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Abstract
Phenolic compounds in olive mill wastewater (OMW) are considered an environmental threat due to their antimicrobial prop-
erties. Because of the metabolic versatility of microalgae, a biotic removal of these compounds seems a suitable approach. 
To investigate the biotic removal of phenolic compounds, the three microalgae species Chlorella vulgaris, Acutodesmus 
obliquus and Monoraphidium braunii were cultivated in flasks under constant light (50 µmol/m2s) and dark (1 g/L glucose) 
conditions in presence of different concentrations of OMW. Addition of 1% (v/v) OMW to the culture medium was shown to 
be non-inhibitory or even growth enhancing, and phenolic compounds were removed by 7–21% by all tested species. Cultiva-
tions with 6% (v/v) OMW resulted in a few exceptional experiments in fast growth (C. vulgaris under light, M. braunii under 
dark conditions) and removal of phenolic compounds (M. braunii, dark). Higher percentages (12 and 25%, v/v) of OMW 
were inhibitory. Under dark conditions microalgae first consumed glucose and removed phenolic compounds in a diauxic 
process. Removal of phenolic compounds was favoured under light conditions. Results of this study reveal the opportunities 
and the challenges of a microalgae-based removal of phenolic compounds and valorization of toxic OMW.
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Statement of Novelty

Olive mill wastewater is often inappropriately managed and 
released uncontrolled into the environment. Particularly the 
high concentration of phenolic compounds causes serious 
environmental issues. This study considers the valorization 
of olive mill wastewater as a source of nutrients to be used 
in microalgae cultivation combined with a biotic removal 
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of phenolic compounds under light and dark conditions and 
aims at the development of novel olive mill wastewater val-
orization strategies in areas with water scarcity.

Introduction

The production of olive oil generates worldwide around 
30 billion L of wastewater originating from washing of 
fruits and equipment. Olive mill wastewater (OMW) pos-
sesses high biological oxygen demand (BOD5) and chemi-
cal oxygen demand (COD) values between 35–132 g/L and 
30–320 g/L, respectively [1–3], as well as increased values 
of phosphorous (0.63%, w/w), nitrogen (0.88%, w/w) [4] 
and phenolic compounds [5, 6]. The latter originate from 
olive oil, as they are formed by olive trees and enriched in 
the fruits. Phenolic compounds can be beneficial for human 
health due to their antimicrobial and antioxidant character-
istics [7–9]. The increased demand in olive oil as a daily 
cooking ingredient shows the awareness of people regarding 
these positive aspects, which resulted in higher productions 
worldwide (2825 mio t in season 2009/2010 vs 2665 mio t 
in season 2008/2009). However, the increased production of 
olive oil results in increased formation of phenol-containing 
OMW [10], which is mostly released into the environment 
[11].

Already in 1986, Paredes et al. saw the problems associ-
ated with OMW release into the environment and the pos-
sible disturbance of the microbial equilibrium in nature [12]. 
Phenolic compounds in OMW (found at concentrations up to 
24 g/L [6] and mostly between 1 and 10 g/L [13]) with the 
most prominent representatives tyrosol, hydroxytyrosol and 
oleuropein [14], showed toxic effects against gram positive 
as well as gram negative bacteria [7, 15–18]. Management 
of OMW so far consists, for example, of either using it as 
fertilizer [19–21], by evaporation in ponds or physicochemi-
cal and biological treatments [6]. However, there is no effec-
tive and feasible treatment so far [12], which considers a 
detoxification or takes the potential of phenolic compounds 
as carbon sources for microbes into account.

For the reduction of BOD5 and COD as well as nitrogen 
and phosphorous concentrations in OMW, a few approaches 
exist, such as the fermentation with the yeast Rhodotorula 
glutinis (removal of N, P, COD and BOD: 96.6%, 80%, 
77.6%, and 74.5%, respectively; personal communication). 
This approach can potentially utilize OMW, but it is still 
necessary to treat the effluent further, as the phytotoxic phe-
nolic compounds are still present. Therefore, it is important 
to search for a strategy to decrease the environmental distur-
bance by OMW and if possible, path a way to the utilization 
of phenolic compounds, rather than a simple remediation 
approach.

Microalgae might be suitable candidates for a biological 
OMW utilization approach. These microorganisms, predomi-
nantly Scenedesmus and Chlorella, already showed capabili-
ties to reduce COD, BOD5, phosphorus, nitrogen and ammonia 
in wastewater treatment [22–24]. Due to highly adaptive path-
ways [25–27], they may even be considered for the removal 
and utilization of phenolic compounds. First studies on this 
specific topic were already published 40 years ago by Cerniglia 
et al. [28]. Since then there has been an increasing amount of 
research around the world. However, no satisfactory solution 
was presented so far. As most researchers focus on the cultiva-
tion with defined, synthetic mixtures of phenolic compounds 
(one substance or more; [29–31]) and seldom with natural, 
untreated OMW, there is a lack of information about the ability 
of resisting inhibitory effects of the complex mixture of OMW 
[13, 32, 33]. Furthermore, the mechanism behind a claimed 
removal is often not clearly identified [34].

As microalgae are commonly known for their ability to 
perform photosynthesis, most studies use phototrophic cul-
tivation approaches. As OMW already possesses a brack-
ish structure, dark color and consequently a light reducing 
effect, a heterotrophic approach could be advantageous. 
This, however, is still to be proven. Therefore, this study 
will compare the cultivation of the microalgae species Chlo-
rella vulgaris, Acutodesmus obliquus and Monoraphidium 
braunii in regards of growth in OMW as well as the removal 
of phenolic compounds in the supernatant under light and 
dark conditions. These species were chosen after a literature 
search of studies in which they were the most prominent 
and most promising ones in use for the removal of phenolic 
compounds. Furthermore, these species grow under light 
and dark conditions and exhibit industrial relevance as they 
provide high growth rates and profitable biomass constitu-
ents, such as lipids, proteins and pigments [35–40].

This work combines the application of relevant culti-
vation parameters, which was not conducted in this form 
before. As there are only a few studies, which are dealing 
with fresh, untreated OMW as well as the direct comparison 
of cultivations under light and dark conditions, this work 
contributes to the lack of information in this field. The addi-
tional comparison of three algal strains and their potential 
to remove phenolic compounds under equal culture condi-
tions comprises important results. This may result in novel 
strategies to remove phenolic compounds and valorize toxic 
OMW in microalgae cultivation.

Materials and Methods

Cultivation of Microalgae

The microalgal species Chlorella vulgaris (SAG 211-19), 
A. obliquus (SAG-276-1) and M. braunii (SAG-202-7b) 



527Waste and Biomass Valorization (2022) 13:525–534	

1 3

were obtained from the Culture Collection of Algae Göt-
tingen, Germany. Strain preservation and pre-cultivation 
occurred in flasks on an orbital shaker (IKA KS 501 digi-
tal; 100–110 rpm), illuminated continuously by a fluores-
cent lamp with 50 ± 10 µmol/m2 × s (Osram Lumilux, cool 
white, 18 W), resulting in a temperature of 25 ± 1 °C in 50 or 
100 mL flasks containing sterilized AF6-medium [41]. Prior 
to experiments with OMW, pre-cultures for preparation of 
inoculum biomass were grown in 250 mL flasks containing 
100 mL medium under the same conditions.

Experiments under light conditions were conducted in an 
incubator at 30 °C (Aqualytic TC 135 S incubator, Phoenix 
RS-OS 20 shaker, two Voltolux LED lamps, 5 W) with the 
same photon flux density and medium as described above. 
For the cultivations under dark conditions another incubator 
was used (Biosan orbital shaker incubator ES-20/60), 1 g/L 
glucose was added to promote initial growing of algae with 
an easily metabolizable carbon source. The concentration 
of 1 g/L was chosen as a compromise between fast growth 
of algae and fast depletion, so that algae may than aim for 
phenolic compounds as other potential carbon source. Each 
flask was wrapped in aluminum foil.

OMW was obtained from an olive oil production site in 
Burhaniye, Turkey (Duzen Biological Sciences Research, 
Development and Production Co.). In this study, fresh OMW 
was used with a total phenolic compound concentration of 
6.5–8 g/L (due to different batches of delivered OMW), a 
COD of 99.8 gO2/L, a BOD5 of 32.5 g/L, a phosphorus con-
centration of around 0.1 g/L and a nitrogen concentration of 
around 0.9 g/L.

Pre-tests in 12-well plates with up to 100% OMW (v/v, 
20% steps, dilution with AF6-medium) showed strong 
inhibitory effects on microalgal growth with 40% OMW 
and higher. Therefore, the following different percent-
ages of OMW were used for the cultivation: 1%, 6%, 12% 
and 25% (obtained by diluting fresh OMW) resulting in 
total phenolic compound concentrations of 0.05–0.1 g/L, 
0.35–0.6 g/L, 0.6–1.1 and 1.1–1.8 g/L, respectively (meas-
ured after inoculation). One approach with AF6-medium 
(without OMW) and microalgae, and one approach con-
taining 25% (v/v) OMW in AF6-medium without micro-
algae were used as controls. The OMW was pre-treated by 
centrifugation for 10 min at 4445 × g and filtration prior to 
sterilization and usage in the cultivations. All experiments 
were performed in 250 mL flasks with a total volume of 
100 mL, a starting optical density (OD) of 0.1 and shaken 
at 130 rpm. The pH of the medium was set to 6.8–6.9 prior 
cultivation, however, by adding the OMW the pH was 
reduced to 6.05–6.93 with 1% (v/v) OMW and down to 
4.71–4.79 with 25% (v/v) OMW (manual pH measurement 
of samples after inoculation). The duration of the experi-
ment was set to 10 days to achieve growth curves ending 
before death phase, avoiding inefficient slower growth 

after exponential phase, but cultivations long enough to 
make out the effect of removal of the phenolic compounds 
after glucose depletion. Daily samples were taken under 
sterile conditions and stored in a refrigerator at − 20 °C 
until analysis.

All cultivations were carried out in triplicate and mean 
values of all parameters measured as well as standard devia-
tions are shown in the “Results and Discussion” section.

Determination of Growth

Microalgal growth was monitored daily by measuring the 
optical density (OD) at 750 nm using a spectrophotometer 
(Pharmacia LKB, Ultrospec III and Macherey–Nagel, Nano-
color UV/Vis II). Distilled water was used as blank, as cor-
responding dilutions of OMW resulted in less reliable results 
(different batches, changes during cultivations). The OD was 
not strictly following the correlation to biomass dry weight, 
it was, however, sufficient enough to visualize growth.

Analytics

For the determination of the concentration of phenolic com-
pounds in the supernatant, the Folin-Ciocalteu (FC) assay 
was applied. For this purpose, the samples were centrifuged 
for 5 min at 6720–8064 × g. The FC assay was conducted 
according to Atanassova [42], however, downsized to a total 
volume of 5 mL: To 1.8 mL demineralized H2O in a 10 mL 
glass tube, 0.2 mL supernatant and 0.2 mL FC reagent were 
added. After stirring on a vortex mixer, the mixture was 
placed in the dark at room temperature (20 ± 1 °C) for 5 min. 
Hereafter, 2 mL of a 7% (w/v) aqueous Na2CO3 solution was 
added for neutralization and development of the typical blue 
color, as well as 0.8 mL demineralized H2O to reach 5 mL 
total volume. The mixture was vortexed again and kept for 
an incubation time of 90 min in the dark. Subsequently the 
mixture was measured spectrophotometrically at 750 nm. 
The concentration of phenolic compounds was determined 
by using a calibration curve prepared with tyrosol solution 
of known concentration.

Glucose was determined using HPLC (Shimadzu: LC-
10AD pump, SIL-10AD auto-sampler, CTO- 10AD oven, 
refractive index detector RID-20A, CBM-20A communica-
tion module): 10 μL of sample was injected in an Aminex 
HPX-87H column (300 mm × 7.8 mm) and eluted isocrati-
cally with 0.4 mL/min 5 mM H2SO4 at 27 °C. Calibration 
curve was generated with pure glucose solution of known 
concentration.

All measurements were carried out in triplicate and mean 
values of all parameters measured as well as standard devia-
tions are shown in the “Results and Discussion” section.
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Statistics

Statistical investigation of growth of algae among replicates 
was carried out using One-Way-ANOVA and the software 
SigmaPlot vs 12. For One-Way-ANOVA, OD values from 
three repeated cultivations were averaged and compared 
pairwise. p-values are shown in section “Results and Dis-
cussion”. Statistical investigation of removal of phenolic 
compounds among replicates was carried out using a lin-
ear regression and the software Excel. For linear regres-
sion, concentrations of phenolic compounds from three 
repeated cultivations were averaged and plotted against time 
(not shown). Correlation coefficients are shown in section 
“Results and discussion”.

Results and Discussion

In the following the growth of the microalgae C. vulgaris, 
A. obliquus and M. braunii in OMW as well as their abil-
ity to remove phenolic compounds from the supernatant 
under light and dark conditions will be discussed. Removal 
percentages < 5% are neglected and marked as “no removal 
(n.r.)”, as these values were in the divergence of measure-
ments. Furthermore, the glucose consumption during the 
cultivations under dark conditions is shown to state if mixo-
trophic growth occurs (co-consumption of glucose and phe-
nolic compounds) or if two consecutive heterotrophic steps 
happen (diauxie), and whether the presence of glucose, as an 
easily consumable carbon source, can have a positive impact 
on the removal of phenolic compounds and valorization of 
OMW. It is to be noted, that the cultivations with 25% (v/v) 
OMW and higher concentrations did not show any develop-
ment in growth and removal, and thus are not shown. Micro-
algal growth, removal of phenolic compounds and glucose 
consumption for the three strains are displayed in Fig. 1 for 
the cultivation under dark and Fig. 2 for the cultivation under 
light conditions. Growth rates and percentages of phenolic 
compounds removal are summarized in Table 1.

Growth in OMW

Cultivation Under Dark Conditions

The addition of 1% (v/v) OMW (equivalent to 
0.05 g/L–0.1 g/L phenolic compounds) has no negative 
effect on the growth of either microalga (Fig. 1 A, D and G), 
which corresponds to the earlier findings of Di Caprio et al. 
in 2018 [43]. In their study the cultivation of Scenedesmus 
sp. under dark conditions with 0.1 g/L phenolic compounds 
derived from OMW showed similar growth to the control. 
In our study, all algae showed similar growth rates in control 
medium and 1% (v/v) OMW (Table 1). A further increase 

in OMW concentration had a disadvantageous impact on 
the growth of all microalgae species under dark conditions, 
which also corresponds with Di Caprio et al. results from 
2018. Here, 0.5 g/L of extracted OMW phenolic compounds 
led to complete growth inhibition [13]. In our study, only M. 
braunii was found to grow in 6% (v/v) OMW at an average 
rate of 0.23 1/d. However, it should be admitted that in one 
experiment M. braunii did grow at a rate of 0.64 1/d, which 
is comparable with the cultivations in 1% (v/v, 0.69 1/d) 
OMW and control (0.71 1/d, Table 1). Contrarily, dark cul-
tivations of all algae in 12% (v/v) OMW did not show any 
growth.

Studies by Kessler [44, 45] revealed that no growth inhi-
bition of selected algae occurs down to a pH of 4, while 
studies from Hodaifa et al. showed that maximal growth rate 
decreased by 39% for the microalga Scenedesmus obliquus 
cultivated in 5% (v/v) OMW, if the pH is lowered to 5 or 
increased to 9 [46]. It seems therefore reasonable, that the 
higher concentration of phenolic compounds represent a 
higher toxicity, which is in accordance to Di Caprio et al. 
(2018) [43] also the responsible parameter for inhibited 
growth. The composition of phenolic compounds in the 
OMW also has a great significance regarding the toxicity. 
DellaGreca et al. tested different ultrafiltration and reverse 
osmosis fractions (diluted), as well as single compounds on 
Ankistrodesmus braunii and showed that compounds like 
catechol or ferulic acid have a significant inhibition effect on 
microalgal growth. Contrarily, other compounds like tyrosol 
and hydroxytyrosol showed no inhibition [47].

Cultivation Under Light Conditions

Investigating the growth of C. vulgaris, A. obliquus and M. 
braunii during cultivations under light condition reveals, that 
the addition of 1% (v/v) OMW seems to be non-inhibitory 
(Table 1 and Fig. 2). With 1% (v/v) OMW in the medium, 
the growth rate of M. braunii increased from 0.29 1/d (con-
trol) to 0.38 1/d. A. obliquus´ growth rate stayed the same 
with around 0.4 1/d. C. vulgaris did grow at a rate of 0.35 
1/d with 1% (v/v) OMW and at a rate of 0.43 1/d in control 
medium. At an OMW concentration of 6% (v/v) C. vulgaris 
did even show a higher growth rate (0.58 1/d) than found 
in control medium and 1% (v/v) OMW. M. braunii showed 
in presence of 6% (v/v) OMW a rate of 0.3 1/d, which is 
comparable to the control (Table 1). In presence of 12% 
(v/v) OMW the growth of C. vulgaris and M. braunii was 
neglectable. A. obliquus did neither grow in 6% nor in 12% 
(v/v) OMW.

A comparison of the growth under dark and light con-
ditions reveals, that the cultivation under dark condition 
in presence of glucose has a major advantage. This is not 
only due to the darkening effect of the OMW and therefore 
decreased photosynthetic activity in cultures grown under 
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light, but also due to the use of glucose as additional carbon 
and energy source.

Statistical Analysis of Growth

Cultivations of all algae carried out under dark conditions 
did reveal a replicability in control medium and 1% (v/v) 
OMW (p-value > 0.05). However, in presence of 6% (v/v) 
and 12% (v/v) growth did show statistically significant 

differences among replicates (p-value < 0.05) due to appar-
ently different effects of OMW on growth.

Cultivation of algae carried out under light conditions 
did reveal statistically significant differences among rep-
licates irrespective if control medium or 1, 6 or 12% (v/v) 
OMW was used. The differences are not explainable by an 
effect of OMW on growth alone, but due to the generally 
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Fig. 1   Change in optical density (OD), phenolic compounds and glu-
cose concentrations in cultivations under dark conditions for C. vul-
garis (A, B and C), M. braunii (D, E and F) and A. obliquus (G, H 

and I), respectively, carried out in control medium (AF6, open circle), 
1% (v/v, closed circle), 6% (v/v, open square) and 12% OMW (v/v, 
closed square)
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reduced growth rates obtained under light conditions compared to dark cultivation (Table 1), and thus the ability 
of the three strains to grow under light using the experi-
mental settings.
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Fig. 2   Change in optical density (OD) and phenolic compounds con-
centration in cultivations under light conditions for C. vulgaris (A 
and B), M. braunii (C and D) and A. obliquus (E and F), respectively, 

carried out in control medium (AF6, open circle), 1% (v/v, closed cir-
cle), 6% (v/v, open square) and 12% OMW (v/v, closed square)

Table 1   Summarized results 
of growth rates (µ, 1/d) and 
percentage of removal of 
phenolic compounds including 
standard deviation for all 
cultivations carried out in 
control medium, 1% (v/v), 6% 
(v/v) and 12% (v/v) OMW 
under dark or light condition 
(n.r.: no or < 5% removal, n.d.: 
no determination of growth)

*The correlation coefficient of linear regression was at least 0.5

Condition Microalga Control 1% (v/v) 6% (v/v) 12% (v/v)

Dark C. vulgaris µ 0.54 ± 0.14 0.54 ± 0.20 n.d n.d
Removal – 7.0 ± 7.6* n.r n.r

A. obliquus µ 0.65 ± 0.02 0.65 ± 0.02 n.d n.d
Removal – 12.8 ± 2.3* n.r n.r

M. braunii µ 0.71 ± 0.10 0.69 ± 0.11 0.23 ± 0.27 n.d
Removal – 20.0 ± 23.5* n.r n.r

Light C. vulgaris µ 0.43 ± 0.06 0.35 ± 0.13 0.58 ± 0.32 0.08 ± 0.03
Removal – 12.3 ± 6.9* n.r n.r

A. obliquus µ 0.40 ± 0.06 0.41 ± 0.13 n.d n.d
Removal – 21.1 ± 10.6* n.r n.r

M. braunii µ 0.29 ± 0.07 0.38 ± 0.15 0.30 ± 0.24 0.08 ± 0.15
Removal – 16.7 ± 2.5* n.r n.r
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Removal of Phenolic Compounds and Glucose 
Consumption

Cultivation Under Dark Conditions

The highest removal rate of phenolic compounds was 
achieved with M. braunii with a value of 20% from the cul-
tures with 1% (v/v) OMW (Table 1). C. vulgaris was only 
able to reduce the phenolic compound load by 7%, whereas 
A. obliquus removed over 12% with stable removal rates over 
three cultivations. Although M. braunii could grow at a slow 
rate on 6% OMW, it was not capable of removing phenolic 
compounds (Table 1). However, an exception was achieved 
once, where 10% of phenolic compounds were removed 
within 9 days (not shown), which is comparable with Di 
Caprio et al.’s study from 2015 [48]. Pinto et al. also showed 
in 2003 that Ankistrodesmus braunii could remove 6–11% 
of phenolic compounds in the dark and under light when 
cultivated with untreated, diluted OMW (resulting start con-
centration of 0.15 g/L phenolic compounds), which is lower 
compared to our study (20% removal in the dark with 0.1 g/L 
phenolic compounds), but still comparable [33]. With a 
Scenedesmus species Di Caprio et al. could show around 
50% removal of phenolic compounds under dark conditions 
with glucose addition, whereas our cultivations showed only 
12% removal with A. obliquus. However, it has to be noted, 
that they used a OMW resin extract with 0.1 g/L total phe-
nolics, which corresponds with our 1% OMW cultures, but 
still depicts a pre-treatment of the OMW [43].

All strains cultivated under dark conditions in control 
medium and in 1% (v/v) OMW consumed the added glucose 
within 3–4 days (Fig. 1 C, F and I), which is also visible in 
the growth curves (Fig. 1 A, D, G), where the exponential 
phase ends and the stationary phase begins. After the con-
sumption of glucose, the microalgae removed the phenolic 
compounds from the medium. This leads to the statement, 
that the carbon sources are consumed in a diauxic process. 
This contradicts to the findings of Di Caprio et al. from 
2018, where glucose was not only consumed after 1.5 days, 
but also the phenolic compounds removal started right from 
the beginning of cultivation. This however, could be due to 
the fact, that they used a pre-treated OMW resin extract [43]. 
As the concentrations of phenolic compounds, which can be 
removed, are low, no second growth phase is visible in the 
growth curve in our study. Contrarily, algae cultivated in 6% 
and 12% (v/v) OMW did neither grow nor remove phenolic 
compounds.

Cultivation Under Light Conditions

The cultivations under light conditions showed higher 
percentages of removal of phenolic compounds com-
pared to dark cultivation. C. vulgaris, A. obliquus and M. 

braunii could remove around 12%, 21% and 17%, respec-
tively, after 9–10 days in cultures with 1% (v/v) OMW. 
No alga could reduce phenolic compounds in 6% (v/v) 
OMW (mean values < 5%, Table 1). The phenolic com-
pound removal under light is in accordance to Klekner 
et al., where Chlorella sp. was cultivated with phenol and 
completely removed the pollutant within 5 days, whereas 
the cultivation in the dark showed no removal [49]. It must 
be noted that the latter cultivation was done without an 
additional carbon source, which leads to the assumption 
that the alga was not capable of utilizing phenol as car-
bon source. Another study by Tikoo et al. on the other 
hand showed mineralization of pentachlorophenol under 
light (14C labeling) and stated that light is clearly required 
for CO2 evolution [50]. Pinto et al. cultivated A. brau-
nii in 2003 with OMW (0.15 g/L phenolic compounds) 
in the dark (see previous chapter) and also under light 
and showed slightly lower removal percentages, which 
were, however, still comparable to the ones in the dark 
(6–11%) [33]. This is in accordance with our findings 
for M. braunii, where the cultivation in the dark (0.1 g/L 
phenolic compounds) and under light resulted in compa-
rable removal of the phenolic compounds (20 and 17%, 
respectively). A Scenedesmus sp. was cultivated with 9% 
untreated OMW (0.44 g/L phenolic compounds) by Di 
Caprio et al. in 2015, where a removal of phenolic com-
pounds of up to 22% was achieved [48]. This value lies in 
the same range as our findings with A. obliquus cultivated 
with 1% OMW (0.1 g/L phenolic compounds).

Continuous illumination may have a positive effect on the 
viability of microalgae as certain biochemical processes may 
be activated. Studies by Ishijima et al. showed an elevation 
of free Mg2+ concentration in spinach under light [51]. As 
this metal ion is an essential cofactor for over 300 enzymes, 
among others adenosintriphosphatase, the increase leads to 
a higher activity of those enzymes [52, 53]. According to 
Hug enzyme activation by light may be by direct mecha-
nisms like the absorption of photons or by indirect mecha-
nisms such as the enhancement of protein synthesis, which 
activate other processes [54]. Therefore, it is possible that 
light allows algae cells not only to compensate acidity and 
toxicity caused by the OMW, but also to utilize phenolic 
compounds better. However, this needs to be further investi-
gated. The positive effect also subsides with higher amounts 
of added OMW, as this leads to darkening of the culture, 
thus inhibiting light permeation to the cells.

Comparing the cultivations under light and dark condi-
tions it is visible, that the one under light benefits to the 
removal of phenolic compounds. Not only are the achieved 
percentages of removal higher than under dark conditions, 
but they were also more stable between the triplicates. 
Although Markou et al. stated that higher growth rates result 
in higher removal rates, this was not shown here [55]. The 
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positive effect of light in our study may be due to enhanced 
metabolic pathways, as mentioned by other studies [56–64].

Direct transformation processes of the phenolic com-
pounds like OH-bond rupture or photoionization are 
assumed to be neglectable as they need rather high energy 
irradiation (wavelengths in UV range [65, 66]), which were 
not present in this study, as lamps with a light spectrum from 
400 to 720 nm were used. However, indirect mechanisms 
like transformation by reactive oxygen species (ROS), such 
as hydroxyl radicals or photosensitizers, such as nitrite and 
nitrate, could still be possible, as the provided energy by 
photons with longer wavelengths are sufficient for their crea-
tion in aqueous solutions [67, 68].

Generally, irrespective the cultivation conditions and 
algae used, the found degradation of phenolic compounds 
in presence of 1% (v/v) could be described using a linear 
regression and all approaches revealed a correlation coef-
ficient (R2) of at least 0.5.

Chances and Challenges 
of a Microalgae‑Based Olive Mill Wastewater 
Valorization

OMW is not only rich in phenolic compounds, but also 
in nitrogen and phosphorous compounds. Particularly the 
presence of nitrogen and phosphorous makes it a promising 
nutrient source for the cultivation of microalgae. Further-
more, OMW possesses a resource for water which needs to 
be managed properly in areas with water scarcity, such as 
the Mediterranean area. Olive oil production requires enor-
mous amounts of water from agricultural to final product 
level and a recirculation is needed to proceed with it in the 
future. A recirculation, however, is challenged by the high 
concentration of phenolic compounds. This study has shown 
that microalgae can, to a certain extent, remove phenolic 
compounds in OMW. However, a dilution of OMW to 6% 
(v/v) of its initial concentration seems necessary to avoid 
an inhibition by toxic phenolic compounds. A treatment of 
OMW by microalgae under light conditions alone is chal-
lenged by the dark color and a supply of an easily metaboliz-
able carbon source is recommended to foster the growth of 
microalgae in combination with illumination.

Even though a complete removal of phenolic compounds 
was not achieved, this study introduced an approach to sig-
nificantly reduce the concentration of phenolic compounds 
in prediluted OMW. The chance of a microalgae-based 
OMW valorization strategy lies in the water-saving aspect. 
The concentration of phenolic compounds can thereby fur-
ther be reduced by combining the cultivation of microalgae 
with other processes, such as the cultivation of R. glutinis. 
The target of further activities should be to decrease the 

concentration of phenolic compounds to a level which allows 
the recirculation of OMW in olive oil production.

Conclusions

Microalgae represent promising candidates for the utiliza-
tion of waste streams, such as olive mill wastewater (OMW). 
They are not only capable of removing elevated concentra-
tions of nitrogen and phosphorous compounds and lower-
ing BOD5 and COD levels, but they may also be applied to 
reduce toxic pollutants such as phenolic compounds. In the 
present study it could be shown that the cultivation under 
light and dark conditions has significant advantages and dis-
advantages on the growth of microalgae in OMW as well 
as their capability to remove phenolic compounds from the 
supernatant. Growth was favoured under dark conditions 
with glucose addition (µ = 0.54–0.69 1/d), while removal of 
phenolic compounds was favoured under light conditions 
(12.3–21.1%). It could also be shown that M. braunii is the 
most promising candidate for novel OMW valorization strat-
egies among the chosen algae in this study, as this strain 
shows highest removal of 20.0% and 16.7% of phenolic com-
pounds under dark and light conditions, respectively.
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