may be due to the
higher interaction between aluminum sulfate and nutrients when a lower concentration of
biomass is applied, which decreases their interaction at higher concentrations.
In the work of Teh et al. (2014), applying coagulation-flocculation in wastewater
without the presence of microalgae obtained a greater removal of TKN (51%) and 42%
total phosphorus with 0.3 g/L of Al2(SO4)3, and for Ismail et al. (2012), using the same
coagulant at a dose of 60 mg/L obtained 63% removal of PO3-4. This difference in results
may be due to the initial concentration of nutrients and the absence of microalgae, which
increases the nutrient-coagulant interaction.
Table 4 shows that the highest removal efficiency after treatment by ozone-flotation
for nutrients (100%) was obtained for NH3-N and TKN. The maximum nitrate removal
efficiency was 89% for an O3 flux of 0.2 L/min and an initial biomass of 800 mg/L, and
nitrite removal was greater than 86% for an O3 flux of 0.6 L/min with the same biomass
concentration. TKN, orthophosphate and nitrite had a significant difference (p-value <0.05)
17

in relation to the O3 flux, but only nitrate and nitrite had a significant difference in relation
to biomass concentration.
According to the Tukey analysis, a difference between the averages for O3 flow (for
total nitrogen, orthophosphate and nitrite) was higher than 0.6 L/min. For biomass, a
difference between the averages was only obtained for nitrate, which was 800 mg/L as the
ideal concentration of biomass. When applying high concentrations of biomass (1200
mg/L), the results are unsatisfactory for coagulation-flocculation (Table 3). Increasing
viability and decreasing treatment costs for biofuel production, energy
is better with an increased concentration of microalgae. In this case, ozone-flotation
technique was more efficient when using a high concentration of biomass (Table 4).
4. Conclusions
The use of Scenedesmus sp. for wastewater treatment proved to be efficient and
advantageous, besides being an excellent producer of biomolecules. In general, the methods
tested were different; coagulation-flocculation had an efficiency between 85-98% for
biomass harvesting with a dose of 0.5-2.5 g/L of Al2(SO4)3 yielding 0.4 – 3.1 mg of
Al2(SO4)3/mg of biomass. Ozone-flotation recovery achieved 62% with a dose of ozone
applied at 0.16 g O3/L yielding 0.14 mg O3/mg of biomass. With the application of
Al2(SO4)3, the microalgae yield was 3 to 22 times greater than O3 doses alone. However,
the deciding factors in the appropriate technology to use depend on the proposed objective
regarding the evaluated parameters.
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FIGURE CAPTIONS

Fig. 1. Growth in wastewater and consumption of ammonia nitrogen and orthophosphates of

Scenedesmus sp. from a Raceway reactor.

Fig. 2. Effect of Al2(SO4)3 dose and biomass of coagulation-flocculation: A. recovery of
biomass, B. recovery of lipid per biomass, and C. recovery of carbohydrates per biomass.

Fig. 3. Ozone dose of 0.14 mg O3/mg biomass: recovery of biomass (A), recovery of lipid
per biomass (B) and recovery of carbohydrate per biomass (C) versus ozone flow and
biomass of ozone-flotation, respectively.
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Table 1
Characteristics of influent and effluent with cultivation and growth of Scenedesmus sp.

Ammonia nitrogen (mg NH3-N/L)
Total Kjeldahl nitrogen (mg/L)

Inlet
concentration
69.30 ± 3.50
79.80 ± 0.00

Outlet
concentration
0 ± 0.0
5.6 ± 0.0

Removal
(%)
100
93

Orthophosphate (mg/L)

28.69 ± 1.81

11.25 ± 0.11

61

Nitrate (mg/L)
Nitrite (mg/L)
-not detected.

1.75 ± 0.05
0.007 ± 0.001

48.14 ± 0.62
0.548 ± 0.001

-

Parameters
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Table 2
Coagulation-flocculation conditions used by different studies for the harvesting of microalgae biomass.

Reference
Chen et al.
(2013)
Gerde et al.
(2014)
Reyes and Labra
(2016)
This study

Yield
(mg biomass/ mg
Al2(SO4)3)

Microalgae
concentration
(mg/L)

Al2(SO4)3
(g/L)

Biomass
recovery
(%)

Scenedesmus sp.

540

0.3

98

1.8

Fertilizers

Scenedesmus sp.

1000

0.3

90

3.0

Z8

S. spinosus

400

1.5

98

0.3

Wastewater

Scenedesmus sp.

1200

0.5

95

2.3

Culture
medium

Microalgae

Bold’s
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Table 3
Removal of nutrients by coagulation-flocculation after pre-treatment with Scenedesmus sp.

Parameters

NH3-N

Dose of Microalgae
Remnant
Al2(SO4)3 concentration concentration*
(g/L)
(mg/L)
(mg/L)
0.5
1
1.5
2
2.5
0.5
1
1.5
2
2.5

Total nitrogen

Orthophosphate

Nitrate

Nitrite

Remnant
Remnant
Remnant
Remnant
Removal
Removal
Removal
Removal
Removal
concentration
concentration
concentration
concentration
(%)
(%)
(%)
(%)
(%)
(mg/L)
(mg/L)
(mg/L)
(mg/L)

0
17
800
4.2
7
0
33
0
1200
*measured after treatment with microalgae; -not detected.

20
20
30
20
30
-

10.7

15.5
7.8

60
75
89
87
76
0
0.6
0.8
0.9
0.7

3.5

7.7
22.6

53
65
67
75
99
5
5
3
2
1

0.4

0.5

30

6
3
1
4
5
0.9
1.0
0.2
0.5
0.3

Table 4
Removal of nutrients by ozone-flotation after pre-treatment with Scenedesmus sp.
Parameters
O3Flow
(L/min)
0.2
0.6
1
0.2
0.6
1

NH3-N

Total nitrogen

Orthophosphate

Nitrate

Nitrite

Microalgal
Remnant
Remnant
Remnant
Remnant
Remnant
Removal
Removal
Removal
Removal
Removal
concentration concentration*
concentration
concentration
concentration
concentration
(%)
(%)
(%)
(%)
(%)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
100
800
4.2
100
4.2
100
1200
*measured after treatment with microalgae; - not detected.

100
100
50
-

4.2

16

2
6
3
2
11
5

4.2

48.8

89
88
88
79
83
77

97
86
96
99
97
99

4.2

0.5
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Table 5
Experimental significance of tested variables in coagulation-flocculation and ozoneflotation. The confidence level used was 95%.

Coagulation-Flocculation
A:Dose of Al2(SO4)3
B:Biomass
AB
Ozone-Flotation
A: O3 Flow
B: Biomass
AB

p-value
Orthophosphate Nitrate

Nitrite

0.112

0.133
0.00
0.174

7.50E-09
0.00
1.38E-10

0.980
0.279
0.988

0.00

0.027
0.268
0.697

0.401
1.20E-04
0.313

0.004
0.002
0.024

NH3-N

NTK

0.072
0.027
0.072
0.387
0.331
0.387
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Figure 1
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Figure 2
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mg protein/mg of biomass
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Figure 3
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