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Abstract: Even though biofuel production from microalgae has become more and more attractive in
recent years, it is limited especially by the high cost of microalgae cultivation. However, microalgae
can be grown in wastewater in order to reduce their production cost and, at the same time, the polluting
impact of wastewaters. Winery wastewaters, which are abundantly released from the wine making
process, have a large pollution impact related to their high loads of total solids, chemical oxygen
demand (COD) and polyphenol concentration. In this research work a co-culture of Chlorella vulgaris
and Arthrospira platensis was used to treat three different winery wastewaters from different steps of
the wine production process, in order to produce low-cost biomass intended for biofuel production.
Growth of the co-culture and reduction of wastewater pollutant impact were followed by daily
determinations of biomass concentration, COD and polyphenol content. The highest productivities
of biomass (0.66 gDry Weight/L·day) and lipids (7.10 ± 0.22 gLipid/100 L·day) were obtained using 20%
of second washing winery wastewater after 4 days of treatment. Moreover, COD and polyphenol
content of the three different wastewaters were reduced by the co-culture by more than 92% and
50%, respectively. These results suggest that winery wastewaters can be used successfully for the
growth of A. platensis and C. vulgaris co-culture in order to obtain inexpensive biomass for energy
production purposes.

Keywords: microalgae co-culture; COD removal; polyphenol removal; winery wastewater
valorization; biomass production

1. Introduction

The reduction of fossil fuels reserves and the continuously increasing demand for energy around
the world has led to the necessity to find an eco-sustainable alternative to conventional fuels. In the
last few years, biofuel production from different plant sources has been increasingly studied by
researchers [1]. The production of third-generation biofuels from raw materials that do not compete
with food crops is in fact attracting more and more attention. Third-generation biofuels can be
produced from microalgal biomasses or from their intracellular components such as lipids. Moreover,
their production, if compared to conventional biomasses, reduces land and water utilization along
with the use of pesticides [2].

Microalgae are unicellular microorganisms able to grow under autotrophic, heterotrophic or
mixotrophic conditions depending on the carbon source used in their metabolism as well as light
conditions [3]. They are composed mainly of lipids, proteins and carbohydrates, whose relative
proportions depend in particular on the species and growth conditions [4]. They are generally
used for human or animal nutrition [5], or extraction of added-values components for chemical and
pharmaceutical industries [6], but also for biofuel production [7].
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The main limit of the production of biofuels from microalgae is due to the high cost of biomass
cultivation, making them not cost-competitive, on a large scale, when compared with conventional
biofuels produced from agricultural waste or conventional biomasses. The only possibility to make
the microalgae biofuels more competitive on the global market is to apply the biorefinery concept.
Thanks to their capability of also metabolizing organic carbon, microalgae can in fact be grown in
wastewaters, thus reducing the use of fresh water, the cost of growth medium, the energy consumption
and, at the same time, the wastewater polluting impact [8]. There are several studies in the literature
focusing on the use of microalgae to treat wastewaters such as municipal wastewater [9] and textile
wastewater [10], among others.

Winery wastewaters (WWWs) are released from different activities of the wine making process,
namely tank washing, transfer, bottling and filtration [11]. The polluting impact of WWWs is
related to their high organic load (polyphenolic compounds, sugars, organic acids and esters),
low pH (3–5), content of suspended particles and large volumes (0.5–14 L per liter of wine produced) [12].
Among them, polyphenols are considered hazardous compounds because they are not mineralized by
conventional biological treatments [13]. Owing to the release of organic compounds and inorganic
ions, their disposal in land without adequate treatment can change the physicochemical properties of
groundwater such as color, pH and electrical conductivity, among others [14]. WWWs can be treated
by biological or physicochemical processes, membrane filtration and separation, advanced oxidation
or combined biological and advanced chemical processes [12]. Among these, biological processes are
the most appropriate to treat WWWs because of their high organic load.

The aim of this work is to grow a co-culture of Arthrospira platensis and Chlorella vulgaris, the most
common microalgae belonging to the prokaryotic and eukaryotic phyla, respectively, using WWWs as
culture media in order to reduce, on one hand, the production cost of biomass to be used for energy
production purposes and, on the other, the wastewater pollution load. Particularly, three different
WWWs, namely the first and second tank washing waters and that from the filtration equipment,
were investigated after dilution at different concentrations in Bold’s Basal Medium. The reduction of
the wastewater pollution load was evaluated in terms of reduction of polyphenol concentration and
chemical oxygen demand.

2. Materials and Methods

2.1. Microalgae Strains and Culture Conditions

To produce the inoculum, the co-culture of Chlorella vulgaris CCAP 211 (Culture Collection of
Algae and Protozoa, Argyll, UK) and Arthrospira platensis UTEX 1926 (University of Texas Culture
Collection, TX, USA) was cultivated in Erlenmeyer flasks (1000 mL) using Bold Basal Medium (BBM)
with a continuous air supply at room temperature (25 ◦C). All the chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The three second fermentation winery wastewaters (WWWs),
namely those from the first (W1) and second (W2) tank washings as well as that from the filtration
equipment (W3), were provided by a winery cellar located in the Piemonte region, Italy.

2.2. Experimental Design

After inoculation (0.5 gDW/L), the co-culture was grown in 200− mL bubblers using the three
WWWs diluted with BBM up to 10%, 20%, 50% and 100% (v/v) under continuous air supply and
illumination (82± 5 µmol photons/m2 s) for 15 days. WWWs were used without preliminary treatments.
Two different sets of control runs were performed, where the co-culture was grown under the same
conditions using only BBM (C). Moreover, the three wastewaters were exposed to air bubbling and light
without microalgal inoculum, in order to check the possible effect of autochthonous microorganisms
on pollutant removal (C1W, C2W and C3W for 1W, 2W and 3W, respectively).

Total microalgae concentration was determined daily by dry weight, taking into account the total
suspended solid (TSS) content of WWWs expressed in g/L. Aliquots of the medium were collected
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and filtered daily to evaluate the reduction in the concentrations of the pollutants. At the end of the
growth period, the microalgal biomass was centrifuged at 6036× g for 15 min (MF20-R, Alliance Bio
Expertise, Guipry, France) and freeze dried (Alpha 1-2 LD plus, Martin Christ Gefriertrocknungsanlagen,
Osterode am Harz, Germany). Supernatant, microalgal biomass and filtrate were collected and frozen
at −20 ◦C for subsequent analyses.

Runs were carried out in duplicate, while biomass concentration and WWW analyses were done
in triplicate. Results were expressed as mean values ± standard deviations.

2.3. Biomass and Winery Wastewaters Characterization

WWWs were characterized in terms of contents of total solids (TS), total suspended solids (TSS)
and volatile solids (VS) according to the standard methods of APHA (APHA, 1999).

Chemical oxygen demand (COD) was determined by colorimetric analysis. Briefly, 1.5 mL of
sample and 2.5 mL of HgSO4-H2SO4:K2Cr2O7 (1:4 v/v) solution were added to 10−mL glass tubes.
The tubes were then heated at 150 ◦C for 2 h, and the absorbance was measured at 620 nm (ABS620) with
a UV-Vis spectrophotometer (Photometer PF-12plus, Macherey-Nagel, Düren, Germany). A calibration
curve was made with standard solutions of potassium hydrogen phthalate, and the unknown COD
(X1) estimated by the equation (R2 = 0.9999):

ABS620 = 0.0004 X1 − 0.0011 (1)

and expressed in grams of oxygen per liter (gO2/L). Polyphenolic compounds (PC) were quantified by
the Folin–Ciocalteu assay [15] and expressed as milligrams of gallic acid equivalents per milliliter of
solvent (mgGAE/mL). A calibration curve was prepared with standard solutions of gallic acid, and the
unknown total polyphenol concentration (X2) estimated by the equation (R2 = 0.9988):

ABS725 = 0.0018 X2 (2)

both COD and total polyphenol content of the WWWs were quantified daily, in order to evaluate the
degradation efficiency of the microalgal co-culture.

The lipid fraction was extracted with a 2:1 (v/v) chloroform/methanol solution as solvent,
following a modified version of the Folch method [16].

The co-culture elemental composition, in terms of carbon, hydrogen, nitrogen and sulfur
contents, was determined with a CHNS-O elemental analyzer (FLASH EA1112, ThermoQuest,
Cleveland, OH, USA) following the methodology described by [17] and expressed as percentages.

2.4. Kinetic Parameters of Microalgae Growth

The specific grow rate (µ), expressed in day−1, was calculated by the equation:

µ =
1
t

ln
(

Xf

X0

)
(3)

where t is the overall cultivation time (days), while X0 and Xf are the starting and final biomass
concentrations (gDW/L), respectively.

The value of µ at maximum biomass concentration (µmax), expressed in day−1, was calculated by
the equation:

µmax =
1

tmax
ln

(
Xmax

X0

)
(4)

where Xmax is the maximum biomass concentration (gDW/L) and tmax the time needed to reach it.
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Biomass productivity at the end of cultivation (ν) and its value at Xmax (νmax), both expressed in
gDW/L·day, were calculated as follows:

ν =
Xf

t
(5)

νmax =
Xmax

t
(6)

Defining the lipid content of biomass (CL, gL/100 gDW) as the fraction of lipid mass referred to
100 g of dry biomass, the lipid productivity (νL), expressed in gL/100·L·day, was calculated as:

νL =
CL(Xf −X0)

t
(7)

3. Results and Discussions

3.1. Winery Wastewater Characterization

Three different winery wastewaters (WWWs), from three different steps of the wine making
process, namely first (W1) and second (W2) tank washings, and filtration (W3), were used as media
to grow the Arthrospira platensis and Chlorella vulgaris co-culture. Wastewaters were characterized in
terms of contents of total solids (TS), total suspended solids (TSS) and polyphenol compounds (PC) as
well as pH and chemical oxygen demand (COD), whose results are listed in Table 1.

Table 1. Winery wastewaters characterization.

TS a

(g/L)
TSS b

(g/L)
pH COD c

(gO2/L)
PC d

(mg GAE/L)

W1 e 13.15 ± 0.48 1.26 ± 0.02 3.42 116.30 ± 8.13 143.33 ± 0.13
W2 f 11.51 ± 0.24 0.39 ± 0.04 3.31 119.30 ± 1.06 139.72 ± 0.03
W3 g 4.69 ± 0.24 0.60 ± 0.05 3.82 36.90 ± 0.88 98.52 ± 0.23

a total solids, b total suspended solids, c chemical oxygen demand, d polyphenol content, e first tank washing
wastewater, f second tank washing wastewater, g wastewater from the filtration equipment.

The COD content was especially high in W1 (116.30 ± 8.13 gO2/L) and W2 (119.30 ± 1.06 gO2/L)
mainly due to the presence of organic compounds such as sugar and ethanol, but it was remarkably
lower in W3 (36.90 ± 0.88 gO2/L) probably due to the lower content of total dissolved compounds
(11.89, 11.12 and 4.09 g/L in W1, W2 and W3, respectively). The lower content of dissolved compounds
in W3 could be related to the increased water volume used in the filtration step, which leads to dilution
of the dissolved solids present in W1 and W2. On the other hand, the high polyphenol concentration in
the three WWWs was the likely result of the presence of soluble acidic phenolic compounds in grapes
such as gallic, vanillic, syringic and protocatechuic acids [18]. In general, the qualitative characteristics
of the different WWWs were comparable with the literature’s data [11].

3.2. Microalgal Biomass Growth Using Different Type and Concentration of Winery Wastewaters

To reduce the polluting impact of WWWs and to increase the final biomass concentration,
the co-culture was grown on each of them after previous dilution in Bold’s Basal Medium up to 10%,
20%, 50% and 100% (v/v). Figure 1 illustrates the co-culture growth curves considering the TSS content
of WWWs. No significant changes of dry weight in the controls (C1W, C2W and C3W) were observed
during the 15 days, suggesting that there was no proliferation of other microorganisms.
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Figure 1. Co-culture growth curves in (A) the first tank washing wastewater (W1), (B) second tank
washing wastewater (W2) and (C) wastewater from the filtration equipment (W3), after their dilution
with Bold’s Basal Medium up to 10%, 20%, 50% and 100% (v/v). Biomass concentration expressed as g
dry weight per liter.
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The co-cultures carried out in W1 quickly reached exponential growth without a clear lag phase,
achieving biomass concentrations (X) much higher than those obtained in the control run (Figure 1A),
while a progressive X decrease took place after 5 days. The only exception was the 10% (v/v) W1
co-culture during which growth was always poorer than in the control run especially after 10 days.
A maximum biomass concentration (Xmax) of 1.87 ± 0.32 gDW/L was reached in 20% (v/v) W1 after
4 days. A qualitatively similar behavior was observed in W2 (Figure 1B), with achievement of
Xmax = 2.63 ± 0.00 gDW/L and 2.12 ± 0.00 gDW/L in 20% and 50% (v/v), respectively, and subsequent
decay—also in this case the co-culture behavior in 10% (v/v) was as poor as in the control run.
These results taken together suggest that the co-culture growth was inhibited by the wastewater as
such, i.e., with no dilution, and limited by excess dilution (10% v/v). Finally, in 10% and 20% (v/v) W3
(Figure 1C), the co-culture behaved similarly to the control run, reaching Xmax = 1.85 ± 0.010 gDW/L in
the latter after as long as 14 days, while the growth was strongly inhibited at either poor (50% v/v) or
no dilution. It is likely that filtration removed mainly readily metabolizable rather than recalcitrant
carbon sources, hence especially affecting the runs carried out in more concentrated W3.

The specific grow rate (µ) of the co-culture grown only in BBM (C) calculated at the end of the
growth period was higher if compared with those in the presence of W1, W2 and W3 at the different
concentrations (Table 2). Instead, the specific growth rates at maximum biomass concentration (µmax)
in W1 and W2 without any dilution were higher than in the control, with the highest value of this
parameter (0.60 ± 0.00 day−1) being obtained in the former wastewater. The same trend was observed
for biomass productivity (ν) along with its value at Xmax (νmax) (Table 2).

Consistently with these findings, several authors reported higher biomass concentrations for
microalgae cultivated under mixotrophic rather than autotrophic conditions. To provide only a few
examples limited to the microorganisms used in this study, C. vulgaris concentration in the presence
of 4 g/L of glucose was (1.40 ± 0.10 g/L) more than 3 times higher compared with its autotrophic
growth [19] and that of A. platensis in the presence of 0.75 g/L (2.52 g/L) 42.4% higher [20]. The same
trend of microalgae concentration obtained in 100% (v/v) WWWs was reported by Ganeshkumar et al.,
who observed a reduction of Chlorella sp. concentration from 3 × 106 to 1.2 × 106 cells/mL after 10 days
of growth in concentrated winery wastewater [21].

3.3. Lipid Accumulation and Elemental Composition in Co-Culture Biomass

The lipid content of microalgae ranges between 10% to 50% of dry weight, depending on the
species and growth conditions. Their high lipid accumulation makes them a suitable source for
biodiesel production by transesterification of fatty acids [22]. Moreover, the lipid content can be further
increased if microalgae are grown under abiotic stress conditions in terms of light intensity, pH and
temperature, or changing the medium composition. Particularly, microalgae cultivation in wastewater
streams may increase the lipid content and help the process to become more environmentally friendly
and economically advantageous [23].

In general, the co-culture cultivated in WWW had its lipid content (CL) increased with respect
to that in the control. For instance, biomass grown on 50% (v/v) WWWs had a CL value that was
about twice the one of control biomass (Table 3), 19.66 ± 0.00 and 21.95 ± 0.00 gL/100gDW for W2 and
W3, respectively. Moreover, the lipid productivity (νLmax) at Xmax obtained in the presence of WWW
was higher than in the control for almost all the tests. In particular, with 20% and 50% W2 the lipid
productivity reached values of 7.10 ± 0.22 and 6.37 ± 0.18 gL/100 L·day, respectively.

Similar results were reported by several authors. Santana et al. [24] obtained a 50% increase in fatty
acid productivity when cultured Micractium sp. in vinasse was diluted in 50% BBM. Kwak et al. [25]
observed an increase in the lipid content of different microalgae strains grown under different stress
conditions using microfluidic systems. They observed that the lipid production was highly improved
in the presence of a combination of more than three stress conditions.
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Table 2. Growth and lipid production parameters of co-cultures used in the mixotrophic treatment of winery wastewaters from the first (W1) and second (W2) washing
tanks and from the filtration apparatus (W3) at different concentrations in Bold’s Basal Medium.

Concentration 10% (v/v) 20% (v/v) 50% (v/v) 100% (v/v)

Wastewater W1 W2 W3 W1 W2 W3 W1 W2 W3 W1 W2 W3 Control

Xf
a (gDW/L) 1.03 ± 0.37 1.85 ± 0.24 1.85 ± 0.15 0.67 ± 0.10 1.04 ± 0.41 2.07 ± 0.20 0.18 ± 0.10 0.84 ± 0.00 0.34 ± 0.00 0.40 ± 0.10 1.07 ± 0.24 0.03 ± 0.01 2.14 ± 0.06

Xmax
b (gDW/L) 1.03 ± 0.37 1.85 ± 0.024 1.85 ± 0.10 1.87 ± 0.32 2.63 ± 0.00 2.07 ± 0.20 1.66 ± 0.05 2.12 ± 0.01 0.72 ± 0.00 1.64 ± 0.01 2.07 ± 0.00 0.91 ± 0.10 2.04 ± 0.29

µ c (day−1) 0.07 ± 0.02 0.12 ± 0.00 0.10 ± 0.00 0.01 ± 0.00 0.04 ± 0.03 0.08 ± 0.00 0.00 ± 0.00 0.08 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.01 0.00 ± 0.00 0.09 ± 0.01
µmax

d (day−1) 0.07 ± 0.02 0.12 ± 0.00 0.10 ± 0.00 0.29 ± 0.01 0.39 ± 0.00 0.09 ± 0.00 0.48 ± 0.01 0.04 ± 0.02 0.03 ± 0.00 0.60 ± 0.00 0.17 ± 0.00 0.07 ± 0.01 0.10 ± 0.00
ν e (gDW/L day) 0.07 ± 0.02 0.12 ± 0.016 0.11 ± 0.01 0.04 ± 0.00 0.49 ± 0.00 0.08 ± 0.01 0.00 ± 0.00 0.06 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 0.07 ± 0.01 0.00 ± 0.00 0.14 ± 0.02
νmax

f (gDW/L day) 0.07 ± 0.02 0.12 ± 0.016 0.11 ± 0.01 0.47 ± 0.08 0.66 ± 0.03 0.15 ± 0.01 0.33 ± 0.01 0.42 ± 0.00 0.05 ± 0.00 0.82 ± 0.00 0.25± 0.01 0.11 ± 0.00 0.14 ± 0.01

a final biomass concentration, b maximum biomass concentration, c specific growth rate, d specific growth rate at Xmax, e biomass productivity, f biomass productivity at Xmax.
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Table 3. Lipid production parameters of co-cultures used in the mixotrophic treatment of winery
wastewaters from the first (W1) and second (W2) washing tanks and from the filtration apparatus (W3)
at different concentrations in Bold’s Basal Medium.

Concentration Wastewater CL
a

(gL/100 gDW)
νL

b

(gL/100 L·day)
νLmax

c

(g L/100 L·day)

10%
W1 8.36 ± 1.70 0.29 ± 0.01 0.29 ± 0.01
W2 12.61 ± 0.00 1.13 ± 0.01 1.13 ± 0.01
W3 12.31 ± 0.00 1.07 ± 0.02 1.07 ± 0.02

20%
W1 10.03 ± 0.68 0.29 ± 0.00 3.43 ± 0.10
W2 13.34 ± 3.00 0.11 ± 0.01 7.10 ± 0.22
W3 10.93 ± 0.02 1.14 ± 0.01 1.14 ± 0.01

50%
W1 9.98 ± 0.04 0.00 ± 0.00 2.31 ± 0.09
W2 19.66 ± 0.00 0.00 ± 0.00 6.37 ± 0.18
W3 21.95 ± 0.00 0.00 ± 0.00 2.41 ± 0.12

100%

W1 7.37 ± 2.27 0.00 ± 0.00 2.80 ± 0.14
W2 7.30 ± 0.00 0.00 ± 0.00 1.43 ± 0.13
W3 8.39 ± 2.02 0.00 ± 0.00 0.43 ± 0.07

Control 10.54 ± 0.00 1.08 ± 0.09 1.08 ± 0.09
a lipid content of biomass, b lipid productivity, c lipid productivity at Xmax.

The elementary composition of the co-culture biomass at the end of the growth was determined
by a CHNS-O elemental analyzer (Table 4). Comparing nitrogen, sulfur and carbon contents of the
positive control (C) with the biomass obtained after WWWs treatments, no significant difference could
be observed. The hydrogen content was strongly increased from 2.93 ± 0.43 to 6.40 ± 0.39 using W3 at
10% (v/v) and reduced to 0.09 ± 0.13 with 100% (v/v) of W3.

Table 4. Co-culture elemental composition after the mixotrophic treatment of winery wastewaters
from the first (W1) and second (W2) washing tanks and from the filtration apparatus (W3) at different
concentrations in Bold’s Basal Medium.

Concentration Wastewater H C N S

Control 2.93 ± 0.43 b,c,d,e 38.43 ± 1.08 a,b 6.30 ± 0.37 a,b,c 0.00 ± 0.37 a

10% (v/v)
W1 4.78 ± 0.43 d,e,f 40.60 ± 1.08 a,b 6.40 ± 0.37 a,b,c 0.49 ± 0.49 a

W2 5.48 ± 0.56 e,f 43.20 ± 1.12 a,b 6.84 ± 0.17 b,c 0.00 ± 0.00a

W3 6.40 ± 0.39 f 42.50 ± 3.64 a,b 7.29 ± 0.22 a,b,c 0.08 ± 0.09 a

20% (v/v)
W1 4.21 ± 0.53 d,e,f 39.65 ± 3.74 a,b 6.20 ± 0.3 a,b,c 0.04 ± 0.05 a

W2 4.14 ± 0.25 c,d,e,f 40.40 ± 1.42 a,b 6.60 ± 0.33 a,b,c 0.00 ± 0.00 a

W3 3.32 ± 0.40b,c,d,e 41.95 ± 1.02 a,b 6.91 ± 0.68 b,c 0.00 ± 0.00 a

50% (v/v)
W1 1.14 ± 0.07 a,b 42.33 ± 1.12 a,b 6.49 ± 0.14 a,b,c 0.00 ± 0.00 a

W2 1.56 ± 0.24 a,b,c 42.74 ± 1.12 a,b 6.82 ± 0.25 b,c 0.04 ± 0.00 a

W3 2.84 ± 0.12 b,c,d,e 36.58 ± 1.02 a 5.38 ± 0.40 a 0.00 ± 0.00 a

100% (v/v)
W1 1.04 ± 0.60 a,b 45.05 ± 0.94 b 5.79 ± 0.28 a,b 0.00 ± 0.00 a

W2 2.62 ± 2.03 a,b,c,d 39.67 ± 1.63 a,b 6.24 ± 0.20 a,b,c 0.00 ± 0.00 a

W3 0.09 ± 0.13 a 43.32 ± 3.25 a,b 6.58 ± 0.68 a,b,c 0.00 ± 0.00 a

Different letters (a–f) in the same column indicate statistically significant differences among mean values.

3.4. COD Removal from Winery Wastewater

Chemical oxygen demand (COD) has been accepted as a national standard for the evaluation
of organic pollution in wastewater, besides being the most frequently used parameter to assess
the efficiency of biological wastewater treatments. Since microalgae cultivated under mixotrophic
condition have the ability to consume organic pollutants as a carbon source and inorganic nutrients for
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their growth, COD removal by the co-culture from the three different WWWs was daily determined to
compare reduction trends.

The COD reduction curves followed the same trend in the different WWWs either as such or
differently diluted. One can see in Figure 2 that the organic matter was quickly removed from the
non-diluted WWWs by no less than 85% during the first 5 days of mixotrophic treatment, while after
the exponential phase its removal proceeded slowly up to the end.
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Figure 2. Time behavior of chemical oxygen demand in non-diluted winery wastewaters from the first
(W1) and second (W2) washing tanks and from the filtration apparatus (W3) during treatment with
the co-culture.

The residual COD assessed at the end of each treatment was used to calculate its percentage
removal with respect to the initial COD, for which the results are depicted Figure 3A. One can see that
at all the concentrations, the removal was higher than 90% in the three WWWs, with the highest value
(around 99%) being detected in 50% (v/v) W2. In addition, Figure 3B, which illustrates the percent
increases in COD removal at the end of every treatment compared with the respective negative controls
(without inoculum), clearly shows that the co-culture, as expected, was much more effective than the
autochthonous species (mainly yeast) present in the WWWs in reducing their COD contents.

Other microrganisms such as bacteria and fungi have been used to purify WWWs.
Malandra et al. [26] reported the ability of a new yeast isolate (MEA5) to reduce by 95% the COD of a
synthetic wastewater in a rotating biological contactor under aerated conditions, demonstrating the
potential of a dynamic microbial population to treat WWW. Zhang et al. [27] observed a 90% reduction
of WWW COD by microfungi such as Trichoderma viride, Aspergillus niger and Aspergillus oryzae.

Most of the attempts reported in the literature to reduce wastewater COD by microalgae have
shown comparable or even better performance than conventional treatments. The most common winery
wastewater treatment systems are conventional activated sludge plants or different anaerobic systems.
However, despite their simplicity, they require long retention times to degrade the organic matter and
can only be applied when cells have a small size and large surfaces are available. For instance, Torrijios
and Moletta [28] reported a COD reduction in winery wastewater as high as 97.5% in a sequencing
batch reactor.

3.5. Polyphenols Removal

It is well-known that microalgae have the ability to degrade polyphenols through two different
mechanisms, namely mineralization to carbon dioxide [29] or biotransformation to other compounds,
as suggested by Cerniglia et al. [30], who observed the biotransformation of naphthalene into other
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similar metabolites, such as 1-naphthol. So, in order to check the capability of the selected co-culture
to reduce the polyphenol content (PC) of WWWs, the total concentration of these substances was
determined by the Folin–Ciocalteu assay before and after treatments.Energies 2020, 13, x FOR PEER REVIEW 10 of 14 
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Figure 3. Chemical oxygen demand removals by the co-culture in winery wastewaters from the first
(W1) and second (W2) washing tanks and from the filtration apparatus (W3) at different concentrations
in Bold’s Basal Medium. (A) Final COD removal compared to the start of each treatment. (B) Increase
in final COD removal compared to the negative control of each treatment. Different letters (a–c) in the
same group indicate statistically significant differences among mean values

Polyphenol degradation by the co-culture at the end of treatments was higher than 50% under
all the tested conditions (Figure 4A). In general, the higher the WWW concentration and the PC
content, the lower the polyphenol degradation. For instance, PC removal from W2 progressively
decreased from 100% to 53% when its concentration in BBM was increased from 10 to 100 (v/v).
Consistently, PC removal was the highest (100%) in 10 and 20 (v/v) W3 and decreased to 77% and 60%
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in 50 and 100 (v/v), respectively. When comparing the three different WWWs, as expected W1 was the
most recalcitrant to PC degradation, followed by W2 and W3, even though the PC were completely
degraded in all three WWWs at the lowest concentration (10 v/v). In the same ways as COD, the percent
increases in PC removal at the end of every treatment compared with the respective negative controls
(without inoculum) were always quite high, ranging from 63% to 96% (Figure 4B). The most diluted
WWWs (10 v/v) were the only exceptions, being all completely decontaminated from PC by either the
microalgal co-culture or the autochthonous microflora.
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Figure 4. Removals of polyphenols (PC) by the co-culture in winery wastewaters from the first (W1)
and second (W2) washing tanks and from the filtration apparatus (W3) at different concentrations in
Bold’s Basal Medium. (A) Final PC removal compared to the start of each treatment. (B) Increase in
final PC removal compared to the negative control of each treatment. Different letters (a–c) in the same
group indicate statistically significant differences among mean values

Similar results were obtained by other authors. To provide only a few examples,
Pinto et al. [31], who investigated the removal of different phenolic compounds by Scenedesmus obliquus,
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reported removals of tyrosol and hydroxytyrosol higher than 50% and 68%, respectively. Moreover,
the same inverse correlation between polyphenol concentration and removal was observed by Papazi
et al. [32] for olive mill wastewater treatment by the same microalga, in that tyrosol removal decreased
from 75% to 15% when its concentration was increased from 0.05 to 0.3 mM.

Polyphenols and other high molecular weight pollutants of winery wastewater are not mineralized
by WWW conventional biological treatments [13]. To achieve reductions in the content of polyphenolic
compounds comparable to that obtained in the present study, expensive and complex technologies
must be applied such as reverse osmosis, nanofiltration and ultrafiltration [33].

4. Conclusions

A Chlorella vulgaris and Arthrospira platensis co-culture was grown in three different winery
wastewaters (WWWs), namely those from the first (W1) and second (W2) tank washings as well as that
from the filtration equipment (W3).

The highest biomass concentration (2.63 ± 0.00 gDW/L) was obtained in 20% (v/v) W2 after only
4 days of treatment, corresponding to a biomass productivity of 0.66 ± 0.03 gDW/L·day.

The co-culture was able to reduce the chemical oxygen demand and polyphenol content of the
three WWWs by more than 92% and 50%, respectively.

The lipid productivity increased considerably after the wastewater treatment.
The results suggest it is possible to stop the co-culture cultivation after the achievement of

maximum biomass concentration in order to increase biomass and lipid productivities without losing
the benefits in terms of reduction of the pollution load.

This study demonstrates the feasibility of using WWWs as a culture medium for the growth of
microalgae in order to reduce their production costs and exploit the resulting biomass as a source
of biofuels.
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