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Abstract Olive oil extraction and refining process generate large amounts of

by-products that represent a huge environmental concern, especially for countries

located within the Mediterranean region, because of their phytotoxicity against soil

and aquatic environments. Their valorization is considered challenging due to their

high organic content, complexity, and the presence of phenolic compounds that

inhibit their biodegradation. In order to minimize their environmental impact, many

research groups within the last decades have been focusing on exploring and

suggesting strategies regarding their physicochemical and microbiological treat-

ment. According to various reports, the potential of olive mill wastewater to be

converted to sustainable resources of biofuels and bio-based products has been

demonstrated. In the present chapter, the most significant advances concerning a

variety of promising valorization scenarios have been reviewed.
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1 Introduction

The popularity of the health benefits of olive oil, due to its high nutritional and

antioxidative value, turned nontraditional consuming countries to important con-

sumers and importers increasing global trade (Mateo and Maicas 2015). Almost

75% of the global olive oil production is taking place in Europe. Mediterranean

countries have dominated the world olive oil production and consumption that

increased significantly within the last decades. Around 99.5% of olive oil produc-

tion occurs in Spain, Italy, Greece, and Portugal reaching up to 2.4 � 106 tons in

2012. In return, large amounts of olive mill wastewater (OMW) are produced,

reaching up to 300 � 105 m3 in the short period of harvesting and olive oil

extraction, which usually lasts 2 months (ElMekawy et al. 2014).

From an environmental point of view, disposal of OMW causes severe effects

mostly because of its high organic load, acidic pH, and the high content of

phytotoxic compounds such as phenols. OMW treatment and valorization can be

approached as a strategy to biotransform it into valuable materials, while at the

same time reduction of its organic load and toxicity will make its disposal to natural

receiving bodies easier.

In the following sections, the different methods to extract oil from olives and the

by-products occurring by each method are summarized. Emphasis has been given to

the potential conversion of OMW to biofuels, extraction of antioxidant compounds,

as well as the production of bio-based products by utilizing this complex type of

wastewater.

2 Olive Oil Extraction Processes

Extraction of olive oil may be achieved through discontinuous or continuous

processes. Discontinuous process is based on using hydraulic press in order to

squeeze out most of olive’s oil. The certain process is used in traditional mills

and represents the oldest and most widespread method to produce olive oil

(Dermeche et al. 2013). On the other hand, continuous process is based on phase

separation by centrifugation. In particular, decanting systems are used in separating

components (olive oil, water, and solid content) according to their density, which

can be operated as three-phase or two-phase systems (Fig. 1). Three-phase systems

are the most popular ones, especially in Greece, Italy, and Portugal, because they

are smaller installations compared to two-phase systems and they are fully auto-

mated and result in higher quality oil, although energy requirements, water input,

and OMW generated are higher. Typical physicochemical characteristics of OMW

occurring during the three-phase olive oil extraction process are summarized in

Table 1. Two-phase extraction systems represent a more environmentally friendly

alternative because of the reduced volumes of OMW produced, and they are

extremely used in Spain and Croatia. The utilization of such systems results in
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Fig. 1 Schematic diagram of main centrifugation processes for olive oil extraction

Table 1 Typical chemical

composition of OMW

(adapted by Dareioti et al.

2014)

Parametersa Units OMW

pH – 5.02 � 0.15

TSS g/L 52.20 � 0.78

VSS g/L 49.93 � 1.31

TS g/L 82.53 � 1.12

VS g/L 65.84 � 0.42

Total COD g/L 140.00 � 0.00

Soluble COD g/L 66.37 � 0.18

TOC g/L 56.01 � 1.24

BOD5 g/L 12.50 � 0.71

Total carbohydratesb g/L 30.33 � 0.95

Soluble carbohydratesb g/L 24.88 � 0.67

Total phenolsc g/L 6.60 � 0.00

Total nitrogen, TKN g/L 0.81 � 0.04

Ammonium nitrogen g/L 0.12 � 0.00

Total phosphorus mg/L 480.40 � 2.05

Soluble phosphorus mg/L 309.70 � 3.04

Oil and grease g/L 12.76 � 1.31

Alkalinity g CaCO3/L 0.80 � 0.07

Total VFAs g/L 0.23 � 0.00
aMean values (� standard deviation)
bIn equivalent glucose
cIn equivalent syringic acid
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the generation of olive oil and wet pomace, which is a combination of olive husk

and OMW, called two-phase olive mill waste, TPOMW. TPOMW is considered as

a more concentrated OMW, thus is more difficult to handle (McNamara et al. 2008).

3 Biofuel Production

Untreated olive mill wastes can adversely affect natural ecosystems, especially in

Mediterranean regions, which hold the lead in olive oil production worldwide. It is

well known that these wastes have a negative effect on soil microbial communities,

water bodies, and air quality; however, environmental threat can be overcome by

employing different valorization strategies (Dermeche et al. 2013). It is a fact that

high phenol, lipid, and organic acid concentrations make olive mill wastes phyto-

toxic; however, at the same time these wastes contain valuable compounds such as

large proportions of organic substances and nutrients, which can be recycled (Roig

et al. 2006). Concerning energy production, waste treatment technologies accom-

panied by energy recovery can reduce the environmental impact of olive oil

production process while generating energy at the same time, to be used either on

site, for process energy requirements, or for sale (Caputo et al. 2003).

Due to their chemical characteristics, olive mill wastes constitute effective

substrates for biofuel production (Morillo et al. 2009), offering certain advantages

compared to both fossil fuels and first-generation biofuels. Undoubtedly, depleting

natural resources along with greenhouse gas (GHG) emissions make the use of

fossil fuels unsustainable (Schenk et al. 2008). What is more, first-generation

biofuels, mainly produced from food crops and oil seeds, are characterized by

specific limitations, including competition for arable land and water used for

agriculture and human consumption, as well as high production and processing

cost, which prevent them from fulfilling global energy demand (Sims et al. 2010).

In this context, second-generation biofuels, which are produced from lignocellu-

losic biomass and forest and non-food crop residues, appear to be highly promising

renewable fuel sources. This also applies to third-generation biofuels derived from

microbes and microalgae, despite the fact that more advanced technological devel-

opment is still needed before these biofuels replace petroleum-based fuels

(Antonopoulou et al. 2008; Venetsaneas et al. 2009; Nigam and Singh 2011;

Kumar et al. 2016). Concerning bioenergy derived from OMW and TPOMW,

much progress has been made in biohydrogen, methane, bioethanol, and biodiesel

production.

3.1 Biohydrogen Production

Hydrogen is a clean energy source which can be produced either chemically,

mainly by electrolysis of water, methane steam reforming, and coal or biomass
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gasification, or biologically, with the latter being rather advantageous. Due to the

absence of CO2 emissions and an energy yield of 122 kJ/g, which is higher than that

of fossil fuels, H2 is considered to be the energy source of the future (Momirlan and

Veziroglu 2005; Venetsaneas et al. 2009). However, certain limitations, with

respect to high energy requirements, have to be overcome in order to make

biological hydrogen production sustainable. Biohydrogen can be produced by

anaerobic and photosynthetic microorganisms and especially through direct
biophotolysis, indirect biophotolysis, photo-fermentation, as well as dark fermen-
tation (Sen et al. 2008; Barca et al. 2015; Urbaniec and Bakker 2015). More

specifically, direct biophotolysis includes the photosynthetic production of hydro-

gen from water, a process performed by green microalgae. Under anaerobic con-

ditions microalgae can produce H2 due to the fact that they possess the appropriate

genetic, enzymatic, and metabolic machinery to do so (Levin et al. 2004; Ghimire

et al. 2015). Cyanobacteria, having the appropriate enzymes, can also synthesize

H2, indirectly through photosynthesis. In addition, photo-heterotrophic bacteria

(purple non-sulfur bacteria) produce H2 under nitrogen deficiency. Concerning

this mode, hydrogen production is higher when cells are immobilized on a solid

matrix. As far as dark fermentation is concerned, biohydrogen can be formed by

anaerobic bacteria which consume carbohydrates under dark conditions.

One of the major constraints in the fermentative biohydrogen production is the

cost of raw materials used as substrates. Therefore, utilization of waste materials

according to their availability, cost, carbohydrate content, and biodegradability

makes biohydrogen production a highly promising alternative to conventional

fuels (Kapdan and Kargi 2006; Arimi et al. 2015; Patel et al. 2015). OMW

constitutes a substantial pollutant; thus, many studies focus both on its remediation

and utilization for biohydrogen production (Table 2). Different concentrations of

water-diluted OMW have been tested as the only substrate for H2 production by

Rhodobacter sphaeroides (Eroglu et al. 2004). As it was demonstrated, H2 could be

produced at an OMW content below 4%, with the highest production potential of

13.9 LH2/LOMW found for 2%, while at higher concentrations both high amount of

inhibitory substances and the dark color of the wastewater probably hindered the

photo-heterotrophic pathway of H2 production. Interestingly, nearly pure H2 was

produced in all experiments, which makes its use with the existing electricity-

producing systems feasible. Later on, a study on coupled biological systems,

including a clay treatment step prior to photo-fermentation by Rhodobacter
sphaeroides revealed that the efficiency of photobiological H2 production was

substantially enhanced. This process resulted in a high hydrogen production of

35 LH2/LOMW, a light conversion efficiency of 0.42%, and a COD (chemical oxygen

demand) conversion efficiency of 52% (Eroglu et al. 2006).

OMW can be used not only as a sole substrate for biohydrogen production but

also as a co-substrate with other agro-wastes. That was the case in a study where a

two-stage anaerobic digestion system was used to test the effect of hydraulic

retention time (HRT) on biofuel production under mesophilic conditions (Dareioti

and Kornaros 2014). The acidogenic reactor was started up with a waste mixture of

55% OMW, 40% cheese whey, and 5% (w/w) liquid cow manure. Afterward,
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different HRTs were tested in order to maximize biohydrogen production, with

0.75 d being the most effective, while the highest H2 production rate of 1.72 L/LR d

and H2 yield of 0.54 mol H2/mol carbohydrates consumed were achieved at this

HRT value. The same co-substrates were used in order to evaluate the effect of pH

on biohydrogen production, and the highest hydrogen production yield (0.642 mol

H2/mol equivalent glucose consumed) was achieved at pH 6 (Dareioti et al. 2014).

Interestingly, it was observed that hydrogen productivity seemed to be primarily

related to butyric acid production and lactic acid degradation.

Fermentative bio-H2 production is also feasible from olive pulp (TPOMW), used

as substrate. The efficiency of hydrogen production which was found in a CSTR-

type anaerobic digester at 35 �C was between 2.8 and 4.5 mmole H2 per g of

carbohydrates consumed, depending on HRT, with the highest value observed at

HRT of 30 h and the lowest at 7.5 h, respectively (Koutrouli et al. 2006). One factor

which greatly affects H2 production is process temperature, with thermophilic mode

(55 �C) being more effective than mesophilic one. In fact, it was found that when a

hydrogenic digester was fed with diluted olive pulp, hydrogen yield was

Table 2 Potential of olive mill by-products for biohydrogen production

Substrate

Type

of

reactor pH

T

(�C) HRT H2 yield References

OMW

Co-substrates:

cheese whey, liquid

cow manure

CSTR 6 37 0.75 d 0.54 mol H2/mol

carbohydrates

consumed

Dareioti and

Kornaros

(2014)

OMW

Co-substrates:

cheese whey, liquid

cow manure

Batch 6 37 – 0.64 mol H2/mol

equivalent glucose

consumed

Dareioti

et al. (2014)

OMW Batch 6.8–7.2 30 – 1030 ml H2/L broth Pintucci

et al. (2013)

OMW Batch 7.2 28 – 150 ml H2/L culture Faraloni

et al. (2011)

OMW CSTR 5.5 35 14.5 h 196.2 mL/g carbo-

hydrates consumed

Ntaikou

et al. (2009)

TPOMW CSTR 5 35 30 h 0.19 mmole H2/g TS Koutrouli

et al. (2009)

TPOMW CSTR 5 35 30 h 4.5 mmole H2/g car-

bohydrates

consumed

Koutrouli

et al. (2006)

OMW Batch 6.7 32 – 35 LH2/LOMW Eroglu et al.

(2006)

TPOMW CSTR 4.8 55 29 h 0.32 mmole H2/g TS Gavala et al.

(2005)

OMW Batch 6.8–8.5 32 – 13.9 LH2/LOMW Eroglu et al.

(2004)
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0.32 mmole H2/g TS, compared to 0.19 mmole H2/g TS occurring under mesophilic

conditions (Gavala et al. 2005; Koutrouli et al. 2009). Diluted OMW (1:4 v/v) has

also been used in a two-stage system in order to produce H2 through anaerobic

fermentation, and subsequently the derived effluent was used for biopolymers

production (Ntaikou et al. 2009; Kourmentza et al. 2015). It was shown that not

only hydrogen but also butyrate and acetate production were favored at HRT of

14.5 h.

Photobiological hydrogen production by photosynthetic microorganisms is cur-

rently of great interest as a highly promising renewable energy source, despite the

fact that commercial exploitation is not yet feasible, as higher yields are still needed

(Eroglu and Melis 2011). Recently, pretreated OMW at 50% dilution with a

synthetic medium (TAP) was used as a substrate for H2 production by

Chlamydomonas reinhardtii (Faraloni et al. 2011). It was shown that H2 production

was 37% higher (150 ml H2 L�1 culture) in the TAP-OMW cultures, instead of

100 ml H2 L�1 culture, produced on TAP medium alone. A more concentrated

OMW-containing medium has also been tested for biohydrogen production, after a

pretreatment process (dephenolization). An OMW-based medium, including 30%

of the liquid fraction of the pretreated OMW and 70% distilled water, was evaluated

as an inexpensive feedstock for H2 production by Rhodopseudomonas palustris
42OL, a purple non-sulfur photosynthetic bacterium (Pintucci et al. 2013). Both the

highest amount of hydrogen production and the average hydrogen evolution rate

were achieved at an irradiance of 74 W/m2, while it was also found that by

increasing the irradiance shorter, culture age was required.

3.2 Methane Production

Compared to methane and bioethanol, biohydrogen has a higher heating value

which makes its use more promising, however, still not practical. Therefore, a

higher demand for methane and bioethanol exists as they can be used directly

through contemporary technology (Morillo et al. 2009). Methane, as a clean fuel,

constitutes a highly advantageous renewable energy source which produces fewer

atmospheric pollutants and less carbon dioxide per energy unit than other fossil

fuels. Therefore, its use tends to increase in power generation, industrial applica-

tions, as well as in transportation sector (Chynoweth et al. 2001). Methane is

produced through anaerobic digestion, a biological process that occurs when

organic material decomposes by a microbial consortium in the absence of oxygen,

or by thermal gasification of biomass, a process that is economic only at large scale

(Kumar et al. 2014; Zhang et al. 2014; Pham et al. 2015). In turn, anaerobic

digestion is an established waste treatment technology, the final products of

which are digestates, residual mixtures rich in nutrients, and biogaswhich is mainly

composed of methane (55–75%) and CO2 (25–45%), while H2S (0–1.5%) and NH3

(0–0.05%) might be present too.
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Methane formation is a complex biochemical process that can be subdivided into

four stages, each one characterized by the presence of different microbial consortia

(Weiland 2010; Ali Shah et al. 2014). The first step is hydrolysis, which includes the
conversion of complex biopolymers (proteins, carbohydrates, and fats) to soluble

organic compounds, followed by acidogenesis, during which volatile fatty acids,

alcohols, aldehydes, and gasses are formed by the conversion of soluble organic

compounds. Subsequently, volatile fatty acids are converted to acetate, CO2, and

H2, a step called acetogenesis, after which methanogenesis is finally taking place.

This step includes the conversion of acetate, CO2, and H2 to methane. Biomass,

irrespective of its origin, can be used for biogas production, as long as the appro-

priate components are present (Batstone and Virdis 2014).

Both OMW and TPOMW have been widely used as feedstock for methane

production (Table 3), and much scientific research has focused on overcoming

challenges derived from the chemical composition of olive mill wastes which

Table 3 Potential of olive mill by-products for methane or biogas production

Substrate

Type of

reactor pH

T

(�C) HRT

CH4 yield or

biogas

productivity References

OMW

Co-substrates:

cheese whey, liq-

uid cow manure

CSTR 7.8 37 25 d 316.08 ml CH4/g

COD

Dareioti

and

Kornaros

(2014)

OMW

Co-substrate: liq-

uid cow manure

CSTR 7.7–8 35 19 d 250.9 L CH4

(STP)/kg COD

Dareioti

et al. (2010)

OMW

Co-substrate:

olive mill solid

waste

Semi-continu-

ous feeding

tubular

digester

7–8 35 12 d 0.2 L CH4/g COD Fezzani and

Cheikh

Ridha

(2010)

OMW

Co-substrates:

cheese whey, liq-

uid cow manure

CSTR 7.9 35 19 d 243 L CH4/kg

CODadded

1.35 � 0.11 L

CH4/LR d

Dareioti

et al. (2009)

OMW

Co-substrate:

diluted poultry

manure

Continuously-

operating

reactors

6.5–7.5 35 30 d 0.52 L biogas/LR

d

Gelegenis

et al. (2007)

OMW

Co-substrate:

cheese whey

Fixed bed

digester

7–7.8 37 N/Ra 1.25 L biogas/LR

d

Martinez-

Garcia et al.

(2007)

OMW

Co-substrate:

manure

CSTR 7–7.8 55 13 d 3100 ml CH4/d Angelidaki

and Ahring

(1997)

TPOMW CSTR 7.62 35 20 d 0.16 L CH4/kg

COD

Koutrouli

et al. (2009)
aN/R: not reported
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hinder biogas production. Such problems stem mainly from the nutrient imbalance

of these wastes due to their high C/N ratio, the low values of pH and alkalinity, as

well as the presence of inhibitory substances, especially organic and phenolic

compounds (Boubaker and CheikhRidha 2007). In order to avoid these constraints,

several pretreatment methods can be applied to OMW before anaerobic digestion

including aerobic biological pretreatment, chemical pretreatment, water dilution,

and nitrogen addition. Concerning biological pretreatment, the use of fungi and

yeasts has been proven effective in increasing biogas production. For instance, an

aerobic detoxification step of OMW, carried out by Aspergillus niger, decreased
wastewater toxicity through degradation of phenolic compounds and resulted in

60% COD removal and enhanced methane production (Hamdi 1991; Hamdi et al.

1992). Two different pretreatment methods, thermal pretreatment and pretreatment

with the white rot fungus Pleurotus ostreatus P69, were employed prior to anaer-

obic digestion of OMW in a stirred tank reactor under mesophilic conditions (Blika

et al. 2009). The use of fungus was proved to be more effective than sterilization,

achieving process stability at HRT of 30 d. Apart from fungi, effective aerobic

pretreatment can also be achieved with yeasts. Pretreatment of an OMW mixture

with cheese whey by Candida tropicalis resulted in effective COD and phenol

reduction. In addition, a high organic loading rate and a satisfactory biogas pro-

duction rate of 1.25 Lbiogas Lreactor
�1 day�1 were finally recorded (Martinez-Garcia

et al. 2007). However, these practices currently applied for OMW pretreatment

require inputs that increase cost-benefit ratio and decrease the organic load, thus the

overall methanogenic potential of this feedstock (Sampaio et al. 2011).

As it concerns digesters configuration, an effective way to improve methane

yield is through two-phase anaerobic digestion, compared to conventional

one-phase systems. In two-phase systems physical separation of different microor-

ganisms gives the opportunity to maximize their performance by separately achiev-

ing optimum conditions in each tank. As a matter of fact, through two-phase

systems, the imbalance of acidogenesis and methanogenesis is successfully averted,

resulting in excellent robustness, effective control, and optimization of AD process.

Applying to anaerobic digestion of OMW, two-phase systems have been reported to

enhance biogas production (Koutrouli et al. 2009). Usually, another technology of

improving OMW bioconversion is concurrently applied: co-digestion with other

substrates including diluted olive mill solid wastes (OMSW), poultry manure,

cheese whey, and liquid cow manure (Gelegenis et al. 2007; Azbar et al. 2008;

Dareioti et al. 2009; Fezzani and CheikhRidha 2010).

Co-digestion is an innovative waste treatment technology, where different

organic substrates are combined and digested together in one anaerobic reactor.

This practice offers a number of significant advantages, including improvement of

plant profitability, increased methane yield, efficient use of plant facilities, and

stable operation throughout a year which is often characterized by discontinuous

production of specific waste streams such as OMW. Certain challenges encountered

during OMW treatment derive mainly from inhibitory effect of polyphenols, lack of

nitrogen, and low alkalinity of this waste stream. It has been demonstrated that such

problems can be overcome via co-digestion of olive mill effluents with manure,

Integrated Biorefinery Approach for the Valorization of Olive Mill Waste. . . 219



resulting in approximately 40 L biogas/kg OMW, when 1:5 diluted OMW is used

(Angelidaki and Ahring 1997). Also, a methane production rate of 0.91 L CH4 L
�1

reactor d�1 was achieved when a mixture containing 20% OMW and 80% liquid

cow manure was used. Digestion took place in two stages under mesophilic

conditions with HRT of 19 days, proving this method sustainable and environmen-

tally attractive for the valorization of such wastes (Dareioti et al. 2010). Lastly,

stable methanogenesis with a high methane production rate of 0.33 L CH4/LR d was

achieved when a two-stage anaerobic digestion system was fed with a co-mixture of

OMW, cheese whey, and cow manure, operated at HRT of 25 days at 37 �C
(Dareioti and Kornaros 2014).

3.3 Bioethanol Production

Depleting natural resources, industrialization, global warming, and climate change

have shifted international interest into renewable energy sources. Among them,

bioethanol is receiving increasing attention due to its potential as a valuable

substitute of gasoline in the market of transport fuels (Sarkar et al. 2012).

Bioethanol can be used as a modern biofuel, applied directly as a gasoline improver

or subsistent, or in order to reduce exhaust gasses emissions. Ethanol production

from traditional feedstocks, including sucrose- and starch-containing materials such

as sugar substances, corn, wheat, and rice, is not desirable due to their high feed

value, and alternative sources must be employed (Sarris and Papanikolaou 2016).

Currently, the use of substrates such as crop residues and other biodegradable waste

materials for low-cost bioethanol makes biofuel production sustainable (Li et al.

2007). However, in terms of economics, bioethanol production needs to become

more cost-effective in order to outperform fossil fuels.

Ethanol can be produced from sugar-containing materials, through fermentation

processes. The available raw materials can be categorized into three groups, with

each one treated appropriately in order to produce ethanol (Lin and Tanaka 2006).

The first group includes sugars mainly derived from sugarcane, molasses, or fruits,

which can be directly converted to ethanol. Starches need first to be enzymatically

hydrolyzed to fermentable sugars before producing ethanol. Likewise, lignocellu-

losic materials need to be converted into sugars, before microbial enzymes ferment

them. Sugars from cellulose and hemicellulose can be converted to ethanol by

either a simultaneous saccharification or fermentation process or by a separated

enzymatic hydrolysis followed by fermentation process (Romero-Garcı́a et al.

2014). However, bioconversion of this type of biomass to bioethanol is rather

challenging. The reason is the resistance to breakdown, while a great content of

sugars occurring from cellulose and hemicellulose polymers subsequently need

suitable microorganisms to convert them and also due to the cost of both collection

and storage of low-density lignocellulosic materials (Balat 2011). Concerning the

recalcitrance of lignocellulosic biomass, physical, chemical, or biological
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pretreatment is always needed in order to make cellulose accessible to enzymes

prior to hydrolysis (Zheng et al. 2009).

Among waste materials that can be converted to ethanol, olive mill wastes

represent interesting substrates for bioethanol production, due to their high content

of organic matter (Morillo et al. 2009). However, lowering the phenolic content

prior to fermentation might be necessary in order to enhance process performance

resulting in higher bioethanol yield (Zanichelli et al. 2007). The effect of such a

pretreatment of OMW with the white rot fungus Pleurotus sajor-caju has been

studied, subsequently evaluating ethanol production after anaerobic fermentation

with the yeast Saccharomyces cerevisiae L-6 (Massadeh and Modallal 2008). An

increase in ethanol production, which reached the maximum value of 14.2 g/L, was

demonstrated after 48 h fermentation using 50% diluted and pretreated OMW.

Enhanced glucose and xylose bioavailability was also observed after wet oxidation

and enzymatic hydrolysis pretreatment of olive pulp, prior to fermentation by

S. cerevisiae and Thermoanaerobacter mathranii (Haagensen et al. 2009). How-

ever, enzymatic pretreatment was proved to be more effective. OMW have been

used also as co-substrates with molasses for bioethanol production by S. cerevisiae,
as in large-scale processes OMW could replace water used for molasses dilution

reducing in that way the cost of the process (Sarris et al. 2014). Effective decolor-

ization and 28% of phenolic compound removal were observed, along with satis-

factory ethanol production, despite the fact that yeast growth was performed under

aerated conditions.

Apart from OMW, olive oil mill solid residue and olive pulp have been tested as

potential feedstocks for ethanol production. In the first case, bioethanol production

was investigated using the yeast Pachysolen tannophilus, and it was shown that

carbohydrate biotransformation and higher ethanol yields were facilitated by ther-

mochemical pretreatment of the substrate (Senkevich et al. 2012). Also, when

enzymatic hydrolysis was employed for OP pretreatment, followed by fermentation

with S. cerevisiae, the traditional baker’s yeast, a maximum ethanol production of

11.2 g/L was observed, without any nutrient addition or indication of yeast toxicity

(Georgieva and Ahring 2007). However, it was suggested that incomplete conver-

sion of olive pulp to ethanol constitutes this process not viable, and economic

feasibility would improve only by simultaneous production of other added-value

products, such as methane. Bioethanol production from olive mill solid wastes

(OMSW) was also considered to be ineffective, even when endogenous yeasts

grown on OMSW were used for fermentation, as it was found that xylitol was

produced from xylose, instead of ethanol (Tayeh et al. 2014).

3.4 Biodiesel Production

Biodiesel is a highly attractive alternative diesel fuel that is considered to be one of

the most important near-market biofuels, due to the fact that all industrial vehicles
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are diesel based (Schenk et al. 2008; Rico and Sauer 2015). Biodiesel derives from

vegetable oils or animal fats, through a catalyzed chemical reaction between tri-

glycerides present in the oil and fats with a monohydric alcohol resulting in

monoalkylesters (Gerpen 2005). Biodiesel is a biodegradable, nontoxic, and clean

biofuel that is traditionally obtained from different fuel crops, including soybean,

rapeseed, canola, and palm, while terpenoid products from Copaifera species can

also constitute an alternative biodiesel source (Yuan et al. 2008). Although the

processing of biodiesel is rather simple, the produced fuel can greatly vary in

quality.

The major challenge faced by first-generation biofuels is the competition for

arable land, which is also the case for biodiesel production from vegetable oils. A

great alternative to current biodiesel production is based on lipids produced by

microalgae (Schenk et al. 2008). Microalgae have the ability not only to grow

rapidly, as they double their biomass within 24 h, but also have high oil content,

usually 20–50%, resulting in high oil productivities that are desired for biodiesel

production (Chisti 2007). Especially, when microalgae cultivated for biodiesel

production consume carbon dioxide as carbon source, either atmospheric or from

power plants, the whole cycle generates zero carbon dioxide emissions to the

atmosphere (Cheng and Timilsina 2011). Also, microalgae have the potential to

grow in conditions where no freshwater input is required, for instance, in saline or

brackish water and in wastewaters due to their ability to utilize abundant organic

carbon and inorganic nitrogen and phosphorus present in effluents (Pittman et al.

2011).

Phenol-resistant microalgae have been used in order to evaluate phenol removal

from OMW (Pinto et al. 2003). A limited reduction of 12% was demonstrated,

suggesting that phenolic degradation could be enhanced by OMW co-treatment

with suitable algae and fungi, or through a two-stage process where ligninolytic

fungi would be employed prior to phenol-resistant microalgae. Additionally, OMW

was used as a co-substrate with urban wastewater from secondary treatment

(UWST) in order to evaluate Scenedesmus obliquus growth and its subsequent

use for biofuels. Composition analysis of the fatty acids accumulated, when

S. obliquus was cultivated in a mixture of UWST and OMW, showed that the

obtained lipid fraction could result in a good quality biodiesel, as specified by the

European Standard (Hodaifa et al. 2013).

Microbial lipid production generally offers great advantages in biodiesel tech-

nology, when oleaginous microorganisms that produce more than 20% of their

weight lipids are used. Combining this technology with waste materials has been

proved as an effective way to reduce cost and make such processes sustainable. In

case of OMW, the presence of phenolics hinders microbial growth; however,

several microorganisms have been able to grow on olive mill wastes (Lanciotti

et al. 2005). The oleaginous yeast Lipomyces starkeyi has shown the ability to grow
effectively on OMW reducing total organic carbon and phenolics present in olive

mill wastewater (Yousuf et al. 2010). Most significantly, an increased lipid con-

centration of 28.6% was observed when L. starkeyi was cultivated in 50% diluted

OMW. Among identified fatty acids, oleic acid was the most abundant (49.1%),
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which is rather satisfactory since oleic acid is considered ideal for biodiesel due to

its better cold flow properties.

4 Bio-Based Products

4.1 Antioxidants

Phenolic compounds are molecules that have been reported to show antioxidant,

anti-inflammatory, anti-allergic, antimutagenic, antiaging, as well as antibacterial

activity (Lule and Xia 2005; Taguri et al. 2006; Larif et al. 2015). Due to their

remarkable characteristics, they may find potential applications in the development

of functional foods (Wildman and Kelley 2007); in pharmaceuticals, i.e., as active

agents for cancer prevention and treatment (Huang et al. 2010); and in cosmetic

formulations (Padilla et al. 2005). OMW is a waste by-product characterized by its

high polyphenol content and therefore raises issues of environmental concern since,

after disposal, high polyphenol concentrations result in toxic matter and environ-

mental degradation (Kavvadias et al. 2015). Recovery of phenolic compounds from

OMW, prior to its disposal, is considered advantageous since it reduces its phyto-

toxicity, while at the same time high added-value products are obtained (Barbera

et al. 2014). The high content of phenolic compounds, with a wide range between

low and high molecular weights (MW), is responsible for its black-brownish color

and depends on the ratio between low and high MW polyphenols (Borja et al.

2006). For the recovery of polyphenols from OMW, such as hydroxytyrosol and

tyrosol, different methodologies have been proposed and studied such as membrane

separation, liquid-liquid extraction, solid-liquid extraction, cloud point extraction,

and polymer incompatibility (Rahmanian et al. 2014), while some of them have

been patented (López et al. 2008; Villanova et al. 2010; De Magalh~aes et al. 2011).
Membrane processes have been successfully used in the food and beverage field.

Integrated membrane systems for phenolic compound recovery, including

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis

(RF), as well as membrane bioreactors, have been tested by many researchers

during the last three decades (Paraskeva et al. 2007; El-Abbassi et al. 2009, 2012;

Garcia-Castello et al. 2010; Petrotos et al. 2014; Ochando-Pulido and Martinez-

Ferez 2015). Several combinations of membrane processes for the fractionation of

OMW to different by-products using UF, NF, and/or RO processes have been

studied (Paraskeva et al. 2007). According to results, a fraction rich in phenols

may be obtained after NF, whereas the residual effluent could be disposed in aquatic

environments according to National and European regulations, or to be used for

irrigation (around 75–80% of the initial volume). The application of MF to OMW,

subsequent NF, of the MF, and concentration of the NF permeate by osmotic

distillation (OD) was evaluated in a recent study (Garcia-Castello et al. 2010).

MF allowed suspended solids and total organic carbon (TOC) removal up to 91 and
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26%, respectively, and 78% polyphenol recovery from the raw material. After NF,

of the MF permeate, almost all polyphenols were recovered, while TOC content

was further reduced by 37%. OD resulted in a concentrated solution rich in high

molecular weight polyphenols with hydroxytyrosol representing 56% of it. In

another study, the application of direct contact membrane distillation (DCMD)

using commercial polytetrafluoroethylene (PTFE) membranes of different pore

sizes at different temperatures was examined, in order to treat and concentrate

OMW (El-Abbassi et al. 2012). With their methodology, after 8 h, they were able to

concentrate a permeate characterized by a concentration factor of 1.8. They also

concluded that treatment at high temperatures (up to 80 �C) had no negative effect

on the total phenolic fraction and its antioxidant activity, as a respective increase of

16 and 15% was achieved. HPLC analysis of the recovered monocyclic phenolic

compounds of OMW showed that hydroxytyrosol was the dominant compound, by

70%, while gallic acid (11%), para-coumaric acid (10%), tyrosol (4%),

hydroxytyrosol-4-β-glucoside (3%), and caffeic acid (1.7%) were also present.

Efforts have been made to recover phenolic compounds through liquid–liquid

extraction from centrifuged OMW, and subsequent anaerobic digestion in order to

minimize OMW toxicity (Khoufi et al. 2008). Ethyl acetate was used as solvent

while phenol recovery reached up to 90%. Phenolic compounds present in the

extract were identified to be hydroxytyrosol, tyrosol, homovanillic acid, caffeic

acid, para-coumaric acid, and ferulic acid, by employing GC-MS analysis. Tyrosol

and caffeic acid are characterized as natural antioxidants, whereas ferulic acid is

considered to be nutraceutically positive. Another research team (Kalogerakis et al.

2013) studied the recovery of phenolic compounds from TPOMW. Due to the high

solid content, the effluent was first filtered, through mess gauge filters, and subse-

quently centrifuged. After supernatant fat and solid removal, the aqueous phase was

subjected again to filtration by a 0.45 μm filter. Liquid-liquid extraction was

performed using a solvent to TPOMW ratio of 2:1 v/v, at ambient temperature,

and continuous stirring at 120 rpm for 30 min. The solvents tested were ethyl

acetate, diethyl ether, and a mixture of chloroform/isopropyl alcohol 7:3 v/v, which

resulted in total phenols recovery of 57%, 47%, and 56%, respectively. In addition

LCA methodology was applied in order to identify the environmental footprint of

the process. It was shown that the use of ethyl acetate or diethyl ether has a similar

environmental footprint concerning their impacts on ecosystem and fossil fuel

resources, contribution to global warming, as well as on human health. However,

ethyl acetate was considered advantageous, due to higher extraction efficiency. On

the other hand, chloroform/isopropyl alcohol mixture was shown to pose detrimen-

tal environmental effects.

As it regards solid phase extraction, various adsorbent resins have been

employed in order to achieve deodorizing and decolorization of OMW, polyphenol,

and lactone recovery. A process in which the effluent is at first subjected to

successive filtration steps to remove suspended solids, followed by adsorption

using XAD16 and XAD7HP resins, subsequent thermal evaporation and recovery

of the organic fraction, and finally, separation of the polyphenols through fast

centrifuge partition chromatography has been proposed (Agalias et al. 2007).
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According to the results obtained, an odorless wastewater is characterized by 99.99

and 98% of polyphenols and COD removal, respectively, a rich in polyphenols and

lactones extract, an extract which contained the coloring substances of the OMW

and pure hydroxytyrosol. In another study, four resins, viz., XAD7, XAD16,

IRA96, and ISOLUTE ENV+, were tested as solid adsorbing phases in two types

of TPOMW obtained from different olive mills (Bertin et al. 2011). The solvents

employed in desorption experiments were water, methanol, ethanol, and acidified

ethanol (0.5 w/w HCl 37%). According to their results, ENV+ showed to be

promising in terms of process productivity, adsorbing 84% of total phenols,

hydroxytyrosol, and tyrosol, while with IRA96 the highest phenol adsorption ratios

were achieved from the water phase. They concluded that in general nonpolar resins

are more efficient. In more detail, the efficiency of the resins to adsorb phenols

present in TPOMW decreased according to the following sequence: ENV

+<XAD16<IRA96<XAD7.

Cloud point extraction (CPE) is a process of transferring a nonionic surfactant

from one liquid phase to another by heating, taking advantage of the ability of

surfactant molecules to form micelles. When temperature increases above the cloud

point, micelles dehydrate and aggregate, which leads to macroscopic phase sepa-

ration into two distinguished phases: solvent and surfactant-rich phase. CPE

requires less time, labor cost, and equipment and represents a simpler and cleaner

technology, compared to liquid-liquid and solid-liquid extraction. Therefore, the

concentrated antioxidants obtained are suitable for food and pharmaceutical and

cosmetic applications. Various low toxicity surfactants, such as Span 20, PEG

400, Tween 80, and Tween 20, have been examined for the separation of phenols

from OMW (Katsoyannos et al. 2012). Among them, Tween 80 showed the highest

recovery at a concentration of 5%, incubated at 55 �C for 30 min. One step CPE

extraction resulted in 86.8% of phenols recovery, whereas when a double-step CPE

extraction was performed, using 5 + 5% Tween 80, phenols recovery increased to

94.4%. In another study, CPE was performed to TPOMW, which was pretreated by

ultrafiltration in order to remove the suspended solids present (El-Abbassi et al.

2014). Ultrafiltration resulted in color intensity reductions of 80 and 87%, estimated

at 395 and 465 nm, respectively, while the COD and the dry residue were reduced

by 31.4 and 27.6%. As it regards CPE, a range of concentrations, 0–10% of the

surfactant Triton X-100 in OMW, incubated at different temperatures, 70 �C, 80 �C,
and 90 �C, for 30 min were studied. After they examined the efficiency of the

process, they observed that the highest yield of phenols extraction, 66.5%, was

achieved using 10% of Triton X-100 at 90 �C.
Lately, polymer incompatibility has been suggested as a potential tool for

polyphenol recovery from OMW (Hajji et al. 2014). The certain methodology is

based on thermodynamic incompatibility between polymers and concerns the use of

aqueous two-phase systems (ATPS). In their study, the ATPS consisted of solutions

containing protein (6.33 or 7.45 wt.% caseinate, 18 wt.% ovalbumin) and a certain

concentration of polysaccharide (0.75–2 wt.% alginate and methylcellulose)

adjusted to neutral pH. In particular caseinate–alginate, caseinate–methylcellulose,

and ovalbumin–methylcellulose systems were tested at ambient temperature. They
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concluded that caseinate–alginate systems, mixed with OMW, were more efficient

in terms of separation, resulting to an upper polysaccharide-rich phase and a bottom

protein-polyphenol-rich phase characterized by a polyphenol recovery yield of

85.8%.

In general, dephenolization and detoxification of OMW results in the recovery of

high value-added compounds, while at the same time it presents an opportunity to

reduce wastewater treatment cost. Furthermore, polyphenols are compounds that

usually occur by chemical reactions, which is the main reason for their high cost.

OMW and other types of wastewater, with high phenolic content, can be valorized

toward the recovery of such remarkable compounds. Last, but not least, their

recovery is considered advantageous because their presence in OMW inhibits its

microbiological treatment.

4.2 Biosurfactants

Within the last years, OMW has been exploited for the production of biopolymers

and fine chemicals, by employing pure as well as mixed microbial consortia,

combining microbiological treatment with the production of high added-value

products.

Biosurfactants are biologically derived surface-active agents, not associated

with bacterial growth; therefore, they are characterized as secondary metabolites.

They are amphiphilic compounds consisting of hydrophilic “heads” and hydropho-

bic “tails,” and they have the ability to decrease the surface tension of water and

interfacial tension between water and hydrophobic substances. For those reasons,

hydrophobic substrates are used in order to induce biosurfactant production, as

bacteria secrete them in order to increase nutrient availability and grow on hydro-

phobic substrates. Studies have demonstrated the potential of OMW to be utilized

as carbon source for biosurfactant production in the form of rhamnolipids, which

are classified as glycolipid biosurfactants, as well as in the form of surfactin, a

lipopeptide biosurfactant. This is due to the fact that residual oil and the polysac-

charide content in OMW constitute the precursors of biosurfactant production.

The first attempt on investigating the production of rhamnolipids using this

complex wastewater was performed by employing Pseudomonas sp. JAMM

(Mercade et al. 1993). OMW was used as the sole carbon source whereas NaNO3

(2.5 g/L) was supplemented in the effluent to enhance rhamnolipids production.

According to the results, rhamnolipids conversion yield reached up to 0.058 g/g of

OMW, calculated on a COD basis, while at the same time a 50% reduction of OMW

COD and a 55% reduction in the total phenol content was achieved after 3 days. A

total bioconversion yield of 14 g of rhamnolipids per kg of OMW was estimated

after 150 h of fermentation. Later on, OMW was used for the production of

rhamnolipids from P. aeruginosa ATCC 10145 and its recombinant strain

expressing Vitreoscilla hemoglobin gene vgb (Colak and Kahraman 2013). The

226 C. Kourmentza et al.



maximum production of rhamnolipids reached up to 0.4 g/L, for both wild type and

recombinant strain, when grown at 37 �C and 100 rpm after 3 days.

TPOMW was recently used as carbon source for the production of surfactin,

from Bacillus subtilis DSM 3256 (Maass et al. 2015). After 36 h the maximum

surfactin concentration was achieved, reaching up to 0.25 g/L, characterized by a

productivity of 0.17 g/L/d, while the surface tension of the culture’s medium

decreased to around 30 mN/m. Finally, in another study performed recently, the

production of rhamnolipids and surfactin, by P. aeruginosa and B. subtilis, respec-
tively, was investigated utilizing OMW (Ramı́rez et al. 2015). It was shown that

rhamnolipids production ranged between 8.78 and 191.46 mg/L, with the highest

concentration obtained by using 10% w/v OMW. On the other hand, surfactin

production reached 3.12 mg/L using 2% w/v OMW, and it dropped to 0.57 mg/L

when a more concentrated OMW solution of 10% w/v was used. Although OMW

may be considered inhibitory for the production of biosurfactants, pretreatment

regarding its dephenolization and detoxification may be proven beneficial and

establish the appropriate conditions within the fermentation medium in order to

enhance biosurfactant production.

4.3 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are polymers of hydroxyalkanoates produced by a

wide variety of bacteria. They are produced as intracellular inclusions, called

granules, which bear a diameter of 0.2–0.9 μm. Their monomeric structure may

vary according to the carbon atoms present. The most common forms are

polyhydroxybutyrate (PHB) and polyhydroxybutyrate-polyhydroxyvalerate

(PHBV) copolymers. PHAs have attracted interest since they bear similar proper-

ties to polypropylene (PP) and low-density polyethylene (PE/LDPE) and represent

an attractive alternative to replace those petrochemical plastics (Gao et al. 2011). It

is worth mentioning that PP and PE/LDPE have gained a major position in the

global plastic market that accounts for almost 50% of the total plastic demand in

Europe (Plastics-The Facts 2015). Therefore, there is a wide application field for

PHA biopolymers, and due to their biodegradability, their use can minimize the

detrimental impact of persistent plastics on the environment (Kourmentza et al.

2015).

Within the last decade, researchers have been studying the valorization of OMW

toward the production of PHAs. In particular, the feasibility of anaerobic fermented

effluents, rich in volatile fatty acids (VFAs) serving as precursors for PHA produc-

tion by enriched mixed cultures, has been investigated (Dionisi et al. 2005; Beccari

et al. 2009; Kourmentza et al. 2009a; Ntaikou et al. 2009, 2014). Other studies

concerning OMW utilization, as the sole carbon source, by pure cultures have also

demonstrated the potential valorization of OMW for PHA production (Kourmentza

et al. 2009b, 2015; Martinez et al. 2015).
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VFAs are the most common carbon sources used for PHA production. Investi-

gation on the anaerobic fermentation of OMW, with and without pretreatment

steps, at different concentrations, and subsequent PHA production using the

fermented effluent has been performed (Dionisi et al. 2005). It was shown that

VFA concentration and yield were significantly increased after centrifugation,

although centrifugation led to differences in acid distribution, which resulted in

different hydroxyvalerate (HV) content in the PHBV copolymer. For PHA produc-

tion, a mixed culture, enriched in an aerobic SBR under feast and famine condi-

tions, was employed. After testing centrifuged fermented and not fermented OMW,

they concluded that PHA production is feasible in both cases, although fermented

OMW showed much higher potential, characterized by an initial specific rate of

around 0.42 g COD/g COD/h, while the final PHA concentration reached up to

0.54 g PHA/g volatile suspended solids (VSS). The polymer obtained was a PHBV

copolymer consisting 11% HV, on a molar basis.

The performance of a process consisting of three stages for PHA production

from OMW has been also studied (Beccari et al. 2009). In the first stage, the OMW

was anaerobically fermented, in a packed bed biofilm reactor, in order to produce an

effluent rich in VFAs. In the second stage, the VFA-rich effluent was used as a feed

for an aerobic SBR where mixed cultures were enriched to PHA-producing bacte-

ria. Finally, in the third stage of the proposed process, PHA production was tested,

by employing the enriched cultures, under aerobic batch conditions. They observed

that during anaerobic fermentation of the wastewater, VFA content increased from

18 to 32%, in a COD basis, while during the second stage, an enriched culture with

high PHA-storing capacity was formed, characterized by a maximum production

rate and yield of 0.15 g COD/g COD/h and 0.36 COD/COD, respectively. In the

final stage, they observed that PHA concentration increased almost linearly as a

function of the organic loading rate (OLR), revealing the possibility to design a

process operation using higher OLR. The highest PHA content in the biomass

achieved was around 20% g COD/g COD, while storage yield was almost the

same, 0.35 COD/COD. This scenario of microbiological treatment resulted in

approximately 85% of COD removal; thus, it was considered effective for both

OMW treatment and OMW valorization toward PHA production.

Combination of OMW anaerobic fermentation, employed for the biological

production of hydrogen, and subsequent feeding of an SBR reactor, used for

PHAs production, with the obtained effluent has been recently proposed (Ntaikou

et al. 2009). In that way the VFAs present in the acidogenic reactor’s effluent serve
as the precursors for PHA production while at the same time COD reduction occurs.

For the anaerobic fermentation, a continuous stirred tank reactor (CSTR) was used

at different HRT, ranging from 7.5 to 60 h. HRTs were examined in terms of

biohydrogen and VFA production. It was shown that at an HRT of 27–33 h

propionate production was favored while at lower HRT acetate and butyrate were

dominant. Biohydrogen productivity rates and yields were severely affected in

lower HRT with the most effective ones achieved at 24 h calculated at 165 mL/d

and 330 mL/L of OMW (diluted 1:4), respectively. The effluent of the anaerobic

fermenter was forwarded to an SBR used for the enrichment of activated sludge to
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PHA-forming bacteria and also the production of PHAs. During the growth phase

acetate, propionate and butyrate were fully consumed, whereas during the PHA

accumulation phase butyrate was preferably consumed, followed by propionate and

acetate. Substrate preference of the specific culture was identical when fed with a

mixture of synthetic VFAs (Kourmentza et al. 2009a, b). This conclusion is of great

importance since during anaerobic fermentation, manipulation of operating condi-

tions may lead to a desirable VFA profile that will eventually favor PHA production

and can also result to certain HV content in the PHBV copolymer, due to the

presence of propionate. In this study PHA production capacity reached up to 9% g

PHA/g cell dry weight (CDW) and a PHBV copolymer was obtained.

Recently, scaling up of the abovementioned proposed process in a 20 L reactor

has been investigated (Ntaikou et al. 2014). The highest PHAs capacity achieved

was increased from 9%, in lab scale, to 24.6% g PHAs/g VSS. Previous studies

performed indicated that the enriched PHA-forming bacteria culture mainly

consisted of strains that belong to Pseudomonas sp., in particular P. putida
(Kourmentza et al. 2009a, b, 2015). As a result a copolymer consisting of both

PHB and polyhydroxyoctanoate (PHO) was produced characterized by a weight

average molecular weight of 490 kDa and a polydispersity index (PI) of 5.15. The

PI of the polymer is considered high for a biological polymer (usually ~1) indicat-

ing its heterogenicity probably due to the diversity of the carbon sources consumed

and/or the microbial consortium eventually formed.

As it regards the production of PHAs by pure cultures lately, the potential of

fermented OMW for PHA production from an enriched culture and strains that

consisted this mixed consortium was studied (Kourmentza et al. 2015). The isolated

strains were identified to belong to Pseudomonas genus. Batch experiments were

conducted, under nitrogen-limiting conditions, which revealed that the specific

strains had the ability to accumulate 0.9–6.2% g PHAs/g VSS. Under conditions

of dual nitrogen-oxygen limitation, PHA production ranged from 0.6 to 11.5% g

PHAs/g VSS.

Finally, different concentrations of OMW solutions (25, 50, 75 and 100% v/v)

have been exploited for the production of PHAs by Cupriavidus necator DSM

545 (Martinez et al. 2015). It was shown that the maximum PHA capacity, 60% g

PHAs/g CDW, was obtained by using 75% diluted OMW, with a conversion yield

of 0.26 g PHAs/g VFAs resulting in the formation of a PHBV copolymer consisting

of 20% mol HV. Although, they concluded that the presence of phenols signifi-

cantly contributes to inhibitory effects.

4.4 Polysaccharides

Exopolysaccharides (EPS) are extracellular polymeric substances produced by

numerous bacterial species. EPS are a structurally diverse class of biological

macromolecules with a wide broad of applications in pharmaceuticals, cosmetics,

and bioremediation (Liang and Wang 2015).
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Xanthan gum is an exopolysaccharide that is mainly secreted by Xanthomonas
campestris and is considered one of the most commercially important microbial

polysaccharides due to its remarkable physical properties. Xanthan gum is com-

posed by repeated pentasaccharide units, consisting of glucose, mannose, and

glucuronic acid at a molar ratio of 2:2:1. It has been extensively used as a food

supplement and rheology modifier, as an emulsion stabilizer in cosmetic formula-

tions, and as a thickening agent in salad dressings (Petri 2015). Production of

xanthan gum, using OMW as the sole source of nutrients, was firstly described by

X. campestris NRRL B1459-S4L41 (López and Ramos-Cormenzana 1996). Results

showed that biomass and xanthan production were inhibited at OMW concentra-

tions above 60%. Although, maximum xanthan production reached up to 4 g/L

when X. campestris was fed with 30% v/v OMW solution. Xanthan production was

increased when phosphate buffer was added in the medium, resulting to a final

xanthan concentration of 6.3 g/L. In a further study, four strains of X. campestris
using different % v/v OMW solutions were tested, and according to the results

obtained, the highest xanthan production was achieved using 30% v/v OMW

(López et al. 2001a). Xanthan concentrations ranged from 3.48 to 7.01 g/L while

the viscosity of the broth varied from 3890 to 4710 mPa s. In another study, xanthan

production was achieved when nitrogen was supplemented in a TPOMW resulting

to the production of 3.5 g/L of xanthan (López et al. 2001b).

The production of another type of EPS produced by Paenibacillus strains has
also been reported when using OMW. Paenibacillus jamilae sp., isolated from corn

compost treated with OMW, was able to grow on a 100% v/v OMW solution, at

30 �C and pH 7, and produce EPS (Aguilera et al. 2001). The heteropolysaccharide

produced consisted of fucose, xylose, rhamnose, arabinose, mannose, galactose,

and glucose. Production of EPS from the bacteria P. jamilae CP-7 when grown on a
medium containing 80% v/v OMW has also been reported (Ruiz-Bravo et al. 2001).

After 72 h of incubation at 30 �C, a water-soluble EPS in the form of white powder

was obtained with a yield of 5.5 g/L. In another study TPOMW was investigated as

the substrate of EPS production by P. jamilae CECT 5266 (Morillo et al. 2006).

They observed that maximum EPS yield of 2 g/L was obtained using 20% v/v

TPOMW, whereas nutrient supplementation, in the form of nitrate, phosphate, and

other inorganic nutrients, did not favor EPS production. In another study performed

by the same research group (Morillo et al. 2007), 5.1 g/L EPS were obtained by

P. jamilae CECT 5266 using 80% v/v OMW, while inhibition on growth and EPS

production was observed for increased OMW concentration of 100% v/v OMW,

resulting in 2.7 g/L of EPS. Characterization of the EPS showed that it was

composed of two EPS fractions of different molecular weights, above 2000 kDa

and 500 kDa. Both fractions consisted mainly of the carbohydrates glucose, galac-

tose, mannose, arabinose, rhamnose, as well as hexosamines and uronic acid. Later

on, researchers isolated 60 different strains from compost treated with OMW

(Aguilera et al. 2008). From those, ten strains were selected due to their ability to

produce EPS-utilizing OMW as the sole carbon source. Initial experiments

performed in shake flasks showed that P. jamilae CP-38 was characterized by the

maximum yield, as it was able to produce 4.2 g/L EPS, within 48 h, using 80% v/v
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OMW. Further tests in a 2 L bioreactor showed that the yield of EPS was increased

to 5.2 g/L after 72 h of incubation. Although the most interesting conclusion was

that the toxicity of OMW was decreased by 75% within the first 24 h, with a

subsequent decrease until the end of the fermentation. High phenolic degrading

activity is a characteristic of Paenibacillus strains (Raj et al. 2007) and so is the

production of extracellular enzymes able to degrade polysaccharides (Ko et al.

2007). Taking those into account, it was assumed that the production of EPS plays

an important role on OMW detoxification.

5 Perspectives

Olive oil processing constitutes one basic economic activity, especially in Medi-

terranean regions, which offers significant advantages along with serious environ-

mental issues that have to be handled. Millions of tons of olive mill wastewaters and

by-products which are produced annually may serve as renewable sources for green

biomaterials and energy production, toward a more sustainable and environmen-

tally friendly economy. Undoubtedly, challenges of our times demand immediate

action in terms of depleting energy sources, energy insecurity, pollution and climate

change, and wastes including those produced by olive mill industry can contribute

to this direction. Effective exploitation of OMW and TPOMW can substantially

reduce the environmental impact of olive oil production, while concurrently bio-

polymers, and other valuable natural components, as well as gas and liquid biofuel

production can successfully materialize. Additionally, it is of high significance that

nothing is wasted and all residues can be recycled. Despite the fact that further

research and technological development are needed in order to establish such an

economical industrial scale production, great effort and progress has been done so

far, and it is only a matter of time for this venture to be widely established.
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