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ABSTRACT

This work focused on the potential of Desmodesmus sp. to be employed for wastewater
bioremediation and biodiesel production. The green microalga was grown in a culture medium with
a phosphorus (P) content of 4.55 mg L™ simulating an industrial effluent; it was also exposed to a
bimetal solution of copper (Cu) and nickel (Ni) for 2 days. P removal was between 94 and 100%.
After 2 days of exposure to metals, 94% of Cu and 85% of Ni were removed by Desmodesmus sp.
Adsorption tests showed that the green microalga was able to remove up to 90% of Cu and 43% of
Ni in less than 30 minutes. The presence of metals decreased the lipid yield, but biodiesel quality
from the biomass obtained from metal exposed samples was higher than that grown without metals.
This result revealed that this technology could offer a new alternative solution to environmental

pollution and carbon-neutral fuel generation.

Key words: green microalgae; bioremediation; photobioreactor; P removal; metal biosorption;
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1. Introduction
Even in regions where specific integrated policies for the protection of water environments have
been established, such as the EU’s Water Framework Directive (WFD) (2000/60/EC), the quality of
surface water bodies is still hampered by anthropogenic activities causing diffuse and/or point-
source emissions of both organic and inorganic pollutants. Indeed, almost twenty years after the
adoption of the WFD, 47% of EU surface waters did not reach a “good ecological status”
(Voulvoulis et al.,, 2017). The presence in the water of various organic, as well as inorganic
nutrients such as nitrogen (N) and phosphorus (P), can lead to eutrophication, while the presence of
metals and metalloids, due for example to mining operations, both for energy production and
consumer goods (Torres et al., 2017), may lead to potential risks to human and ecosystem health.
Some metals are micronutrients necessary for living organisms (e.g. Zn, Cu, Mn, Ni, and Co), while
others have unknown biological functions (e.g. Cd, Pb, and Hg). Conventional physico-chemical
methods for the treatment of wastewater containing high concentrations of nutrients and metals
prove often ineffective or require high energy input, capital investment and operational costs (Chan
et al., 2013). Phycoremediation is a process defined as the utilization of microalgae in the treatment
of polluted wastewater (Jais et al., 2017). This process contributes significantly to the removal of
nutrients and metals from wastewater, especially for pollutant concentrations between 1 and 100 mg
L', where chemical and physical methods such as chemical precipitation, electrolytic recovery,
adsorption/ion exchange, solvent extraction and membranes are not fully satisfactory (Jais et al.,
2017). Green microalgae remove N and P from wastewater through assimilation, while metal ions
are removed through ‘biosorption’ (involving both adsorption and absorption) as defined by Gadd
(2008). Phycoremediation technologies present an additional asset besides wastewater treatment,
i.e. they lead to the production of microalgal biomass (Gupta et al., 2016, 2017; Yang et al., 2015).
Such biomass has gained an increasing interest due to its great potential for different
biotechnological applications in the fields of energy, nanotechnology and environment (Bruno et
al., 2012; De Angelis et al., 2016; Di Pippo et al., 2013; Gismondi et al., 2016). In particular,
microalgal biomass produced during wastewater treatment can be used as feedstock for the
production of a variety of biofuels such as biodiesel, bio-methane, ethanol, hydrogen, etc. (Chisti
2007; Gupta et al., 2016). During the past few decades, biofuels have attracted tremendous attention
due to limited stock of fossil fuels, and the necessity to reduce the continuously increasing
greenhouse gas emissions contributing to climate change (Gupta et al., 2017). The development of
carbon-neutral biofuel is generally based on two primary concerns: environmental sustainability and
economic viability. Only algal biodiesel has been estimated to present the potential to fulfil the

global requirement of biofuels for transport (Chisti 2007, 2008) with little impact on the carbon
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footprint. Wastewaters provide a sustainable means for microalgal biofuel production; however, not
all algae can survive in these harsh and extreme environments. Even if suitable, different
environmental stresses related to polluted wastewater, especially the toxicity caused by metals,
would significantly affect the growth of the algae (Torricelli et al., 2004; Yang et al., 2015; Kumar
et al., 2015) biomass production and lipid yield, as well as high production costs. Only a few works
tried to combine lipid production with both P and metal removal, but these studies were limited to
the construction of system dynamics models and the prediction of lipid production (Richards and
Mullins, 2013). Based on a literature survey there is a lack of studies that address and quantify the
impact of individual contaminants on microalgae grown in wastewater with the aim of identifying
promising feedstock candidates for biofuel production (Yang et al., 2015; Jais et al., 2017). Thus,
this work focused on the potential of the green microalga Desmodesmus sp. to be used for
bioremediation of wastewater laden with P, copper (Cu) and nickel (Ni). Moreover, the effects of
Cu and Ni on lipid accumulation for biodiesel production were evaluated. This approach could
reduce the cost of algal biofuel by increasing the intrinsic algal biomass value with the ultimate
purpose to find a cost-effective and eco-friendly method for biofuel production and wastewater

bioremediation.

2. Materials and Methods

2.1 Microalgal strain

The strain of Desmodesmus sp. was isolated by serial dilutions and plate streaking from the outflow
of a secondary sedimentation tank of a municipal wastewater treatment plant (WWTP) located
south of Rome (Italy), where P concentration of the treated water was between 1 and 6 mg L™'. The
sludge of the secondary sedimentation tank where Desmodesmus sp. was isolated from contained
the following concentrations of copper (509 mg kg™), nickel (21 mg kg™), chromium (29 mg kg™),
cadmium (3 mg kg'l) and lead (7 mg kg™"), indicating the presence of these metals in the wastewater
treated in the plant. The isolated strain was maintained at lab-scale in BG11 medium at 18 £ 2 °C
and 55 + 1.6 pmol photon m™ s™. The green microalga was assigned to the ‘VRUC-University of
Rome Tor Vergata Culture Collection’ (Castenholz 2001) with the code VRUC281.

2.2 Experimental set-up

The experiments (Runl and Runl) were carried out by using a 10 L photobioreactor (PBR;
polyethylene bag). In both Runs, Desmodesmus sp. was grown in BG11 medium with a modified P
concentration in the form of K,HPO, (4.55 + 0.01 mg L) adjusted to simulate municipal or

industrial wastewater effluents (Water Environment Federation, 2010).
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In Runl, 500 mL of a culture of Desmodesmus sp. were inoculated in 9.5 L of liquid medium (initial
density 0.180 + 0.002 gDW L™). The PBR was operated at 18 + 2 °C and was constantly
illuminated with a light intensity of 26 + 2.0 pmol photon m™ s™'; atmospheric air mixing was
provided by a peristaltic pump without extra CO; addition. Growth was monitored for 21 days, until
the stationary phase was reached. During growth, the biomass concentration, chlorophyll a (Chl a)
and P content of the liquid medium were recorded every 2 or 4 days. Then, 9 L of biomass were
harvested by sedimentation, reducing the culture pH below 3.0 using 1.0 M HCI. The remaining
algal biomass of Desmodesmus sp. (about 500 mL; initial density 0.400 + 0.002 gDW L) was used
as an inoculum for a new-growth experiment (Run2) in the same culture conditions, but with an
acute exposure of cells to Cu and Ni (9.8 and 7.4 mg L™, respectively). Cu and Ni solutions (from
1000 mg L ! stock solutions of CuSO4*5H,0 and NiSOy, respectively) were added to the culture
after 12 days and the biomass was collected after 2 days. The growth of the microalgae, the metal

removal efficiency and the effect of the metal presence on cell lipid accumulation were evaluated.

2.3 Analytical procedures

Microalgal growth was calculated regularly by measuring the optical density (OD) of the cultures at
a wavelength of 560 nm (ODsep) using a spectrophotometer (Beckman DU-65 Spectrophotometer).
The ODsg¢ values were converted into biomass dry weight (DW) concentration (g L), based on a
linear relationship between ODsgp and DW (p < 0.001), which was obtained after extensive data
analysis (Rugnini et al., 2017), according to the following equation:

Dry weight (g L") = 0.622 x ODsg + 0.082 (R*=0.973).

To determine the Chl a concentration, 2 ml of the algal suspension were centrifuged at 5000 rpm for
10 min and the supernatant was discarded. The pellet was re-suspended in 2 mL of methanol (95%)
and incubated at 4 °C for 2 hours. Then, samples were centrifuged again and the OD (at 665 and
650 nm) of the supernatant measured; the Chl a concentration in the extract was calculated
according to MacKinney (1941):

Chl a (mg L) = (16.5x0Dgs) — (8.3x0Dss0).

Total phosphorus (TP, mg L™) analysis was conducted on 50 mL of filtered culture media using the
blue molybdate method (Murphy et al., 1962; Valderrama 1981). The absorbance of the complex
with blue coloration was spectrophotometrically measured at 882 nm. Standards were diluted from
100 mg L' KH,PO,4 stock solutions to produce a standard curve. P removal efficiency was

calculated using Eq. (1):

B,—B,
Py = BH (1)
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where Py is the initial P concentration and P; is the corresponding P concentration after ¢ days of
cultivation (Aslan and Kapdan, 2006; Ji et al., 2013). Dry weight, Chl a and P removal efficiency

are means of triplicates.

2.4 Metal removal investigations

The evaluation of the metal removal ability of the strain was carried out in duplicates using both
living and non-living biomass. The living biomass tests were carried out exposing Desmodesmus sp.
grown in Run2 to the bimetal solution of Cu (9.8 mg L") and Ni (7.4 mg L) for 2 days. The tests
on non-living microalgae were carried out exposing freeze-dried biomass collected from Runl or
Run?2 (0.5 gDW L") for 30 minutes to the same metal solution added in the liquid medium of Run?.
At the end of both types of tests the microalgal suspensions were centrifuged and filtered (0.45 pm)
and, after acidification with nitric acid, metal concentrations in the liquid media were analysed by
ICP-OES employing an Agilent 710-ES spectrometer. The metal removal efficiency (E, %) was
calculated using Eq. 2 (Chen et al., 2012):

g = (G fcfnjxmu 2

where Cy and Cy are the initial and the final concentrations of metals (mg L'I) in the liquid solution,
respectively. Metal uptake (¢, mg gDW™') was calculated on the basis of the liquid solution
concentration values at the beginning and at the end of the metal exposure, following Eq. 3 (Yang et
al., 2015):

v (Co—cf ) 3)

ifi-= =

where V is the volume of the solution (L) and M the mass of dry biomass (gDW) at the end of the
experiments. Cu concentration in BG11 medium was taken into account for the calculation of all

removal efficiencies and metal uptakes.

2.5 Lipid extraction

Biomass harvested in Runl and Run? was freeze-dried and used for lipid extraction. Fatty acids
methyl esters (FAMEs) suitable for biodiesel production were obtained by in sifu trans-
esterification as described in Gismondi et al. (2016). The FAME content was estimated as the
percentage of esterified lipids per grams of dry biomass. The FAME profile was determined using a
Gas Chromatographer (Shimadzu, GC-2010 Plus) with flame ionization detector (CG/FID). 1 ul of
each sample was injected into the column (30 m x 0.25 mm x 0.25 m film thickness) with a
temperature program starting from 170 °C for 3 min, increasing of 3 °C/min to 240 °C final, held

for 20 min. The split ratio was 80:20 and injection temperature 280 °C, helium was used as carrier
5
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gas. The run time for every single sample was 60 min. FAMEs were identified by comparing the

retention time with that of the standard Supelco 37 Component FAME mix (Sigma-Aldrich).

2.6 Biodiesel properties from FAME profiles

The molecular characteristics of FAMEs influence the parameters defining biodiesel qualities and
properties such as CN (cetane number), IV (iodine value), CFPP (cold filter plugging point) and
oxidation stability. These parameters were calculated using the empirical equations previously
reported by Gismondi et al. (2016). The CN, saponification value (SV) and IV can be calculated
based on the FAME profile using Egs. (4) — (6) shown below:

CN =463 +(°22) — (0.225% 1V) (4)

The SV (KOH g ') and IV (g ,100g™") of fat are predicted following Eqs. (5) and (6), respectively:

5E0«N

SVv=E(—) 3)
v =&=0) (6)

where N is the percentage of each FA component, M is the FA molecular mass and D is the number
of double bonds. In addition, the degree of unsaturation (DU) was calculated based on Eq. (7)
reported by Ramos et al. (2009), as the amount of monounsaturated (MUFA) and polyunsaturated
(PUFA) FAs present in the microalgae oil.

DU = MUFA + 2 (PUFA) (7)

The long-chain saturated factor (LCSF) was also estimated through Eq. (8). This factor was directly
used to calculate the Cold Filter Plugging Point (CFPP) through Eq. (9). These two factors are both
related to chain saturation and length of FAMEs.

LCSF = (02 %€ )4+ {05 )+ (1% Ci)+ (2% o)) (8)

CFPP = (3.1417 = LCSF) — 16.477 9)

2.7. Statistical analysis

The experimental data were statistically analysed using the GraphPad Prism software, version 7.03

(USA), via the Student's #-test. Differences were considered significant at p< 0.05.

3. Results and Discussion
3.1 Growth curves and P removal
Several studies demonstrated the potential of using microalgae isolates from WWTPs and other
hypereutrophic systems to remove contaminants (Rugnini et al., 2017; Samori et al., 2013). This

6
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may be related to the fact that microalgal isolates obtained from polluted environments (such as the
strain of Desmodesmus sp. employed in this study) might be more suitable for nutrients and metal
removal than those grown in otherwise clean environments, exhibiting a great potential to tolerate
and remove contaminants (Abou-Shanab et al., 2013; Rugnini et al., 2017). The growth of
Desmodesmus sp. in BG11 with modified P-content was investigated, as illustrated in Fig. 1. The
data obtained showed a conventional growth trend (expressed as Chl a concentration, red curve),
with an exponential phase in Runl (Fig. la) lasting from day 6 to 21. The maximum biomass
concentration and Chl a concentration were 0.61 + 0.001 g L™ and 22.3 + 0.05 mg L™, respectively,
with a biomass productivity of 0.02 + 0.001 g L™ day™. In Run2 (Fig. 1b), Desmodesmus sp. showed
a more rapid growth in comparison to Runl (p < 0.05), reaching a maximum biomass concentration
of 0.73 £ 0.001 g L™ at day 10 and a biomass productivity of 0.05 + 0.002 g L day™. Initial
biomass concentration employed in Run2 (0.40 + 0.002 g L) was twice that of Runl (0.18 + 0.002
g L™); it is well known that cultures started with exponentially-growing microalgal inocula (as the
one obtained from Runl) have shorter lag phases (as shown in Run?2), reducing the time required for
cultivation up-scaling (D’Este et al., 2017). In a previous study using Desmodesmus sp. (Rugnini et
al., 2017), we found that metal concentrations higher than 7.0 mg L™ represented a threshold level
and the growth rate of Desmodesmus sp. was reduced by 55% when the cultures were chronically
exposed to metals (12 days). In this study, the green microalga showed only a slight decrease
(between 4 and 7%) in biomass production and Chl a concentration during the exposure to metal
concentrations of 9.8 mgCu L™ and 7.4 mgNi L for 48 hours. So, even if toxic effects of the
metals occurred, that can be responsible of a block in cell division and inactivation of PSII reaction
centres (Torres et al., 2017; Yang et al., 2015), the reduction of the time of exposure allowed to

maintain overall biomass production necessary for lipid extraction.

Fig.1 (1.5 column fitting image)

Both in Runl and Run2, Desmodesmus sp. was grown in modified BG11 with P concentration
simulating the content of a WWTP effluent. The total P-content (TP) was measured every 2 days in
both Runs. In Runl (Fig. 2a), the P content decreased rapidly from 4.55 + 0.01 mg L™ to 1.79 +
0.001 mg L' within 8 days, which means that the P removal efficiency reached 61% with a P
uptake of 0.12 mgP gDW™, and 100% removal after 21 days. In Run2 (Fig. 2b), a 64% P removal

efficiency was reached in 2 days, probably due to the initial higher biomass concentration
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employed, while the remaining P concentration after 14 days was 0.17 + 0.002 mg L' (96%
removal efficiency, 0.24 mgP gDW™). Moreover, the addition of Cu and Ni in Run2 did not affect
the P removal efficiency of Desmodesmus sp. (p < 0.05), that increased from 91 (0.55 mgP gDW™)
to 96% (0.24 mgP gDW™) during the exposure to the metals for 2 days.

Fig. 2 (1.5 column fitting image)

The European Water Framework Directive (2000/60 EC) states that P concentrations must be
reduced to the regulatory level of 2 mg L™ for effluent discharge in water bodies, and below 1 mg L
"in sensitive aquatic ecosystems. Evaluating the potential of Desmodesmus sp. for wastewater
treatment, the value of 1 mg L™ was achieved in 10 days in Run/ and in less than 7 days in Run2,
with a final removal efficiency of 100% and 96%, respectively. The removal efficiencies achieved
by Desmodesmus sp. in this study were comparable to those of other species under the same
nutrient concentrations. Ji et al. (2013) reported a 51% P removal efficiency in 4 days by
Desmodesmus sp. EJ9-6 grown in diluted anaerobic digestion water (10%, TPi,= 4.5 mg L") and P
was completely removed in 14 days, similar to our results for Run2. Song et al. (2014) showed that
Scenedesmus sp. SDEC-8 was able to remove 99% of P in 10 days, when the initial TP varied
between 4 and 8 mg L. Chlorella vulgaris resulted to be able to remove up to 78% of P in 10 days,
when the initial TP was less than 7.7 mg L™ and illumination was provided continuously (Aslan and
Kapdan, 2006). Under high irradiance (440 pumol photon m? s, Desmodesmus communis
completely removed P in 24 hours when the P concentration was 1.7 mg L™ and in 3 days when an
initial concentration of 4.5 mg L' was adopted (Samori et al., 2013). Light is one of the most
important factors influencing the uptake of P by algae (Laliberte et al., 1997). According to
Sukagova et al. (2015), the efficiency of P removal by microalgal biofilm (TPj,= 4 mg L) was
lower in experiments with a day-night light regime than in ones with a continuous light regime
(74% and 97%, respectively). Boelee et al. (2014) reported that P removal from wastewater by a
phototrophic biofilm increased during the day and decreased with decreasing light intensity, until no
removal occurred during the night. These results suggest that the P removal rate could be increased
by imposing a sunlight regime during the day and artificial light during the night in microalgal

based wastewater treatments.

3.2 Metal removal
The biosorption ability of Desmodesmus sp. exposed concurrently to Cu (9.8 mg L) and Ni (7.4
mg L") is shown in Tab.1. As can been inferred, living cells of Desmodesmus sp. in Run2 were able

to remove 94.3% of Cu and 85.2% within the 2 days of exposure to the metals. In this condition,
8
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living biomass exhibited a higher biosorption capacity for Cu and Ni compared to the dry biomass
obtained from both Runl and Run2 (p < 0.05), as bioaccumulation also involves active intracellular
uptake of the metal ions (Kumar et al., 2015; Markou et al., 2015). Dry biomass was incubated for
30 minutes with the same metal solution used for the living biomass, and results showed that
biomass from Runl (not exposed to metals during growth) adsorbed 89.8% and 42.9% of Cu and
Ni, respectively. For dry biomass obtained from Run2 (exposed to metals for 2 days during its
growth), the removal efficiency decreased of about 30-33% in comparison to that obtained
employing Runl grown biomass. A possible explanation for this is that saturation of free binding
sites occurred in the biomass during growth in Run2 and thus the freeze-dried biomass used in the
second experiment resulted less efficient in metal removal than that of Runl not exposed to the
metals previously. Metal ions are taken up by microalgae in a two-stage process: (I) a rapid passive
adsorption occurring at the cell surface, and (II) a much slower absorption in which metal ions are
transported across living cells into the cytoplasm, with posterior binding to intracellular compounds
(Kumar et al., 2015; Anastopoulous et al., 2015). Metal adsorption by functional groups on the cell
surface anyhow occurs both in living and non-living cells; this hence may explain the decrease in
the number of free binding sites of biomass from Run2 compared to that of Runl. Furthermore,
biosorption of metals onto microalgal biomass is significantly affected by the presence of other
metals/co-ions in solution, owing to competitive interactions between them and the adsorption
binding sites on the cell surface (Monteiro et al., 2009). Several studies (Micheletti et al., 2008;
Kumar et al., 2015; Rugnini et al., 2017) also reported that in multi-metal solutions containing Cu
and Ni, metal affinity is Cu > Ni. In all the tested conditions, the data showed that the removal of
Cu was higher than that of Ni, with maximum uptake capacities of 13.18 mgCu gDW™' and 9.04
mgNi gDW™' in living biomass and 0.88 mgCu gDW™' and 0.32 mgNi gDW™' in dry biomass from
Runl (p < 0.05). Lau et al. (1999) reported that Cu was generally preferred to Ni by Chlorella
miniata and C. vulgaris due to its stronger binding strength and larger ionic radius compared to Ni,
which favoured a more covalent interaction between the metal ion and the ligands, particularly the
carboxylate groups of algal cell walls. Despite the fact that microalgae represent a feasible option
for metal removal in WWTP, studies involving multi-metal solutions are scarce, even if more
representative of real environmental conditions than single metal studies (Anastopoulos and Kyzas,
2015; Monteiro et al., 2009). Ajayan et al. (2015) evaluated the ability of Scenedesmus sp. to grow
and remove metals such as Cu, Cr, Pb and Zn in a tannery wastewater. Their results revealed that
living algal biomass during the growth period (12 days) not only reduced the pollution load of
metals (Cr-81.2-96%, Cu-73.2-98%, Pb-75-98% and Zn-65-98%) but also that of nutrients

(N>44.3% and P >95%), in agreement with the results we obtained employing Desmodesmus sp. in

9
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Run?2 (Fig. 2b; Tab. 1). Biosorption of Cu and Ni (100 mg L™) by the cyanobacterium Arthrospira
platensis (living and dry biomass) was studied by Markou et al., (2015) who found a lower uptake
capacity in the living form of the cyanobacterium for both Cu and Ni, than that reported here. On
the other hand, Markou et al. (2015) reported a four and nine times higher adsorption capacity of A.

platensis dry biomass than that obtained in Runl and Run2, respectively.
Tab. 1

3.3 Lipid extraction from the microalgae biomass

The lipid content of algae is dependent on several factors, including nutrient availability in the
growth media, salinity, light intensity, metals and a variety of other contaminants that have the
potential to induce stress (Adams et al., 2013; Torres et al., 2017). Moreover, inorganic
contaminants such as metals induce oxidative stress that leads to lipid accumulation as a defence
mechanism (Fan et al., 2014). The lipid percentage (% dry weight of the biomass) of the freeze-
dried biomass of Desmodesmus sp. grown in absence (Runl) or in presence of metals (Run2) is
shown in Table 2. The highest lipid percentage of 17.6% was found for the culture grown without
Cu and Ni, whereas the cultures with Cu (9.8 mg L™") and Ni (7.4 mg L) supply showed a lower
lipid percentage (12.9%). Different authors reported that metal stress increased lipid yields (Yang et
al., 2015; Napan et al., 2015), i.e. Torres et al. (2017) demonstrated that Ni consistently yielded
high lipid content in Nannochloropsis salina, while high concentrations of Cu had damaging effects
on lipid content. Cu may enhance the activities of antioxidant enzymes and compete with Ni to bind
to membrane proteins in order to protect the cells, similarly to what is reported for higher plants
(Hamed et al., 2017). Thus, we suppose that the lower lipid yield obtained from Run2 biomass in
comparison to the one of Runl, can be due to the relatively high concentration of Cu used in this
study (p < 0.05). Even if lipid yields for Desmodesmus sp. in these culture conditions were not so
high for industrial biodiesel production (oleaginous species can store more than 50% of their
biomass as lipids), they proved similar to those reported by Gressler et al. (2013) for Desmodesmus
sp. biomass grown with the addition of CO, (18.73 £+ 0.25%) or without additional CO, (12.00 +
0.28%). Even Komolafe et al. (2014) reported a lipid yield of about 13% by Desmodesmus sp.,
lower compared to 21.2%, 19.7% obtained from Desmosdesmus cultivated in photobioreactors (6 L
volumes) by Jaimes-Duarte et al. (2012) and Wu et al. (2012), respectively.

Biodiesel quality is related to the fatty acid (FA) composition and is determined by the fatty acids’
degree of saturation. FAME profiles of Desmodesmus sp. grown in absence (Runl) or in presence
of Cu and Ni for 2 days (Run2), reported in Tab.2, showed that carbon chains ranged from C14 to
C22. The quantification of FAMEs revealed the abundance of unsaturated palmitic acid (C16:0;

10
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28.58% and 35.61% in Runl and Run2, respectively), monounsaturated oleic acid (C18:1; up to
34.03% in Run2) and monounsaturated linoleic acid (C18:2; 27.08% and 10.23% in Runl and
Run2, respectively). Long chain saturated and monounsaturated FA (MUFA) are suitable for
biodiesel, as they improve oxidative stability without greatly affected its cold flow properties
(Mandotra et al., 2014). Biodiesel obtained from Desmodesmus sp. grown in Run2 contained large
amounts of saturated and monounsaturated FAMEs (80.60%), twice the amount obtained for Runl
(42.54%), due to the effect of Cu that increases overall neutral lipid accumulation because of the
down-regulation of fatty acid desaturase enzymes (Ghafari et al., 2016). According to the European
standard EN 14214 (Tab. 3), for an ideal biodiesel the percentage of linolenic acid (C18:3) and
polyunsaturated FA (PUFA) (>4 double bond) should not exceed 12% and 1% respectively
(Gouveia et al., 2017). In this study, the C18:3 contributed to 2.76% and 0.69% of the total FAMEs
in Runl and Run2, respectively, whereas PUFA with >4 double bonds were completely absent in
Runl and were less than 1% in Run?2. Lipid quality was also evaluated according to different
parameters such as CN, IV, SV and CFPP. The CN is one of the important fuel properties of
biodiesel which is highly influenced by the FA profile (see Tab. 2 and 3). A high CN value is an
indicator of better combustion, low nitrous oxide emissions and easier start-up of the engine
(Knothe, 2012). The CN value of Desmodesmus sp. grown in presence of metals was better than
that obtained in Runl, 55.07 compared to 37.91, and in accordance with the requirements of EU and
US standards. Higher CN values were reported for palm biodiesel (61), rich in esters of palmitic and
stearic acids (Ramos et al., 2009), the green alga Scenedesmus sp. (59.57) (Talebi et al., 2013) and
some cyanobacteria such as Anabaena augstumalis, Nostoc sp. and Calothrix sp. (71.68, 71.56 and
71.87, respectively) (Gismondi et al., 2016). The IV is used to determine the degree of unsaturation
of biodiesel oil. The more the double bonds in the fatty acid chain, the higher is the IV of the oil
(Knothe, 2012). The SV is the measure of the milligrams of potassium hydroxide (KOH) required
to completely saponify one gram of oil. In the present study, the IV was found to be 83.32 g I, 100
g in Run2, slightly less than the value obtained with Scenedesmus abundans grown in a large scale
(20 L) custom made photobioreactor (94.06 g I, 100 g"') (Mandotra et al., 2014). Data showed that
according to IV, biodiesel obtained from Desmodesmus sp. in Run2 is better than soybean (128 g I,
100 g, sunflower seed (132 g I, 100 g) and peanut (97 g I, 100 g) as reported by Predojevi¢ et
al. (2012). When grown in Runl, without exposure to metal stress as in Run2, the CN was 37.91
and IV increased to 156 g I, 100 g, not satisfying neither European nor American biodiesel
standards (Giakoumis 2013; Ramos et al., 2009). The SV was found to be 202.82 mg KOH g and
198.34 mg KOH g in Runl and Run2, respectively, which is equal or slightly less than the SV of S.
abundans (202.02 mg KOH g") and Chlorella luteoviridis (207.91 mg KOH g") found by
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Mandotra et al., (2014) and Osundeko et al. (2013). The CFPP indicates the cold flow property of
biodiesel and presents a lower value in relation to the presence of unsaturated fatty acids. The EN
14214 standard does not mention a low-temperature limit in its list of specifications, indicating that
it is a Country specific parameter ranging from -45 °C to 4.5 °C in Artic and temperate climates.
The CFFP values reported here both satisfied the parameter requirements of the EN 14214, with a
minimum value of -7.50 °C in Runl and -5.29 °C in Run2. These data were in accordance with
those reported by Alvarez-Diaz et al. (2015) where the CFFP of Scenedesmus obliquus grown in a
two-stage cultivation system was always below 0°C. The results of these analyses show that even if
the presence of Cu and Ni reduced the lipid yield, the quality of the biodiesel obtained from
Desmodesmus sp. in Run2 was higher than in Runl because of the high amounts of C16 and C18

and of all the parameters reported above.
Tab. 2
Tab. 3

4. Conclusions

The results reported in this study suggest that Desmodesmus sp. could be successfully used for
wastewater bioremediation of phosphorus and metal removal. Biomass obtained as by-product
could be further employed as metal adsorbent and as feedstock for biofuel production. In these
growth systems, Desmodesmus sp. was able to remove more than 90% of total phosphorus and
demonstrated a good biosorption ability for both Cu and Ni by living biomass, with a removal
efficiency around 90% in less than 2 days of exposure. Data revealed that dry biomass of
Desmodesmus sp. could be used as adsorbent material, with a biosorption ability of 90% and 43%
for Cu and Ni, respectively, in just 30 minutes. Even biomass previously exposed to the metals
during growth showed the ability to adsorb metals, suggesting the potential to employ the same
biomass for more than one cycle of sorption. Good quality biodiesel obtained from biomass grown
in presence of Cu and Ni supports the possibility to use metal-polluted wastewater for massive
cultivation of microalgae, offering a new alternative solution to environmental pollution problems

and carbon- neutral fuel availability.
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617  Tab.1 Final concentration of Cu and Ni in liquid solution (Cj), metal removal efficiency (E) and
618  metal uptake (q) in different types of Desmodesmus sp. biomass (LB2: living biomass collected at

619  the end of Run2; DBI and DB2: freeze-dried biomass from Runl and from Run2, respectively).

LB2 DB1 DB2

Cu(9.8mgL™")
Cr(mgL" [056 |1.00 3.38
E (%) 94.28 | 89.80 65.47
q(mg gDW™') | 13.18 | 0.88  0.64
Ni (7.4mgL™")
Cr(mgLhy |11 |424 522
E (%) 85.20 | 42.93 29.74
q(mg gDW™)9.04 | 032 022
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Tab. 2. Fatty acid methyl ester (FAME, %) obtained from Desmodesmus sp. biomass grown in

Runl (without metals) and Run2 (with Cu and Ni).

FAME COMMON NAME FAMILY RUNI (%) RUN?2 (%)
C14:0 Myristic acid SATURATED 0.39 0.51
C15:0 Pentadecylic acid SATURATED 0.09 0.37
C16:0 Palmitic acid SATURATED 28.58 35.61
C16:1 (9) Palmitoleic acid MUFA 8.50 6.48
C16:2 (9,12) PUFA 6.76 2.67
C16:3 (4,7,10) PUFA 2.27 /
C16:4 (4,7,10,13) PUFA 18.27 4.14
C17:1 (CIS 10) Margaroleic acid MUFA 0.27 0.85
C18:1 (13) Vaccenic acid MUFA 1.71 1.17
C18:1 (9) Oleic acid MUFA 2.63 34.03
C18:2 (9,12) Linoleic acid PUFA 27.08 10.23
C18:3 y-linolenic acid PUFA 2.76 0.69
C18:3 (9,12,15) a-Linolenic acid PUFA 0.32 /
C19:0 MUFA 0.24 0.57
C20:1 MUFA / 0.42
C20:4(8,11,14,17) PUFA 0.72
C20:4 (5,8,11,14) Arachidonic acid PUFA / 0.97
C22:0 Methyl behenate SATURATED / 0.59
C22:1 (13) Erucic acid MUFA 0.13 /
LIPID YIELD (% gDW) 17.6 12.9
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Tab. 3 Biodiesel properties calculated from the FAME profile of Desmodesmus sp. and compared
with European (UN-EN14214) and American (ASTM-D6751) standards.

SAT MUFA PUFA (%) C18:3 CN v SV DU LCSF CFPP

(%) (%) *PUFA>4 (%) (°O)
db
29.06 13.48 57.46 2.76 3791 156.87 202.82 128.16 2.86 -7.50
Runl
*/
37.08 43.52 19.42 0.69 55.07 83.32 198.34 81.76 3.56 -5.29
Run2
*< 1%
UN-EN14214 12.0 >51 <120 / / / -45 /4.5
ASTM-D6751 >47 / / / / /

Note: db: double bounds; CN: cetane number; /V: iodine valued; SV saponification value; DU: degree of unsaturation; LCSF: long-chain saturated

factor; CFPP: cold filter plugging point.
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